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The complex seasonal, dust, and atmospheric circulation patterns at Mars affect the abundance and spatial extent
of water and its photo-dissociated atomic byproduct H. Recent observations by the Mars Atmosphere and Volatile
Evolution (MAVEN) mission have been used to constrain the H abundance at the exobase (200 km altitude) as
well as its thermal and global escape rate. The MAVEN observations span the last seven years and encompass the
effects of the declining phase of Solar Cycle 24 and activating phase of Solar Cycle 25 from mid-perihelion of
Mars Year (MY) 32 through most of aphelion of MY36. Results show that there are seasonal as well as solar cycle
variations in H exobase temperatures, densities, thermal escape rates, and global escape rates. During perihelion
of MYs 32-35, the H exobase density fluctuates with a cadence that corresponds to the approach to perihelion as
well as the onset and peak of regional dust storms. Additionally, the abundance of H atoms did not show
exceptional variability during the MY34 Global Dust Storm, when compared with trends from adjacent years.
Seasonal averages of H exobase densities, thermal escape rates, and global escape rates indicated an order of
magnitude difference between perihelion and aphelion, and suggest a water global equivalent layer range of
0.02-13 m lost over 4 billon years. H properties are also found to vary with solar cycle to a lesser extent than with
seasons across the MAVEN timeline. Trends show that the exobase density varies inversely with solar activity,
while both the thermal and global escape rates vary directly with solar activity. It remains to be seen if the effects
of a stronger than recent solar cycle on the upper atmospheric H properties would become more pronounced.

1. Introduction

loss assumed surface HoO molecules to propagate to higher altitudes in
the form of Hy where they are dissociated by EUV sunlight into smaller

Exploration of present-day Mars indicates a wet planet existed in
earlier epochs. Theories indicate the planet has since either largely lost
its water reservoirs to outer space and/or recirculated much of it into the
crust (Villanueva et al., 2015; Orosei et al., 2018; Scheller et al., 2021
and references therein). To understand the mechanics of this escape, the
factors that control present-day water loss are being rigorously investi-
gated by multiple surface- and space-based missions (e.g. Zurek et al.,
2011; Jakosky et al., 2017). Initial theories of water propagation and
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molecules and atoms that can then escape with a total timescale of many
tens of years (Hunten, 1982; McElroy and Donahue, 1972; Yung et al.,
1988). However, recent observations have shown that atmospheric
water vapor varies at much faster timescales (weeks to months), intro-
ducing a new paradigm for how water propagates and escapes the planet
(Clarke et al., 2014; Clarke, 2018; Chaffin et al., 2014; Chaffin et al.,
2017; Chaffin et al., 2021; Heavens et al., 2018; Stone et al., 2020; Patel
et al., 2021; Qin, 2021).
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In the lower atmosphere (below 100 km) water retains its molecular
form as HyO vapor (e.g., Fedorova et al., 2006; Alday et al., 2021; Vil-
lanueva et al., 2021). Lower atmospheric H,O abundances have been
seen to vary with topography, latitude, seasons (defined by solar
longitude, Ls), and ambient dust conditions (e.g., Novak et al., 2011;
Villanueva et al., 2015; Villanueva et al., 2022; Aoki et al., 2015; Aoki
et al., 2019; Encrenaz et al., 2016; 2018; Fedorova et al., 2017; Fedorova
et al., 2020; Belyaev et al., 2021; Jakosky, 2021). HoO molecules that
reach 80-100 km altitudes are photo-dissociate into H atoms by
ion-chemical reactions in the upper atmosphere (>100 km) (Sha-
poshnikov et al., 2022). H atoms above 80 km can diffuse up to higher
altitudes where they can escape into space by the evaporative or Jeans
process, while the molecules are too heavy to effectively boil off the top
of the atmosphere.

A global dust storm in 2018 supplied the upper atmosphere of Mars
with enhanced water from lower altitudes, and studies have attributed
atmospheric chemistry as a likely driver of the subsequent preferential
escape of H (Heavens et al., 2018; Stone et al., 2020). Recent observa-
tions have shown that H atoms in the upper atmosphere display varia-
tions on timescales that are similar to its parent molecule (Hy0)
variability timescales (Clarke et al., 2017; Mayyasi et al., 2017a, 2017b;
Mayyasi et al., 2018a; Mayyasi et al., 2019a; Chaffin et al., 2021). The
temperatures and abundances of H atoms at the exobase are metrics
used to determine their thermal escape and to identify the historical loss
of water from Mars.

In this work, observations from multiple instruments on the Mars
Atmosphere and Volatile Evolution (MAVEN) mission are combined in
order to determine the H properties in the upper atmosphere of Mars.
Observations from 4 Mars Years are used to determine the variability of
these properties throughout the declining activity phase of Solar Cycle
24 and the increasing activity phase of Solar Cycle 25. The properties of
H atoms are examined at both perihelion season, when atmospheric
circulation and regional dust storms significantly drive atmospheric
variability, as well as during aphelion, when a less turbulent upper at-
mosphere allows for an opportunity to more directly compare annual
trends with Solar Cycle.

The observations used for this investigation are described in Section
2. The results from the analysis are shown and discussed in Section 3 and
concluded in Section 4. Details to the tools and methodology adopted for
obtaining the resulting densities, temperatures, and escape rates from
the observed parameters are provided in the Appendix.

