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Abstract we report a new set of stellar occultation measurements for nightside temperature profiles
made by the Mars Atmosphere and Volatile EvolutioN/Imaging Ultraviolet Spectrograph that provide
evidence for a recurring layer of warm air between 70 and 90 km altitudes in the nightside mesosphere of
Mars during Lg = 0-180° in Martian Year 33-34. The nightside profiles reveal a recurring peak of
atmospheric temperature around 80 km over the equator to the middle latitudes in the northern hemisphere.
The predictions of the Mars Climate Database have a warm layer with much smaller amplitudes. The
observed peak amplitudes are larger than those predicted by the model by up to 90 K. Wavenumber-3
structures are seen in the warm layer that are potentially signatures of thermal tides or stationary planetary
waves, with amplitudes two times larger than predicted.

Plain Language Summary The Mars middle atmosphere is an intermediate region with rich and
complex dynamics influenced by the underlying lower atmosphere and the overlying upper atmosphere.
We report a new set of stellar occultation measurements made by the MAVEN/IUVS that provide evidence
for a warm layer between 70 and 90 km altitude in the nightside mesosphere of Mars during Ly = 0-180° in
Marian Year 33-34.

1. Introduction

The Mars middle atmosphere is well-known as an intermediate atmospheric region strongly influenced by
coupling with the underlying lower atmosphere (via gravity waves, planetary waves and tides, and dust
storms) and coupling with the overlying upper atmosphere and ultimately the Sun (via solar extreme ultra-
violet radiation and solar wind particles) (e.g., Bougher et al., 2002, 2008, 2014, 2015; Gonzalez-Galindo
etal., 2015, 2018). On the other hand, the Martian middle atmosphere remains the least explored region with
a highly variable nature that deserves extensive measurements.

The density and thermal structures of the Martian lower atmosphere, up to 50 km, have been investigated by
the thermal infrared spectrometers and the radio science experiments onboard Mars Global Surveyor
(Hinson et al., 2004; Smith, 2004; Smith et al., 2001) and Mars Express (Grassi et al., 2005; Pitzold et al.,
2016). Mars Climate Sounder onboard Mars Reconnaissance Orbiter (McCleese et al., 2007) extended the
observed range up to 80 km. Above this level, a few in situ measurements are available, including the density
profiles from the Viking, Pathfinder, and Mars Exploration Rovers (Magalhies et al., 1999; Seiff & Kirk,
1977; Withers & Smith, 2006) and the density measurements obtained during the aerobraking phases of
the Mars Global Surveyor, Mars Odyssey, and Mars Reconnaissance Orbiter missions (Keating et al., 1998,
2003, 2007). These observations have revealed rich and complex dynamics combining various kinds of waves
probably interacting with the mean circulation (Forbes et al., 2002; Magalhies et al., 1999).

The solar and stellar occultation technique applied to the Martian atmosphere with the Mars Express spec-
trometer Spectroscopy for Investigation of Characteristics of the Atmosphere of Mars (SPICAM) measures
the atmospheric transmission from which information about the vertical structure and composition in the
60-130 km region can be derived (Bertaux et al., 2006; Forget et al., 1999; Montmessin et al., 2006;
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Quémerais et al., 2006). SPICAM provided information about aerosols and clouds (Montmessin et al., 2006;
Maéittdnen et al., 2013), ozone (Lebonnois et al., 2006; Miittinen et al., 2019; Modak et al., 2019), density
and temperature (Forget et al., 1999, 2009), tides (Withers et al., 2011), and eventually O, (Sandel et al.,
2015). Forget et al. (2009) and Gonzalez-Galindo et al. (2018) investigated latitudinal and seasonal variations
of observed density and temperature in the middle atmosphere. Montmessin et al. (2017) give an overview of
results from SPICAM observations.

