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Hydrogen is often viewed as a potential component of a decarbonized transportation system, offering the
ability to eliminate direct CO, emissions while being produced with low lifecycle greenhouse gas emissions.
However, direct emissions of hydrogen can trigger indirect climate and air quality effects which may
partially or fully offset these benefits. We use the GEOS-Chem High Performance (GCHP) global
chemistry-transport model to investigate how surface sink representation and emission altitude
influence the climate impact of hydrogen emissions, specifically with respect to high-altitude emissions
from prospective future hydrogen aircraft. We show that if the soil sink becomes saturated and can no
longer increase uptake rates as atmospheric hydrogen concentrations rise, the perturbation lifetime of
hydrogen increases, leading to a 3.8-fold increase in hydrogen's climate impact over 100 years
compared to an unsaturated sink. We demonstrate that if the soil sink is unsaturated, hydrogen emitted
at commercial aircraft cruise altitudes (~11 km) has a greater climate impact than equivalent surface
emissions. The magnitude of this additional impact varies between 8% over a 20-year horizon to 13%
over 100 years. This altitude sensitivity results from the vertical separation between high-altitude
hydrogen emissions and the soil sink, which increases the likelihood of removal by OH. Our findings
highlight the need to prioritize mitigation of high-altitude hydrogen emissions, such as those from
potential future hydrogen-fueled aircraft, compared to surface hydrogen emissions. More broadly, they
reveal the limitations of fixed-boundary condition models to capture these mechanisms, underscoring
the importance of transitioning to surface sink representations that can capture dynamic soil uptake
responses. Constraining the real-world behavior of the soil sink remains a key research priority for
accurately assessing hydrogen's climate impacts.

Hydrogen's potential to negatively affect atmospheric chemistry and climate through direct emissions remains uncertain, but could become important given the
anticipated growth in hydrogen production, distribution, and use in a future hydrogen economy. This study examines two factors shaping hydrogen's climate

impact: (1) emission altitude, and (2) the capacity of soil bacteria to absorb additional hydrogen when exposed to increasing hydrogen concentrations. We find
that in the event that the hydrogen sink becomes saturated, whether from environmental changes such as rising temperatures, habitat loss from climate change
and human activity, or from non-linearities in microbial uptake, the overall climate impact of hydrogen emissions is increased by a factor of 3.8 compared to
conditions where the sink is not saturated. We also find that upper-tropospheric hydrogen emissions have 13% greater warming impact than equivalent

emissions from the surface. These findings highlight the need for more accurate representations of soil uptake in atmospheric models and emphasize that the
climate benefits of a hydrogen economy will depend not only on how much hydrogen is emitted, but also where and under what environmental conditions those

emissions occur.

1 Introduction

may be partially offset by indirect warming impacts resulting
from fugitive emissions of hydrogen which occur during
production, transportation, distribution, and end-use.>”® Once

Hydrogen produced with low lifecycle emissions offers a prom-
ising pathway to reduce climate and air quality impacts from
fossil fuel use across multiple sectors.” However, these benefits
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released into the atmosphere, hydrogen can be removed by one
of two pathways: (1) uptake by the microbial soil sink, which
accounts for approximately 70-80% of the current hydrogen
sink, or (2) oxidation by the hydroxyl radical (OH), which
accounts for the remainder.®® In the first case, hydrogen is
metabolized by soil bacteria and removed from the atmosphere
without otherwise perturbing the atmospheric composition.
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However, in the second case, oxidation of hydrogen introduces
competition with methane and non-methane volatile organic
compounds (NMVOCs) for available OH. This in turn leads to an
increased lifetime of methane, increased tropospheric ozone
production, and increased burden of stratospheric water vapor,
all of which are greenhouse gases contributing to warming.*>**°

Extending the atmospheric lifetime of methane and delaying
its eventual oxidation not only enhances its integrated warming
impact, but also alters the timing and spatial distribution of its
oxidation products, including ozone and water vapor. This is
because while an individual methane molecule may remain in
the atmosphere for longer it is still likely to be oxidized by OH,
but at a later time. Assuming constant background conditions,
the total amount of ozone produced by the methane then
remains the same. This raises an important question: to what
extent does the fate of an emitted molecule of hydrogen depend
on the timing and location of its emission? The answer likely
depends on the future behavior of the soil sink, which may
evolve in response to rising temperatures, habitat loss from
climate change and human activity, and non-linearities in
microbial uptake.® Historical observations of increasing atmo-
spheric hydrogen concentrations suggest that the soil sink is
both insufficient to fully offset anthropogenic emissions and is
variable over time.” Understanding how these limitations and
potential future changes affect hydrogen's atmospheric impacts
is therefore essential for accurately evaluating the climate
impact of hydrogen.

In the context of aviation, improving our understanding of
these processes is important as the industry is advancing the
development of hydrogen-fueled aircraft in an effort to reduce its
environmental impacts. Unlike other sectors, aviation could emit
hydrogen at cruise altitudes in the upper troposphere and lower
stratosphere, where the chemical and transport dynamics differ
from the surface. To date, the impact of hydrogen emissions at
altitudes where aircraft operate is not well understood. Due to the
vertical mixing timescale of the troposphere, hydrogen emitted at
altitude may have an increased average time before reaching the
surface where it can interact with the soil sink. As a result, it may
be more likely to be removed by oxidation with OH, potentially
bypassing the soil sink due to the vertical separation of the loss
pathways. While it typically takes about one week for air masses
to become vertically mixed throughout the troposphere and the
lifetime of hydrogen against loss to OH is approximately 8
years,">"® changes in the initial conditions of hydrogen's emis-
sions may bias how these two time scales interact with respect to
hydrogen's removal. Capturing this behavior requires a better
understanding of how soil uptake responds under changing
environmental conditions and an accurate representation of
hydrogen's transport dynamics.

