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Abstract First results from the Neutral Gas and Ion Mass Spectrometer instrument on the Mars
Atmosphere and Volatile EvolutioN (MAVEN) spacecraft reveal density profiles of protonated species that
are mostly in good qualitative agreement with recent models of the Martian thermosphere/ionosphere.
We present here the first photochemical model in which the density profiles of water and water ions in the
ionosphere/thermosphere are predicted. We find that the computed peak densities of OH+, H2O+, and H3O+

are in fairly good agreement with the measured values. The computed column density of water is predicted
to be about 1010 cm−2, and the mixing ratio at 80 km is 0.4 ppb. The actual water densities must be small
enough so that HCO+ is not destroyed by proton transfer to water during the daytime and large enough so
that H3O+ dominates the ionosphere at low altitudes just beyond the terminator. The calculations also show
that the mass-2 ion is almost certainly H+

2 .

1. Introduction

Most of water in the Martian atmosphere is confined to the region below the condensation level, which usually
is found between the surface and 40 km, although it may be higher during global dust storms [e.g., Jakosky,
1985]. Water is assumed to be well mixed in this region. In models of the middle atmosphere, water is assumed
to be present at the saturation vapor pressure from the condensation level up to fairly high altitudes, usually
in the 60 to 100 km range [e.g., Anbar et al., 1993; Nair et al., 1994; Krasnopolsky, 1993, 2006, 2011; Zhu and
Yee, 2007; Rodrigo et al., 1990]. We note here that the minimum temperature in our model is ∼140 K from 80
to 100 km. The saturation vapor pressure of water at this temperature is equivalent to a rather large number
density of about 108 cm−3, which corresponds to a mixing ratio of ∼ 3 ppm at 80 km, the lower boundary of
our model.

In the middle atmosphere of Mars water is photolyzed by solar FUV photons longward of about 1500 Å:

H2O + h𝜈 → OH + H. (1)

This process initiates the production of odd-hydrogen species (HOx) in the middle atmosphere. Odd-hydrogen
radicals catalyze the recombination of CO and O, which are produced by photolysis of CO2.

Water is assumed not to be present in most of the existing thermospheric models. H2 is predicted to be
the most abundant hydrogen species in the middle and upper atmosphere. It is produced from reactions of
odd-hydrogen species derived from water. H2 is assumed to be transported upward to the thermosphere,
where it is photodissociated and participates in ion-molecule reactions in which atomic H is formed.

Rodrigo et al. [1990] constructed a model of the Martian atmosphere in which they investigated the chemistry
of odd-hydrogen and odd-oxygen radicals and their long-lived tracers. They predicted density profiles of H2,
H2O, and H from 30 km to 200 km. By assuming that its thermospheric profile is determined only by eddy and
molecular diffusion, they predicted an H2O number density at 80 km of about 1 × 105 cm−3 or a mixing ratio
of about 3 ppb.

In the present study, we construct the first model of the density profiles of water vapor, H2O, and the water
ions, H2O+ and H3O+, in the Martian thermosphere/ionosphere in which the production and loss of these
species by photochemistry is included. For the ions, we also include ambipolar diffusion, and for minor
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Figure 1. Neutral, ion, and electron temperature profiles
adopted in this model. The values for Ti and Te were smoothed
from those previously used in our models but were not taken
from actual data.

neutrals, we include eddy diffusion and molecu-
lar diffusion. By imposing a zero velocity upper
boundary condition on H2O and a zero flux
lower boundary condition, we determine the
density profile of neutral water that is produced
by ion-molecule reactions alone.

