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Abstract
The Emirates Mars Mission (EMM) – Hope Probe – was developed to understand Mars
atmospheric circulation, dynamics, and processes through characterization of the Mars at-
mosphere layers and its interconnections enabled by a unique high-altitude (19,970 km pe-
riapse and 42,650 km apoapse) low inclination orbit that will offer an unprecedented local
and seasonal time coverage over most of the planet. EMM has three scientific objectives
to (A) characterize the state of the Martian lower atmosphere on global scales and its geo-
graphic, diurnal and seasonal variability, (B) correlate rates of thermal and photochemical
atmospheric escape with conditions in the collisional Martian atmosphere, and (C) char-
acterize the spatial structure and variability of key constituents in the Martian exosphere.
The EMM data products include a variety of spectral and imaging data from three scientific
instruments measuring Mars at visible, ultraviolet, and infrared wavelengths and contempo-
raneously and globally sampled on both diurnal and seasonal timescale. Here, we describe
our strategies for addressing each objective with these data in addition to the complementary
science data, tools, and physical models that will facilitate our understanding. The results
will also fill a unique role by providing diagnostics of the physical processes driving atmo-
spheric structure and dynamics, the connections between the lower and upper atmospheres,
and the influences of these on atmospheric escape.
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1 Introduction

The Emirates Mars Mission (EMM), launched on July 20, 2020 at 01:58:14 GST (July 19,
2020 at 21:58:14 UTC) and entered Mars orbit on February 9, 2021, is the United Arab
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Fig. 1 EMM science questions mapped to EMM science objectives and investigations

Emirates’ (UAE) first mission to Mars, and the Arab World’s first mission to another planet.
EMM is designed to study the dynamics of the Martian atmosphere on a global scale, and
on both diurnal and seasonal timescales, furthering our understanding of Mars’ atmosphere
that has been limited by fixed geographical coverage and local time samplings. The mission
will enable us to explore the atmospheric processes that drive diurnal variations, how energy
is transferred from the lower-middle atmosphere to the upper atmosphere, and how lower
atmosphere conditions are connected to the escape of atmospheric particles from Mars. The
scientific motivation of EMM can be distilled to three motivating science questions leading
to three associated objectives and four scientific investigations, seen in Fig. 1.

EMM will achieve these objectives with measurements from three scientific instruments:
Emirates eXploration Imager (EXI), Emirates Mars InfraRed Spectrometer (EMIRS), and
Emirates Mars Ultraviolet Spectrometer (EMUS).

EXI is a multi-wavelength radiation tolerant camera that consists of a double lens as-
sembly to separate the ultraviolet (UV) and visible (VIS) optical paths and can take 12-
megapixel images of the full Martian disk. Its UV lens system includes two channels, UV-C
(245–275 nm) and UV-A (305–335 nm), to measure ozone and ice clouds respectively in the
Martian lower atmosphere. Its VIS system includes Red (625–645 nm), Green (506–586 nm)
and Blue (405–469 nm) bands to capture high resolution color images of Mars.

EMIRS is an interferometric thermal infrared spectrometer that will complement EXI in
characterizing the lower atmosphere of Mars by taking measurements of infrared radiance
and determining the distribution of lower atmospheric constituents such as dust, water ice
and water vapor optical depths, in addition to Mars surface and atmospheric temperature
profiles up to 50 km from the surface with vertical resolution of ∼10 km. EMIRS will
aid in better understanding the thermal state of Mars and its global circulation in terms of
energy balance. EMIRS operates in the 6-40+ µm range with 5 cm−1 and 10 cm−1 spectral
sampling.

EMUS is a far ultraviolet spectrometer that will measure the variability of the Martian up-
per atmosphere. It is designed to measure emissions of hydrogen (H; Lyman alpha 121.6 nm
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Fig. 2 The illustration in panel A
shows a projected coverage for
EMM individual observations per
day and local time for a duration
of 10 days for a starting date of
May 23, 2021 (start of science
phase). Each column is a day of
observations. The observations
are taken at different local times,
and binned according to which
row they land in. The yellow
color indicates a good resolution
coverage, the dark blue color
indicates no observations, and the
green indicates observations with
fair resolution. Panel B shows
how the observations accumulate
in coverage. By Day 10, the
majority of the local time and
geographic state space has been
imaged with sufficient resolution

and Lyman beta 102.6 nm), oxygen (O; 130.4 nm and 135.6 nm), and carbon monoxide (CO;
Fourth Positive Group (4PG) band from 140-170 nm). EMUS spectral range is 100–170 nm,
and it has multiple slit positions for science purposes that provide spectral resolutions of
1.3 nm and 1.8 nm.

EMM orbits Mars at an inclination of 25 deg, with a periapsis of 19,970 km and apoapsis
of 42,650 km altitude, and an orbital period of 54.5 hours. The orbit enables EMM to have
a combination of global geographic and local time coverage every 9-10 days, see Fig. 2, on
diurnal and sub-seasonal timescale. The science phase will last for one Martian year (687
days, almost two Earth years), to collect data, with full geographic, diurnal and seasonal
coverage, necessary to answer the science objectives of the mission. More information on
the EMM mission (Amiri et al. 2021) and the three instruments (Jones et al. 2021; Edwards
et al. 2021; Holsclaw et al. 2021) can be found in review papers within this special issue.

This paper will discuss the EMM science team’s strategy for achieving closure on the sci-
ence objectives introduced above, which can be summarized as (A) characterizing the state
of the Martian lower atmosphere, (B) correlating the lower atmosphere conditions with rates
of thermal and photochemical atmospheric escape, and (C) characterizing the spatial struc-
ture and variability of hydrogen and oxygen in the Martian exosphere. Section 2 provides
a brief overview of the current state of Mars atmospheric science in these areas. Section 3
describes the key global circulation models and tools that will be used in addressing EMM
scientific objectives. Sections 4, 5, and 6 discuss in detail the strategies for achieving objec-
tives A, B, and C, respectively, in terms of planned analyses, data, and models to be used
for each. Section 7 provides a summary that highlights the unique role EMM will play in
answering open scientific questions and fulfilling needs of the Martian science community.
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2 Current State of Mars Atmospheric Science

The Mars atmosphere can be divided into three regions based on distinctive characteristics:
the lower atmosphere (up to 50 km), the middle atmosphere (50-100 km), and the upper
atmosphere (above 100 km) (Smith et al. 2017). While the temperature in the lower atmo-
sphere decreases with altitude, it remains relatively constant in the middle atmosphere, and
generally increases with altitude in the upper atmosphere (Haberle et al. 2017).

Carbon dioxide (CO2) dominates the bulk of Mars atmospheric composition with an av-
erage mixing ratio of 95.1%, with traces of mainly nitrogen (N2), argon (Ar), oxygen (O2),
and carbon monoxide (CO) (Nier and McElroy 1977; Trainer et al. 2019). The dynamics of
Mars’ present-day lower atmosphere is characterized mainly by the behavior of CO2, water
vapor, and dust in response to solar and seasonal variabilities and their interaction with the
surface (e.g. Barnes et al. 2017 and references therein). In contrast, dynamics in the ther-
mosphere (100-200 km), are driven from two directions: from below by the heating and
wave propagation from the lower atmosphere and from above by solar UV radiation heating
and the heliospheric charged particle and magnetic field environment (commonly known as
space weather) (Bougher et al. 2017). At the homopause (∼100 km), the atmosphere transi-
tions from a well-mixed state dominated by eddy diffusion to a more weakly-mixed state (i.e.
thermosphere) where molecular diffusion dominates and constituents have separate scale
heights. Above the exobase (∼200 km) is the exosphere where collisions are extremely rare
and particles move ballistically subject to gravity (Izakov and Krasicki 1977; Zurek et al.
2017). The characteristics of the upper atmosphere (i.e. thermosphere-exosphere) structure
enables the understanding of Mars present-day escape rates and the processes which drove
the transition of Mars from a thick to thin atmosphere in the past (Bougher et al. 2015).

