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The global hydrogen budget
[image: image3.jpg]5

T T
1990 2000 2010 ‘

T T T
1990 2000 2010 £



[image: image4.jpg]Wildfire

15




[image: image5.jpg]H, (Tgyr™)

Fossil fuel combustion

Slope = -0.1, P « 0.01

T T T T
1990 2000 2010 2020
Year

Oceanic BNF




[image: image6.jpg]Year

Biofuel

5 ad
34 o
Slope = -0.03, P « 0.01
1990 2000 2010 2020
Year

6 Land BNF

4 .

2 4

Slope = 0.008, P « 0.01





Hydrogen (Η2) will play a part in decarbonizing the global energy system1. However, hydrogen interacts with methane, ozone, and stratospheric water vapour, leading to an indirect 100-year global warming potential of 11 ± 4 (refs. 2-5). This raises concerns about the climate consequences of increasing H2 use under future hydrogen economies3,5. A comprehensive accounting of H2 sources and sinks is essential for assessing changes and mitigating environmental risks. Here we analyse trends in global H2 sources and sinks from 1990 to 2020 and construct a comprehensive budget for the decade 2010-2020. H2 sources increased from 1990 to 2020, primarily because of the oxidation of methane and anthropogenic non-methane volatile organic compounds, biogenic nitrogen fixation, and leakage from H2 production. Sinks also increased in response to rising atmospheric H2. Estimated global Η2 sources and sinks averaged 69.9 ± 9.4 Tg yr1 and 68.4 ± 18.1 Tg yr-1, respectively, for 2010-2020. Regionally, Africa and South America contained the largest sources and sinks of H2, whereas East Asia and North America contributed the most H2 emissions from fossil fuel combustion. We estimate that rising atmospheric Η2 between 2010 and 2020 contributed to an increase in global surface air temperature (GSAT) of 0.02 ± 0.006 °C. GSAT impacts of changing atmospheric H2 in future marker Shared Socioeconomic Pathway scenarios are estimated to remain within 0.01-0.05 °C, depending on H2 usage, leakage rates and CH4 emissions that influence photochemical H2 production.

Hydrogen (H2) has received increased attention as an energy carrier to help decarbonize heavy industry and transport and to provide long-duration energy storage1. When produced by electrolysis with renewable energy, hydrogen can, in principle, be produced and con​sumed with near-zero carbon emissions. As a result, many energy​system scenarios project substantial growth in H2 production and uti​lization this century1,6.
At present, hydrogen production is energy- and greenhouse gas-intensive. More than 90% of hydrogen produced today is grey hydrogen, derived mainly from steam methane reforming or coal gasifi​cation,which are both carbon-intensive1. In anticipated net-zero scenar​ios, however, a shift towards cleaner, low-carbon hydrogen production is projected17. This transition encompasses both green hydrogen pro​duced through electrolysis powered by low- or zero-carbon electricity,
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and blue hydrogen generated by reforming fossil fuels coupled with carbon capture and storage. Ultimately, green and blue hydrogen are projected to dominate hydrogen manufacturing by 2030-2040 (ref. 6).
Excessive atmospheric H2 has climate consequences. Despite its relatively short lifetime of 1.9-2.7 years (ref. 5), H2 acts as an indirect greenhouse gas. By consuming OH radicals, a crucial sink for CH4, Η2 warms the climate indirectly by extending the lifetime of CH4, produc​ing greenhouse gases such as ozone and stratospheric water vapour, and affecting the formation of aerosols and clouds2s. Recent studies estimate 20-year and 100-year global warming potentials for H2 of 37 ± 18and 11± 4, respectively2-5 (Supplementary Table 1). Understand​ing the impact of hydrogen leakage is, therefore, necessary to realize the full climate benefits of the H2 economy238-10. For blue hydrogen, additional climate impacts arise from fugitive CH4 emissions and uncap​tured CO2, which, in scenarios with relatively high H2 and CH4 emissions, can result in greater warming than directly burning natural gas3·11.
H2 concentrations in the atmosphere increased by about 70% from preindustrial times through 2003, after which time its concentration briefly stabilized1213. However, H2 concentrations began increasing again around 2010 (ref. 14) (Supplementary Note 1), reaching an annual mean level of around 555 ppb in 2024 (ref. 15). The reasons for this recent rise remain poorly quantified.
Here, we examine the trends of Η2 sources and sinks over the past three decades (1990-2020) and construct a comprehensive global budget for the most recent decade (2010-2020) with gridded sources and sinks (Extended Data Fig. 1). We use bottom-up approaches for estimating H2 sources and sinks. These approaches combine activity data, H2 emission factors, and emission factors or emission inventories of precursor species with process-based modelling. Using an ensemble of synthesized activity data, updated emission inventories, recently published emission factors and new observational measurements, we also provide detailed uncertainty estimates for key H2 sources and sinks, which were poorly characterized previously.
With this comprehensive budget as a baseline for assessing future changes, we further estimate the climate impact of increasing H2 con​centrations historically and in future global H2 economies.
Three decades (1990-2020) of global H2 sources and sinks
The earliest global Η2 budget traces back to the 1980s (ref. 16), with several later updates17-23. None of these previous studies fully exam​ined recent changes in the H2 budget attributable to rapid changes in the emissions and processes of precursor gases, particularly CH4 and non-methane volatile organic compounds (NMVOCs), or for OH bur​dens, H2 concentrations and terrestrial and technological processes.
We estimate that increasing H2 emissions from 1990 to 2020 arose predominantly from anthropogenic sources (that is, oxidation of increased levels of CH,and anthropogenic NMVOCs and leakage from H2 production) (Fig. 1). By contrast, natural sources such as fire emis​sions and biogenic NMVOC oxidation show substantial interannual variation but no notable trends over this period (Fig. 1). The global surface average H2 concentration increased from 523.4 ppb in 1992 to 543.5 ppb in 2020, a 3.8% increase, consistent with the increasing anthropogenic emissions of CH4and NMVOCs during the study period.
We estimate H2 production from CH4 oxidation to be the largest increasing source from 1990 to 2020 (0.1 Tg yr-1 or a total increase of about 4 Tg), attributable mainly to increasing atmospheric CH4 from anthropogenic activities24, but there was also a sudden decrease in 2020 attributable to COVID-19 (Fig. 1). H2 leakage from H2 production increased at an estimated rate of 0.015 Tg yr-1 because of an increasing industrial usage of H2 (that is, a total increase of around 0.45 Tg from 1990 to 2020) (Fig. 1). H2 emissions from the oxidation of anthropo​genic NMVOCs and biogenic nitrogen fixation (BNF) increased at an estimated rate of 0.005 Tg yr-1 and 0.008 Tg yr-1, respectively (Fig. 1). H2is produced naturally from BNF, but the increase is probably attrib​utable to increased anthropogenic cultivation of leguminous crops25. Some anthropogenic sources of H2 seem to be decreasing, such as direct emissions from the combustion of fossil fuels and biofuels (estimated declines of -0.1 Tg H2 yr-1 and -0.03 Tg H2 yr-1, respectively), most likely attributable to improvements in combustion efficiency in engines that reduce incomplete combustion26. Nevertheless, we acknowledge that the H2/CO emission ratio may have evolved over time as technology improves, but a constant H2/CO ratio was assumed in this study.
Both the global soil and OH sinks increased significantly over the 1992-2020 period at rates of 0.05 Tg yr-1 and 0.06 Tg yr-1 (P « 0.01), respectively, attributable to increasing H2 in the atmosphere (Fig. 1). We also estimate a small but significant increase in the global average soil H2 deposit velocity (slope = 7 x 10-6 cm s-1 yr-1, Ρ < 0.05) in 1992-2020.
The global H2 budget (2010-2020)
We estimate the global H2 budget for the recent decade (2010-2020) by synthesizing multiple datasets and models, incorporating uncer​tainties propagated from multiple levels, including activity data, pre​cursor emissions, and emission factors for both precursor species and H2 (Methods). No previous analysis, to our knowledge, estimated the uncertainties of these sink/source terms by synthesizing multiple datasets or modelling analyses as done here.
We estimate mean global H2 sources and sinks to be 69.9 ± 9.4 Tg yr-1 and 68.4 ± 18.1 Tg yr-1, respectively, for the decade 2010-2020 (Fig. 2). The largest anthropogenic sources of H2 over this decade include those from fossil fuel and biofuel combustion, leakage from industrial H2 pro​duction, and oxidation of CH4 and anthropogenic NMVOCs (Fig.2). Pho​tochemical oxidation is the largest H2 source (an estimated 38.4 Tg yr-1, 56% of the global total), whereas soil uptake is the largest sink (an esti​mated 50.0 Tg yr-1, 73% of total sinks) (Fig. 2). Soil uptake contributes the largest uncertainty to our total budget uncertainty, followed by photochemical oxidation, fossil fuel combustion, BNF, and biomass and biofuel burning.
The H2 budget was further evaluated using a two-box model (Supple​mentary Note 2) to optimize total sources or total sinks for 2010-2020. Our bottom-up imbalance based on mean total sinks and sources is 1.5 ± 20.4 Tg yr-1, whereas the optimized imbalance is 0.6 ± 1.4 Tg yr-1 at a mean atmospheric lifetime for H2 of 2.8 years (Extended Data Table 1). The mean difference between previous and optimized values is less than 1 Tg yr-1, within the uncertainty range of the priors, indicating that only a modest adjustment to either emissions or losses can considerably improve agreement with observed atmospheric Η2. Our estimated bal​ance between emissions and losses also closely matches the interannual burden change (R2 = 0.42).
Our global total source estimate falls within the range of previous estimates for earlier time periods (Supplementary Table 2). However, it is approximately 30 Tg smaller than the two previous atmospheric inversion studies18,20, which probably overestimated H2 production from NMVOCs (>36 Tg yr-1) for the following reasons. These higher estimates conflict with the well-established NMVOC production levels of carbon monoxide (CO), whose primary removal mechanism (reaction with OH, about 90%) is widely recognized to limit its sources. Moreover, satellite observation of atmospheric formaldehyde (HCHO), which is produced from NMVOCs to generate H2, does not support such a high level of NMVOC production of H2 (Methods).
Our estimate of total sinks agrees well with most previous stud​ies17,21,2227-30. We estimated OH oxidation and its uncertainties based on an ensemble of eight OH datasets and the soiI sink and its uncertainty based on seven different model parameterization and 10 different soil attribution inputs (Methods).
The spatial distribution of sources is more uneven than for sinks (Fig. 3). Hotspots of H2 emissions are evident, with the highest density of emissions observed in Southeast and East Asia. However, tropical
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Fig. 1 | Global sources and sinks of H2 (Tg H2yr-1) over three decades (1990-2020). a-j, The H2 sources include production from oxidation of CH4 (a), biogenic NMVOCs (b), anthropogenic NMVOCs (c) and wildfire NMVOCs (d); as well as direct H2 emissions from wildfires (e), combustion of biofuels (f), the combustion of fossil fuels (g), biological nitrogen fixation on land (h) or in the oceans (i), and H2 leakage during industrial H2 production (j). k,1. The sinks
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Fig. 2 | The main sources and sinks of Η2. The main sources (upward arrows) and sinks (downward arrows) of H2 (Tg yr-1) for anthropogenic (orange), natural (green) and mixed anthropogenic and natural fluxes (hatched). Dominant sources include photochemical oxidation of both CH4 and non-methane volatile
organic compounds (NMVOCs), combustion of biomass and fossil fuels and H2 production from nitrogen fixation. The dominant global sinks of H2 are consumption by soil microbes and oxidation by tropospheric hydroxyl radicals (OH).

