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Abstract: Dust storms play a crucial role in the climate system and the space environment of Mars,
significantly impacting human exploration activities on the planet. The Martian dust storms exhibit
significant regional, seasonal and interannual variations due to various controlling factors such as
large-scale atmospheric circulation, varying solar radiation forcing, and Martial orbital and rotational
motions and their coupling to the atmospheric dynamics. This paper aims to review current un-
derstandings of Martian dust storms. This paper begins by elucidating the basic properties of dust
storms, their driving mechanisms, and their impacts on atmospheric dynamics, atmospheric electric
property, space environment, topography, and Mars explorations. The paper then introduces the ob-
servation methods on different platforms, including orbiters and landers/rovers, along with datasets
constructed based on these historical observations of Martian dust storms. Finally, we propose dust
storm monitoring and predicting for the upcoming Chinese Tianwen-3 Mars sample return mission.
It concludes by depicting the future research topics aimed at systematically understanding Martian
dust storms.
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1. Introduction

Mars is the fourth terrestrial planet and the second smallest planet in the solar system
after Mercury. It is known as the “Red Planet” due to its surface being covered with
hematite. The radius of Mars is 3390 km, significantly smaller than Earth. The aphelion and
perihelion of the Mars orbit are 1.666 AU (1 AU ~ 1.5 x 108 km) and 1.381 AU, respectively,
with an eccentricity of 0.933941 and a sidereal orbital period of 686.98 Earth days. Mars
lacks a global dipolar magnetic field [1] and has lost most of its atmosphere to space over
billions of years [2]. Presently, Mars is frigid and arid because most of its water has escaped
through various processes influenced by several factors [3-9], such as solar wind variations,
solar extreme ultraviolet (EUV) radiations, and dust storms.

The lack of a protective global dipolar magnetic field leads to persistent escape of
the Martian atmosphere, resulting in an extremely thin and cold atmosphere with surface
atmospheric pressure only reaching 0.6% that of Earth’s. Dominated by carbon dioxide
(95.3%) [10], the Martian atmosphere undergoes significant seasonal variations due to the
large difference between the aphelion and perihelion of Mars orbit, which generates clear
seasonal variations in climate and environment. The seasonal cycle on Mars results in
changes in surface atmospheric pressure by up to 20% due to sublimation and condensation
of carbon dioxide in polar regions [11]. Additionally, the high eccentricity of Mars’ orbit
causes dramatic variation in solar radiation, fluctuating by as much as 30% during a Martian
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year (MY) [12]. Various textbooks, e.g. [10,13,14] and reviews, e.g. [15,16], offer detailed
insights into satellite observations and understanding of the Martian atmosphere.

Mars’ surface features include river channels, canyons, ravines, and alluvial plains.
Research suggests that Mars may have been habitable around 3 billion years ago, with a
global dipole magnetic field, abundant liquid water, and a dense atmosphere [17]. This
history makes Mars a focal point for human planetary exploration driven by the search
for extraterrestrial life. Over fifty missions, including orbiters, landers, and rovers, have
significantly advanced our understanding of Mars’ environment [18,19]. Surface missions
face challenges due to Martian environmental factors. Among Mars’ seasonal variations,
dust storms are particularly prominent and significantly influence Martian climate, surface
conditions, space environment, and atmospheric escape [20]. Dust storms have become the
biggest threat to missions landing on the surface of Mars.

Extensive reviews on Martian dust storms, e.g. [21-25], provide valuable insights. This
paper focuses on summarizing current knowledge of Martian dust storms in order to guide
China’s Tianwen-3 Mars sample return mission. It aims to offer comprehensive information
for scientific researchers and mission planners, focusing on dust storm properties, driving
mechanisms, impacts, detection principles and methods. Section 2 introduces basic dust
storm properties, reviews driving mechanisms, and summarizes impacts on Mars’ surface
and space environment. Section 3 covers the history of observing dust storms on Mars
and outlines observation principles and methods (including orbiters and landers/rovers).
Section 4 includes statistical predictions of dust activity for Tianwen-3 and discusses our
proposed dust storm monitoring scheme, which was officially accepted for the mission.
Concluding remarks are provided in Section 5.

2. Martian Dust Storms

Dust storms on Mars are the most dramatic activity in its climate system, involving
both the surface and atmosphere, and exhibit significant seasonal variations. Each Mar-
tian year, particularly as Mars approaches its southern summer solstice, local, regional,
and sometimes global dust storms (Figure 1) become highly active. In this section, we
will review the fundamental properties of dust storms and their impacts on the Martian
environment.

\

\

January 2, 2022 June 7, 2018

Figure 1. Illustrations of local, regional, and global dust storms. (a) A local dust storm in the
Amazonis Planitia near Olympus Mountain was captured by the Moderate Resolution Imaging
Camera (MoRIC) onboard the Tianwen-1 mission on 6 January 2022. The red circle denotes the
local dust storm. (b) A regional dust storm in the southern hemisphere was captured by the Mars
Color Imager (MARCI) onboard Mars Reconnaissance Orbiter (MRO) [26]. (c) A global dust storm in
2018 was captured by the MARCI onboard MRO [27].

2.1. Basic Properties of Dust Storms

Martian dust storms can be categorized based on different criteria. According to
their scales, they are classified as local dust storms, regional dust storms, and global dust
storms [22,28], as depicted in Figure 1. A regional dust storm is defined by dust events
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covering an area > 1.6 x 10 km? and lasting longer than 2 days. Dust lofted during these
events can travel significant distances, sometimes encircling Mars within a latitude zone
and settling far from its source region. Smaller or shorter-duration events are classified as
local dust storms, typically lasting less than 3 days. Global dust storms, known as planet-
encircling dust storms, sweep the entire Martian globe. These storms rapidly expand and
merge with multiple local and regional dust storms, often lasting tens of days.

Local dust storms can occur on Mars in any season at any location, although certain
regional patterns have been identified [29-32]. Regional dust storms are particularly com-
mon during southern spring and summer seasons, occurring within a solar longitude range
(Ls) between 180° and 360° (Ls = 0°, 90°, 180°, and 270° are defined as northern hemisphere
spring equinox, summer solstice, autumn equinox, and winter solstice, respectively.), except
during the solstitial pause period. These storms often concentrated in specific regions, such
as Acidalia, Utopia, Arcadia, and Hellas [29]. Global dust storms, on the other hand, are
unpredictable and non-periodic events in terms of both timing and location. Only seven
confirmed global dust storms were observed in the years 1956, 1971, 1973, 1977, 2001, 2007,
and 2018 [33].