Estimates of the current sink strength range from 55 to 88 Tg
per year.® Uptake is regulated by high-affinity hydrogen-
oxidizing bacteria (HA-HOB), microbes found in soil which
are capable of metabolizing hydrogen at low concentrations
present in the atmosphere. The efficiency of uptake is influ-
enced by abiotic factors such as soil temperature and moisture,
which govern diffusive transport, as well as biotic factors like
the metabolic activity of HA-HOB. The metabolic activity of HA-
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HOB depends on atmospheric hydrogen concentrations, with
hydrogen uptake rates increasing non-linearly as hydrogen
availability rises.***** Thus, future deposition rates of hydrogen
may be enhanced by an increased atmospheric burden of
hydrogen, potentially buffering the overall atmospheric impact
of future hydrogen emissions. Conversely, any future saturation
of the soil sink could amplify the climate impact of hydrogen
emissions. Laboratory studies, while limited in number,
suggest that even under the most extreme projections of future
hydrogen use, global atmospheric hydrogen concentrations are
likely to remain below saturation thresholds.® Specifically,
experiments by Piché-Choquette et al. and Greening et al. show
that saturation mechanisms only become dominant at
hydrogen concentrations 50 to 100 times above current atmo-
spheric levels.*'® Nevertheless, uncertainty remains regarding
the response of microbial hydrogen uptake to changing envi-
ronmental conditions. While complete global saturation is
unlikely, localized or partial saturation could occur due to land-
use change, soil degradation, or climate-driven shifts in
microbial activity.

The indirect warming effects of hydrogen have gained
research attention over the past decades. Early studies quanti-
fied the tropospheric methane and ozone response to surface
hydrogen emissions using both simplified atmospheric chem-
istry models and higher fidelity 3-D models. For example, Der-
went et al. first used a global box model, then later used
a chemistry-transport model to calculate a global warming
potential (GWP) for hydrogen of 5 + 1 on a 100-year time
horizon.>" More recent studies have also quantified strato-
spheric water vapor impacts which were previously neglec-
ted.>'>'®1® paulot et al. used the GFDL-AM4.1 Earth System
Model to quantify this effect and found that it accounted for
approximately a third of hydrogen's overall climate impact.®
Warwick et al. calculated a GWP-100 of 12 + 5 for hydrogen,
with several other analyses finding values within this
range.'>**'*> Sand et al also calculated a GWP-100 for
hydrogen of 11.6 &+ 2.8 through a multi-model assessment.*
Recent work by Yang et al., however, shows that the GWPs from
these latest studies may be overestimated by up to 20% due to
model biases in OH concentration and reactivity.”

Together, these studies have deepened our understanding of
hydrogen's role in atmospheric chemistry and climate change,
providing more refined estimates of its global warming poten-
tial and key sensitivities. It is now important to examine the
uncertainties that remain, particularly the role of the soil sink in
modulating hydrogen's impacts. Many studies, for instance,
have modeled the soil sink using fixed surface boundary
conditions, which hold the surface concentration of hydrogen
at a preset value. This approach has been useful for capturing
the general atmospheric response to hydrogen emissions, but
may obscure feedback processes between hydrogen, methane,
and ozone. This is because when the surface concentration of
hydrogen is fixed, emitted hydrogen cannot properly persist and
may be immediately removed at the surface prior to reacting
with OH, effectively increasing the rate of surface uptake.

The limitations of fixed boundary conditions for methane
have previously been studied in the context of aviation NO,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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emissions, where NO,-induced ozone production leads to long-
term methane reductions that partially offset the initial short-
term warming response.* Khodayari et al. demonstrated that
this long-term methane reduction can be approximated using
feedback factors to capture the change in methane burden and
lifetime.>® However, this approach fails to capture the secondary
effects of methane on the distribution of coupled species such
as ozone and water vapor, which is also applicable to the
atmospheric response to hydrogen emissions.”®* Moreover,
previous studies have shown that the methane feedback factor
varies between models. Recent analyses of hydrogen's atmo-
spheric impacts report methane feedback factors ranging from
1.3 to 1.6, contributing to differences in the methane-related
component of hydrogen's climate effect.>®* Incorporating
more flexible representations of the soil sink through calibrated
fluxes or physical deposition-based representations can help
capture these coupled responses, which may be obscured under
the fixed boundary condition and feedback factor framework.

Several previous studies on hydrogen have implemented
various deposition-based schemes to model surface uptake
based on historical observations of the surface sink and envi-
ronmental factors such as soil temperature and moisture level.
However, these models do not capture the potential for adap-
tation or saturation of the soil sink in response to rising
atmospheric hydrogen concentrations, primarily due to a lack
of data to quantify this process.**® While there is still uncer-
tainty surrounding this behavior, the potential implications of
excluding this response warrant further investigation, as
models independent of atmospheric hydrogen levels may
misrepresent hydrogen's atmospheric lifetime and associated
climate impacts.

In this study, we use calibrated flux boundary conditions for
both hydrogen and methane to provide the first assessment of
how the altitude of hydrogen emissions influences its atmo-
spheric impact and how this process depends on surface uptake
assumptions which adapt to atmospheric hydrogen concentra-
tions. To assess the sensitivity of the climate response to soil
uptake behavior, we simulate both saturated and unsaturated
sink conditions, providing a range of possible outcomes under
different sink assumptions. For each scenario, we conduct a 36-
year atmospheric chemistry simulation with annually recurring
emissions, including radiative transfer calculations to quantify
the resulting climate impacts.