regions contribute the largest share (about 60%) of the total amount of emissions and production (Fig. 3a). This result is attributable to the combination of higher temperatures in the tropics promoting CH; and NMVOC oxidation, abundant plant biomass that leads to relatively high biogenic NMVOC emissions, and frequent tropical fires. Although the distribution of H2 sinks is more uniform across non-desert and non-frozen lands globally, tropical regions still account for the largest sink (around 50% of the global total) (Fig. 3b).
Photochemical H2 production
H2 is produced in the atmosphere through the photolysis of formal​dehyde (HCHO) (ref. 17). HCHO is produced by the oxidation of CH2 and NMVOCs by OH, with yields affected by levels of NOvgases31. Previous estimates of production from CH, oxidation range from 15 Tg yr’1 to 27 Tg yr-1 (refs. 21,23,28), but earlier studies either did not report uncer​tainties or disclosed much larger uncertainties (>±8 Tg yr-1) (refs. 17,21) than ours (± 3.5 Tg yr-1). We estimate a relatively higher average rate of 26.1 ± 3.5 Tg H2 yr’1 for this source (Supplementary Table 2), primarily attributable to increasing atmospheric CH4.
Various NMVOCs, including biogenic sources, anthropogenic sources and mixed sources such as biomass burning, produce atmospheric H2 through photochemical oxidation. We estimate that biogenic, wildfire and anthropogenic NMVOCs contribute 10.7 ± 5.0 Tg yr’1, 0.5 ± 0.3 Tg yr-1 and 1.1 ± 0.6 Tg yr’1, respectively (Extended Data Table 1), summing to 12.3 ± 5.0 Tg yr’1.
Combining CH4 and NMVOCs oxidation, we estimate total pho​tochemical sources of H2 to be 38.4 ± 6.1 Tg yr’1 for the decade 2010-2020. This quantity lies within the range of previous estimates
(31-87 Tg yr’1) and aligns well with a few estimates in other periods using three-dimensional (3D) chemical transport models182230 (Sup​plementary Table 2).
Direct H2 emissions from combustion
Incomplete combustion generates CO, which can undergo the water​gas shift reaction to produce H2 (ref. 17). Automobile transportation is the primary H2 source from fossil fuel combustion, although other processes involving fossil fuel or biomass combustion also emit H2.
Based on CO emissions and CO/H2 emission ratios across various sectors of fossil fuel and biomass combustion (Methods), we estimate total H2 emissions from fossil fuel combustion to be 7.5 ± 3.9 Tg yr-1 (3.7 ± 2.0 Tg yr’1 for automobile transport and 3.8 ± 3.3 Tg yr-1 from other fossil sources) and from biomass burning to be 11.6 ± 3.7 Tg yr (8.4 ± 3.3 Tg yr-1 for wildfires and 3.2 ± 1.7 Tg yr-1 for biofuels) during 2010-2020. Our estimate of H2 emissions from fossil fuel combustion is lower than that in previous studies (Supplementary Table 2). Our estimate of H2 emissions from biomass burning (11.6 ± 3.7 Tg yr’1) falls within the range of previous estimates17,1821.28-3032.
Leakage from H2 production
Similar to methane leakage from the natural gas industry, the produc​tion, distribution and utilization of H2 have some unavoidable leak​age. At present, however, the vast majority of H2 production (>99%) is consumed locally at the site of production for industrial processes1. Estimates of current H2 leakage, therefore, mainly consider leakage at production sites. The average global leakage rate for H2 production is

[image: image20.jpg]GSAT (°C) ERF CH4 (W/m2) ERF O3 (W/m2)

0.02 - 3 :
d B ) i { == Total
0.02 I : 1T ===
! i i L HEARY
. F 0.01 - L ] y ot
0.01 - i ] ' e "o |
0.00 L 0.00 L 0.00 il

T T T >0 »° ° % 7 ° ¥ ] T * T [ ¥ & FT 0 r— T & * & ¥ [ *= 70 % T 7
1800 1900 2000 1800 1900 2000 1800 1900 2000



[image: image21.jpg]GSAT (°C) | ssp460 | 3% leakage GSAT (°C) | ssp460 | 5% leakage GSAT (°C) | ssp460 | 10% leakage
0.04 - ~ 0.04 4 E

0.04 B

0.02 —/_ . -/-— - -/-

LN B B L B IR R B A R LB B B LR B L N B AR B LI R L B B L L B BRI R
2000 2025 2050 2075 2100 2000 2025 2050 2075 2100 2000 2025 2050 2075 2100




[image: image22.jpg]0.04

0.02 H

2000

GSAT (°

——
2025

C) | sspl26 | 5% leakage

—— T
2050 2075 2100

0.050 —

0.025 A

2000

GSAT (°

IR LN R [N L I I
2025 2050 2075 2100

C) | sspl26 | 10% leakage



[image: image23.jpg]GSAT (°C) | sspll9 | 1% leakage GSAT (°C) | sspll9 | 3% leakage

0_02 _- .-_ - L
: : 0.02 —m_
0.01 1 - ] !

0.01 =

1 rrr+r+ ¢+ & 17T —r+o+o| . [ 1171

2000 2025 2050 2075 2100 2000 2025 2050 2075 2100




[image: image24.jpg]GSAT (°C) | sspll9 | 5% leakage GSAT (°C) | sspll9 | 10% leakage

