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Elevated atmospheric escape of atomic hydrogen
fromMars induced by high-altitude water
M. S. Cha�n*, J. Deighan, N. M. Schneider and A. I. F. Stewart

Atmospheric loss has controlled the history of Martian habitability, removing most of the planet’s initial water through atomic
hydrogen and oxygen escape from the upper atmosphere to space. In standard models, H and O escape in a stoichiometric
2:1 ratio because H reaches the upper atmosphere via long-lived molecular hydrogen, whose abundance is regulated by a
photochemical feedback sensitive to atmospheric oxygen content. The relatively constant escape rates these models predict
are inconsistent with known H escape variations of more than an order of magnitude on seasonal timescales, variation that
requires escaping H to have a source other than H2. The best candidate source is high-altitude water, detected by the Mars
Express spacecraft in seasonally variable concentrations. Here we use a one-dimensional time-dependent photochemical
model to show that the introduction of high-altitude water can produce a large increase in the H escape rate on a timescale
of weeks, quantitatively linking these observations. This H escape pathway produces prompt H loss that is not immediately
balanced by O escape, influencing the oxidation state of the atmosphere for millions of years. Martian atmospheric water loss
may be dominated by escape via this pathway, which may therefore potentially control the planet’s atmospheric chemistry.
Our findings highlight the influence that seasonal atmospheric variability can have on planetary evolution.

Hydrogen loss has substantially impacted the water inventory
of Mars, with D/H ratios in near-surface water indicating
that perhaps five-sixths of the planet’s initial water has

escaped to space1–5. This escape is sourced in part from near-
surface odd-hydrogen chemistry inwhichwater photolysis products
catalyse the recombination of CO2 (refs 6–11). A by-product of
this catalysis is molecular hydrogen, whose chemical lifetime is
measured in centuries, and which accounts for approximately
10–20 ppmof the atmosphere at the surface12. Unlike water, which is
typically assumed in models to be cold trapped by low temperatures
at the tropopause, H2 can migrate into the upper atmosphere,
where some fraction is dissociated, diffuses to the exobase as
H, and escapes. Standard models predict that because H escape
is predominantly sourced from long-lived molecular hydrogen,
variations as a function of season or solar cycle are typically less
than a factor of two13,14. In addition, because the H2 production rate
decreases with increasing atmospheric abundance of O2, a feedback
operating on million-year timescales tends to set the hydrogen
escape rate to twice that of oxygen6,15, a fact many authors have used
to conclude that the total time-integrated loss of H is twice that of O
(refs 16,17). One conclusion of the present work is that this inference
is flawed.

Observations of enhanced and variable H escape by Mars
Express18 and the Hubble Space Telescope19,20 reveal that H escape
cannot be sourced from molecular hydrogen alone, requiring
direct water transport to the upper atmosphere. The Mars Express
observations indicate that the flux of H declined by at least a factor
of 10 over six months in late Mars Year 28 (July–December 2007),
during the decay of a global dust storm in southern autumn as
Mars moved away from perihelion. Over this timespan, general
circulation model calculations predict at most a factor of five
decline due to lower extreme ultraviolet heating at greater Mars–
Sun distances21. The highest escape fluxes derived from the Mars
Express observations (>109 cm−2 s−1) exceed by a factor of two
the maximum flux at which lower atmospheric diffusion of H2 can

supply H to the upper atmosphere (∼2×108 cm−2 s−1)9, assuming
the H2 abundance of the lower atmosphere is that reported by
ref. 12. Another source molecule is therefore required to carry H
to the upper atmosphere and supplement H escape. Water is the
best candidate, both because it is the major atmospheric H reservoir
and because such water has been detected between 40–100 km
using SPICAM solar occultations22,23. Furthermore, water has been
inferred to have a non-zero flux into the thermosphere using
MAVEN measurements of H-bearing ionospheric species24. Taken
together, these studies indicate that water is not as efficiently cold
trapped as models typically assume. Efforts have been made to
determine the production mechanism, spatial extent and longevity
of this water25–27, but its impact on escape has never previously
been quantified.

