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A S T R O N O M Y

Water heavily fractionated as it ascends on Mars 
as revealed by ExoMars/NOMAD
Geronimo L. Villanueva1*, Giuliano Liuzzi1,2, Matteo M. J. Crismani3,4, Shohei Aoki5,6,  
Ann Carine Vandaele4, Frank Daerden4, Michael D. Smith1, Michael J. Mumma1, Elise W. Knutsen1,2, 
Lori Neary5, Sebastien Viscardy5, Ian R. Thomas5, Miguel Angel Lopez-Valverde7,  
Bojan Ristic5, Manish R. Patel8, James A. Holmes8, Giancarlo Bellucci9,  
Jose Juan Lopez-Moreno7, NOMAD team†

Isotopic ratios and, in particular, the water D/H ratio are powerful tracers of the evolution and transport of 
water on Mars. From measurements performed with ExoMars/NOMAD, we observe marked and rapid variabil-
ity of the D/H along altitude on Mars and across the whole planet. The observations (from April 2018 to April 2019) 
sample a broad range of events on Mars, including a global dust storm, the evolution of water released 
from the southern polar cap during southern summer, the equinox phases, and a short but intense regional 
dust storm. In three instances, we observe water at very high altitudes (>80 km), the prime region where water 
is photodissociated and starts its escape to space. Rayleigh distillation appears the be the driving force affect-
ing the D/H in many cases, yet in some instances, the exchange of water reservoirs with distinctive D/H could 
be responsible.

INTRODUCTION
Mars shows a scarred landscape carved by a wet past [e.g., (1)], yet it 
is not clear how much of this water ran across the Martian surface or 
for how long. The debate includes considerations of a wet and cold 
past scenario [e.g., (2)], wet and hot past [e.g., (3)], or hybrid models 
[e.g., (4)]. In many cases, these scenarios are stimulated by the strong 
geological record but depend highly on the assumed atmospheric 
states and escape considerations. Measurements of isotopic ratios 
and, in particular, the deuterium to hydrogen ratio (D/H) in water 
provide a powerful method to constrain volatile escape [e.g., (5)] and 
to track the transport of water between reservoirs (e.g., seasonal 
transport between the polar caps). Because the thermal “Jeans” es-
cape rates for each isotope are different (larger for the lighter forms), 
over long periods, the atmosphere becomes enriched in the heavy 
isotopic forms. By mapping the current isotopic ratios, one can also 
test for the existence of different volatile reservoirs (e.g., polar caps 
and regolith) with distinct isotopic signatures (6).

The idea of distinct water reservoirs interacting during the water 
cycle was strengthened by the strong isotopic variations in the water 
column that were observed across the planet via ground-based 
astronomy (5, 7). Nevertheless, the D/H ratio is also heavily affected 
by climatological processes because the vapor pressures of HDO 
and H2O differ near the freezing point, making the condensation/
sublimation cycle of the isotopologs sensitive to local tempera-
tures, to saturation levels, and to the presence of aerosol condensa-
tion nuclei. This would lead to strong seasonal D/H gradients, 
while local orography and cloud formation would lead to longitudi-
nal variability.

MATERIALS AND METHODS
By performing high-resolution infrared spectroscopic observations 
across the entire planet, the ExoMars Trace Gas Orbiter (TGO) pro-
vides an unprecedented view of the three-dimensional structure and 
composition of the Martian atmosphere. Specifically, the NOMAD 
(Nadir and Occultation for Mars Discovery) (8, 9) instrument suite 
aboard TGO has the capability to provide vertical profiles and glob-
al maps of water (both H2O and HDO), water ice, and dust using 
high-resolution infrared spectroscopy. The vertical and seasonal trends 
in water vapor during the global and regional dust storms of Mars 
Year (MY) 34 were extensively presented (10), while the present work 
emphasizes the relationship between water abundance and the D/H 
ratio based on data acquired with the SO (solar occultation) channel 
of NOMAD between April 2018 (the start of science operations) 
and April 2019. This interval corresponds to Ls = 162.5° of MY 34 to 
Ls = 15.0° of MY 35 and included the “global dust storm” (GDS) 
that engulfed the planet in MY 34 (June to September 2018). A total 
of 219,464 individual SO spectra through the Martian atmosphere 
were collected during 1920 occultation events.