In terms of seasonal and timescale characteristics, Martian regional-scale dust storms
can be classified into three types: A, B and C [34], as illustrated in MY 36 shown in Figure 2a.
The data presented in Figure 2 are derived from the global maps of the 9.3 um absorption
column dust optical depth (CDOD) database compiled by Montabone et al. [35,36] (refer to
Section 3.3 for more details). It is important to note that types A, B, or C do not refer to spe-
cific dust storms but rather phases during the entire storm season, each potentially resulting
from multiple regional and/or global dust storms. These storms are most active during the
southern spring and summer seasons (Lg range 180°~360°), while the southern autumn
and winter seasons (Lg range 0°~180°) generally experience lower dust activity levels.
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Figure 2. Variation of absorption column dust optical depth (CDOD) on Mars from MY 24 to 36.
(a) An example of a zonal mean is 9.3 pum CDOD in MY 36. The three types of dust storms are denoted
by A, B, and C. (b) Temporal variations of the global mean CDOD from MY 24 to 26.

Type A dust storms typically intensify in the middle and low latitudes between
Ls = 180° and Lg = 270°, covering more than two-thirds of Mars’ latitude and lasting
approximately four months. Type A dust storms are characterized by their longer duration
and broader coverage, with occasional evolution into global dust storms in certain Martian
years (e.g., 2001, 2007, 2018). Near the end of a Type A dust storm, close to the summer
solstice in the southern hemisphere, Type B dust storms erupt primarily in the south-polar
region of Mars, lasting about two months. These storms are predominately local and
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regional, confined mainly to latitudes near the South Pole (south of 60° S). Following the
conclusion of Type A and B dust storms, Type C dust storms typically occur around Lg
= 330° in the middle and low latitudes, lasting one to two months. Type C dust storms
may also develop into global dust storms that cease before the southern autumn equinox,
marking a return to a calmer period and beginning a new cycle in the next Martian year.

Overall, Martian dust activity follows a seasonal pattern as described above. For
example, Fourier analysis of long-term global mean CDOD during MY 24-36 (Figure 2b)
reveals a precise periodicity of 668.615 days. However, there are significant irregular
interannual variations in the intensity, frequency, onset, and duration of dust storms, as
well as their impact range. This variability presents substantial challenges in predicting
Martian dust storms. Furthermore, accurately quantifying the contribution of dust storms to
atmospheric suspended dust levels indicated by CDOD remains challenging due to factors
other than dust storms (e.g., dust devils, convections, gusts) contributing to atmospheric
dust levels.

The effective radius of lofted dust particles on Mars is typically around 1.5 pm, but it
varies depending on the intensity of dust storms. Weak local dust storms near the Martian
northern summer solstice have particles averaging about ~1 um in size, whereas, during
regional and global dust storms in the southern spring and summer, particle size can
increase to approximately ~2 um, as observed by the Curiosity rover [37,38]. Generally,
the effective radius of dust particles correlates with atmospheric dust content, with larger
particles prevalent during the southern hemisphere’s spring and summer compared to
autumn and winter [39-41].

In the vertical direction (10-70 km height range), the distribution of dust particle
sizes in the Martian atmosphere exhibits a bimodal pattern: the primary peak ranges from
0.7 to 1.2 um, and a secondary peak ranges from 0.04 to 0.07 um [42], as observed by
the Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Mars
(SPICAM) instrument on Mars Express [43]. The altitude-dependent distribution of particle
sizes significantly influences how incoming solar radiation is absorbed, scattered, and
re-radiated, thereby impacting the radiative balance. These effects play a crucial role in
large-scale atmospheric circulation and climate variability on Mars [44,45]. During the
dust season, particularly following the onset of Type A dust storms, smaller dust particles
tend to dominate the lower atmosphere and persist longer [25]. A higher proportion of
smaller particles can intensify heating rates, temperatures, westerly winds, and meridional
winds associated with the Hadley circulation [46]. Changes in meridional circulation due
to adiabatic heating further contribute to temperature fluctuations on Mars [45].

2.2. Driving Mechanisms of Dust Storms

The interannual variability of dust storms during the southern hemisphere summer
season significantly influences the seasonal climate on Mars. Therefore, it is crucial to
understand the driving mechanisms behind these dust storms in order to comprehend
Martian climate dynamics. In this section, we review the current understanding of the mech-
anisms responsible for dust lifting and the factors contributing to seasonal and interannual
variability in dust storms.

The fundamental prerequisite for a dust storm is dust lifting. When Mariner 9 arrived
at Mars in 1971, it observed the decaying phase of a global encircling dust storm from
Martian orbit [47]. Subsequent studies have focused on elucidating the driving mechanisms
of these storms. Leovy et al. [48] reviewed early work and proposed an energy balance
model. During the southern hemisphere spring, local dust storms are initially generated
by phenomena such as dust devils and cyclonic dust storms [49], intense surface winds
in baroclinic regions [50], or strong mass outflow wind [51], which accumulate dust in
southern, middle, and subtropical latitudes. Intense insolation, low static stability, and
high atmospheric absorptivity and emissivity facilitate strong meridional circulations that
can trigger global storm events [48]. Observations at the Viking Lander #1 suggested that
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local dust storms can also be triggered by baroclinic wave activity with a threshold wind
speed of 25-30 m 57! [52].

Dust particles are lifted through exchanges of momentum and heat between the
Martian surface and atmosphere. Gierasch and Goody [49] initially proposed the existence
of an axisymmetric swirling flow field around a central dusty core, where solar radiation
heating strengthens horizontal temperature gradients, accelerating the cyclonic swirling
flow inward into the core. Ryan and Lucich [53] further found that dust devils occur
more frequently during the southern hemisphere spring and summer. The coexistence of
multiple dust devils has been suggested as a possible mechanism for generating local dust
storms [24,54]. Currently, two primary mechanisms are recognized for lifting dust particles:
surface wind stress lifting and convective vortex lifting (such as dust devils), supported by
various numerical simulations [55-59] using Martian global circulation models (GCMs) [60].
Dust particles are lifted during the saltation of more easily mobilized sand-size particles
above a certain threshold [55,56]. It has been proposed that background dust haze on Mars
is sustained by dust devil lifting [57,58]. Simulation studies combining convective schemes
with high-threshold and high-rate stress lifting have successfully simulated spontaneous
and interannually variable global dust storms [57]. Further simulations indicated that both
wind stress and dust devil are essential and contribute equally to the total dust lifted [58].

Current consensus indicates that seasonal dust storms on Mars are primarily driven
by variations in solar radiation forcing on the Martian surface and atmosphere system. In
this system, the planetary boundary layer is recognized as playing a critical role in the
Martian dust cycle [61]. As solar radiation increases near the southern spring equinox, it
heats the lower Martian atmosphere, leading to accelerated atmospheric circulation. This
enhanced near-surface wind stress lifts dust particles into the atmosphere [55,56], which in
turn further heats the atmosphere and creates zonal temperature gradients. These gradients
strengthen equatorial easterly winds, establishing positive feedback mechanisms that lift
more dust particles into the atmosphere and ultimately result in large regional or global
dust storms.

