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1.  Introduction
The evolution and history of water on Mars plays a key role in the assessment of the habitability of the planet 
across time. There is abundant geomorphological evidence suggesting that Mars had a wetter past (Bibring 
et al., 2006; Carr & Head, 2003), yet the duration and extent of this more humid past remains a topic of substantial 
debate. For instance, the large deltas, basins, and valleys on Mars are suggestive of large bodies of water that were 
stable over relatively long periods of time. Some estimates suggest past volumes of water in excess of a 500 m 
deep Global Equivalent Layer (GEL; Carr & Head, 2003), which is many times larger than the current estimates 
of labile water on Mars (∼30 m, Lasue et al., 2013).

The large enrichments of D/H measured in atmospheric water suggest that a large fraction, beyond 80%, of this 
water was lost over time (Jakosky, 2021; Villanueva et al., 2015), and Ar and O isotopic ratios measured with 
MAVEN (Jakosky et al., 2017) and TGO (Alday, Wilson, et al., 2021) indicate that Mars has lost a large fraction 
of its atmosphere. Because Mars is less massive than Earth, the neutral escape of volatiles is easier on Mars, 
considering the similar equilibrium temperatures of the two planets, although Mars is obviously colder. Recent 
results indicate that most of this escape occurred via neutral and nonionized processes (Brain et al., 2015), in 
which temperature and its variability across geological times were key factors defining the state of the Martian 
atmosphere. Recent results from dust storms suggest that dust storms can greatly heat the atmosphere, leading to 
the upward transport and more readily escape of water (Aoki et al., 2019; Belyaev et al., 2021; Chaffin et al., 2021; 
Fedorova et al., 2020; Heavens et al., 2018; Holmes et al., 2021; Neary et al., 2020; Stone et al., 2020).

As we attempt to trace back the history of water on Mars, it is unknown how much water remains locked in nonla-
bile/subsurface reservoirs. In addition, the currently known reservoirs may exchange and lose water over time at 

Abstract  We report vertical profiles of water and D/H for one Martian year as measured with the TGO/
NOMAD instrument. The observations were performed via solar occultation, providing water profiles up to 
∼100 km and D/H up to ∼60 km, with a vertical resolution of 1–2 km. The measurements reveal dramatic 
variability of water and D/H over short timescales and with altitude and location on the planet. We investigated 
the release of seasonal water from the polar caps during southern and northern summer, by mapping water and 
its D/H near the polar regions. Above the hygropause, the D/H drops substantially below 2 VSMOW, and both 
seasonal polar caps show a consistent and enriched D/H of 5–7 VSMOW within the hygrosphere.
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different rates, and those processes responsible are still poorly understood (Scheller et al., 2021). The polar caps 
are the most studied reservoirs of water on Mars, corresponding to 11 m GEL for the southern polar cap (Plaut 
et al., 2007), and 10 m GEL for the northern polar cap (Zuber et al., 1998). The polar ice is composed of a basal 
unit that has been estimated to be a billion years old (Byrne & Murray, 2002; Fishbaugh & Head, 2005), on top 
of which lie the stratified deposits at the north pole that are likely to be younger ice, in particular, considering the 
frequent and large inclination variations that have occurred over time and their associated global climate change. 
An important question is then whether all current labile reservoirs have evolved in the same way and undergone 
extensive exchange. In principle, the isotopic signatures among these reservoirs should then be identical, and as 
such the investigation of distinct isotopic signatures across reservoirs provides a way to track the level of exchange 
between reservoirs.

Considering the ratio of water stored in the polar caps with what circulates today in the atmosphere (1 million 
times smaller), for all reservoirs to share the same D/H, the hydrological cycle in the past would have to be suffi-
ciently stronger and sustained over long period of times. Only a small layer of water (μm GEL levels) is released 
seasonally from the caps every year during the local summer. The water subliming from the south polar region in 
spring and summer was deposited in fall and winter and thus only reveals the composition of the seasonal water 
cycling back and forth between the poles (Houben et al., 1997; Richardson & Wilson, 2002). In the north, this 
aspect is complicated by the uncertainty about the partitioning between old ice and seasonally recycled ice in the 
sublimation flux. Whether this seasonal layer describes the underlying meters of water ice in the caps is a topic 
of extensive debate (Jakosky, 2021). Yet, if the caps were formed by climatological and seasonal patterns similar 
to those driving the circulation today, then this seasonally released water should have the same isotopic signa-
ture across both hemispheres and should describe the underlying ice caps. If, on the other hand, their isotopic 
signatures are distinct, it would indicate that reservoirs evolve quite differently over time on Mars, and a unifying 
evolution and escape path for them does not apply.