SPICAM occultation has recently revealed an unexpected high abundance of water vapor in the middle
atmosphere that supposedly drives the enhancement of the atomic hydrogen escape (Chaffin et al., 2017;
Fedorova et al., 2018; Heavens et al., 2018; Maltagliati et al., 2011, 2013). However, it is unclear how to
extract water vapor from the lower atmosphere and place it in the middle atmosphere since water vapor is
limited in its vertical propagation by the cold trap of its condensation level; the cold trap leads to water freez-
ing out, confining water in the lower atmosphere. It has been proposed that an inflation of the lower atmo-
sphere due to the sunlight absorbed by the upsurge of dust associated with intensified meridional circulation
can transport water vapor effectively into the middle atmosphere (Fedorova et al., 2018). Recent observa-
tions of dust, water, and semiheavy water (HDO) by the NOMAD and ACS onboard the ExoMars Trace
Gas Orbiter also propose that the increase of water abundances may be the result of warmer temperatures
during the dust storm causing stronger atmospheric circulation and preventing ice cloud formation
(Vandaele et al., 2019). The background temperature profiles are the key to understand how to preserve
the detached layer of the water vapor in the middle atmosphere. However, a comprehensive picture of the
thermal structure and dynamics in the middle atmosphere is yet to be established.

Here, we report new stellar occultation observations by the Imaging Ultraviolet Spectrograph (IUVS)
onboard the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission, which allows us to study the ver-
tical structure of the atmospheric temperature in the 20-140 km altitude region (Groller et al., 2015, 2018) in
a way similar to SPICAM but with a more complete coverage in latitude, longitude, and season on
the nightside.

2. Observations

The IUVS instrument and its various modes of operation were described by McClintock et al. (2014), while
the technique of stellar occultation and the processing of the IUVS observations are described by Groller
et al. (2015, 2018). During an occultation, IUVS continuously observes a selected star, while the spacecraft
moves around the planet so that the star setting or rising through the atmosphere is observed. When the star
is seen through the atmosphere, the spectrum is modified by the absorption of all atmospheric constituents
integrated along the line of sight from the star to the instrument. Occultations are performed during cam-
paigns lasting 1 to 2 days. Repeated measurements of a particular star provide measurements at essentially
constant latitudes and local times (LTs) at different longitudes. A campaign of observations during consecu-
tive orbits roughly samples all longitudes. The targeted UV-bright stars were selected for providing a certain
latitude and LT coverage at a certain season over 3 years. A well-controlled Articulated Payload Platform on
the MAVEN enables the specific pointing of the instrument to any star, thus enabling ITUVS with good spatial
coverage. We restrict our analysis to 19 stellar occultation campaigns separated by 2-3 months. IUVS mea-
sures the 110-340 nm wavelength region in two channels: the FUV at 110-190 nm and the MUV at 180-340
nm. The use of two channels provides high sensitivity and spectral resolution, ensuring detection of CO,, O,,
and O; densities, aerosol opacity, and subsequently, (from the CO, density profile) the thermal structure in
20-140 km altitude range. Temperature profiles have been derived from the density profiles assuming that
the atmosphere is in hydrostatic equilibrium. Our inferred temperature profiles have a typical vertical reso-
lution of 2 to 10 km, which is smaller than or equal to the average atmospheric scale height (6-12 km,
depending on altitude). We consider only nightside occultation (LT = 0-6 hr, 18-24 hr) where sunlight scat-
tered by aerosols and reflected by the surface do not affect the measurements. The list of the stellar occulta-
tion campaigns presented in this study is summarized in Table 1. We confine our analysis to 188 nightside
temperature profiles that have altitude coverage probing below 60 km and whose uncertainty is less than
20 % of the background during the period from 24 March 2015 to 12 April 2018 (98 profiles in Lg = 0-90°,
and 90 profiles in Ly = 90-180°). All density and temperature profiles used in this study correspond to level
2, version 13, revision 1 data provided by the Planetary Data System (PDS). The filename in the PDS contains
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Table 1
List of the Stellar Occultation Campaigns Applied for this Study
Campaign Date MY (Sols) Orbit I Used (total)
#3 1-2 August 2015 33 (43) 01635-01640 22 11 (37)
#5 3-4 November 2015 33 (134) 02132-02137 64 15 (29)
#7 17-18 March 2016 33 (265) 02848-02853 124 25 (39)
#8 26-27 May 2016 33(334) 03223-03228 159 3(38)
#14 14-15 June 2017 34 (39) 05246-05254 19 17 (27)
#15 5-7 July 2017 34 (59) 05357-05366 29 28 (36)
#16 8-9 October 2017 34 (152) 05866-05875 71 27 (27)
#17 6-8 December 2017 34 (209) 06193-06202 97 25(53)
#18 7-9 February 2018 34 (270) 06532-06541 126 12 (55)
#19 11-12 April 2018 34 (332) 06866-06875 157 25 (57)
Total number of profiles 188 (398)

