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 We now know that Mars once had a thick, 
water-rich atmosphere. However, over billions 
of years, it transformed into the dry, thin 
atmosphere we see today (Carr et al., 2003). A 
major factor in this transformation may have 
been the loss of its global magnetic field dynamo 
(responsible for the crustal magnetic anomalies 
present today). Without this protective 
magnetic shield, the solar wind gained direct 
access to the upper atmosphere, gradually 
stripping it away (Langlais et al., 2019; 
Mittelholz et al., 2020). This ongoing erosion 
does not just deplete the atmosphere (for 
example, through atmospheric escape), it also 
strongly influences the formation of aurorae, 
and the shielding of harmful radiation from the 
surface. These effects ripple through multiple 
layers of the Martian system, creating a web of 
interconnected phenomena that we are only 
now beginning to fully unravel. Figure 2.2 
illustrates the complex energy pathways and 
couplings within the Martian system. Energy 
inputs from the Sun (see central arrows in the 
Figure) enter primarily through the exosphere 
and magnetosphere and propagate downward 
toward the surface, driving dynamics within 
multiple neutral and ionized atmospheric 
regions. At the same time, a network of 
couplings (black arrows) links the neutral atmospheric components on the right (exosphere, 
thermosphere, mesosphere and troposphere) with the plasma components on the left (magnetosphere, 
ionosphere). The same is shown in Figure 2.3 from a global planetary perspective, in which the main 
physical processes known to occur in Mars’s magnetosphere are shown, the temporal and spatial 
resolution of which are mostly unknown, including the mostly unexplored far-tail of Mars. The M-I-T 
region plays a central role in mediating these exchanges, controlling how energy and momentum are 
transferred between different parts of the planet. The following sections will delve deeper into how 
these processes shape Mars’s environment, and what they reveal about the planetary response to space 
weather activity.  

As humanity stands on the 
threshold of crewed exploration of 
Mars, it is imperative to deepen our 
understanding of the M-I-T 
coupling and the cascade of 
processes that govern space 
weather and space climate at Mars. 
These include the radiation 
environment, energetic particle 
precipitation, atmospheric 
absorption and escape, and 
magnetic reconnection between the 
solar wind and the Martian system. 
Such knowledge is essential for 
forecasting and mitigating 
potentially hazardous conditions 

Figure 2.3: Schematic of Mars’s plasma system with the main physical 
processes known to occur at Mars, but which temporal and spatial resolution 
are mostly unknown. Multi-point plasma measurements are needed to 
understand the whole dynamic system at Mars (Sanchez-Cano et al., 2022). 

Figure 2.2: The Martian system: plasma (left) and atmospheric 
(right) regions, their couplings (black arrows) and the energy 
inputs (yellow-ish arrows) (Leblanc et al., 2009, Sanchez-Cano, 
2025). M-MATISSE will investigate all these couplings from the 
near-surface until space. 

Mars Aurora and dust Camera (M-AC)
Remote-sensing instrument capable of operating on both the 
day and nightsides of Mars.

M-AC Design

M-AC Heritage
ü The compact design of the imaging system of M-AC is based on the 

current heritages of micro-satellite missions (HIBARI’s Star Tracker) 
and well validated in space-born at Low Earth Orbit (LEO). 

Feasibility Study
Oxygen Nightglow Contamination
l The Oxygen Herzberg II airglow emission has discovered on the 

nightside by the Trace Gas Orbiter (TGO) mission.

l The nightglow emission overlaps the OI 557.7 nm emission and can 
be regarded as contamination risk for aurora observation.

l A bandpass filter with a 5 nm FWHM reduces contamination from the 
nightglow to less than 10 R at mid-low latitudes.

l The capability to observe bright nightglow in the winter high-latitude 
region allows monitoring atmospheric circulation.

M-AC Coverage (FoV / Timeline / SZA&LAT)

M-MATISSE Mission
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weather SciencE
l ESA M-class (M7) mission candidate, final down-selection in June.
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3.2 Dual-Spacecraft Approach  
3.2.1 Coverage of Key Plasma Regions – In situ Observations 

A dual-spacecraft strategy is necessary to investigate the spatial and temporal variability of plasma 
environments in unprecedented detail. By deploying two platforms in complementary orbits, it is possible 
to simultaneously sample different regions of the system, such as the upstream solar wind, bow shock, 
magnetosheath, and magnetosphere, whilst also capturing dynamic interactions between them. This 
approach not only enhances scientific, temporal and spatial coverage, it also enables disentanglement of 
local versus global processes, and provides critical insights into coupling mechanisms and energy transfer 
across boundaries. Such coordinated observations are essential for advancing our understanding of 
plasma dynamics and improving models of planetary space weather forecasting. 

