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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 H,O 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.

"NASA Goddard Space Flight Center, Greenbelt, MD, USA. Department of Physics,
American University, Washington, DC, USA. 3NPP/USRA, Goddard Space Flight Center,
Greenbelt, MD, USA. *California State University, San Bernardino, Department of
Physics, CA USA. SRoyal Belgian Institute for Space Aeronomy, Brussels, Belgium.
SUniversity of Liege, Liege, Belgium. "Instituto de Astrofisica de Andalucia, Granada, Spain.
80pen University, Milton Keynes UK. Istituto di Astrofisica e Planetologia, Rome, Italy.
*Corresponding author. Email: geronimo.villanueva@nasa.gov

tSee section S2in the Supplementary Materials.

Villanueva et al., Sci. Adv. 2021; 7 : eabc8843 10 February 2021

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 H,O 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
L, = 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 (H,O) 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 um (2325 to 4500 cm ™) 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
AOTEF filtered order varies from 20 to 35 cm™, 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 H,O
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 H,O (such as the v3 band
at 2.7 um, orders 168 to 170) probe water up to 120 km but become
saturated at ~50 km, while the weaker 2v, band at 3.3 um (orders
133 to 136) probes deeper into the atmosphere without saturation.

We derived H,O 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 CO,-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 H;O 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 H,O 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 H,O
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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Fig. 1. Representative spectra of the main NOMAD orders used to sample HDO (left) and H,O (right) taken on June 2018 for a SO altitude of 26 km. The observa-
tions were taken during the GDS and show that the two bands (v; of HDO and 2v, of H,0) have similar opacities and, therefore, comparable curves of growth and altitude

sensitivity.
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Fig. 2. Seasonal variability of water (left) and the D/H (right) for the northern hemisphere (top) and the southern hemisphere (bottom). Only H,O values with
sigmas lower than 15 parts per million by volume (ppmv) and D/H values with sigmas lower than 0.8 VSMOW are shown (point-by-point error bars are presented in fig.
S7). Because of the ExoMars/TGO orbit, there is an intrinsic relationship between the seasonal and latitudinal sampling for the occultations, and the latitude subpanels
indicate which latitudes are sampled during a particular instance. Water is observed to reach the upper regions of the atmosphere (>80 km) during indicated events: (i)
during the GDS, (ii) during the regional dust storm, and (ii) during southern summer, in which we observe a localized upper atmosphere water excess.

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 H,O 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 H, 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 H,0 combined with atmospheric transport and CHy4/
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
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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 L =
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-
esto <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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Fig. 3. Latitudinal variability of water and D/H across the seasons, sampling two equinoxes, a solstice, a global and a regional dust storm, and the injection of
water into the atmosphere from the southern polar cap during southern summer. Only H,O values with sigmas lower than 15 ppmv and D/H values with sigmas
lower than 1.5 VSMOW are shown. The panels clearly show the evolution of the water cycle across these complex events, revealing marked changes in the water and D/H
distributions across the events. The sparsity of valid D/H datasets considering this fine temporal sampling does not allow us to fully capture every detail of the latitude by
altitude variability, yet two points are clearly observed: (i) The water released from the southern polar cap has a distinctive 6- to 7-VSMOW enrichment in D/H, and (ii)
during southern fall (Ls 300 to 320 and Ls 330 to 360), the hygropause is compacted in the southern hemisphere, leading also to very low D/H at these latitudes

and season.

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
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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 (L, = 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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S1. Supplementary Material
The NOMAD/TGO spectrometer

The data used in the present study were collected by the Nadir and Occultation for MArs
Discovery (NOMAD (12, 13)) instrument operating onboard the ExoMars Trace Gas Orbiter
(TGO) 2016, an ESA/ROSCOSMOS joint mission to Mars.

NOMAD is composed of 3 channels: a solar occultation-dedicated channel (SO) operating in
the infrared wavelength domain; a second infrared channel mostly used for nadir
measurements, but capable also of limb observations (LNO), and an ultraviolet/visible channel
(UVIS) that can work in all observation geometries. The spectral resolution of SO and LNO is
largely superior to previous surveys in the infrared.