the keywords, occultation, level 2, version 13, which enables to identify the data set. In this study, IUVS
observations are compared with simulations by Mars Climate Database (MCD) version 5.3. (Millour
et al., 2012).

3. Results

Analysis of the 188 nightside profiles has identified a pattern of recurring high-altitude warm layers under
various season and latitudinal conditions. Figure 1 shows a selection of profiles representing a warm layer
in the middle atmosphere during the period from L = 0-180°. The geographic distribution of tangential foot-
prints of the TUVS stellar occultations, season, and targeted stars is given in each panel. The geometric tan-
gential footprint refers the near point for each occultation. These profiles exhibit a recurring layer of warm
air at a similar pressure level, approximately at altitudes 70-90 km. Such warm air in this altitude range is
the most surprising result of this work, not expected by classical theory.

In Figure 1, the IUVS profiles were compared with the MCD (as the broken lines) using an average condition
of solar extreme ultraviolet. The predicted temperature profiles by the MCD gradually decreases from ~150 K
around 40 km to ~100 K above 100 km. The comparison reveals a relatively good match between the IUVS
and the MCD, except for the distinct feature of warm layer in the 70-90 km range. The temperature around
80 km predicted by the MCD underestimates the observed temperature by up to 90 K. It is noteworthy that
the MCD predictions also indicate small bumps at altitude ranges shown in Figure 1 with low peak values up
to 160 K. These bumps could be associated with the upward propagating thermal tides. The predicted pro-
files by MCD, however, do not show a significant increase of the amplitudes around 80-100 km altitude.
The contrast of warm layer amplitudes between the IUVS and the MCD is striking.

The geographic distribution of nightside occultations applied in this study is represented in Figures 2a-2c.
The geometrical parameters of tangential footprints of the occultation evolved throughout the mission.
Thus, the results shown here represent a combination of these geometrical variations with actual atmo-
spheric variations. The sufficient coverage in longitude and latitude is visible, except for the northern
high-latitude region. The red dots correspond to profiles representing the warm layers in the middle atmo-
sphere; meanwhile, the blues correspond to featureless profiles. Here, the criteria for the detection of the
warm layer are (i) temperature maximum in 60-100 km larger than 170 K and (ii) warmer values than
the background profile led by the second-order polynomial fit to the profile of more than 15 K. Detection
by these criteria coincides with that by visual judgment. In Figures 2a-2c, the recurring detections of the
warm layer over the equator to the middle latitudes in the northern hemisphere are obvious, in addition
to the southern high latitudes. On the other hand, a lack of detections of warm layers in the southern middle
latitudes is apparent.

By collecting the nightside profiles from Ls = 0-180°, a latitude-altitude cross section of the zonally averaged
atmospheric temperature is obtained as shown in Figure 2d. The number of profiles per bin ranges from 4 to
23. The total number of profiles is 188 for the map. The standard deviation computed for each bin is 16.7 K in
average, which is smaller than the amplitude of the observed feature. An enhancement of temperature in the

NAKAGAWA ET AL.