ExoMars TGO’s near-polar orbit with up to 24 occultations per 
sol, shared between NOMAD and Atmospheric Chemistry Suite 
(11), permits high-cadence mapping of the variability of water and 
D/H over time. Sensitivity typically allows water mapping up to an 
altitude of ~100 km for the main isotopolog of water (H2O) and up 
to ~50 km for HDO and, thus, D/H (with a typical resolution of 
~1 km), while high opacity from aerosols and airborne dust restrict the 
lower boundary to 5 to 10 km. The SO channel operates at wave-
lengths between 2.2 and 4.3 m (2325 to 4500 cm−1) using an echelle 
grating, combined with an acousto-optic tunable filter (AOTF) and 
delivers a spectral resolving power of ~20,000. The width of each 
AOTF filtered order varies from 20 to 35 cm−1, linearly increasing 
with the diffraction order number. The infrared channels (SO and 
nadir channel) of the NOMAD instrument are described in detail 
in previous works (12–15), while a complete calibration using the in- 
flight data acquired before the science phase has been discussed 
in depth (16).
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During an occultation, the SO instrument is pointed toward the 
Sun to observe the solar radiation as attenuated by the Martian at-
mosphere at different altitudes, enabling an investigation of the at-
mospheric vertical structure. On a typical occultation, five or six 
different diffraction orders are sampled at 1-s intervals, with H2O 
sampled in two or more diffraction orders and HDO in one of them, 
ultimately allowing quantification of D/H for almost all NOMAD 
occultations (see example spectra in Fig. 1). The possibility to access 
different absorption bands of water is of great benefit to achieve 
measurement accuracy throughout a vast range of altitudes since 
absorption regimes vary with the observed atmospheric column. 
For instance, strong fundamental bands of H2O (such as the v3 band 
at 2.7 m, orders 168 to 170) probe water up to 120 km but become 
saturated at ~50 km, while the weaker 22 band at 3.3 m (orders 
133 to 136) probes deeper into the atmosphere without saturation.

We derived H2O and HDO slant column densities from the re-
sulting spectra by using Goddard’s Planetary Spectrum Generator 
(PSG) (17), which is based on an optimal estimation approach (18), 
modified with an extra regularization parameter (19, 20). For Mars, PSG 
ingests a specific line compilation for water and its isotopologs, 
tailored for a CO2-rich atmosphere (21, 22). The derivation of mo-
lecular mixing ratios does depend on the assumed pressure/
temperature profiles, and in particular, the local atmospheric density 
and temperature can vary during perihelion season, depending on 
the intensity of heating introduced by dust present in the atmosphere. 
Because portions of the dataset were acquired during the GDS, the 
a priori atmospheric state has to be representative of those specific 
conditions. We calculated that using the Global Environmental Multiscale 
(GEM)–Mars model (23, 24) and a specific dust storm scenario that 
reproduces the dust state of the atmosphere during MY 34. The properties 
of the GEM-Mars GDS model during the storm differ substantially from 
the average climatology of the Mars Climate Database (v5.2) (25), with 
temperature deviations as large as 30 K modeled in the middle at-
mosphere (fig. S4). The largest discrepancies are found in the south-
ern hemisphere, where dust concentrations are greater during the 
GDS. The dust abundance or the assumed aerosols profiles do not 
affect the H2O and HDO SO retrievals directly (only when the at-
mosphere is fully optically thick). Dust will tend to heat the atmo-
sphere, and that may reflect in enhanced partition functions, which 

ultimately affect the retrieved molecular densities. On the other 
hand, this effect is particularly small for the retrieved D/H since 
both partition functions vary similarly to temperature, so this sys-
tematic effect is removed when computing D/H.

To compute a single molecular profile per occultation, measure-
ments are first collected to form a single dataset colocated in alti-
tude (typically one to two orders for H2O and one to two orders for 
HDO) and then aggregated by a weighted mean. Each molecular 
retrieval is assumed to be independent from the nearby altitude re-
trievals, with the resulting uncertainty also including the standard 
deviation of the measurements (see figs. S6 and S7). The D/H ratio 
is determined using the same approach: For each occultation and 
altitude, the D/H is computed using the weighted averages of H2O 
and HDO. Uncertainties were computed using standard optimal 
estimation statistics that are further corrected for the quality of the 
residual spectra (chi-square of the fit). Measurements from several 
orders and computation of uncertainties of D/H were performed 
using standard error propagation methods [see also (5, 9)].

RESULTS
The retrievals were organized by season and latitude to investigate 
the main processes acting on water and D/H. As shown in Fig. 2, the 
water vapor abundances change markedly across the year, with D/H 
also showing important changes. Previous measurements of water 
columns [e.g., (26–30)] also report great seasonal, temporal, and spatial 
variability, with strong enhancements during the summer hemisphere 
as reported here. The seasonal variability reported here should be 
viewed with caution since the orbit of ExoMars causes seasonal and 
latitude changes to be convolved (Fig. 2, top). Note that these are 
local D/H values at a specific altitude (not of the column), and they 
can be only understood in the context of the local climatology at 
this specific altitude/latitude/longitude/season.