The design of the infrared channels (SO and LNO) is inherited from the SOIR instrument (52)
developed for the ESA Venus Express mission. SO and LNO design and radiometric
characteristics are described in detail in previous works (/2—15), while a complete calibration
using the in-flight data acquired preliminarily to the science phase has been performed and
discussed in depth (/6). ExoMars TGO is in a near-polar orbit, so the NOMAD instrument can
ideally perform two occultations per orbit, for a total of 24 occultations per Sol. However,
constraints related to the operability of all the instruments onboard TGO limit the number of
occultations observed by NOMAD to 12-14 per Sol.

The focus of the present work is on the data acquired by the SO channel, whose routine science
operations started in April 2018 and are ongoing. The SO channel operates at wavelengths
between 2.2 and 4.3 pm (2325 — 4500 cm™!), using an echelle grating with a groove density of
4 lines/mm in a Littrow configuration, combined with an Acousto-Optic Tunable Filter
(AOTF). The AOTF is a narrow bandpass filter, whose transmission properties are tuned using
a proper input Radio Frequency that selects the peak wavenumber of the AOTF transfer
function, hence the diffraction order that enters the grating + detector system. The width of
each order varies from 20 to 35 cm’!, linearly increasing with the diffraction order number.
During an occultation, the SO instrument pointed towards the Sun, in order to observe the solar
radiation as it is attenuated by the Martian atmosphere at different altitudes, enabling a quasi-
punctual investigation of the atmospheric vertical structure. Observations can be performed
both in ingress and in egress.

Thanks to the flexibility given by the AOTF of switching between different diffraction orders,
measurements consist of rapidly repeated cycles of five or six diffraction orders, whose spectral
ranges cover absorption by gases/organics of interest. In this way, at each altitude the
instrument provides information about several atmospheric constituents. Limitations in data
transmission, and the necessity to increase the signal to noise ratio (SNR), pose a cap to the
output number of rows (binned or effective) of the detector to 24. This is the same strategy
previously adopted by SOIR (53).

The 24 rows of the detector typically image a vertical interval of 7.5 km in tangent height. A
single detector row, then, will sample a vertical distance of 500 m. For routine science
operations, data are transmitted to Earth in 4 bins, and each of them will add-up the signal of 4
rows in the detector. Depending on the angle between the instrument orbit and the surface of
Mars, the atmosphere will be sampled by each bin at intervals between 200 m and 1 km.

Data
For the present study, we have used the Solar Occultations measured by NOMAD between

April 2018 (starting of science operations) and April 2019. This corresponds to the temporal
interval LS 162.5 of MY 34 and LS 15.0 of MY35, for a total of 1,920 occultations, and more



than 1 million spectra analyzed. The data used correspond to data Level 0.3, version 1.0 of the
data provided by the NOMAD PI institute (nomad.aeronomie.be).

In spite of their punctual spatial coverage, occultations are taken throughout every latitude and
longitude of the globe, permitting both the investigation of local phenomena, and the derivation
of general latitude vs. time global trend at all altitudes.

Among the five or six orders measured during an occultation, there is always at least one order
in which water vapor absorption lines are visible. In 90% of the occultations, however, water
vapor can be retrieved from 2 or more independent diffraction orders, and HDO from one of
them, allowing quantification of the D/H for almost all NOMAD occultations. The detail about
the diffraction orders used to derive H>O and HDO is illustrated in Figure S1. Orders 121, 134
and 168 are measured the most frequently (in 80% of the occultations) and include lines from
2v; and v3 water bands.
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Figure S1. The plot summarizes the average transmittance of the Martian atmosphere in
Solar Occultation geometry at h=20 km, with the assumption of an aerosol-free
atmosphere. Isotopic bands for CO> and H>O are evidenced in different colors, while
organics absorption is shown in green. The grey patches show the position and spectral
coverage of each of the diffraction orders observed by NOMAD that are used in the present
study. In particular, they encompass water lines of different opacities, and the strong HDO
QO-branch at 2720 cm™.

The possibility to access different absorption bands for water is of great benefit to achieve
measurement accuracy throughout a vast range of altitudes, since absorption regimes are
varying with the observed atmospheric column. During an occultation, NOMAD observes
atmospheric integrated water columns that are much larger than in Nadir geometry; for low
altitudes, this implies that the observed spectral lines will be typically saturated, posing some



challenges in the interpretation of retrieved water abundances. On the other hand, when
observing the upper atmosphere, the apparent water column will be still high enough to observe
water lines above the instrumental noise level in the stronger v3 band; typically, these stronger
lines allow to quantify the water main isotope abundance at altitudes up to 100-105 km. This
concept is better shown in Figure S2, where we report the curve of growth of two spectral lines
in the two bands covered by NOMAD. The combination of water measurements in different
ro-vibrational bands is of great importance to ensure robustness of the results and richness of
information on the entire vertical profile.
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Figure S2. The figure shows the different behavior of the curve of growth of two lines in
the 2v> and vz bands of H20. The weaker 2v» band lines reach saturation (dashed vertical
lines) for water columns (x-axis) much larger than the lines in the viz band, and there is
between 1 and 2 orders of magnitude of difference between the opacities of the two lines
considered.