The M-MATISSE baseline orbits (60º inclination, periapsis 195-250 km, Henri apoapsis 3,000 km, 
Marguerite apoapsis 10,000 km) have been selected based on meeting a set of requirements (see Table 
3.2) designed to ensure coverage of all key regions with both in situ and remote observations and local 

times while fulfilling planetary protection 
requirements. A launch scenario in 2037 was 
selected, along with an initial parking orbit 
(IPO) following Mars orbit insertion (MOI) 
(Section 5). A comprehensive optimization of 
these parameters, without changing the 
spacecraft design, is possible if M-MATISSE is 
selected. This could for example, involve 
increasing the orbit inclination from 60°, as well 
as lowering periapsis. Phase A studies have 
demonstrated that such alternatives are viable 
at no extra cost, and may enhance science 
return by providing measurements deeper into 
the ionosphere without sacrificing coverage, 
including remote sensing observations.   

The baseline mission requires a one Mars-
year prime mission duration (684 days), in 
order to sample a broad spectrum of external 
inputs, systematically cover the regions of the 

Figure 3.2. Daily percentage coverage of the different regions of 
the Martian system during the nominal mission. All mission cov-
erage requirements are totally fulfilled. Colours of the regions 
are the same as in Figure 3.1. 

Figure 3.1: IPO2 in situ orbital coverage of the near-Mars space environment during the prime mission phase. Rows correspond 
to the locations of Marguerite and columns to those of Henri. Values are expressed as a percentage of the total mission dura-
tion (100% = 683 days; 1% = 164 hours). The regions of interest are indicated on the right in cylindrical coordinates (X sunwards, 
ρ axial). All planetary regions are adequately covered during the nominal mission, including Mars’s optical shadow (tail and 
nightside ionosphere), a region that almost no previous mission has been able to characterize due to power constraints. 
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d). When both spacecraft observe the same local temporal evolution of a structure (panel b), the 
underlying driver must include a global component, producing correlated variations over spatial scales 
larger than dx. When a simple time shift between the signals yields a high degree of correlation (c), 
propagation velocities v can be estimated a posteriori, as due, for example, to the motion of frozen-in 
plasma structures or boundary waves. In cases where the signal evolution is more complex (d), the 
observations imply active energy conversion processes, leading to the temporal and spatial evolution of 
plasma and field structures; in some situations, these processes can be quantitatively interpreted using 
appropriate physical models. The M-MATISSE spacecraft will spend cumulatively >6 h within 1,000 km 
horizontally of each other when in the ionosphere, and >10 d within 10,000 km elsewhere, with burst 
mode data again available via selective downlink. 

3.2.2 Coverage of Remote Sensing Observations 
The M-MATISSE baseline orbits (60° 

inclination, periapsis 195–250 km, Henri 
apoapsis 3,000 km, and Marguerite apoapsis 
10,000 km) are also optimal for the three 
instruments providing remote observations, 
ensuring coverage of all key regions while fully 
satisfying the mission requirements. 

Figures 3.5 and 3.6 illustrate the excellent 
temporal coverage of the Mars Aurora and dust 
Camera (M-AC; see Section 4) across both 
daytime (for dust reflectance and water ice 
clouds) and night-time (for visible and NUV 
aurora), as a function of latitude and solar zenith 
angle (SZA). Over the course of the mission, both 
the day and nightside will be periodically sampled 
due to the natural evolution of the orbit, enabling 
focused observations of dust and water ice clouds 
on the dayside and of aurora on the nightside, 
particularly when the spacecraft is below 
1,000 km. Higher-altitude observations are also 
possible if spacecraft pointing allows, but these 
opportunities are considered fortuitous and are 
therefore not included as formal requirements. 

Particularly important is the sampling of the 
deep nightside of Mars (SZA > 120°), where M-AC 
will operate in burst mode and “dip” into the 
atmosphere to observe, with unprecedented 
temporal resolution of seconds, the dynamics of 
the aurora. These measurements will reveal the 
solar wind, magnetosphere, ionosphere coupling on the Martian nightside as never before to the 
temporal scale of seconds. 

