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Abstract Thermal infrared spectra taken by the Emirates Mars Infrared Spectrometer (EMIRS) on-board
the Emirates Mars Mission (EMM) spacecraft are well suited for the retrieval of surface temperatures, the
atmospheric temperature profile from the surface to ~40 km, and the column abundance of dust aerosols, water
ice clouds, and water vapor. A constrained linear inversion retrieval routine that includes multiple scattering
has been developed and optimized for this purpose. Here, we present a brief overview of the retrieval algorithm
and first atmospheric science results from observations taken by EMIRS over the first Earth year of EMM
Science Phase operations. These retrievals show extensive water ice clouds, typical for the aphelion season of
these observations, and the expected north polar summer maximum and subsequent equatorward transport of
water vapor is well documented. An unusually strong and early regional dust storm and its associated thermal
response were also observed.

Plain Language Summary Data returned from the Emirates Mars Infrared Spectrometer (EMIRS)
have been used to characterize the atmosphere of Mars. These data allow estimates of atmospheric temperature
as a function of height, the amount of dust and water ice clouds in the atmosphere, and the abundance of water
vapor. In this work we describe the process for estimating these quantities and we give a brief overview of our
first results. The results show that Mars was relatively cool, relatively cloudy, but with little dust. This was
expected given the season on Mars that was observed. More surprising was the observation of a dust storm that
occurred earlier in the Martian year than usual.

1. Introduction

Thermal infrared spectroscopy has proven to be an effective means for characterizing the thermal structure,
aerosol optical depth, and water vapor abundance in the lower atmosphere of Mars. Numerous examples include
the spectrometers on-board Mariner 9 (e.g., Conrath, 1975), Mars Global Surveyor (e.g., Conrath et al., 2000;
Smith, 2002, 2004), Mars Exploration Rovers (e.g., Smith et al., 2006), Mars Express (e.g., Fouchet et al., 2007;
Giuranna et al., 2021), and the ExoMars Trace Gas Orbiter (e.g., Guerlet et al., 2022). Multiband thermal infrared
instruments on-board the Viking Orbiter (e.g., Kieffer et al., 1977; Tamppari et al., 2003), Mars Odyssey (e.g.,
Smith, 2009, 2019), and Mars Reconnaissance Orbiter (e.g., Kleinbohl et al., 2009; McCleese et al., 2010) have
provided additional important information. Useful summaries of many of these observations can be found in the
review articles by Smith et al. (2017), Kahre et al. (2017), Clancy et al. (2017), and Montmessin et al. (2017).

The Emirates Mars Infrared Spectrometer (EMIRS; Edwards et al., 2021) is an instrument with direct heritage to
the Thermal Emission Spectrometer (TES; Christensen et al., 2001). Beyond the value of extending the existing,
multi-decadal record of continuous spacecraft observations of the Mars atmosphere, the EMIRS instrument takes
advantage of the unique, high-altitude orbit of the Emirates Mars Mission (EMM; Amiri et al., 2022; Almatroushi
et al., 2021), which enables sampling of all local times over a wide range of latitudes and longitudes over a short
sub-seasonal timescale of less than 2 weeks. This ability of EMIRS is explored for water ice clouds by Atwood
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et al. (2022) and for thermal tides by Fan et al. (2022). Analysis of possible diurnal variations in dust optical
depth and water vapor abundance is ongoing. Here, we present an overview of the retrieval algorithm used for
obtaining atmospheric temperatures, dust and water ice column optical depth, and water vapor column abundance
from EMIRS spectra along with a description of the results taken during the first Earth year (northern spring and
summer on Mars) of daytime observations during the Science Phase of the EMM mission.

