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Abstract On Mars, condensation is the major factor constraining the vertical distribution of water vapor.
Recent measurements of water and temperature profiles showed that water can be strongly supersaturated at and
above the level where clouds form during the aphelion and perihelion seasons. Since 2018, the near-infrared
spectrometer (NIR) of the Atmospheric Chemistry Suite onboard the Trace Gas Orbiter has measured H,O

and temperature profiles using solar occultation in the infrared from below 10 to 100 km of altitude. Here, we
provide the first long-term monitoring of the water saturation state. The survey spans 2 Martian years from
L,=163° of MY34 to L, = 170° of MY36. We found that water is often supersaturated above aerosol layers. In
the aphelion season, the water mixing ratio above 40 km in the mid-to-high latitudes was below 3 ppmv and yet
is found to be supersaturated. Around the perihelion, water is also supersaturated above 60 km with a mixing
ratio of 30-50 ppmv. Stronger saturation is observed during the dusty season in MY35 compared to what was
observed in MY34 during the Global Dust Storm and around the perihelion. Saturation varied between the
evening and morning terminators in response to temperature modulation imparted by thermal tides. Although
water vapor is more abundant in the evening, colder morning temperatures induce a daily peak of saturation.
This data set establishes a new paradigm for water vapor on Mars, revealing that supersaturation is nearly
ubiquitous, particularly during the dust season, thereby promoting water escape on an annual average.

Plain Language Summary The rate of water loss from Mars depends on hydrogen, the main
product of the H,O photodissociation escaping from the upper atmosphere. The ability of water to reach high
altitudes and to be a direct source of atomic hydrogen is limited by cloud formation, which holds water vapor
in the lower atmosphere. This process is regulated by temperature and pressure. Condensation starts when the
temperature is cold enough and condensation nuclei (CN) (e.g., small dust particles) are available. If CN are
lacking, or their sizes are too small, or the temperature drops too fast, then water vapor becomes supersaturated.
Recent studies have shown that Martian water vapor is often supersaturated. Here, we present the first seasonal
cycle of the saturation state from simultaneous measurements of water and temperature during two Martian
years by Atmospheric Chemistry Suite on the Trace Gas Orbiter. Our results show that supersaturation is
typical on Mars. It occurs above clouds both in the aphelion and perihelion seasons as well as in the lower polar
atmosphere. We demonstrate supersaturation to be an important factor facilitating the escape of water. Unlike
the Earth, water easily penetrates the upper atmosphere and reaches photodissociation altitudes.

1. Introduction

The water vapor vertical distribution in the Martian atmosphere is driven by microphysics, radiative transfer,
dynamics, chemistry, as well as regolith-atmosphere interaction and surface properties. Temperature is one of
the main parameters controlling the saturation of water, which governs cloud formation and subsequently the
vertical distribution of water. Because clouds have a radiative effect (see e.g., Navarro et al., 2014), they in turn
generate a feedback loop that impacts climate overall. The cold aphelion season is characterized by a low hygr-
opause that produces clouds and blocks water vapor below 10-20 km, thereby regulating the advection of water
from the Northern to Southern Hemisphere (Clancy et al., 1996; Montmessin et al., 2004). In the warm dusty
perihelion season, higher atmospheric temperatures induce a higher hygropause, with water vapor extending up
to 60-80 km (Clancy et al., 1996; Fedorova et al., 2021; Montmessin et al., 2004; Trokhimovskiy, Fedorova,
etal., 2015). Recent observations found that Global Dust Storms (GDS) have a strong impact on the water vertical
distribution. During these events, water can reach up to 100 km, as observed during the MY28 GDS (Fedorova
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et al., 2018; Heavens et al., 2018) and MY 34 (Aoki et al., 2019; Belyaev et al., 2021; Fedorova et al., 2020, 2021;
Villanueva et al., 2021). Such events constitute a quasi-direct source of hydrogen in the upper atmosphere, accel-
erating the escape of hydrogen to space (Clarke et al., 2014; Chaffin et al., 2014, 2017; Krasnopolsky, 2019;
Shaposhnikov et al., 2019). In situ sampling by the Mars Atmosphere and Volatile EvolutioN (MAVEN) Neutral
Gas and Ions Mass Spectrometer even showed that water molecules were propelled up to an altitude of 150 km
(Stone et al., 2020), producing one of the most spectacular illustrations of the tight and fast coupling between the
lower and the upper atmosphere. The link between dust and hydrogen escape was explored thanks to simultane-
ous measurements of dust, temperature, ice, water, and hydrogen during the regional C-storm of MY34 (L, 310°
and 320°). This isolated dust event boosted planetary H loss by a factor of 5-10 (Chaffin et al., 2021). Highly
sensitive Trace Gas Orbiter (TGO) measurements were able to profile water up to 120 km during perihelion in
MY34 and MY35 and during the MY34 GDS (Belyaev et al., 2021). Together with the multi-annual survey of
H,O vertical distribution by SPectroscopy for the Investigation of the Characteristics of the Atmosphere of Mars
(SPICAM) (Fedorova et al., 2021), this kind of data set has proven to be insightful to address the contribution of
the dusty perihelion season and that of the MY34 GDS in enhancing the production of H atoms that eventually
make their way to the upper atmosphere (Belyaev et al., 2021; Montmessin et al., 2022).

Supersaturation reflects the ability of water to penetrate the cold trap associated with cloud formation and prop-
agate above it. It also reveals an inefficient condensation process that may be attributed to a lack of condensation
nuclei (CN) or higher resistance to diffusive growth. The first evidence of supersaturated water vapor in the
Martian atmosphere was produced by SPICAM on the Mars Express. Maltagliati et al. (2011) observed super-
saturation reaching 2 to 10 at 30—40 km in the aphelion season, from L = 50° to 120° in both hemispheres using
SPICAM water profiles and collocated Mars Climate Sounder (MCS) temperatures corrected for local time. The
observed supersaturated state was then explained by possible lack of CN due to the scavenging effect; that is,
a cleaning of the atmosphere of dust captured by forming ice particles and then dragged to lower altitudes by
sedimentation. However, Fedorova et al., (2014) analyzing the same set of observations showed that aerosols, and
thus CN were present in the atmosphere for latitudes below 60°N at 30-50 km but mostly with submicron particle
size <0.1 pm. The authors estimated that the critical saturation ratio for such particles can vary from 2 to 4 for low
temperatures of the middle atmosphere, in general agreement with the conclusions of Maltagliati et al. (2011).
Clancy et al. (2017) used 1.27 pm 02(1Ag) dayglow profiles from the Compact Reconnaissance Imaging Spec-
trometer for Mars (CRISM) limb observations and the Laboratoire de Météorologie Dynamique (LMD) Mars
Global Climate Model (GCM) to constrain water profiles and estimate a saturation ratio for L, = 60°-140° and
200°-310° seasons. A high (>2.2) saturation ratio was found in northern mid-to-high latitudes at 20—40 km, in
rough agreement with SPICAM findings. In contrast, Clancy et al. (2017) reported no supersaturation in the
southern summer season, when SPICAM found supersaturation of 2-3 times at 80 km in the presence of clouds
(Maltagliati et al., 2013).