For this first report, we have adopted the
pre-MAVEN low solar activity 60∘ SZA neutral
model of Fox [2009, 2015], and therefore, our
results should be considered to be illustrative
only. In the future, we will construct a more
realistic model, in which we will adopt neutral
densities as measured by the Neutral Gas
Ion Mass Spectrometer (NGIMS) [e.g., Mahaffy
et al., 2015], solar fluxes derived from the
measurements of the EUV monitor on the
Langmuir Probe and Waves (LPW) instrument
[e.g., Eparvier et al., 2015], ion temperatures
(Ti) from the Suprathermal and Thermal Ion
Composition (STATIC) instrument [McFadden

et al., 2015], and electron temperatures (Te) from the LPW instrument [e.g., Ergun et al., 2015]. Previously, we
computed the density profiles of 10 protonated species, including HCO+, OCOH+, OH+, N2H+, H+

3 , HO+
2 , HNO+,

ArH+, CH+, and H+
2 . The chemical reactions and the rate coefficients involving these species are enumerated

by Fox [2015].

In addition to H2O+ and H3O+, we have recently added to the model NH+ and HOC+, with reaction rate coef-
ficients taken from the University of Manchester Institute of Science and Technology database [McElroy et al.,
2013] and the compilation of ion-molecule reactions of Anicich [2003]. For the new dissociative recombination
reactions, we adopt rate coefficients from the review of Florescu-Mitchell and Mitchell [2006].

The shapes of the ion density profiles at high altitudes are determined by multiple factors, including the
shapes of the Ti and Te profiles. We have here smoothed the plasma temperature profiles so that they do not
exhibit the slope discontinuities of the Viking profiles. Our adopted temperature profiles are shown in Figure 1.

2. Chemistry of Water and Water Ions

In the cold dense clouds of the interstellar medium (ISM) water is produced mainly via ion-molecule reac-
tions. Water ions have been predicted to play an important role in determining the chemical distribution
of oxygen-containing species in the ISM and other astrophysical environments [e.g., van Dishoeck and Black,
1986; Dalgarno and Fox, 1994]. Very recently, these predictions have been confirmed by direct observation of
OH+, H2O+, and H3O+ [e.g., Indriolo et al., 2015, and references therein]. We adopt here the reactions that are
important in the ISM, and we add several more that are specific to the Martian ionosphere.

The basic principles of chemistry of ions on Mars have been described in general terms by Fox [2015]. For
atmospheres that contain even a small amount of hydrogen, including Mars, many ions are protonated species
that are produced and destroyed by proton transfer and other reactions. For these species, ionization flows
from ions whose parent neutrals have smaller proton affinities (PAs) to those whose parent neutrals have
larger PAs. The proton affinities are given in the critical compilation of Hunter and Lias [1998]. H2O has the
largest PA, 7.24 eV, of the important species of the Martian thermosphere. In the absence of water, and where
there are sufficient collisions, HCO+ is the terminal ion. We define terminal ions as those that are destroyed
mainly via dissociative recombination (DR) reactions, which result in production of neutrals. Because these
ions have few loss processes, they also tend to have longer chemical lifetimes than other ions. The PA of CO,
for H+ attached to the C atom, is 6.16 eV. C has a larger proton affinity than CO, about 6.46 eV, but there is
little C in the Martian thermospheric model, and therefore, CH+ is predicted to be a minor ion. The densities
of OCOH+ are also predicted to be relatively large at low altitudes, due mostly to production by reaction of
CO+

2 with H2. The proton affinity of CO2 is relatively large, about 5.67 eV.
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Photochemical production of H2O+ and H3O+ ions may begin with formation of O+ by a number of mech-
anisms, including photoionization or electron-impact ionization of O or via charge transfer reactions. Once
formed, O+ initiates a series of abstraction reactions that form the intermediates OH+ and H2O+ and that
terminate in H3O+:

O+ + H2 → OH+ + H, (2)

OH+ + H2 → H2O+ + H, (3)

and
H2O+ + H2 → H3O+ + H. (4)

As the terminal ion, H3O+ in the Martian ionosphere is destroyed only by DR:

H3O+ + e → H + H2O, (5a)

H3O+ + e → OH + H2, (5b)

H3O+ + e → OH + H + H. (5c)

H3O+ + e → H2 + O + H. (5d)

Channel (5a) produces H2O, but the branching ratio for that channel is small, of the order of 0.2–0.3.