2. Observations

Hydrogen is the most ubiquitous element in the universe (e.g.,
Hendrix et al., 2020), and observations of H at Mars have been made for
decades (e.g., Barth et al., 1971). H atoms in the upper atmosphere of
Mars resonantly scatter photons in at 1215.67 A. MAVEN instruments
include an Imaging Ultraviolet Spectrograph (IUVS) with a high-spectral
resolution echelle channel that is used to make routine observations of D
and H Lyman-a emissions in the upper atmosphere of Mars (McClintock
et al., 2014). IUVS echelle observations examined here range from Nov
12th, 2014 (orbit 240), when the Sun was just past the maximum phase
of Solar Cycle 24, through Nov 14th, 2021 (orbit 15,184), where Solar
Cycle 25’s activity was just beginning. This time range covers the latter
perihelion portion of Mars Year (MY) 32, at Ls 233°, through two-thirds
of aphelion of MY36, at Ls 124°.

H Lyman-a is a strong, extended, and ubiquitous emission near Mars
(e.g., Bertaux et al., 2000 and references therein) and can emanate from
martian H atoms as well as from background interplanetary (IPH) atoms
(e.g., Mayyasi et al., 2017a). The IUVS instrument spectral resolution is
not conducive to separating the two emissions except in cases of
maximum Doppler shift between the instrument line of sight (where
martian atoms are considered relatively stationary) and the IPH flow.
Such occurrences of high Doppler shift between the two H atom pop-
ulations are infrequent at Mars (Mayyasi et al., 2017a). To mitigate IPH
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contamination, only data from the dayside, disk-pointed observations,
where IPH emissions are insignificant, are used for analysis of H
properties.

IUVS echelle measurements of H emissions are analyzed using a data-
reduction scheme described in Mayvyasi et al. (2017a). A total of 3054
image sets were used for deriving H densities where the line of sight was
disk-pointed. The resulting IUVS echelle observations were used to
obtain a brightness of H Lyman-o emission at each of the adopted data
points, along the instrument line of sight (LOS). The method used to
obtain the data points from the IUVS Echelle dataset are described
further in the Appendix.

The neutral atmospheric temperature at the exobase is a key metric
to interpreting the variability in the properties of H atoms. The neutral
temperature was derived using measurements made by the MAVEN
Neutral Gas and Ion Mass Spectrometer (NGIMS) (Mahaffy et al., 2015).
NGIMS measures abundances of atmospheric species in situ along the
spacecraft trajectory. The temperature at Mars is considered to be
isothermal above ~150 km for solar conditions used in this analysis
(Krasnopolsky, 2002). An exobase temperature can therefore be directly
obtained from the observed scale height of stable species (Argon and
CO2) density profiles (Mayyasi et al., 2019b). The temperatures of all
atmospheric species (Ar, CO2, H, etc.) are similar at the altitudes where
these temperatures are derived due to the collisional nature of the at-
mosphere in this region (e.g., Mayyasi et al., 2018b). The derivation and
parameterization of the exobase temperature is described further in the
Appendix.

Solar irradiance impinging at the top of the martian atmosphere af-
fects the brightness of the H emissions and is therefore a required
measurement for understanding the variability in the properties of these
species. The irradiance measurements were obtained by the MAVEN
Extreme Ultraviolet Monitor (EUVM) in situ measurements for use with
the IUVS observations (Eparvier et al., 2015; Thiemann et al., 2017).
EUVM solar irradiance values at Lyman-a have a full width half max
(FWHM) of 1 A and therefore encompass the martian Lyman-o emission
line of both hydrogen and deuterium atoms. Solar irradiances were
converted to incident solar flux values for the H Lyman-a line center at
1215.67 A using the relationship proposed by Emerich et al. (2005).

To derive the H abundances from the IUVS echelle observations, the
measured Lyman-a spectra were reduced to provide a brightness value
along a given orbital scan. A parametric representation of the neutral
temperature at the exobase was then derived for the observational
conditions of that orbital scan. Using the brightness along the line of
sight and temperature value at the exobase, radiative transfer theory
was used for the observational conditions and the solar irradiance
incident along the observational line of sight to derive the H density
(Chaufray et al., 2021a). A description of the radiative transfer (RT)
model is provided in the Appendix.

3. Results and discussion

The purpose of this work is to investigate the solar cycle and seasonal
variability of martian H properties. Multiple factors can cause additional
atmospheric variability at Mars, such as: solar illumination conditions
and topographical effects (e.g. Montmessin et al., 2005; Mayyasi et al.,
2017b). To ‘normalize’ the data as much as possible, we mitigate for
solar illumination conditions and topography by interpolating the
derived densities to overhead illumination conditions as well as to
equatorial conditions using methods described in the Appendix. The
seasonal effects on H properties are then examined by comparing trends
in the data during quiescent aphelion as well as during dynamic peri-
helion times.

During perihelion season, Mars is closest to the Sun in its orbit
(perihelion is at Ls ~250°), and has maximum insolation shortly
thereafter (southern summer solstice is at Ls ~270°, with insolation
peak at ~280° in the southern hemisphere, due to the added factor of the
angle of the Sun in the sky). During perihelion, H abundances are
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strongly modified by a combination of atmospheric dynamics in the
lower atmosphere, regional seasonal dust storms (e.g., Kass et al., 2016),
and occasional global dust storms (e.g., MY34) (Kass et al., 2019). The
events lead to enhancements in atmospheric temperature and the up-
welling of water molecules (e.g., Heavens et al., 2018; Neary et al., 2020;
Kleinbohl et al., 2020; Masunaga et al., 2020). Regional dust storms at
Mars do not occur at exactly the same time annually, and so, trends in H
properties should be evaluated separately for each year. In this work, we
adopt all data points obtained between Ls 1°-180° to be at aphelion, with
minimal variability in time, and all data points obtained between 181°-
360° to be at perihelion, where relatively short timescale variability
begins in different Mars Years. The choice of 180° as a demarcation
point was made to consistently avoid any pre-perihelion variations in
the data across all MYs.