0.03 4 N .
] : 0.04 - -
l E .
O_OZ_W_ :j
] F - 0.02 o -
T - |
0.01 —
L L I B BB IR LI B BB L I L

2000 2025 2050 2075 2100 2000 2025 2050 2075 2100



relatively unconstrained because of a lack of measurements. Using a 1± 0.5% leakage rate for industrial H2 production (Methods), we esti​mate total H2 leakage at 0.7 ± 0.4 Tg yr"1 for 2010-2020 (Fig. 1), within the range of previous estimates23,33.
H2 emission from BNF
H2is produced as a by-product of BNF34, a widespread process carried out by symbiotic and free-living bacteria. However, the H2 sources from oceanic and terrestrial BNF remain relatively poorly constrained. Previous estimates suggest a range of 0-11 Tg yr-1 from land and oceans combined (Supplementary Table 2).
Some studies ignored land-based sources of H2 from BNF, arguing that most soil H2 production is consumed by soil hydrogenases29. How​ever, observations in various land covers show H2 escaping from the soil to the atmosphere3435, indicating the importance of this source.
Through an ensemble of models that estimated Ν fixation from BNF and newly compiled H2/N2 net production ratios (Methods), we esti​mate a new land-based H2 emission to be 3.1 ± 2.5 Tg yr-1 for the period 2010-2020 (Fig. 1).
Previous studies observed H2 supersaturation in oceans with respect to atmospheric H2 (refs. 36-39), leading to H2 release into the atmos​phere. Oceanic H2 mainly originates from cyanobacteria! BNF, although other origins are possible1740. Using our newly compiled H2/N2 net pro​duction ratios from the literature (Methods), we estimate the total oceanic BNF H2 emission to be 4.9 ± 3.1 Tg yr1 for 2010-2020 (Fig. 1).
Other minor H2 sources
There are additional minor H2 sources (usually <1.0 Tg H2 yr’1) with substantial uncertainties. Our budget accounts for one geologi​cal source (volcanic emissions) and eight fermentation processes (the breakdown of organic materials under anaerobic conditions) occurring in wetlands, rice paddies, landfills, waste treatment, livestock production (that is, enteric fermentation and manure management), termites, wild animals and human breath, along with two photochemi​cal processes (the photolysis of ozone and glyoxal). Collectively, we estimate a total of 3.7 ± 2.3 Tg H2 yr"1 from these minor sources (Fig. 2) based on sparse data of emission factors compiled from the literature (Methods). Although individually small compared with major sources, their cumulative emissions nevertheless represent a substantial contri​bution to atmospheric H2 and warrant further study and elucidation.
H2 sinks
Previous estimates of global soil H2 uptake ranged widely from 15 Tg yr"1 to 99 Tg yr"1 (Supplementary Table 2). We used the process-based model formulation in ref. 41 to estimate global soil H2 uptake with seven sets of parameterizations. Soil properties are recognized as a large source of uncertainty42. We thus also integrated forcing data for soil texture, porosity, temperature, moisture and snow depth from an ensemble of 10 global models to estimate this uncertainty. We esti​mate a global H2 soil uptake rate of 50.0 ± 18.0 Tg yr"1 for the period 2010-2020 (Fig. 2), a range that includes most previous estimates (Supplementary Table 2).
The loss of H2 through reactions with OH in the atmosphere is rela​tively well-constrained compared with soil uptake. However, it carries uncertainty attributable in part to variations in OH distributions and trends. By considering the 3D distribution of OH and Η2, along with temperature-dependent reaction rates43, we estimate this loss of Η2 to be 18.4 ± 2.2 Tg yr"1 during the decade 2010-2020. Our estimate is also consistent with most previous studies17·18·20"2230,32,44 (Supplemen​tary Table 2).
Regional sources and sinks (2010-2020)
Our estimates show strong regional differences in the magnitude of H2 sources and sinks (Fig. 4). Most H2 photochemical production/loss occurs over the oceans, because of their large global area, particularly in the tropics, in which both OH concentrations and temperatures are relatively high. On land, Europe is the smallest regional source of H2 (<2% of global total), whereas Africa and South America stand out as the largest two regional sources (about 16% and 11% of the global total, respectively) (Supplementary Table 3). Africa is also the largest regional sink for Η2 (about 23% of the global total), followed by South America as the second largest (around 13% of global total). Southeast Asia is the smallest regional sink (approximately 4% of the global total) (Supplementary Table 3).
The two largest economic regions of the world, East Asia and North America, contribute the most H2 emissions from fossil fuel combustion (about 32% and 15% of the global total, respectively; Supplementary Table 3). South America is the largest contributor of H2 from land-based BNF (27% of the terrestrial total). This result can be attributed to its extensive cultivation of leguminous plants such as soybeans and peanuts45, as well as extensive tropical areas in which native species fix nitrogen46.
H2generated from biomass combustion, NMVOCs and CH4 oxidation comprise the dominant sources in Africa and South America (Fig. 4). In Africa, biomass combustion, mostly through wildfires, constitutes the largest source, followed by NMVOC oxidation (Fig. 4). In South America, NMVOC oxidation is the largest source, followed by biomass combustion (Fig. 4). Both Africa and South America have extensive tropical areas and are characterized by frequent wildfires47 and abun​dant vegetation that produces NMVOCs48. H2 emissions from fossil fuel combustion comprise the largest source of Η2in East Asia, North America and Europe (Fig. 4), consistent with more intensive fossil fuel use there.
Climate impacts of atmospheric H2
We estimate changes in atmospheric H2 and their associated impact on GSAT using the compact Earth system model OSCAR49, which integrates the hydrogen cycle and its interactions with methane (CH4) (Methods). Unlike previous studies that primarily assess the net climate benefits of H2 by examining tradeoffs between reductions in greenhouse gas emissions and potential H2 leakage3·50, our work estimates changes in the H2 budget and quantifies the missing warming in the current climate simulations due to the lack of an interactive representation of the H2—CH4 system in most models.
Over the past decade (2010-2020), we estimate that rising atmos​pheric H2 concentrations have contributed to an increase in GSAT of 0.020 ± 0.006 °C with respect to the preindustrial period. For the future, we project all components of the H2 budget using IPCC AR6 marker Shared Socioeconomic Pathway (SSP) climate scenarios51to esti​mate the changes in atmospheric H2 and the resulting climate impacts not currently included in these SSP climate projections.
The future contribution of H2 to GSAT depends on how much H2 is consumed as an energy carrier (Fig. Sa), leaks during usage (Fig. 5b) and is produced through the photolysis of CH4 in the atmosphere (Fig. 5e, as photolysis of NMVOCs is not projected to change much) and other H2 emissions (Fig. 5c,d). In low-warming scenarios with high H2 usage (for example, SSPl-1.9 and SSPl-2.6; Fig. 5a), methane emissions are substantially mitigated, which reduces the formation of H2 from CH4 by photolysis (Fig. 5e). Therefore, the warming from H2 could even decrease slightly from the present-day level if H2 leakage is relatively low (for example, 1% leakage. Fig. 5g) but still increase if leakage is high (for example, 10% leakage, Fig. 5h). In a medium-warming scenario such as SSP2-4.5, methane emissions decline only slightly, and the change in warming from H2 is predominately determined by the H2 leakage rate: it may be similar to today under low leakage rates but increase substantially under higher leakage (Fig. 5g,h) (acknowledging that such a high H2 usage is specific to this SSP2-4.5 (ref. 52) of the SSPs we examined; Fig. 5a). In higher-warming scenarios (for example, SSP 4-6.0 or SSP5-8.5), the H2 use is relatively low but methane emissions remain largely unmitigated. In these cases, the additional H2 formed from CH, photolysis can outweigh the H2 that leaks from the system under both low and high H2 leakage scenarios (Fig. 5g,h), increasing H2-induced GSAT. Overall, this compensation effect caused by inversely related CH, and H2 emissions across these limited SSP scenarios leads to a missing warming in climate projections of 0.01-0.05 °C, which is relatively small compared with the long-term total temperature decrease in mitigation, that is, about 1.0 °C in SSP2-4.5 (current policies), about 1.9 °C in SSPl- 2.6 and about 2.5 °C in SSPl-1.9 compared with an SSP3-7.0 (baseline)51. However, if there were scenarios with both high demand and leakage rates for H2, as well as unmitigated CH4 emissions, the potential warm​ing resulting from increasing H2 concentrations would be considerably larger than those shown in Fig. 5.
Discussion
Our new global H2 budget for the recent decade 2010-2020 was esti​mated by synthesizing multiple datasets and models, with each budget term estimated individually using a bottom-up synthesis approach. When combined with atmospheric H2 observation data15, our gridded H2 sources and sinks can provide data needed for further optimiza​tion of the global H2 budget by top-down atmospheric inversions and bottom-up chemistry transport models.
Our work also highlights remaining uncertainties in sources and sinks, and research needs to constrain the global H2 budget further. The largest uncertainty arises from the soil uptake term, which is sensitive to both model parameterization (especially the value of the maximum biological uptake rate) and intermodel variation of soil attributes. Refined quantification of soil characteristics (for example,

Fig. 4 I Regional sources and sinks of H2(Tg H2 yr ) averaged for the decade 2010-2020.a,b. The Earth is pa rtitioned into global ocean (a) and global land (b). c-l, The ice-free land of Earth is further partitioned into 10 regions following the definitions used in the second phase of the Regional Carbon Cycle Assessment and Processes Project (RECCAP-2)5’: Africa (c), South America (d),
Europe (e), Russia (f), North America (g), Oceania (h), Middle East (i). South Asia (j). East Asia (k) and Southeast Asia (I). Each subplot shows the emissions from five source terms (shown as positive values) and two sink terms (shown as negative values). Minor source terms and H2 leakage (Fig. 2) are not shown here.

soil porosity, composition, moisture and temperature) and under​standing of how they influence microbial hydrogenases are needed to improve modelling of soil H2 uptake. More in situ measurements of soil uptake rates are needed in different ecosystems and seasons to better validate, parameterize and constrain process-based H2 uptake models. Moreover, more laboratory studies are needed to constrain the maximum biological H2 uptake in different soil types and microbial communities.
Uncertainties associated with other sources and sinks are smaller than for the soil sink in absolute terms but can still be larger in relative

terms, and future work is needed to reduce these uncertainties. Increased H2 production from CH4 oxidation is probably the main reason for the increasing H2 concentration in the atmosphere over the past decade, a conclusion that would benefit from further observa​tions and studies to verify. The atmospheric distribution of CH4 and the H2-yielding mechanism of CH4 oxidation are now fairly well under​stood, leading to a reduced uncertainty in H2 source estimates from this process. However, the distribution of NMVOC and the molar yields of H2 from NMVOC oxidation need further quantification across space and time. Other remaining uncertainties include estimates related to OH fields, particularly as the abundance of methyl chloroform declines below 1pptv (parts per trillion by volume). Minimizing this uncer​tainty could further improve estimated photochemical production and loss of H2.
There remains a substantial lack of empirical data on H2 emission factors for various sectors, including minor sources, and more meas​urements are needed to improve the estimate to better constrain the global budget. More data are needed on leakage rates of H2in produc​tion sites, transport pipelines, and end-use facilities and appliances. Limited data also exist for H2 emission factors for fossil fuel and biofuel combustion, nitrogen fixation processes on land and in the oceans, and for minor sources such as emissions from geological sources, wet soils (for example, wetlands, landfills and rice paddies) and enteric fermentation (for example, termites, and livestock), and photolysis of ozone and glyoxal. We summarize current data availability and gaps in Extended Data Table 2.
This lack of empirical emission data is caused largely by a lack of mobile or portable instruments that can quantify H2 concentrations in air. For methane, for instance, laser-based instruments are available that measure CH4 at low concentrations with relatively high precision and fast response. These instruments are used to quantify emission fluxes in chamber measurements, eddy covariance and tower monitor​ing, and in mobile and aerial measurements. The only commercially
available H2 instrument of comparable performance that we know of is the TILDAS H2 Monitor manufactured by Aerodyne since 2024. This instrument was tested recently with controlled-release experiments to quantify H2 emissions using a mobile platform53. However, to our knowledge, no H2 monitors are as yet available for aerial, satellite and long-term tower-based monitoring.
Further work is needed to estimate sources and sinks that are poten​tially unaccounted for, including geologic seeps, pipeline leakage and vegetation. For example, we had insufficient data to consider geologic sources from geothermal seeps, hot springs and oceanic crusts beyond volcanoes. Moreover, there is limited data on H2 leakage from natural gas systems, despite some commercial natural gas already containing blended H2 (refs. 54,55).
Plant measurements are also needed because vegetation can be both a sink and a source of H2. A Harvard Forest study observed unexpected aboveground emissions of H2 during leaf senescence56, although the mechanism of this emission was unclear. It may be a sec​ondary emission, perhaps the oxidation of VOCs released by plants that are already accounted for in our current H2 budget. However, if it is direct emission from plants, this could be a new source not included at present in H2 budgets. Vegetation may also be an H2 sink, as some research suggests that tree foliage and bark exhibit the capa​city to absorb CH4 (refs. 57,58). It is therefore possible, perhaps likely, that H2-producing and H2-consuming microbes coexist, as they do for CH4.
We found that rising atmospheric H2 between 2010 and 2020 contrib​uted to an increase in GSAT of 0.020 ± 0.006 °C. Future climate impact could either decrease or increase depending on H2 usage and leakage rates and CH4emissions but is expected to remain within 0.01-0.05°C under IPCC marker SSP scenarios. Our results underscore the need for a deeper scientific understanding of the global hydrogen cycle and its links to radiative forcing to support a climate-safe and sustainable hydrogen economy.