Data pre-processing

As already stated, the radiation intensity observed by NOMAD is the result of a convolution
between the incident flux on the instrument, and the spectral functions describing both the
AOTF transmittance and the grating (i.e. the Blaze function (/6)). For these reasons, data are
pre-processed prior to retrieval. The spectra used in this study correspond to data Level 0.3,
version 1.0 of the data provided by the NOMAD PI institute (nomad.aeronomie.be).

The initial step consists in computing the transmittance for each observed order and altitude,
from surface to the Top Of Atmosphere (TOA), along the line of sight. Those spectra acquired
by NOMAD at altitudes at which no atmospheric absorption is visible (above the TOA) provide
the reference spectra, F, and the signal intensity is modeled only by Blaze function and AOTF.
Each spectrum below the TOA, which we indicate with 7, is divided by an average of a subset



of reference spectra F. If both / and F signal intensities are in unit of observed photons, the
calculation of transmittance zand related uncertainty o; is as follows:

= (1)
o= () +(Z) (2)

In the reasonable hypothesis that, among the many possible causes of noise, the dominant one
is the one due to the intensity of the source (Sun as a point source), the uncertainties g; and o5
are computed as the square root of the signal itself:

1

Ulz\ﬁi UFZ\/_N

(3)

with N the number of reference spectra.

The choice of the set of reference spectra {Ff}j—1 N is critical to correctly compute

transmittances minimizing the systematics. A major source of such effects are the temperature
variations during an occultation, which can be as large as a few K, and that cause two different
effects. The first consists in micro-misalignments between the pixel-to-wavenumber relation
of the reference spectra and the observed spectrum®. This yields to dispersion features in the
derived transmittance, in correspondence of solar lines, whose amplitude is sometimes
comparable to atmospheric absorption features, especially at high altitudes, and can
significantly degrade the signal-to-noise ratio calculated with the uncertainties in Eq. (3 ). The
second effect is the shift of the center of the AOTF spectral response function, which is again
related to thermal-induced micro-deformations of the AOTF crystal. This usually results in
artifacts in the transmittance continuum, which fluctuates around its average value with
variations as large as a few percent. Both these issues are resolved and properly taken into
account during the actual retrieval process (see Section Retrieval).

To mitigate these issues, the altitude at which the {Ff}j—1 y spectra are located is chosen as

closest as possible to the TOA, and N is limited to make them fall in an altitude range < 20 km.
This is based on the fact that the instrument temperature varies however slowly compared to
the time needed to perform a six order measurement cycle (~1 second).

The definition of the TOA wvaries with the diffraction order. In fact, for the sake of
normalization, the TOA is related to the altitude at which atmospheric absorption is no longer
detected, which depends on the spectral interval observed. Different TOA definitions have been
adopted in differing spectral intervals: for orders 119 to 136, (figure S1), the TOA is located at
120 km (where no molecular absorption is detectable); for orders 140 to 145 and 167 to 171,
at 140 km.

A schematic view of a NOMAD data sample and their normalization is provided in Figure S3,
where it is also shown how water lines visibility at different altitudes differs among orders.
During the retrieval process, we utilize transmittances derived from single spectra, in order to
maximize the vertical sampling of the vertical profile, and to minimize biases deriving
potentially arising from spectral binning (such as micro-misalignment between the frequency
of consecutive spectra).
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Figure S3: Top: The left plot shows an example of the raw signal as it is acquired by
NOMAD SO (order 169). The signal is the result of convolution between the blaze function
and the order mixing due to the AOTF filter. Each row represents the spectrum observed
at a specific altitude, as it results from binning the signal of each of the illuminated rows
of the detector. The location of the reference spectra (outside the atmospheric absorption)
is evidenced. Right: derived transmittance, once the original signal is divided by the
average of the reference spectra. Bottom: two examples of normalized transmittances in
orders 134 (left) and 169 (right) from the same occultation (data acquired simultaneously).
All the spectra are divided by their average continuum, to highlight only the molecular
absorption as it varies across different altitudes (shown by colors). It is easy to notice the
difference in line depth between the two orders, as discussed previously.