Other paths to H2O+ include
H+

3 + O → H2O+ + H, (6)

which competes with
H+

3 + O → OH+ + H2. (7)

Proton transfer to OH is a possible source of H2O+, but we do not yet include OH in our thermospheric model.

In the Martian ionosphere H2O+ may be destroyed by DR or by proton transfer to any species that has a larger
proton affinity than that of OH (6.14 eV), such as C, CO, or H2O:

H2O+ + C → CH+ + OH, (8)

H2O+ + CO → HCO+ + OH, (9)

and
H2O+ + H2O → H3O+ + OH, (10)

respectively. H2O+ also may be destroyed by charge transfer to any species that has a smaller ionization poten-
tial (IP) than that of H2O (12.61 eV), forming neutral H2O in the process. In the Martian ionosphere, only the
minor species O2 and NO have smaller IPs than H2O.

If neutral water vapor is present in sufficient quantities, H2O+ may be formed in charge transfer to H2O by ions
X+, whose parent neutrals have larger IPs than that of H2O. These reactions can be represented as

X+ + H2O → X + H2O+
, (11)

where X+ may be He+, Ar+, N+
2 , H+

2 , N+, CO+, CO+
2 , O+, H+, or OH+.

In the Martian thermosphere, water vapor is subject to direct ionization, dissociative ionization, or dissocia-
tion by solar photons or photoelectrons. In these interactions, a variety of fragments, such as H, O, and OH,
and fragment ions, such as H+, OH+, and O+, are produced. We have included in our model photoionization,
photodissociative ionization, and photodissociation of H2O with cross sections from Verner et al. [1996], Chan
et al. [1993], Yoshino et al. [1996, 1997], and Parkinson and Yoshino [2003]. For electron-impact processes, we
have adopted the cross sections from Harb et al. [2001], Kedzierski et al. [1998], Hwang et al. [1996] and the
compilation of Itikawa and Mason [2005].
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Figure 2. Altitude profiles of the measured densities of protonated species from the NGIMS instrument on MAVEN.
These densities are averaged values in 5 km bins for the 60–65∘ solar zenith angle (SZA) range.

3. Results

In Figure 2 we present altitude profiles of the averaged density measurements of protonated species mea-
sured by the NGIMS instrument on MAVEN in the 60∘–65∘ solar zenith angle (SZA) range [Benna et al., 2015].
These densities are averages of all the measurements in 5 km bins. Most of the profiles of water ions, H2O+,
H3O+, the intermediate OH+, and CH+, exhibit a peak between 300 and 400 km. Those of other protonated
species decrease monotonically with increasing altitude, such as HO+

2 , HNO+, and ArH+. The density pro-
file of the mass-29 ion represents the sum of HCO+, N2H+, HOC+, and 13CO+, and its structure is difficult to
characterize.

Since we have not yet adopted the neutral densities from the NGIMS measurements, our computed profiles
should be taken as semiquantitative only. In previous models, we have imposed an upward velocity boundary
condition on the ions in order to fit the Viking 1 density profiles of O+

2 , O+, and CO+
2 for the low solar activity

model [Hanson et al., 1977]. Such a boundary condition does not, however, reproduce the O+
2 profiles mea-

sured by the NGIMS instrument. Therefore, we here impose a zero upward velocity boundary condition on
all the ions. This assumption produces an upper limit to the ion densities at high altitudes. If we impose even
a small upward velocity on the ions at the top of the model at 400 km, the high-altitude ion peaks decrease
slightly in both altitude and density, and the production rate of H2O decreases. Obviously, we need to raise
the top altitude of our model to about 500 km in order to characterize the high altitude behavior of the ion
density profiles.

The present model includes 28 ions, 14 of which are protonated species, including H2O+ and H3O+. We have
also computed the densities of 10 minor neutral species, 9 of which we have included in previous models; here
we have added water vapor [e.g., Fox, 2015, and references therein]. The upper boundary condition on the
neutrals is zero velocity, except for H and H2, for which Jeans velocities of 216 and 0.613 cm s−1, respectively,
are imposed at 400 km.