30f 10



Geophysical Research Letters 10.1029/2019GL085646

0.0001

0.0010

0.0100F

0.1000

Pressure (Pa)

1.0000

L | T T LN B B S 7 A S s S s S S B | T T T T T T T T

Lat:14N,Lon:027

/’ Lat:23N,Lon:124 b /’ Lat:03N,Lon:041

LT:01,Ls:021 | LT:02,Ls:063 LT:21,Ls:124
2015/213 Aug 01 \ 2015/308 Nov 04 \ 2016/078 Mar 18
\TAR HR2618 21EpsCMa 1 [ \ STAR HR4730 AlpiCru - [ R153 17Zet Cas 1100
\
\ \ >
\ T
T
=
o
. . 180 3
—
(0]
>
r B =
-
[=
. . 160 &
_—
x
3 : . 32
\
\
-~ - \ =
. 40

10.0000

S S S VS S S T § P | | M| PRI N TR T S NS VA ST S S ST S S S |

0.0001

100 150 200 250 100 150 200 250 100 150 200 250
Temperature (K) Temperature (K) Temperature (K)

0.0010F

0.0100F

0.1000

Pressure (Pa)

1.0000

10.0000

L B S S B S S S S

! Lat:22N,Lon:016

LT:00,Ls:097
. 2017/341 Dec 07
STAR HR5132 Eps Cen 100
\

L L B S B e B B S B

!

/ Lat:08N,Lon:296 f
! LT:23,Ls:071
\ 2017/281 Oct 08
\ STAR HR3165 Zet Pup

L e e e e e L L

/
Lat:29N,Lon:299 e
LT:20,Ls:029
2017/187 Jul 06
TAR HR7001 3Alp Lyr A

\ >

T

=l

]

_ ] 180 g

(1]

i >

3

_ ] 160 &

?

3 : 3
| ] A 140

| S & WS ST | PRI ST N WU STV A B S S | PR S S S S NS S S S S S S |

100 150 200 250 100 150 200 250 100 150 200 250

Temperature (K) Temperature (K) Temperature (K)

Figure 1. Examples of profiles representing the warm layers in the middle atmosphere. The geometric locations of tangential footprints of the Imaging Ultraviolet
Spectrograph stellar occultation measurements, seasons, and targeted stars are shown in each panel. The geometric tangential footprint refers the near

point for each occultation. The predicted temperature profiles were shown as dashed lines in panels from the Mars Climate Database v5.3 using an average con-
dition of solar extreme ultraviolet and a typical dust climatology for corresponding geometries of Imaging Ultraviolet Spectrograph.

middle atmosphere above the southern winter pole is nonetheless obvious, labeled region A in Figure 2d, but
is apparently caused by the polar warming found in the winter hemisphere (McCleese et al., 2008). However,
there is no explanation for the strong warm layer observed by IUVS in the northern summer mesosphere,
labeled region B in Figure 2d. Our results suggest the presence of a recurring peak of temperature at 80
km at the equator to the middle latitudes in the northern hemisphere, whereas this peak is not observed
in the middle latitudes of the southern hemisphere. Statistical study during Ly = 0-180° proves that the
warm layer is not an observational artifact.