Mapping of the water D/H during northern summer revealed an enriched value of D/H around 6–7 VSMOW for 
the water being released seasonally from the northern polar cap (Krasnopolsky, 2015; Villanueva et al., 2015). 
The observations were done employing ground-based observatories and probe the whole atmospheric column 
at specific dates over a full planetary hemisphere. Similarly enriched D/H values were observed during south-
ern summer via solar-occultation (SO) measurements with TGO/Nadir and Occultation for MArs Discovery 
(NOMAD; Villanueva et al., 2021) and TGO/ACS (Alday, Trokhimovskiy, et al., 2021), yet the measurement 
technique is quite different to the previously reported ground-based observations, so direct comparisons between 
the seasonal release from polar caps may not be straightforward. Specifically, TGO probes each altitude sepa-
rately and does not provide information on water below ∼10 km (due to limb/tangential aerosols extinction), with 
global and seasonal mapping being achieved by combining data over a large time span. The ground-based data, 
on the other hand, provide snapshots in time of the integrated water column across all altitudes for points across 
the observable disk.

We have now analyzed data over the entirety a Martian year as measured with TGO/NOMAD, which probed the 
release of water from the two polar caps using the instrument’s SO mode, enabling an investigation of the vertical 
structure of the isotopic signatures across the planet and above the two main water reservoirs. This analysis makes 
use of improved instrument calibration procedures and of the latest spectroscopic data for water and carbon diox-
ide in a CO2-rich atmosphere. We present details about the new calibration methods in Section 2 and in Appen-
dix A. A discussion on the observed values for water and D/H across the planet is presented in Section 3, while a 
summary and conclusions, including analysis regarding the exchange between water reservoirs and implications 
for the history of water on Mars, are presented in Section 4.

2.  Data Sets and Methods
The measurements presented here have been collected by the NOMAD (Neefs et al., 2015; Vandaele et al., 2019) 
instrument suite onboard TGO, which probes the atmospheric composition using high-resolution infrared spec-
troscopy. The data were collected employing the SO channel/mode of the instrument, in which the atmosphere is 
probed sequentially in altitude by pointing to the Sun and measuring the absorption due to molecules and aerosols 
across the tangential line of sight. The SO channel operates at wavelengths between 2.2 and 4.3 μm, in which 
HDO is primarily probed via its ν1 band at 3.7 μm (orders 119–121 of the instrument), and H2O is probed via 
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different bands in the 2.7–3.3 μm region (orders 133–170). The NOMAD instrument is an echelle high-resolution 
grating spectrometer, in which an Acousto-Optical-Tunable-Filter (AOTF) operates as an order-sorting device. 
Typically, 5–6 orders are sampled per altitude, targeting the ν1 of HDO, several bands of H2O, CO2, CO, and trace 
gases. The instrument’s sensitivity to the ν1 band of HDO enables meaningful measurements of the HDO abun-
dance at altitudes less than 60–70 km, and measurements of the H2O abundance can be obtained up to 110 km 
altitude by probing multiple absorption bands including the ν3 fundamental. The vertical resolution is defined 
by the integration times, orbital speed, and inclination, with typical sampling of 1–2 km. Seasonal maps as those 
presented in Figure 1 are created by aggregating data across several occultations and range of solar longitude (LS), 
which are taken with a cadence of 11–14 NOMAD occultations per sol (see details in Villanueva et al., 2021)—
H2O: 126, 127 (2%), 130, 133, 134, 135, 136 (59%), 143, 145, 153, 154 (5%), 167, 168, 169, 170, 171 (36%); 
HDO: 116, 118, 119 (22%), 121 (63%), 124, 126, 127 (15%).

Retrievals are performed on level 1 calibrated data as processed by the NOMAD team (Liuzzi et  al.,  2019; 
Thomas et al., 2021). The spectra are computed by normalizing the data at each occultation to a reference spec-
trum of the Sun derived from data at high altitudes (>200 km) during the occultation. A challenge in the inter-
pretation of NOMAD data is that it records overlapping signatures from nearby orders introduced by the AOTF 
plus grating configuration of the instrument. As the instrument is tuned to a specific order, the filter permits 
signal from that and nearby orders to pass through to the detector, so the observed spectrum is a combination of 
signal from several orders. Interpretation of molecular signatures in such a spectrum is then susceptible to the 
considered AOTF response functions, grating parameters, and the Instrument Line Shape (ILS) kernel (Liuzzi 
et al., 2019; Villanueva et al., 2021). For that purpose, detailed work was undertaken by the NOMAD team to 
characterize the properties of the instrument with high accuracy by employing several calibration data campaigns 
and Mars observations. The AOTF response function is primarily described as an asymmetric sinc function, the 
grating follows a parameterized grating equation, and the ILS is represented by a double Gaussian kernel. Several 

Figure 1.  Seasonal evolution of water and its D/H across a full Martian year, starting on MY34 and ending on LS = 240 MY35. Only H2O values with uncertainties 
lower than 15 ppmv and D/H values with sigma lower than 1 VSMOW are shown. The global dust storm and the large regional dust storm that took place during 
LS = 190 to LS = 360 of MY34 greatly modified the atmosphere and brought water to very high altitudes. In all cases, the D/H drops notably beyond the hygropause to 
1–2 VSMOW, and the profiles show an enriched value of 5–7 VSMOW within the hygrosphere. The hygrosphere can be challenging to properly sample, since in many 
cases it extends only to altitudes less than 20 km and is close to the detection limit via occultation. The latitude subpanels indicate the sampled latitudes during that 
season and the colors indicate average value for that season.
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retrievals and analytical methods were performed on the data to check for consistency among these calibration 
solutions. Detailed information about the calibration “recipe” and characterization of the instrument response 
function is presented in Appendix A.