The resulting normalized densities are shown in Fig. 1 as a function
of solar longitude for each Mars Year. On an annual timescale, the H
exobase densities can vary by over a factor 10 between aphelion and
perihelion and can exhibit small time-scale fluctuations (tens of degrees
in Ls). The large differences in density values between aphelion and
perihelion are likely due to the coupled effects of enhanced solar inso-
lation and dust storm activity that drive atmospheric variability at all
altitudes. Similar large variations in H properties have been observed by
other instruments (e.g., Bhattacharyya et al., 2015; Halekas, 2017). The
large differences in orbit-to-orbit densities derived near perihelion (that
exceed the uncertainties) are due to a combination of factors that
include variable observational conditions along the line of sight, vari-
able atmospheric temperatures, and the RT model assumptions. The
density variations seen in the derived densities are consistent with the
variability seen in the observed brightness values (e.g., Clarke et al.,
2017; Mayyasi et al., 2017b). The H exobase densities consistently show
less variability during the aphelion season (dynamically stable) than
perihelion season. Variations within each MY are shown separately in
Fig. 2 and examined.

To determine the relative importance of dust storms on H abundance
in the perihelion season, three regional dust storms are examined: Types
A, B and C, that typically recur annually, with varying spatial effects and
temporal duration (e.g., Zurek and Martin, 1993; Kass et al., 2016; Kass
etal., 2019). Mars experienced a Global Dust Storm (GDS) in MY 34, that
affected the atmosphere more globally and for a longer duration than
typical annual regional dust storms. During the GDS, the regional dust
storms evolved into global disturbances in the lower and upper atmo-
sphere. The regional storms onset, peak and duration observed for
MYs33-35 are described in Table 1. To investigate the seasonal vari-
ability of H properties, data obtained during perihelion are analyzed in
tandem with the onset, peak, and duration of regional dust storms at
Mars, as shown in Fig. 2.

H densities in MY 33 (Fig. 2A) have data gaps throughout aphelion
and the first half of perihelion. At perihelion, the trends with Ls show a
steadily decreasing density trend following the Type B storm peak, fol-
lowed by a small density enhancement near the onset and peak of the
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Type C dust storm.

In MY 34, Mars experienced a global dust storm. The H densities
(Fig. 2B) show enhancements at the onset of the Type A storm that peak
with the storm’s peak and subsequently decrease. After a ~ 20° Ls data
gap, density trends show an enhancement leading up to the Type B storm
onset, peaking when the two regional storms overlap, followed by a
decline that begins before the Type B storm peak. Densities following the
Type B storm peak are enhanced from their pre-peak values, and steadily
decline with Ls until onset and peak of the Type C storm where H den-
sities increase, then decrease steadily after the storm dissipates.

Data from MY 35 is most continuous from the other Mars years
shown here. H densities (Fig. 2C) increase from aphelion values during
the onset of the Type A storm, and continue to increase after the storm
peak. In this year, the Type A and B storms occur back-to-back. The H
density trends decrease then increase again following the Type B storm
peak, then decrease. H densities show a smaller peak following the Type
C storm peak and then decrease to aphelion values near the end of the
year.

The data available from MY 36 (Fig. 2D) span through 124° Ls and
precede the expected beginning of the storm season.

While one cannot evaluate the MY33 density trends in response to
the Type A storm from the dataset used in this work, one can reference
MY35 trends during the Type A storm onsets and peaks that show H
densities to be comparable to or larger than the observed post Type B
storm peak.

In perihelion of MY33, the density drops from peak values to
aphelion values in ~40° Ls. In perihelion of MY34, the localized en-
hancements in H densities are symmetric about their peak and span a
range of ~30° Ls as seen in the 207°, 270°, 290°, and 335° Ls centered
features. In perihelion of MY35, the enhancements during the Type A
regional storm are symmetric about the peak densities around 250° Ls
with a range of Ls ~30°. The MY35 Type B storm enhancement has a
shorter range of ~20° Ls before plateauing, whereas the Type C regional
storm enhancement as well as pre-Type A storm enhancement near 210°
Ls span ~15° Ls.

The variability in H exobase density during perihelion is generally
consistent with the onset of warmer conditions from the planet’s prox-
imity to the Sun as well as with the onset of the global Hadley cell cir-
culation and the dust season at Mars. Density enhancements sometimes
occur at the onset and/or peak of a regional dust storm, and sometimes
occurs ~15°-30° in Ls later. A delay in upper atmospheric density
response to storm-induced triggers may be due to a combination of
regional dusk-activity, global circulation, and heating that occurs during
Mars’ southern summers, when insolation peaks. Furthermore, Type A
dust storms typically initiate in the northern hemisphere, flow across the
equator to southern latitudes during southern spring, and last between
Ls 210° and 270°, affecting that atmosphere at all latitudes (Kass et al.,
2016; Zurek and Martin, 1993). Pinpointing the major source of this
atmospheric variability would require examining simultaneous in-situ
observations from multiple atmospheric monitors at various altitudes
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Fig. 1. Density of H at the martian exobase modeled for MAVEN echelle observations derived with a 1D RT model. The results have been scaled from the conditions
of the observational line of sight to overhead Sun and equatorial conditions. The vertical dotted line at Ls 180° indicates the transition from aphelion to perihelion

season adopted in this work.
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Fig. 2. H densities from MY33 (red circles,
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at Mars and are beyond the scope of this work (Chaffin et al., 2021).
These data do indicate that perihelion season increases in H density
occur every Mars year, without regard to the specific level of dust storm
activity.