However, these earlier discoveries of supersaturation had to rely on separate temperature estimates and the first
simultaneous water vapor and temperature profiles were produced by Atmospheric Chemistry Suite (ACS)
(Fedorova et al., 2020; Korablev et al., 2018) experiment on TGO dedicated to occultation measurements and
vertical profiling of the atmosphere. TGO began its science phase in March 2018 (L, = 163° of MY34) shortly
before the GDS. ACS observed the saturation state on the global scale during the dusty season and definitely
showed that supersaturation occurs even when clouds are present. Supersaturation was detected in both hemi-
spheres above 60-80 km from L = 210° to 340° and in high latitudes in the lower atmosphere below 20-30 km.

Poncin et al. (2022) investigated water vapor saturation in the presence or proximity of water ice clouds for
co-located observations of temperature and ice clouds by MCS and water vapor profiles by CRISM and Nadir and
Occultation for MArs Discovery (NOMAD) on TGO at various times during the Martian year. During the aphe-
lion season, water was close to saturation in the presence of clouds, with the supersaturation of 2-3 at the top of
the cloud layer. During the perihelion season, values of supersaturation up to 1.5 were observed in high southern
latitudes near the top of the clouds. Measurements during the GDS of 2018 suggest that supersaturation did not
exceed 5. Based on these measurements, a schematic model of cloud evolution was proposed (Poncin et al., 2022)
with small particles formed rapidly in supersaturated regions and then growing and falling, explaining why water
ice was observed even in the subsaturated region below.

Water ice clouds play a key role in the radiative transfer of the Martian atmosphere, impacting its circulation
and thermal structure (Madeleine et al., 2012). Therefore, detailed cloud microphysics has become a central
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component of Mars' GCMs (Haberle et al., 2019; Montmessin et al., 2004; Navarro et al., 2014; Shaposhnikov
et al., 2019, 2022). The first time supersaturation was simulated by a climate model, it had to include a cloud
microphysics module accounting for the nucleation of dust particles, water ice particle growth/sublimation, and
scavenging (Navarro et al., 2014). The model found reasonable agreement with SPICAM observations with
regard to the supersaturation level predicted above the hygropause. At L, = 210°-240° and 330°-360° studied by
the authors, temperature clearly controlled the boundary of supersaturation and its values reached 1,000 in some
cases, although the absolute value of the water mixing ratio in this region was less than 1 ppmv and negligible
compared to total water.

Following TGO observations, Holmes et al. (2022) studied global variations in water vapor and saturation state
in the dusty season of MY34 including the GDS. Using the cloud model of Navarro et al. (2014), they assim-
ilated observed temperature and water vapor values from a variety of instruments in the Mars' climate model.
Discrete layers of supersaturated water were found at all latitudes during the dusty season of MY34. They found
evidence of water supersaturation above 60 km for most of the GDS period. The GDS and the southern summer
regional C-storm (L, from 310° to 320°) forced water to be supersaturated at altitudes where it can break up and
then produce hydrogen atoms that eventually escape to space. The model reanalysis indicates that it occurs at
all latitudes where ACS is observed. This analysis also found evidence of water in a supersaturated state break-
ing into the northern winter polar vortex. The layer is centered at 20—40 km at latitudes poleward of 60°N and
corresponds to cold air below the polar warming at higher latitudes. This finding has implications for the surface
atmosphere exchange in the northern polar cap and water transport.

Moreover, a study by Vals et al. (2022) argues that supersaturation influences not only water transport and abun-
dance but also the HDO/H,O ratio. The authors used an improved global general circulation model including
HDO and accounting for cloud microphysics and radiative effects. As described above, supersaturation reflects
a porous hygropause (and deuteropause) allowing water to penetrate higher altitudes. It also reflects the fact that
condensation is throttled down and so is HDO fractionation. In addition, supersaturation also affects the HDO
condensation through kinetics effects that further reduce fractionation. D/H can subsequently be twice lower than
when supersaturation is not allowed and condensation maintains water vapor at phase equilibrium.

Compared to Fedorova et al. (2020), we present here the full set water vapor saturation state obtained by the
Near-InfraRed (NIR) ACS spectrometer throughout two Martian years from L = 163° of MY34 to L, = 170° of
MY?36, while Fedorova et al. (2020) stopped their analysis at L, = 355° of MY34. Since this first publication,
the calibration of the instrument and the retrieval procedure and pipeline have been improved as described in
Section 2, where an overview of the ACS NIR spectrometer, retrievals, and observation coverage is presented as
well as observations of H,O clouds with the Mid-InfraRed (MIR) channel of ACS. Section 3 provides an over-
view of results focusing on the seasonal, latitudinal, local time, and interannual variations. Section 4 discusses the
correlation with previous measurements.

2. Observations
2.1. ACS NIR Spectrometer

TGO was launched in March 2016 and was inserted into Mars' orbit in October 2016. Routine science began
in April 2018 after 18 months of aerobraking that led to the final circular 400-km orbit. ACS is a set of three
high-resolution spectrometers, NIR, MIR, thermal infrared (TIRVIM) operating in the spectral range from 0.65
to 17 pm onboard TGO.

The NIR spectrometer combines an acousto-optical tunable filter (AOTF) used as a monochromator that can
be commanded to isolate a specific wavelength bandpass whose width approximately corresponds to the free
spectral range of the echelle grating that operates at high diffraction orders. It covers the 0.7-1.7 pm spectral
range using diffraction orders 101 through 49 with a high resolving power of about 28,000 (Korablev et al., 2018;
Trokhimovskiy, Korablev, et al., 2015). During an occultation, ACS NIR measures ten pre-selected diffraction
orders every 2 s. Extremely high spectral resolution allows ACS NIR to sound different atmospheric constituents
such as H,0, CO, CO,, and weak band of O, (Fedorova et al., 2020, 2022; Korablev et al., 2018). The duration
of occultation, from 100 km tangent altitude down to the surface, varies from 1 to 4 min depending on the
angle between the orbit plane and the spacecraft—Sun vector (the beta angle), which gradually changes through-
out the year (Korablev et al., 2018). This results in a different number of spectra recorded during a particular
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occultation (from about 30 to 130). The instantaneous field-of-view of NIR in the direction perpendicular to
the limb is small (~0.02°) and limited by the slit width equal to 2 pixels. It corresponds to a vertical resolution
of 500-600 m at the tangent altitude of the line of sight. The time to measure one diffraction order is 0.2 s,
yielding an effective vertical resolution better than 1 km for each diffraction order. The number of detector lines
measured in a single occultation and its position on the detector depends on the pointing direction (NOMAD or
ACS MIR-driven) and the available downlink volume. It varies from 6 to 30 lines; the solar image size on the
detector limits the upper boundary. Averaging 30 detector lines does not worsen the vertical resolution since that
dimension of field-of-view is oriented along the limb. The SNR for an individual pixel and pure solar signal in
the AOTF maximum is ~600 for the MIR pointing and ~300 for the NOMAD pointing.

The calibration of the ACS NIR from laboratory measurements and first in-flight data is summarized in
Trokhimovskiy, Fedorova, et al. (2015) and Korablev et al. (2018). It included the AOTF characterization depend-
ence on temperature and spectral range, signal-to-noise ratio estimations, blaze function and instrumental line
shape, and resolving power variation with diffraction order and detector position. These calibrations were used
in the retrievals of temperature and water vapor by Fedorova et al. (2020). The present study includes just one
update, improved characterization of the AOTF profile within the diffraction order 49 to better describe the order
overlapping from far sidelobes. The AOTF profile at ~1.565—1.58 pm, close to the long-wavelength bound of the
detector, has not been characterized in the laboratory accurately enough and was improved using in-flight solar
spectra.