Another key dataset for resolving the M–I–T coupling comes from the cross-link occultations 
performed by the Mars Crosslink Occultation (MaCro) instrument (Section 4), which will sample the 
lower–middle atmosphere and ionosphere. Figure 3.7 illustrates the coverage of the experiment as a 
function of several relevant parameters, including solar longitude, local time and latitude. Notably, 
MaCro’s coverage exceeds that of all previous missions. Its spatial resolution is also significantly improved, 
owing to the reduced noise achieved by using cross-link radio signals that do not propagate through 
interplanetary space or Earth’s ionosphere, unlike traditional Earth-occultation geometries used by earlier 
missions. Crosslink occultations can also cover all solar zenith angles while Earth occultations at Mars are 
limited to angles between ~45°-130°. 

Figure 3.5: M-AC excellent coverage in hours of observations 
with respect to latitude (left) and solar zenith angle (right) for 
both spacecraft on day (dust) and night (aurora). 
 

Figure 3.6: M-AC coverage in minutes per orbit of dust (top 
panels) and aurora (bottom panels) for each spacecraft.  
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after the return of MMX in 2030. Within ESA’s planetary portfolio (with plasma instrumentation), no 
mission beyond Jupiter Icy Moons Explorer (JUICE, Grasset et al., 2013) is foreseen (not in the M7 or M8 
calls) until the L4 mission, expected to arrive around 2050. This places M-MATISSE in an ideal position 
for advancing research on Mars and solar wind–planetary plasma interactions in the coming decade.  

2.2 Overview of M-MATISSE's Top-Level Science Questions and Goals 
The primary objective of M-MATISSE is to explore, characterize, and understand the spatial-temporal 

variability of the global dynamic response of the Magnetosphere-Ionosphere-Thermosphere (M-I-T) 
coupling at Mars to solar drivers, such as the solar wind, solar irradiance, and also to solar energetic 
particles, solar flares, collectively referred to here as space weather activity. This includes investigating 
the system’s behaviour under both quiet and active solar wind conditions, and understanding how 
energy and momentum are transferred through the Martian environment (Figure 2.2). A particular 
emphasis is placed on the entangled links from the surface to space, including the lower layers of the 
ionosphere, which have been only sparsely sampled by previous missions. By resolving these processes, 
M-MATISSE will enable the forecasting of global hazard scenarios. This includes assessing the impact of 
space weather on communication systems, radiation exposure, and atmospheric variability.  

The mission’s science goals focus on three key topics, detailed in Figure 2.13 and in the next sections. 
These three science goals (Level 0) do naturally evolve into ten scientific objectives (Level 1) which can be 
linked to one or more of the science goals (Level 0) as described in Section 2.3 for each of them. All the 
science aspects described in Section 2.3 are fully traceable in the Traceability Matrix in Section 3. 

 

Figure 2.12: Time line of (top) ESA planetary science missions with at least 1 plasma investigation. Note that Earth plasma 
missions are not included as the scientific community is different (heliophysics versus planetary science). (middle) ESA Mars’s 
missions with at least 1 plasma investigation including M-MATISSE timeline. (bottom) Other global space agencies Mars’s 
missions with at least 1 plasma investigation. Within ESA’s planetary portfolio (with plasma instrumentation), no mission beyond 
JUICE is foreseen (not in the M7 or M8 calls) until the L4 mission. This places M-MATISSE in an ideal position for Mars and solar 
wind–planetary plasma interactions in the coming decade. 

Figure 2.13:  
Overview of the 
three main key 
scientific topics of M-
MATISSE that will be 
developed in this 
Section.  
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the dynamo region and through wave‑heating processes (Ergun 
et al., 2006). A key control on this pathway is the spatially and 
temporally variable ionospheric conductivity, which regulates 
how imposed electric fields and neutral winds close currents 
and convert electromagnetic via current-driven and transport-
driven heating. At Mars, strong gradients in magnetisation 
(crustal field topology) and neutral density produce sharp 
conductivity gradients, implying localised current closure and 
energy deposition (Opgenoorth et al., 2010). Moreover, 
ionospheric irregularities and related phenomena can serve as 
tracers of intense ionospheric currents and plasma flows, which 
can be a significant part of the thermospheric energy budget, 
and the same irregularities imply sharp conductivity gradients 
that may localize current closure and ionospheric heating.  