Measurements from past missions like Mariner 9, Vikings 1 and 2, Mars Global Surveyor
(MGS), 2001 Mars Odyssey, Mars EXpress (MEX), Mars Reconnaissance Orbiter (MRO),
and Trace Gas Orbiter (TGO), have helped in characterizing and understanding the lower
atmosphere and the global atmospheric circulation through studies of interactions between
the thermal structure, active gases (water vapor) and active aerosols (clouds and dust) (e.g.
see the reviews by Smith et al. 2017; Wolff et al. 2017; Clancy et al. 2017; Kahre et al. 2017;
Montmessin et al. 2017).

The thermal structure of the lower atmosphere depends greatly on the surface tempera-
ture, dust content and aerosol dynamics. It is influenced by seasonal, latitudinal and “orbital
seasons” caused by the relatively large difference between Mars’ perihelion and aphelion
distance from the Sun. The standard Martian seasons mainly drive changes in surface and
atmospheric temperatures, more so at high latitudes, while the orbital seasons have greater
impact on the surface and the atmospheric temperatures at low latitudes (Smith et al. 2017;
Heavens et al. 2011). The thin atmosphere also allows optical radiation to reach the surface,
significantly impacting the diurnal surface temperature cycle, thus also the near-surface at-
mospheric temperature (Kleinböhl et al. 2013; Martínez et al. 2017). Diurnal information
on Mars’ thermal state is limited primarily because previous spacecraft have mostly been
in Sun-synchronous orbits that only sample two opposite local times (e.g. 2 AM/2 PM for
MGS).

Dust plays a key role in Mars atmospheric dynamics. It is an abundant constituent on
the Martian surface and in the atmosphere where it resides mainly in the lower-middle at-
mosphere. It acts as an absorber for solar radiation and emitter/absorber for infrared radia-
tion thus strongly affecting the thermal structure of the Martian atmosphere (e.g. Gierasch
and Goody 1972; Smith 2004; Kahre et al. 2017). Dust has somewhat regular seasonal and
spatial patterns of influence with significant interannual variations that have been character-
ized by spacecraft observations (e.g. Smith 2004; Smith 2009; Montabone et al. 2015). Its
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seasonal pattern can be divided into two main periods: (1) non-dusty season (solar longi-
tude (Ls) ∼0°-135◦) during northern spring/summer where column dust opacity is low, and
(2) dusty season (Ls ∼135°-360◦) during southern spring/summer where local, regional or
global dust storms evolve varying in size and time (e.g. Smith et al. 2002; Smith 2004, 2019;
Kahre et al. 2017; Kass et al. 2016).

Another key constituent in the lower atmosphere of Mars is water vapor. Water vapor is
the main form of water in Mars’ atmosphere and is important for understanding the overall
Martian water cycle and has been observed using absorption bands in the thermal-IR and
near-IR (e.g. Jakosky and Farmer 1982; Smith 2002; Smith et al. 2018; Montmessin et al.
2017). The global average water vapor column is about 10 precipitable microns (pr-µm), but
the release of water from sublimation of the northern hemisphere seasonal cap leads to peak
values of up to ∼50 pr-µm during early northern summer. The corresponding maximum
in the southern hemisphere spring/summer has a smaller amplitude of ∼25 pr-µm. Vertical
profiles of water vapor have been obtained by solar occultations (Maltagliati et al. 2011;
Fedorova et al. 2020) revealing a very dynamic 3D structure and high supersaturation.

Water vapor condenses to form thin water ice clouds whose variations can play a major
role in the radiative budget of the lower atmosphere (e.g. Clancy et al. 1996; Richardson
et al. 2002; Madeleine et al. 2012). Ozone is anticorrelated with water vapor; as water va-
por photodissociates in the atmosphere, it increases the abundance of odd hydrogen, which
destroys ozone (Perrier et al. 2006). Ozone can be measured in the lower atmosphere and
middle atmosphere through the Hartley Band absorption centered at 255 nm (Perrier et al.
2006; Clancy et al. 2016).

Previous Mars missions have revealed ample evidence of past liquid water on Mars sur-
face in the form of ancient streambeds, precipitation-fed valley networks, flood channels and
the presence of significant quantities of hydrated minerals such as phyllosilicates. These
signs imply that Mars, in order to sustain liquid water on its surface, once had a thicker
atmosphere. Atmospheric escape has been established to be one of the primary drivers of
Mars climate evolution over solar system history (Jakosky et al. 2018). Studies have shown
that hydrogen and oxygen, the building blocks of water, are the dominant neutral species
that escape Mars today through mainly Jeans escape (thermal), and photochemical escape
(non-thermal) consecutively (Brain et al. 2017; Lillis et al. 2015; McElroy 1972a). Mars
atmospheric escape had been studied by many Mars missions including, but not limited to,
Mariner 6, 7, 9, MEX, and Mars Atmosphere and Volatile Evolution mission (MAVEN).

Hydrogen is transported from the lower and middle atmosphere to the upper atmosphere
through the water photodissociation process. As a hydrogen atom collides with other atoms
and molecules in the upper atmosphere, it gains or loses kinetic energy. Those hydrogen
atoms in the high-energy tail of the Maxwell-Boltzmann distribution have sufficient energy
to travel to high altitudes, forming the hydrogen corona around Mars, or can escape the
atmosphere entirely, if the atom has a velocity at or above the escape velocity (∼5 km/s for
Mars). Hydrogen loss to space was estimated recently by MAVEN at a rate of ∼ 1 − 11 ×
1026 s−1 with a strong seasonal variation (Halekas 2017; Rahmati et al. 2018; Chaffin et al.
2018).

Atomic oxygen is most abundant species in the upper thermosphere and lower exosphere
of Mars. It has two main populations: a thermal or ‘cold’ population, and an energetic ‘hot’
population originating from, the exothermic dissociative recombination of O+

2 ions in the
ionosphere. A significant fraction of these hot oxygen atoms have sufficient energy to escape
the collisional atmosphere forming the oxygen corona around Mars. Oxygen loss to space
was estimated recently by MAVEN at a rate of ∼ 5 × 1024 s−1 (Jakosky et al. 2018).
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The thermosphere overlaps the lower boundary of the exosphere and is the channel
through which particles from the lower atmosphere are energized and can ultimately es-
cape. Past authors have shown that the thermosphere is significantly affected by conditions
in both Mars’ lower atmosphere and the near-space environment (Lillis et al. 2015; Mayyasi
et al. 2018). In the lower atmosphere, dust storms strongly affect the upper atmosphere, im-
pacting its composition and temperature across all latitudes. These dust phenomenon occur
primarily over Ls ∼180-330° in the form of regional or global scale dust storms that have a
strong impact on the upper atmosphere (e.g. Keating et al. 1998; Bougher et al. 1999; Fang
et al. 2020; Elrod et al. 2019; Jain et al. 2020). Small dust storms are also known to occur
over Ls ∼20-120, and likewise have a substantial upper atmosphere impact (e.g. Withers
and Pratt 2013; Felici et al. 2020). The space weather associated with solar activities like
solar flares, solar energetic particles (SEP), and coronal mass ejection (CME) can heat and
ionize the upper atmosphere, decreasing the abundance of hydrogen by ∼25%, intensifying
the hot oxygen density in the thermosphere by ∼15-45%, and temporarily increasing the
rate of escape for both hydrogen and oxygen, by up to 20% (Mayyasi et al. 2018; Lee et al.
2018).