2. Data Set and Retrieval Algorithm
2.1. EMIRS Instrument and Data

EMIRS is a thermal infrared spectrometer that observes Mars at wavelengths between ~100 and 1,600 cm™!
(~100 and 6 pm) at a selectable spectral resolution of 5 or 10 cm~! (Edwards et al., 2021). Most observations are
taken at 10 cm™, but both spectral resolutions are used. From its 55-hr period orbit that varies between 20,000
and 43,000 km altitude, EMIRS raster scans the disk of Mars ~20 times during each orbit to provide a global,
synoptic view of Mars that samples all local times, day and night. Over the course of approximately 4 orbits (or
10 days, or 5° of L)), sufficient observations are taken to provide a broad sampling of all local times at nearly all
latitudes and longitudes. The typical footprint size (~100-300 km) precludes limb-geometry observations, but
this spatial resolution is comparable to that of global circulation models and is sufficient to provide a detailed
global view of the current climate state.

2.2. Retrieval Algorithm

The retrieval follows the constrained linear inversion algorithm of Conrath et al. (2000) and Smith et al. (2006)
to retrieve atmospheric state parameters that best match the observed EMIRS spectra. Retrieved here are surface
temperature, the atmospheric temperature profile from the surface to ~40 km altitude, the column extinction
optical depths of dust and water ice aerosols, and the column abundance of water vapor. The forward radia-
tive transfer model includes a discrete ordinates treatment of multiple scattering by aerosols (e.g., Goody &
Yung, 1989; Thomas & Stamnes, 1999). Typically, four radiation streams (two upward and two downward) are
sufficient to accurately model aerosols at these wavelengths, but this is a free parameter within the model that can
be adjusted as needed. Only observations with emergence angle less than 70° are used, so the effects of spheri-
cal geometry are neglected. The model accounts for the absorptions from CO, and water vapor gases using the
HITRAN2020 database (Gordon et al., 2022) and the correlated-k approximation (Lacis & Oinas, 1991). Coeffi-
cients for CO, broadening of water vapor are taken from Brown et al. (2007), which includes the most important
lines in the EMIRS spectral range. Other weak lines not included in Brown's work have their air-broadened value
multiplied by a constant factor of 1.5.

Following Conrath et al. (2000), a smoothness constraint is applied for the temperature profile retrieval using a
two-point correlation matrix with a correlation length of 0.75 scale heights, and the first-guess profile is obtained
from the observed radiances. The bottom of the temperature profile (lowest ~0.75 scale heights) is constrained
to have a lapse rate consistent with the Mars Climate Database (MCD; Forget et al., 1999; Millour et al., 2018),
while the top of the profile above an altitude of ~4 scale heights is constrained by temperatures from the MCD.

Given that the spectral signatures of gases and aerosols are relatively well separated in the spectral range observed
by EMIRS, the retrieval is performed sequentially. First, surface temperature and the atmospheric temperature
profile is retrieved using the strong CO, absorption centered at 667 cm~' (15 pm). Next, the column optical depths
of dust and water ice aerosol are retrieved along with a refinement of surface temperature using a large portion of
the EMIRS spectrum between 250 and 1,315 cm~! (excluding the CO, band). Finally, the column abundance of
water vapor is retrieved using the rotation bands between 200 and 350 cm~!. This sequence can be iterated to
obtain a self-consistent solution, with the entire process completing in less than a second on a desktop computer.

There are a number of assumptions that must be made to perform the retrieval. The surface pressure cannot be
reliably retrieved with the EMIRS data alone, and so it is instead taken from the MCD for the given L, latitude,
longitude, local time, and size of the EMIRS field of view on the surface for each observation. Aerosol optical
properties are taken from Wolff et al. (2006), with aerosol effective radii of 1.5 pm for dust and 2.0 pm for water
ice to be consistent with previous retrievals (e.g., Smith, 2004, 2019). The vertical distribution of dust is assumed
to follow a Conrath profile (Conrath, 1975). The Conrath-v parameter is chosen so that the top of the dust layer
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varies as a function of season and latitude ranging from 1 (aphelion, high latitudes) to 5 scale heights (perihelion,
low latitudes) based on prior observations (e.g., Heavens et al., 2011; Smith et al., 2013). Water ice clouds are
placed at the water condensation level, while water vapor is well-mixed up to its condensation level, which is
computed using the retrieved temperature profile and water vapor column. Surface emissivity is taken from a map
derived from TES observations (Bandfield, 2002; Smith et al., 2000, 2003).