The thermal escape rate of H atoms was calculated using the RT
model derived densities at the exobase and by using an empirical fit to
exobase temperature, as shown in Fig. 3. The upper atmospheric tem-
peratures derived in this work were derived using NGIMS observations
in the 40 km region above spacecraft periapsis. The atmosphere is
considered to be isothermal at the altitudes adopted for this analysis;
namely, ~160 km (spacecraft periapsis) through 200 km (the exobase)
(e.g., Krasnopolsky, 2002). The methodology used to derive the tem-
perature from the CO; scale height is described in Mayyasi et al.
(2019b). The derived temperatures were normalized to overhead

300

illumination conditions as described in the Appendix.

The resulting temperatures, shown in Fig. 3, show repeatable annual
variability that is attributed, in part, to the spacecraft periapsis preces-
sion as well as to variability in the exobase altitude driven by the lower
atmosphere (Jakosky et al., 2017). While the exobase altitude may
change from orbit-to-orbit (between ~150-200 km), the RT model
assumption of exobase altitude at 200 km is still a valid representation of
the atmosphere as both H densities and temperatures do not vary
significantly between 150 and 200 km (e.g., Matta et al., 2013).

To quantify the aphelion to perihelion variation in global thermal
conditions, temperature averages were used for each Mars Year during
aphelion season (Ls = 0°-180°) and perihelion season (181°-360°) to
smooth out the observational variations and to constrain an empirical fit
to the data. The parameterized exobase temperature at SZA =
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Table 1
Seasonal span of classical regional dust storms and the GDS for MYs 33-35. Ls
peak is derived from time-evolving zonal averaged temperatures at 50 Pa.

Storm Start Ls / Date ~Peak Ls / Date End Ls / Date

A i(l)?;/ Sep iéf;/ Sep 15, 9390/ 0ct 10, 2016
VYss B 22(1)06/ o ;g?;/ Nov 26, 292° / Jan 2, 2017

¢ ;3;‘;/ Feb 26, ;317/ Mar3, 342° / Mar 31, 2017

GpE+ 8% /Juné, 207° / Jul 7, 270°-281° / Oct 14-Nov

2018 2018 3, 2018

Mys4 B 22(1);/ ot ;gf;/ Nov e, 292° / Nov 20, 2018

¢ ggi;/ e ﬁﬁf;/ Jan 16, 3370/ Feb6, 2019

A 352;/ e ;3;:)/ i1z, 259° / Aug 16, 2020
MY35 B ggg;/ Aug 13, zg;;/ U8, on 0102020

© o T o TP a0 ez, 200

“ The start date assumes similar criteria as non-GDE storms (Kass et al., 2019).

0° conditions adopted for this work accounts for variations due to season
and solar cycle and is consistent with global temperatures derived from
other works (e.g., Forbes et al., 2008; Bougher et al., 2009). The day-to-
day variability in the atmospheric temperatures at Mars can be large and
further enhanced during dust storms or transient solar events (e.g.,
Mayyasi et al., 2018a; Jain et al., 2021). A discussion of the uncertainties
in the parameters derived in this work and their implication is included
in the Appendix.

The empirical fit to exobase temperature and the derived H exobase
density were used to determine the thermal escape rate of H atoms using
the Jeans escape formulation (described further in the Appendix). As
demonstrated in Fig. 3, there is significant seasonal variability in the
escape rate across the MAVEN mission timeline. Within one full Mars
Year, the thermal escape rate extrema differ by over two orders of
magnitude between aphelion and perihelion, as is the case for MY33,
MY34, and MY35.
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Determinations of the abundances of H atoms in the atmosphere of
Mars using radiative transfer theory are sensitive to the ambient tem-
perature. In Sep 2018, a Coronal Mass Ejection and Solar Flare impacted
Mars while MAVEN was in orbit (Lee et al., 2018). IUVS echelle mea-
surements recorded a brightness enhancement of ~25% in H Lyman-a
emissions and NGIMS measurements recorded a temperature enhance-
ment of ~80 K during the few days of the solar storm impact. For these
observations, the derived H exobase densities was found to increase by
25% and the escape rate was enhanced by a factor of 5 (Mayyasi et al.,
2018a).

As a best attempt to adopt complex radiative transfer theory as-
sumptions to produce density derivations, the RT model utilizes
empirical solar irradiance and brightness values for each data point
along the observational line of sight. The simplification introduced by
adopting empirical averages for temperatures may introduce additional
uncertainties in the derived exobase density, where temperatures may
fluctuate by a few tens of degrees over short timescales. A more in-depth
and systematic derivation of day-to-day variability of ambient temper-
atures and upper atmospheric properties at Mars is an ongoing investi-
gation and has been preliminarily quantified in Chaufray et al. (2021a).