The data processing of ACS NIR in occultation mode was described in Fedorova et al. (2020). The transmittance
was obtained as the ratio of spectra measured inside the atmosphere to the reference solar spectrum. To obtain a
reliable solar reference, we averaged spectra outside the atmosphere (above 140-150 km). We also binned 6-25
detector lines inside the solar disc with the maximal signal, excluding the solar image edges, resulting in an SNR
of 800-3,000, depending on the occultation for pure solar signal. Another important modification in present
data processing is the use of the recently corrected SPICE kernels by the Navigation and Ancillary Information
Facility describing the spacecraft altitude. The TGO onboard clock was found to have variable bias with respect
to the Universal Time Coordinated, up to several seconds at maximum, resulting in the tangent altitude prediction
errors of up to several km. The geometry used here has been corrected for this anomaly.

2.2. Retrieval Algorithm

For this study, we used measurements of diffraction order 49 (6,318-6,387 cm™), order 54 (6,960-7,040 cm™!),
and order 56 (7,217-7,300 cm™!) (Figures 1a—1d). Order 49 was initially used to retrieve the temperature and
CO, density using the 1.57 pm CO, band and CO mixing ratio using a weaker overlapping band (Fedorova
etal., 2020, 2022) (Figure 1b). Order 56 contains the strongest lines of the 1.38 pm water vapor band and was also
used by Fedorova et al. (2020) (Figure 1d). Order 54, firstly applied here for NIR analysis, contains the strongest
(in the NIR spectral range) 1.43 pm CO, band and weak H,O lines on the edge of the 1.38 pm band. Together
with order 49, it was used to retrieve the temperature and CO, density, especially at altitudes above 80 km where
the 1.57 pm CO, band is weaker.

The retrieval follows the same methodology as the previous temperature and water vapor retrieval with this
instrument (Fedorova et al., 2020). A forward model of transmission is computed using a look-up table of absorp-
tion cross-sections (as a function of pressure and temperature) for atmospheric layers determined by the number
of observed target altitudes from the lowest level above the surface to ~100-120 km depending on order. For
the strongest 1.43 pm CO, band (order 54), the maximal altitude was found to be 120 km. For the 1.57 pm band
(order 49), the maximal altitude was about 100 km. The absorption cross-sections are calculated using the spec-
tral line parameters from HITRAN 2016 (Gordon et al., 2017) with a correction coefficient of 1.7 for the H,O
broadening in CO,-dominated atmosphere as suggested by Gamache et al. (1995), and self-broadening in the
case of CO,.

In the first step, we retrieve the temperature and pressure profiles from orders 49 and 54. The spectral resolution
of NIR allows resolving the rotational structure of the CO, bands and disentangling weak CO features within (the
CO retrievals from order 49 are described in the companion paper, Fedorova et al., 2022). The retrieval employs
an algorithm proposed by Ceccherini (2005) and Ceccherini et al. (2007), which combines the Levenberg—
Marquardt iterative scheme with Tikhonov regularization. Regularization is commonly employed to smooth the
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profile and minimize the errors. The retrieval algorithm returns all the unknowns (temperature, pressure, and CO
for order 49 and temperature, pressure, and H,O for order 54) at all altitudes at the same time, that is, the vertical
profiles (Fedorova et al., 2018, 2020) (Figure 1). However, we found that the vertical profiles of pressure retrieved
from the rotational structure of the CO, bands sometimes generate unrealistic results. In ~30% of profiles of the
analyzed data set, we observed a bend, a drop in the pressure curve at some altitudes, contradicting the hydrostatic
law. Therefore, in the second step, we assume hydrostatic equilibrium as described in Fedorova et al. (2020). We
determine a pressure P at an altitude level where the error is minimal in the first step (the highest data quality),
and then compute the pressure profile from the hydrostatic equilibrium, integrating the retrieved T profile above
and below the P level. The uncertainty on the retrieved quantities on both steps is given by the covariance matrix
of the solution. Results are presented in Figure 1 for temperature (Figure 1e) and density (Figure 1f) profiles.
Both orders have shown very close results (see also Figure S1 in Supporting Information S1). The systematic
difference between the orders 49 and 54 below 45 km does not exceed 1.5 K on average, but grows above 50 km to
reach —5 K (the order 49 is colder) between 45-65 km and —8 to 9 K above 65 km. Systematics can be related to
small uncertainties of AOTF calibrations and spectral resolution in the two orders as well as different absorption
depths of the two CO, bands. To minimize these uncertainties, we use the weighted averaged profiles between
two orders.

The assumption of hydrostatic equilibrium can be questioned for observations with a high beta angle, where the
line of sight tracks a wide range of latitudes and longitudes. However, the occultations with a beta angle exceed-
ing 60° constitutes ~6% of the analyzed data set only. We also note that the difference between the rotational (T',,)
and the hydrostatic (7,,) temperature is generally <2 K, except at low altitudes (<20 km) where the rotational
temperature may be affected by the saturation of spectral lines (see Figure S2 in Supporting Information S1). For
higher beta angles, the standard deviation of difference between T, and T, is growing but remains smaller than

5 K on average. We have taken into account these uncertainties as an additional 5 K systematic error for orbits
with beta-angles >60°.

In the next step, the H,O number density and v.m.r. are retrieved by applying a similar retrieval proce-
dure (Levenberg-Marguardt combined with Tikhonov regulation) to the spectra in the diffraction order 56
(7,217-7,302 cm™!). Only one free parameter vector is retrieved (the H,O volume mixing ratio (vmr)) with the
pressure and temperature profiles obtained in the previous step. The self-consistent retrieval of the H,O profile,
along with that of CO, and the temperature profile, is a more reliable approach than using the climate model
predictions of temperature. These predictions are shown to have a bias compared to observations (see Fedorova
et al., 2020). Figures 1b—1d show an example of spectra with the best-fit synthetic spectra, demonstrating the
good quality of the data.

In the case of water vapor, the uncertainty on the retrieved quantities is also given by the covariance matrix of
the solution and we account for the Jacobian errors due to the uncertainties in the retrieved T and P. For further
analysis, we removed all data with H,O uncertainties exceeding 100% or with temperature error exceeding 12 K.

ACS NIR measured CO, and H,O vertical profiles together with several instruments onboard TGO. The vali-
dation of NIR temperature profiles against ACS MIR results obtained from the 2.7 pm band showed a good
agreement for a wide set of simultaneous measurements (Alday et al., 2019, 2021; Belyaev et al., 2021; Fedorova
et al., 2020). The water profiles were validated with the ACS MIR measurements in the 2.6 pm water band (Alday
etal., 2021; Belyaev et al., 2021) and with simultaneous measurements of water vapor near 3.3 pm with NOMAD
SO (Aoki et al., 2022).