2.3. Uncertainties

Uncertainties in retrieved quantities come from a combination of random noise in the observed radiance and
systematics in the retrieval. Usually, the retrieval uncertainties from random noise are relatively small and our
retrieval uncertainty is dominated by the assumptions and approximations of the retrieval algorithm. We char-
acterize these using numerical experiments, for example, by changing the number of radiation streams in the
radiative transfer model or modifying the vertical distribution of the aerosols to evaluate their effect on the
retrieved parameters. We estimate the uncertainty in surface temperature at 1 K, and the uncertainty in atmos-
pheric temperatures to be 2 K at altitudes between 1 and 3 scale heights above the surface, but larger (approaching
5-10 K) in the lowest scale height and at higher altitudes. The vertical resolution of the atmospheric temperature
profile is roughly 1-1.5 scale heights, consistent with the width of the CO, contribution functions (e.g., Conrath
et al., 2000).

In these nadir geometry observations, a thermal contrast between the surface and the atmosphere is required to
observe the absorption (or emission) features from dust, water ice clouds, and water vapor. This thermal contrast
becomes vanishingly small near dawn and dusk, which limits our ability to perform the aerosol and water vapor
retrievals at those local times. The uncertainty in retrieved parameters is directly related to the amount of thermal
contrast, so we compute an estimate for the uncertainty in each retrieved parameter for every retrieval since this
uncertainty varies greatly with season, latitude, and local time (Edwards et al., 2021). In practice, for the daytime
retrievals presented in this work, we retain only those retrievals for dust and water ice optical depth with uncer-
tainty less than 0.05 (although most have uncertainties in the 0.01-0.03 range). And similarly, the uncertainty in
the water vapor retrievals is less than 5 pr-um for the results presented here.

3. Results

EMIRS has operated almost continuously since the beginning of EMM Science Phase on 24 May 2021 (Mars
Year or MY 36, L, = 49°). Included here are retrievals from observations taken during Science Phase through 24
February 2022 (MY 36, L, = 180°). During that period EMIRS took more than 1,500 images of Mars including
more than 270,000 retrievable observations (with the EMIRS field of view on the disk of Mars and an emergence
angle of less than 70°).

3.1. Overall Climatology

Figure 1 provides an overview of the retrieval results for EMIRS observations taken between 24 May 2021 MY
36, L, = 49°) and 24 February 2022 (MY 36, L, = 180°). The gap between L, = 100° and 120° was caused by
the combination of solar conjunction and the spacecraft entering safe mode. Shown are zonal daytime averages
of dust extinction column optical depth (referenced to 1,075 cm™ or 9 um), daytime atmospheric temperature (at
0.5 mbar or ~25 km altitude), daytime water ice cloud extinction column optical depth (referenced to 825 cm™!
or 12 pm), and the daytime column abundance of water vapor (pr-um). In each case the retrieval results have been
smoothed with a box 5 in L  and 2° in latitude to ensure that there is a representative sample of longitudes in the

zonal average.

The expected aphelion-season variations and interrelations between the four quantities (e.g., Smith, 2004) are
evident in Figure 1. Dust exhibits its annual minimum optical depth during this season with retrieved 9-pm dust
optical depths near 0.1. Higher dust opacity (0.2-0.3) was observed at high northern latitudes, consistent with
the greater local dust storm activity observed along the retreating edge of the polar cap (e.g., Cantor et al., 2001).
Latitude/longitude maps show dust opacity correlating with surface pressure, with higher dust columns in the
lower topography regions. The rise of dust optical depth at L, = 145° signaled a return of greater dust activity
planetwide, with the occurrence of a relatively strong early season regional dust storm beginning at L, = 151°.
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Figure 1. The seasonal and latitudinal variation of (a) dust column-integrated optical depth, (b) atmospheric temperature at 0.5 mbar (~25 km), (c) water ice cloud
column-integrated optical depth, and (d) water vapor column abundance (pr-pum) as retrieved from EMIRS daytime (~07:00-18:00) observations.
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As northern autumn equinox (L, = 180°) and the traditional start of the “dust storm season” approached, the
observed dust optical depth was generally on the rise, especially in the south.