Online content
Any methods, additional references, Nature Portfolio reporting summa​ries, source data, extended data, supplementary information, acknowl​edgements, peer review information; details of author contributions and competing interests; and statements of data and code availability are available at https://doi.org/10.1038/s41586-025-09806-l.
1. International Energy Agency. Global Hydrogen Review 2023 (OECD Publishing, 2023).
2. Warwick, N. J. et al. Atmospheric composition and climate impacts of a future hydrogen economy. Atmos. Chem. Phys. 23, 13451-13467 (2023).
3. Hauglustaine, D. et al. Climate benefit of a future hydrogen economy. Commun. Earth Environ. 3, 295 (2022).
4. Derwent, R, G. Global warming potential (GWP) for hydrogen: sensitivities, uncertainties and meta-analysis. Int. J. Hydrogen Energy 48, 2022-8341 (2022).
5. Sand, M. et al. A multi-model assessment of the Global Warming Potential of hydrogen. Commun. Earth Environ 4, 203 (2023).
6. Hydrogen Decarbonization Pathways: Potential Supply Scenarios (Hydrogen Council, 2021).
7. IPCC. (eds Shukla, P. R. et al.) (Cambridge Univ. Press, 2022).
8. Jacobson, M. Z. Effects of wind-powered hydrogen fuel cell vehicles on stratospheric ozone and global climate. Geophys. Res. Lett. 35, L19803 (2008).
9. van Ruijven, B., Lamarque, J.-F., van Vuuren, D. P., Kram, Τ. & Eerens, H. Emission scenarios for a global hydrogen economy and the consequences for global air pollution. Glob. Environ. Change 21, 983-994 (2011).
10. Schultz, M. G., Diehl, T., Brasseur, G. Ρ. & Zittel, W. Air pollution and climate-forcing impacts of a global hydrogen economy. Science 302, 624-627 (2003).
11. Sun, T., Shrestha, E., Hamburg, S. P., Kupers, R. & Ocko, I. Β. Climate impacts of hydrogen and methane emissions can considerably reduce the climate benefits across key hydrogen use cases and time scales. Environ. Sci. Technol. 58, 5299-5309 (2024).
12. Patterson, J. D. Atmospheric history of Η2 over the past century reconstructed from South Pole firn air. Geophys. Res. Lett. 47, 2020, e2020GL087787 (2020).
13. Patterson, J. D. et al. Η2 in Antarctic firn air; atmospheric reconstructions and implications for anthropogenic emissions. Proc. Natl Acad. Sci. USA 118, e2103335118 (2021).
14. Derwent, R. G., Simmonds, P. G., O'Doherty, S. J., Manning, A. J. & Spain, T. G. A 24-year record of high-frequency, in situ, observations of hydrogen at the Atmospheric Research Station at Mace Head, Ireland. Atmos. Environ. 203, 28-34 (2019).
15. Pétron, G. et al. Atmospheric hydrogen dry air mole Fractions from the ΝΟΑΑ GML Carbon Cycle Cooperative Global Air Sampling Network, 2009-2021. ΝΟΑΑ GML CCGG Division. Version 2023-07-05 https://doi.org/10.15138/WP0W-EZ08(2023).
16. Seller, W. & Conrad, R. in The Geophysiology of Amazonia (ed. Dickenson, R.) 133-160 (Wiley, 1987).
17. Ehhalt, D. Η. & Rohrer, F. The tropospheric cycle of H2: a critical review. Tellus B Chem. Phys. Meteorol. 61, 500-535 (2009).
18. Pieterse, G. et al. Reassessing the variability in atmospheric H2 using the two-way nested TM5 model. J. Geophys. Res. Atmos. 118, 3764-3780 (2013).
19. Yashiro, Η., Sudo, K., Yonemura, S. & Takigawa, M. The impact of soil uptake on the global distribution of molecular hydrogen: chemical transport model simulation. Atmos. Chem. Phys. 11, 6701-6719 (2011).
20. Yver, C. E. et al. A new estimation of the recent tropospheric molecular hydrogen budget using atmospheric observations and variational inversion. Atmos. Chem. Phys. 11, 3375-3392 (2011).
21. Novelli, Ρ. C. et al. Molecular hydrogen in the troposphere: global distribution and budget. J. Geophys. Res. 104, 30427-30444 (1999).
22. Paulot, F. et al. Global modeling of hydrogen using GFDL-AM4.1: sensitivity of soil removal and radiative forcing. Int. J. Hydrogen Energy 46, 13446-13460 (2021).
23. Paulot, F., Pétron, G., Crotwell, A. M. & Bertagni, Μ. Β. Reanalysis of ΝΟΑΑ H2 observations: implications for the H2 budget. Atmos. Chem. Phys. 24, 4217-4229 (2024).
24. Zhang, Z. et al. Anthropogenic emission is the main contributor to the rise of atmospheric methane during 1993-2017. Natl Sci. Rev. 9, nwab200 (2021).
25. Xu, R. et al. Global N2O emissions from cropland driven by nitrogen addition and environmental factors: comparison and uncertainty analysis. Global Biochem. Cycles 34, e2020GB006698 (2020).
26. Zheng, Β. Global atmospheric carbon monoxide budget 2000-2017 inferred from multi-species atmospheric inversions. Earth Syst. Sci. Data 11, 1411-1436 (2019).
27. Hauglustaine, D. A. & Ehhalt, D. H. A. A three-dimensional model of molecular hydrogen in the troposphere. J. Geophys. Res. Atmos. 107, ACH 4-1-ACH 4-16 (2002).
28. Sanderson, M. G., Collins, W. J., Derwent, R. G. & Johnson, C. E. Simulation of global hydrogen levels using a Lagrangian three-dimensional model. J. Atmos. Chem. 46, 15-28 (2003).
29. Price, Η. et al. Global budget of molecular hydrogen and its deuterium content: constraints from ground station, cruise, and aircraft observations. J. Geophys. Res. 112, D22108 (2007).
30. Pieterse, G. et al. Global modelling of H2 mixing ratios and isotopic compositions with the TM5 model. Atmos. Chem. Phys. 11, 7001-7026 (2011).
31. Grant, A., Archibald, A. T., Cooke, M. C., Nickless, G. & Shallcross, D. E. Modelling the oxidation of 15 VOCs to track yields of hydrogen. Atmos. Sci. Lett. 11, 265-269 (2010).
32. Rhee, T. S., Brenninkmeijer, C. A. M. & Ròckmann, Τ. The overwhelming role of soils in the global atmospheric hydrogen cycle. Atmos. Chem. Phys. 6, 1611-1625 (2006).
33. Bond, S. W., Gul, T., Reimann, S., Buchmann, Β. & Wokaun, A. Emissions of anthropogenic hydrogen to the atmosphere during the potential transition to an increasingly H2-intensive economy. Int. J. Hydrogen Energy 36, 1122-1135 (2011).
34. Conrad, R. & Seiler, W. Contribution of hydrogen production by biological nitrogen fixation to the global hydrogen budget. J. Geophys. Res. C Oceans 85, 5493-5498 (1980).
35. Chen, Q., Popa, M. E., Batenburg, A. M. & Ròckmann, Τ. Isotopic signatures of production and uptake of H2 by soil. Atmos. Chem. Phys. 15, 13003-13021 (2015).
36. Williams, R. Τ. & Bainbridge, Α. Ε. Dissolved CO, CH4, and H2 in the Southern Ocean. J. Geophys. Res. 78, 2691-2694 (1973).
37. Schmidt, U. Molecular hydrogen in the atmosphere. Tellus 26, 78-90 (1974).
38. Seiler, W. & Schmidt, U. in The Sea: Ideas and Observations Vol. 5. (ed. Goldberg, E. D.) 219-243 (Wiley, 1974).
39. Herr, F. L. & Barger, W. R. Molecular hydrogen in the near-surface atmosphere and dissolved in waters of the tropical North Atlantic. J. Geophys. Res. 83, 6199-6205 (1978).
40. Moore, R. M., Punshon, S., Mahaffey, C. & Karl, D. The relationship between dissolved hydrogen and nitrogen fixation in ocean waters. Deep Sea Res. I 56, 1449-1458 (2009).
41. Morfopoulos, C., Foster, P. N., Friedlingstein, P., Bousquet, Ρ. & Prentice, I. C. A global model for the uptake of atmospheric hydrogen by soils. Global Biogeochem. Cycles 26, GB3013 (2012).
42. Brown, M. A. J., Warwick, N. J. & Archibald, A. T. Multi-model assessment of future hydrogen soil deposition and lifetime using CMIP6 data. Geophys. Res. Lett. 52, 2025, e2024GL113653 (2025).
43. Sander, S. Ρ. et al. Chemical Kinetics and Photochemical Data for Use in Atmospheric Studies Evaluation No. 15. Report No. JPL-Publ-06-2 (NASA Panel for Data Evaluation, 2006).
44. Xiao, X. et al. Optimal estimation of the soil uptake rate of molecular hydrogen from the Advanced Global Atmospheric Gases Experiment and other measurements.
J. Geophys. Res. Atmos. 112, D07303 (2007).
45. Herridge, D. F., Giller, K. E., Jensen, E. S. & Peoples, M. Β. Quantifying country-to-global scale nitrogen fixation for grain legumes II. Coefficients, templates and estimates for soybean, groundnut and pulses. Plant Soil 474, 1-15 (2022).
46. Reis, C. R. G. et al. Biological nitrogen fixation across major biomes in Latin America: patterns and global change effects. Sci. Total Environ. 746, 140998 (2020).
47. Chen, Y. et al. Multi-decadal trends and variability in burned area from the fifth version of the Global Fire Emissions Database (GFED5). Earth Syst. Sci. Data 15, 5227-5259 (2023).
48. Sindelarova, Κ. et al. High resolution biogenic global emission inventory for the time period 2000-2019 for air quality modelling. Earth Syst. Sci. Data 14, 251-270 (2022).
49. Gasser, Τ. et al. The compact Earth system model OSCAR v2.2: description and first results. Geosci. Model Dev. 10, 271-319 (2017).
50. Ocko, I. Β. & Hamburg, S. Ρ. Climate consequences of hydrogen emissions. Atmos. Chem. Phys. 22, 9349-9368 (2022).
51. IPCC. Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (eds Masson-Delmotte, V. et al.) (Cambridge Univ. Press, 2021).
52. Bauer, Ν. et al. Shared socio-economic pathways of the energy sector - quantifying the narratives. Global Environ. Change 42, 316-330 (2017).
53. Momeni, A. et al. Quantification of hydrogen emission rates using downwind plume characterization techniques. Environ. Sci. Technol. 59, 6016-6024 (2025).
54. Worman, S. L., Pratson, L. F., Karson, J. A. & Schlesinger, W. H. Abiotic hydrogen (Η2) sources and sinks near the Mid-Ocean Ridge (MOR) with implications for the subseafloor biosphere. Proc. Natl Acad. Sci. USA 117, 13283-13293 (2020).
55. Zgonnik, V. The occurrence and geoscience of natural hydrogen: a comprehensive review. Earth Sci. Rev. 203, 103140 (2020).
56. Meredith, L. Κ. et al. Ecosystem fluxes of hydrogen in a mid-latitude forest driven by soil microorganisms and plants. Glob. Chang. Biol. 23, 906-919 (2017).
57. Gorgolewski, A. S., Caspersen, J. P., Vantellingen, J. & Thomas, S. C. Tree foliage is a methane sink in upland temperate forests. Ecosystems 26, 174-186 (2023).
58. Gauci, V. et al. Global atmospheric methane uptake by upland tree woody surfaces. Nature 631, 796-800 (2024).
59. Ciais, P. et al. Definitions and methods to estimate regional land carbon fluxes for the second phase of the REgional Carbon Cycle Assessment and Processes Project (RECCAP-2). Geosci. Model Dev. 15, 1289-1316 (2022).
Publisher's note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution- NonCommercial-NoDerivatives 4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// creativecommons.org/licenses/by-nc-nd/4.0/.
© The Author(s) 2025