2 Methods

We simulate the atmospheric impacts of hydrogen when emitted
from either the surface or the upper troposphere at an altitude of
approximately 11 km, representative of a typical cruise altitude
for commercial subsonic aircraft. For each of the two emission
altitudes, we perform two simulations that vary the representa-
tion of the soil sink to model a range of uptake conditions and
saturation behavior. The soil sink models are described in the
surface boundary conditions section, and are presented in Table
1. Each of the four scenarios considers 1 Tg of hydrogen emitted
uniformly (constant kg m™ s™!) on an annual, recurring basis,
between 30° N and 60° N. This specific latitude range was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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selected to be representative of the overall aviation fuel burn
distribution, where approximately 60% occurs within the 30° N
and 60° N band, and approximately 90% occurs in the Northern
Hemisphere.” Localizing the emissions in this way allows for
clear observation of the resulting transport and chemical
response, including inter-hemispheric exchange, which may
appear spatially diffuse and difficult to isolate if emissions were
distributed according to the exact aviation fuel burn pattern. In
addition to the four scenarios described below, we perform a fifth
simulation to use as a reference in which no additional hydrogen
is emitted. Finally, we perform additional sensitivity simulations
which test the effect of the background atmosphere on hydro-
gen's atmospheric impact, and consider an idealized upper
bound scenario for hydrogen soil uptake. Together, these
scenarios encompass a controlled range of plausible and extreme
soil uptake behaviors, allowing us to assess the climate impact of
hydrogen emissions across each scenario.

2.1 Global atmospheric modeling

We use the global chemistry-transport model GEOS-Chem
14.2.3 as implemented in GEOS-Chem High Performance
(GCHP)* to evaluate the global chemistry and transport of
atmospheric species in response to the hydrogen perturbations
described in Table 1. The horizontal grid is represented as
a cubed-sphere and all simulations are run with 24 horizontal
divisions per cube edge (C24 resolution). This corresponds to an
average grid spacing of 380 km. All simulations are run with 72
vertical layers, starting at the surface and ending at a pressure of
1 Pa. The vertical grid is parameterized by a hybrid-sigma
representation.

Meteorological conditions are prescribed using data from
the NASA Global Modeling and Assimilation Office’'s Modern
Era Retrospective analysis for Research and Applications v2
(MERRA-2).** All simulations are integrated in time for a total of
36 years using four iterations of meteorological data from July
2010 to July 2019. Since the fate of emissions in the atmosphere
is sensitive to background conditions, it is important to model
a representative atmosphere for a hydrogen economy. Here, we
select the Shared Socioeconomic Pathway (SSP) and radiative
forcing scenario SSP1-2.6 as defined in the IPCC's sixth
assessment report,” with a background atmosphere based on
projected 2050 conditions. This pathway is chosen on the
assumption that in a future where hydrogen achieves large scale
market penetration, it is likely that other industries significantly

Table 1 Overview of hydrogen emission scenarios simulated

Scenario Location of H,

name emissions H, soil sink model

Sur_Sat Surface Saturated

Alt_Sat Altitude (~11 km) Saturated

Sur_ MM Surface Unsaturated, Michaelis—
Menten

Alt_MM Altitude (~11 km) Unsaturated, Michaelis-
Menten
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reduce their greenhouse gas emissions. This rationale is
particularly applicable for difficult-to-abate sectors like aviation,
in which the presence of a large fleet of hydrogen aircraft may
only be realistic in a future economy where other sectors have
already successfully decarbonized. Independent of this socio-
economic context, however, we also perform an additional
reduced-length sensitivity simulation using the SSP2-4.5
scenario to assess the robustness of our conclusions to an
alternative background atmosphere. Data from the Coupled
Model Inter Comparison Project Phase 6 (CMIP6)* is used to
represent the 2050 SSP1-2.6 and SSP2-4.5 atmospheres and
emissions. Prior to the start of the 36-year simulations, we
perform scaling of long-lived species in the default GEOS-Chem
initialization (restart) file, followed by a 9-year spin-up
simulation.

2.2 Surface boundary conditions

We replace the default GCHP fixed surface boundary conditions
for both methane and hydrogen with saturated and unsaturated
flux boundary conditions. In this context, “saturation” refers to
a scenario in which the soil sink is unable to remove hydrogen
at rates beyond present day levels. This representation provides
a lower bound on hydrogen soil uptake and helps quantify the
maximum climate impact of hydrogen emissions. Alternatively,
the unsaturated sink is assumed to increase in strength as
atmospheric hydrogen levels rise. While saturated flux
boundary conditions have been previously applied to
methane,” our study represents the first implementation for
hydrogen within GEOS-Chem. Although fixed boundary condi-
tions with feedback factors have previously been shown to
produce accurate predictions of changes to methane lifetimes
and burdens,* they can fail to capture long-term feedbacks in
ozone production and other linked chemical species.>® For
studies on hydrogen's climate impacts, this is particularly
important due to the coupling of the H,~-CH,-CO-O; chemical
system.™

To implement the saturated flux boundary condition, we
begin with a 36-year calibration simulation using fixed surface
boundary conditions for both hydrogen and methane. During
this simulation, we archive the net monthly mean surface fluxes
of hydrogen and methane at each grid cell required to maintain
the prescribed surface mixing ratios. These archived values
represent the combined effects of all emission and removal
processes at the surface and quantify the net exchange with the
atmosphere (i.e., emissions minus losses). In subsequent
simulations, we disable the fixed surface boundary condition
and prescribe the monthly mean archived net fluxes as surface
emissions. A sample of these calculated fluxes for hydrogen and
methane is shown in Fig. 1. We find that our calculated fluxes,
averaging —16.8 Tg H, per year and +561 Tg CH, per year, are
consistent with the reported uncertainty ranges in the litera-
ture. For example, Paulot et al. report a global emission rate of
32.3[29.9 to 37] Tg H, per year and a dry deposition sink of 54.7
[53.5 to 56.3] Tg H, per year, corresponding to a net surface
exchange of —22.4 [—26.4 to —16.5] Tg H, per year.® Similarly,
the global hydrogen budget by Ouyang et al. provides a central
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estimate of the net surface exchange of hydrogen of —18.5 Tg
per year.*® For methane, Saunois et al. provide an estimate of
+538 [505 to 567] Tg CH, per year in net emissions at the
surface.*® We also calculate the hydrogen chemical production
from photolysis of formaldehyde in GCHP to be 40.8 Tg H, per
year, consistent with previous estimates.*** Solving the
hydrogen mass balance equation at steady-state, we calculate
a baseline loss partitioning of 67.6% to soil uptake and 32.4%
via oxidation by OH, which is also in line with the partitioning
estimates from past studies.