Interpretation and extraction of molecular abundances from the calibrated data is done by employing the Plan-
etary Spectrum Generator (https://psg.gsfc.nasa.gov, Villanueva et  al.,  2018), and as reported in Villanueva 
et al., 2021 (please refer to this paper for more details on the retrieval methods). The model employs a layer-by-
layer line-by-line method in a spherical and refractive geometry. We employ the latest linelists for H2O, HDO, 
and CO2 as compiled in the HITRAN-2020 database (Gordon et al., 2022), which are complemented to include 
the latest H2O and HDO broadening coefficients for a CO2 atmosphere (Devi et al., 2017; Régalia et al., 2019). 
Each occultation spectrum is treated as an independent measurement, and retrievals are performed by employing 
an optimal estimation approach for all molecules having signatures in the order. If the same molecule is sampled 
among many diffraction orders during that occultation, the results are combined and weighted based on their 
individual uncertainties. The D/H ratio is derived from the weighted averages of H2O and HDO. For the a priori 
temperature and density profiles considered for the retrievals, we extracted climatological data from the GEM 
Martian Climate model (Neary & Daerden, 2018), which has been specifically parameterized for MY34 (Daerden 
et al., 2022; Neary et al., 2020).

In order to minimize systematic effects related to the a priori climatology in our retrievals, only retrievals sampling 
H2O and HDO simultaneously (within 2 s) are considered in this report. Effectively, both retrievals sample the 
slant path across the same locations, altitudes, and time. The assumed temperature will nevertheless each order 
retrieval differently, depending on the excitation energy of the sampled lines. For instance, the HDO retrievals 
(orders 116–126) and the H2O retrievals employing the ν3 band (orders 167–171) primarily target low-J lines, 
while the H2O retrievals of the 2ν2 band (orders 133–136) sample higher J lines. We have previously explored the 
impact of this in detail (Villanueva et al., 2021), and generally we obtain consistent results between water retriev-
als between different orders (Figure S6 in Villanueva et al., 2021), implying a relatively good compensation for 
the temperature issue. Furthermore, the possibility to access different absorption bands of water also helps to 
mitigate opacity issues. For instance, strong fundamental bands of H2O (e.g., ν3) probe water up to 110 km, but 
become more saturated beyond 50 km, while the weaker 2ν2 band probes deeper into the atmosphere without 
saturation and have comparable opacity to the HDO lines. There is no active rejection criteria to produce these 
figures. All the spectra at all altitudes up to 110 km are processed, apart from the spectra whose I/F is lower than 
3% (low altitudes). In the maps, all the data are weighed based on the retrieval uncertainty. Detailed reports of the 
error-analysis, order combination, error propagation, and accuracy of the retrievals are presented in Villanueva 
et al. (2021). Considering the peak uncertainties presented in Figures S6 and S7 of Villanueva et al. (2021) and 
the challenges discussed above, we assume a conservative error-bar of 1 VSMOW for the D/H, and 10 ppmv for 
the H2O reported in Figure 1.

3.  The Seasonal and Spatial Variability of the D/H
During Martian year 34, the planet was engulfed in a global dust storm (GDS) that greatly perturbed the temper-
ature and vertical structure of the Martian atmosphere. The GDS started just after the southern spring equinox 
(LS > 180°), and lasted primarily until LS = 240° (Montabone et al., 2020), yet its effects on the atmosphere may 
have lasted longer. In addition, the lingering effects of the GDS were joined by a large regional dust storm that 
started during late southern summer (LS ∼ 320°). These two major events greatly affected the climate of Mars, 
primarily leading to a strong increase in atmospheric temperature, a substantial rise in altitude of the hygropause, 
and subsequent transport of water to unexpectedly high altitudes (Aoki et al., 2019; Belyaev et al., 2021; Chaffin 
et al., 2021; Heavens et al., 2018; Holmes et al., 2021; Neary et al., 2020; Stone et al., 2020).