The seasonally averaged H exobase temperature, density, thermal
escape rate, and global escape rates derived from MAVEN observations
are shown in Fig. 4. Seasonal averages smooth out the shorter timescale
variability and highlight the effects of a variable solar cycle. The mini-
mum of Solar Cycle 24 occurred near Sep 2019, at Ls ~80° in MY35.
Therefore, the decreasing activity phase of Solar Cycle 24 overlaps with
MAVEN observations in perihelion season of MY32, all of MYs 33-34,
and the first third of aphelion season in MY35. The increasing activity
phase of Solar Cycle 25 overlaps with MAVEN observations in the
remaining two-thirds of aphelion season and all perihelion season of
MY35, and the aphelion season of MY36. We note that MY36 data
coverage went up to Ls 124°, just prior to a projected enhancement in
exobase temperature that leads into perihelion, as seen in the thermal
trends from previous Mars Years.

The seasonally-averaged exobase temperature (Fig. 4A) decreases
from solar moderate conditions of MY32 to solar minimum conditions of
MY34, and increases as the solar cycle becomes more active in MY35
during perihelion. During aphelion, the averaged exobase temperature
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Fig. 3. (Top panel) The NGIMS-derived temperatures extrapolated to SZA = 0° (blue dots), averaged over aphelion and perihelion seasons (horizontal red lines) with
their standard deviation about the mean (vertical red lines) that are used to constrain the empirical fit (black) for exobase temperature. The temperature fit is used to

derived the H thermal escape rates (Bottom panel) for SZA = 0° conditions.
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Fig. 4. Seasonally averaged properties of temperature (A),
exobase density (B), thermal escape rate (C), and global escape

HHT,

4 rate (D) for H atoms at Mars for aphelion-averaged values
(black) and perihelion-averaged values (red). The length of
the horizontal line spans the Ls where data are available
(partial for MY32 perihelion and MY36 aphelion). Vertical
error bars in temperature reflect the standard deviation in the
empirical fit. Vertical error bars in H density, thermal escape,
and global escape rates are propagated from the uncertainties
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in the data (e.g., Mayyasi et al., 2017a). The vertical dashed
line in panel A denotes the reference solar minimum point for
Solar Cycle 24, at 80° Ls of MY35. (For interpretation of the
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decreased from MY33 to MY34 and begins to increase again in MY35
and MY36.

The H exobase density (Fig. 4B) increases with decreasing solar ac-
tivity from MY32 to MY33 during perihelion. The perihelion densities
decrease in MY34 then continue to decrease with increasing solar ac-
tivity in MY35. During aphelion, the seasonally averaged H exobase
densities increase with decreasing solar activity, and decrease with
increasing solar activity. With the exception of MY34 perihelion trends,
the seasonally-averaged H exobase densities vary inversely with solar
activity, likely due to variations in temperature. The inverse relationship
between H exobase density and temperatures is consistent with findings
from previous studies that examine diffusion theory of lighter atoms
through an atmosphere of heavier species (Krasnopolsky, 2002). The
martian atmosphere at ~200 km is predominantly composed of COs, O,
Ny, CO, O, and Ar (Mahaffy et al., 2015). Enhanced solar irradiance at
Mars results in overall heating and expansion of the atmosphere. As
these dominant species expand with increasing solar irradiance and
subsequent heating, lighter species such as H, encounter increased
collision rates that slow their diffusion to higher altitudes. Studies have
shown that during a transient space weather event that spiked thermo-
spheric temperatures by 15% and 40%, the H densities decreased by 8%
and 25%, respectively (Mayyasi et al., 2018a). Conversely, cooler tem-
peratures result in a smaller scale height for heavier species and a
relatively deflated atmosphere that reduces collisions with the lighter
species at exobase altitudes and facilitates the diffusion of H atoms to
higher altitudes. The exceptional behavior of MY34 perihelion may be
driven by the global dust events that affected mixing and diffusion of H
atoms to higher altitudes (e.g., Chaffin et al., 2021).

The seasonally-averaged H thermal escape rate (Fig. 4C) decreases
with solar activity in solar cycle 24, from MY33 through MY34, then
increases with increasing solar activity during MY35 for perihelion. The
aphelion-averaged escape rate also decreases with solar activity from
MY33 to MY34, then increases in MY35 with the enhanced solar activity.
The perihelion-averaged MY32 and aphelion-averaged MY36 escape
rates are lower than expected from trends formed by other MY seasons,
and may be due to the incomplete dataset available from those seasons
(233°-360° Ls for MY3 and 0°-124° Ls for MY36), where projected trends
would lead to higher temperatures and therefore higher escape rates.
Aside from these partial seasonal representations, the seasonally-
averaged H thermal escape rate correlates with solar activity.

A global escape rate for each of the aphelion and perihelion averaged

conditions was extrapolated from the thermal escape rate for H. The
escape flux per unit area falls off from 0° to 180° SZA with the corre-
sponding decrease in exospheric temperature. As a first approximation,
the NGIMS temperature profile with SZA is used with the normalization
relation for density profile with SZA (described in Appendix) to
encompass all solar illumination conditions. The calculated escape
fluxes were then integrated over the planet for all SZA to obtain a global
rate. The global escape rate is roughly ': the rate that would be obtained
by integrating the sub solar escape rate across the globe.