2.3. Saturation Ratio

The water vapor saturation pressure depends solely on temperature in the approximation of the Clausius-Clapeyron
(List, 1984), which is applicable to planetary atmospheres. For the computation of the water saturation in the

Figure 1. Example occultation spectra of CO, and H,0O bands measured by Atmospheric Chemistry Suite near-infrared channel and the retrieved profiles for
occultation 4154 in MY34 (L, = 278°, latitude: 55°S, longitude: 317°E, local time 3:06). (a) Synthetic spectra of CO, and H,O absorptions (target altitude of 20 km);
the ranges corresponding to measured diffraction orders are marked by vertical bars. (b) Observed (black) and best fit model (magenta) transmittances in order 49 at
35 km with residual. (c) Observed (black) and best fit model (blue) transmittances in order 54 at 35 km with residual. (d) Observed (black) and best fit model (red)
transmittances in order 56 at 35 km with residual. Lower panels show profiles retrieved from this occultation: (e) temperature in Kelvin from orders 49 (magenta) and
54 (blue), (f) CO, density in cm~ from the same orders and (g) water vapor mixing ratio in ppmv from order 56 with saturation ratio (black) calculated as explained in

Section 2.3.
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Martian atmosphere, we use a semi-empirical form of the Clausius-Clapeyron law, the Goff-Gratch equation
(Goff & Gratch, 1946) that yields the vapor pressure over ice:

log P = 2.07023-0.00320991 T —2,484.896 T~! + 3.56654 log T,

where P is the saturation vapor pressure in mbar, and 7 is the temperature in kelvin. The choice of saturation
equation can be critical for low temperatures typical of the Martian atmosphere. The Goff-Gratch equation was
recommended for temperatures from —100°C to 0°C. The comparison with recent accurate formulas from Wagner
etal. (2011) and Huang (2018) has shown an agreement inside 0.25% of pressure for temperature as low as 155 K
and inside 4% for 120 K, to be compared with the factor of two changes induced by the uncertainty of about 5 K.

The saturation ratio S is defined as § = P,;,/P,. The uncertainties of S are evaluated as the total differential of

S, using the uncertainties of the retrieved temperature, pressure, and water vinr.

sat*

2.4. Aerosol Loading Estimation

To complete the water vapor and temperature profile extraction, the aerosol extinction can also be retrieved. ACS
NIR measures the atmospheric extinction in all diffraction orders used during an occultation. Two orders are dedi-
cated only to measuring aerosols: order 78 around 0.99 pm (10,052-10,170 cm~') and order 90 around 0.86 pm
(11,500-11,734 cm~!). When measuring CO, and H,O using orders 49, 54, and 56, aerosols can be retrieved
from the continuum in between the gaseous absorption bands. From NIR spectra, it is not possible to distinguish
between dust and water ice aerosols; thus, NIR extinctions should be treated as a product of both types of aerosols.

To distinguish water ice cloud particles, in addition to NIR, we also used aerosol extinction retrieved from ACS
MIR occultation data. This procedure has been described in detail and validated in Fedorova et al. (2020) and the
related Supporting Information.

First, we apply a standard “onion peeling” method (Rodgers, 2000) to retrieve vertical profiles of aerosol
extinction and associated uncertainties from the ACS solar occultation data for NIR and MIR independently
(Fedorova et al., 2009, 2014, 2020). From NIR data, extinction is retrieved from orders 49 (6,318-6,387 cm™}),
56 (7,217-7,300 cm~"), 78 (10,052-10,170 cm™"), 90 (11,500-11,734 cm™"), and 101 (13,016-13,170 cm™"),
following Luginin et al. (2020). From MIR data, we use spectra measured in the secondary grating position 12
(2,905-3,265 cm™!), which includes a water ice absorption band at ~3 pm (Fedorova et al., 2020; Stcherbinine
et al., 2020).

MIR aerosol extinction at the center of the water ice band (3,225 cm™!) is treated as a substitute for aerosol mass
loading, and extinction at several other wavelengths allows distinguishing between water ice and dust particles.
Specifically, the ratio between MIR extinction at 3,225 cm™! and NIR extinction at 10,126 cm™ is used to esti-
mate particle size, while the ratio between MIR extinctions at the center (3,225 cm™!) and the wing (2,922 cm™)
of the water ice band defines the aerosol type (for more details, readers are referred to Table S2 in Supporting
Information of Fedorova et al., 2020). In this work, we used MIR aerosol extinction at 3,225 cm~!, which was
attributed to water ice, as a proxy for water ice mass loading.

From April 2018 to January 2022, ACS MIR performed 866 solar occultation measurements in the secondary
grating position 12, almost ten times less frequent than the NIR channel. Figure 2 shows a comparison of MIR
extinction at 3,225 cm™~!, produced by water ice particles with blue color showing the part of extinction satisfying
water ice criteria, with one of NIR extinction at 1.4 pm for two example observations: 5987_E at L, 2° of MY 35
at low latitudes, and 12756_1I at L  289° of MY 35 at high latitudes. To validate the extinction relation method,
Figure 2 also contains water ice mass loading retrieved from a complex solution of the inverse problem from the
simultaneously recorded MIR and NIR spectra with a procedure described in Luginin et al. (2020).

2.5. Data Set

TGO performs an occultation on each node of the 2-hr orbit with one or both of the two instruments: ACS and
NOMAD. Because of a subtle misalignment of the ACS and NOMAD lines-of-sight, two occultation observing
modes are implemented: ACS MIR-driven and NOMAD-driven. ACS NIR operates both kinds of pointing, but
ACS MIR can be used only with the ACS pointing. On average, ACS NIR accomplished seven occultations per
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Figure 2. Aerosol loading estimation for observation 5987_E at L, 2° of MY 35 (top panels), and 12756_I at L 289° of MY 35 (bottom panels). Retrieved water ice
mass loading (a and ¢); MIR aerosol extinction at 3,225 cm~!, which was attributed to water ice (blue lines at panels (b and d)); near-infrared (NIR) aerosol extinction
at 1.4 pm (red lines at panels (b and d)). Black lines at panels (b and d) correspond to mid-infrared aerosol extinction at 3,225 cm™!, not attributed to water ice particles.
Gray lines from light to dark at panels (b and d) correspond to NIR aerosol extinctions 13,000 cm~! (0.76 um) and 7,250 cm~! (1.57 pm).

sol in both hemispheres (from 1 to 21) except during several periods of about 15-20 days without occultations
due to orbital plane orientation. ACS NIR provides water vapor in the 1.38 pm band and temperature measure-
ments in 1.57 and 1.43 pm CO, bands, as well as aerosol extinctions at various wavelengths for each occultation.
We analyzed NIR occultation profiles obtained with both ACS and NOMAD pointings (the latter constituting
~40% of profiles). From the beginning of the TGO science phase in April 2018 (L, = 163° of M'Y34) to January
2022 (L, = 170° of MY36), ACS NIR collected ~8 500 profiles (Figure 3).

04.2018 : |10.2019‘ : ‘ 02.2021 : I12 2021 12
MY35 ¢

-
—

Latitude
Local time (h)

12

Figure 3. Observational coverage of Atmospheric Chemistry Suite near-infrared solar occultations for MY34-36 from April
2018 to January 2022. Colors indicate the local time of the occultation.
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Figure 4. Seasonal variation in temperature (b), water vapor (c), and saturation ratio (d) profiles from L = 163° of MY34 to L, = 170° of MY36 retrieved from the
Atmospheric Chemistry Suite near-infrared data in the Northern Hemisphere. The retrieval was binned into intervals of 1° L  and 2 km altitude. The panel (a) shows the
latitudes and local time of the measurements.