Building on the standard, saturated flux boundary condition,
we also introduce a new unsaturated flux boundary condition
for hydrogen to represent a dynamic soil sink that actively
responds to elevated atmospheric hydrogen concentrations.
This formulation represents a physically motivated and realistic
representation of microbial soil uptake under unsaturated
conditions. Given the current limitations in the physical
understanding of the hydrogen soil sink mechanism, we
present this model not to precisely predict uptake rates, but to
demonstrate how varying assumptions about the soil sink could
affect hydrogen removal and the overall climate impact of
hydrogen emissions. Here, we assume diffusive limitations are
implicitly represented in the flux calibration process, and focus
our model on capturing biotic responses to hydrogen exposure.

The dynamic approach uses a Michaelis-Menten kinetic
model* to describe changes in hydrogen uptake by soil as
a function of hydrogen exposure. The general form is d[H,]/dt =
Vimax[Hz)/(km + [Hy]), where the uptake rate, d[H,]/d¢, depends
on the surface concentration of hydrogen, [H,], and is governed
by two parameters: the half-saturation constant, k., and the
maximum rate of uptake, Viax.

[Hy]

dHy]
dl - meax [1)

We set k, to a value of 40 ppmv based on Piché-Choquette
et al's experiments characterizing HA-HOB under varying
hydrogen exposure levels.' Physically, this parameter repre-
sents the exposure level at which hydrogen reaches half of its
maximum uptake rate in soil. As this threshold is several orders
of magnitude above the most extreme future projections for
atmospheric hydrogen concentrations,'® global uptake rates are
likely to remain far from saturation, and the model effectively
reduces to a near-linear response at current atmospheric
hydrogen levels.

To integrate this model into GCHP, we rearrange eqn (1) to
derive a monthly scale factor, A, which adjusts the calibrated
hydrogen fluxes according to the change in the simulated
surface concentration of hydrogen, [H,]sim, relative to the
reference case, [Hy]ref-

_ [Hz]sim km + [Hz]rcf
A= H,] (km + [Ha] ) @)

ref sim

We then apply this scale factor to generate dynamically-
updated monthly fluxes, Fjey. Since GCHP does not explicitly
prescribe hydrogen emissions, we assume a constant global

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The calibrated surface fluxes for hydrogen (left, panels (a) and (c)) and methane (right, panels (b) and (d)) required to achieve the prescribed
surface mixing ratios for each species. The top panels show the monthly global mean surface fluxes for a sampled simulation year and the bottom
panels show the annual mean horizontal distribution of the surface fluxes over the same period.

emission rate, E, of 32.3 Tg H, per year, from Paulot et al.'s
analysis.® Based on our average calibrated flux value of —16.8 Tg
H, per year (Fig. 1), this implies an average soil sink strength of
49.1 Tg H, per year, prior to any dynamic uptake scaling. The
surface loss term, L, is then calculated as the difference between
the emissions and the pre-scaled hydrogen flux.

Fnew =E- AL

Fnew =FE - A(E - Fold) (3)

We also develop an additional unsaturated sink model using
an exponential relation for the rate of surface uptake of
hydrogen in response to increased surface concentrations,
which is presented in Section 1 of the SI. This idealized model is
used to run a set of sensitivity scenarios in which the surface
sink drastically offsets the impact of increased surface hydrogen
emissions, representing a near completely unsaturated sink.
This model is likely physically unrealistic, but is useful for
illustrating the altitude effect under extreme sink behavior.
Specifically, when the surface sink responds strongly to higher
atmospheric hydrogen levels, more hydrogen gets taken up at
the surface before it can react with OH, making the differences
between surface and altitude emissions easier to see. This
model is intentionally idealized, as it permits excessively strong
hydrogen uptake beyond what is supported by observations. Its
purpose is not to represent a plausible soil uptake process, but
rather to serve as a hypothetical upper bound on soil uptake and
to explore the sensitivity of the system to extreme sink behavior,
contrasting the Michaelis-Menten scenarios.

© 2026 The Author(s). Published by the Royal Society of Chemistry

2.3 Impact calculations

In this study, we use the perturbation method to calculate the
difference in the mass of atmospheric species and the resulting
radiative forcing when simulated with and without hydrogen
emissions under the various emission and sink assumptions.
Although this method does not isolate source-specific impacts
due to non-linear interactions within the chemical system, it
has been demonstrated to accurately capture the overall
chemical response to a given perturbation.*® By calculating the
change in mass of a species between simulations with and
without annually-recurring hydrogen emissions, we obtain the
step response function (s(¢)) of the system, and by taking the
numerical derivative of the step response function we obtain the
impulse response function (A(¢)). From these results, we calcu-
late the perturbation lifetime (tpcr), defined by IPCC for short-
lived forcers® as the time taken for the abundance of
a species to decrease by 63% (1-e ") after being perturbed above
background levels by a pulse (P,) of emissions:

== @)

To calculate climate impacts, we use the RRTMG radiative
transfer model with stratospheric adjustment as implemented
in GCHP to evaluate the changes in radiative forcing for each
scenario.*® Following the implementation by Eastham et al.,”
we assume fixed dynamical heating in the stratosphere and
evaluate fluxes at the tropopause.*® Radiative forcing is calcu-
lated every three hours over the first two days of each month,
and the resulting twenty-four days of data are used to compute
an annual average for each simulation year. The absolute global
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warming potential (AGWP) of hydrogen is then calculated
directly from the radiative forcing:

T

AGWPy, (<) = JO Ry (1)ds 5)