Photochemical model response to high-altitude water
To determine whether observed upper atmospheric water could
account for the observed variations in H escape, we built a new
one-dimensional time-dependent photochemical model. We use
this model to determine the time response of the atmosphere
to different prescribed water profiles. See Methods for additional
details, and Supplementary Tables 1 and 2 for the reaction network
and boundary conditions used. Our standard water vapour profile
is well mixed in the lower troposphere, tracks the saturation vapour
pressure to a minimum concentration near the tropopause, and is
fixed to this minimum mixing ratio at higher altitudes, containing
a total of 6.94 precipitable micrometres of water vapour. With this
profile the model reproduces the equilibrium photochemistry of the
atmosphere as reported in prior studies (Fig. 1a), establishingmodel
stability. In equilibrium, H andO escape rates are stoichiometrically
balanced at 2:1.

To assess the atmospheric response to high-altitude water, we
depart from the equilibrium steady state by adding water vapour
to the standard profile in a Gaussian parcel with an altitude of
60 km and a concentration of 80 ppm. The resulting profile is
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Figure 1 | Equilibrium photochemical model output. All model species are shown as a fraction of the total atmosphere at all model altitudes (see
Supplementary Fig. 2 for absolute densities). a, The model reproduces the well-known photochemistry of the Mars atmosphere for a standard water
profile. Long-lived species such as H2 have constant mixing ratios in the well-mixed lower atmosphere and follow their own scale height above the
homopause. b, With the introduction of upper atmospheric water, the equilibrium photochemistry is greatly perturbed. Compared with the standard
model, the abundance of molecular oxygen is greatly increased, the O2/CO ratio is much larger, and the abundance of hydrogen resulting from water
breakdown is decreased in the lower atmosphere.

similar to concentrations observed by ref. 23 onMars Express Orbit
6857, which covered southern mid-latitudes in summer (Ls≈ 250,
Supplementary Fig. 1). The total water added is 0.03 precipitable
micrometres, less than 1% of the original column. Running the
system to equilibrium, a process that takes ∼10Myr of simulated
time, we obtain an endmember case for the impact of high-altitude
water on atmospheric chemistry (Fig. 1b). The water-enhanced
atmosphere shows several notable differences from the standard
case, including a much higher abundance of O2, a higher O2 to
CO ratio, a decreased molecular hydrogen abundance, and a higher
concentration of atmospheric ozone. Once equilibrium is reached,
the escape of H and O is again stoichiometrically balanced—but
a large imbalance is present before the system equilibrates, as we
discuss below.

Time response of the atmosphere to water introduction
We determine the timescale of the atmospheric response to
water injection by instantaneously introducing a water vapour
enhancement into our standard equilibrium case and running it
for one Earth year (roughly half of a Mars year) to determine the
seasonal response of the atmosphere. After this we return to the
nominal profile and track the relaxation of the atmosphere for
an additional Earth year (Fig. 2). Instantaneous introduction and
continuousmaintenance of the parcel are assumed but not likely; we
defer a more realistic accounting for the transport and dissociation
of this water to a future study and consider our simulations a
benchmark for the atmospheric response.

Following introduction of the parcel, the atomic and subse-
quently molecular hydrogen concentration increases as a result of
local photodissociation at high altitude. Meanwhile, enhanced CO2
recombination occurs at the altitude of the water bulge, decreasing
the O and CO concentrations. After ten days (roughly the transport
timescale at the parcel altitude), the H density increase at 200 km
produces a factor of 10 increase in H escape. Over the next year,
further increases in H escape are small compared with the prompt
response. Removing the water enhancement at altitude restores the
initial atmospheric conditions within a year, with a prompt factor
of 10 decrease in H escape in the first ten days. Over the same time
period O is reintroduced at middle altitudes thanks to less efficient
CO2 recombination in the absence of water.