Retrieval methodology

Retrievals are performed using the Planetary Spectrum Generator (PSG (/7)), and is based on
an Optimal Estimation approach (/8), modified with an extra regularization parameter (79, 20).
PSG is an online radiative transfer tool capable of synthesizing planetary spectra (atmosphere
+ surface) in a vast range of wavelengths (0.1 um to 100 mm) from any observatory (e.g. JWST,
ALMA), orbiter (e.g., Cassini, TGO), or lander (e.g., MSL, InSight). This is achieved by
integrating many state-of-art radiative transfer codes and existing knowledge, spectral
databases, and planetary climate and circulation models.

The radiative transfer relies on the most up-to-date spectral line compilations, in particular the
newly released HITRAN 2016 database (54). In the case of Mars, for water and its
isotopologues, PSG ingests a specific line compilation tailored on a CO»-rich atmosphere (22).
Radiative transfer can be computed either via line-by-line calculations, or using a faster k-



correlated approach, and the high spectral resolution of NOMAD requires full line-by-line
calculations. PSG is able to perform multiple scattering from atmospheric aerosols, using the
discrete ordinates method (55, 56). PSG is able to ingest also a plethora of optical constants
from different types of aerosols, adaptable to Earth and many other planetary bodies, Mars
included. However, for the present investigation, we do not retrieve aerosols, nor we use the
multiple scattering capabilities of the tool, since the observation geometry implies that the
scattering contribution to the total observed flux is negligible, even in presence of aerosols
along the line of sight (point-source).

During the retrieval process, every measurement is considered independent of the others.
While, in principle, each observation probes all the atmospheric layers from the tangent altitude
up to the TOA, it has been verified that ~80% of the observed column is representative of the
atmospheric state at the tangent altitude. Therefore, we consider each measurement
independent, and the retrieved profile is the natural result of the values retrieved at each
altitude.

Input parameters and a-priori

For each spectrum, depending on the wavenumber range covered, we retrieved the abundance,
in terms of relative volume abundance on the observed column (ppv). In most cases, this
corresponds only to retrieve the sole H2O or HDO abundance, and in some cases (orders 119-
124 and 140-167) also the CO; column. As a consequence, the retrieved values will be largely
dependent upon the assumptions made about the vertical structure of the atmosphere in terms
of p-T profile, which determines the density of the observed column [molecules m2].
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Figure §4. The temperatures as described by the Mars Climate Database (MCD) and the
GEM models, collocated with NOMAD occultations, show discrepancies as large as ~10
K in many cases, in both hemispheres (Upper panel: N, lower panel: S). The largest
differences (~30 K) occur at Ls 200 to 220, corresponding to the most intense phase of the



GDS, and are caused by the fact that GEM includes an accurate description of the GDS
itself, while MCD does not.

As described in the main section, the atmospheric density can vary during perihelion season,
depending on the intensity of the heating effect due to the amount of dust present in the
atmosphere. Since the dataset we analyzed is acquired during a Global Dust Storm (GDS), the
a-priori atmospheric state has to be representative of those specific conditions, and it is
calculated using the GEM-Mars model that uses a specific dust-storm scenario that correctly
reproduces the thermal state of the atmosphere during MY34. Retrievals ingest the input
provided by GEM-Mars with a temporal sampling of 4 hours, and 51 atmospheric layers from
the surface to 150 km of altitude. The deviations of GEM-Mars GDS scenario from the average
climatology of Mars Climate Database(25) (MCD, v5.2) are significant during the storm, and
can be as large as 30 K in temperature in the middle atmosphere (figure S4). The largest
discrepancies are found in the S hemisphere, where dust concentration is larger during the
GDS. While such differences have a limited impact on those values retrieved by observation
of low-J lines, such as HDO and H>O v; bands (fig. S1), they can strongly influence retrievals
from high-J lines (H2O 2v; band), which constitute a large portion of the total retrievals
performed.

Instrument effects: AOTF and thermal perturbations

As briefly described before, the radiation observed by NOMAD is the result of a complex
superposition of wavelengths and diffraction orders determined by the AOTF filter. Thus, the
assessment of its properties and variability is necessary to correctly simulate actual NOMAD
observations.