EMM aims to further our understanding of diurnal, global, and seasonal variations of the
Martian atmosphere, drawing a clearer picture of Mars atmosphere dynamics. EMM will
characterize the lower atmosphere through measurements of temperature profiles, surface
temperature, water ice, dust and ozone column integrated depths, as well as water vapor
column abundance. It will study the escape rates of hydrogen and oxygen in the exosphere
by making measurements of hydrogen and oxygen emissions. And finally, it will study the
connection between the lower atmosphere and the upper atmosphere through the derivation
of the column abundances of oxygen and carbon monoxide in the thermosphere. Figure 3
illustrates Mars atmospheric layers mapped to EMM measurements.

3 Key Global Circulation Models and Tools

The scientific analyses needed to address EMM science objectives from the mission data sets
require the use of global circulation models. Specifically, we will employ the LMD-MGCM
to infer unobservable quantities (at least by EMM) such as winds or values at local times
not observed, to compare with derived or retrieved quantities, or to understand the behavior
exhibited by the data. EMM will also utilize an advanced visualization tool for the three
instruments’ data, called JMARS (http://jmars.asu.edu), to visualize and cross-link datasets
of disparate temporal and spatial scales ultimately permitting advanced data discovery and
analysis. Sections 3.1 and 3.2 describe LMD-MGCM model and JMARS respectively.

3.1 LMD Mars General Circulation Model (LMD-MGCM)

The Laboratoire de Météorologie Dynamique Mars General Circulation Model (LMD-
MGCM) is a three-dimensional model of the Martian atmosphere from the surface up to
240 km in the exosphere and is considered the first Mars GCM that couples the lower atmo-
sphere to the upper atmosphere providing valuable atmospheric transfer information (Forget
et al. 1999; Millour and Forget 2018; Angelats i Coll et al. 2005). The model simulates the
Martian climate by solving fluid mechanics and meteorology equations over a sphere in or-
der to calculate the dynamical behavior of the atmosphere. It integrates these processes over
time to track their evolution (Forget et al. 1999) and include complete models of the dust,
water and CO2 cycles as well as the photochemistry. Variables that describe and regulate

http://jmars.asu.edu
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Fig. 3 Illustration of Mars atmospheric layers mapped to EMM objectives and measurements

the climate of Mars are allowed to evolve through the calculations in the model over each
time-step (Millour and Forget 2018). The LMD-MGCM typically employs a 64×48 grid,
which provides for a longitudinal resolution of 5.625 degrees and a latitudinal resolution of
3.75 degrees. However, dynamics that occur at scales smaller than a grid cell, like turbu-
lence, convection or gravity waves, are accounted for in the model through parameterization
(Forget et al. 1999).

In the LMD-MGCM, the neutral atmosphere is simulated by including the transport, dif-
fusion, and 92 chemical reactions of 25 different chemical species, and the model accounts
for UV heating, photodissociation effects, thermal and viscosity conduction and molecular
diffusion to simulate cooling that occurs in the upper atmosphere to balance UV heating
(Angelats i Coll et al. 2005; González-Galindo et al. 2009, 2013). The model simulates
the radiative transfer through atmospheric layers taking into account aerosol (dust and ice)
radiative effects and CO2 radiative transfer (Madeleine et al. 2011, 2012). The surface prop-
erties in the LMD-MGCM are modeled based on the derived thermophysical properties of
Martian soil (Forget et al. 1999) (e.g. thermal inertia, albedo etc.), while most fields are cal-
culated based on fundamental equations, the LMD-MGCM usually takes as an input daily
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Fig. 4 Example of an
LMD-MGCM output for 10 days
(sol 510-sol 520) of the MY34
southern summer dust storm
which shows the average
temperature vertical, and the
vertical distribution of dust,
oxygen, and hydrogen mixing
ratios, both over all longitudes
and latitudes

maps of the dust columns derived from the available observations over different Mars Years
(Montabone et al. 2015).

Since EMM cannot observe all locations and all local times simultaneously, the LMD-
MGCM can support EMM observations by providing data for times and locations that are
not covered by EMM instruments as seen in Fig. 4 in which vertical profiles of tempera-
ture, dust, hydrogen, and oxygen are plotted from the surface to 200 km. In practice the
LMD-MGCM will be used to analyze the data in two major ways. First, it gives a con-
text and predictions against with EMM observations can be compared (especially where
no other instruments have ever observed), providing physical explanations for the observed
phenomenon when the model is valid or, even more interesting, highlighting unexpected be-
havior and possibly new processes when the model does not match the observations. Second
it can be used to help reconstruct the actual state of the observed atmosphere on the basis
of the observations, for instance by calculating the winds corresponding to the observed
temperature fields. This can notably be done in an optimal way using data assimilation tech-
niques (See Sect. 4.4).

3.2 The Java Mission-Planning and Analysis for Remote Sensing (JMARS)

The Java Mission-Planning and Analysis for Remote Sensing (JMARS) is an advanced java-
based software package developed by Arizona State University’s Mars Space Facility, to
provide scientists, instrument team members, and the general public a mission planning and
scientific data-analysis tool that can be used to study different planetary systems (Chris-
tensen et al. 2009). JMARS graphical user interface provides access to many Mars related
scientific products, such as, image footprints, rasters, local mosaics, vector-oriented data,
numerical and graphical maps, all of which are derived from instruments of different Na-
tional Aeronautics and Space Administration’s (NASA) missions, including Viking 1 and 2
Orbiters, MGS, 2001 Mars Odyssey, MEX, and MRO (Dickenshied et al. 2014; Christensen
et al. 2009) as well as a host of derived data products. In addition, other functionality such
as running models such as the KRC thermal model (Kieffer 2013) or querying complex
database related dataset such as the LMD-MGCM can interface with measured data and
provide preliminary mechanisms to make scientific interpretations.

Using JMARS, multiple datasets of interest can be queried based on user desired obser-
vational parameters, data quality, geographical location and time period, among a host of
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other parameters. These data can then either be visualized in context with one another, or
cross-linked with intersecting products from other modules or instruments from different
missions for the same study scenario (Dickenshied et al. 2014).

Science data returned from the EMM’s three instruments (EXI, EMIRS and EMUS)
once in the science orbit, will be hosted in JMARS software package, whereby data can
be displayed, analyzed independently, compared across datasets, and validated. Analysis
performed using JMARS on the measurements derived from EXI and EMIRS for the lower
atmosphere, and from EMUS for the upper atmosphere includes, but are not limited to, iden-
tifying possible patterns and behaviors in the global snapshot of the atmosphere, comparing
products of similar data quantities, conducting spatial and temporal comparisons with data
from other missions or modules, correlating conditions in the lower atmosphere with those
in the upper atmosphere, and analyzing responses of selected episodic events. Figure 5 il-
lustrates EMIRS observation footprints mapped in 2D and in 3D using JMARS.

4 Objective A: Characterize the State of the Martian Lower Atmosphere
on Global Scales and Its Geographic, Diurnal and Seasonal Variability

EMM Objective A focuses on characterizing the state of the lower Martian atmosphere and
the processes that are driving the global circulation to improve our understanding of the
energy balance in the current Martian climate. Understanding the energy balance will help
in identifying the sources and sinks of energy globally and how the lower atmosphere re-
sponds to solar forcing diurnally and seasonally. To meet objective A science, we plan to
(A1) merge EMIRS and EXI observations into a combined multi-dimensional snapshot of
the global atmosphere, (A2) compare products of similar data quantities between EXI and
EMIRS, (A3) conduct spatial and temporal comparisons to LMD-MGCM and other obser-
vations or spacecraft datasets, and ultimately (A4) produce a reference climatology using
meteorological data assimilation techniques. The following sections detail these analyses
and the data and models (if any) needed for each. Table 1 summarizes required data, physi-
cal models and tools for each analysis.

