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Abstract Local Dust Storms (LDS) are defined as dust storm phenomena that cover an area smaller than
1.6 x 10° km? or persist for less than three sols. The study of LDS is critical for understanding dust transport
processes in both horizontal and vertical directions and the evolution of large-scale dust storms on Mars.
However, the relatively small scale and short lifetime make it difficult to detect with previous studies. OMEGA
onboard Mars Express (MEx) has conducted spectroscopic measurements with high spatial resolution (up to
~400 m/pixel). Here, we present a method to retrieve dust optical depth and detect LDS using the 2.77 pm CO,
absorption band. At this wavelength, photons are absorbed before reaching the surface, and the photons
collected by OMEGA have been scattered around 20-30 km altitude by dust. We have detected 146 LDS events
from the retrieved dust optical depth in MY27-29. The LDS were generally observed in the southern summer
season, while frequent occurrences of LDS were observed during the northern summer (Ls = 130°-150°) in
MY27. The remarkable increase in LDS is also identified just before the global dust storm in MY28. We found a
peak in the probability of LDS around noon in both seasons, Ls = 0°-~180° and Ls = 180°-360°. In Ls = 0°-
180°, high probability areas are found only in specific regions, such as Chryse Planitia. The probability areas
expands over a wide range, except high-latitude north of 40°N in Ls = 180°-360°. These findings highlight the
spatiotemporal roles LDS play in dust transport, providing insights into the dust cycle (245/250 words).

Plain Language Summary Dust storms are important for Martian meteorology because they move
dust from the surface into the atmosphere. This study focuses on small dust storms, called LDS, which may play
a role in developing larger storms. We used infrared data from the OMEGA, a spectrometer onboard the
European spacecraft Mars Express. Using these data, we developed a method to detect dust at 20-30 km above
the surface using the radiance observed at 2.77 pm. We applied this method to data from 2004 to 2011
(corresponding to Mars Years 27-29) and identified 146 LDS events. These storms occurred most often during
the southern summer on Mars. However, an unusual increase in LDS was seen during the northern summer in
2004-2006. We also found that most storms occurred around midday, suggesting that they begin to form in the
morning. The locations of storms changed with the seasons: during northern summer, storms were concentrated
in a single area, whereas during southern summer, they occurred in many regions, except for the high northern
latitudes (above 40°N). Our method could be applied to data from other Mars missions and may help improve
our understanding of how dust moves through the Martian atmosphere.

1. Introduction

Dust is a key parameter of the Martian atmosphere, controlling its heating through direct absorption of solar
radiation. Atmospheric heating drives the heat engine of the entire atmosphere, impacting its structure and dy-
namics. The latter dictates in return the amplitude of fluctuations in dust, leading to a feedback loop responsible
for various meteorological phenomena that are observed on Mars and that occur at different scales. These
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meteorological phenomena exhibit longer timescales as their spatial scale increases (e.g., Sanchez-Lavega
et al., 2024, Figure 1). Moreover, it is well established that seasonal changes in the distance between the Sun and
Mars are responsible for the strong seasonal variability of dust in the atmosphere. Typically, dust activity in the
atmosphere is weaker near the aphelion (solar longitude (Ls) = 0°-180°) and increases toward the perihelion
(Ls = 180°-360°) (e.g., Montabone et al., 2015; Smith & Smith, 2004).

Dust storms on Mars are generally classified into three categories: local-scale, regional-scale, and global-scale.
This classification is based on storm area and duration, with local dust storms (LDS) covering less than
1.6 x 10° km? or having a duration of <3 sols (Martian days), regional dust storms (RDS) extending over more
than 1.6 x 10° km? and persisting for more than three sols (Cantor et al., 2001), and global dust storms (GDS)
encircling the planet over most of the latitudes with a duration of tens to hundreds of sols. Previous studies on
RDS have mainly used visible and ultraviolet imaging observations from orbiters to statistically investigate their
spatiotemporal behavior (Battalio & Wang, 2021; Wang & Richardson, 2015). Regional dust storms primarily
occur during the Ls = 180°-360°, coinciding with increased atmospheric dust, and can be categorized by periods
such as the A-storm period (around Ls = 210°-240°), the B-storm period (around Ls = 250°-270°), and the C-
storm period (around Ls = 300°-310°) (Kass et al., 2016). While the development mechanisms of these RDS
remain partially unexplored or unknown, there is evidence that LDS merge to form RDS (Cantor et al., 2001;
Hinson & Wang, 2010; Martin & Zurek, 1993; Wang & Richardson, 2015). In addition, LDS, such as rocket dust
storms (Méittidnen et al., 2009; Spiga et al., 2013), play a significant role in transporting dust both horizontally
and vertically. Understanding LDS behavior is thus critical to elucidate the mechanisms underlying larger-scale
RDS dust storm development. However, LDS are challenging to observe due to their small spatial and temporal
scales.