3. Results
3.1. Seasonal Variations

Figures 4 and 5 show the seasonal variations in temperature, water vapor, and saturation ratio in both hemispheres
extracted from our data set. The map exhibits the well-known imprint of seasons on temperature and water that
far exceeds variations due to latitudinal sampling. The first strong increase in water vapor in the atmosphere
corresponds to the GDS of 2018 that began shortly after L, = 193° and was studied in detail in Aoki et al., 2019;
Belyaev et al., 2021; and Fedorova et al., 2020. Both hemispheres show a sharp temperature rise of up to 220 K
below 60 km (Figures 4b and 5b). The water mixing ratio in the northern hemisphere exceeds 100 ppmv below
80 km and stays at 50 ppmv up to 100 km (Figure 4c). Such a strong increase in water was never observed again
after MY34 and later during the entire MY35. The second strong increase in water at high altitudes corresponds
to L, = 240°-300° and is related to the perihelion near the southern summer solstice when the Hadley circula-
tion cell brings water from the wetter Southern Hemisphere to the Northern Hemisphere (Houben et al., 1997;
Montmessin et al., 2004; Richardson and Wilson, 2002a, 2002b). At that season, southern water exceeds 50 ppmv
at all altitudes below 100 km and 200 ppmv below 60 km (Figure 5c). In contrast, in the Northern Hemisphere,
two layers of water were observed: (a) a lower layer containing more than 100 ppmv from the lowest observable
altitude up to 40-50 km followed by a sharp decrease to 10-20 ppmv between 50 and 70 km and (b) a higher
layer marked by an increase up to 30-50 ppmv from 70 to >90 km. This high-altitude water layer observed both
in MY34 and 35 in the upper atmosphere illustrates the strength of water transport during that part of the year.

A regional “C-storm” occurred in MY34 between L, 315° and 330°. This type of dust event was studied in
detail, combining observations and models to illuminate the water escape in these particular climatic conditions
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(Chaffin et al., 2021; Holmes et al., 2021; Stone et al., 2020). The intensity of this event varies from year to year
(Kass et al., 2016). Another C-storm in the ACS data occurred in MY35, although a little earlier (~10°) in the
season when water in the Southern Hemisphere was carried up to 80 km.

Around the aphelion, the equatorial region meets its coldest time, leading to a strong decrease in the hygropause
and water lines were not observed above 60 km. In the Northern Hemisphere, a water maximum of 200 ppmv was
observed below 20-30 km, with the hygropause increasing its altitude from high to low latitudes. Above these
altitudes, water sharply decreases to 1-5 ppmv, which was observed both in MY35 and in MY36 and was well
correlated with the decrease in temperature from 200 to 160 K (Figures 4b and 4c). In the Southern Hemisphere,
water vapor was also observed up to 60 km, but the typical values rarely exceeded 1-3 ppmv except close to the
equator, where values were found to reach 20 ppmv (Figure 5c). At that season (L, = 30°-150°) in the middle
latitudes, the atmosphere near 30—40 km is characterized by a warm layer associated with water abundance of
3-5 ppmv. This layer is produced by transport from the Northern Hemisphere. In the cold lower atmosphere, the
temperature does not exceed 160 K and water remains mostly below 1 ppmv. Yet, water lines are still visible, and
a high supersaturation was confidently inferred.

3.2. Aphelion Season

Figure 6 presents the latitudinal variations in temperature, water vapor, saturation ratio, aerosols, and H,O ice
extinction from L = 0° to 180° for MY35 and MY36. Shortly after the northern vernal equinox (L, = 0°-30°),
temperature, and water are distributed almost symmetrically about the equator, with a warm region of 180 K
between 30°S and 40°N from the surface up to 40 km (Figure 6a). The picture is very close for both years despite
the difference in latitude coverage. In the mid-to-high latitudes, warm layers of about 180 K were observed
in both hemispheres at 40-60 km, correlating with the prominent (~10 ppmv) branch of water (Figure 6b),
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Figure 6. Latitudinal variation in temperature (a), water vapor (b), saturation ratio (c), and aerosol extinction, yellow—red dust, shades of blue—water ice clouds, (d)
vertical profiles in the aphelion season from L = 0° to 180° for MY35 and MY36. The retrievals are binned in 30° of L with an interval of 1° of latitude and 2 km of

altitude.

which is a consequence of the transport of water from the equatorial region to high latitudes. Below these warm
layers, the temperature minima are observed near the poles named “polar vortex” (Heavens et al., 2011) where
water abundances decrease abruptly to the sub-ppm level. Downwelling water starts to be strongly supersaturated
(Figure 6¢) with clouds' forming (Figure 6d) in this polar region in MY35 and MY36 in the South and only
in MY35 in the North. In the North, saturation ratios of only <3 were detected. The difference in this region
between MY35 and MY36 is related to the temporal coverage of occultations. In MY35, occultation measure-
ments occurred during the L, = 0°-10° timeframe, but in MY36 they occurred between 20° and 30° at a time
when the atmosphere is becoming warmer (Figure 6a). The second supersaturated area is located at low-to-mid
latitudes. There, the lowest supersaturated altitude is found around 40 km near the equator and at 55-60 km at
40°S and 45°N of latitude (Figure 6¢). This saturation layer is located above the cloud formation region that is
lofted below 40 km (Figure 6d). The cloud level marks a sharp decrease in water from 50 ppmv to 3-5 ppmv as
a result of condensation.

From the equinox to the solstice, the near-surface temperature and water maxima grow and shift to the middle
(L, = 30°-60°) and high (L, = 60°-90° and 90°-120°) northern latitudes (Figures 6a and 6b). In these areas,
water is always far from saturation. In the Southern Hemisphere, at L, = 30°-60°, 30-50 ppmv of water is still
observed near the surface in the mid-latitudes. At higher altitude (~40 km) of the high latitudes, a drier layer
of water of about 3 ppmv persists and is associated with large supersaturation above 50 km where almost no
aerosol is observed (Figures 6¢ and 6d). In the southern polar latitudes below 20 km, water also begins to be
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and 2 km of altitude.

supersaturated despite the drier sub-ppm conditions. At L, = 60°-90° and 90°-120° from middle southern to
middle northern latitudes, the water decreases above the cloud region at 35—40 km from 30 to 50 ppmv to <1-2
ppmv. Once again, water above the cloud-level layer is found to be highly supersaturated (Figures 6a—6c).

Closer to the autumn equinox, the L, = 120°-150° and 150°-180° intervals show a shift of the water peak to the
equator again following the onset of the equinoctial circulation pattern, characterized by two cells facing each
other around the equator. However, no strong supersaturation was observed below 20 km in the northern polar
region due to warmer temperatures compared with the southern polar region.

3.3. Perihelion Season

Figure 7 shows the same latitudinal variations in temperature, water vapor, saturation ratio, and aerosol extinction
as Figure 6 except for the perihelion season from L, = 180°-360°, in 30° L, bins for MY34 and 35.