Using the fixed dynamical heating approximation used in
RRTMG, the species-specific contributions of methane, water
vapor, and ozone to the overall climate impact of hydrogen
cannot be isolated. Instead, we use published radiative effi-
ciencies as described in Warwick et al.*® and Forster et al.*’ to
capture these species contributions. Specifically, we apply fixed
radiative efficiencies for methane (Acy, = 3.88 x 10 Wm
ppb '), stratospheric water vapor (Ago = 1.0 x 107 W m™?
ppb '), and tropospheric ozone (4o, = 0.042 W m > DU ) to
compute their respective contributions to the overall climate
impact. The radiative efficiencies of each species are integrated
with the atmospheric abundances A[x;(¢)] simulated from GCHP
to calculate the species-specific AGWP:

AGWPy, . (7) = J A A ()]ds ©)
0

We also calculate the radiative forcing resulting from 1 Tg of
annually-recurring CO, emissions using the MAGICC6 model.**
This allows us to compare the integrated climate impacts of the
hydrogen emissions to an equivalent mass of CO, emissions
across different time horizons (r) using a global warming
potential (GWP). We calculate the GWP for hydrogen directly
from the integrated radiative forcing of hydrogen and CO,:

JI RFy,(f)dt
—1)
o AGWPCOZ(‘E) o JI (7)

RFco, (1)d?

For time horizons beyond the 36-year simulation period, we
apply an exponential fit to the hydrogen radiative forcing curves
to capture steady-state behavior as shown in Fig. 3. Similarly,
when using the radiative efficiency method to calculate GWP,
we apply an exponential fit to the methane perturbation curve
for the saturated sink scenarios. Although most of the response
occurs within the simulation period, this extrapolation is
needed to capture the final 15% of impacts under the saturated
sink scenario. This aligns with findings from literature which
show that the methane response to hydrogen (which is the
longest-lived mode of impact) decays with an e-folding lifetime
of approximately 20 years and falls below 15% of its peak
abundance after 35 years.'**°

3 Results and discussion

3.1 Impact of soil uptake on atmospheric composition

The global changes to the burdens of hydrogen, methane,
stratospheric water vapor, and tropospheric ozone throughout
the 36-year simulations are shown in Fig. 2 for each of the
scenarios. These changes reflect the integrated response of the
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atmosphere to 1 Tg of annual-recurring hydrogen emissions
under the contrasting soil uptake assumptions described above.
We calculate that the total atmospheric hydrogen burden
increases between 2.1 Tg and 7.3 Tg across all scenarios at the
end of the simulation period, corresponding to increases of
1.3% and 4.4% above present-day levels, respectively. This
difference between scenarios is driven by the sink behavior. For
the saturated cases, the loss of hydrogen to soil uptake is fixed
and non-responsive to rising concentrations, allowing more
hydrogen to accumulate in the atmosphere. Specifically, for
hydrogen emitted at the surface, the saturated sink scenario
(Sur_Sat) results in an increased total hydrogen burden of 7.2
Tg, 3.4 times larger than the increase for the unsaturated sink
scenario (Sur_MM). Correspondingly, the global mean surface
mixing ratio of hydrogen increases by 6.5 ppbv under the
Sur_MM scenario and by 21 ppbv under the Sur_Sat scenario.
This sensitivity to the sink saturation is also observed in other
key species. For methane, the burden increases from a differ-
ence of 2.8 Tg (Sur_MM) to 9.1 Tg (Sur_Sat); for stratospheric
water vapor, from 0.28 Tg to 0.97 Tg; and for tropospheric
ozone, from 0.13 Tg to 0.42 Tg. These correspond to increases of
3.2x, 3.4x%, and 3.3x of the three species respectively, closely
tracking the 3.4-fold increase for hydrogen.

Analysis of the perturbation response also reveals a shift in
both the timing and magnitude of mass peaks when comparing
the saturated and unsaturated sink scenarios. Specifically, the
saturated sink leads to a perturbation that is larger in magni-
tude, occurs later, and decays more slowly. This trend is most
pronounced for methane: when the sink becomes saturated, the
peak methane abundance shifts from year 4 to year 8, and its
peak magnitude increases from 0.19 Tg (67 pptv) to 0.42 Tg (147
pptv). Comparing this peak methane magnitude to previously
reported ranges in literature shows general alignment, although
the results vary by study and modeling assumptions. For
example, Chen et al. calculated peak methane abundances of
120 pptv CH, per Tg H, using a simplified box model, and 71
pptv CH, per Tg H, when using a more detailed chemical
mechanism within the box model.”® Similarly, Derwent et al.
and Field and Derwent reported values of 80 pptv CH, per Tg H,
and 27 pptv CH, per Tg H,, respectively, when using higher
fidelity models."”**

The shift in the time of the peak methane abundance from 4
to 8 years is due to changes in the removal pathways for both
hydrogen and methane. These pathways can be considered with
a simplified representation similar to the analysis by Bertagni
et al.®® but neglecting reaction with CO and other OH sinks for
explanatory purposes, using the equations:

d[CH,)
TR Scn, — ki[OH][CHy]
dH,]
a SH2 -k, [OH] [Hﬂ — Kol [HZ]
d[gtH] — Sou — ki [OH][CH,] — k> [OH][Hy)]
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Fig.2 Changes in the masses of atmospheric hydrogen, methane, stratospheric water vapor, and tropospheric ozone relative to the reference
scenario, resulting from 1 Tg of annually recurring hydrogen emissions. The top row (panels (a)—(d)) shows the step response, obtained directly
from daily GCHP model output. The bottom row (panels (e)-(h)) shows the corresponding impulse response, calculated as the numerical
derivative of the step response averaged over two years. The blue curves and green curves represent the response to the saturated and
unsaturated surface sinks, respectively. The light and dark shaded curves represent the response to hydrogen emitted at an altitude of 11 km and

at the surface, respectively.