Methods
Chemical oxidation of CH4
The H2 production rate from the chemical oxidation of CH4 was esti​mated based on its temperature-dependent reaction rates with OH (ref. 60), which produces HCHO that subsequently forms Η2 through further photolysis (Supplementary Note 3). We ignored H2 produced from the CH4 + 0 one-dimensional reaction pathway61e2, which accounts for less than 5% of CH4 loss in the atmosphere63.
The overall fraction of Η2 produced in the global CH4 reaction chain can be calculated for each time step as
Pc,:w, = § 4(T) * [OH] *[CH,]*F,
(1)
where k(T) is the temperature-dependent reaction rate between CH4 and OH, FH2 is the total yield factor of Η2 within the whole chain, and [OH] and [CH4] are the tropospheric OH and CH4 concentrations, respectively. PCH4:H2 is usually simplified by applying a global mean of [OH],k[(T), [CH4] and FH2 in previous studies1721, which can lead to large uncertainty and bias because a large variation of the global mean must be included, considering the inhomogeneous distribution of the chemical species and the reaction rates. Here, we improved the estimation by considering spatial distribution and temporal varia​tions of H2 production from CH4 oxidation using available data from data assimilation and atmospheric chemistry model simulations. The PCH4:H2 was estimated by integrating global grids with a spatial resolution at 3.75° (longitude) x 1.875°(latitude) and a temporal reso​lution of 3 h (3-D), which substantially reduced the uncertainty of our estimates.
The 3-D distribution of k(Τ) was estimated using the temperature field from ERA-Interim reanalysis meteorology data64. We used eight [OH] fields and three [CH4] fields to produce 24-member estimates to obtain an ensemble-based mean estimate. The eight [OH] fields were obtained from the INVAST model and seven CMIP6 (refs. 65,66) models: CESM2-WACCM (ref. 67), EC-Earth3-AerChem (ref. 68), GISS-E2.1-G (ref. 69), GISS-E2.1-H (ref. 70), GISS-E2.2-G (ref. 71), MPI-ESM-1.2-HAM (ref. 72) and MRI-ESM2.0 (ref. 73). For the CMIP6 runs, we used the historical simulations that cover 1990-2014 sup​plemented with the SSP3-70 scenario simulation for the 2015-2020 period. The SSP3-70 scenario simulation did not consider the impact of COVID-19 on OH changes 2020, which was corrected using change ratios from INVAST. The three 3D distributions of tropospheric CH4 were produced by atmospheric transport models after surface meas​urement assimilation, which are CIF-LMDz (ref. 74), MIROC4-ACTM (ref. 63) and NISMON (ref. 75), respectively. The 3D FH2 was computed based on the reaction chain, in which grid level values range from 0.25 to 0.7 and global mean ranges from 0.41 to 0.43 (Supplementary Note 3).
We found that our ensemble of OH fields overestimates CH4 oxi​dation, yielding a global mean oxidation of 517 Tg CH yr"1 over 2007-2018, compared with the IPCC AR6 top-down estimate of 472 Tg CH4 yr"1. Furthermore, our ensemble underestimates the uncertainty associated with ΟΗ-driven CH4 oxidation (about 8%) and H2 production (about 10%) when compared with the approxi​mately 11% uncertainty in CH, lifetime reported in AR6. Notably, our estimate is bottom-up, and the tendency of bottom-up models to overestimate oxidation fluxes is well-documented51, which is one reason why IPCC AR6 prioritizes top-down values for CH4 budget assessments. To reconcile these differences, we corrected the Η2 production from CH4 oxidation by scaling our bottom-up H2 fluxes to match the AR6 CH4 oxidation value. Specifically, we applied a con​stant scaling factor of 472/519 = 0.913 to the H2 production from CH4 oxidation.
To propagate the uncertainty in CH4 oxidation into the H2 production estimate, we estimated the new standard deviation (SD) as
SD
OLIPCC CH4 lifetime
Meanipcc CH4 liftime,
where SD1l2-production is the new SD for H2 production from CH-OH oxidation, SD 2 production is the old SD for H2 production from CH4-OH oxidation and SDCH4 oxidation is the SD for oxidized CH4 through reac​ting with OH estimated using our ensemble of OH and CH4 fields. SD1PCCCH4 lifetime and MeanjpccCHa iftime are taken from IPCC AR6, which are 1.1 years and 9.7 years, respectively.
Oxidation of NMVOC
NMVOCs are more reactive than CH4, and their chemical reaction chains to produce H2 are also more complicated and less understood. More​over, estimates of precursor NMVOC emissions for many species are more uncertain than for CH4 because the emissions are smaller than CH4 and the sources are less clear. Owing to these uncertainties, the estimates of their contribution to the global production of H2are more difficult and uncertain. We adopted global emission data of NMVOC from a few recently improved dataset76"78 (Supplementary Notes 4 and 5) to estimate H2 production from the oxidation of NMVOC.
We used the method in ref. 21, later adopted in ref. 17. Briefly, the global production rate of H2 from the oxidation of a given species of NMVOC can be approximated by
PNMvoc H, = S, * Yx Fi, (my, /me) (3)
where 5, is the global emission rate of NMVOC, in Tg C yr"1, Y is the glo​bal average yield of HCHO per carbon atom in NMVOC,. FH2 is the aver​age fraction of HCHO that forms H2, which is 0.31 ± 0.1 (ref. 17), my/mc is the mass ratio between hydrogen and the carbon atom, that is, %.We adopted Y that is compiled based on refs. 17,21,31 (Supplementary Note 6).
The most important NMVOCs for H2 production are isoprene (C5Hs), monoterpenes (C1OHJ and methanol (CH3OH), mostly from biogenic sources. We, therefore, provided an estimate of H2 production from biogenic isoprene, monoterpenes and methanol individually, and for all other minor biogenic NMVOCs collectively. We used CAMS-GLOB-BIO v.3.1, v.3.0 and v.1.2 (refs. 48,79), MEGAN MACC (ref. 79) and MEGAN v.3.2 (ref. 80) as our main datasets to obtain global total and gridded biogenic NMVOC emissions (Supplementary Note 4).
We also consider H2 production from the oxidation of NMVOCs released from biomass burning and anthropogenic sources. The total NMVOC emission from wildfires is estimated using NMVOC emission factors computed based on species-level emission factors reported in ref. 81 and databases of grand total dry biomass burnt in different categories (Supplementary Note 5).
The total other anthropogenic NMVOC from fossil fuel combustion, biofuel combustion and other processes were acquired from three datasets. The three datasets are the widely used Emission Database for Global Atmospheric Research (EDGAR) v.8.1 (ref. 82), Community Emissions Data System (CEDS) v_2021_ll_25 (ref. 77) and ECLIPSE v.6b (ref. 83) (Supplementary Note 5).
To cross-validate our estimate of total photochemical sources of H2, we also used a second method based on satellite-observed formal​dehyde (HCHO) (ref. 26) to estimate total H2 production rates from photochemical oxidation (Supplementary Note 7). Both estimates show a similar increasing trend (r= 0.87) during 2005-2017, and both estimates are similar (40.5 ± 5.1 Tg yr"1 compared with 38.6 ± 1.6 Tg yr"1) during the common period 2008-2017.
Given that not all biogenic and fire NMVOC emission datasets pro​vided data before 2000, we used a reduced number of datasets for the period 1990-2000 to ensure a complete three-decade series estimate. For biogenic NMVOC emissions, we used the single MEGAN MACC dataset for years before 2000, but we scaled the data with a constant so its 2010-2020 mean equals the 2010-2020 ensemble mean based on all biogenic emission datasets. For fire emissions, we used the his​toric globa I biomass burning emissions for CMIP6 (BB4CMIP)84 before 2003 and again scaled it with a constant number making its 2010-2020 mean equal to the 2010-2020 mean based on the ensemble fire emis​sion datasets.
Fossil fuel combustion
Incomplete combustion of fossil fuel produces CO, which in direct exhaust can produce H2 through the water-gas shift reaction:
CO+H2O<=> CO9+H2 (4)
Although CO emission factors from fossil fuel combustions are known from a range of measurements, there are few measurements of H2 emis​sion factors. However, equation (4) suggests that the production of H2 and CO are tightly coupled. Therefore, Η2 emissions from fossil fuel combustion were estimated by scaling against the better-known CO emissions, using H2/CO emission ratios for different processes. We determined H4/CO emission ratios from a few sources for different sectors of fossil fuel usage (Supplementary Note 8).
The global amounts of CO emissions were obtained from the widely used and latest version of the EDGAR v.8.1 (ref. 85), the CEDS v_2024_ll_25 (ref. 86) and the Greenhouse Gas-Air Pollution Interac​tions and Synergies (GAINS ECLIPSE v.6b) (ref. 83).
Biomass combustion
We estimated direct H2 emission from biomass combustion, including wildfires and biofuels. For wildfires, we estimated the H2 emission using emission factors reported in ref. 81 and the total amount of dry matter burnt by different combustion types from the latest version of four widely used database inventories: Fire Inventory from NCAR (FINN), Global Fire Emission Database (GFED), Quick Fire Emission Dataset (QFED) and Global Fire Assimilation System (GFAS). The uncertainty in our estimate considered both the spread among different estimates of burnt dry matter and uncertainty around emission factors (Sup​plementary Note 5). None of these fire datasets provided data before 2000, and some started in 2003. Therefore, we used the historic global biomass burning emissions for CMIP6 (BB4CMIP)84 before 2003 and scaled it with a constant number making its 2010-2020 mean equal to the 2010-2020 mean based on the ensemble fire emission datasets to obtain a complete time series for 1990-2020.
For biofuel, similarly as for fossil fuels, we used CO emissions from the latest version of the Emission Database for Global Atmospheric Research (EDGAR 81) (ref. 85), the Community Emissions Data System (CEDS v_2024_ll_25) (ref. 86) and the Greenhouse Gas-Air Pollution Interactions and Synergies (GAINS ECLIPSE v.6b) (ref. 83). Only CEDS v_2024_ll_25 has separated the emission from biofuels and fossil fuels. We, therefore, applied the same ratios of emission of CO from biofuels and fossil fuels in the same sectors from CEDS v_2024_ll_25 to the other two datasets. We then used the H2 to CO emission ratios compiled from the latest literature (Supplementary Note 8) to estimate H2 emissions.
Leakage from H2 production
At present, the average global leakage rate for H2 production and dis​tribution is relatively unconstrained. Rare measurements have been taken for the losses of gaseous H2 from its production and distribution. A previous study87 reported that losses of gaseous H2 are less than 1%, whereas those of liquid H2are of the order of 1-10% based on a distribu​tion grid in Germany. Another study33 used a total loss rate range of 1-4% for 2010. Because we estimate only the H2 leakage from production, we adopted a leakage rate based on several studies: (1) the Frazer-Nash Consultancy estimated an H2 leakage rate of 0.5% in the process of production88; (2) ref. 89 reported grey hydrogen production based on steam methane reforming could have a less than 1% total leakage rate; (3) ref. 90 estimated the leakage rate from blue hydrogen production to be approximately 1.5% based on a combination of natural gas leak​age data and what is known about the correlation between hydrogen leakage properties and those of natural gas; (4) venting and fugitive losses often happen for natural gas production and processing; yet its leakage rate of natural gas ranges from about 0.6% (ref. 91) to about 1.45% (ref. 92). Therefore, in this study, we adopt a 1 ± 0.5% leakage rate for production.
Global production of H2 has more than tripled since 1975 (ref. 93) and will continue to rise. We take the global total demand of Η2 from ΙΕΑ93 (Supplementary Note 9), because the total production of H2equals its total consumption. We linearly interpolated the total production of H2 for years not reported in ΙΕΑ between 1990 and 202093.
H2 from biological nitrogen fixation