Atmospheric temperatures were cool in the south (winter) hemisphere and gradually warmed at all latitudes as
Mars moved away from aphelion (L, = 71°). A much more rapid warming was observed as a response to the
additional airborne dust during the regional dust storm, with temperatures gradually cooling as dust from the
regional storm settled out of the atmosphere. The latitudinal structure of atmospheric temperatures at this height,
with relative maxima at mid latitudes in each hemisphere is indicative of the general circulation pattern with
downward motion at those latitudes.

The low-latitude aphelion season water ice cloud belt dominated the retrievals of clouds during this period with
additional polar clouds appearing later in the season (Atwood et al., 2022). Water ice cloud optical depth in the
aphelion cloud belt reached a maximum between L, = 100° and 120° and decreased significantly after L, = 130°.
Cloud opacity was significantly diminished during the regional dust storm, with equatorial clouds returning after
the peak of the dust storm. At higher latitudes, clouds became more common in both hemispheres later in the
season after L, = 120°.

Finally, the retrievals clearly show a high-latitude northern hemisphere summer maximum in water vapor abun-
dance and the subsequent equatorward transport of water vapor during Northern Hemisphere summer. Water
vapor abundance increased rapidly at high northern latitudes during spring reaching peak values sometime after
solstice. Maximum retrieved water vapor columns were greater than 30 pr-um, although the peak was likely
missed because of the lack of retrievals between L, = 100° and 120° and the difficulty of observing the pole from
the low-inclination orbit of EMM. After L = 120°, the latitudinal maximum of water vapor migrated southward
and diminished as water was transported equatorward by the general circulation. By L, = 180°, the maximum
water vapor column was about 15 pr-um in a band centered just north of the equator. The regional dust storm
appeared to have no significant effect on retrieved water vapor abundance.

3.2. Regional Dust Storm

Figure 2 shows the initiation, growth, and decay of a regional dust storm observed by EMIRS. Each point in the
figures shows an individual EMIRS retrieval without any further smoothing and without scaling for topogra-
phy. The active portion of the dust storm occurred during roughly the first two weeks of January 2022 (MY 36,
L~151°-160°). Dust activity was initially concentrated at mid-southern latitudes between 90° and 180°E longi-
tude (north and east of Hellas Planitia). Over the period of several days, that localized activity rapidly developed
into a regional-scale dust storm spreading northward into low latitudes in the same longitude band carried by
the return branch of the Hadley cell circulation. At its peak intensity between 6 and 8 January 2022 (L, = 154°),
retrieved 9-um dust optical depths of 0.7 or greater were recorded over a large region centered near the equator
covering 30° in latitude and 90° in longitude. Isolated retrievals within the core of the dust storm indicated dust
optical depth exceeding unity.

Although regional dust storms during this season are unusual, similar storms have been observed during MY 27,
29, and 32 (Battalio & Wang, 2021). Usually, such storms are produced by tide activity in the southern hemi-
sphere, locally increasing the surface stress in the region of Hellas (particularly at its northern and eastern edges),
thus favoring increased dust lifting when dust is available. At this season (L, = 150°), climate models (e.g., the
MCD; Forget et al. (1999)) predict a relatively weak return branch of the Hadley cell in the southern hemisphere,
but non-uniform in longitude. At the longitudes just east of Hellas, the meridional winds are relatively strong,
which enhances the ability of local dust storms in this region to quickly spread northward and grow to regional
scale as observed by EMIRS.