After the northern spring equinox, the atmosphere returned to a state consistent with regular seasonal trends. The 
dramatic impact of these storms on the vertical distribution of water and the D/H can be observed in Figure 1, 
in which water is shown to reach high altitudes during the main part of the GDS (LS = 200°–220°) and during 
periapsis at southern summer (LS 270°–300°). Modeling of the D/H cycle with a General Circulation Model was 
recently performed (Daerden et al., 2022) to demonstrate the impact of the GDS compared to a normal situation. 
These simulations, in direct comparison with the NOMAD D/H observations, showed also how the effects of 
the GDS were mostly over by Ls ∼ 230° (Daerden et al., 2022, their Figure 18). Interestingly, during the GDS 
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when the Northern Hemisphere was in the winter season, the climate was substantially warmer there than normal 
(Daerden et  al.,  2022; Montabone et  al.,  2020; Rossi et  al.,  2021), leading to high-altitude water also in the 
Northern Hemisphere. Typically, the largest seasonal water columns are observed during summer in the Northern 
Hemisphere (Crismani et al., 2021), and that may be true in MY35, but the vertical profile of water is highly 
compact (confined to altitudes below 20 km), even at the peak of northern summer (LS ∼ 90–130°). This was 
already anticipated from cloud detections in northern summer by the Phoenix mission (Whiteway et al., 2009) 
and their simulated impact on the vertical distribution of water vapor (Daerden et al., 2010). (Note: GCM simu-
lations shown in Daerden et al. (2022) do not sufficiently confine water vapor so low due to a simplistic cloud 
description.). In all cases (all seasons and regions of the planet), the D/H declines quickly above the hygropause, 
from a nominal value above 5 VSMOW to a very low value near <2 VSMOW when HDO is not present (owing 
to its preferential freeze-out). This is consistent with our initial reports in Villanueva et al.  (2021) and GCM 
modeling (Daerden et al., 2022; Rossi et al., 2021), as well as complementary measurements with the ACS spec-
trometer suite (Alday, Trokhimovskiy, et al., 2021), which highlights the strong variability of this parameter with 
altitude. Alday, Trokhimovskiy, et al. (2021) reports a D/H greater than 5–6 VSMOW during southern summer 
(LS ∼ 190°–300°) in the 10–60 km altitude range, consistent within error-bars (1 VSMOW) with our findings as 
reported in Figure 1, which show red colors (∼6 VSMOW) for this season/altitude. In MY35, localized midal-
titude water with an enriched D/H value is observed during northern fall (LS 170°–190°) in the Northern Hemi-
sphere and in the Southern Hemisphere during mid southern spring (LS 200°–220°).

Our SO measurements are not sensitive to the lower 5–10 km of the atmosphere, and therefore they mostly provide 
information on the “upper” half of the hygropause during the Northern Hemisphere seasonal water release (LS 
0°–180°). Establishing the D/H of the total column from occultation measurements can therefore be challenging, 
since most of the effective column is not measured and the D/H ratio drops substantially with altitude. For the 
values during the peak of the northern summer release (LS ∼ 80°–130°) and closer to the surface, the D/H varies 
in the range of 4–7 VSMOW near the hygropause. Our previous ground-based observations of the total water 
column (Villanueva et al., 2015), at LS ∼ 80° and primarily weighted to the lower part of the hygropause, indicate 
a typical D/H of ∼7 VSMOW for the Northern Hemisphere seasonal release. Assuming as reference the other 
seasons as shown in Figure 2 and complementary isotopic fractionation modeling (Daerden et al., 2022), a value 
of ∼5–7 VSMOW close to the hygropause as reported here is consistent with the previous ground-based obser-
vations. Importantly, this would mean that the D/H of the water liberated from the seasonal northern polar cap is 
the same as that of the water liberated from the seasonal southern polar cap, roughly 6–7 VSMOW. Yet, due to 
the confinement of water relatively close to the surface during northern summer (see Figures 1 and 2), and the 
challenges associated with SO probing of such narrow vertical region, our results cannot rule out an alternative 
scenario with a D/H different than that of the southern seasonal cap. Future ground-based mapping during Mars 
southern summer could also help to address this question, while as we learn more about the pronounced localized 
and seasonal D/H variability on Mars, it becomes evident that highly parameterized GCM models with realistic 
fractionation/cloud models are ultimately needed for interpreting D/H measurements (of column measurements 
as reported from ground-based observations, and from SO profiles as reported here).

4.  Discussion and Conclusions
The challenges faced in the interpretation of D/H and in the context of deriving the history of water on Mars have 
been nicely summarized in the recent review by Jakosky (2021). Specifically, it is difficult to relate observations 
of the relatively small atmospheric water column (<100 pr-um GEL) to the current water reservoirs (30–40 m 
GEL) and to suggested ancient water reservoirs (up to 500 m GEL) with respect to their role in the loss of water 
to space over Mars’ history. There is also a fractionation effect (of at least 15%) between the D/H in the ice stored 
in the caps and the D/H observed in the vapor phase (Montmessin et al., 2005). The new results presented here, 
which probe the vertical profiles of water and D/H for both seasonal caps, together with previous ground-based 
and orbital measurements, suggest a common and highly enriched value for this labile reservoir of water. Atmos-
pheric D/H behaves as an integrator of the differential individual atomic (H and D) escape rates, and therefore 
without any new supply of water into the system, the D/H of the labile sources will continue to increase. Among 
other phenomena, the chaotic changes in obliquity that Mars has experienced (e.g., Laskar et al., 2004), and the 
corresponding impact on climate and regions of ice stability (e.g., Jakosky et al., 1995; Levrard et al., 2007), 
could lead to large exchanges between the reservoirs and further homogenization of the D/H across the planet. 
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Thus, the D/H value of the polar caps could be similar to the modern labile D/H value observed in the seasonal 
releases. This exchange and deposit from the atmosphere to the polar caps could occur rapidly (m/year) or slowly 
(μm/year) across millions of years.