Previous observations from visible and ultraviolet imaging have provided detailed insights into the scale, location,
and seasonal variations of dust storms on Mars (e.g., Battalio & Wang, 2021; Leseigneur & Vincendon, 2023;
Montabone et al., 2015; Smith et al., 2001). More recently, Guha et al. (2024) used the Emirates Exploration
Imager aboard the Emirates Mars Mission (EMM) to systematically study the temporal and seasonal behavior of
regional/LDS based on visible and UV imaging data. While these observations can be used to estimate dust
optical depth (Cantor et al., 2001), infrared spectroscopic observations are essential for in-depth quantitative
assessment of dust concentration, which is an important parameter for understanding the formation process of
dust storms. The behavior of global dust concentration on Mars has been studied using infrared instruments such
as the Thermal Emission Spectrometer aboard Mars Global Surveyor, the Thermal Emission Imaging System
aboard Mars Odyssey, and, more recently, the Emirates Mars InfraRed Spectrometer (EMIRS) aboard the EMM
(e.g., Montabone et al., 2015; Smith et al., 2001; Smith et al., 2022). However, these instruments have limitations
in spatial resolution or local time coverage, which make it challenging to characterize the local-scale and diurnal
variability of LDS. While recent instruments such as EMIRS provide observations at varying local times, their
coarse spatial resolution limits their ability to resolve small-scale dust storm activity. As a result, there are
relatively few statistical studies using infrared data sets that quantitatively resolve small-scale events. More
detailed investigations using higher-resolution infrared data sets are therefore essential for improving our un-
derstanding of small-scale dust dynamics and enhancing the reliability of dust parameterizations in numerical
models (e.g., Wang et al., 2018).

A near-infrared imaging spectrometer, Observatoire pour la Minéralogie, I’Eau, les Glaces et 1’Activité
(OMEGA) onboard Mars Express (MEx), can observe atmospheric variations on Mars with high spatial reso-
lution. Because of the precession of the orbit plan, observations can be conducted at different local times. This
feature is expected to capture the spatial-temporal and local time variability of dust optical depth at smaller scales,
which has been lacking in previous studies. Several studies have reported on retrieving dust optical depth using
OMEGA data. Some methods were developed specifically for the polar regions of Mars (Vincendon et al. (2007,
2008); Douté et al. (2013); Douté (2013)). At lower latitudes, Vincendon et al. (2009) presented a method focused
on dark albedo regions, limiting the scope of the study. Méittdnen et al. (2009) also used the continuum at the
wavelength 1 pm to retrieve the dust optical depth at specific observations where OMEGA storms were detected.
More recently, Leseigneur and Vincendon (2023) used the 2 pm CO, band to retrieve dust optical depth over most
of the planet and three Mars Years (MY), MY 27-29, providing a global view of dust variations. The 2 pm CO,
absorption band is, however, sensitive to dust but also to surface pressure and albedo (Forget et al., 2007), which
can produce biases in dust retrievals (Leseigneur & Vincendon, 2023).
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Figure 1. Overview of the OMEGA L-channel spectral shift issue detected in this study. (a) Two observations of the same
area observed under similar photometric conditions (see text for details) but for different Martian years are compared. A
spectral shift of approximately one spectral pixel is highlighted. (b) The temporal variation of the characterized spectral shift
for approximately seven and a half years. The solid line corresponds to the OMEGA wavelength resolution of 0.02 pm
(equivalent to one pixel).

Here, we utilize observational data from OMEGA during MY27-29 to obtain dust optical depth based on the
opaque CO, absorption band at 2.77 pm (Titov et al., 2000). The unique aspect of utilizing 2.77 pm is that the
atmospheric dust optical depth can be retrieved independently of surface conditions. Furthermore, this 2.77 pm
method is highly sensitive to dust at higher altitudes, allowing for the monitoring of vertically developed dust
storms. We first present how we implement this approach and discuss its specific features, which are notably
related to its sensitivity to the vertical distribution of dust. Then, by leveraging this novel approach, we conducted
a statistical study of LDS over 3 years on Mars, examining their locations, frequencies, and timing of occurrence,
including the global dust storm that occurred in MY28.