In this simplified case, the sources of hydrogen and methane
are fixed and independent of the atmospheric state, as repre-
sented by the terms Sy, and Scy,, respectively. In contrast, the
sinks are coupled through the interaction between loss rates to
OH (with rate constants k; and k,), the loss rate of hydrogen to
soil (kson), and the atmospheric concentrations of hydrogen,
methane, and OH. Under the unsaturated sink, hydrogen is
efficiently removed by both chemical oxidation and microbial
uptake in soils. However, when the soil sink becomes saturated,
this is represented by a proportional reduction in the soil
uptake of hydrogen. This manifests in our model as a decrease
in the average value of ks from 0.30 year ' to 0.29 year ',
increasing hydrogen's lifetime against loss to soil from 3.3 years
to 3.5 years. Similarly, when comparing hydrogen loss parti-
tioning between soil uptake and OH oxidation, saturation of the
soil sink increases the fraction lost to OH from 32.4% to 32.7%.
Conversely, the fraction lost to soil decreases from 67.6% to
67.3%. While these changes appear small in absolute terms,
they are measured against the total atmospheric hydrogen
burden, which is large, meaning that even small changes in the
global average can correspond to substantial impacts. We find
that this reduction in soil sink strength raises the overall
perturbation lifetime of hydrogen (calculated using eqn (4))
from 3.0 years to 8.6 years, increasing its average atmospheric
abundance.

The increased atmospheric hydrogen burden is associated
with more competition with methane for OH, thus decreasing
OH concentrations. This reduction in OH slows down the
oxidation of methane, thereby extending its atmospheric life-
time and shifting its peak abundance to a later time. This
corresponds to an increase in the methane perturbation life-
time from 12 years to 16 years, though the bulk lifetime of loss

© 2026 The Author(s). Published by the Royal Society of Chemistry

against OH is only increased from 6.92 years to 6.93 years. Our
methane perturbation lifetime of approximately 12 years for the
unsaturated sink scenarios aligns with literature estimates,
while the value of 16 years is unsurprisingly higher since
previous studies did not focus on sink saturation.'®'*?*%
Specifically, feedback factors from previous studies on hydro-
gen's atmospheric impact range between 1.3 and 1.6, and when
compared with the modeled bulk lifetime of methane result in
perturbation lifetimes ranging from 9.4 years to 12.7 years.
Recent studies by Ocko and Hamburg, and Chen et al. report
methane perturbation lifetimes of 11.8 years and 11.9 years,
respectively, closely matching our modeled perturbation
lifetime."*?°

Conceptually, the mechanism driving the extended pertur-
bation lifetime mirrors the response to direct hydrogen emis-
sions in which emitted hydrogen reduces the availability of OH,
prolonging methane's lifetime. However, instead of adding
more hydrogen directly through emissions, here we reduce the
removal of hydrogen by limiting the soil sink. Both processes
result in delayed oxidation of methane. These findings
demonstrate the close interaction in which methane and
hydrogen are linked not only through their competition for OH,
but also through hydrogen's rate of soil uptake. A similar trend
is seen in Fig. 2 for stratospheric water vapor and tropospheric
ozone, in which an adaptive and stronger soil sink results in
impacts that occur sooner, but decay faster. For water vapor,
this is demonstrated by the peak abundance being shifted from
year 5 to year 9 when the soil sink is saturated, and the
perturbation lifetime increasing from 7.5 years to 9.9 years. For
ozone, the effect is even greater, with the peak abundance
shifting from year 1 to year 3, and the perturbation lifetime
increasing from 5.5 years to 13 years.
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3.2 Impact of emission altitude on atmospheric
composition

For the unsaturated sink, we calculate that emissions of
hydrogen in the upper troposphere (Alt_MM) result in a steady-
state hydrogen mass perturbation that is 14% larger than for the
equivalent emissions from surface level (Sur_MM). The differ-
ence falls to 1.4% when the surface sink is saturated, however.
Similarly, when considering the peak perturbation magnitude
for methane, stratospheric water vapor, and tropospheric ozone
to a pulse of hydrogen emissions, the cruise altitude emissions
result in values that are 8.0%, 26%, and 7.9% larger, respec-
tively, than from the equivalent surface emissions. This is
driven by increased vertical separation of hydrogen from the
soil sink when emitted at altitude. On a per molecule basis,
emitting at altitude decreases the likelihood of hydrogen
physically encountering the surface, and thus biases the
hydrogen towards reaction with OH. This manifests in our
model as an increase in the average fractional loss of hydrogen
to OH by 0.04%. This change appears small because it is aver-
aged over the full global atmospheric hydrogen burden and
reflects only a small emissions perturbation.

The varied response between each species reflects differences
in the chemical pathways and transport associated with
hydrogen oxidation. Water vapor shows the strongest sensitivity
to emission altitude, as hydrogen released at higher altitudes is
more likely to reach the stratosphere due to proximity. This effect
is most pronounced in the tropics, as shown in Fig. S3. This
hydrogen bypasses the tropopause cold trap, which typically
limits the upward transport of tropospheric water vapor.** Addi-
tionally, hydrogen emissions at altitude extend methane's
atmospheric lifetime, resulting in increased concentrations of
methane in the stratosphere. This increase in stratospheric
methane concentration increases the production of stratospheric
water vapor due to increased in situ methane oxidation, delaying
the oxidation of other species in the stratosphere which yield less
water vapor from each molecule of OH. This result, however, is
sensitive to the assumed sink's degree of responsiveness. If the
soil sink becomes saturated, the cruise altitude emissions result
in an increased steady-state water vapor perturbation which is
5.5x smaller than the increase in the unsaturated case. For
methane and ozone, respectively, the relative increase is 16x and
66x smaller, than for the unsaturated case.

3.3 Impact of background atmosphere on the perturbation
response

To evaluate the sensitivity of these perturbations to the back-
ground atmosphere, the Sur_MM, Alt MM, and Sur_Sat
scenarios were re-simulated for 9 years using the SSP2-4.5
background atmosphere, representative of the “Middle of the
Road” emissions future. This involved a new hydrogen and
methane flux calibration simulation, a new reference (no
hydrogen perturbation) simulation, as well as the repeated
simulation of the three hydrogen emission scenarios. We find
that while the magnitude of atmospheric perturbations differs
between SSP1-2.6 and SSP2-4.5 background atmospheres, the
relative effects of emission altitude and soil sink saturation
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remain consistent. Specifically, when comparing the step
response of these sensitivity simulations after 9 years, the
differences between the Sur_ MM and Alt MM scenarios vary by
no more than 1.2% between the two background atmospheres.
Similarly, when comparing the Sur_MM and Sur_Sat scenarios,
the differences remain under 0.7% across the background
atmospheres. The step responses of these sensitivity simula-
tions are plotted in Fig. S7.