Another challenge to the interpretation of D/H is establishing how closed the current hydrological system really is. 
As water at Mars’ ancient value of D/H is added to the system from previously or periodically isolated reservoirs, 
the D/H ratio of the current hydrological system is lowered. This effect is opposite that of escape to space. One 
thing is certain, the current D/H is highly enriched, with respect to the H2 nebular value (0.13 VSMOW, Lellouch 
et al., 2001), relative to the ancient value of Mars as derived from meteoric records (∼1.3 VSMOW, 4.5 billion years 
ago, Usui et al., 2012), and compared to the value of water on Mars during late Hesperian as inferred from rock 
sampling (∼3 VSMOW, Mahaffy et al., 2015), or even with respect to primordial cometary value (∼1–3 VSMOW, 
e.g., Altwegg et al., 2015; Bockelée-Morvan et al., 2015; Villanueva et al., 2009). As water is released by geological 
activity, with a D/H value resembling the primordial VSMOW value, the effect of this release would be to lower 
D/H over time. Thus, the integrated water loss implied by the measured D/H is a lower limit. In addition, water and 
hydrogen-rich volatiles delivered by comets and asteroids would lower the measured D/H value, though current deliv-
ery rates suggest a small contribution. Considering the upper bound of the estimates of carbon delivery by comets of 
∼1E5 kg/year (Frantseva et al., 2018), and assuming a C/H value of 1 with a constant delivery over 4.5 billion years, 
one calculates just 4.5E14 kg (3 mm GEL of water) of water delivered by comets. Such delivery is also comparable to 
the impact of a 5 km comet, meaning that thousands of comets would need to hit Mars to affect its D/H.

As we explore the history of water on Mars, these new D/H vertical profiles will require additional context 
provided by other isotopic markers (carbon, oxygen, noble gases), measurements of the formation of ice parti-
cles in the atmosphere, and the condensation/accumulation of these particles on the surface. Importantly, the 
measurements presented here would need to be closely related to subsurface measurements, including potentially 
groundbreaking measurements obtained by the ESA Rosalind Franklin rover. Furthermore, and hopefully not in 

Figure 2.  Average water (blue trace) and D/H (red trace) profiles during local summer (upper panels) and local-winter (lower-panels). Southern summer is LS 240–290 
MY34, northern summer is LS 70–120 MY35. Fractionation across the atmosphere is quite strong as shown in Figure 1, with the D/H being highly affected by the local 
climate. Therefore, these average profiles are primarily relevant when exploring general vertical morphologies, not for extracting absolute values. During southern 
summer and the global dust storm (GDS), water is brought to high altitudes, and it is also transported effectively to the winter hemisphere. During northern summer, the 
hygropause is quite compact and the D/H shows a strong fractionation with altitude, similarly to what occurs in our planet (Villanueva et al., 2012).

 19448007, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
098161 by C

ochraneItalia, W
iley O

nline L
ibrary on [03/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

VILLANUEVA ET AL.

10.1029/2022GL098161

7 of 13

the far future, a measurement of the D/H of the ices in the polar caps could address many of the challenges when 
interpreting atmospheric D/H values. Measurements obtained below the surface of the polar caps could prove 
quite revealing in separating current climatological effects and formation processes.

Appendix A:  NOMAD Instrument Calibration
The NOMAD instrument onboard TGO has two echelle grating high-resolution spectrometer channels that 
sample the infrared. One channel is dedicated to SOs and the other to nadir observations (LNO). The measure-
ments presented in this paper pertain to the SO channel, for which we report in this appendix a set of improved 
calibration methods ensuring an accurate representation of the different subcomponents of the channel. In an 
echelle spectrometer, the separation is achieved by placing a grating at a specific blaze angle, leading to construc-
tive/destructive patterns at specific resonance orders. These orders will by default overlap spatially on the detec-
tor, and typically separation of orders is achieved by placing an order filter switch or a cross-disperser that 
spatially displaces the orders so they do not overlap. In NOMAD, order sorting is achieved with an AOTF tuned 
at a specific resonance frequency and with a spectral bandwidth of ∼22 cm −1. AOTF filters have a sinc-like 
response function, and therefore light from nearby orders is also transmitted, although at an attenuated rate. If, 
hypothetically 5% of nearby orders beyond ±4 orders are added to the signal, then 5 × (4 × 2) up to 40% excess 
flux is added to the measurement, and the main signature is diluted to only ∼70% [100%/(100% + 40%)], with 
30% foreign signature. Capturing these proportions for many different tuning frequencies, and defining exactly 
how much signal is added from every nearby order is therefore of great importance in assessing the intensity of 
the observed signals. Our methods to measure and calibrate the AOTF response is described in Section A1.