The resulting global escape rate (Fig. 4D) correlates with solar ac-
tivity, decreasing during the declining phase of Solar Cycle 24 and
increasing with the increasing activity phase of Solar Cycle 25 for
perihelion. During aphelion, the global escape rate shows similar trends
with solar activity as in perihelion with the exception of aphelion of
MY36. This is likely due to the partial data available for that season.
Similar to the discussion provided for thermal escape rate, the temper-
ature for the remaining aphelion season of MY36 is projected to in-
crease, as is the solar activity, causing the resulting aphelion averaged
global escape rate to increase. Additionally, when considering the H
thermal escape rate in perihelion of MY32 to be lower than expected dur
to partial data coverage, the subsequent global escape rate for MY32
perihelion may be higher than the average value derived here for the
partial seasonal.

Further enhancements in solar activity from a stronger solar cycle
will likely result in larger variations in the seasonal properties of H
atoms. Observations acquired during a stronger solar maximum than
available with the present MAVEN observations will be required to
better quantify how such conditions could affect H escape at Mars.

4. Conclusion

Observations obtained with MAVEN were used to derive trends in the
upper atmospheric properties of H atoms at solar moderate-to-minimum
conditions as well as with season. The properties include exobase den-
sities and temperatures that were then used to calculate thermal and
global escape rates.

Significant seasonal variability was found in the derived properties
of H atoms at the exobase from year to year. H densities at perihelion
were consistently higher than at aphelion and showed variability in
response to regional dust storms onset and peaks, with a duration range
of 15°-40° Ls. Occasional density and escape rate enhancements during



M. Mayyasi et al.

perihelion were offset in time from a regional storm trigger likely due to
a combination of dust storm and atmospheric circulation effects. During
the year of the GDS, H densities at perihelion were not significantly
enhanced above their values in adjacent years.

The persistent year-to-year increase in H density around perihelion is
consistent with a measured increase in high altitude HyO found by IR
solar occultation data (Aoki et al., 2019; Vandaele et al., 2019; Fedorova
et al., 2020; Stone et al., 2020; Belyaev et al., 2021) and this occurs in
phase with the known strong Hadley cell circulation pattern (Mont-
messin et al., 2017; Neary et al., 2020; Shaposhnikov et al., 2019).
Increased dust in the atmosphere contributes to increased temperatures
and increased circulation, thus the effects of atmospheric dynamics and
dust storm activity are linked. The weak response of H densities to the
MY 34 global dust storm may be due in part to the enhanced tempera-
tures that suppress the diffusion of H atoms to higher altitudes, resulting
in a lower abundance of H atoms at the exobase. It is also possible that
since the global dust event occurred well before perihelion the global
Hadley circulation pattern was not yet established, leading to a rela-
tively lower increase in upper atmospheric H density.

During aphelion, variations in the H exobase densities and escape
rates were compared across solar activity periods that include near-
maximum through minimum phase of Solar Cycle 24 as well as the
beginning of Solar Cycle 25. Aphelion H densities at the exobase
increased as the Sun became less active, then decreased as the Sun
became more active. The aphelion thermal and global H escape rates
decreased with decreasing solar activity and increased with increasing
solar activity.

The H density values obtained in this work are consistent with pre-
vious findings by Rosetta, Mars Express, Mariners 6 & 7, as well as Mars-
3 mission data for solar extreme conditions that span ~0.06-4 x 10°
em™3 (Anderson and Hord, 1971, 1972; Dementyeva et al., 1972; Galli
et al., 2006; Chaufray et al., 2008; Feldman et al., 2011). The H thermal
escape rate obtained in this work is consistent with findings using lower
spectral resolution MAVEN data that range between 0.6 and 8.8 x 10°
em 2 s7! for available data in MY32 through end of aphelion in MY33
(Chaffin et al., 2018). The thermal escape rate of H, averaged over all
data points (for all seasons) is 8.9 x 107 cm™2 s L. This finding supports
that of previous works where averaged martian conditions were used to
obtain a thermal escape rate of 5.4 x 107 em 257! (Yung et al., 1988).
The H global escape rate results are consistent with findings obtained
with Mars Express data and modeling analyses that showed a seasonal
variation of ~0.1-6 x 10%° atoms s~ during MY28 and 29, that

Appendix A. Tools and methods

A.1. Data reduction
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similarly overlapped with moderate-to-minimum decreasing activity
phase of Solar Cycle 23 (Chaufray et al., 2021b).

The mean global escape rate found in this analysis, averaged over all
data points, is 1.4 x 10 atoms s~. This extrapolates to a global
equivalent layer of water ~1.2 m deep, lost over four billion years. The
extreme values of escape rate obtained from the observations span be-
tween 2.9 x 10° cm 257! and 7.5 x 108 em 2 s~ L. These extreme values
correspond to a global escape rate of 1.9 x 10%* and 1.36 x 10?7 atoms
s 1. Using these extreme values as references, the global equivalent
layer of water, lost over 4 billion years ranges between ~2 cm and ~ 13
m deep. While these extreme values are limits derived from this work for
MAVEN observations made between solar moderate and solar minimum
conditions, they can help constrain further investigations as to the loss of
water from Mars (e.g., Jakosky, 2021).

The variability in H properties due to variations in solar activity
indicate a solar activity dependence. However, this solar cycle depen-
dence is dwarfed by seasonal effects that significantly enhance H
abundances and escape rates to space during perihelion seasons of each
MY. As MAVEN continues to orbit Mars, more IUVS data will become
available during the peak of Solar Cycle 25 for future analysis. The re-
sults suggest that solar activity can affect the rate of water loss from the
planet, and should be quantified during a stronger solar cycle to more
completely assess the effects of solar cycle extrema on water escape and
subsequent extrapolations of primordial water content of Mars.
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The data measured by MAVEN IUVS echelle consists of a set of images, obtained for each orbit, for thousands of orbits. For purposes of analyzing
the H Lyman-o emissions, only observations in which the instrument was pointed at the planetary disk were used (to minimize contamination by
interplanetary H Lyman-a emissions). For each of the observations, images were co-added across the image set to produce a single image which was
then used to derive a spectrum to optimize the signal to noise. The observational parameters for each image set were also co-added to provide one
representative line-of-sight for the co-added spectrum.