Using the direct measurement of H2 release from clover fields, a previ​ous study34 estimated a global emission of H2 from Ν fixation in land at 2.4-4.9 Tg yr"1, which forms the basis for most later bottom-up esti​mates17'21'2728. This source may have changed with time, for instance, because of land use and land cover changes such as cropland expansion and deforestation. To obtain a new estimate for our study period, we searched simulated outputs from models that participated in TRENDY v.lO or v.11 (ref. 94) (trends in the land carbon cycle) and obtained grid-based nitrogen fixation rates from eight TRENDY models (Sup​plementary Note 10). We assumed a constant ratio between H2 produc​tion and nitrogen fixation across different land cover types. We then applied the ratios of 0.032 ± 0.02, according to the nitrogen fixation rate and hydrogen production rate measured in clover fields34 and potted peanuts (Supplementary Notes 11 and 17).
Estimates of global H2 source from the oceans were carried out before by extrapolating site-measured H2 concentration to global oceans and applying the film model, which ranges from 2 Tg H2 yr"1 to 4 Tg H2 yr"1 because of different assumptions of H2 solubility in seawater17. These early estimates were lower than later estimates that are based on global oceanic Ν fixation rate, mainly because early measurements of H2 con​centration were mainly in the North and South Atlantic and missed the Pacific, which seems to have much higher N2 fixation rates17. The recent estimate of H2 emission from N2 fixation rate assumes that the main part of H2 in oceanic water must come from nitrogen fixation by cyanobacte​ria. Specifically, ref. 29 estimated a global H2 emission from the oceans of 6 Tg H2 yr"1, based on a global oceanic N2 fixation rate of 150 Tg Ν yr"1, a stoichiometry of 1:1 for the moles of H2 produced per mole of Ν2 and an internal H2 loss rate of 0.45 (that is, a H2/N2 net production ratio at 0.55). We refined the oceanic source estimate of H2 by applying a similar methodology with updated global microbial Ν fixation data and new H2/N2 net production estimates derived from both field and laboratory incubation measurements. Based on a few contemporary estimates95"98 of global total marine fixation that is constrained by in situ measures, we adopted a total marine Ν fixation of 160 ± 60. To obtain a time series estimate from 1990 and a spatial estimate, we have obtained oceanic Ν fixation data from the NEMO-PlankTOM model and scaled the model data to make its 2010-2020 total Ν fixation equal to 160 Tg Ν yr"1. Although studies remain limited, we compiled a net H2/N2 production ratio of 0.43 ± 0.2 from a few recent studies (Supplementary Note 11).
Other minor sources
There are other minor sources of H2, which, when added together, are not negligible. One well-known source of H2 is from geological origins such as emissions from volcanoes, surface gas seeps, hot springs, min​ing sites, and oil and gas wells55. A previous study55 estimated the total geological origin of natural hydrogen of 23 ± 8 Tg H2 yr"1. This number is not adopted here because (1) it is too large to provide a useful con​straint on our H2 budget and (2) a large part of it is deep oceanic sources (mid-oceanic rifts, oceanic crust serpentinization, the basaltic layer of oceanic crust and so on), which may hardly vent through the water surface and make it into the atmosphere. For the natural geologic origin of H2 sources, we consider only volcanic emissions. Another study99 made an early estimate of the average emission rate of 0.2 Tg H2 yr"1. Later, ref. 100 estimated 0.24 Tg H2 yr"1 for just subaerial volcanoes. Recently, ref. 101 estimated that the emission rate is 0.18-0.69 Tg H2 yr"1 for subaerial volcanoes and 0.02-0.05 Tg H2 yr"1 for mid-ocean ridge volcanoes. Combining these data sources, we estimate the emission rate of H2 from volcanoes as 0.32 ± 0.1 Tg H2 yr"1.
Fermentation processes in waterlogged soils and the digestive tracts of animals release both methane and hydrogen. Although there are many studies on the emission rate of methane, rare data and research can be found on hydrogen. A previous study102 measured an H2/CH4 emission ratio of 0.008 mol mol"1 in the flooded freshwater wetland; another study103 measured a H2/CH, emission ratio of 0.0098 mol mol"1 and 0.005 mol mol"1 at two rice fields in Beijing and Guangzhou, China, respectively; and ref. 104 also reported an H2/CH4 ratio in a rice paddy at 0.006 mol mol"1. Using this sparse information, we adopt an average of 0.007 mol mol"1 H2/CH4 emission ratio and assume it is the same for similar systems, including paddy rice, landfills and waste treatment, and wetlands, which are estimated to have global CH4 emission as 32 [25-37] Tg CH, yr"1, 69 [56-80] Tg CH, yr"1 and 159 [119-203] Tg CH, yr"1, respectively, during 2010-2020. Combining these data, we estimate a total H2 emission of 0.23 ± 0.05 Tg H2 yr"1 for these fermentation sys​tems. Similar methods were used to estimate emissions from enteric fermentation in livestock and wild animals. There are some, but not many, measurements of H2/CH, emission from livestock. We have col​lected these measurements (Supplementary Note 12) and adopted a median value of 0.022 mol mol"1, which is slightly higher than the value used in ref. 17 based on no real measurement of emission. Some wild animals have a fermentation process occurring in their rumen similar to domesticated livestock and, therefore, can produce CH and H2 too. Manures are found to produce H2 as well105. The same H2/CH, ratio is assumed for ruminant emissions from other wild animals and manure management due to a lack of data. The Global Carbon Project estimated 112 [107-118] Tg CH4 yr"1 for livestock and manure management and 2 [1-3] g CH, yr"1 for wild animals during 2010-2020 (ref. 106). Using this information, we estimate the total global H2 production from live​stock production and wild animals as 0.31 ± O.lTg H2 yr"1.
Termites are also important H2 emitters from fermentation, as pointed out very early in ref. 107. We estimate the H2 emissions from termites also based on the reported H2/CH4 emission ratios108"111 (Sup​plementary Note 12). These studies measured H2/CH4 emission ratio from various termite species with varying diets, and we adopted the median value of 1.2 mol mol"1. Adopting the global CH4 emission of 10 [4-16] Tg CH4 yr"1 during 2010-2020 from the Global Methane Budget106, we estimated H2 emission from termites at 1.5 ± 0.9Tg H2 yr"1.
Human breath contains varying amounts of H2 as suggested by the clinic breath test. Assuming an average of 25 ppm H2 from human breath17 and an average breathing rate of about 11 kg air day"1 for a human being, we estimate the total release of H2 from humans as 0.048 Tg yr"1 based on an average global population of 7.37 billion dur​ing 2010-2020.
There are two other minor volume photochemical sources identified, that is, the oxidation of ozone (O3) and glyoxal (CHOCHO) (Supplemen​tary Note 13). The yielding rate of H2 from photolysis of O, has been measured to be 1[0,1.5]% (ref. 112) and 0.6 [0,1.3]% (ref. 113). We thus adopted a median rate of 0.7 ± 0.7. A previous study114 estimated the total chemical loss of O, at 4,360 Tg yr"1 for recent years using the latest GEOS-Chem chemical transport model combined with advanced satel​lite, aircraft and ground station observations. Out of this, 51% (ref. 114), that is, 2,180 Tg, is lost through the photolysis path (Supplementary Note 13) that produces H2. Using these data, we directly estimate the global production of H2 from O, oxidation as 0.64 ± 0.64 Tg H2 yr"1. Gly​oxal is mainly formed in the oxidation of VOC, similar to the production of HCHO through VOC oxidation. The global source of glyoxal is about 48 ± 8 Tg yr"1 (refs. 115-117). Also, the yielding rate of H2 of glyoxal oxida​tion (equation (R3b) in Supplementary Note 13) equals that of HCHO oxidation (equation (R3) in Supplementary Note 3). Adopting the yield​ing rate of the HCHO process of H2 production at 0.65 ± 0.15x0.6 ± 0.1 (ref. 17), we estimate an H2 production of 0.65 ± 0.2 Tg H2 yr"1.
Reaction with OH
H2 can be removed from the atmosphere by reaction with OH:
H2+ OH - H2O+ H (5)
The global loss of H2 by this reaction can be estimated by integration over a 3D space:
LH30H = +k(T) * [OH] X [H2] (6)
where, the temperature-dependent reaction rate (/:,( T) = 2.8 x 10"12 x exp(-l,800/7) mol"1 cm3 s"1) is estimated using the ERA-Interim reanaly​sis meteorology data64, and the [OH] is taken from model-simulated 3D [OH] fields, as mentioned earlier. We used our 3D distribution of H2 pro​duced through kriging interpolation (Supplementary Note 1). The same scaling and uncertainty propagation approach used for estimating H2 production from CH4 oxidation was also applied here to scale H2 loss from its reaction with OH and adjust the corresponding uncertainties. Soil uptake
There is plenty of evidence for uptake of H2 in soils containing organic carbon from observations in both the laboratory and the field41118. A mini review of previous studies of soil H2 uptake was provided in Supplementary Note 14.
We adopted the process-based model developed in ref. 41 as the main model to estimate the monthly deposition rates from 1992 to 2020. Details of this model can be found in ref. 41.
To also account for the uncertainty in estimating soil properties that influence hydrogen uptake velocities, soil data of the top layer (about 10 cm depth) were obtained from simulations of a group of dynamic global vegetation models. These models include eight models that participated in TRENDY v.10 project94, as contributions to the Global Carbon Budget 2021 (ref. 119) and another two models-SPLASH (simple process-led algorithms for simulating habitats)120 and the global land data assimilation system (GLDAS) reanalysis data. The eight TRENDY dynamic global vegetation models are LPX-BERN,JULES, ORCHIDEE, CABLE-POP, VISIT,JSBACH, CLASSIC and CLM5.0, which account for various soil characteristics to simulate land-atmosphere flux. We used both the input soil parameters, including the clay fraction of soil, sand fraction of soil and total soil porosity of these models, as well as simu​lated monthly soil temperature, soil moisture and snow depths. An exception is SPLASH because the current version could not properly simulate soil temperature, and we used GLDAS soil temperature instead.
To account for uncertainties arising from different parameteriza- tions, we considered another six additional parameterizations (Sup​plementary Note 15). These include (1) adopting the diffusion scheme used in refs. 19,22,121; (2) adding the effect of dry top layers acting as a diffusion barrier, following ref. 122; (3) instead of using net pro​ductivity or Normalized Difference Vegetation Index to constrain H2 deposition velocities, adapting the scheme from ref. 22 that using soil carbon content to constrain; (4) adopting the scheme of soil moisture content regulation from ref. 122; (5) Changing the maximum biological uptake (kmax) to a low bound value (0.01226 s"1) based on measurement in ref. 123 and a high value (0.1 s"1) derived from ref. 122. A previous study124 developed a new parameterization on soil moisture regula​tion of kmax, using a function on soil water potential with an activation threshold at the wilting point. We did not include it because the required values for soil-type-specific coefficients provided in ref. 124 shall not be directly used for TENDY soil products, as their soil texture or types may be different from those used in that paper to derive those values. With an ensemble of 10 models for simulating soil properties, this parameterization is difficult to apply because the coefficient values must be re-derived for different soil types across different models.
In summary, we estimated an ensemble of monthly Η2 deposition velocities using 10 sets of soil inputs and seven model parameteriza- tions for modelling H2 deposition velocities, resulting in a total of 70 model runs. Applying the observed H2 mixing ratio in the atmosphere (Supplementary Note 1) to these deposition velocities, we then esti​mated an ensemble H2 uptake rate by soil.