The mechanisms discussed above primarily pertain to the coupling of Mars” atmo-
sphere and surface modulated by solar radiation. However, other potential mechanisms
link dust storms to changes in Martian orbital and rotational motions, influencing atmo-
spheric dynamics [12,62-65]. Shirley [12] found that all regional dust storms escalated into
global dust storms during periods when Mars’s orbital angular momentum relative to
the solar system barycenter was increasing or at its maximum. Recent simulations [64,65]
further illustrated that global dust storms occur around times of peak orbital-spin cou-
pling torques and during periods of rapid torque changes. Orbital-spin coupling induces
intensified, and relaxed circulations overlaid on the normal annual cycles of atmospheric
circulation driven by external solar forcing. The asynchrony of these two cycles introduces
interannual variability in dust storms [12,62-64].

To summarize, the precise mechanisms governing interannual variations in Mar-
tian dust storms, particularly global dust storms, remain unclear. Modeling efforts over
recent decades have incorporated Mars global circulation models, such as the Mars
GCM, e.g. [55,56] and the Ames Mars Global Climate Model (AMGCM), e.g. [58,66], achiev-
ing significant success by embedding dust lifting schemes. Detailed reviews on the status
of the Martian whole atmosphere model and dust activities can be found in Wu et al. [67]
and Zhou et al. [68]. Incorporating accelerations from orbit-spin coupling [65] into these
models could further enhance their ability to replicate interannual variability in Martian
dust storms.

2.3. Impacts of Dust Storms

Dust storms on Mars have profound effects on various aspects of the planet’s en-
vironment and pose potential hazards for exploration and manned missions. Here, we
review their impacts on atmospheric dynamics, atmospheric electrical properties, the space
environment, topography, and Mars exploration.
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During a dust storm, dust lifted into the atmosphere significantly absorbs solar ra-
diation, causing temperatures in the Martian atmosphere to rise by at least 20 °C above
the altitude of 25 km [69,70] while the surface temperatures decrease. The nighttime
surface temperature is raised during the main phase of dust storms, making the diurnal
temperature difference significantly lower during dust storms [71]. The radiation effect
of dust changes the thermal structure and dynamic conditions of the atmosphere, which
further affect the atmospheric tides and intensify meridional wind and Hadley circulation
of Mars [72,73], strengthening the interhemispheric transport of dust. Furthermore, dust
storms affect the sublimation and condensation of the CO, ice sheet in the polar region [74],
thereby altering the atmospheric pressure.

Simulations, experiments, and calculations have demonstrated that Martian dust
storms can generate friction discharge due to dust driven by strong winds, leading to
low-frequency electromagnetic disturbances [75-78]. Additionally, during periods of high
dust activities, the increased dust aerosols are favorable to attaching ions, resulting in a
decrease in atmosphere conductivity [79,80].

The dust activities in the lower atmosphere will significantly influence the upper
atmosphere, ionosphere and magnetosphere through vertical transportation and coupling.
During dust storms, the rise in lower atmospheric temperature induces an increase in
CO, density in the upper atmosphere [81,82]. As a result, the ionospheric peak height
will be raised by tens of kilometers but without significant variation in peak electron
density [83-85]. The variations of atmospheric ion densities are species-dependent, with
CO; ions significantly increased, O ions decreased, while no obvious change in O
ions [84]. More water vapor is transported to higher altitudes during dust storms. These
water molecules undergo dissociation and ionization, which can lead to an increased
hydrogen escape rate of 5-10 times [3,5,86]. At the same time, the escape rate is CO;r ions
can be increased by 3 times [83]. Apart from the strong orbital forcing on the vertical profile
of water vapor saturation [87], dust storms will significantly increase vertical water vapor
transportation, further depleting the ozone [88].

On the surface of Mars, dust storms have a direct impact on the topography. Dust
storms can affect the deposition of dust [89] and volatile (ice/snow) [90] in the polar ice
caps, which in turn can significantly influence the analysis of Mars’ climate evolution
history. Furthermore, dust storms are capable of driving the redistribution of dust across
the Mars surface, and the strong winds (reaching speed of up to 100 km h™!) play an
important role in reshaping and evolving the topography and landform [91]. Additionally,
dust storms also contribute to exposing organic matter in the surface soil that has not
been degraded by cosmic rays, thereby aiding in assessing potential signs of life on Mars
surface [92].

Apart from the environmental effects mentioned above, dust storms have a direct
impact on the operations of landers and rovers on the surface of Mars [19]. The accuracy of
landing will be reduced due to the large uncertainties in the atmospheric density, strong
winds, and poor observing conditions during dust storms [93]. Martian dust particles
range in size from 0.1 to 2000 pm and can take on plate-like, angle-like, or round shapes
with a particle density of 2.6 t0 3.0 g cm™ [94]. They are rich in elements such as Si, Al Fe,
Mg, Ca, Ti, S, Cl, and Br [95]. These tiny dust particles can cover or penetrate the surface of
instruments, causing mechanical failure and affecting the operation of related hardware
and electronics. For example, dust activities have been shown to reduce the efficiency
of solar panels and even cause damage [96-98]. When the atmosphere becomes dusty,
the communication between Mars landers/rovers and Earth will be attenuated or even
interrupted [99]. The Opportunity rover worked for fourteen years on Mars until it lost
contact during the global dust storm in 2018. In December 2022, the National Aeronautics
and Space Administration (NASA) announced that the Insight mission launched in May
2018 was ending due to power loss after a strong dust storm. Any landers or rovers using
solar panels as their power source will be significantly impacted by dust storms and may
even suffer fatal damages. Additionally, it has been found that Martian soil is rich in Cr



Remote Sens. 2024, 16, 2613

7 of 26

(hexavalent chromium ions are highly toxic), S, and Cl elements [95,100]; therefore, Martian
dust could be toxic and acidic, posing a significant threat to the health of astronauts. The
great temperature, pressure, and wind variations during dust storms will significantly
affect the entry, descending, and landing process and the returning process.

In summary, comprehensive monitoring and forecasting are essential for the study
of Mars’ multi-layer coupling system and for safe Mars exploration missions due to the
significant impacts of dust storms on Martian environments and exploration activities.

3. Detection Methods for Dust Storms

In the 1950s, the global encircling dust storm on Mars was first observed through
ground optical telescopes [101]. Since then, detection and investigation of dust storms
have always been a primary focus of Mars exploration missions. This section reviews
the detection methods for dust storms, with an emphasis on those performed by Martian
orbiters and landers/rovers.

3.1. Historical Views on Dust Storms

Before human detectors arrived at Mars, qualitative observation and analysis of dust
storms on Mars were mainly carried out using ground-based telescopes. The interannual
variation characteristics of Martian dust storms have been identified; specifically, changes
in color and albedo near the perihelion of Mars indicate frequent occurrence of large dust
storms [22,23].