Another important parameter to be quantified is how the light is dispersed and diffracted by the grating system. 
This will impact the shape of the observed features (ILS), the intensity of the flux across the order (grating blaze 
response), and the position of the lines on the detector (spectral calibration). A new characterization of the ILS 
is presented in Section A2, and a parameterization for the response of the grating with temperature and across 
orders is presented in Section A3. Detailed calibration scripts using these methods are available at our GitHub 
(https://github.com/nasapsg/ExoMars), documentation at Goddard’s ExoMars archive (https://psg.gsfc.nasa.gov/
apps/exomars.php), and at BIRA’s NOMAD site (https://nomad.aeronomie.be).

A1.  Characterization of the Acousto-Optical-Tunable-Filter

To characterize the response function of the filters across the whole spectral range of the SO channel, we make 
use of solar “miniscans” and “full-scans.” In this mode, the instrument points to the Sun, and the AOTF scans 
different frequencies in small increments (∼0.15–1.2 cm −1); the measurement is repeated several times across a 
range from 40 to 300 cm −1. The intensity of any solar feature will then change depending on the level of contri-
bution of that order to the whole ensemble, peaking when the AOTF is tuned exactly at the frequency of the solar 
line. We identified 11 solar lines in the SO range that are relatively well isolated and do not overlap signatures 
in nearby orders. We then analyzed the whole NOMAD calibration archive (2018–2021) and identified ∼70,000 
miniscan spectra that targeted these lines. We then employed two complementary yet independent methods to 
mine the data and then combined the results from both to establish a calibration scheme for the AOTF.

AOTF shape characterization (“A” method). Starting with our calibration recipe of the AOTF and the grating as 
reported in Liuzzi et al. (2019), we compute a synthetic a solar spectrum for the center AOTF frequency and the 
±6 orders and perform the order addition with an a priori AOTF solution. We then compare that to the data and 
determine small frequency shifts (mostly due to thermal–mechanical effects, see Section A3). We then compute 
two synthetic spectra (a: flux from central order spectrum, and b: flux from all other orders), and determine how 
much each contributes to the measured spectrum by performing a linear mixing fit. The output of this is a number 
that indicates how strong the central order is “seen” in the measured spectra. This information is recorded across all 
miniscans and for the 11 lines (see an example plot for one line in Figure A1). We then take all these measurements 
for every line, and adopting a specific AOTF model resulting from an initial visual inspection of the results, fit four 
AOTF parameters: (a) the width of first-crossing of the AOTF (width [cm −1]), (b) the intensity of sidelobes with 
respect to a perfect sinc, (c) a scaling factor the lower orders with respect to the higher orders (asymmetry factor), 
and (d) the peak intensity of a broad continuous contribution modeled as a Gaussian with a sigma of 50 cm −1 (peak 
offset). Fits to the miniscans for the 11 solar lines using this method are presented in Figure A1.
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Figure A1.  Characterization of Acousto-Optical-Tunable-Filter (AOTF) of the NOMAD solar-occultation (SO) channel. The upper two panels present example 
miniscan measurements of the intensity of the main order across AOTF frequency for two solar lines, derived employing the “A” method. On these, spectra 4 AOTF 
parameters were derived, in which this process was repeated for 11 solar lines. The lower panel presents these four parameters as derived employing “A” and “B” 
methods and the corresponding fits. In our analysis, we employ the solution labeled “recipe” which collects information and results from both methods.

AOTF global fitting (“B” method). The spectra of all miniscans related to a specific line (±3 cm −1 from a solar 
line; 1,000–10,000 spectra per line) are combined into a supraspectrum that contains all the measurements. Each 
measurement is calibrated for baselines and slight frequency corrections by comparing to an a priori solar spec-
trum. The above mentioned four AOTF parameters are then fitted simultaneously using this supraspectrum as 
input and employing a Levenberg–Marquardt minimization algorithm. This method, when compared to the “A” 
method, eliminates one analysis step yet it may be more susceptible to numerical instabilities.

Both techniques provide a metric for the same filter response and therefore are ultimately complementary. As 
such, we derive the AOTF calibration recipe across tuning frequency (order) by fitting a second-order polynomial 
to these measurements and by weighting the “A” and “B” results equally. The points do show some scatter, yet the 
critical parameter width and sidelobe ratio are relatively well constrained. The coefficients for each calibration 
recipe and the plots presenting the fits are presented in Figure A1

A2.  Characterization of the Instrumental Line Shape Function

The ILS describes how the instrument responds to monochromatic light. The observed spectrum is a convolu-
tion of the occultation spectrum with the ILS. The main property that describes the ILS is the width, normally 
quantified as the resolving power λ/δλ, which defines the FWHM across wavelength. The resolution of grating 

 19448007, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
098161 by C

ochraneItalia, W
iley O

nline L
ibrary on [03/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

VILLANUEVA ET AL.