4.1 A1: Merge Observations into a Combined Multi-Dimensional Snapshot of the
Global Atmosphere

The data from the EMIRS and EXI instruments will help in understanding the energy bal-
ance in the current Martian climate and how the lower atmosphere responds to solar forcing
diurnally and seasonally. Individual observation sets from EMIRS and EXI will be used
to retrieve temperature, dust, water ice, ozone, and water vapor in the lower atmosphere
independently and then will be deployed on JMARS, for visualization, to create a multi-
dimensional snapshot of the global atmosphere every ∼10 days. The 10-day time interval
will provide maps that can be accessed through queries, and which will have adequate spa-
tial and diurnal coverage to understand the general behavior and patterns of the retrieved
values. Visible images will be used to constrain the surface albedo, an important part in
the atmospheric thermal balance, and also the location of regional-scale to global-scale dust
events, in combination with EMIRS retrieved dust optical depths.

4.2 A2: Compare Products of Similar Data Quantities Between EXI and EMIRS

Atmospheric aerosols in the Martian atmosphere interact with solar and thermal radiation
and thereby drive the Mars climate system, particularly through its overall energy balance
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Fig. 5 EMIRS footprints highlighted by acquisition count (from 1 to 243) shown on top of a TES Lambert
Albedo (Christensen et al. 2001) overlain on MGS-Mars Orbiter Laser Altimeter (MOLA) Shaded Relief
(Smith et al. 2001) in both mapping mode (panel A) and 3D mode (panel B) as displayed in JMARS. The
data represent a spacecraft altitude of 31,400 km and the images are centered on ∼0◦ N and ∼270◦ E

(e.g. Wolff et al. 2017 and references therein). Water ice cloud aerosols in the atmosphere
of Mars are a topic of considerable interest due to their effect on Martian general circulation
and water cycle (Richardson et al. 2002); thus understanding the microphysical properties
of water ice, such as particle size, is important, as it is the key to correctly calculate its con-
tribution to the energy budget (Guzewich and Smith 2019). We plan to constrain the average
particle size of water ice using the visible-to-infrared ratio obtained from a combination of
EXI derived water ice optical depth at 320 nm, retrieved from the observed radiance in the
315–325 nm range, and EMIRS retrievals of ice optical depth at 12 µm. In addition to the
analysis approach explained in Sect. 4.1, EMM will sample the Martian lower atmosphere
on both greater and lesser temporal and spatial scales, to examine the behavior in “spe-
cial” regions and events that are known for their ability to influence the overall energy bal-
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Table 1 Mapping of objective A analyses to needed EMM data, and other data, tools, and physical models

Objective A analyses: (A1) (A2) (A3) (A4)

EMM Data

EMIRS Atmospheric and surface temperatures * * *

Dust optical depth at 9 µm * * *

Water vapor column abundance at 25-40 µm * * *

Ice optical depth at 12 µm * * * *

EXI Ice optical depth at 320 nm * * * *

Ozone column abundance at 260 nm * * *

Visible image of Mars *

EMUS Thermospheric oxygen and carbon monoxide column

Density of hydrogen and oxygen corona

Others (related to objective A)

Data MGS/MRO/MEX Retrievals * *

Tools JMARS Visualization * * *

Models LMD-MGCM * *

Data Assimilation Scheme *

ance/budget (e.g. orographic clouds, dust storms). Although this analysis is not a key driver
in achieving EMM objective A, understanding it will help constrain the current state of the
atmospheric circulation, and identify the processes driving global circulation. The JMARS
visualization and analysis tool will be of value to study and examine these influences.

4.3 A3: Conduct Spatial and Temporal Comparisons to GCM and Other Observations
or Spacecraft Datasets

Conducting spatial and temporal comparisons between EMIRS and EXI’s retrievals and
other data from previous missions or models are of tremendous benefit. It (1) furthers our
knowledge in processing EMM observations prior and during the science mission; it (2)
helps interpolating and interpreting EMM data by placing them in similar context and state
of other data sets; it (3) aids in identifying parameters, within an observation, that require
new modeled physical processes to precisely replicate its observed behavior and enhance the
accuracy of developed retrieval algorithms; and it (4) facilitates new scientific discoveries
that could be made when explaining unexpected behavior and inconsistency between the
model and the observed data.

The data retrieved from EMIRS and EXI including atmospheric and surface tempera-
tures, water ice optical depths, dust optical depth, and water vapor and ozone column abun-
dances, will be compared with the LMD-MGCM output that will be binned and sampled
similar to EMM mission’s observation taking into consideration diurnal sampling as well.
Also, derived products such as the water ice aerosol particle size, explained in Sect. 4.2, will
be compared to LMD-MGCM results with proper geometric-averaging treatment of the lat-
ter’s results to account for the column-integrated nature of the aerosol retrievals. Retrieved
constituents will also be compared, when possible, to previous missions’ retrievals, such as
MGS, 2001 Mars Odyssey, MEX, MRO, and TGO, to gain similar insight. The JMARS vi-
sualization and mission planning tool will also be used for sampling different temporal and
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spatial scales and for mapping activities based on EMIRS and EXI concept of operations. It
can facilitate the comparison and promote novel science discoveries during the analysis.

4.4 A4: Produce a Reference Climatology Using Meteorological Data Assimilation
Techniques

Both surface and atmosphere properties are expected to vary diurnally, spatially, and sea-
sonally. However, our current understanding is limited by the relative lack of local time
coverage in existing observational datasets which is critical as diurnal variations in Mars’
atmosphere are considerable (e.g. Navarro et al. 2017; Smith et al. 2017).

Data assimilation techniques will be used to produce a comprehensive dataset of Martian
atmospheric circulation (so-called “maps without gaps”), which can be used to study Mars’
climatology, atmospheric events, and other phenomena (Lewis et al. 1996; Navarro et al.
2017). Using these techniques, we will optimally combine observational data from EMIRS
and EXI with numerical (theoretical) models contained in the LMD-MGCM (Forget et al.
1999), to replicate and reanalyze Mars atmospheric circulation over the course of EMM’s
science mission (see Fig. 6). Data assimilation techniques are vital in order to obtain a full
picture of the global climate, as they estimate the atmospheric state in sparsely-observed
regions by combining a model prediction of the atmospheric state in that region with obser-
vations from other, densely-observed regions. They can also estimate quantities that cannot
be retrieved using EMM observations (such as wind speed and direction) because the model
adjusts itself to remain consistent with observed values while maintaining an internal bal-
ance between its simulated quantities.

To verify the accuracy of our Mars maps, JMARS will be used to validate EMM’s lower
atmosphere results through the addition of a layer for LMD-MGCM output in JMARS, and
then comparing the results with EMM observations and other existing independent observa-
tions.

5 Objective B: Correlate Rates of Thermal and Photochemical
Atmospheric Escape with Conditions in the Collisional Martian
Atmosphere

EMM Objective B focuses on better understanding the processes that drive atmospheric
escape, by correlating the rates of thermal and photochemical atmospheric escape with con-
ditions in the collisional Martian atmosphere (i.e. below the exobase). Specifically, the up-
per atmosphere measurements from EMUS and the lower atmosphere measurements from
EXI and EMIRS will be used in concert through the following analyses: (B1) correlating
conditions in the lower atmosphere with those in the upper atmosphere, (B2) comparing
escape rate variations (and other exospheric properties) with thermospheric conditions, and
(B3) analyzing the response of the atmosphere to episodic events which are: (B3.1) dust
storm, (B3.2) solar flare, (B3.3) solar energetic particle events and coronal mass ejections,
(B3.4) polar ice cap variability, and (B3.5) dust deposition and removal events. The follow-
ing sections detail these analyses and the data and models (if any) needed for each. Table 2
summarizes required data, physical models and tools for each analysis.