M-MATISSE will be able to study the ionospheric conductivity, 
for the first time combining comprehensive in situ measure-
ments from two spacecraft simultaneously of all relevant phys-
ical parameters, with remote observations of both neutrals, 
ionospheric electrons, and auroral emissions for global con-
text. 

Martian atmospheric losses to space today are mainly the 
result of thermal escape of neutral hydrogen and 
photochemical escape of neutral oxygen. These mechanisms, 
together with ion outflow, sputtering, and pickup ion escape, 
are believed to have led to the disappearance of liquid water on 
Mars over time (Jakosky et al., 2015; Chassefiere and Leblanc, 
2004; Curry et al., 2025). However, the rates of the escaping neutral hydrogen and oxygen atoms have 
been deduced from corona brightness measurements and modelling reconstruction. This means that we 
could not measure directly what are thought to be the main atmospheric loss channels at Mars today 
(Jakosky et al., 2017). Furthermore, space weather events seem to enhance the escape rate of water-
originating species from Mars (Edberg et al., 2010; Curry et al., 2015; Luhmann et al., 2017; Mayyasi et 
al., 2018; Fowler et al., 2019; Jakosky et al., 2018), which add to the complexity.  Similarly, measurements 
of the distribution and fluxes of low-energy ions, combined with plasma wave and high-time resolution 
electron density and temperature measurements, will significantly advance understanding of the crucial 
initial energization of ions towards escape energy. At the most basic level, it is not currently known how 
and why ions, which are born “cold” in the dense ionosphere, gain their first few eV of energy necessary 
to launch them to higher altitudes (above the exobase) and allow them to eventually escape the system. 
Related to this, M-MATISSE’s ability to accurately measure the upstream conditions as shown in Figure 
2.16 can substantially improve our ability to resolve variations in atmospheric escape and understand the 
detailed time-history of individual extreme events, better informing the extrapolation over planet-
evolutionary time scales. Moreover, for much of the plasma in the Martian system, the ion gyro-scale is 
comparable to that of the whole system, ultimately leading to the direct transfer of energy between the 
solar wind and ionosphere (Jakosky et al., 2015; 2017; Chassefiere and Leblanc, 2004).  

M-MATISSE will be able to directly measure for the first time the energy distribution of low energy neu-
tral and ion particles in the Martian exosphere, and will thereby identify the initial mechanisms behind 
Mars’s atmospheric erosion, and study their dependency with respect to the solar conditions. 

This scientific objective (Level 1) relates to Science Goal A (Level 0, Section 2.2) and to fully achieve it, 
M-MATISSE will measure the following parameters (Level 2). The full traceability is shown in Section 3.1. 

 

Figure 2.16: Illustration of M-MATISSE 
orbits on the Martian plasma system when 
they are sampling the solar wind-induced 
magnetosphere (top), and the induced 
magnetosphere on the dayside and the 
deep tail (bottom).  

Twin Satellite Strategy
Fathership (HENRI)

l Altitude: 250 – 3,000 km
Daughtership (MARGUERITE)

l Altitude: 250 – 10,000 km

Coordinated Orbits
l Simultaneous measurements of upstream solar 

wind and response of the system
l Resolving temporal and spatial variability of the 

system 

l Mutual radio occultation between the two S/C 
to obtain global picture of the ionosphere
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4 Payload Description  

4.1 Payload Overview 

Both M-MATISSE spacecraft have 6 scientific instruments, which are a combination of remote and in situ 
observations, introduced previously in Section 2.1. Figure 4.1 illustrates the energy ranges and Martian 
regions covered by the payload, highlighting the mission’s capability to capture measurements across the 
full energy spectrum of particles present in Mars’s neutral atmosphere, ionosphere, and magnetosphere. 
Moreover, as will be demonstrated in this Section, all instruments have high TRL, most of them with 
strong heritage of flying instruments in other missions, and all of them have the best so far time and 
spatial resolution, and accuracy to solve system dynamics, representing major improvements with 
respect to current missions.  