Our model results are shown in Figures 3a–3d. Figure 3a shows the density profiles for 12 of the 14 ions that
have been previously modeled from 80 to 400 km [e.g., Fox, 2009]. The O+ profile shown is the sum of O+(4S),
O+(2D), and O+(2P), which we compute separately. A comparison of the O+

2 and O+ profiles with those from the
NGIMS as presented by Benna et al. [2015] shows that the model O+

2 and O+ densities diverge seriously from
the measured values. The measurements show that the densities of O+

2 fall off rather steeply above 150 km,
and the O+ densities peak at about 1000 cm−3 in the 250–350 km range; they appear to merge with the O+

2
densities near 300 km. Our computed O+ density is about 540 cm−3 near 300 km, where the O+

2 density is,
however, ∼2900 cm−3.

The computed total ion density peak is apparently too high and too large in our model. Multiple factors deter-
mine the altitude and magnitude of the O+

2 peak, including the neutral density profiles, the neutral and plasma
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Figure 3. Predicted ion density profiles for our model thermosphere/ionosphere. The horizontal dotted line in each
panel shows the nominal periapsis of the MAVEN spacecraft at 150 km. (a) Twelve ions that were previously in our
model. (b) Nine protonated species. The N-bearing ions are shown by dotted curves, and CH+ is shown with a
dash-dotted curve for clarity. (c) Density profiles of hydrogen ions and the analogous water ions. The solid curves
represent the H- and O-containing ions, and the dashed curves represent ions that contain only H atoms. (d) Computed
density profiles for H, H2, and H2O.

temperatures, and the solar fluxes. We have adopted the Solar2000 (S2K) v1.24 model for day 200 of 1976
[e.g., Tobiska, 2004]. This particular model exhibits fluxes in the short wavelength regions that are elevated
compared to those of other low solar activity models, such as the S2K v2.22 fluxes used by Fox [2009].

The difference between the measured and model electron densities at 150 km is large. The NGIMS total ion
densities at that altitude are of the order of 2 × 104 cm−3, whereas our model values are about 8 × 104 cm−3.
With revised solar fluxes and neutral densities taken from MAVEN data, our O+

2 density profiles should be
in better agreement with the data. Since DR is the main loss mechanism for O+

2 and DR coefficients have
negative temperature dependencies, smaller values for Te would also reduce the O+

2 peak density. We note
here, however, that the normalization of the NGIMS ion densities to the LPW electron densities has not yet
been finalized.

The predicted density profiles of nine protonated species are shown in Figure 3b, and those of hydrogen and
water ions are shown in Figure 3c. The model predicts that the major mass-29 ion is HCO+. The computed
high-altitude values of most of the ions are in qualitative agreement with the measured values, but at low alti-
tudes, they diverge. Several differences between the measured and model density profiles of the protonated
species are evident. We focus here on the water ions and hydrogen ions, and we will defer discussion of the
other protonated species to a later investigation.

FOX ET AL. WATER AND WATER IONS ON MARS 5
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Predicted density profiles of the hydrogen ions, H+
n , and water ions, HnO+, where n = 1–3, are presented in

Figure 3c. The computed density profile of OH+ ions exhibits a peak near 325 km of about 78 cm−3, in accept-
able agreement with that from the NGIMS data, for which the peak density is about 80 cm−3 near 350 km. The
computed density profile of H2O+ exhibits a peak near 280 of about 12 cm−3, whereas the measured value
shown in Figure 2 is about 10 cm−3 near 350 km. The predicted H3O+ density peak is about 1.4 cm−3, whereas
the measured values peak at about 1 cm−3 near 400 km, in satisfactory agreement. If water is formed only by
ion chemistry, then H2O+ and H3O+ will be found mostly at high altitudes and in small quantities.