Consistent with earlier studies of dust storms (10, 31), we found 
that water vapor abundances in the middle atmosphere (40 to 100 km) 
increased substantially during the GDS (June to mid-September 2018) 
and the regional dust storm of January 2019. In particular, water 
vapor reaches very high altitudes, at least 100 km, during the 
GDS. A General Circulation Model simulation explained that dust 
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storm–related increases in atmospheric temperatures elevate the 
hygropause, hence reducing ice cloud formation and so allowing 
water vapor to extend into the middle atmosphere (24). We confirm 
that (i) water vapor also reaches very high altitudes during the 
southern summer solstice, independently of dust storms [see lower 
dust content during this period as reported in (32)] and (ii) that water 
drops to very low values at high/low latitudes and close to equinox 
with the hygropause subsiding to a few scale heights. With regard to 
D/H, we observe the following distinct features: (i) the D/H ratio is 
typically ~6 VSMOW (Vienna Standard Mean Ocean Water) in the lower 
atmosphere, (ii) the D/H ratio decreases with altitude, as observed 
similarly on Earth (22), and (iii) the D/H ratio is low (2 to 4 VSMOW) 
at high/low latitudes and close to equinox where H2O is low.

Within half an MY, we observed three instances (the GDS, south-
ern summer, and the regional dust storm) of water vapor reaching 
the upper atmosphere, where it can be readily photolyzed (24), by-
passing the traditional H2 diffusion limitations on water escape rates 
(33). The D/H ratio is probably quite low at these high altitudes if 
we attempted to extrapolate our D/H values to 70 to 80 km from the 
low/middle atmosphere (50 to 60 km), yet photolysis, vertical transport, 
and other processes may lead to great variability at these altitudes. 
On Earth, mesospheric D/H measurements show strong variability 
(34), which has been attributed to the differential photolysis rates of 
HDO and H2O combined with atmospheric transport and CH4/
CH3D photochemistry. For the lower atmosphere, the decrease of 
the D/H with altitude can be explained, as on Earth, by Rayleigh 
fractionation (22). The fractionation in the troposphere of Earth 
has been shown to be also strongly dependent on atmospheric dy-
namics [e.g., see convective/subsiding results in (35) and formation 
of clouds and atmospheric microphysics in (36)], resulting in highly 
variable deuterium enrichments with respect to altitude, time, and 

position on the planet [e.g., (37, 38)]. These may explain the local-
ized behavior and variability in the D/H ratio observed across Mars, 
and it is consistent with the column variability observed in (5).

To explore the 3D structure of the water cycle and the D/H sig-
natures, we aggregated the data into seasonal periods and computed 
latitude versus altitude plots of water vapor and D/H (Fig. 3). These 
plots show a marked variability of the vertical profiles of water and 
D/H, with clear and defined latitudinal structures. As also shown in 
(10), the increase of the water vapor abundances at higher altitudes 
is remarkable for the global (Ls = 190° to 210°) and regional dust 
storm (Ls = 320° to 330°), yet this excess water is only confined to 
equatorial and mid-latitudes (<60°). Although the atmosphere is filled 
with water to high altitudes during these times, the D/H remains 
relatively low (4 to 5 VSMOW) and increases to ~6 VSMOW only 
at high latitudes (away from the subsolar point) and low altitudes. 
In principle, this is expected and could be an indication of Rayleigh 
fractionation and cloud formation (9), where D/H is actually de-
creasing with altitude, but it is only measured with sufficient signal-to- 
noise ratio (low opacities) at high altitudes (>40 km) in mid-latitudes 
and at low altitudes (10 to 40 km) in high latitudes.

The injection of southern polar cap water with enhanced D/H is 
clearly seen as southern spring progresses to summer. Between Ls = 
270° and 300°, we see water vapor increasing in the southern hemi-
sphere and also in altitude as we approach the polar latitudes [labeled 
in Fig. 2 as “aspirator” (from the Latin word “aspire” to “rise, climb 
up”)]. The D/H remains high (>6 VSMOW) for most of this water 
(probably coming from the seasonal southern polar cap) and decreas-
es to <4 VSMOW at higher altitudes. Fractionation is also present at 
this season, associated with a more compact hygropause in the colder/
winter hemisphere and a more compact D/H profile. As we move to 
southern fall (Ls = 300° to 320°), the water may have been transported 
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to equatorial latitudes, which is then puffed into higher altitudes 
during the regional dust storm (Ls = 320° to 330°). During the re-
gional storm, water reaches only 60 km in altitude, in comparison to 
80 to 100 km observed during the GDS. Water abundance then col-
lapses to low values and at low altitudes during southern fall (Ls = 
330° to 360°) and early northern spring (Ls = 360° to 370°, MY 34). 
The D/H information during this period is inconclusive since water 
is confined to low-altitude layers of the atmosphere, where long at-
mospheric path lengths prevent observations of HDO with suffi-
cient sensitivity due to aerosol extinction. During this season, we do 
observe low D/H values in the southern hemisphere and very low 
values at low altitudes.