The large escape of H in this time period is not in stoichiometric
balance with O. After returning to the normal water profile, a small

amount of residual oxygen is left in the atmosphere. This O does not
strongly affect O escape rates, because O escapes predominantly by
dissociative recombination of O2

+, which is already themajor ion in
the ionosphere, andwhose concentration is controlledmore by solar
extreme ultraviolet irradiation than atmospheric composition28.
Instead, excess atmospheric O slightly increases O2 concentrations,
incrementally suppressing H2 production. If left in this state, the
atmosphere would lose H at an infinitesimally lower rate over the
next several million years, until the integrated loss of H and O
reached stoichiometric balance and the original slightly higher H
escape rate was restored. If instead the water perturbation recurred
every southern summer, representing a net addition to the starting
water profile, the atmosphere would consistently lose more H than
O until an equilibrium atmosphere intermediate to those in Fig. 1
was attained, in which H and O escape is balanced over the Martian
year. This restoration of equilibrium after millions of years does not
recover the H lost before balance is restored (see Supplementary
Fig. 3): the net effect of departing from a steady state and adding
high-altitude water to the system is the escape of more H than O.
Loss of H relative to O is therefore a natural consequence of the
departure froman atmospheric steady state, as has been occasionally
recognized in the past (see ref. 29); we discuss this further in the
conclusions and Supplementary Methods.

To understand the effects of upper atmospheric water more
generally, we simulated the response to a range of introduced water
profiles over the first 107 s of simulated time (Fig. 3). Numerical
details of the atmospheric response are given in Supplementary
Table 3. For completeness, we ran each of these profiles for 109 yr,
until each atmosphere reattained photochemical equilibrium (see
Supplementary Fig. 3).

Because we add water as a fraction of the bulk atmosphere
(replicating the likely consequence of transport), increasing the
altitude of the perturbation reveals competing effects. At first,
higher altitudes accelerate photodissociation of the water vapour
into odd hydrogen, enhancing escape. For water introduced above
80 km, the H escape response decreases because the absolute
amount of water introduced by the perturbation in mixing
ratio is smaller. Independent of the magnitude of the escape
enhancement, water introduced at higher altitudes results in shorter
response times.

In our studies, H escape is insensitive to large changes in lower
atmospheric water vapour below 20 km on year-long timescales,
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Figure 2 | Time response of the atmosphere to water parcel introduction and subsequent removal. The dashed lines in each panel show the model
concentrations from the previous panel. Top row: response of the standard atmosphere to instantaneous introduction of high-altitude water. Bottom row:
response of the model to the removal of the water. Both the magnitude and timescale of the H escape response are similar to Mars Express-derived values,
as indicated by the increase/decrease of H density at the upper boundary.

in accordance with previous work14. These low-altitude changes all
represent at least a 10% increase in total atmospheric water content,
but the resulting variations in H escape are less than 5% in the first
year, minimally affecting H loss. Long-lived perturbations at low
altitudes can influence H escape on thousand-year timescales, but
do not produce a prompt response (see Supplementary Fig. 3).

By contrast, water introduced in the vicinity of 60–80 km
drastically affects H escape on a timescale of weeks, increasing
hydrogen loss rates by a factor of several. Subsequent removal of
the excess water results in a return to lower escape rates on the
same timescale. Transient high-altitude water is thus a plausible
source for some portion of the variations in atmospheric escape
observed by Mars Express in autumn 2007, which observed at least
an order of magnitude exponential decline over six months, with an
e-folding timescale near sixty days18. This decline is likely to be the
product of changes due to declining upper atmospheric heating21
and the shutdown of the upper atmospheric water escape pathway
we describe here.

Martian atmospheric chemistry and evolution
Our results demonstrate that H escape is strongly affected by
the abundance of water at high altitudes, bypassing the steady
molecular hydrogen buffer previously thought to control Martian
H escape. The large escape rates induced by this water suggest
that its presence may be the dominant factor controlling H loss
from Mars. The large (>100%) variations we report in escape rate
are produced by percent-level variations in the integrated water
column, so that detailed knowledge of the vertical distribution of
water vapour is required to reconstruct H escape from Mars over
time. Such knowledge may be provided by the ExoMars Trace Gas
Orbiter mission30,31.