One of the crucial physical parameters for quantifying the content and spatial dis-
tribution of dust particles in the Martian atmosphere is the vertical profile of the dust
optical depth (DOD). This parameter is associated with the attenuation of light in the
propagation direction due to absorption and scattering (i.e., extinction) by dust particles in
the atmosphere when the radiation of a specific wavelength passes through. The column-
integrated DOD from the surface to the top of the atmosphere gives the CDOD, where a
larger value indicates more serious attenuation and stronger dust activity. The vertical
profile of optical depth can be retrieved from the radiation measured by a limb observation
instrument, which offers important information about the vertical transport of dust. It
should be noted that while relative changes in optical depth can be easily obtained from
remote sensing observations, obtaining absolute values is much more challenging as it
requires an accurate understanding of key properties related to dust, such as particle size
distribution and optical parameters. In order to obtain CDOD for Mars, most US and
European probes since Mariner 9 have been equipped with optical instruments capable
of detecting dust storm activity, including spectrometers, radiometers, imagers/cameras,
LiDAR, etc. Table 1 summarizes the dust-related measurements in Mars exploration his-
tory. Currently, methods for monitoring Martian dust storms can roughly be divided into
three categories: orbiter multicolor cameras, orbiter infrared (IR) and/or ultraviolet (UV)
spectrometers, and lander/rover cameras.

Table 1. Successful dust-related measurements in the Mars exploration history.

Mission Type Instruments Years References
Mariner 6 Flyby IR Spectrometer (IRS) 1969 [102,103]
Mariner 7 Flyby IR Spectrometer (IRS) 1969 [103]
. . IR Spectrometer (IRS) UV Spectrometer
Mariner 9 Orbiter (UVS) Television (TV) 1971~1972 [47,104,105]
i Orbiter IR Thermal Mapper (IRTM) Visual 1976~1980

Viking 1 Lander Imaging Subsystem (VIS) Cameras 1976~1982 [106,107]
Viking 2 Orbiter IR Thermal Mapper (IRTM) Visual 1976~1978 [106,107]

Lander Imaging Subsystem (VIS) Cameras 1976~1980
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Table 1. Cont.
Mission Type Instruments Years References
. Thermal Emission Spectrometer (TES)
Mars Global Surveyor (MGS) Orbiter Mars Orbit Camera (MOC) 1997~2006 [108-110]
Imager for Mars Pathfinder (IMP)
. Lander Atmospheric Structure Instrument
Mars Pathfinder Rover Navigation Camera (ASINC) Alpha 1997 1997 [95,111,112]
Proton X-Ray Spectrometer (APXS)
. Thermal Emission Imaging System
Mars Odyssey Orbiter (THEMIS) 2004~present [113]
Spectroscopy for the Investigation of the
Characteristics of the Atmosphere of Mars
. (SPICAM) Observatoire pour la B
Mars Express Orbiter Mineralogie, 'Eau, les Glaces et I'Activité 2003~present [43,114-116]
(OMEGA) High Resolution Stereo Camera
(HRSC)
Panoramic Cameras (Pancam) Miniature
Mars Exploration Rovers: Spirit Rover Thermal Emission Spectrometer 2004~2009 [117-119]
Opportunity Rover (Mini-TES) Alpha Particle X-ray 2004~2022
Spectrometer (APXS)
Mars Color Imager (MARCI) Compact
Mars Reconnaissance Orbiter . Reconnaissance Imaging Spectrometer for
(MRO) Orbiter Mars (CRISM) Mars Climate Sounder 2006~present [120-122]
(MCS)
Phoenix Lander Surface Stereo Imager (SSI) 2008~2009 [123]
Mars Science Laboratory (MSL) Rover Environmental Monitoring Station
Curiosity Rover (REMS) Mast Camera (Mastcam) 2012~present [41,124]
Nadir and Occultation for Mars Discovery
ExoMars 2016 Trace Gas Orbiter . (NOMAD) Color and Stereo Surface
(TGO) Orbiter Imaging System (CaSSIS) Atmospheric 2016~present [125-127]
Chemistry Suit (ACS)
Insight Lander ;cl)ilt(;r Cameras Auxiliary Payload Sensor 2018~2022 [128,129]
Mastcam-Z SuperCam Mars
Perseverance Rover Environmental Dynamics Analyzer 2021~ [130-132]
(MEDA)
Hope Orbiter Emirates Exploration Imager (EXI) 2021~ [133]
High-Resolution Imaging Camera (HiRiC)
Tianwen-1 Orbiter Medium Resolution Imaging Camera 2021~ [134-136]

(MoRiC) Multispectral Camera (MSCam)

3.2. Orbiter Multicolor Imaging

Optical imaging is a valuable tool for monitoring the occurrence and development
trends of dust storms on Mars. It provides the most intuitive way to track dust storm
activities. Two important cameras, the MGS MOC [108,109] and the MRO MARCI [120],
have been operated on Mars orbiters. These instruments have provided daily global
maps of Mars from 1999 to the present, offering an extensive database for investigating
Martian dust storms [28,29,137]. More recently, the EXI instrument on the Emirates Mars
Mission (EMM) Hope mission [133] has been acquiring both regional and global images in
a completely different orbit with different spatiotemporal coverage compared to MGS and
MRO [138].

The most successful imager in Mars orbit is the MARCI onboard MRO. The MRO
operates in a polar near-circular orbit of Mars, with an apogee of approximately 320 km
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and a perigee of around 255 km. At this altitude, large-field optical images with a spatial
resolution of 1~10 km can be obtained. With the help of Mars’ rotation, a global image
of Mars can be captured every day. The wave bands covered by MARCI range from
ultraviolet to visible and near-IR bands, which are selected by seven filters with central
wavelengths of approximately 260 nm, 320 nm, 425 nm, 550 nm, 600 nm, 650 nm, and
725 nm, respectively [120]. MARCI operates in push-frame mode, with the camera’s
optical axis always pointing at the nadir point. The cross-track field of view (FOV) is
180° while the along-track FOV is 26° for the visible and near-IR channels and 20° for the
ultraviolet channel, respectively [120]. The angular resolution is 0.13° in both along-track
and cross-track directions [120].

The design of MARCI is very sophisticated, utilizing a dual optical path single-focal
plane design. The optical system of the visible and near-IR channels and the ultraviolet
channels are independent to ensure the transmittance of different channels and optical
image quality. In front of the Charge Coupling Device (CCD), two prisms were utilized to
redirect the beams at different wavelengths to the appropriate parts of the CCD based on
the principle that light with different wavelengths has different refractive indices in the
same medium. Furthermore, according to the focusing position of different bands on the
CCD, narrowband interference multilayer filters are directly deposited on the CCD’s pho-
tosensitive surface. This further realizes a narrowband filter and suppresses light crosstalk
of different wavelengths while enabling simultaneous imaging of different wavelengths,
which is essential for joint scientific research involving multi-band images. These ingenious
designs significantly reduce the size and weight of MARCI. The volume is controlled within
10 cm* and the weight is controlled under 1 kg [120]. These specifications align with the
requirements of having a small volume and light weight in deep space exploration.