Hydrogen climate impact
Increasing atmospheric H2 leads to indirect climate impacts, and its future concentration and climate impact will depend on how both sources and sinks change over time.
To estimate the climate impact of changing H2 concentrations in the future H2 economy, we used v.4.0-alpha-l of the compact Earth system model OSCAR to simulate the CH2-H2 system. We updated the published OSCAR v.3.3 (ref. 125) with three key changes: updated tropospheric and stratospheric lifetimes of all non-CO2 greenhouse gases, updated radiative forcing of short-lived species (aerosols and ozone) and the inclusion of the H2 biogeochemical cycle. The inte​gration of H2 biogeochemical cycle into OSCAR covers two aspects: the representation of the H2 cycle and budget, and the integration of its impact on tropospheric OH lifetimes (which feed back on species affected by OH such as CH4) and on the effective radiative forcing of ozone and stratospheric water vapour (direct impact of H2and indirect impact through changes in CH4). The detailed description of the model is provided in Supplementary Note 16.
To isolate the contribution of H2 to climate change and avoid too many interactions in the Earth system, we isolate the CH2 and H2 cycles and their interactions by prescribing the atmospheric concentrations of all other greenhouse gases (CO2, Ν2Ο and 48 halogenated compounds) to the model. We also prescribed the effective radiative forcings from forcers that are not directly related to the CH -H2 system in the model (all aerosols, aviation-induced cloudiness, light-absorbing particles on snow, albedo from land use change, stratospheric volcanic aero​sols and solar activity). The resulting system describes the evolution of atmospheric CH4, atmospheric H2, stratospheric water vapour and tropospheric and stratospheric O3, as well as the global climate change induced by these forcers and the prescribed ones. Apart from the atmospheric concentrations and effective radiative forcings listed above, the resulting model is driven by time series of anthropogenic and biomass burning emissions of H2, CH4, NOx CO and VOCs.
Using time series forcing data (Supplementary Note 16), we simu​lated past and future changes in the CH4-Η2 system to estimate the climate impact of hydrogen. Severa 1 sets of preliminary simulations, including both concentration-driven and climate-driven scenarios, were conducted over the historical period to assess the ability of the model to reproduce the evaluated budget and to estimate any budget imbalance through mass conservation. These were performed before the main simulation. The main simulation is emission-driven for both the historical and future periods, in which we incorporated previously diagnosed missing fluxes from unrepresented processes to accurately reproduce reconstructed historical atmospheric concentrations. This main simulation was then compared with a counterfactual scenario in which atmospheric H2 levels were fixed at preindustrial values, allow​ing us to quantify the climate impact of the lack of representation of H2 in climate projections.
The H2-cycling-related input data for historical and future simula​tions are either based on or constrained by our budget (Supplemen​tary Note 16). For future simulations, we consider only a few typical warming scenarios, that is, different marker SSP scenarios (SSP5-85, SSP4-60, SSP4-34, SSP2-45, SSPl-26 and SSPl-19; SSP3 is excluded as no hydrogen-related variable was reported). The scenarios provide projections of the concentrations and emissions of CH4, NO CO, VOCs and other gases needed for our climate model, as well as the total usage of H2. To estimate projected H2 concentrations in these SSP scenarios, H2 emissions excluding leakage are derived from precursor emissions (for example, CO, CH4 and NMVOCs) in the same way as for the his​torical period and scaled to match our 2020 estimates. The H2 leakage was estimated by combining future H2 usage data from the IPCC AR6 database and possible hydrogen leakage rates.
As more hydrogen is used in the economy, the production methods and uses of hydrogen will evolve, altering the extent and likelihood of hydrogen leakage. Future consumption of hydrogen is likely to be more distributed, for instance, in vehicles or blended into pipeline gas, and will no longer be mostly co-located with the production sites. Hydrogen end uses will be more diverse, involving sections such as blending with naturalgas,iron and steel,electricitygeneration,road transport,chemi​cal synthetic fuels, refineries, shipping and aviation, and buildings. Furthermore, the production technology of H2 is also likely to evolve, with more hydrogen being green hydrogen instead of grey and blue hydrogen. All these factors will contribute to varying leakage rates in the future and H2 is generally considered more prone to leakage than CH4 because of its smaller molecule size unless specific mitigation measures are implemented. However, as mentioned above, there is still limited empirical data available to constrain the estimate of future leakage rates. Reported leakage rates across different components of the hydrogen value chain vary substantially-from as low as 0.0001% to as high as 20% (refs. 126,127). However, the average economy-wide leakage rates are expected to be less extreme10127. Following the most recent studies on assessing the climate benefits of H2 (refs. 3,11,50,128), we adopted an economy-wide hydrogen leakage range of 1-10%.
Uncertainties and limitations
Our analysis and synthesis of H2 fluxes are based on a range of bottom-up inventories and models, subject to various uncertainties and limita​tions. First, many process-based models are used, including those for modelling H2 directly (for example, the soil uptake model), for model​ling input data to the H2 model (for example, the TRENDY models) and for modelling precursor species and activities (for example, the models for estimating NMVOC emissions and the NEMO-PlankTOM ocean model for estimating BNF). These models include uncertainty associ​ated with differences in model configuration as well as process param​eterization, although the same forcings are applied to the same group of models to reduce variation among models (for example, TRENDY models). Second, inventories of precursor gases (for example, CH, and CO) include uncertainties originating from the underlying statis​tical activity data and emission factors they are based on refs. 77,129, regardless of the tiered approach used. These uncertainties contribute to our estimate of H2 flux. For instance, waste management and solid biomass combustion are hard to track, partially because of informal and small-scale consumption or applications, leading to high uncer​tainty in the estimate of CH4 and CO emissions and, therefore, related H2 emissions. Last, there are limitations associated with the H2 emis​sion and yield factors because of limited measurement and variation among sources and regions. We used global and time constant H2 yield factors from NMVOC and emission factors for transportation. However, these factors could vary across space and time because of different atmospheric or technological conditions, among NMVOC species, and among different types of vehicles. As more empirical data become available, a more detailed and comprehensive treatment of these emission and yield factors shall be needed to improve the estimate. Although we did not optimize any sink/source terms as in top-down inversion studies, top-down estimates were still used for constraining some terms. One maximal biological uptake value (that is, 0.038 s-1) was tuned to match the global mean soil update from a top-down esti​mate41, whereas two others were derived from an experiment or a soil moisture parameterization scheme to reduce this dependence. Our 3D CH4concentrations were obtained from top-down inversions, and our CH4 and OH oxidation terms were calibrated to match top-down CH4 oxidation estimates. This dependence could be alleviated in the future through reliable measurements of the maximal biological uptake rate and the development of more consistent, better constrained OH fields.
In this study, we try to track and quantify the propagated uncertain​ties as much as possible, but we acknowledge that we could not include all sources of uncertainty. We collect as much activity data as possible, precursor gas emission data and emission factors. Our estimate of Η2 sink/sources was then based on the mean value of these ensemble col​lections, and the ensemble standard deviation was used to represent the uncertainty of the estimate. The uncertainty estimate in terms of standard deviation in our analysis includes all levels of uncertainties: (1) uncertainty of each single data source of activity or precursor gas emission if it is available; (2) variation among different data sources for each activity type or precursor gas species; (3) variation among emis​sion factors for both precursor gas and H2when a collection of measure​ments is available; (4) different model input data and parameterization in case of process modelling (that is, the soil Η2 uptake modelling). When adding terms (that is, different inventories of gas emissions), the resulting standard deviation is computed as the square root of the sum of variances of all terms, assuming each term is normally distributed and independent. When multiplying terms, Monte Carlo simulations are applied in R language to compute the final standard deviation.
Data availability
Anthropogenic emission data: CEDS data are available from https://aims2.llnl.gov/search/input4MIPs/, EDCAR v.8.1 is avail​able from https://edgar.jrc.ec.europa.eu/dataset_ap81/, ECLIPSE v.6b is available from https://iiasa.ac.at/models-tools-data/ global-emission-fields-of-air-pollutants-and-ghgs/. Fire burning and emission data: GFED is available from https://www.globalfiredata. org/, FINN is available from https://rda.ucar.edu/datasets/d312009/, GFAS is available from ECMWF at https://www.ecmwf.int/en/forecasts/ dataset/global-fire-assimilation-system, and QFED is available from https://ftp.as.harvard.edu/gcgrid/data/ExtData/HEMCO/QFED/v2018· 07/. CMIP6 fire data is obtained from https://aims2.llnl.gov/search/ input4MIPs/. Biogenic VOC emission data: MEGANv3.2 VOC is obtained from https://www.scidb.cn/en/detail?dataSetId=flcdb0cfbd70410d 88f491a75844912b, and CAMS-GLOB-BIOvl.2, CAMS-GLOB-BIOv3.0, CAMS-GLOB-BlOv3.1, and MEGAN-MACC are obtained from https:// eccad.aeris-data.fr/. OH fields and CH, fields: INVAST OH Fields can be requested from Didier Hauglustaine, other seven CMIP6 OH fields are available from https://aims2.llnl.gov/search/input4MIPs/, The three CH4 fields can be requested from Marielle Saunois and Prabir K. Patra. Soil attributes: GLDAS data are available from https://ldas.gsfc. nasa.gov/gldas, and TRENDY model data are obtained from individual modelers and also partially available at https://mdosullivan.github.io/ GCB/. Different emission factors are summarized in Supplementary Information, and the gridded Η2 sinks and sources data produced in this study is available at Zenodo (https://zenodo.org/records/17162658). Figure 2 is created using Adobe Illustrator. Source data are provided with this paper.
Code availability
The OSCAR compact Earth system model code is available at Zenodo125 (https://zenodo.org/records/10548477), whereas other analysing and modelling code can be required from the leading authors.
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Extended Data Fig. 1| The spatial distribution of H2 sinks and sources.
These include direct emission from wildfires (a), Biofuel (b). Biogenic Nitrogen Fixation (BNF) (c), fossil Fuel usage (d), and production from oxidation of
biogenic non-methane volatile organic compounds (NMVOC) (e), anthropogenic NMVOC (f), fire emitted NMVOC (g), and methane (h), and sinks of OH reaction (i) and soil uptake (j).