MY 34 was characterized by the GDS that began at L, = 193° and vanished around L = 240°. It can be seen as
a strong interannual variability between MY34 and MY 35 from L 180° to 240°. During MY35, water is distrib-
uted from 60°S to 45°N with values of 200 ppmv found in the South up to 60 km, above which water decreases
to 30 ppmv at 80 km. In the North, these high abundances are only seen up to 40 km. The atmospheric layer
where most of the decrease occurs is well correlated with aerosol extinction and temperature. This period of time
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corresponded to the onset of large supersaturations. Close to the poles, the water layers located at 40-70 km appear
to be correlated with warm temperatures and are likely the result of advection. Below 40 km, downwelling water
exhibits supersaturation and cloud formation at low temperatures. As reported in other studies (Kass et al., 2020;
Neary et al., 2020), the MY34 GDS warmed the atmosphere as captured by ACS in the North (Figure 7a) where
the temperature below 60 km is 30—40 K warmer than in MY35. In the southern hemisphere, the region between
10° and 60°S was observed before GDS, whereas the region between 60° and 90°S could only be observed after it
started (Figure 3). This period is characterized by water observed up to 80 km with values of >100 ppmv, which
sharply decreases to 30-50 ppmv above 100 km (Belyaev et al., 2021). At this season in MY34, water begins to
be supersaturated only above 70-80 km where clouds actually form (Fedorova et al., 2020; Liuzzi et al., 2020;
Luginin et al., 2020; Stcherbinine et al., 2020). At L, = 210°-240°, the atmosphere is much warmer than in
MY?35. Water mixing ratios up to 100 ppmv were observed at high altitudes that are above 70 km in high south-
ern latitudes and above 60 km in high northern latitudes. In both cases, water is again observed to fall rapidly
down to a mixing ratio of 30 ppm. At these high altitudes, water is supersaturated, yet aerosols are present up to
80 km, indicating that cloud or aerosol presence was not sufficient to relax the atmosphere to saturation. In MY35
between 45°S and 60°N, water is again strongly supersaturated up to 40 km even in the presence of aerosols. At
70°-50°S, the water maximum is pushed higher up to 80-100 km, which may actually be the consequence of the
set-up of the solstitial circulation (Montmessin et al., 2004; Richardson and Wilson, 2002a, 2002b).

During the southern summer solstice (L, = 240°-270° and 270°-300°), the water distribution is very similar for
two years with asymmetry between hemispheres also observed by SPICAM/MEx (Fedorova et al., 2021). In the
mid-to-high southern latitudes, 200 ppmv are observed up to 60-70 km. This water top gradually decreases to
40 km in the northern hemisphere at 60°N. At these altitudes, clouds are observed for both years from 60°S to
60°N. At 30°-70°S above 70 km, the water abundance sharply decreases to 50-70 ppmv and reaches 100 km and
higher. In the Northern Hemisphere, H,O decreases to 10-30 ppmv between 40 and 80 km and then increases
again, revealing the transport of water from the southern to the Northern Hemisphere at high altitudes. Water
is strongly supersaturated during this season for both years. But saturation is much higher for MY35 compared
to MY34 and begins above 40 km near the equator and above 70 km at high latitudes. Moving to the northern
vernal equinox, circulation is shaping a nearly symmetric picture that is observed for both years. The regional dust
storm “C” happened between L = 315° and 330°, whose effect can be grasped in the L, = 300°-330° interval
in the form of a rise in the water mixing ratio and aerosol extinctions up to 70-80 km in the 45°-70°S region.
In both years, supersaturation was observed at high altitudes with a water mixing ratio of about 30 ppmv. At
L, = 330°-360° in high southern polar latitudes below 20 km, supersaturation reappears despite the sub-ppmv
concentration. A simple interpretation points to the local cooling of the polar atmosphere as water is still present
and condensation is unable to keep up with the fast temperature decrease.

3.4. Local Time Variations

Diurnal temperature variations in the Martian atmosphere have been observed by many spacecraft such as TES/
MGS, MCS/MRO, PFS/MEX, and ACS TIRVIM/TGO (Giuranna et al., 2021; Guerlet et al., 2022; Heavens
et al., 2011; Kleinbohl et al., 2013; Wilson, 2000). These data have allowed the study of thermal tides driven
by diurnal solar forcing (Forbes et al., 2020). Thermal tides dominate the daily temperature cycle over most of
the atmospheric column. Along with diurnal tides, semi-diurnal tides dominate the temperature structure of
the middle atmosphere throughout the year from high to low latitudes (Kleinbohl et al., 2013). The morning to
evening difference in temperature should therefore also impact water vapor and ice, as they are captured by ACS
occultations at both terminators.

The saturation state should also be sensitive to the presence of dust as CN in the atmosphere. Observations by
PFS have revealed local time variations of dust opacity in the atmosphere. Wolkenberg and Giuranna (2021) have
found that aphelion dust opacities are minimum at night and early morning, with perceptible variations during
the rest of the day. During the dusty season, no local time variation was found (Giuranna et al., 2021). Diurnal
variation of dust was also found during the GDS of MY34 by the MCS (Kleinbohl et al., 2020) when dust was
found at the highest altitudes in the late afternoon and at the lowest altitudes late at night. In addition, the dust
diurnal cycle was observed to vary with latitude.

The ACS data set allows us to study the local time variations of water vapor by comparing occultation measure-
ments in the morning and evening terminators. Typically, measurements of sunset and sunrise belong to different
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Figure 8. The latitudinal distribution of Atmospheric Chemistry Suite near-infrared occultations with ranges selected for the search of local time variations (black
vertical lines). Bottom panels: zoom at local time inside the indicated bins with red curves for morning terminator and blue curves for evening terminator.

hemispheres, precluding a meaningful comparison of their respective atmospheric states. However, from time
to time, a range of close latitudes was probed in the morning and evening terminators within short L_intervals
(Figure 8). To examine the morning to evening contrasts, we chose seven intervals: two in MY34 (230°-250° and
290°-310°); four in MY35 (115°-135°, 200°-220°, 270°-290°, and 330°-350°), and one in MY36 (50°-70°).
Within each bin, the local time varies along the latitude (see Figure 8, bottom panels).

Figure 9 presents a latitude-altitude cross-section of temperature and water vapor in morning and evening termi-
nators with the difference between them. A typical signature of thermal tides is prominent in the difference, with
negative and positive temperature differences alternating along the vertical and stretching horizontally along
latitudes (Forbes et al., 2020; Haberle et al., 1999; Zurek, 1976). Two bins around the aphelion, one in MY35
after solstice L, = 115°-135° and one in MY 36 before solstice, L, = 50°-70° reveal positive differences at 40 and
80 km and negative differences at 60 km in low latitudes where sampled local times correspond to 06:00 a.m.
and 06:00 p.m. (Figure 8). These patterns are reminiscent of MCS/MRO observations (Kleinbohl et al., 2013)
and ACS TIRVIM/TGO (Guerlet et al., 2022). At 45°S and 45°N, there is a flip of sign in the temperature differ-
ence. There, the temperature difference exceeds 20 K. During these seasonal bins, water vapor mixing ratios were
below 3-5 ppmv between 40 and 60 km, and from 10 to 200 ppmv below 40 km at low-to-mid latitudes. Despite
the warm temperature anomaly observed at the morning terminator at 60 km in the equatorial region, water is
located mostly below. At 40 km, the temperature was warmer in the evening by 20-25 K, and we observed more
saturation in the morning. In the lower atmosphere, more water was observed in the evening below 30 km in the
middle northern latitude where 5-10 K warmer temperatures were measured.