4.2 Combined Magnetic and Plasma Sensor Suite (COMPASS) 

4.2.1 COMPASS Instrument Objectives and Description 
The Combined Magnetic and Plasma Sensor Suite (COMPASS) provides an integrated suite of in situ 

sensors and signal and data handling systems that allows highly configurable measurements of plasma 
properties (density, temperature, velocity and basic composition), as well as the vector magnetic field, a 
single component of the electric field, and the spacecraft potential. COMPASS consists of a pair of 
Fluxgate Magnetometers (MAG), dual Langmuir Probes (LP), a Mutual Impedance eXperiment (MIX), and 
a 3D Velocity of Ions (3DVI) instrument (composed of Ion Drift Meter (IDM) and a Retarding Potential 
Analyzer (RPA) in a combined instrument package), with redundant integrated Wave Analyzer Processing 
Unit (WAPU) for handling digital data processing and redundant Low Voltage Power Supply (LVPS). All 
electrical elements are housed in a single electronics box (COMBOX). The MAG, LP and MIX sensors are 
to be accommodated on two deployable booms. 3DVI is a separate mechanical structure that will be 
mounted on the spacecraft facing the ram direction. A high-level block diagram is shown in Figure 4.2. 
COMPASS provides the fundamental plasma and field context required to interpret all other in situ and 

Figure 4.1: M-MATISSE payload coverage with energy and regions of the atmosphere (from near surface-lower 
atmosphere to space), as well as per type of component (i.e., positive ions, electrons and negative ions, neutral particles, 
fields and emissions such as visible aurora, magnetic fields, electric fields and solar irradiance, and dust). The coverage 
of M-MATISSE of all these regions is excellent with fully and comprehensive coverage of the entire Martian system. 

SZA & Latitude Coverage

Operation Duration TimelineFoV Coverage (Nadir)

FoV Coverage (Limb)
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4.6.5 MaCro Instrument Performance 
Parameter Unit & Experiment 

Principle 
Performance 

Electron Density  MaCro occultation Vertical range: ~70 - ~800 km (ionopause) 
Accuracy: 1,000 electrons/cm3.  
Vertical resolution: a few hundred metres  

Neutral Atmospheric 
Profiles (Temperature, 
Pressure, and Neutral 
Number Density)  

MaCro occultation Vertical range: Few hundred metres above surface up to 5 Pa (+40-50 km).   
Accuracy: ~10% at upper boundary - fraction of a Kelvin at lower boundary.  
Vertical resolution: a few hundred metres  

Table 4.10: Performance of MaCro. 

4.7   Mars Aurora and Dust Camera (M-AC) 

4.7.1 M-AC Instrument Objectives and Description 
M‑AC is a remote‑sensing instrument capable of operating 

on both the day and nightsides of Mars. On the nightside, it will 
capture high‑spatial‑ and high‑temporal‑resolution images of 
auroral emissions produced by energetic particle precipitation. 
By observing the atomic oxygen 557.7 nm line and the CO₂⁺ Fox–
Duffendack–Barker (FDB) band at 367.0–393.2 nm, M‑AC will 
map the instantaneous spatial distribution of energy deposition 
from the magnetotail into the upper atmosphere and track its 
temporal evolution. These 2‑D observations, at significantly 
higher resolution than any previous mission, will greatly 
advance our understanding of how the Martian atmosphere 
responds to space‑weather forcing and how crustal and global 
magnetic fields modulate particle precipitation. On the dayside, 
M‑AC will measure dust reflectance to assess how low‑to‑middle‑atmosphere dust influences 
thermospheric and ionospheric temperature and density, and how these changes may ultimately affect 
atmospheric escape. 

M-AC is designed to fulfil the following Level-1 (R1-XX) and Level-2 (R2-XX) requirements that were 
described in Sections 2 and 3: R1-20, R1-30, R1-40, R1-50, R1-60, R1-70, R1-80, R1-90, R2-120, R2-140, 
G2-150 

The M-AC instrument (Figure 4.20) consists of two components: the optics (OBOX) and electronics 
including sensor (EBOX). The CMOS 2D sensor measures the incoming photons of the nightside auroral 
emission and dayside dust reflectance at visible range at 557.7 nm with the band-pass filter of 5 nm 
bandwidth, and at near ultraviolet (UV) range of 367.0 to 393.2 nm. Model predictions indicate that 
auroral emissions at 557.7 nm may be quenched by the denser atmosphere below ~80 km. The NUV 
channel will enable detection of deeper-penetrating aurora through the CO₂⁺ FDB emissions at altitudes 
below 80 km. Moreover, combining the visible and NUV channels allows us to distinguish the reflectance 
of water ice clouds from that of dayside dust, since the NUV channel is insensitive to dust. A narrow 
band-pass filter will provide better contrast in auroral images against background signals and also reduce 
contamination from the O2 Herzberg II bands nightglow emissions, except in winter polar regions, which 
can be bright enough to be detected and be used as a tracer of atmospheric dynamics. 