Extended Data Fig. 2 | Historical and projected global surface air temperature (GSAT) changes caused by having Η2 represented in the model at different economy-wide H2 leakage rates. This is obtained as the difference between a fully interactive simulation and a counter-factual one in which H2 concentration is kept at preindustrial level. Top-row panels show the historical contribution of
H2 to GSAT, as well as to CH4, O, and stratospheric water vapor (SWV) effective radiative forcings (ERF). All other panels show projected contribution to GSAT, under difference marker SSPs and leakage rates, as indicated in the panels'titles.

Extended Data Table 1 | Mean global sinks and sources (Tg H2 yr-1) averaged for the period 2010-2020
	Period
	2010-2020
	2020

	Sources

	Fossil fuel
	7.5±3.9 (10.7%)
	6.8±3.8 (9.8%)

	Automobile Transportation
	3.7±2.0
	2.9±1.8

	Other processes
	3.8±3.3
	3.9±3.4

	Biomass burning
	11.6±3.7 (16.6%)
	11.9±4.2 (17.3%)

	Open fires
	8.4±3.3
	8.9±3.9

	Biofuels
	3.2±1.7
	3.0±1.5

	Biogenic N2 fixation
	8.0±4.0 (11.6%)
	7.8±3.9 (11.3%)

	Ocean
	4.943.1
	4.6±2.9

	Land
	3.1±2.5
	3.2±2.6

	Photochemical production
	38.4±6.1 (54.9%)
	37.7±6.0 (54.7%)

	CH4 Oxidation
	26.1±3.5
	25.3±3.3

	NMVOC Oxidation
	12.3±5.0
	12.4±5.0

	biogenic NMVOCs
	10.7±5.0
	10.8±5.0

	Wildfire NMVOCs
	0.5+0.3
	0.5±0.3

	Anthropogenic NMVOCs
	1.1±0.6
	1.1±0.6

	Leakage from H2 production
	0.7±0.4 (1.0%)
	0.9±0.5 (1.3%)

	Other minor sources
	3.7±2.3 (5.2%)
	3.8±2.3 (5.6%)

	Sinks

	Soil uptake
	50.0±18.0 (73.0%)
	51.1±18.4 (73.6%)

	OH reaction
	18.4 ±2.2 (27.0%)
	18.3 ±2.2 (26.4%)

	Net Imbalance

	Bottom up
	1.5±20.4
	-0.5±20.8

	Optimized
	0.6±1.4
	1.1

	H2 Lifetime


2.8 Year
The percentage relative to the total estimated sources or sinks is displayed in parentheses. The Optimized net imbalance was obtained using a two-box model to agree with observed atmospheric H2 concentrations as described in Supplementary Note 2.

Extended Data Table 2 | Summary of available empirical data and critical needs on H2 emissions and uptake
	Category
	Data Availability Level and
Critical Needs
Description

	Soil Hi Uptake Rates
	Some: A few sites with season-
More long-term, year-round measurements
long measurements
across diverse ecosystems, climate zones, and
soil types.

	Soil Maximum Biological Oxidation Rate
	Rare: Only a single measured
Laboratory-based studies needed to determine
value reported in literature
maximum biological oxidation rates for soils
with varying textures and properties.

	Leakage Rates of Hi from Facilities
	Rare: No empirically measured
Development of new instrumentation for
leakage data available in the
detection; systematic field measurements
literature for production sites,
across a range of facility types and
pipelines, end-use infrastructure,
infrastructure components,
or appliances.

	Biomass Combustion
	Some: Emission factors are
Broader measurement campaigns needed to
available for certain wildfire types capture variability and uncertainty across and biofuel appliances based on
combustion types and regions.
one or just a few measurements

	Fossil Fuel Combustion
	Some: Existing measurements
Expanded data collection across different
were mainly focused on older
vehicle types, fuel compositions, regions, and
generation vehicular emissions in
other fossil fuel applications beyond
Europe.
transportation.

	Biogenic Nitrogen Fixation-Land
	Rare: One study includes full
More long-term measurements of various
season-based measurements
legume species, with coordinated monitoring
of both nitrogen fixation rates and associated H2 emissions.

	Biogenic Nitrogen Fixation-Ocean
	Some: Limited field and laboratory Increased spatial and temporal coverage is studies provide short-term ratios of needed, including long-term observations in H2 emissions to Ν fixation.
under-sampled marine regions.

	VOC Oxidation
	Some: A few studies provide yield New measurements and experimental studies estimates of formaldehyde
required to refine HCHO yield rates under
(HCHO) production from different different atmospheric conditions for various VOC groups.
VOC groups.

	Other minor
	Some: Scattered emission factors Additional targeted measurements are needed,

	sources
	exist for various sources including especially for geological sources and termites, geological seepage, wetlands, rice which may contribute more significantly than paddies, landfills, wastewater currently estimated.
treatment, termites, and livestock.


Two levels of data availability are defined here: Some—limited measurements from a few studies, and Rare—nearly none or only one related study provides data.
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Fig. 3 | The spatial distribution of total sources and sinks of hydrogen.


a, Total sources gridded spatially (top left) and the latitudinal distribution of sources (top right), b, Total sinks gridded spatially (bottom left) and latitudinally (bottom right). The 10 land regions of Earth follow the categorizations in the second phase of the REgional Carbon Cycle Assessment





and Processes Project (RECCAP-2)59 and are labelled in a. These regions are used subsequently to analyse regional sources and sinks. The total sources here include only the photochemical oxidation of CH4 and NMVOCs, direct emissions from fires and the combustion of fossil fuels and biofuels, and emissions from biological nitrogen fixation terrestrially and in the oceans.
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Fig. 5 I Projected global hydrogen use (EJ yr-1), emissions (Tg yr’1), atmospheric concentration (ppb), and climate impacts (°C) under varying leakage scenarios in marker SSP scenarios as used in IPCC AR6. a. Hydrogen as secondary energy in SSP scenarios through 2100.b, Corresponding leakage emissions by scenario under 1% H2 leakage rate, c, Future anthropogenic emissions (fossil, biofuel and other minor sources), d, Future wildfire emissions.





e, Total H2 production from CH4 and VOCs oxidation under 1% leakage rate.


f, Atmospheric concentration of H2 under 1% leakage rate. g,h, GSAT impact from H2 concentration change under 1% (g) and 10% (h) leakage rates. The shaded regions represent 1 s.d. GSAT impact for other intermediate leakage rates (3% and 5%) can be found in Extended Data Fig. 2.
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