The images of each band can be individually utilized for the study of the Martian
atmosphere and surface. This includes analysis of clouds, circulation, dust storms, atmo-
spheric ozone, polar surface processes, local albedo properties, surface color properties,
mineralogical constraints, and surface physical constraints. For example, the images at
wavelengths around 425 nm, 600 nm and 725 nm have been synthesized to create global
color images of Mars (Figure 1b,c) in order to identify the ranges and evolution paths of
dust storms [29], which are of great significance for revealing the generation and evolution
laws of dust storms on Mars, especially the regional characteristics and spatiotemporal
evolution laws of large dust storms. Based on the Mars Daily Global Maps (MDGM)
from MGS MOC and MRO MARCI [139], a comprehensive Mars Dust Activity Database
(MDAD) covering eight MYs (24~32) has been compiled. This database includes records of
14,974 dust storms with an area greater than 10° km? [140]. Analysis using this database
by Battalio and Wang [140] revealed that many dust storm sequences originated from the
northern mid-latitudes before flushing into the southern hemisphere across the equator
following more coherent tracks (Figure 3). In contrast, sequence paths were found to be
less organized in the southern hemisphere.

Recently, the Tianwen-1 orbiter from China was equipped with a MoRiC [135], which
is a standard RGB color camera. The main objective was to capture images of the surface of
Mars, produce global remote sensing images of Mars, explore the topography and changes
of Mars, and study the geological structure, topography, and landforms. MoRIC had a
FOV of 53.3° x 41.2° and provided a spatial resolution at a nadir point of about 98 m
at an orbital altitude of 400 km [135]. Dust storms were directly observed in the images
captured by MoRIC (as shown in Figure 1a). The Tianwen-1 orbiter was also equipped with
a HiRiC capable of acquiring images with a spatial resolution of ~1 m [134]. The HiRiC was
primarily used to obtain detailed images of key areas on the Martian surface, especially to
determine the Tianwen-1 landing site [141].
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Figure 3. Paths of dust storm sequences observed by MGS MOC and MRO MARCI during MY
24 and 32. The numbers near the arrows indicate the number of sequences traveling along that path.
(Adapted from Battalio and Wang [140]).

3.3. Orbiter Infrared Spectroscopy

The visible light images captured by the orbiter cameras can monitor the global
distribution and spatiotemporal changes of the dust storms (e.g., area, lifetime, and moving
speed), but there are challenges in quantitatively estimating the strengths of dust storms
without an accurate Martian surface albedo model. Herein referred to as the strength of
a dust storm, it is mainly related to the amount of dust in the atmosphere, namely dust
opacity profile and CDOD. With this parameter, particularly through global measurements,
the area, lifetime, and moving speed of dust storms can be estimated. A time series analysis
using this parameter is also crucial for atmospheric numerical simulations. Currently, IR
spectrometers and radiometers are primarily used to estimate dust optical depth from Mars
orbit due to their greater sensitivity at larger optical depths.

The observation of IR spectra by Mars orbiters has a long history, dating back to
Mariner 6 & 7 [102,103]. With the maturation of IR spectroscopy and radiative transfer
models, starting with the MGS, NASA’s Mars orbiters have been equipped with IR /thermal
IR spectrometers to continuously monitor the Martian atmosphere and dust storms. These
instruments include the TES on MGS [110], the THEMIS on Odyssey [113], and the MCS on
MRO [122]. Together, these three spectrometers have provided continuous and complete
quantitative monitoring data of global dust activities on Mars since MY 24 (1998—present).
Apart from THEMIS, which just adopted the nadir viewing mode, both TES and MCS
adopted scanning mode to realize nadir and limb observations [142]. The SPICAM on
Mars Express [43] was an ultraviolet-IR (UV-IR) dual spectrometer, which was the first
instrument to perform stellar occultations at Mars in order to retrieve aerosol vertical
distributions [114]. Recently, data from the OMEGA instrument [115] on Mars Express
were also used to retrieve DOD [143].

The basic method for retrieving DOD in infrared involves searching for optimized
profiles of temperature, dust, and water ice that best match observed radiation profiles
based on the radiative transfer models of the Martian atmosphere. Nadir viewing data can
be used to retrieve the CDOD, while the limb viewing data can be used to retrieve vertical
profiles of DOD. Both retrieving processes must consider the contributions of temperature
and other aerosols such as water, ice, and CO,. To retrieve CDOD from the nadir view, the
general radiative transfer equation is [144-146]

)

_ To(v) _1w)
Tots () = €(V)B[v, Tourgle™ 7 + /0 B[y, T(t)]e” 7 dt, (1)




Remote Sens. 2024, 16, 2613

11 of 26

where I, (v) represents the observed monochromatic radiance of Mars at wave number v,
€(v) is the surface emissivity at wave number v, B[v, T(7)] stands for the Planck function,
Tp(v) denotes the normal column-integrated aerosol optical depth, y is the cosine of emis-
sion angle, Ty, ¢ is the surface temperature, T(7) refers to the atmospheric temperature. The
integration is performed from the spacecraft to the surface. The total aerosol optical depth
is mainly contributed by dust particles, water ice, and CO,. Assuming a plane-parallel
atmosphere and uniform mixing of dust, water, ice, and CO,, Equation (1) can be solved to
obtain CDOD.

To retrieve the vertical profiles of temperature, dust, and water ice, Kleinbohl et al.
utilized a modified Chahine method and a fast radiative transfer scheme based on the
Curtis-Godson approximation [147]. The basic radiative transfer equation is

R= /V F(v) /Z B(v, T(2))K(v, z)dzdv @)

where R is the radiance seen at a specific viewing direction in a certain channel, F(v) is the
frequency response function of the channel, and K(v, z) is the vertical response function at
frequency v, respectively. This retrieving algorithm was successfully applied to the MCS
onboard the MRO.

Apparently, the CDOD obtained from observed radiance at different wavebands will
have different values. For example, the 9.3 um CDOD represents dust-induced absorption
at 9.3 um, while the 21.6 pm CDOD represents dust-induced absorption at 21.6 pm [147].
The 21.6 um CDOD can be converted to 9.3 um CDOD by multiplying a factor of 2.7 [35].
The CDOD retrieved from TES, THEMIS, MCS, and other IR spectrometers listed in Table 1
formed the most important and the longest time series of daily global maps of CDOD, which
significantly improved our understanding of the climatology of Martian dust storms [36].
These daily global column-integrated dust scenarios greatly benefited the numerical simu-
lations of the Martian climate system, e.g. [36,148]. Strong diurnal variations in the vertical
distribution of dust during the global dust storm in 2018 were observed by MRO MCS
and were attributed to meridional circulation exhibiting diurnal tidal variations [149]. Fast
changes in water abundance observed by TGO NOMAD during the same storm suggested
that the impact of dust storms on the Martian atmosphere is very fast [150]. Based on
retrieved dust, temperature, ice, and water profiles during the Type C dust storm in January
2019, it was found that regional dust storms can enhance Martian water loss to space by
a factor of five to ten [3]. It should be pointed out that, in this work [3], water vapor was
measured by TGO ACS and NOMAD higher up, while MCS estimated water vapor in the
middle atmosphere by assuming that vapor was at its condensation threshold given by
their measured temperature.