The way in which the AOTF transfer function is modeled, and how it combines radiation
coming from different wavelengths into the same spectrum is described in detail in previous
works(76), and is currently implemented in PSG. Because the AOTF transfer function can be
simplified by a sinc squared, whose width is comparable to the wavenumber range of a single
diffraction order, the AOTF will combine the radiation coming from the central and nearby
orders. In general, a portion of the flux between 50% and 90% is actually due to the central
order, while the complementary fraction is related to nearby orders. Prior to retrievals, we have
conducted a preliminary investigation to determine how many nearby orders are needed to
confidently retrieve water vapor and CO> from NOMAD observations minimizing the bias.

An example of the impact of the number of orders is shown in Figure S5 for order 169, together
with the order contribution intensities. While the value of the observed water column can be
assessed even with a limited (two) number of nearby orders, the uncertainties and the >
improve significantly only including a considerable amount of nearby orders in the simulations.
This experiment has been replicated for all the orders used to retrieve water vapor and HDO,
to determine the optimal number of orders to include in the calculations.
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Figure S5: Left: example of contribution to the total observed flux in order 169. Right:
example of H>O abundance retrieval from order 169. The quality of retrieval and residuals
improves as an increasing number of orders is included in the calculation. To correctly
reproduce all the observed spectral features, 5 adjacent orders on both sides need to be

included.

Besides the number of orders to be included, the retrieval assumes an a-priori value for the
wavenumber at which the AOTF function is centered. Figure S5 shows that even a small shift
in the center of the AOTF function can modify the contribution functions from each order, and
then the apparent depth of spectral lines and the retrieved water values. In order to minimize
the uncertainty related to this parameter, we have conducted a quantitative analysis of the
AQTF center variability with diffraction order and instrument temperature. While the general
relationship has been determined in previous works (/6), the retrievals have also taken into
account the temperature-induced shift of the AOTF center, which has been found to vary order
by order (from ~0.17 cm™'/K for order 121, to ~0.25 cm™'/K for order 169).

Other instrumental effects, such as small deviations of the wavenumber-to-pixel relation from
the theoretical expectation are accounted during the fitting process, as the frequency calibration
is determined at each step of the Optimal Estimation process. Eventual residual dispersion
features arising from a non-complete solar spectrum subtraction, due to frequency calibration
shifts, are subtracted during the fitting process as well.

Spectra selection and noise limitation strategy

To limit the number of noisy measurements, we have excluded all those measurements whose
continuum transmittance is below the 5% level. This value corresponds to excluding all those
measurements with a single spectrum-Signal to Noise Ratio (SNR) <~100, since at the TOA
the SNR varies between 2000 and 3000, depending on the diffraction order (/5). This threshold
on the transmittance excludes most of the data acquired by NOMAD at altitudes < 5 km, and
during the most intense phase of the GDS excludes almost all the measurements below 25 km.
In principle, in the lower atmosphere, a better SNR could be achieved by binning a certain



number of consecutive spectra, however this can heavily degrade the spectral resolution,
because of the above mentioned frequency solution displacements between one spectrum and
the next one. For this reason the approach adopted is to simply disregard low-signal spectra,
and not to perform any average.

With the exception of those diffraction orders situated in the core of the CO; absorption (vi +
v3), the continuum intensity is mainly determined by water ice and dust aerosols along the line
of sight. No explicit dust and/or water ice retrieval is performed simultaneously with H.O, CO»
and HDO; instead, the spectral continuum (whose slope(s) are also related to AOTF shifts) is
fitted with a 5™ degree polynomial at every step of the Optimal Estimation, and subtracted.
This does not affect the gases retrieval, since the measurements are taken in absorption, and
scattering is negligible.

Order combination and dataset creation

The combination of retrieved H-O and HDO abundances is not trivial, since it requires taking
into account both the sensitivity of each measurement (and the above mentioned saturation
issues) and the actual statistical uncertainty provided by Optimal Estimation. Regarding the
first issue, however, the radiative transfer scheme used within retrievals is able to take into
account and correctly compute line absorption in saturated conditions; furthermore, the
calculation of uncertainties in the context of Optimal Estimation is weighted against the
Jacobians, i.e. the derivatives of the observed signal w.r.t. the retrieved parameter(s), which
reflects eventual line saturation. Therefore, to combine different measurements and obtain one
single vertical profile for each gas and occultation, we work under the hypothesis that their
uncertainties reflect both the signal radiometric uncertainty, and the actual spectroscopic
sensitivity of the measurement to the retrieved parameter.