5.1 B1: Correlate Conditions in the Lower Atmosphere with Those in the Upper
Atmosphere

Upper atmosphere variables that EMM will measure (e.g. exobase hydrogen or oxygen den-
sity or temperature, or thermospheric mixing ratios) may increase or decrease in response
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Fig. 6 Schematic illustrating data assimilation using EMM observations. To produce an atmospheric tem-
perature “analysis” in a particular atmospheric column, first we make several forecasts of the temperature
in the column using the LMD-MGCM; the spread of values over the forecast ensemble members sets the
uncertainty in the prediction. Observations from EMM (in this case a vertical temperature profile retrieved
from EMIRS spectra) are then combined with the forecast using data assimilation to produce the analysis.
(Topography is from MGS-MOLA; the vertical distance in the atmospheric profile is greatly exaggerated)

to changes in the lower atmosphere. Lower atmosphere conditions include temperature, wa-
ter abundance, and dust content, that could propagate to higher altitudes and affect upper
atmosphere constituents.

A simple correlation of changes, empirically or with the aid of atmospheric models, that
occur at the two locations (i.e. altitudes or geographic locations) in the atmosphere could
indicate a causal effect between physical quantities. For this analysis, lower atmosphere
data, from EMIRS and EXI, which are ice optical depth, ozone column abundance, dust
optical depth, water ice optical depth, water vapor abundance, atmospheric temperature,
surface temperature, and emissivity will be correlated numerically with upper atmosphere
data, from EMUS, which are exospheric hydrogen and oxygen densities. A quantitative
analysis of the likelihood of a lower atmosphere quantity or event covarying with an upper
atmospheric quantity or event will be conducted. Strong correlations will suggest a physical
link between observed quantities, but cannot be confirmed unless compared with future
EMM observations, previous and future spacecraft measurements, and theoretical models to
verify if an underlying physical mechanism is the likely cause of the correlation. Predicted
variability will be modeled in the upper atmosphere in response to lower atmospheric driving
and boundary conditions, and will be compared, in magnitude, with the observed variation
from the data to determine when upper atmospheric variations should be linked to lower
atmospheric changes to investigate the candidate mechanisms more thoroughly.

One-dimensional photochemical models will be used to provide context for the lower at-
mosphere and upper atmosphere connection by modeling vertical effects. In addition, LMD-
MGCM output can be compared to EMM observations of the upper and lower atmosphere
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Table 2 Mapping of objective B analyses to needed EMM data, and other data, tools, and physical models

Objective B Analyses: (B1) (B2) (B3.1) (B3.2) (B3.3) (B3.4) (B3.5)

EMM Data Products

EMIRS Atmospheric and surface temperatures * * * *

Dust optical depth at 9 µm * *

Water vapor column abundance at 25-40 µm *

Ice optical depth at 12 µm *

EXI Ice optical depth at 320 nm *

Ozone column abundance at 260 nm *

Visible image of Mars * *

EMUS Thermospheric oxygen and carbon
monoxide column

* * *

Density of hydrogen and oxygen corona * * *

Others (related to objective B)

Data EMUS derived escape rates * * * *

EUV irradiance at Mars *

MAVEN Particle and fields data *

Tools JMARS Visualization * * * *

Models LMD-MGCM * * * * * *

1D photochemical model *

Thermospheric H, O production models * *

ENLIL Space Weather Model (optional) *

to provide context to the observed data; through data assimilation, lower atmosphere obser-
vations from EMM data can be used as inputs to the model to observe middle atmospheric
reactions and compare upper atmospheric reactions to EMM observations of the upper atmo-
sphere. Furthermore, the analysis will benefit from information about the middle atmosphere
that is not available from EMM and can be obtained, if needed, from models or other mis-
sions. This includes MRO-Mars Climate Sounder (MCS) temperatures that reach 80 km at
3 a.m./3 p.m., TGO solar occultations that provide dust, water vapor, and other molecules
reaching 100 km at the terminator (6 a.m./6 p.m.), as well as MAVEN-Imaging UltraViolet
Spectrograph (IUVS) retrievals of CO2, O2, and O3 vertical profiles from stellar occultations
and column abundances of O3 from disk imaging.

5.2 B2: Compare Escape Rate Variations with Thermospheric Conditions

The thermosphere is strongly coupled with both the lower atmospheric conditions (Sect. 4)
and the exosphere of Mars, making it the collisional and transitional region of the atmo-
sphere (Bougher et al. 2015). In the thermosphere, atoms transfer energy through collisions,
depending on their energy; they either stay in the thermosphere or escape to the exosphere
(Lee et al. 2015). Therefore, it is important to analyze the influence of thermosphere dynam-
ics and energetics on hydrogen and oxygen escape rates. In this analysis, EMM’s thermo-
spheric data will be cross-correlated to determine the link between thermosphere physical
parameters (e.g. mixing ratios of O and CO) with hydrogen and oxygen escape rates. We
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will quantitatively determine the likelihood that a thermospheric physical parameter has an
effect on the structure of oxygen and hydrogen in the exosphere.

For this science analysis, we will rely on EMUS data products, which are mixing ratios
of O and CO derived from the OI 135.6 nm and CO4PG bands brightnesses respectively,
as well as exospheric hydrogen densities (Lyman alpha 121.6 nm, Lyman beta 102.6 nm)
and exospheric oxygen densities (130.4 nm). We will use models simulating the interaction
of hot oxygen and hot hydrogen with the thermosphere’s key constituents, leading to their
escape to the exosphere. Model utilization is necessary, as correlations between the thermo-
spheric parameters on hydrogen and oxygen escape rates may not be solely dependent on
one another and other physical mechanisms of the atmosphere may contribute. Hydrogen
Lyman alpha is also an optically thick emission, where its emitted photons scatter across
all altitudes presenting significant challenges and uncertainty in its interpretation alone and
making it highly model-dependent (Chaffin et al. 2018). Therefore, we will use hydrogen
Lyman beta emission as well as other EMUS observables to reduce this model dependence.
Modeling results will be compared with EMM’s observations to analyze the magnitude of
variation between both outputs as well as evaluate the scale and response of hydrogen and
oxygen escape.

5.3 B3: Episodic Events Studies and Their Responses

The linkage between the lower atmosphere and upper atmosphere of Mars is important in
understanding the overall dynamics and atmospheric processes that affect the escape rates.
There are a number of natural phenomena and episodic events (e.g. dust storms and solar
events) that occur at Mars that can alter the lower atmosphere briefly and significantly on
daily, seasonal or even annual timescales. These effects can cause disruption in the upper
atmosphere over some time. Monitoring and studying these events and their physical pro-
cesses will aid in understanding the lower-upper atmospheric connections and correlating
rates of thermal and photochemical atmospheric escape. These analyses will be supported
by EMM data from all three instruments as well as physical models for the Martian atmo-
sphere, and data from other missions.