3.4. Landers/Rovers Monitoring

On the surface of Mars, the visible solar radiations received can be utilized to measure
dust storm activity. According to the Beer-Lambert Law, the solar radiation flux (F) reaching
the Mars surface can be expressed as F = Froa X € ", where T represents the visible CDOD
(VDOD), Froa is the solar radiation flux at the top of the atmosphere, and 7 denotes the
airmass [117]. This method has been successfully applied on MER Opportunity and Spirit
rovers, as well as other landers/rovers. The panoramic cameras on both rovers routinely
image the Sun near local noon each day on Mars at 440 nm and 880 nm [117,118]. Other
small multispectral cameras on the landers/rovers, such as SSI [123], Mastcam [124], and
Mastcam-Z [130], are all valuable for dust storm monitoring, not only for DOD but also for
surface property and mineral characteristics.

The VDOD retrieved from two wavelengths are nearly identical, as demonstrated by
the VDOD series during the lifetime of the Opportunity rover in Figure 4. The Opportunity
rover survived the global dust storm in 2007 but, unfortunately, was completely lost during
the global dust storm in 2018. Images taken by Opportunity rover during the eruption
of this 2018 global dust storm clearly show drastic attenuation of visible solar radiations
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on Mars’ surface due to the strong absorption of dust particles (Figure 5). When VDOD
reached 11, the visible light can be attenuated by nearly 100%, with IR band attenuation
also at 98%, resulting in a darkened Martian surface.
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Figure 4. The VDOD was recorded by the Opportunity rover. VDOD observed in 440 nm (blue solid)
and 880 nm (red dashed) are shown.

Figure 5. Photographs of the Sun in visible light captured by the panoramic camera onboard
Opportunity rover during the eruption phase of the global dust storm in June 2018. The VDOD
for each frame is 1, 3, 5, 7, 9, and 11, from left to right. (Image taken from https://www.jpl.nasa.
gov/images/pia22521-shades-of-martian-darkness, accessed on 15 May 2024. Credit: NASA /JPL-
Caltech/ TAMU).

Based on the operation status and record of landers and rovers on Mars over the past
two decades, it has been observed that different levels of dust storms have varying effects
on the landers/rovers. The engineering team at NASA has developed a guidebook for dust
storm operations [99], which classifies dust storms into six levels based on VDOD values,
as outlined in Table 2.
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Table 2. Classification of dust storm levels according to VDOD values [99].

Levels VDOD Values Actions
Level 1 <0.7 No restrictions.
Level 2 0.7 <VDOD < 1.0 No restrictions but watch the VDOD closely.

Scientific activities can only be carried out within reasonable limits during the day,
Level 3 1.0<VDOD < 2.0 with no overnight activities, and the operation team searches for possible parking

points for rovers and protective measures for landers.

Start driving to a parking point to safely ride out the dust storm, allowing ONLY

Level 4 20<VDOD <30 essential activities (VDOD observation and battery control board history).
Final drive to parking point, minimal activities ONLY (VDOD observation and
Level 5 3.0<VDOD < 3.5 battery control board history), begin ultra-high frequency (UHF) overflights per a
couple of days, and wait for VDOD to drop.

Level 6 VDOD > 3.5 Minimal activities ONLY (VDOD observation and battery control board history),

UHEF overflights per couple of days, and wait for VDOD to drop.

It is important to note that the trend of large dust storms is different to predict, making
continuous monitoring and treatment according to the actual situation particularly crucial.
For example, during the 2017 global dust storm, it took four days for the VDOD value to
increase from 1 to 2, while it only took one day during the 2018 global dust storm. The
rapid growth of the dust storm made following a guidebook impossible.

For landers/rovers using solar arrays as their power source, dust storms—especially
global dust storms—can dramatically accelerate the rate of dust deposition, leading to a
rapid degradation of power supply. The average decrease rate in the power supply due
to dust accumulation is 0.2% per Martian day [96]. During large dust storms, however,
the dust can be seasonally removed benefit from the large winds. The loss of solar energy
mainly results from decreased solar insolation. During the 2018 global dust storm, when
the VDOD values increased from 0.6 to 10.8 in eight days (3-10 June 2018), energy output
from solar arrays dropped by an alarming 96.7% [99]. From 10 June, the Opportunity rover
was officially dead, successfully exploring Mars for 15 years. These missions have provided
valuable lessons: seasonal dust storms have significant impacts on landers/rovers, and real-
time monitoring of the dust storm activities—from both orbiters and landers/rovers—is
crucial for ensuring security and successful scientific explorations on Mar’s surface.

4. Dust Storm Monitoring and Predicting for Tianwen-3

China has announced the implementation of a Mars sample return mission around
2030 [151]. Throughout the entire mission, the entry, descending and landing process,
sampling process, and the launch process on the Martian surface are highly likely to be
affected by Martian dust storms. In this section, we will discuss the potential characteristics
of dust storm activity during the Tianwen-3 mission and propose a dust monitoring scheme
for Tianwen-3.

4.1. Statistical Predictions

Based on long-term observation data of dust storms, primarily the CDOD retrieved
from TES, THEMIS, and MCS, Montabone et al. [35,36] conducted systematic data process-
ing, cross-calibration, and quality control on these data and established a comprehensive
CDOD database covering MY 24 to present. The database is global, with a spatial resolution
of 6° (longitude) by 5° (latitude) and a temporal resolution of one Martian day. The CDOD
data in the database are all 9.3 um CDOD. The 9.3 um CDOD is converted to VDOD by
multiplying a factor of 2.7 [35,152] to facilitate the assessment of the degree of dust storm
impact according to the classification criteria in Table 2.

The sampling will take place in flat areas in the low-latitude regions in the northern
hemisphere. Based on recommended landing site candidates, four zones in the northern
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hemisphere have been selected for statistical prediction of the dust storm levels using the
following procedure:

e  The four zones are located in Utopia Planitia, Isidis Basin, Amazonis Planitia, and
Chryse Planitia, respectively. Each zone covers a range of 18° in longitude and 15° in
latitude, creating a 3 x 3 grid in the VDOD database;

e  The VDOD data in the grid during MY 24-35 (12 MYs) are extracted from the database
to form a subset for each region, resulting in 108 samples for each zone (=3 x 3 x 12);

e  For each Martian day, the numbers of the six dust activity levels in the 108 samples are
counted, and their probabilities are calculated;

e  Since Martian dust storms are seasonal, we extend the date to MY 40 and 41 according
to the orbit of Mars;

e  Finally, the predicted results are presented in Figure 6.