A 100° wide-angle FOV efficiently captures the ~200 km spatial scales of crustal magnetic field 
structures near periapsis. Combined with the spacecraft motion, it increases spatial coverage and 
observation frequency over regions with and without crustal magnetic fields, enabling us to track their 
variability and assess how they influence energy penetration. Recent MAVEN and EMM results show 
aurorae can vary on <10‑minute timescales with ~50–100 km structure; our goal is to achieve <10 km 
resolution to resolve their fine‑scale dynamics. The wide FOV, together with orbital motion, supports 

Figure 4.20: A photo of the DLAS STT, the 
predecessor instrument of M-AC. 

Compact Design
・OBOX 160x110x100 mm3 / 0.8 kg
・EBOX 200x200x80 mm3 / 1.1 kg
・Power: 7-9 W

Wide Field of View (FoV)
・FoV: 100 deg
High Sensitivity
・SNR 1 at 10 R
Two Filters in Visible & NUV
Green Bandpass Filter
・557.7 nm ± 2.5 nm
・OI Aurora + Dust Reflectance
NUV Bandpass Filter
・367-393 nm
・CO2

+ FDB* Aurora + Icy Cloud
ü Capable of observing SEP 

aurora at low altitudes

Operation Modes

*FDB : FoxDuffendack–Barker bands 

Science Payloads (3 In-situ + 3 Remote)
In-situ Measurements
・Magnetic & Plasma Sensor (COMPASS)

・Particle Detector (M-EPI)

・Ion Mass Spectrometer (M-MSA)

Remote Sensing
・Solar EUV Monitor (M-SoSpIM)

・Mutual Radio Occultation (MaCro)

・Aurora & Dust Camera (M-AC)

Sequence Trigger Time res. Average 
duration

Images 
per Orbit

Image size 
[kbit]

Nominal Aurora Periapsis Nightside, < 700 km 0.1 Hz 12 min (TBC) 70 320

Nominal Aurora 
Inbound/Outbound

Nightside, 700 - 1,000 km 0.01 Hz 8 min 5 320

Extra Aurora Apoapsis > 1,000 km, by chance Up to 
0.01 Hz

- 1 (TBD) 8000

Nominal Burst Aurora Nightside, < 700 km 0.5 Hz 5 min in 
average or 
consecutive 20 
min per every 
4 orbits (TBD)

150 320

Event Burst Aurora Movie SC passage over ROI 
(crustal field, TBD)

1.0 Hz 1.5 min 300 8000

Nominal Dust Periapsis Dayside, < 700 km - - 2 320

Nominal Dust 
Inbound/Outbound

Dayside, 700 -1,000 km - - 1 8000

Nominal Dust Apoapsis > 1,000 km - - 1 320

・ HENRI
ー FoV Edge
ー Limb Tangent Points

Nightside

Nightside
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Figure 4.7.1.1. O2 nightglow spectra, comparing with the expected location of the 557.7 nm emission. 

(Soret et al., 2024 (RD2)) 

 

 
Figure 4.7.1.2. O2 nightglow distribution prediction for nadir- and limb-geometry simulation (Soret et 

al., 2024 (RD2)). 

 

Table 4.7.1.1. O2 nightglow brightness depending on the bandpass filter (BPF). 

O2 total (R) 
 O2 near green line (R) 
10 nm 
BW 

5 nm 
BW 

4 nm 
BW 

3 nm 
BW 

55 x103 (min NOMAD observations at 
limb) 

3491 719 395 210 

110 x103 (mean NOMAD observations 
at limb) 

6982 1438 791 421 

300 x103 (max NOMAD observations 
at limb) 

19043 3923 2157 1149 

1 x103  63 13 7.2 3.8 
0.6 x103 (max at mid-latitudes from 
nadir simulations) 

38 8 4 2 

4.9 x103 (max in northern polar 
regions from nadir simulations) 