10.1029/2022GL098161

9 of 13

spectrometers is defined by the properties of the grating grooves and the width of the entrance slit. Intrinsically, 
the ILS of a grating system is a sinc function with a Gaussian core (Villanueva et al., 2013), yet it can be modeled 
successfully with a Gaussian kernel. When analyzing SO data, we realized that the “left” (lower pixels) side of 
the spectrum was sharper than the “right” (higher pixels). In some bright lines, a double peak feature could be 
observed only on the right side of the array and for certain orders (Thomas et al., 2021). This was an unexpected 
feature of the spectrum, though such effects can occur if a crack develops in a certain element of the optics, lead-
ing to a “ghost” image to be produced. In order to characterize this effect, we analyzed Mars occultation data for 
several orders employing primarily two techniques:

Deconvolution (“C” method). The deconvolution method uses the information content of a spectrum in a 
completely agnostic way, that is, without making any a priori assumption on the functional form of the ILS. This 
method compares the observed spectrum with a fiducial model that considers the AOTF properties, by perform-
ing a sliding convolution between the two as

ILS(𝑗𝑗) ≅

+∞

∫
−∞

𝑦𝑦 (𝑥𝑥𝑖𝑖 + 𝛿𝛿)𝑅𝑅(𝑣𝑣)𝑑𝑑𝑑𝑑 ≅

+𝑀𝑀
∑

𝑖𝑖=−𝑀𝑀

𝑦̃𝑦 (𝑥𝑥𝑖𝑖+𝑗𝑗) ⋅𝑅𝑅 (𝑥𝑥𝑖𝑖) ,� (A1)

where M represents the number of pixels of the observed spectrum around the jth pixel of the observed spectrum, 
and 𝐴𝐴 𝐴𝐴𝐴 indicates the spectrum previously interpolated to the same sampling as the model radiance 𝐴𝐴 𝐴𝐴 to perform 
the sum. For our analysis, we considered a sliding convolution with M corresponding to ±15% of the spectrum. 
As j is varied in Equation A1 across the whole observed spectrum, the ILS is reconstructed for each pixel of 
the observed spectrum. The output of this process is a two-dimensional array with the ILS at each pixel. If we 
consider that the ILS is a combination of two Gaussians, then at every pixel we would have to fit 2 × 3 = 6 param-
eters (intensity, width, and center position). Yet, remembering that the intrinsic width of the Gaussian function is 
defined by the grating (the only diffractive element), and assuming that the second Gaussian is a shifted replica 
of the main Gaussian, the problem is reduced to three parameters (width of both, relative shift of the ghost, and 
relative intensity of the ghost). To further constrain the fitting for each order, we assumed that the intensity of 
the relative ghost is constant across pixels and considered a constant resolving power across pixels. Then, we 
performed a two-dimensional fit on the observed ILS map by fitting a second displacement function between 
the two Gaussians (three parameters). This was repeated for many orders across the SO channel and considering 
different levels of line saturation, see results in Figure A2.

Gaussian fitting (“D” method). An alternative method that we also explored was to analyze Mars spectra contain-
ing many isolated bands (e.g., from P and R branch lines of CO2 and CO) across the detector. A double Gaussian 
function was fitted to every unsaturated line, and the width, separation, and relative intensity were quantified 
across the detector. This was repeated across several orders and altitudes on Mars, using more than 100,000 spec-
tra for each order. Similarly, to method C, for each order analyzed, a single RP and intensity were derived for each 
order analyzed, together with the second-order coefficients of the displacement function.

Each presented method is susceptible to different effects, for instance the accuracy of the “C” method depends 
on the number and diversity of spectral features across the convolution window, while the “D” method is highly 
susceptible to baseline issues and contamination of other weak lines. To further test the consistency between 
methods, two independent teams analyzed the calibration data employing “D” method yet using different base-
line and Gaussian fitting methods. For our aggregated calibration method, we combine the relative intensity and 
width from the three analyses and employ the separation function as determined by the “C” method, see results 
in Figure A2. We incorporated this complex ILS function into our synthetic models by doing the following: (a) 
the spectrum is simulated at high resolution and convolved with a single Gaussian kernel having a RP of 17,000, 
which is the average RP measured across all orders; (b) this convolved model spectrum is interpolated employ-
ing the displacement Gaussian function with the coefficients as presented in Figure A2; (c) the total model is 
computed as a summation of these two components as S = (S1ST + 0.27S2ND)/1.27, in which 0.27 is the average 
“ghost” intensity factor derived for all orders.
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A3.  Characterization of the Grating (Width and Position)

The main parameter of the grating is the Free Spectral Range (FSR), which defines the intensity of the blaze 
across an order and the diffraction projection across pixels (i.e., spectral calibration). In that sense, every detector 
pixel can be considered a different diffraction system, each having a different FSR, and the anamorphic projection 
of the dispersive system defining the relationship between pixels and frequency. The relationship between FSR 
and pixel for the SO channel has been obtained from analyzing full-scan and miniscan as presented in Liuzzi 
et al. (2019), and FSRi = vi/m = F0 + F1·i + F2·i 2, where i is the pixel number (0–319), vi is the frequency at pixel 
i, m is the order, and the coefficients F0, F1, and F2 are 2.24734E+01, 5.55953E−04, and 1.75128E−08, respec-
tively. The order number (m) is simply the AOTF frequency (in wavenumbers) divided by the FSR at that pixel.