The co-added spectra were then reduced to provide a brightness value for H Lyman-a in Rayleigh (Mayyasi et al., 2017a). The co-added obser-
vational parameters for the line-of-sight include latitude, and SZA of the point where the line of sight intersect the planet disk for each image in a set.
The range of where the line-of-sight intersects with the planetary disk typically spans a few degrees in latitude and SZA for the individual images in a
set. These parameters are co-added to provide one representative observational geometry to represent the co-added spectrum. Testing this meth-
odology of co-adding images and their geometry against image-by-image analysis was done and found to be similar.

The co-added brightness and its associated uncertainty (described at length in Mayyasi et al. (2017a)), co-added line-of-sight parameters, and an
exospheric temperature are then provided to a radiative transfer model to produce a density value at the exobase above the location of the obser-
vational point on the planetary disk.

A.2. Temperature parameterization

The neutral temperature in the upper atmosphere of Mars does not vary significantly above the exobase and a single temperature is used for all
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species at that altitude (Krasnopolsky, 2002). To derive a temperature that is representative of the ambient conditions of the MAVEN IUVS disk-
pointed observations of H, NGIMS in-situ measurements of neutral species abundances were used. The CO; density, observed as a function of alti-
tude within 40 km of the spacecraft periapsis, provides the exponentially decreasing molecular abundances with increasing altitude (Mahaffy et al.,
2015). The CO4 scale height above the spacecraft periapsis (~160-180 km) is used to obtain the exobase temperature, in a method that is described in
Mayyasi et al. (2019b). The exobase temperature provided to the RT model is then used to construct a temperature profile with altitude (e.g.,
Krasnopolsky, 2002).

To normalize the observations to overhead Sun conditions, the exobase temperatures (Teyo) derived from the NGIMS data were parameterized as a
function of SZA for the mission-long trends in dayside temperatures (SZA < 90°). The resulting parameterized fit for Texo with SZA, shown in Fig. A1, is
consistent with that obtained by other investigations (Stone et al., 2020; Mayyasi et al., 2019a) which used a briefer MAVEN data timeline. The
parameterization was used to obtain an overhead illumination (SZA = 0°) value for Teyo. The SZA = 0° value of the Tey, fit was then scaled to reflect
seasonal and solar activity, as shown in Fig. 3 (top panel).
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Fig. Al. Exobase temperature derived from NGIMS measurements of CO5 scale heights made on the dayside (SZA < 90°) from 7 years of MAVEN observations. Data
from MYs 32, 33, 34, 35 and 36 are shown in circles colored black, red, green, blue, and purple, respectively. The standard deviation in temperature, derived from
10° SZA bin averages, is shown in vertical brown bars. The best fit to the averages is shown as a solid brown line. The fit is compared with that of other workers
(brown dotted line) (e.g., Stone et al., 2018). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

A.3. Radiative transfer (RT) model

A radiative transfer technique is used to derive the H densities from the IUVS Echelle brightness measurements using a 1-dimentional (1D) model
that uses a forward approach (e.g., Chaufray et al., 2021a, and references therein). The model generates a temperature profile with altitude, based on
the NGIMS-derived values near spacecraft periapsis. The atmospheric temperature at Mars can be variable with altitude below the homopause
(~60-140 km) (e.g., Slipski et al., 2018), yet is expected to be fairly constant at thermospheric altitudes (~140-200 km) (Krasnopolsky, 2002). The RT
model assumes a homopause at 80 km altitude, below which all Lyman-a photons are absorbed, and an exobase at 200 km altitude. The exobase
temperature is expected to vary with season, local time, and solar forcing (e.g., Jain et al., 2021) and these variations have been captured by the
empirical fits to the NGIMS data.

The model also assumes an H density profile with altitude (e.g., Anderson, 1974; Bhattacharyya et al., 2020). Using the location of the spacecraft
and the observational LOS, the model then uses a Monte Carlo approach to simulate the volume emission rate of H along the LOS. The model as-
sumptions include adopting a thermal-only component of the atmosphere, (that is applicable to the observations used in this analysis), a symmetric
atmosphere with CO,, absorption considerations for optically thick H emissions, and an angle-dependent partial frequency redistribution function.
The solar Lyman-a flux along the LOS linearly affects the Lyman-a emission by H atoms. The RT model accounts for this by using measurements
obtained in-situ at Mars by the Extreme Ultraviolet Monitor (EUVM) (Eparvier et al., 2015).

The RT model produces a library of H density distributions with altitude, and simulates the brightness of each distribution at a range of ambient
temperatures (e.g., Fig. 2 in Bhattacharyya et al., 2020). The best-fit distribution for H atoms returned by the RT model is the one that produces a
brightness profile that best matches the observed brightness at the given temperature. The model assumes a symmetric atmosphere and converts the
best-fit distribution along the observational LOS into a density profile for H with altitude at the observation point on the disk identified by the LOS. The
H density at the exobase altitude (200 km) is the provided as output from the RT model to be used as a metric for this analysis. Model density dis-
tributions and atmospheric assumptions have been previously described and the sensitivity of the model results to assumed parameters and inputs
have been characterized in previous works (Bhattacharyya et al., 2020; Chaufray et al., 2021a).