After the main active portion of the storm ended, little new dust was lofted into the atmosphere. The dust that had
already been lofted was advected eastward by the general circulation over the next week reaching all longitudes
by 15 January 2022 (L, = 158°). Dust opacity remained elevated (~0.4) at low latitudes (—30° to +30°) at this
time, although there was significant clearing at higher southern latitudes with optical depth values falling back to
~(0.2. Retrieved dust optical depth continued to slowly decrease through the end of January (last panel in Figure 2,
L, = 164°) and the rest of northern summer as dust settled out, although it never reached the low, pre-dust storm
levels. A significant exception to this general trend was observed in Hellas Planitia, which remained active and
filled with dust throughout this period.
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Figure 2. Maps of 9-pm dust optical depth retrieved from EMIRS observations showing the initiation, growth, and decay of a regional dust storm. Each point on the
map represents an individual EMIRS retrieval and there is no smoothing or scaling for topography performed. The season covered here is from L, = 151°-164°.

3.3. Temperature Cross-Sections

Figure 3 shows atmospheric temperature cross-sections retrieved from EMIRS afternoon observations
(12:00-16:00 LTST) for three different seasons, at Northern Hemisphere summer solstice (L, = 85°-95°),
Northern Hemisphere mid-summer (L, = 140°-150°), and just a few weeks later during the regional dust storm
described above (L, = 155°-165°). Here, zonal mean cross-sections have been produced by smoothing all the
individual temperature profiles using a box 5 wide in latitude.
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Figure 3. Latitude-pressure cross-sections of daytime (12:00-16:00 LTST) atmospheric temperatures retrieved from EMIRS
observations for three different seasons: (a) L, = 85°-95° at northern hemisphere solstice, (b) L, = 140°~150°, just before a
regional dust storm, and (c) L, = 155°-165° during the regional dust storm.

For the first two cases the retrieved thermal structure of the atmosphere is typical for this aphelion season (e.g.,
McCleese et al., 2010; Smith, 2004). In this season, solar heating is maximum in the northern (summer) hemi-
sphere and the latitudinal temperature gradients are relatively small. In the southern (winter) hemisphere temper-
atures can reach the CO, frost point close to the pole. Adiabatic heating caused by the downward motion of a
cross-equatorial Hadley circulation produces a warmer region aloft that overlies the coldest air near the pole and
forms a polar front with a characteristic tilt with the latitude of the maximum temperature moving away from the
pole as the height becomes closer to the surface.

Atmospheric temperatures are heavily modified by dynamical processes and tides (e.g., Fan et al., 2022) and the
radiative effects of aerosols (e.g., Gierasch & Goody, 1972). The effect of direct heating of the atmosphere from
dust is apparent when comparing the two lower panels in Figure 3, showing the retrieved thermal structure just
before and during the regional dust storm. Daytime temperatures at 0.5 mbar (~25 km) and higher above the
surface were roughly 20 K warmer at the peak of the dust storm compared to just before the storm. On the other
hand, atmospheric temperatures near the surface remained similar, and surface temperatures cooled during the
dust storm, an effect observed previously by TES and other instruments (e.g., Kleinbohl et al., 2020; Smith
et al., 2002; Wolkenberg et al., 2020).
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4 E s topography, but the results have been smoothed with a box 10 in latitude
g 20F by 20° in longitude to better show spatial features. The strong north-to-
-% 0 - south gradient in water vapor typical of northern summer solstice (e.g.,
- E 25 Jakosky & Farmer, 1982; Smith, 2002; Smith et al., 2018; Trokhimovskiy
-20 E et al.,, 2015) is evident in the top panel as water sublimed from the
-40 seasonal polar cap. The retrieved water vapor columns exceeded 30 pr-um
0 F T T 20 at high northern latitudes. The longitude dependence of water vapor was
180 240 300 0 50 120 180 correlated with topography implying that water vapor was mixed to
Longitude high enough altitudes that a greater atmospheric column led to a greater
= 160°— 180° 15 water vapor column. There was also a weaker positive correlation with
80 ] the spatial dependence of surface albedo and negative correlation with
60 f_ _ thermal inertia implying that surface interactions may play a role in the
o 1 1° distribution of water vapor. The southern (winter) hemisphere was quite
4 o E dry with retrieved water vapor columns less than 5 pr-um poleward of
g 20 3 —30° latitude.
3 - 4
8 of ° Near equinox (lower panel of Figure 4), the EMIRS retrievals show that
20 F E the maximum water vapor column had migrated southward to just north
F o of the equator, with a zonally averaged value near 15 pr-um. Compared to
40 3 E ) the solstice season, water vapor also gradually increased in the southern
-60 = g P hemisphere with column abundances of 5-10 pr-um at mid-southern lati-
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Longitude tudes. Longitude variations and the associated correlations with topography,