The peak of the grating transfer function, defined the blaze equation (a sinc squared function), has been tuned in the 
SO channel to occur near the center pixels (Neefs et al., 2015). The resulting measured flux is then a combination 
of the flux of all orders filtered through by the AOTF multiplied by the blaze equation. When analyzing calibration 
data, we noticed that the center of the blaze and therefore “peak” of the grating shifted with frequency for this chan-
nel (see upper panel in Figure A3). This would mean that the peak FSR and width of the grating is being affected 
by refraction or some other optical anomaly, which in turns displaces the peak flux across detector pixels. We used 

Figure A2.  Characterization of Instrument Line Shape (ILS) function of the NOMAD solar-occultation (SO) channel. The upper-left panel shows an example spectrum 
employed with the “C” method to perform the deconvolution. The red trace is the high-resolution synthetic spectrum, which is convolved with a sliding function 
across the measured spectrum, resulting in the impulse ILS function. This process is repeated for every pixel in the detector, and an ILS function across the detector is 
determined (upper-right panel). The lower panel shows the properties of the ILS as determined employing “C” and “D” methods (two independent analyses), while the 
displacement curve is plotted for all measured orders employing the “C” method in the lower-right panel.
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this displacement information to determine the relationship between the grating peak FSR and AOTF frequency as a 
third degree polynomial: FSRpeak = P0 + P1dv + P2dv 2 + P3dv 3, where dv is vAOTF–3,700 cm −1, and P0, P1, P2, and P3 
are 2.25863468E+01, 9.79270239E−06, −7.20616355E−09, and −1.00162255E−11, respectively (see lower-right 
panel in Figure A3). Since we mostly operate with normalized I/F spectra in our retrievals from SO data, the effect 
of the FSRpeak is not critical for our retrievals, but it is relevant when operating with absolute flux data.

A key aspect of the grating is that its properties are highly susceptible to temperature. As the grating expands 
and contracts due to variations in temperature, the FSR changes accordingly. We investigated the effects of 
temperature on the grating by analyzing the variability of FSRpeak in the full-scans and that of the shift in the 
position of lines as determined from the AOTF study (“A” method). In principle, since the spectral solution 
depends on the grating FSR and grooves spacing, they should expand as FSR′ = FSR·[1 + K(T)], where K(T) 
is a scaling correction factor for temperature T (°C). In our analysis of all calibration data from 2018 to 2021 of 
FSRpeak from the full-scans and the line-positions from the miniscans, we observe the same K(T) function, which 
we determine to be K(T) = K0 + K1T + K2T 2, where K0, K1, and K2 are −1.90001923E−04, −2.30708836E−05, 
and −2.44383699E−07, respectively (see lower-left panel in Figure A3).

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Figure A3.  Characterization of grating properties of the NOMAD solar-occultation (SO) channel. The upper panel shows normalized solar spectra collected from 
full-scan data at different Acousto-Optical-Tunable-Filter (AOTF) frequencies. The overlaid color trace is a synthetic intensity model (PEC function, see Liuzzi 
et al., 2019) computed using the here presented AOTF and grating calibration solutions, showing very good agreement. The lower-left panel shows the measured 
spectral displacement of the solar lines sampled in the “A” method for different grating temperatures and order number (color). This dispersion nicely follows a 
second-order pattern, with coefficients listed in the panel. The frequency of peak Free Spectral Range (FSR; equivalent to the grating width) as shown in the upper 
panel is plotted in the lower-right panel. These values have been corrected for temperature with all colors generally overlapping, validating the coefficients determined 
in the lower-left panel. A third-order polynomial was fitted to this curve to identify the variation of the blaze width with order number.
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Data Availability Statement
The retrieval software package used in this study is the Planetary Spectrum Generator, free and available 
online at https://psg.gsfc.nasa.gov (Villanueva et  al.,  2018), with example scripts available at https://github.
com/nasapsg. The data used in this analysis are available at the European Space Agency (ESA) planetary 
archive (https://archives.esac.esa.int/psa), and also at the NOMAD European data center (https://nomad.
aeronomie.be/index.php/data, Thomas et  al.,  2021; Vandaele et  al.,  2019), and at NASA’s ExoMars archive 
(https://psg.gsfc.nasa.gov/apps/exomars.php). Figures were made with Matplotlib version 3.2.1 (Caswell 
et al., 2020), available under the Matplotlib license at https://matplotlib.org/.
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