Despite the photochemical feedbackmechanism that requires the
instantaneous escape rate of hydrogen to approach twice that of
oxygen on geologic timescales, time-integrated loss of H can exceed

that of O, affecting the redox balance of the planet. In our work, H
escape is enhanced by a factor of ten within weeks of a perturbation
to the water column, but the feedback that returns H escape
to twice the O escape rate operates on million-year timescales.
This means that even although H and O escape are balanced in
equilibrium, short-term dynamics can upset this balance for long
periods and result in non-stoichiometric escape. Any short-term
increase in upper atmospheric water enhances H escape formillions
of years—this potentially includes increases in atmospheric water
content resulting from evolution of the obliquity and orbit of the
planet32. The reverse is also true: removing water from a wet upper
atmosphere and never reintroducing it would result in a loss of O
relative to H, reducing the atmosphere and planet. The transition
from an early warm andwetMars to the cold and dry planet of today
may have resulted in such a change.

The excess H escape revealed by our work may help explain
discrepancies between estimates of integrated H loss on Mars and
the estimated present-day rates. Estimates of present-day escape
rates hover around 4× 108 cm−2 s−1, with seasonal departures to
high rates on the order of 109 cm−2 s−1 (refs 9,18–20,33,34). At these
rates, between 10 and 100m of water equivalent would be removed
over Martian history, depending on the duty cycle of high-escape-
rate periods. The global inventory of water has been estimated at
perhaps 34m (ref. 17), so that if estimates of 80–85% loss from
lower atmospheric D/H ratios4 are correctMars would have initially
had between 180–150m of water. There is therefore a gap between
present-day estimates of H loss and the isotope record of integrated
loss, suggesting that excess H escape induced by high-altitude water
or a more reducing early atmosphere (for example, ref. 35) would be
required to explain the evolution of Mars.

The escape pathway we introduce here can help to reproduce
variations in contemporary hydrogen escape fromMars, explaining
seasonal variation unaccounted for in standard models. Ongoing
efforts to understand the history of Martian volatile loss, including
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Figure 3 | Sensitivity of atmospheric response to altitude and magnitude of the water parcel injected. Left: water vapour profiles instantaneously
introduced into the standard water photochemistry, coloured by altitude of injection. Right: response of atmospheric escape to water introduction. Within
each altitude group, magnitude of response is intuitive: more water injection results in a larger impact on escape rates. Timescale of escape response
decreases uniformly with altitude, but the magnitude of the response is maximized near 80 km as a balance between increasing ease of water
photodissociation and transport to the exobase and decreasing atmospheric density and hence perturbation content. For numerical details and the
long-term response of the atmosphere, see the Supplementary Methods.

the Mars Atmosphere and Volatile EvolutioN mission1, will need to
account for this pathway going forward. Future modelling efforts
should more completely explore the response of the atmosphere
to realistic variability in upper atmospheric water. To aid such
modelling, attention must be focused on understanding the source,
extent, and longevity of high-altitude water, not only to better
constrain Mars atmospheric dynamics, but also to understand the
long-term desiccation and oxidation history of the planet. Such
understanding will help to constrain the degree to which Mars-like
planets throughout the Universe can support and sustain habitable
environments over their lifetimes.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
In the photochemical model, the continuity equation

∂n
∂t
=P−L−

∂Φ

∂z

is solved for the density n of 16 species across 99 altitude bins simultaneously as a
function of the chemical production and loss rates P and L and the vertical number
density fluxΦ . These fluxes are computed for each species using the
diffusion equation

Φ=−(D+K )
dn
dz
−

[
D
( 1

H
+

1+αT

T
dT
dz

)
+K

( 1
Ha
+

1
T

dT
dz

)]
n

where D is the binary diffusion coefficient of the species through CO2, K is the
eddy diffusion coefficient, and H=kT/mg is the species-specific atmospheric
scale height, with k being Boltzmann’s constant, T the atmospheric temperature,
m the species-dependent mass, and g the local acceleration of gravity. Ha is the
neutral atmospheric scale height, computed using the mean mass of the
atmosphere at each altitude, and αT is the thermal diffusion coefficient. Molecular
and thermal diffusion coefficients were adopted from ref. 36. The eddy diffusion
coefficient used is taken from ref. 37 (profile K1), and has a value of 106 cm2 s−1
below 60 km altitude, and 2×1013 (n[cm−3])−1/2 cm2 s−1 above. Each species is
tracked on an altitude grid from 0 to 200 km, with a spacing of 2 km.