The magnitude of the atmospheric perturbations, however,
does depend on the background atmosphere. Relative to SSP1-2.6
after 9 years, the SSP2-4.5 simulations result in 7-9% smaller
hydrogen perturbations, 6% smaller methane perturbations, 4-
5% smaller stratospheric water vapor perturbations, and 24-29%
smaller tropospheric ozone perturbations for both the Sur_ MM
and Alt_MM scenarios. The Sur_Sat scenario shows a different
pattern, with 5% larger perturbations for hydrogen, water vapor,
and methane, but 18% smaller ozone perturbations. With the
exception of ozone, these results are comparable in magnitude to
the findings by Skeie et al., who examined hydrogen's climate
impact across multiple SSP background atmospheres (SSP5-8.5,
SSP4-3.4, and SSP1-1.9).** Their analysis showed that the result-
ing variation in hydrogen's GWP-100 remained below 10% across
all background scenarios. The increased sensitivity of the ozone
response to the background atmosphere in our simulation is
unsurprising, given the non-linearity of its production mecha-
nisms with respect to background concentrations. We anticipate
a similar sensitivity of our results to other background atmo-
spheres, which may affect the absolute climate impact of future
hydrogen emissions but is unlikely to alter the relative effects of
emission altitude or soil sink saturation given the uniform offset
observed across the scenarios. Future research is recommended
to further constrain the magnitude of hydrogen's climate impact
given changing background atmospheres, and to explore the
parameters that control these effects.

3.4 Climate impacts

The climate impacts resulting from each scenario are calculated
using the RRTMG radiative transfer model for the atmospheric
response to hydrogen emissions and MAGICC6 for equivalent
masses of CO, emissions, as described in Section 2.3. These
results are shown in Fig. 3, for both the integrated hydrogen
climate impacts and the associated global warming potential
(GWP) across varying time horizons. By the end of the 100 year
period, the radiative forcing resulting from 1 Tg per year of
continuous hydrogen emissions reaches a value of 0.84 mW
m~%/(Tg year ') for the unsaturated sink (Sur_MM) and 3.17
mW m™?/(Tg year ') for the saturated sink (Sur_Sat). This 3.8-
fold difference highlights the sensitivity of hydrogen's climate
impact to reduced surface uptake. For the unsaturated sink
scenarios, we also show a further 0.11 mW m?/(Tg year ')
increase in the integrated radiative forcing when hydrogen is
emitted at altitude compared to as the surface, corresponding to
a 13% larger radiative forcing. For the scenarios with a satu-
rated soil sink, this difference is only 1%.

These trends are also reflected in the global warming
potentials. We calculate GWP-100 values for hydrogen of 9.2

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The stratospherically-adjusted radiative forcing relative to the reference scenario, resulting from 1 Tg of annually recurring hydrogen
emissions (a) and the associated GWP of hydrogen over varying time horizons (b). The blue curves and green curves represent the response to
the saturated and unsaturated surface sinks, respectively. The light and dark shaded curves represent the response to hydrogen emitted at an
altitude of 11 km and at the surface, respectively. An exponential fit is applied to the hydrogen radiative forcing curves beyond year 36.

and 35 for the unsaturated and saturated sinks, respectively,
when hydrogen is emitted from the surface. For the unsaturated
sink, this GWP-100 is consistent with literature estimates. For
example, Sand et al.'s multi-model analysis calculated a GWP-
100 of 11.6 & 2.8, with their larger values possibly resulting
from variation in representation of soil uptake and its response
to atmospheric hydrogen levels compared to our model.”* In the
analysis by Yang et al, GEOS-Chem was used to calculate
a GWP-100 for hydrogen of 10.8 using the standard model
configuration, or 8.8 when correcting for model OH biases.*
Since the standard GEOS-Chem configuration of OH reactivity is
used in our study, we expect that our quantitative estimates of
hydrogen's climate impact may be overestimated within this
range. However, because our analysis focuses on differences
between perturbation scenarios, systematic OH biases largely
cancel and do not affect our primary conclusions regarding
relative impacts of sink saturation and emission altitude.”
Additionally, Yang et al. used a fixed surface boundary pertur-
bation approach to resolve sensitivities to hydrogen emissions,
making it difficult to directly compare with our method and
results. The box modeling performed by Chen et al. predicted
a GWP-100 of 107, with the error range reflecting a range of
sensitivities in the surface sink strength, temperature, back-
ground concentrations and emissions, location, and radiative
properties.*® For the saturated sink scenario, our GWP-100 of 35
is representative if the soil is unable to take up additional
hydrogen beyond present-day rates, thus driving the overall
climate impact of hydrogen emissions up. This represents
a bound for the worst-case scenario for hydrogen's impacts
under potential future non-linearities in response to changing
environmental conditions.