During the dusty season (at L, = 200°-220° and 270°-290° of MY35), the evening temperature was warmer
by 20-30 K from 30°S to 30°N at altitudes ranging from 40 to 65 km. This maximum is correlated with a low
saturation ratio in the evening (~1-2) compared to strong supersaturation in the morning. Water distribution
also varies with local time. At L, = 200°-220°, water abundance increases by 10—40 ppmv in the evening at
all altitudes. From L 270° to 290°, more water is observed in the evening between the equator and 45°S. This
morning-to-evening increase might be attributed to an intensification of the mean upward motion during the
daytime. A similar configuration has also been seen during L  230°-250° of MY 35 before the solstice.
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Figure 9. Morning to evening temperature contrast, water vapor and saturation ratio vertical profiles in the selected seasonal bins, from top to bottom: MY34,
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Close to the northern vernal equinox (330°-350°) of MY 35, the warmer temperature prevailing from 40 to 60 km
in the low-to-mid southern latitudes in the evening also raises the saturation altitude by 20 km compared to the
morning, with water vapor mixing ratio being higher by 10-30 ppmv compared to the morning.

3.5. Longitudinal Variations

The solar occultation measurements are not appropriate to study longitudinal distribution, but the good statistics
of ACS-NIR allowed us to construct such maps at least for some special locations. Figure 10 shows longitudinal
cross-sections of temperature, water vapor, and saturation state for narrow latitude bands from 55° to 60° of
northern latitudes around the middle of northern winter L, = 255°-295° of MY 34 and 35. Both in MY34 and
MY35, the temperature has shown a minimum near 60 km and a maximum near about 80 km with prominent
longitudinal variations. At 60-80 km, there are prominent minima of temperature at East longitudes from 0° to
30° and from —150° to —90° that can reflect the propagation of tides and planetary waves in the middle atmos-
phere (Wu et al., 2015). We do not try here to identify the wave activity in the Martian atmosphere. We would like
to show that water and saturation state longitude-altitude distributions are well correlated with temperature wave
propagation in the atmosphere. The H,O mixing ratio has two minima between 50 and 80 km corresponding to
temperature minima. This wave activity is also reflected in the saturation state of water when the supersaturation
is observed only in the region with the lowest temperature and has prominent longitude variations.
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Figure 10. The longitudinal cross-sections of temperature, water vapor and saturation ratio vertical distribution for two selected areas in MY34 and MY35 in middle
northern latitudes between 55° and 60°N during the northern winter. (a) Latitudinal-seasonal distribution of Atmospheric Chemistry Suite near-infrared observations
with selected occultations marked as large diamonds, black color for MY34 and blue color for MY35. (b) Observations for MY34 at L, = 278°-295°; and (c)

observations for MY35 at L, = 256°-274°.

4. Discussion

The first evidence of water supersaturation in the Martian atmosphere was obtained during the aphelion season
(from L, 50° to 120°) from SPICAM solar occultations in MY29, when 61 water vapor vertical profiles were
retrieved and reported by Maltagliati et al. (2011). Lacking simultaneous temperature measurements, SPICAM
saturation ratios relied on nearly-simultaneous MCS/MRO temperature profiles, with a GCM-based correction
applied to compensate for the difference in local time between the two instruments. Sixty percent of the data
showed water vapor exceeding saturation and more than 10% the saturation ratios greater than 5. Later, (Clancy
et al., 2017) derived a proxy of water profiles by scaling LMD GCM simulated water vapor by the ratio of
LMD simulated to CRISM retrieved 1.27 pm O,('A ) dayglow vertical emission rate. Using the GCM simulated
temperature, the saturation ratio was then averaged during the L, 60° to 140° period. They obtained satura-
tion ratios >2.2 at northern mid-to-high latitudes between 20 and 35 km, which is roughly consistent with the
SPICAM supersaturation measurements in Maltagliati et al. (2011).

Figure 11 presents the comparison of SPICAM IR observations of water vapor and saturation ratio at L, =75°-100°
with ACS NIR observations in MY35 and 36. Latitudinal coverage of SPICAM and ACS NIR is shown in
Figure 11a. In MY34 ACS NIR performed measurements at the same latitudes as SPICAM between L = 80° and
94°, whereas in MY35 the observations are closer before L, = 83° and after L, = 92°. Despite the coarser vertical
resolution of SPICAM IR (1-10 km for SPICAM and <1 km for NIR) and a lower SNR (~100 for SPICAM and
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Figure 11. Water vapor vertical profiles and saturation ratio obtained from SPectroscopy for the Investigation of the Characteristics of the Atmosphere of Mars
(SPICAM) IR occultations in MY29 (b) and Atmospheric Chemistry Suite (ACS) near-infrared (NIR) observations in MY35 (c) and MY36 (d) at L, = 75°-100° in the
northern and southern hemispheres. Panel (a) presents the latitudinal coverage of occultations.

~1,000 for NIR), the water vapor vertical profiles of SPICAM (Figure 11b) are consistent with NIR profiles in
both hemispheres. The increase in water to 100 ppmv below 30—40 km in the Northern Hemisphere repeats in
all years, with some temporal and spatial variations. Both SPICAM and ACS NIR have shown an increase in the
saturation ratio above 30—40 km, where the water v.m.r. sharply decreases to a few ppmvs. A strong high-latitude
supersaturation detected by NIR in the Southern Hemisphere below 20 km (MY 34-35) is supported by SPICAM
in MY29 at L~ 80°, where latitudes ~60°S were observed. Concluding, SPICAM and ACS NIR observations of
H,O saturation state are generally in good agreement.

On the contrary, Poncin et al. (2022) did not find evidence for large or widespread supersaturation in the Martian
atmosphere. From CRISM analysis, they conclude that during the aphelion season, the atmospheric water is close
to saturation when clouds are present and can reach a supersaturation ratio of 2-3 at most at 10-50 km. During the
dusty season, subsaturation was prevalent, in agreement with a previous CRISM study by Clancy et al. (2017).
Also, a comparison of NOMAD water profiles and MCS atmospheric temperatures made by Poncin et al. (2022)
during the GDS decay and the “C” storm of MY 34 has shown one case of saturation ratio reaching 5 at the top of
the cloud layer and below 2 in other cases. These results were more in line with the traditional understanding that
water vapor is close to saturation in the presence of water ice clouds. However, the analyzed water-temperature
combinations from the CRISM-MCS or NOMAD-MCS data sets were not completely simultaneous. Still, our
results and those of Poncin et al. (2022) do not contradict each other. As shown in Figure 11, the water vapor
mixing ratio and its saturation state is very dynamic and changes dramatically from occultation to occultation
with latitude and L, not only in the dusty season presented in Fedorova et al. (2020) but in the aphelion season
as well.

FEDOROVA ET AL.

17 of 22

85UB017 SUOWILWIOD BAITeR1D 3 qedtdde au Aq pausenob a1 Sajole YO ‘SN JOSs|nJ 10y Afeiq 1 8U1IUO AB]IM UO (SUORIPUOD-PUe-SULLBILI0D A8 1M Ae1q Ut |uo//Sd1y) SUORIPUOD pUe swis | 3y} &8s *[£202/T0/TE] Uo ARIqIT8UIUO 48] in'Je Usdo® equsw-<U1e0qdIus> Aq 8rE2003r2202/620T 0T/I0p/w0d A8 |mAreiq putjuo'sqndnBe//sdny wolj papeojumod ‘T ‘€202 ‘00T669TC



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2022JE007348

Solar occultation observations at the terminator reflect transient conditions between day and night where a strong
temperature contrast can stimulate fast processes. Connour et al. (2020) have reported twilight cloud bands
routinely forming past the evening terminator (18:00-19:00 local time) during the MY 34 GDS as a result of
rapidly changing temperatures. The cloud bands in the IUVS/MAVEN images were often latitudinally continu-
ous, spanning over 6,000 km and reaching 40-50 km altitudes. Such clouds were also detected in the ACS obser-
vations during GDS (Fedorova et al., 2020; Liuzzi et al., 2020; Luginin et al., 2020; Stcherbinine et al., 2020),
together with strong lifting of supersaturated water. The morning-to-evening difference in the saturation state
observed by ACS (Figure 10) supports the idea that supersaturation cases can be related to semidiurnal thermal
tides in the atmosphere.