For each occultation, the number of retrievals of water vapor abundances (one for each order
sensitive to water vapor absorption) varies between n=2 and n=5. To compute a single water
profile per each occultation, measurements are first collected to form a single dataset; then:

e Collocated in time, finding m indices, denoted with J, of water vapor retrievals
{Q:}i=1,...m belonging to the same occultation, by filtering their acquisition time;

¢ Clustered in altitude, finding groups of n retrievals, each located at the same altitude:
{Qie]}i=1,...,n;

e Averaging the {Qie]}i=1 . found at each altitude, using the corresponding

uncertainties {aiel}i—1 -

Under the assumption (see previously) that measurements at different altitudes are independent
of each other, the value of water vapor and its uncertainty will be:

n O

0= —7 (4)
?:1;1,
Vn

%= 1 (5)



The same operation is performed for HDO, where typically 1 to 3 measurements are available
at each altitude in a single occultation. The D/H ratio is finally determined using the same
approach: for each occultation and altitude, the D/H is computed using the weighted averages
of H>O and HDO.

The main benefit of aggregating water measurements in this way is to enhance the sensitivity
of the retrievals at all the altitudes, exploiting the variety of absorption regimes (saturated vs.
non saturated lines) encountered during an occultation, from the surface to the TOA. In Figure
S6, we show all the H2O retrievals from order 134 and 168, and the respective statistical
uncertainties. In the retrieved abundances plot, values whose uncertainty is above 15 ppm are
not represented.

The water abundances retrieved from different spectral bands look consistent throughout most
of the vertical and seasonal coverage. Inconsistencies are found during the most intense phase
of the GDS, between Ls 200 and 220, and at altitudes between 20 and 40 km at many temporal
instances. In both cases, this is due to the high water column, which yields saturation of the
water lines in order 168, leading to a difference in sensitivity between the two orders. Order
134, instead, is effectively dominated by noise rather than line saturation, and as a consequence
the retrieval uncertainty increases dramatically over 60 km, where H>O lines drop below the
noise level.
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Figure S6. Left: uncertainty of the retrieved values of water vapor from order 134 and actual
retrievals. NH is on the top, SH on the bottom. Right: same, for order 168. The latter is
sensitive to water vapor up to 100 km, differently from 134, which provides reliable water
retrievals up to 60 km. The SNR of order 168 varies with altitude, and reveals that there are
3 different altitude ranges corresponding to different saturation regimes of the lines in the
vz band.



Uncertainties of HO, HDO and D/H profiles

In each of the derived profiles of HO and HDO, the statistical uncertainty of each point
(resulting from the combination of n retrievals) is expressed by Eq. (5). To quantify the
statistical uncertainty of the D/H profile, we can use the basic error propagation for a ratio of
two quantities. The combined uncertainties for the final H>O and D/H profiles are shown in
Figure S7 for the two hemispheres.

It can be noticed that the combined uncertainty on H>O is lower than the single order
uncertainties reported in Figure S6, as expected: because a weighted average is performed, the
upper atmosphere will essentially be described by the retrievals performed on the stronger
water lines, while in the mid to lower atmosphere, the final error will reflect mostly the values
obtained by analyzing optically thin lines. This improvement is reflected in the uncertainty
affecting D/H as well, where lines are always optically thin, and they will provide information
up to 40 km (low water column) to 65 km (GDS-like situation, high water column).

At lower altitudes (< 20 km), however, the actual uncertainty affecting the D/H ratio can be
higher, since the biases between the water retrieved from optically thin and thick lines can be
significantly larger than the statistical uncertainty of each single-order measurement. In these
cases, the actual dispersion of the single order profiles can be as large as 30%, reflecting in an
equal error on the derived D/H. Nevertheless, the statistical errors calculated via Optimal
Estimation reflect part of the uncertainty related to this aspect, and the combination of retrievals
from different orders, even if dispersed, is an effective way to take into account the information
content correctly.
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Figure S7. Top left: combined final uncertainty for the HzO in the NH. Top right:
combined final uncertainty for the derived D/H profiles. The sharp transition between
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S2. NOMAD team
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Frank; Da Pieve, Fabiana; D'Aversa, Emiliano; Depiesse, Cédric; Erwin, Justin; Etiope,
Giuseppe; Fedorova, Anna; Funke, Bernd; Fussen, Didier; Garcia-Comas, Maia; Gérard, Jean-
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