These results also show a dependence on altitude, where the
GWP-100 is increased from 9.2 to 10.4 (a 13% increase) if the
emission location is changed from the surface level to 11 km
under the unsaturated sink scenario. Similarly to the species

© 2026 The Author(s). Published by the Royal Society of Chemistry

changes presented in Section 3.2, the increased climate
contribution of hydrogen emitted at high altitude represents
a bias towards reaction with OH as opposed to removal by the
soil sink due to the physical separation of the loss pathways. If
the sink becomes much more responsive to increased atmo-
spheric hydrogen levels, the altitude effect becomes relatively
larger as the increased responsiveness of the soil sink further
biases surface emissions towards soil uptake. For example,
under the scenarios using the exponential surface response
model discussed in Section 2 the climate impacts of hydrogen
emissions could increase by 240% when emitted at altitude
relative to equivalent surface emissions, as shown in Fig. S2. In
this case, however, the overall climate impact of hydrogen
emissions decreases, with the GWP-100 remaining below 2.5. In
contrast, we find that if the surface sink is saturated, the alti-
tude effect disappears and the GWP-100 of hydrogen is the same
whether emitted at surface or altitude. Considering a shorter
time horizon, we calculate GWP-20 values of 32 and 91 for the
unsaturated and saturated sink scenarios respectively, for
hydrogen emitted at surface level. For emissions at altitude, the
GWP-20 increases by 8% for the unsaturated sink scenario, but
is unaffected under the saturated sink scenario. Similar to the
100 year time horizon, the GWP-20 unsaturated sink result of 32
aligns with literature estimates including Chen et al.’s projec-
tion of 2874, Ocko and Hamburg's calculation of 402} or
Warwick et al.'s result of 34.477.1%1820 Our GWP-20 calculation
of 91 for the saturated sink is 2 to 3 times higher than these
literature estimates, again reflecting the increased climate
impact associated with an inability for the soil to take up
additional hydrogen emissions. The timing of the peak global
warming potential also varies between our scenarios, shifting
from year 4 to year 16 when the surface sink becomes saturated,
reflecting changes in the perturbation lifetime of hydrogen and
methane discussed previously.
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We also evaluate the GWP-100 using published radiative
efficiencies to isolate the individual contributions of methane,
stratospheric water vapor, and tropospheric ozone, as described
in Section 2.3. We find that GWP values match the values
calculated using RRTMG within 1% for the saturated sink
scenarios and 11% for the unsaturated sink scenarios. In all
cases, the GWP values are higher when calculated with the
radiative efficiencies compared to RRTMG. From the radiative
efficiency-based calculations, we show a contribution to the
overall GWP-100 of 42-43% from methane, 51-53% from
tropospheric ozone, and 6-7% from stratospheric water vapor.
These results show a stratospheric water vapor contribution
that is lower than the average of 18% presented in the multi-
model analysis by Sand et al. However, the results are within
the expected range of uncertainty.”” For the unsaturated sink,
we find that when hydrogen is emitted at altitude, the absolute
global warming potential contribution from stratospheric water
vapor increases by 26%, compared to increases of only 8% and
6% for methane and ozone, respectively. This reinforces the
behavior discussed previously whereby emissions at altitude
result in increased transport of both hydrogen and methane
into the stratosphere where they oxidize to produce strato-
spheric water vapor. Thus, high-altitude hydrogen emissions
disproportionately strengthen the stratospheric water vapor
pathway by partially bypassing the tropopause cold trap and
therefore increasing their climate impact. A graphical break-
down of the GWP-100 and species contribution for the saturated
and unsaturated (Michaelis-Menten) simulation calculated
using the radiative efficiencies is included in Section 4 of the SI.

4 Conclusion

In this study, we consider the effect of hydrogen uptake by soil
microbes, as represented through the surface boundary condi-
tion, on the atmospheric response to hydrogen emissions under
varying levels of sink responsiveness to increased hydrogen
concentrations. We show that if the surface sink becomes
saturated (i.e., unable to scale its uptake in response to
increasing atmospheric hydrogen concentrations), the overall
climate impact of hydrogen increases by a factor of 3.8 due to an
extended perturbation lifetime. While complete global satura-
tion is unlikely, this scenario provides an upper bound on the
climate impact of hydrogen emissions, and underscores the
sensitivity of these impacts to surface removal processes.
Moreover, regional reductions in soil uptake due to environ-
mental or land-use changes could lead to localized climate
impacts for hydrogen emissions that are several times greater
than the global average impact. Accurately capturing this
response, however, hinges on understanding how much of the
emitted hydrogen is removed via chemical oxidation versus
uptake by the soil sink, which is highly sensitive to the
prescribed sink assumptions. Thus, improving future projec-
tions of hydrogen's atmospheric impacts requires better con-
straining of the soil sink and strengthening of confidence in its
representation in models, including its response to changing
background conditions. Global models that aim to simulate
hydrogen emissions and their effects should move beyond fixed
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surface boundary conditions and instead include an explicit
representation of microbial uptake. Without this, models risk
misrepresenting both the magnitude and the spatial and
temporal variability of hydrogen's removal.

We also demonstrate, for the first time, that emission alti-
tude influences the climate impact of hydrogen emissions due
to the vertical separation from the soil sink, biasing hydrogen
towards oxidation by OH. In the unsaturated sink scenario,
hydrogen emitted at ~11 km results in an 8% greater climate
impact over 20 years and a 13% greater impact over 100 years
compared to equivalent surface emissions. Similarly, under the
unsaturated sink scenario, hydrogen released at cruise altitude
leads to a 14% higher steady-state atmospheric hydrogen
abundance than equivalent surface emissions. Only when the
sink becomes completely saturated does the additional impact
of high-altitude emission disappear. These findings suggest
that hydrogen emitted from aircraft flying at commercial cruise
altitudes warrant greater mitigation attention than equivalent
ground-level emissions. In contrast, under the assumption of
a fully saturated sink, altitude has no effect, and emissions from
aircraft and ground infrastructure can be treated as equivalent.
While complete saturation is unlikely, the degree of altitude
sensitivity depends on the true response of the soil sink. Given
that this is poorly constrained, our results show the need for
additional study in this area to inform the aviation sector and
broader hydrogen economy.

The sensitivity of these outcomes to the prescribed behavior
of the soil sink highlights the need for improved understanding
of the true response of the surface sink to varying environ-
mental parameters and background atmospheric composition,
as well as how this response may change in the future. To more
accurately capture hydrogen's removal processes and down-
stream effects on methane, ozone, and water vapor, models
must move beyond fixed boundary conditions and instead
adopt explicit, flux or deposition-based representations of
surface uptake. Doing so will be critical for robust assessment of
hydrogen's role in future climate scenarios and accurate eval-
uation of the climate impact of hydrogen-powered aviation.
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