311 64 35 19 

The agreement of the simulations with the UVIS observations of the O2 nightglow is excellent, both in absolute
brightness and altitude. The NO brightness is well reproduced for the first two cases but underestimated by a
factor of four in the third case. The major difference for the 25,650 orbit with respect to orbits 17,797 and 17,822
is the local time. Observations during orbit 25,650 were made at 22:30 LT (dusk), while the other two have been
acquired at 03:36 and 03:06 LT (dawn). A dawn/dusk asymmetry in the model could explain such a discrepancy.
It is also possible that, due to the increasingly high solar activity during MY37, the N production rate by N2
photodissociation is underestimated in the MY36 simulation analyzed here. Note also the different simulated NO
profile shape for orbit 25,650, with two emission peaks, at 60 and 82 km. This seems related to the different
altitude distributions of the O and N densities: O densities peak around 60 km and N densities at around 90 km,
resulting in some cases, depending on the density ratio, in a double peak structure as the one simulated for this
particular orbit. The simulated NO peak altitude is always overestimated by more than 10 km. This overestimation
of the peak NO nightglow by the MCPCM has also been found in previous modelCdata comparisons (Stiepen
et al., 2017). While we have explored different possibilities to eliminate or minimize this altitude difference, we
currently have no definitive explanation for it.

The behavior of the Herzberg II bands during MY36 is illustrated in Figure 7. Figure 7a is a latitudeCsolar
longitude map of the zonally averaged nadir O2 nightglow brightness at a constant local time LT → 0 showing
an abrupt enhancement at the winter poles. Figure 7b illustrates the peak limb brightness and shows a similar
structure. These simulations corroborate the UVIS detections that have been observed between LS 60 and 150°.
The brightest O2 emissions larger than a few tens of kR are however constrained in the model at higher latitudes

Figure 7. Maps of the simulated O2 Herzberg II nadir brightness (a), peak limb intensity (b) and peak limb altitude (c). Map of the peak altitude difference between the
NO and O2 layers (d).
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There is no indication of a departure of the intensity distribution com-
pared with the Venus or laboratory spectra. By analogy with the Venus 
nightglow spectrum, the presence of other weak O2 band systems, such 
as the Chamberlain A!3∆u#→#a1∆g, Herzberg I A3%u#→#X3%g and c1%u#→#a1∆g 
bands, may be expected in the region of the (0–6) to (0–12) Herzberg 
II bands. On Venus, their contribution is about 7%, 5% and 4% of the 
Herzberg II intensity, respectively15. However, the signal-to-noise ratio 
of the UVIS instrument is clearly too low to confirm their presence in 
the UVIS nightglow spectra.

In Fig. 2, inertial limb detections are represented with dots and 
limb tracking observations are shown with triangles. Each dot colour 
corresponds to one TGO orbit. Grey symbols represent observations 
without detection. Figure 2a illustrates the concentration of the detec-
tions under high-latitude winter conditions. Figure 2b indicates that 
the visible nightglow is observed between 34#km and 66#km, generally 
polewards of 60°. The statistics of the detections are too small to obtain 
a statistically significant mean limb profile.

Figure 3a shows the histogram of the altitudes of the spectra 
binned into 1#km intervals corresponding to a positive detection at 
the linear Pearson correlation coefficient R#>#0.32 level. A maximum 
of 35 detections is observed at 42#km. The brightest single spectrum 
reached an intensity of 290#kR at 41#km and 76°#N. The detection lower 
limit for single 15#s spectra is on the order of 20#±#10#kR. Figure 3b pre-
sents the histogram of the detection relative frequency of occurrence 
versus altitude. They are mainly grouped between 35#km and 59#km. The 
highest value is also observed at 42#km where the occurrence is a large 
as 76%. The detection frequencies at higher altitudes remain below 10%.

The detection of the visible Herzberg II bands in the Mars dayglow 
makes its measurement a promising technique to derive the atomic 
oxygen density and its variations in the middle atmosphere. It is pro-
duced by three-body recombination of atomic oxygen, following the 
scheme:

O +O +M → O

∗

2

+M (1)

where M is the atmospheric number density. This is the accepted 
mechanism for the excitation of the O2 nightglow in atmospheres17. 
Models based solely on three-body recombination of O atoms have 
been shown to adequately explain the observed O2 Herzberg II intensity 
in the Venus nightglow18 and the O2 1∆ nightglow on Mars. Other pro-
cesses have been mentioned as potential sources of O2 c 1% molecules 

and local times, extensive mapping has shown that it is enhanced at 
high winter latitudes in both hemispheres6. This brightening is a con-
sequence of the transport of O and N atoms from the summer to the 
winter hemisphere where they are carried downwards by vertical winds 
and diffusion and recombine in the 40–60#km region. The O2 infrared 
atmospheric band at 1.27#µm7–9 and the OH Meinel emission at 1.45#µm 
and 2.9#µm10 have also been measured in the Martian polar winter 
atmosphere over a similar range of altitudes. They also result from 
meridional transport and winter polar descent of O atoms produced 
by photodissociation of CO2 in the summer hemisphere.