The computed H+
2 density profile attains a value of about 3.6 cm−3 at 400 km, whereas the measured mass-2

ion density peaks at a value that is slightly larger than 1 cm−3 near 400 km. The predicted density profile of H+

peaks near 400 km with a density of about 80 cm−3. NGIMS cannot measure the mass-1 ion densities. The D/H
ratio in water vapor was measured by the Sample Analysis at Mars instrument on the rover Curiosity and was
found to be about 6 times the value in Standard Mean Ocean Water or about ∼9.3 × 10−4 [e.g, Webster et al.,
2013]. The atmospheric D/H ratio is determined by several processes, some of which increase the fraction of
D in the atmosphere, such as escape to space, and some of which favor H, such as photolysis of HDO/H2O and
HD/H2. The chemistries of H+ and D+ should be similar. If we consider the measured D/H ratio near the surface
as an upper limit for D+/H+ in the ionosphere, then the model D+ peak density would be less than ∼0.1 cm−3.
This shows convincingly that the mass-2 ion is H+

2 rather than D+.

In Figure 3d, we show our computed densities for neutral H, H2, and H2O. The computed H2O profile shows the
amount of water that can be produced through ion chemistry, without transport from below. The water vapor
density at 80 km is about 1.4 × 104 cm−3, which represents a mixing ratio of about 0.4 ppb. The computed
total column density of water above 80 km is about 1 × 1010 cm−2. The low-altitude secondary peak of H3O+

in the model reflects its production from proton transfer to ambient water.

Maltagliati et al. [2013] reported retrievals of the water vapor distributions in the atmosphere of Mars below
50–100 km, using the infrared solar occultation technique with the Spectroscopie pour l’Investigation des
Charactéristiques Atmosphériques de Mars instrument on the Mars Express Spacecraft, with a sensitivity of
the order of 1 ppm. They showed that there are strong variations in the water vapor distribution at differ-
ent seasons and latitudes. The mixing ratios were found to fall off sharply on the topsides, but some of the
retrievals showed mixing ratios of a few parts per million near 80 km with very large error bars. Apparently,
the water abundances at altitudes above 50 km were difficult to measure. A mixing ratio of 1 ppm at 80 km
corresponds to a very large number density of water, more than ∼3 × 107 cm−3. This is more than 3 orders of
magnitude larger than our predictions of the water abundance at 80 km. Even a mixing ratio of ∼ 3 ppb, as
suggested by the model of Rodrigo et al. [1990] would alter the photochemistry of protonated species, espe-
cially that of water ions. We would expect the terminal ion, H3O+, to become more important in the lower
ionosphere, especially as the solar zenith angle increases near and just beyond the terminator.

In Figure 4, we show two-dimensional plots of O+, OH+, H2O+, OCOH+, H3O+, and HCO+ as a function of
altitude from 130 or 150 km to 500 km in 5 km bins. The SZAs range from 0∘ to ∼125∘ in 5∘ bins. H3O+ and
HCO+ are produced from species that have the highest proton affinities of all the neutrals in the Martian
thermosphere, and therefore, they have the longest lifetimes. Since H3O+ is destroyed only by DR in the
Martian ionosphere, its specific loss rate is given by  = 𝛼ne, where 𝛼 is the DR coefficient and ne is the elec-
tron density. The chemical lifetime of a species is 𝜏c = 1∕. On the dayside, the value of  for H3O+ is largest
in the region of the electron density peak. Thus, reduced values for 𝜏c explain the smaller densities of H3O+

on the dayside.

This effect can be seen in Figure 4 (bottom row), which indicate that the largest densities of HCO+ and H3O+

can be found at lower altitudes at larger SZAs. The diminished solar flux in this region leads to a reduction in
the ambient electron densities. This reduces the specific loss rates of the terminal ions HCO+ and H3O+ and
increases their photochemical lifetimes; thus, their densities also increase. For H3O+, this effect is dependent
on the existence of a sufficient supply of water vapor at lower altitudes. It appears that the amount of water
that can be produced photochemically above 80 km may be insufficient to explain the low-altitude densities
beyond the terminator. On the other hand, the densities of water must be small enough so that HCO+ is not
destroyed completely. The actual abundance of water vapor in the thermosphere is bracketed by these two
requirements. Further modeling will elucidate these effects.
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Figure 4. Spatial distribution of O+ , OH+ , H2O+ , H3O+ , HCO+ , and OCOH+ as a function of altitude and solar zenith angle as measured by NGIMS. Each plot
represents the full data set acquired from 18 October 2014 to 18 May 2015. The observations were binned as a function of altitude in 5 km intervals and in 5∘
SZA intervals.