Taking the zone in Utopian Planitia as an example (Figure 6a), it is observed that:

e  Before the southern spring equinox (Lg < 180°), the dust activity remains weak, gen-
erally below the safety line (VDOD < 1.0), occasionally exceeding 1.0 but with very
short duration;

e  After the southern spring equinox (Lg > 180°), there is a significant increase in the
probability of VDOD exceeding 1.0. The trend is particularly noticeable between Lg of
200°~240° (i.e., 7 October to 11 December, 2029 in MY 40 and 25 August to 29 October,
2031 in MY 41), with the probability of VDOD exceeding 2.0 being greater than
30%. Dust activity generally peaks near Lg of 210°~220°, and then begins to weaken
and recover. During this period, it is important for operators to closely monitor the
changing trend of dust activity;

e  After the southern summer solstice (Lg > 270°), dust activity experiences a significant
weakening but remains at an active level. As shown in Figure 6a, just before Lg = 270°,
the probabilities for Level 2 and Level 3 are both about 50%. Subsequently, dust
activity will recover to quiet conditions and begin another seasonal trend.

In general, prior to July-September 2029 in MY 40 or May-July 2031 in MY 41, the
overall level of Martian dust storms is very low, making it relatively safe to conduct
sampling and returning activities during these periods. However, after July—September
2029 in MY 40 or May-July 2031 in MY 41, a significant increase in regional or global dust
activity may significantly impact sampling and returning activities. A comparison between
different zones in Figure 6 indicates that higher latitudes generally experience lower levels
of dust activity compared to areas near the equator. It is therefore recommended that higher
latitudes be selected as far as scientific requirements and engineering technology allow
while completing the relevant science and engineering tasks by July 2029 or May 2031.

It is important to note that Figure 6 represents a preliminary statistical analysis,
providing an initial reference for engineering task planning. It is recommended that
other dust storm databases (such as the MDAD) be considered in conjunction with this
analysis to ensure comprehensive and robust results. For instance, although Figure 6d
indicates relatively low probabilities of Levels 2 and 3, it should be noted that Chryse
Planitia lies in the middle of the paths of the outstanding dust storm sequences flushing
into the southern hemisphere (Figure 3). Therefore, safety evaluations in this region should
be conducted using multiple databases if the landing site is determined in the future. In
order to minimize the impact of dust storms on the Mars sample return mission, it is
essential to establish a Mars dust storm monitoring and early warning system prior to
mission implementation [20]. Besides, once the landing site and window for Tianwen-3 are
determined, dynamic forecasting methods, such as those proposed by Montabone and
Forget [154], can be done in the future.
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Figure 6. Statistical predictions of the dust storm activity level at five zones in the low-latitude regions
of Mars. (a) Utopia Planitia, (b) Isidis Basin, (c) Amazonis Planitia, and (d) Chryse Planitia. Modified
from He et al. [153]. The white rectangles represent the area of 3 x 3 grid used in the statistics.

Using the aforementioned method, we further statistically predicted dust storm activ-
ity levels across the entire northern hemisphere (Figure 7). The Martian year was divided
into six periods, each spanning a Lg interval of 60° as shown at the top of each panel in
Figure 7. Probabilities for each dust activity level during each period were then calculated
within zones having a longitudinal range of 6° and a latitudinal range of 5°. The six rows
in Figure 7 correspond to Level 1 to Level 6 from top to bottom.

Before the southern spring equinox (Lg < 180°), the dust activity is generally weak
throughout the entire northern hemisphere, remaining below the safety line (VDOD < 1.0)
as shown in Figure 7(al-a3,b1-b3). Regions for VDOD > 1.0 are primarily concentrated
in the Tharsis Montes, Chryse Planitia, and Utopia Planitia for Lg < 60° (Figure 7(c1)),
in the polar region for 60° < Lg < 180° (Figure 7(c2,c3)), and in low latitude regions for
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Figure 7. Statistical predictions of the VDOD levels (Table 2) in the entire northern hemisphere.
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shown on the right. The Lg ranges are shown at the top of each panel. The date ranges in MY 40 and
41 are shown at the top of the first row. White areas indicate a zero probability.

Following the southern spring equinox (Ls > 180°), the VDOD remains low in the high
latitude regions but increases in the low latitudes, especially below the latitude of 30°. In
the latitudinal belt of 0°~25°, the probabilities for Level 3 are 16%~46% (180° < Lg < 240° in
Figure 7(c4)), 29%~56% (240° < Lg < 300° in Figure 7(c5)), 14%~55% (300° < Lg < 360° in
Figure 7(c6)), respectively, with the situation the most serious around the southern summer
solstice (Figure 7(c5)). In Figure 7(c4), the peak is located in the Isidis Basin and the south
of Utopia Planitia. In Figure 7(c6), the peak is located in the south of Chryse Planitia, which
is in the middle of the paths of the outstanding dust storm sequences flushing into the
southern hemisphere [140]. The probabilities for activities higher than Level 3 are generally
below 10%. Extreme activities (higher than Level 4) are predominantly observed between
180° < Lg < 240°, primarily attributed to the two global dust storms in MY 25 (2001) and
MY 34 (2018). The global dust storm in MY 28 (2007, 270° < Lg < 300°) was stronger in the
southern hemisphere and thus not conspicuous in Figure 7(e5,£5).
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4.2. Dust Storm Monitoring for Tianwen-3

During the sampling and returning phases of the mission, an orbiter will be utilized
to provide high-resolution mapping of the landing site and measurements of environ-
mental parameters, including dust storm activity. We have proposed to carry a Mars
Multicolor Camera (MMC) to monitor dust storms because of the simplicity of instrumen-
tation (e.g., lower power and mass and data rates). The main scientific objectives of MMC
are as follows:

e  Martian dust storm monitoring and early warning: Conducting large-field multicolor
imaging of mid-low latitude dust storm activities on Mars to obtain information such
as location, coverage and moving speed of dust storms on Mars.

e  Spatial and temporal distribution of atmospheric ozone on Mars: Conducting large-
field ultraviolet imaging of the column content of middle- and low-latitude ozone
on Mars to obtain its spatial and temporal distributions. This will also improve the
accuracy of dust storm identification in combination with water-ice cloud identification
in visible light channels.

The Tianwen-3 orbiter is expected to operate in a circular orbit with an altitude of
approximately 350 km, an orbital inclination of around 30°, and an orbital period close
to 1.8 h. This orbit is an idea for global imaging of Martian dust storms at the middle
and low latitudes. At this altitude, a camera with a FOV of 130° will achieve the largest
surface coverage of ~3000 km cross-track. Considering the rotation of Mars, a global image
of Mars will be generated each Martian day, covering an area below 52° latitude in both
hemispheres, as indicated by the white circles in Figure 8. Due to the combined effects of
orbital motion and Mars rotation, the revisit times for MMC over the same area are shown
in Figure 9.

Figure 8. A demo of the orbit of the Tianwen-3 orbiter. The orbit is plotted by red lines. The orbiter is
denoted by the blue dot, and its velocity is shown by the blue arrow. The pink surfaces demonstrate
the FOV of the MCC. The background Mars digital elevation map is available at the U.S. Geological
Survey Astrogeology Science Center (https:/ /astrogeology.usgs.gov/search/map/Mars/, accessed
on 17 May 2024).
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Figure 9. The surface areas can be revisited by MMC six times during Martian daytime with different
cross-track FOV as shown by different colors.