albedo, and thermal inertia appeared weaker at this season than during the
Figure 4. Maps of the column abundance of water vapor retrieved from solstice season.
EMIRS observations for two seasons: (a) L, = 80°~100° at northern
hemisphere solstice, and (b) L, = 160°~180° at the end of northern summer.

There has been no scaling for topography performed here. 4. Conclusions and Summary
EMIRS thermal infrared spectra are well suited for the retrieval of atmos-
pheric temperature profiles and the column-integrated quantities of dust
and water ice aerosol optical depth and of water vapor abundance, while
the unique orbit of EMM enables nearly the entire atmosphere of Mars to be sampled over all local times
on timescales of ~10 days. The thermal structure and the spatial variations of aerosols and water vapor
were mostly as expected for the observed aphelion season. Dust opacity was near its annual minimum and
had a latitudinal gradient with more dust in the northern hemisphere. An unusually early regional dust
storm peaked at L, = 154° with dust optical depth exceeding unity in its core at its peak intensity. Atmos-
pheric temperatures were relatively cool, especially in the winter hemisphere, and gradually warmed as
Mars moved away from aphelion. Atmospheric temperatures increased significantly, by ~20 K, in response
to the regional dust storm. Water ice clouds were plentiful, with the typical aphelion-season low-latitude
belt apparent and extensive clouds at high northern and southern latitudes after L, = 120°. The annual
maximum abundance of water vapor was observed at high northern latitudes near summer solstice. That
water vapor was observed to be transported equatorward during northern summer. Clear diurnal variations
in atmospheric temperatures and water ice cloud opacity were evident in the retrievals (Atwood et al., 2022;
Fan et al., 2022). Detailed analysis of these retrieval results, especially in conjunction with results obtained
from the two other instruments on-board EMM, the Emirates Exploration Imager (Jones et al., 2021) and
the Emirates Mars Ultraviolet Spectrometer (Holsclaw et al., 2021), will improve our understanding of the
underlying physical processes that operate in the current Mars atmosphere, while also helping to validate
and tune general circulation models. Systematic EMIRS observations continue as the part of the baseline
set of ongoing EMM mission activities promising exciting new information as we enter the dusty perihelion

season.
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Data Availability Statement

Data from the Emirates Mars Mission (EMM) are freely and publicly available on the EMM Science Data Center
(SDC, http://sdc.emiratesmarsmission.ae). This location is designated as the primary repository for all data prod-
ucts produced by the EMM team and is designated as long-term repository as required by the UAE Space Agency.
The data available (http://sdc.emiratesmarsmission.ae/data) include ancillary spacecraft data, instrument telem-
etry, Level 1 (raw instrument data), Level 2 (calibrated radiance spectra), Level 3 (derived science products),
quicklook products, and data users guides (https://sdc.emiratesmarsmission.ae/documentation) to assist in the
analysis of the data. Following the creation of a free login, all EMM data are searchable via parameters such as
product file name, solar longitude, acquisition time, sub-spacecraft latitude & longitude, instrument, data product
level, etc.

Data products can be browsed within the SDC via a standardized file system structure that follows the
convention:

/emm/data/<Instrument>/<Datal.evel>/<Mode>/<Year>/<Month>

Data product filenames follow a standard convention:

emm_<Instrument>_<DatalLevel><StartTimeUTC>_<OrbitNumber>_<Mode>_<Description>_
<KernelLevel>_<Version>.<FileType)

EMIRS data and user’s guides are available at: https://sdc.emiratesmarsmission.ae/data/emirs.
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