The recent study of the MY34 GDS with Mars Assimilated Remote Soundings (OpenMars) data set of the Mars
GCM group in the Open University (Holmes et al., 2022) has shown that discrete layers of supersaturation above
60 km exist across all latitudes during the MY 34 dusty season with the diurnal variation in the saturation state of
the atmosphere. This is consistent with the ACS NIR observations not only for MY 34 but also for MY35. Holmes
et al. (2022) also found evidence of supersaturated water vapor breaking into the northern winter polar vortex.
The supersaturated layer centered roughly at 40 km exists at latitudes poleward of 60°N that corresponds to the
cold air below the polar warming at high northern latitudes and can be extended down below 20 km during polar
winter. In MY34, ACS NIR observed high northern latitudes at L, = 180°-210° and 330°-360°, and supersatu-
ration was found only within the last bin at the end of the year. At L = 180°-210°, water was saturated in polar
latitudes, but the saturation ratio did not exceed 3. In MY 35, the coverage was better, and the supersaturated layer
was observed at L, = 180°-240° and 300°-360° in high latitudes. The difference with model results is related to
the altitude of the supersaturated layer: for ACS observation it is located below 30 km for both MY34 and MY35,
whereas the water assimilation model shows it is 10 km higher. In any case, the general consistency of the assim-
ilation and observations gives a promising perspective for water vapor saturation modeling.

On Earth, the cold trap above the tropopause works well to stop water vapor and make the stratosphere extremely
dry (Lunine & Hunten, 1989). However, the supersaturated water also happens on Earth, but in extremely cold
conditions. Polar mesospheric clouds (PMCs) are water ice clouds occurring in the terrestrial atmosphere at about
83-90 km altitude near the mesopause during the polar summer (Duft et al., 2019). The mean temperature in
this region is about 140 K that makes it close to Mars. A typical H,O volume mixing ratio of about a few ppmvs
leads to strong supersaturation (Hervig et al., 2009; Liibken et al., 2009). It was assumed that these clouds are
crystalline ice formed by heterogeneous nucleation of meteoric smoke particles ablated from meteoroids in the
upper atmosphere (Gumbel & Megner, 2009). The recent laboratory measurements supported that ice growth on
such particles with radius >1 nm initiates with S ~10-50, a value which is commonly exceeded during the season
of PMCs (Duft et al., 2019). The high-altitude cirrus clouds in the stratosphere were also found with water vapor
in a supersaturated state up to 50% in ultracold conditions (<200 K). One explanation invokes the formation of
amorphous solid water (ASW) at temperatures below 160 K, whose vapor pressure exceeds that of hexagonal ice
and can reach 5-10 at low temperatures (Nachbar et al., 2019). ASW is metastable and converts to crystalline or
nano-crystalline ice above about 130 K, for which the saturation vapor pressure is 100%—-200% higher compared
to stable hexagonal ice (Nachbar et al., 2018). Even after an ice crystal has transformed into hexagonal ice,
surface effects might hinder its growth (Peter et al., 2006).

In this case, the Mars cold atmosphere could reflect the extreme cases of PMCs and stratospheric clouds
combined with different reasons for the often presence of supersaturation-like formation of ASW and metastable
ices (Mangan et al., 2021), absence or submicron-sized ice condensation nucleus in the upper atmosphere, or/and
fast upward/downward flows compared to timescales of relaxation to saturation.

5. Conclusions

We analyzed a two-Mars Year data set of H,O profiles consisting of solar occultation observations by ACS NIR.
The data were collected from April 2018 (L, = 163° of MY 34) to January 2022 (L, = 170° of MY 36) and contain
about 8,500 water vertical profiles with simultaneous retrieval of CO, density and temperature. The latter was
obtained from 1.43 pm and 1.65 pm CO, bands (orders 49 and 54 of the spectrometer) in the range of altitudes
from 0 to 110 km and the H,O mixing ratio in the 1.38 pm water band (order 56 of the spectrometer) in the range
of altitudes from O to 100 km. To provide a comparison with aerosol loading, we used the aerosol extinction at
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1.4 pm from the same ACS NIR observations and H,O ice extinction from simultaneous ACS MIR observation
at 3.3 um H,O ice band.

With this data set, we have presented the first detailed analysis of the vertical distribution of the water vapor
saturation state. Using our data set, we studied the seasonal, latitudinal and local time variations and found the
following:

1. We confirm previous observations (Alday et al., 2021; Fedorova et al., 2021) that water vertical distribution
is variable with season and reaches 100 km in the perihelion and 60 km in the aphelion season. The simulta-
neous measurement of atmospheric temperature allows us to calculate the saturation state of water vapor and
the presence of supersaturation was found to be nearly ubiquitous above aerosol layers. This finding implies
that water escape processes rely on complex interactions between thermodynamics, dynamics, chemistry and
microphysics that only fully coupled climate models can address.

2. Inthe aphelion season, the water mixing ratio above 40 km in the mid-to-high latitudes is observed to be lower
than 3 ppmv and is found to be supersaturated in low-to-mid latitudes from L = 0° to 180°. Also, supersatu-
ration was found in southern and northern polar regions below 20-30 km close to both equinoxes, correlating
the region where water vapor transported from low latitudes meets the cold polar vortex.

3. Around the perihelion, water is also supersaturated with a mixing ratio of 30-50 ppmv that is typical of alti-
tudes above 60 km. Stronger saturation is observed during the dusty season in MY35 compared to what was
observed in MY34 during the GDS and around the perihelion. In the dusty season, the polar maximum of
supersaturation at 20 km is present in both hemispheres and the most prominent close to equinoxes.

4. Water vapor abundance and its saturation state were found to vary between the evening and morning termi-
nators in response to temperature modulation imparted by thermal tides. Although water vapor is found to be
more abundant in the evening, colder temperatures observed in the morning induce a daily peak of saturation.

5. The observations at L, = 50°-120° during the aphelion season of MY34 and MY35 have shown a good
consistency with SPICAM IR observations on Mars-Express in MY29 that demonstrates that supersaturation
is a repeatable state of water vapor in the Martian atmosphere from year to year.

In prospect, the microphysical modeling at low temperatures combined with the circulation modeling will be
needed to explain the extreme saturation state of water on Mars. But if very low temperature in the middle and
upper atmosphere is a reason for frequent supersaturation, the current Martian climate even facilitates the water
escape to space.

Data Availability Statement

ACS data are available from ESA Planetary Science Archive (PSA) Level 2 (https://archives.esac.esa.int/
psa/#!Table%20View/ACS=instrument). The H,O, temperature, and saturation coefficient vertical profiles
generated from ACS-NIR measurements and analyzed in this study are available at Fedorova (2022).
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