2. Development of a Dust Optical Depth Retrieval Method Using 2.77 pm Radiance
2.1. Data Set
2.1.1. OMEGA/Mars Express

In this study, we used the near-infrared imaging spectrometer OMEGA onboard MEXx to begin its observation on
the Martian orbiter in early 2004. OMEGA observes the 0.36-5.09 pm spectral range with three channels (V:
0.36-1.0 pm, C: 0.95-2.65 pm, L: 2.55-5.09 pm), with spectral resolutions of 7 nm, 13 nm, and 20 nm,
respectively (Bibring et al., 2004). The C-channel ceased operations in August 2010, after approximately three
Martian years of observations, covering the Ls = 330° of MY26 to Ls = 135° of MY30 period, including a global
dust storm during MY28. In 2024, the V-channel still performs regular observations while the L-channel conducts
limited observations, due to its precarious health. The spatial resolution of OMEGA observations typically varies
from ~400 m/pixel to ~4 km/pixel depending on the MEx altitude (elliptical orbit), with coverage of approxi-
mately 20° in latitude and ~0.1-~5° in longitude per observation. Due to its high spatial resolution and coverage,
OMEGA can observe local scale variations with spectroscopic information. The absolute radiometric accuracy of
OMEGA is estimated to be within 10%—20% across its channels (Bonello et al., 2003; Vincendon et al., 2015).

In this study, we retrieved dust optical depth using the radiance measured at 2.77 pm in the L-channel of OMEGA.
This wavelength is located near the edge of the L-channel wavelength range. It corresponds to the opaque at-
mospheric CO, band and thus to a very low signal at the bottom of the band. Consequently, its use has been very
limited so far. While developing our method, we identified a new artifact in the wavelength calibration of the L-
channel data. This artifact remains unnoticed so far as its impact is limited to other uses of L-channel data. A
method to correct this wavelength calibration artifact is summarized in the next section (Section 2.1.2).

2.1.2. Correction of the Wavelength Calibration of the OMEGA L-Channel

We identified a new artifact caused by a variable wavelength shift that may be related to other known instrumental
issues of the L-channel (Jouglet et al., 2009). We illustrate this artifact in Figure 1 with a typical case. Figure 1a
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Figure 2. (a) Example of OMEGA observed spectra at L channel. The shaded blue region (2.67-2.9 pm) highlights the
spectral range shown in panel (b). (b) Simulated spectra around 2.77 pm for different dust optical depths (0.0, 0.5, 1.0, and
2.0), computed by a radiative transfer model under nadir geometry.

shows the spectra for different years observed under similar conditions. The red data were obtained at Ls = 48° in
MY27 (ORB0518_3), with an incidence angle of 56° and an emergence angle of 6°. The black data were obtained
at Ls = 76° in MY28 (ORB3198_5) with an incidence angle of 49° and an emergence angle of 8°. The spectrum
was shifted by approximately one pixel in the wavelength grid. This shift varies from one observation to the next
in a manner that is not currently predictable. Therefore, we developed an empirical method to correct this spectral
calibration issue by comparing measured spectra with synthetic spectra.

We first calculated six synthetic spectra by varying the surface pressure (100, 350, 600, 850, 1,100, and 1,350 Pa)
without convolution by the OMEGA spectral resolution. Next, the surface pressure values predicted by the Mars
Climate Database version 6.1 (MCD v6.1, Forget et al., 1999; Millour et al., 2022) were extracted for each
spectrum to select the most appropriate synthetic spectrum. We then calculated a set of spectra by convolving the
chosen synthetic spectrum at the OMEGA spectral resolution and changing the spectral grid, adding +0.005 pm,
+0.01 pm, £0.015 pm... to the original grid. Finally, we quantitatively evaluated the amount of spectral shift by
searching for the highest correlation factor between the synthetic spectra with the different spectral grids and each
observed spectrum in the spectral range between 2.65 and 2.8 pm. Figure 1b illustrates the temporal variation in
the derived spectral shift over approximately seven and a half years (from ORB0006 to ORB9917). Shifts are
typically lower or equal to one spectral pixel in most cases but can reach two or three pixels (Figure 1b). We used
the derived spectral shift to determine a new wavelength grid, thus resolving this issue.