Longitudinal cross sections of temperature averaged over Ls = 0-180° in the northern hemisphere (0° to 50°N)
and the southern hemisphere (50°S to 0°) are presented on the nightside in Figure 3. We find concentrations of
warm maxima roughly around the longitudes 20°, 140°, and 300°, which exceed 200 K, in Figure 3a. Thishasa
similar characteristic to the wavenumber-3 structure found in the mesosphere-thermosphere by previous stu-
dies (e.g., England et al., 2016, 2019, Groller et al., 2018; Stiepen et al., 2017). The temperature at altitudes 75—
85 km are extracted to show longitudinal variations in Figure 4 with the wavenumber-0 to -3 least squares fit to
those data, as was similarly done in the previous studies (e.g., England et al., 2016, 2019; Groller et al., 2018).
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Figure 2. The geometric locations in latitude versus (a) longitude, (b) local time, and (c) season of tangential footprints of the Imaging Ultraviolet Spectrograph
stellar occultation measurements applied in the study from Lg = 0-180° are shown. The red corresponds to profiles representing the warm layers in the middle
atmosphere. The blue corresponds to featureless profiles. The criteria are described in the text. Latitude-altitude cross section of zonally averaged atmospheric
temperature over Lg = 0-180° is shown in panel (d). The temperatures were averaged over the altitude bins of 5 km and latitude bins of 5°. Regions A and B highlight
the mesospheric warming described in the text. The standard deviations of averaged temperature for each bin are shown in the panel (e). The number of profiles for
each bin are shown in the panel (f). The number of profiles is 188 in total for the map.

The relative amplitudes of the wavenumber-1 to -3 components are 2.1, 2.4, and 10.5 K, respectively, in [UVS
data. The standard deviation from the fit is (a) 28.7 K, (b) 22.2 K, (c) 10.3 K, and (d) 10.6 K, respectively. The
amplitudes revealed a wavenumber-3 structure that is dominant with significant amplitudes. This is
comparable to wavenumber-3 signatures found by previous observations in the middle atmosphere that
have been interpreted as signatures of diurnal and semidiurnal tides or stationary planetary waves (Stiepen
et al, 2017; England et al, 2016, 2019). This suggests that the possible atmospheric waves force
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Figure 3. Longitude-altitude cross section of averaged atmospheric temperature over Ly = 0-180° (a) from 0° to 50°N lati-
tude and from (b) 50°S to 0° latitude. The temperatures were averaged over altitude bins of 5 km and longitude bins of 5°.
The total number of profiles in the map is 57 from 0° to 50°N latitude and 68 from 50°S to 0° latitude.

longitudinal variability of thermal structure in the middle atmosphere. Longitudinal variations of nitric oxide
(NO) nightglow reported by Stiepen et al. (2017) show a comparable signature, which seems to be in phase
with those found in this study. These waves apparently have an impact on the amplitude of the warm layer.
Longitudinal variation in the model prediction also indicates the wave-3 structure but with much smaller
amplitudes. It is noteworthy that the model prediction coincides with observation in phase quite well. In
contrast, the southern hemisphere is featureless in both IUVS and MCD. Although IUVS shows more
highly variable nature in this altitude range, the MCD reasonably matches with the IUVS in general. The
approximate ratios between the observed variation and the modeled were estimated to be 1.14 with a
standard deviation of 0.17 in the northern hemisphere and 0.96 with a standard deviation of 0.18 in the
southern hemisphere.

4. Discussion

Our results reveal the presence of a strong temperature inversion layer in the mesosphere at northern sum-
mer low latitudes. It is also indicated in Heavens et al. (2010), possibly due to the upward-propagating atmo-
spheric waves from below, such as small-scale gravity waves (Fritts & Alexander, 2003). They potentially
break in the mesosphere, then deposit their horizontal momentum into the background mean winds and
change the mean wind velocity. If there are the convective instabilities related to the temperature inversion,
they could also create a turbulence layer. The vertical mixing induced by the turbulence layer might also
influence the homopause and thereby thermospheric composition.

The discovery of an unexpected temperature gradient in the nightside mesosphere, with a distinct layer of
warm air which has never been explained, would affect our current understanding of the Martian
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Figure 4. (a and b) Longitudinal variation of atmospheric temperature from Imaging Ultraviolet Spectrograph (IUVS) observations in altitudes between 75 and 85
km. The solid lines show the reconstruction of a total fit of wavenumber-0 to -3 to the data. The perturbation amplitudes for the wavenumber-1 to -3 components
are shown in the figures. (c and d) The predictions by the Mars Climate Database are shown for corresponding geometries of IUVS. Uncertainties of IUVS tem-
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(b) 22.2 K, (c) 10.3 K, and (d) 10.6 K, respectively.