No nightglow spectrum has been observed so far in the visible 
domain. Scattered solar light hinders such measurements from Earth’s 
ground and no space-borne instrument has observed the Mars visible 
nightglow. In this Article, we describe new observations made with the 
ultraviolet and visible (UVIS) channel, a spectrometer of the NOMAD 
instrument flying on the ExoMars TGO. They cover both hemispheres, 
but their number is limited by operational constraints. Nevertheless, 
visible nightglow emissions have been observed on several TGO orbits. 
The observations reported here were episodically collected between 
March 2020 and October 2022 with the UVIS instrument. The TGO 
satellite has been orbiting Mars since October 2016 on a circular orbit 
at ~400#km, inclined 74° relative to the equator with an orbital period 
of ~2#h. The UVIS instrument covers the 200–650#nm spectral range 
and can observe in both the nadir and the solar occultation modes. 
The UVIS spectral resolution varies from 1.2#nm at 200#nm to 1.6#nm 
at 650#nm11,12. For the observations described in this study, the TGO 
spacecraft was oriented so that the line of sight of the nadir channel was 
pointing in the limb direction13. Two pointing modes were used during 
this period. In the first one, ‘inertial pointing’, the line of sight was kept 
fixed in the inertial space so that the line of sight scanned a range of 
altitudes usually from 300#km, down to 40#km, then up to 300#km. In 
the second one, most frequently used in this study, the areoid altitude 
of the tangent point in the atmosphere remained within ~20#km of a 
pre-set value while different latitudes were probed due to the motion 
of the spacecraft. The spectra were integrated over 20#s. The resolution 
at the tangent point, taking into account the UVIS field of view during 
the spectral integration provided a vertical resolution of 10#±#5#km.

The NOMAD-UVIS instrument occasionally collected limb spectra 
during nightside conditions, with solar zenith angles greater than 
105° at the tangent point of the line of sight. A band structure clearly 
appeared in some individual bright spectra between 400#nm and 
600#nm. The wavelengths and relative intensities indicate coincidence 
with the strongest bands of the v!#=#0 progression of the O2 c1%u#→#X3%g 
Herzberg II transition14.

A total of 1,228 spectra were acquired between 20#km and 
70#km and with a solar zenith angle >105°, out of which 122 were kept  
(Methods). The average spectrum is shown in Fig. 1. The (0,5) to (0,11) 
Herzberg II bands are clearly identified with relative intensities similar 
to those observed on Venus15 and in the laboratory16. Beyond 620#nm, 
the noise level increases, making detection of the (0,12) band uncertain. 
The total intensity for bands v!#=#5 to v!#=#12 derived from the spec-
tral fit combined with the relative band intensity in the laboratory 
is 108#±#11#kR. The estimated error combines contributions from the 
absolute calibration and measurement noise including the uncertainty 
in the spectral baseline.

The confirmed spectral detections spread over 13 orbits are shown 
in Fig. 2. A first group of detections extends from 50°#S to 81°#S when 
the solar longitude Ls varied from 94° to 158°. A second one covers 
the Ls range 225–330° between 65°#N and 81°#N. The mean spectrum 
is shown in Fig. 1.

The observed wavelengths perfectly match those in the laboratory 
and Venus Herzberg II spectra. The small differences in relative band 
brightness in Fig. 1 result from the presence of the background noise 
level in the UVIS data. The relative band intensities in the brightest 
individual spectra show excellent agreement of the spectral shape. 
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Fig. 1 | Average high-latitude nightglow spectrum. The identifications of the 
v!#=#0 Herzberg II bands are indicated by the vertical dashed lines. The purple 
curve is the reference Venus nightglow spectrum scaled to the UVIS mean 
spectrum. A total of 122 high-latitude NOMAD-UVIS spectra have been averaged 
(black curve).
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Summary
l M-AC is the first instrument dedicated to measure 

visible/NUV aurora on Mars. 
l Wide FoV and higher sensitivity than previous 

missions will advance our understanding of the 
spatial & temporal dynamics of Martian aurorae.

l Quantifying the energy flow through the system 
from space to the surface