The rotation period of Mars is ~24.62 h, and the orbital period of the Tianwen-3
orbiter is ~1.8 h. It is important to consider the coverage of the MMC FOV to the same
area during the daytime period of each Martian day. As shown in Figure 9, an area
of about 2000 km x 3000 km below 30° latitude can be continuously observed during
six orbits throughout the daytime of each Martian day. In other words, for such an area of
2000 km x 3000 km, the MMC can achieve continuous monitoring with a time resolution
of better than 2 h. Other regions with latitude lower than 30° in both hemispheres will be
revisited at least three times during one Martian day. This is of great significance for early
warning and prediction of dust storms during the landing, sampling and return phases of
the mission.

The revisited area for different cross-track FOV of MMC is further shown in Figure 9.
When the cross-track FOV decreases from 130° (black) to 110° (pink), there is a significant
reduction in the area that can be revisited by MMC six times. When the cross-track FOV is
smaller than 110°, no area can be revisited six times over. Therefore, it is determined that
the cross-track FOV of MMC should achieve 130°. The along-track FOV is not so critical
since the MMC will operate in a push frame mode, and it will be kept as small as feasible to
reduce the data rate. Currently, the along-track FOV is determined to be 20°. We propose
that once the landing and sampling site is determined, the tilt of the orbit should be as
small as possible, and the orbital phase of the orbiter should be optimized to revisit the
landing site six times or more.

For the demonstration orbit depicted in Figure 8, the westward longitudinal drift
speed of the orbit in Mars body-fixed coordinate is ~24.8° per orbit. As a result, there
will be a time difference of ~1.5 h between the orbital regression period and the Mars
rotation period, and the opportunity for six observations per day will have a time interval
of ~15 Martian days. If the orbital altitude is slightly decreased to ~300 km (although
this may lead to a slight decrease in cross-track FOV coverage), and the orbital period
is shortened to ~1.76 h, this time difference between the orbital regression period and
the Mars rotation period will be reduced to only 0.02 h, making it almost equal to the
Mars rotation period. Consequently, six observations per day can be guaranteed for every
Martian day. Reducing the orbital inclination will also be beneficial, even though it may
necessitate landing the lander in a narrower belt in lower latitudes. It is recommended
that the satellite suitably reduces the altitude and orbital inclination during the mission
operations. Once the sampling and returning phases are completed, the orbital inclination
could be increased to provide better coverage in high latitudes.

To achieve the scientific objectives of MMC, the selection of wavelengths is essential.
Since the MRO MARCT has been a great success, the operation wavelengths of MMC will be
similar to those of MARCI. We have decided to design seven channels centered at ~260 nm,
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~320 nm, ~425 nm, ~550 nm, ~600 nm, ~770 nm, and ~860 nm, respectively. The expected
spatial resolution of the MMC images will be 1 km near nadir points. The images from each
channel can be used individually to study various aspects of the Martian atmosphere and
surface, such as clouds, circulation, dust swirls and dust storms, atmospheric ozone, surface
processes, local albedo properties, surface color properties, mineralogical constraints,
and surface physical constraints. These images can also be used to synthesize different
channel colors for the identification of Martian dust storms. For example, the false color
RGB composite generated from channels at ~425 nm, ~600 nm and ~600 nm could help
identify the locations, ranges and evolutions of dust storms, while the false color RGB
composite generated from channels at ~260 nm, ~320 nm, and ~425 nm would be suitable
for identifying ice clouds thus improving reliability in dust storm identification.

5. Conclusions

Dust storms play a crucial role in the climate system and the space environment
of Mars, significantly impacting human Mars exploration activities. The Martian dust
storms involve the geological and geochemical processes, surface chemistry and physics,
atmospheric chemistry and physics, Mars orbital motion, and solar energy input. Therefore,
advancements in understanding the driving mechanisms of Martian dust storms and
their environmental effects will promote our understanding of the habitable environment
on Mars.

This paper begins by introducing the basic properties, driving mechanisms, and
impacts of Martian dust storms. It also provides a brief overview of the history of observing
dust storms on Mars while summarizing observation principles and methods for dust
storms. Our knowledge of Martian dust storms has advanced considerably through
long-term (since the first successful Mars mission) comprehensive observations using
spectrometers and cameras as well as simulation efforts.

For the upcoming Tianwen-3 sample return mission, we have statistically predicted the
dust activity for potential landing sites. Finally, we proposed an MMC for the Tianwen-3
orbiter to monitor Martian dust storms. The specifications and performance of MMC were
simulated to determine that an orbiter altitude of ~300 km with an inclination of ~30° can
observe a landing site in the low latitude region during six orbits if its orbital regression
period matches the Mars’s rotation period. This is critical for the sample return mission as
it provides high time resolution monitoring images (~1.76 h) capturing global dust activity
on Mars.

At present, the international Mars exploration is in full swing and is expected to
enter the era of multi-satellite and multi-lander explorations [155]. In order to conduct an
in-depth and systematic study of Martian dust stormes, it is essential to establish a stereo
observation network in the future that could quantitatively monitor the three-dimensional
spatial distribution and dynamic evolution of global dust activities on Mars. To truly
understand mechanisms that control the outbreak, development, and decline of dust
storms, as well as the interannual variation of global dust storms, missions spanning as
many local times and latitudes as possible across the lower, middle, and upper atmosphere
are necessary. For orbiters, multicolor cameras and ultraviolet and IR spectrometers will be
valuable tools. Small multispectral cameras in visible and near IR bands will be essential
for the safe and smooth operation of landers and rovers on Mars.

On the other hand, although models produce dust storms, they do not produce them
at the right times and places where such storms are observed without artificial adjustments.
The advancement in this field relies on the development of a more comprehensive general
circulation model for the whole atmosphere, an improved dust parameterization scheme,
and a deeper understanding of dust activities [68]. Observations are the basis for these
insights. A stereo observation network would provide a fine climatology, and the attendant
monitoring could provide advance notification of dust storms that could impact lander
(and aerial) operations. However, a thorough understanding of storm drivers may also
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necessitate in-situ observations of dust lifting by landers on the surface or laboratory studies
focusing on atmospheric dust coagulation and scavenging at far more localized scales.

The proposed MMC will achieve better spatiotemporal resolution for observing dust
activity. For specific areas (depending on the orbit of the orbiter), the time resolution of
the dust storm image will reach better than 2 h. We can track the onset time of dust storms
much more precisely than with day-resolution images. Apart from MMC, a multi-spectral
camera will be carried by the lander of the Tianwen-3 mission, which will not only monitor
local dust optical depth but also assess the surface property and mineral characteristics
near the landing site. The combination of these two instruments will effectively ensure the
safe and smooth implementation of the Mars sample return mission. Together with other
available observations from instruments, such as MARCI, MCS, ACS, and NOMAD, it is
expected that a more comprehensive understanding of the origins and mechanisms behind
dust storms will be achieved in future research endeavors.
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