DISCUSSION
Multiple reservoirs have been identified to account for the current 
inventory of water on Mars, ranging from the observable polar lay-
ered deposits (39, 40) to ice-rich regolith at mid-latitudes (41, 42), 
near-surface reservoirs at high latitudes (43), and subsurface reser-
voirs, as implied by gamma ray and neutron observations (44). If 
each of these reservoirs has a distinct isotopic content, then the sig-
nature of the exchange between these reservoirs should be present 
in the observed atmospheric D/H ratio variation. The outstanding 
question is whether each reservoir has or should have a distinct iso-
topic signature. The fact that Mars has had marked variations in 
its obliquity (45), changing from ~45° to 15° in the last million years, 
would suggest that the polar caps are relatively new and that all the 
water reservoirs should have been “mixed” within the last 10 mil-
lion years. Considering that it takes billions of years for notable 

changes in the D/H ratio to take effect, the different reservoirs may 
have the same isotopic signature, yet this hypothesis assumes that 
all labile water is mixed by the hydrological cycle. A testable way to 
prove this hypothesis would be to ultimately probe the water D/H 
in the polar caps below the seasonal layers. We then ask, is the vari-
ability that we observe related to different reservoirs?

As on Earth (46), D/H on Mars shows great variability in time 
and space, consistent with previous column integrated reports in (5, 47). 
Observations using SOFIA (Stratospheric Observatory for Infrared 
Astronomy) at thermal wavelengths (48) do also report variability 
yet much more subdued. Thermal observations are more affected 
by the assumed temperature profiles and thermal contrast, and the 
spatial resolution of SOFIA observations is typically only four to five 
pixels across Mars’ disk; however, it is interesting to note this differ-
ence between SOFIA and other results. In particular, there may be 
an annual element to this hemispheric variability of the observed 
D/H column. Strong isotopic anomalies are typically observed at re-
gions with strong temperature/water gradients, like the polar caps, 
and these are typically hard to capture and sample at moderate spa-
tial resolutions from the ground.

In many cases, the observed variations of the D/H across sea-
sons and with altitude revealed by our work could be attributed to 
Rayleigh fractionation and cloud formation (32), with the D/H de-
creasing with altitude and dropping or decreasing at the edge of the 
hygropause. In the zonal mean Fig. 3, the seasonal water being added 
from the southern polar cap during southern summer (Ls = 210° to 
250° and 270° to 300°) has a ~6- to 7-VSMOW value, consistent with 
the column values measured in (5) for the northern pole water. This 
would perhaps mean that the two main reservoirs of water on Mars, 
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the polar caps, share a common value of D/H, yet the south polar 
cap only has seasonal water ice, not permanent. The lower values in 
D/H observed during southern fall (Ls = 300° to 320° and 330° to 
360°) at the southern latitudes would imply that a large fraction of 
the HDO was sequestered. This could be associated to be a rapid 
collapse of the hygropause at these latitudes, which leads to a steep 
Rayleigh fractionation condensation profile. The existence of water 
ice clouds during this period and season (31, 32) is consistent with 
this view.

Further interpreting the results, in particular, the concept of mul-
tiple reservoirs of water with a distinctive D/H and water escape 
would require detailed comparisons with a highly parameterized 
weather and climate model. The model would need to have a compa-
rable prescription of the water and aerosol distribution and to have a 
realistic heterogenous water fractionation model to fully capture the 
observed D/H variability and advance current models (49–51). The 
ultimate question is then what is the representative D/H of labile 
water on Mars right now? If we assume that the observed fraction-
ation is driven mainly by Rayleigh distillation, then the observed 
maximum D/H values of 6 to 7 VSMOW observed in this work are 
then descriptive of the truly intrinsic water D/H when both isotopo-
logs are fully vaporized. This value is consistent with previous find-
ings as reported above and would further establish that Mars has lost 
a substantial amount of water (>137-m global equivalent layer) (5). 
The fact that we observe three instances during a single MY where 
water is brought to the upper regions of the atmosphere (>60 km; 
Figs. 2 and 3) would provide the means for this escape to take place.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/7/eabc8843/DC1
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