5.3.1 B3.1: Dust Storm Effect on Escape Rates

With Mars’ dry environment dominated primarily by aeolian activity, regional to global
scale dust storms are a common occurrence (e.g. Cantor et al. 2001; Malin et al. 2010;
Cantor et al. 2019). Mars dust storms commonly occur during the southern hemisphere
spring and summer seasons (e.g. Kahre et al. 2017). These dust storms occur through wind
related processes and they last from weeks to months covering the entire planet (Zurek 1982;
Zurek and Martin 1993). The wind-related processes encourage the development of local
dust storms, which commonly have a limited occurrence scale in terms of size and duration
as well as having low intensity of dust opacity in the area. These local dust storms can
merge to develop into a continent-sized regional dust storm (Martin 1974; Fang et al. 2020)
as seen in Fig. 7. The effects of such storms affect the balance by causing perturbations in the
temperature, wind and density of the lower and also the upper atmosphere (Fang et al. 2020).
Although the vertical transport of the dust can reach up to 80 km in the upper atmosphere,
the impact is indirectly affecting the coupling between lower-upper atmosphere as a result
modifying the escape of Hydrogen and Oxygen from the exobase region (Bougher et al.
1997; Keating et al. 1998; Qin et al. 2019; Elrod et al. 2019; Jain et al. 2020; Fang et al.
2020). Other studies (e.g. Leovy et al. 1973; Davies 1979; Montabone et al. 2005) have also
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Fig. 7 Comparison of Mars before and during a global dust storm, as captured by the Hubble Space Telescope
(HST) in 2001 (Credit: NASA/ESA and the Hubble Heritage Team STScI/AURA, J. Bell (Cornell), P. James
(U. Toledo), M. Wolff (SSI), A. Lubenow (STScI), J. Neubert (MIT/Cornell))

shown that dust storms have great effect on atmospheric densities, temperature variabilities
and wind flow in the Martian atmosphere dynamics. The observational study by Withers
and Pratt (2013) done by analyzing the upper atmospheric effect show that even a small dust
event can perturb the balance and can include nearly all latitudes. Observations from Mars
Year (MY) 28 (Heavens et al. 2018; Clarke 2018; Fedorova et al. 2018) and MY 34 (Aoki
et al. 2019; Fedorova et al. 2020) global dust storms provided evidence of enhanced water
vapor transport to the middle atmosphere leading to an increase rate of water loss from the
Martian atmosphere.

Using the LMD-MGCM, the behavior of dust storm events can be studied by providing
the theoretical expectations necessary to link between dust storms and atmospheric condi-
tions up to the exobase. Data from EMIRS measurements of temperature and dust optical
depth will support this analysis.

5.3.2 B3.2: Solar Flares Effect on Escape Rates

Solar flares are impulsive, sudden releases of extreme ultraviolet and x-ray radiation from
localized regions on the solar disk, associated with magnetic field reconfigurations within
solar active regions, with durations of typically <2 hours (e.g. Fletcher et al. 2011). When
flare photons impact Mars, they cause several effects: (1) significant heating in the thermo-
sphere (Elrod et al. 2018; Fang et al. 2019; Jain et al. 2018), (2) increased ionization at all
altitudes (Thiemann et al. 2018) but concentrated typically below 130 km (Xu et al. 2018),
resulting in (3) increased photochemical escape of oxygen (Lee et al. 2018; Thiemann et al.
2018).

EMUS will observe the response of the Martian thermosphere, exosphere, and neutral
escape rates to such flares. This analysis requires information on the timing and intensity
of flares impacting Mars. While EMM does not carry a solar extreme ultraviolet (EUV) or
x-ray detector, we will rely on a range of NASA and European space agency (ESA) assets to
provide this information. Our primary source will be the MAVEN Extreme Ultraviolet Mon-
itor (EUVM) (Eparvier et al. 2015), which provides solar EUV irradiance into wavelength
ranges (17-22 nm and 121.6 nm) from MAVEN’s ∼ 200 × 4000 km elliptical orbit around
Mars. However, MAVEN experiences eclipses and must point away from the Sun regularly
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Fig. 8 Probability of observing a
Mars-facing solar flare by
MAVEN and three different
heliospheric observation points
during the EMM primary and
extended missions

to transmit and/or relay data to Earth (Jakosky 2020), resulting in ∼50% coverage of solar
activity.

If a flare is unobserved or incompletely observed by MAVEN, EMM will rely on other
spacecraft around the Solar System monitoring solar EUV. Two Earth-orbiting spacecraft
can provide high-quality flare data. First, the NASA Solar Dynamics Observatory’s Atmo-
spheric Imaging Assembly (AIA) (Lemen et al. 2012) observes the Sun in many EUV wave-
lengths, and can pinpoint the location of flares on the Sun’s surface; simple geometry will
tell us whether a given flare was visible from Mars. The flare’s spectrum is provided by the
Extreme Ultraviolet Variability Experiment (EVE) (Woods et al. 2012). Also orbiting Earth
is the National Oceanic and Atmospheric Administration (NOAA) Geostationary Opera-
tional Environment Satellite (GOES), whose Solar Ultraviolet Imager (SUVI) can similarly
pinpoint flare location, with flare spectra provided by the Extreme Ultraviolet and X-ray Ir-
radiance Sensors (EXIS) or similar sensors are planned to be operational until at least 2035.

Away from Earth are two more important assets: (1) the NASA STEREO-A spacecraft
in a circular heliocentric orbit close to 1 AU, drifting with respect to Earth, and (2) the ESA
Solar Orbiter spacecraft in a smaller elliptical orbit around the Sun. While STEREO-A ob-
serves the Sun with its Extreme Ultraviolet Imager (EUVI) (Aschwanden et al. 2014), Solar
Orbiter detects and pinpoint flares all the time with its Spectrometer Telescope for Imaging
X-rays (STIX (Krucker et al. 2019)), though EUV spectra (from the Extreme Ultraviolet
Imager (Rochus et al. 2020))may not be available for all flares due to telemetry limitations
(Müller et al. 2020). Since the orbits of Earth, Mars, STEREO, and Solar Orbiter are known,
we can calculate the likelihood of a Mars-impacting solar flare being observed by at least
one of these spacecraft during the EMM primary and extended mission. As shown in Fig. 8,
the likelihood is usually very high that at least one of these assets will detect a Mars-facing
solar flare, although the observation probability drops to ∼60% in late 2021 and late 2023.

5.3.3 B3.3: Solar Energetic Particle (SEP) and Coronal Mass Ejection (CME) Effects on
Escape Rates

Coronal Mass Ejections (CMEs) are large-scale eruptions on the solar disk that propel typ-
ically billions of tons of hot plasma outward into space at speeds up to 2000 km/s (Chen
2011). While much of the research of the effect of CMEs has concerned their effects on
plasma escape from Mars (e.g. Curry et al. 2015), which EMM will not measure, we expect
large CMEs to potentially produce dramatic temperature enhancements in the thermosphere
(Fang et al. 2013), which should be visible as increases in FUV brightness at 135.6 nm. An
observational study conducted in 2017 with regards to CME effect on Mars showcases the
result of the event on the upper atmosphere. The flow of energy enhanced the emissions of
hydrogen Lyman alpha in the upper atmosphere. This impacted the abundance of hydrogen
by decreasing the amount by almost 25% and increasing the escape rate through the increase
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in temperature in the exosphere (Mayyasi et al. 2018). Our primary source of data on coro-
nal mass ejections will be magnetic field data from MAVEN and suprathermal (i.e. ∼10 eV
to 20 keV) ion and electron data from both MAVEN and Mars Express, both of which orbit
Mars in elliptical orbits which take them into the upstream solar wind and thus allow them
to detect CMEs.

Solar energetic particles (SEPs) are defined as high-energy (typically >20 keV) charged
particles (ions and electrons) accelerated by solar flares or interplanetary shocks (Richard-
son 2004). SEPs are known to cause heating, ionization and chemical changes in terrestrial
planet atmospheres (Seppälä et al. 2008) and have been observed to cause ionization in the
Martian atmosphere (Lillis et al. 2012; Morgan et al. 2006; Sánchez–Cano et al. 2019), as
well as auroral emission (Schneider et al. 2015). Their effects are typically unevenly dis-
tributed across Mars due to their directional anisotropy (Lillis et al. 2016) and (particularly
for electrons) sensitivity to Mars’ crustal magnetic fields. Whether the effects of SEPs alone
cause increases in the escape rate of planetary ions from Mars is still unclear-but as part of
the larger space weather effects question they are of major interest to the broader problem
of Mars climate evolution (Futaana et al. 2008). Both flares and SEP events are thought
to have been stronger and/or more frequent in the early solar system (Lillis et al. 2015;
Walker 1975). Studying this behavior will further shed light on the connection between the
lower atmospheric events and the thermal and photochemical escape rates from the Martian
atmosphere.