mesosphere. The significant discrepancy of amplitudes between IUVS and MCD indicates that our current
understanding of the Martian mesosphere remains incomplete. It is, however, noteworthy that the MCD
predicts both the warm layer and wavenumber-3 structure but smaller than observed. These give us the
mechanisms to understand, since the cause is presumably the same in the MCD and in the real Mars. In
addition, the effect of internal gravity waves propagating from below may facilitate mesospheric heating
via their momentum deposition (Medvedev & Yigit, 2012). Another possible reason for the extra heating
is the existence of an aerosol or haze layer in the mesospheric day side, as previously observed (Fedorova
et al., 2014; Maltagliati et al., 2013; Montmessin et al., 2006). Such layers are potentially supplied from
below, and from above as the meteoric layer (Crismani et al., 2017), that is not represented in models.
This could effectively absorb incoming sunlight and contribute to localized heating on the dayside. This
may potentially intensify the adiabatic heating in the subsidence of air on the nightside within the global
circulation cell between the dayside and the nightside as a consequence of the mesospheric aerosol layer
absorbing incoming sunlight. Our result suggests that the circulation pattern of Mars' mesosphere is
reminiscent of the nightside warm layer detected on and interpreted by Bertaux et al. (2007) as the result
of air subsidence of dayside-to-nightside circulation. As suggested by Stiepen et al. (2017) from NO
nightglow observations, the circulation patterns of Mars from the summer dayside thermosphere to
winter nightside thermosphere and mesosphere imply a strong dynamical coupling between mesosphere
and thermosphere. Intensified transport may also explain the warm layer in the Martian mesosphere,
while thermal tides and/or planetary waves modulate the amplitudes. It is noteworthy that a potential
layer was also observed by SPICAM with a small amplitude around 80 km as seen in figure 16 in Forget
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et al. (2009). The potential warm layer by SPICAM was observed at lower altitudes compared to this study.
Further investigation of the global circulation in the mesosphere is crucial for identifying the heating source
of the mesospheric warm layer.

The diurnal cycle could not be analyzed in detail because the data selected here were obtained on the night-
side. Although stray light is a serious problem for dayside profiles, IUVS has nevertheless a capability to
explore dayside (Groller et al., 2018). Development of correction algorithms to reduce the stray light may
eventually allow us to make improvements in our understanding of day-to-night variation in the Mars upper
atmosphere. In addition, the atmospheric waves contributing the large variability can be better discrimi-
nated in LT coordinates. Examination of the Ly = 180-360° period will be possible after analyzing data in
the second half of Mars year.

This discovery may provide some insights into the mechanism helping to maintain water vapor in the meso-
sphere. Although the water vapor amount is not directly measured by IUVS, the interaction between water,
aerosol, and background thermal structure could be solved in the near future by new observation by the
Trace Gas Orbiter (Vandaele et al., 2019).

5. Conclusions

This paper presents a new set of stellar occultation measurements made using IUVS onboard MAVEN to
reveal the nightside profiles of thermal structure in the middle atmosphere. We report the detection of a
recurring layer of warm air between 70 and 90 km altitudes on the nightside in the northern hemisphere
during Ls = 0-180°. The predicted temperature at 80 km underestimates the observed temperature by up
to 90 K. We have also discovered a wavenumber-3 structure with significant amplitudes that we interpret
as signatures of thermal tides or planetary waves. MCD predicts the wavenumber-3 structure, although
the contrast of warm layer amplitudes between the MCD and the TUVS is striking. A strong temperature
inversion caused by a warm layer causes the convective instability layer in the mesosphere. This has poten-
tial impacts on the upward propagation of waves from below and consequently changes the background
winds in the middle atmosphere. Our results highlight the dynamical nature of the mesospheric thermal
structure and indicate the mesosphere poorly understood by current models.
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