The magnitude of the assumed eddy diffusion does not strongly affect our
results. We ran all modelled cases three times, once with the standard eddy
diffusion profile, and once each with the eddy diffusion multiplied or divided by a
factor of two. Changing the eddy diffusion by a factor of two in either direction
produces roughly a factor of two change in the H escape response. Interestingly,
this change goes in the opposite sense than might be expected, with increased eddy
diffusion leading to lower H escape enhancements, primarily due to more efficient
transport of HO2 from the location of the introduced water to lower altitudes where
it produces H2 less likely to diffuse to the upper atmosphere and affect escape.

Reaction rates, cross-sections, and quantum yields were drawn from a wide
survey of the photochemical literature, based on work performed by ref. 38. Most
of these data are compiled by ref. 39, but some small differences arising from more
accurate measurements or calculations not reviewed there were incorporated in the
present calculations. These new rates and cross-sections do not have a significant
impact on the atmospheric chemistry. Similarly, a recent proposal that CO2

photodissociation can directly produce O2 (ref. 40) has a negligible effect on the
chemistry of the Mars atmosphere, because the quantum yield of this pathway is
only 5% and the wavelengths required to access it are shorter than 112 nm.

For some simple molecules such as H2, photodissociation cross-sections were
taken from ref. 41, as ref. 39 does not tabulate cross-sections for these species.

The chemical reaction network and rates used are described in Supplementary
Table 1, and themodel boundary conditions are described in Supplementary Table 2.

At the top of the atmosphere, only three species have an escaping boundary
condition: O, assumed to escape at a seasonally averaged fixed rate as a result of
near-constant photochemical escape, with rates matching those in ref. 8; and
atomic and molecular hydrogen, with a fixed velocity boundary condition
corresponding to the Jeans escape effusion velocity at the exobase for an assumed
240K temperature (see ref. 36). Our results are insensitive to the temperature
assumed, as the changes in H escape flux we report here derive from changes in H
density rather than temperature.

Important model inputs are shown in Supplementary Fig. 1 and discussed
below. The temperature of the atmosphere is taken from ref. 11, with a surface
temperature of 211K and a−1.4 K km−1 adiabatic lapse rate of the troposphere to
the altitude of the tropopause (70 km), where the profile is isothermal to 120km
and adopts an analytic expression above this height of the form

Texo− (Texo−Ttropo)exp
(
−

z− ztropo
8Texo

)

where Texo=240K is the assumed exobase temperature and Ttropo and ztropo refer to
the temperature and altitude of the tropopause. The saturation vapour pressure of
water is taken from ref. 42. Our results are not very sensitive to the selection of
temperature profile.

In the current work, we do not self-consistently model the ionosphere, but adopt
fixed ionospheric concentrations from the work of ref. 43, the most important of
which for the purpose of H chemistry is CO2

+, which converts molecular H2 to
atomic H in the ionosphere. The solar ultraviolet flux is taken from the Whole
Heliosphere Interval44, which is accurate for quiet sun conditions, and scaled to the
distance of Mars. The solar actinic flux is self-consistently attenuated from the top
of the atmosphere to the surface, with diffuse scattering assumed to be negligible.

The photochemical model is implemented in Julia45, a fast language with
metaprogramming features. The chemical differential equations and Jacobian of
the coupled reaction and transport network are programmatically generated at
runtime from an arbitrary chemical reaction network and transport coefficients.
Because of this, the model does not depend on the Kinetic Pre-Processor46, a
package widely used for programmatic generation of chemical reaction network
analysis code. The Julia code written for this work is comparable in speed to
state-of-the-art photochemical models implemented in FORTRAN, being slower
by a factor of only several despite the much higher level of the language in use. The
entire photochemical model occupies fewer than 1,000 lines, with most of the space
occupied by code specifying the reaction network and loading photochemical
cross-sections from file.

Code availability. The photochemical model code is available from the
corresponding author’s github page,
https://github.com/planetarymike/chaffin_natgeo_mars_photochemistry.

Data availability. The photochemical model data sources are available from the
corresponding author’s github page,
https://github.com/planetarymike/chaffin_natgeo_mars_photochemistry. Output
files representing the complete model runs used to make this paper’s figures are
available from the corresponding author on request.
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