A.4. Normalizing to overhead sun

The modeled H densities show a dependence on solar illumination conditions, determined by the SZA. To account for those variations, the densities
retrieved during aphelion conditions (when seasonal variability is at a minimum) were used to identify the trends in the densities with SZA, as shown
in Fig. A2. Perihelion densities show similar trends with SZA but have much larger spread due to additional atmospheric drivers and so we refrain from
using those data points to derive trends with SZA. The densities were averaged over 5° bins in SZA, and a best fit curve was determined for each species
that best represented the average trends. The functional form of the fit is:

5.0 x 10*

[H] (cm’3) = W

(A1)

where [H] is the hydrogen density in cm ™3, and y is the SZA. This functional form was used to ‘normalize’ the densities to overhead illumination (aka
zenith) conditions, when the SZA = 0°. Corrections to overhead solar illumination conditions mostly affected data points at larger SZA. The density
correction to overhead Sun conditions was <7%, on average, for data at SZA <65°, and up to 36% for data at SZA > 65°.
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Fig. A2. Aphelion densities for H as a function of SZA. The modeled densities (color coded by Mars Year, specified in the legends) were averaged over 5° SZA bins
(black circles and solid lines) to determine the average trend in density with illumination conditions. The trend was used to determine a functional fit represented by
Eq. Al, shown as grey solid line across the data points. Vertical thin grey lines represent the uncertainty in the model results for each data point.

A.5. Normalizing to equatorial conditions

The martian atmosphere undergoes large variations with seasons related to dust activity. To minimize the added effects of dust variability, that
occur mostly around the perihelion season, only aphelion data points were used to examine trends in modeled values with latitude. The results are
shown in Fig. A3 and utilize data that has been normalized to overhead Sun conditions, using Eq. Al.

The trend in H densities with latitude was determined by smoothing averaged values, obtained for the densities over each 5° bin. The smoothed fit
was then used to normalize densities to equatorial values. The variability with latitude was <25% of the equatorial value for H densities.
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Fig. A3. Aphelion H densities as a function of latitude. These modeled densities (color coded by MY shown in the legend) have been normalized to SZA = 0°. The
data points were averaged over 5° latitude bins (black circles and solid lines) to determine the average trend in density with latitude. The trends were smoothed to
provide the fits (pink solid lines) to latitudinal variability and are not represented by a functional form. Vertical thin grey lines represent the uncertainty in the model
results for each data point. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The data before and after the SZA and latitudinal corrections are shown in Fig. A4 and the latter is shown in Fig. 1.

A.6. Escape rate

The escape rate for H atoms in the upper atmosphere of Mars is derived from the standard Jeans Escape formulation (e.g., Hunten, 1982; Sanchez-
Lavega, 2015):

1

H escape = N Hlxe " xVyx(r+1) (A2)
2k TEX()

v, = Holeo (A3)

m
GMm
- A
! kB Texohexo ( 4)
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where ky is the Boltzmann’s constant, m is the mass of a Hydrogen atom, G is the universal gravitational constant, M is the mass of Mars, and he,, is the
exobase altitude, taken here to be 200 km.
Model Results
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Fig. A4. Modeled densities for H before correction (top row) and after correction (bottom row). Densities are corrected by normalizing the data points to overhead

illumination (SZA = 0°) and equatorial conditions (latitude = 0°). Data from each MY is color coded. Vertical thin grey lines denote uncertainties in the modeled
values. A vertical dotted line in the normalized values at 180° Ls demarks aphelion from perihelion season.

o

A.7. Uncertainties in the derived parameters

Measurements of IUVS H Lyman-a emissions and NGIMS CO3, scale heights are used to derive the brightness and ambient temperature of H atoms
along a line of sight. These derived values are used with measured EUV solar irradiance and a radiative transfer model in order to derive the H
abundances at the exobase altitude along the line of sight. The densities and the temperatures are combined to derive H thermal escape rates for
overhead illumination conditions as well as global escape rates at all SZAs, assuming the diurnal variations of density and temperature across the
planet as described above.

The uncertainties in the brightness values are derived from the background noise in the reduced spectrum and are <15% for individual spectra of
bright emissions such as H Lyman-a (Mayyasi et al., 2017a). When co-added for improved signal to noise, as done here, the uncertainty due to noise in
the spectral signal drops to <4%. The uncertainties in the brightness values are smaller than the uncertainty in the absolute calibration of the in-
strument, which is ~25% and is stable over time (Mayyasi et al., 2017). This paper describes changes in H properties in the upper atmosphere of Mars
and thus the plotted error bars do not include this value.

The uncertainties propagated by the radiative transfer code, due to uncertainties in the input parameters and model assumption, have been
discussed in (Chaufray et al., 2021a).

The measurement uncertainties in the NGIMS CO;, densities are typically small (<20%) near spacecraft periapsis, where these densities are used to
derive exobase temperatures (Mahaffy et al., 2015). In addition, the assumed temperature values are fit to averaged empirical data. The seasonal
averaging of derived temperatures has a standard deviation of ~80 K. Such a spread in exobase temperature is estimated to affect the derived densities
by ~25%, and the derived escape rates and global escape rates by a factor of ~5 (e.g., Mayyasi et al., 2018a).
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