On the nightside, the ionosphere may be maintained up to ∼125∘ SZA by day-to-night transport of O+ and
O+

2 [e.g., Duru et al., 2011; Cui et al., 2015]. O+
2 is not involved in this chemistry to a great extent; its major loss

processes at low altitudes are charge transfer to NO, reaction with N and DR [e.g., Fox and Sung, 2001]. O+,
however, initiates the production of water ions via the reaction sequence (2) to (4). Protonated species that
are not terminal ions are characterized by smaller lifetimes and will transfer their protons to CO or H2O, or
undergo other reactions that ultimately produce HCO+ or H3O+. Eventually these ions, if not replenished on
the nightside by ion transport or energetic electron precipitation, will undergo DR and disappear.

In our model, the densities of HCO+ at 150 km are larger than those measured by factors of about 3. If
there were more water in the thermosphere than in our model, HCO+ ions would be destroyed in proton
transfer reactions to H2O, forming H3O+. In Figure 2, the measured H2O+ densities can be seen to decrease
with increasing altitude for about 30 km above 150 km. It is not, however, clear whether this feature is the
beginning of a peak or is noise in the data. If the former, then this H2O+ could be a result of direct ionization
of water.

4. Summary and Conclusions

We have modeled the thermosphere/ionosphere of Mars from 80 to 400 km for 60∘ SZA. Our model contains
13 background species, and we compute the density profiles of 28 ions, including 14 protonated species.
Previously, we have computed the density profiles of 10 protonated species [Fox, 2015]. To the nine minor
neutrals, whose densities we have predicted in previous models, we add here neutral water vapor. By imposing
a zero flux boundary condition on the water at 80 km, and zero velocity at 400 km, we calculate the H2O
densities that can be produced photochemically, rather than those in which the source of water is assumed
to be transportation from below. This investigation represents the first photochemical model calculation of
water vapor in the thermosphere and of ionized water, H2O+, and protonated water, H3O+, in the ionosphere.
Calculations of the density profiles of H-containing ions, H+

n where n = (1–3), show convincingly that the
measured mass-2 ion is H+

2 , rather than D+.

We predict an H2O density at 80 km of 1.4× 104 cm−3 and a column density of about 1010 cm−2. The predicted
mixing ratio at 80 km is ∼0.4 ppb, which is small compared to those assumed at the upper boundaries of
models of the middle atmosphere. The large H3O+ densities measured by NGIMS at low altitudes beyond the
terminator suggest that the computed water abundance may be insufficient. The other protonated species
would be expected to transfer a proton to H2O. The presence of HCO+ in the same region shows, however,
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that there is not a very large amount of water present in the thermosphere, which would destroy this ion by
proton transfer reactions. These two requirements bracket the thermospheric abundance of H2O.

For the protonated species other than the terminal ions, the most important loss mechanisms are ion-
molecule reactions, rather than DR. These species have shorter chemical lifetimes than do the terminal ions.
As the solar flux decreases and the thermosphere goes into shadow these species may not be replenished by
photochemistry, although the nightside ionosphere may be maintained by ion transport to ∼125∘ SZA. Our
calculations predict that the most important protonated species on the dayside at low altitudes is HCO+.

This first model is based, however, upon neutral density profiles from Viking 1 and on fairly arbitrary smoothed
and revised ion and electron temperatures. The boundary conditions at the top of the model for all the ions
and most of the neutrals are zero velocities, and thus, the predicted ion and water densities at high altitudes
are upper limits. A more realistic model calculation is in progress in which we adopt MAVEN in situ data, and
we extend the top of the model to 500 km.
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