EMUS will observe the response of the Martian thermosphere, exosphere, and neutral
escape rates to SEP events, as well as possibly the auroral emission from SEP events. Our
primary information source for the timing and intensity of SEP events will be the MAVEN
Solar Energetic Particle detector, which provides energy spectra of energetic electrons (20
keV–1 MeV) and ions (20 keV–12 MeV) at a variable cadence not less than once per minute
(Larson et al. 2015). We will augment this information with energetic particle backgrounds
from EMUS itself, which are mainly caused by >20 MeV protons (e.g. Delory et al. 2012).

The strategy for this analysis is to study the effect of SEP events and CMEs on escape
rates using in-situ space weather data from Mars. However, if such data are not available,
the WSA-ENLIL (Odstrcil 2003) model can be used in their place (see Fig. 9). The ENLIL
model assists in predicting the propagation of CMEs through the heliosphere based on solar
observations. This will help in understanding the effects of CMEs on the planet and how
they may play an important role in the upper atmosphere conditions and on ionospheric
dynamics (Luhmann et al. 2017). In addition, the LMD-MGCM will be used to provide
theoretical expectations on the impact of SEPs and CMEs on the thermosphere of Mars.

5.3.4 B3.4: Polar Cap Variability

Martian polar ice caps consist of mostly carbon dioxide and water ice. The ice caps grow
during the fall and winter as gas from the atmosphere freezes onto the surface and then
sublimate during the spring and summer as the ice on the surface goes back into the atmo-
sphere (for a review, see Titus et al. 2017). The polar region is covered by CO2 ice if the
surface temperature is ∼145 K. Warmer surfaces up to ∼190 K may have H2O ice, while
surfaces that are warmer yet are bare ground as shown in Fig. 10 (Forget 2009). Studies
using (for example) Viking Orbiter and Mars Global Surveyor observations have tracked
the variable extent and albedo variations of the polar caps (Bass and Paige 2000; Benson
and James 2005; Titus 2005) and a strong correlation between the presence of surface ice
and atmospheric water vapor has been observed (Pankine et al. 2009; Khayat et al. 2019).
We plan to monitor the atmospheric changes in response to polar cap variability to work on
understanding the connection, if any, between it and atmospheric escape.
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Fig. 9 WSA-ENLIL simulations
provided by the Space Weather
Prediction Center will provide
heliospheric context for space
weather impacts on the Mars
upper atmosphere that EMM will
investigate

Fig. 10 South polar cap mapping for the observations in orbits 10-32 (Ls=190°–210°) using TES aerobraking
data. The right panel shows night time observation while the left panel shows daytime observation

EMIRS surface temperature data and EXI visible images will be used to study polar cap
surface temperature and albedo variation on a sub-seasonal timescale. EMIRS determines
the surface temperature of Mars by calculating the brightness temperature at wavenumber
1300 cm−1, where the atmosphere of Mars is almost transparent and the radiance is not
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absorbed by the atmospheric gases and aerosols. The LMD-MGCM will also provide the
theoretical expectations needed for polar cap spatial and temporal variability.

5.3.5 B3.5: Dust Deposition and Removal Events

The global distribution and mobility of dust is a key factor in both Martian geology and
climate interpretations. The Martian dust is perhaps the strongest control on the Martian cli-
mate, dramatically impacting atmospheric conditions. The deposition and removal of dust
have an effect on Mars surface temperatures (daytime and nighttime) and albedo (Szwast
et al. 2006; Cantor 2007; Smith 2004). We plan to monitor the events of dust deposition and
removal to enhance our understanding of the Martian atmosphere dynamics. EMM will re-
trieve the dust column integrated optical depth using EMIRS observed spectra to determine
the geographic and diurnal variation of dust optical depth on sub-seasonal timescales, with
accuracy of ±5% with a spatial resolution of 100–300 km diameter pixels. EMIRS surface
temperature data and EXI visible images from the red band will be used to measure surface
temperature over the full diurnal cycle and capture albedo variations on a seasonal timescale.
Analysis of this data will allow estimates of deposition and removal of dust and how it af-
fects the surface temperature and albedo of Mars. The KRC thermal model in JAMRS will
be used to compute diurnal temperatures on Mars over the full seasonal range; the KRC ther-
mal model uses thermal wavelengths to determine the radiative effect of a dusty atmosphere
and compute globally the annual average surface temperature and albedo (Kieffer 2013).

6 Objective C: Characterize the Spatial Structure and Variability of Key
Constituents in the Martian Exosphere

EMM Objective C focuses on characterizing the spatial structure and variability of the Mar-
tian exosphere, the collisionless upper region of the atmosphere where escape to space can
be most directly characterized. Specifically, the EMUS instrument measures hydrogen and
oxygen through observations of solar resonant fluorescence that are then converted from
brightnesses to geophysical densities as part of the EMUS data processing. Objective C is
fulfilled through analysis of these density data products, producing new information on the
processes that govern exospheric dynamics and escape. We identified three key analyses,
described in the following sections, to be performed in achieving this objective: (C1) com-
paring the EMUS derived density structures to model predictions; (C2) deriving hydrogen
and oxygen escape rates and variability from derived density profiles; and (C3) compar-
ing EMUS derived escape rates to model predictions. Table 3 summarizes required data,
physical models and tools for each analysis.

6.1 C1: Comparison of EMUS Derived Densities with Model Predictions

The Hope Probe will perform raster scans imaging the Martian inner corona and will slew
out to ±50 degrees in an asterisk pattern to provide EMUS observations with the first 3D
picture of hydrogen densities in terms of longitudes, latitudes and altitudes (Holsclaw et
al. 2021). EMM’s frequent observations of the exosphere from all phase angles will be
sensitive to anisotropy in the atmosphere, enabling detailed studies of exospheric dynamics
and hydrogen escape.

Based on MAVEN data analyses and developed models, it is predicted that hydrogen and
oxygen densities will be greatly impacted by seasonal and spatial variabilities (Lillis et al.
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Table 3 Mapping of objective C analyses to needed EMM data, and other data, tools, and physical models

Objective C Analyses: (C1) (C2) (C3)

EMM Data

EMIRS Atmospheric and surface temperatures

Dust optical depth at 9 µm

Water vapor column abundance at 25-40 µm

Ice optical depth at 12 µm

EXI Ice optical depth at 320 nm

Ozone column abundance at 260 nm

Visible image of Mars

EMUS Thermospheric oxygen and carbon monoxide column

Density of hydrogen and oxygen corona * *

Others (related to objective C)

Data EMUS derived escape rates *

Tools JMARS Visualization

Models LMD-MGCM * *

Additional H atom microphysical models *

3D Oxygen Photochemical escape model *

3D Hydrogen Jeans Escape Model *

2015; Chaffin et al. 2015; Chaufray et al. 2015; Lee et al. 2015, 2018). There are many
factors that can lead to these variabilities, from temperature differences driven by solar ac-
tivity or change of seasons, to thermospheric winds and local time effects. To thoroughly
interpret EMUS datasets, it is vital to compare them with outputs from numerical atmo-
spheric models to understand these variations. For example, running various eddy diffusion
coefficients through numerical models to analyze how they affect hydrogen distribution in
the thermosphere and exosphere, then matching them with EMUS datasets to pinpoint the
eddy diffusion rate from real data–ultimately providing us with new knowledge of the Mar-
tian atmosphere’s physics. The focus of this analysis is to identify key parameters that we
predict will drive spatial and temporal variability to EMUS observed constituents and then
testing them through numerical models. This will help us recognize the magnitude and span
in which these parameters have an effect on EMUS observed quantities and their variations.
Moreover, these numerical models will be utilized as comparison and verification tools for
EMUS retrievals.

This analysis will rely on EMUS data products, specifically the exospheric hydrogen (Ly-
man alpha, 121.6 nm & Lyman beta 102.6 nm) and exospheric oxygen densities (130.4 nm)
as a function of longitude, latitude and altitude around Mars. The model used for this anal-
ysis will be the LMD-GCM, which incorporates thermosphere and exosphere dynamics,
simulating the 3D distribution of both hydrogen and oxygen.

6.2 C2: Derivation of Hydrogen and Oxygen Escape Rates and Variability from
Derived Density Profiles

Water escape from Mars over geologic time is one of the contributing factors to the global
transformation of the Martian atmosphere from a wetter atmosphere to a dryer atmosphere.
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Hydrogen and oxygen, the components of water, are the key constituents forming the Mar-
tian exosphere and their escape to space are the most significant. Both charged and un-
charged atomic and molecular hydrogen and oxygen escape Mars leading to both ion escape
and neutral escape. EMM will focus on studying and deriving the latter sub-seasonally from
oxygen and hydrogen densities and altitude profiles, measured by EMUS instrument, as es-
cape rates differ with season and solar activity in a non-steady fashion (Rahmati et al. 2018).

Neutral atoms escape Mars when they reach escape energy sufficient to escape the grav-
itational force of Mars. Those that do not gain enough energy become gravitationally bound
to Mars forming the corona around it. Escape energies differ based on species and are pri-
marily gained by Jeans, photochemical or sputtering processes. Hydrogen is the lightest
species, thus having the lowest escape energy, while oxygen comparably is heavier and has
a greater escape energy (Chaufray et al. 2007). Hydrogen also escapes Mars through the
Jeans escape process, while escaping oxygen is primarily generated via photochemical pro-
cesses.

6.2.1 Hydrogen Escape

Exospheric hydrogen is ultimately sourced from water vapor lower in the atmosphere, either
via the ‘classical’ paradigm whereby molecular hydrogen is formed from water throughout
the bottom several scale heights of the atmosphere before being transported upward, where
it is dissociated into thermospheric atomic hydrogen (e.g. McElroy 1972a; Parkinson and
Hunten 1972), or via much more direct transport of water to middle or upper atmospheric
altitudes where it can produce atomic H, as has been indicated in many recent studies (e.g.
Chaffin et al. 2014; Clarke et al. 2014; Stone et al. 2020). Once present in the upper ther-
mosphere, hydrogen atoms in the high-energy tail of the Maxwell-Boltzmann distribution
form the nearly collisionless H corona, which includes a small but important component of
escaping atoms.

6.2.2 Oxygen Escape

Exospheric oxygen above ∼700 km is primarily non-thermal and produced by dissociative
recombination of molecular oxygen ions (O+

2 ) in the ionosphere, with peak ion concentra-
tions occurring in the lower thermosphere of Mars (Hanson et al. 1976; Fox and Hać 2009).
This exothermic reaction results in fast neutral oxygen atoms which are transported from
the collisional atmosphere to the near-collisionless exosphere of Mars where they form the
oxygen corona. The energy gained from the dissociative recombination process is depen-
dent on electrons’ relative velocities and O+

2 electron and ion temperature. A fraction of this
population has velocities exceeding the Martian escape velocity, and can be lost to space
from the base of the exosphere if they do not have too many collisions with the thermal
background gas.

6.2.3 Strategy for Escape Rate Calculations

Calculating hydrogen Jeans escape rate and oxygen photochemical escape rate depends on
hydrogen and oxygen densities and temperatures in the upper atmosphere, along with atomic
transport models. The densities are very dependent on the dynamics of the lower atmo-
sphere, where water sublimates, and they vary widely geographically and seasonally. The
temperatures are also dependent on the lower atmosphere heating, in addition to the solar
EUV heating.
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EMM will derive hydrogen escape using measurements from both optically thick H I
121.6 nm Lyman alpha emission and optically thin H I 102.6 nm Lyman beta emission close
to the planet. While periodic measurements of H Lyman beta up to 6 Mars radii reduces the
model-dependency in the escape derivation, the measurement of H Lyman alpha up to 10
Mars radii (where it becomes optically thin) enables the separation of hot escaping hydrogen
from the cold bounded hydrogen. Hydrogen column densities will be derived directly from H
Lyman beta intensities measured up to 6 Mars radii, thus constraining the three-dimensional
representation of the exosphere. Altitude profiles of hydrogen in the exosphere will be used
in a Jeans escape model (Clarke et al. 2014; Chaffin et al. 2014, 2018) that computes density
structure of the atmosphere and escape rates from density and temperature at the exobase
assuming Maxwellian velocity distributions. Additional H atom microphysical models with
appropriate collision cross sections and chemistry as LMD-MGCM will be used to compute
a priori escape rates from assumptions about the atmosphere.

EMM will also derive oxygen escape using measurements from O I 130.4 nm at altitudes
where it is optically thin. Periodic measurements from 1.06 up to 6 Mars radii, will enable
the distinction of escaping oxygen from gravitationally bound oxygen. Altitude profiles of
O in the exosphere will be used in a hot oxygen exosphere model (Deighan et al. 2015) that
computes oxygen density profile and escape rates from known or assumed chemical reaction
rates and collision cross sections will be used.

Uncertainties from deriving hydrogen and oxygen escape rates using the physical escape
models will be determined. Also, simpler analytic models will be employed inverting coro-
nal profiles to obtain velocity distributions at the exobase, assuming spherical symmetry and
a collision-less exosphere. Extrapolations of these analytically derived velocity distributions
can then be used to derive escape rates and compared to more detailed model predictions.

6.3 C3: Comparison of Derived Escape Rates to Model Predictions

This analysis focuses on comparing the derived escape rates from EMUS data, in Sect. 6.2,
to escape rates generated from model predictions. The need for this analysis stems from
the absence of some information specific to Mars atmosphere physical state, or specific to
EMUS observation parameters (e.g. location, season) at the time of EMM data retrieval.
The comparison will reveal the ability of current models in deriving escape rates as seen
on Mars today. Differences between escape rates will indicate missing physical processes
in the models or will bring new information on current Mars atmosphere processes. Also, it
will help in answering the stoichiometric escape question on whether hydrogen and oxygen
escape in the 2:1 ratio present in the water molecule (McElroy and Donahue 1972b; Jakosky
et al. 2017).

This analysis will utilize the LMD-MGCM and 1D photochemical codes as prior models
to simulate and predict hydrogen and oxygen escape rates over the course of the mission,
to then be compared to rates derived from EMM data. Utilizing a model library with a
wide parameter space is expected to be necessary to accurately capture Martian atmospheric
physics, and to investigate the effect of episodic events, Sect. 5.3, on escape rates, especially
with respect to solar or astronomical events.

7 Conclusion

The EMM/Hope probe, arrived at Mars on February 9, 2021 and will study the Martian
atmosphere during a primary mission of one Martian year. With its unprecedented orbit,
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EMM’s observations will reveal atmospheric behavior and connections to form a new and
global perspective. Here, we summarized and identified the strategy put forward by the
EMM science team to achieve the scientific goals and objectives set for the mission. The
basic strategy utilizes EMM data, including its unique combination of temporal and spatial
coverage, to test our current understanding of Martian atmosphere, including that obtained
from global circulation models and previous scientific missions to Mars. The strategy can be
adapted to any unanticipated changes in instrument or spacecraft performance as the science
phase data arrives from the EMIRS, EXI, and EMUS scientific instruments. In addition, the
tools and models will be updated based on the analyses of the observations. EMM mea-
surements will provide a significantly improved understanding of circulation and weather in
the Martian atmosphere while revealing the mechanisms behind the upward transport of en-
ergy and particles and the subsequent escape of atmospheric constituents from the gravity of
Mars. The mission’s unique combination of instrumental synergy and temporal and spatial
coverage of Mars’ different atmospheric layers will open a new and much-needed window
into the workings of the atmosphere of our planetary neighbor.
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