2.2. The Dust Optical Depth Retrieval Algorithm
2.2.1. Outline of the Retrieval Procedure

We developed a new method to retrieve the dust optical depth using the radiance measured at 2.77 pm by
OMEGA. This wavelength corresponds to the center of the strong absorption band of CO, that is typically opaque
for nadir-viewing observations on Mars (i.e., no surface signal is detected). However, when aerosols are lifted into
the atmosphere, some sunlight is scattered by the aerosols, leading to non-zero radiance. Under the assumption
that the vertical mixing ratio of dust is uniform, this can be used to estimate the total optical depth of dust.

Figure 2 shows an example of an OMEGA spectrum and synthetic spectra around 2.77 pm in nadir view,
assuming different total optical depths of dust. The synthetic spectra were computed using DISORT (Stamnes
et al., 1988) implemented in the ARS code (Ignatiev et al., 2005) with typical OMEGA observation conditions
(incidence angle of 52°, emergence angle of 8°, phase angle of 60°) and Mars conditions (surface pressure of
850 Pa, and surface albedo of 0.1) with a uniform vertical mixing ratio of dust. Figure 2 demonstrates a reasonable
correlation between the radiance around 2.77 pm and dust optical depth under sufficient atmospheric pressure.

For fast retrieval calculations, we employed a look-up-table method in which a large number of synthetic spectra
are calculated in advance for tabulated grid values of physical parameters (e.g., Forget et al., 2007; Toigo
et al., 2013), which allows us to instantaneous retrieve dust optical depth. A description of the look-up-table
method is presented in Section 2.2.3.
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Figure 3. Weighting function in altitude of the radiance at 2.77 pm measured

scale height. In this case, the scale height is set as 10 km, a typical value for
the Martian atmosphere (Lemmon et al., 2004). The weighting functions are
calculated for three different total dust optical depth conditions (z = 0.175,
=175 7v=17.5).

by OMEGA Nadir viewing. Three cases for column optical depths of dust of

0.175, 1.75, and 17.5 are shown.

Table 1

Figure 3 demonstrates that the 2.77 pm radiance comes from an altitude of

approximately 30 km, a value that is not significantly modified by changing
the optical depth. This is a relatively high value, which corresponds to three scale heights. The sensitivity is
reduced by 80% at 10 km (one scale eight). The low sensitivity to the low altitude is due to the opaque CO,
absorption. As a consequence, most of the dust located below 10 km contributes negligibly to the measured signal.
This point will be of importance for the discussion: if dust is well-mixed, extrapolation is straightforward, and
measuring the top part of the profile provides access to the full column; however, if the upper part of the vertical
profile is more complex (e.g., Conrath, 1975 or Heavens et al., 2011a, 2011b, 2011c with detached layers), the
extrapolation becomes an issue.

2.2.3. Look-Up-Table (LUT) Method

The LUT stores the radiance at 2.77 pm calculated by the radiative transfer model, including the effects of
multiple scattering, ARS/DISORT, for the tabulated grid values listed in Table 1. There are eight physical pa-
rameters in the LUT: surface pressure, temperature, observation geometry (incidence, phase angle, emergencies),
surface albedo, and dust optical depth. By performing multidimensional linear interpolation among the param-
eters within the LUT, the dust optical depth under arbitrary conditions can be retrieved at little computational cost.

The radiative transfer calculation includes absorption due to CO, and scattering/absorption due to dust in the
atmosphere. The CO, line parameters were obtained from HITRAN2020 (Gordon et al., 2022). The absorption
coefficient was calculated using a wavenumber resolution of 1072 cm™'. The lower Martian atmosphere
(0~60 km) was modeled using 30 plane-parallel atmospheric layers with a uniform CO, mixing ratio of 0.953.
For the dust optical properties such as single scattering albedo (SSA), extinction cross section, and phase function,
we used data based on the work of Wolff et al. (2009), assuming an effective radius of 1.2 pm.

Parameters Considered in the Look-Up Table of the Synthetic Spectra at 2.77 um

Parameters Symbols Values Interpolation function
Surface pressure (Pa) SP 100, 350, 600, 850, 1,100, 1,350 Linear In (SP)
Incidences (deg) 1A 0, 15, 30, 45, 60, 75 Linear exp (—cos (IA))
Emergencies (deg) EA 0, 5,10, 30 Linear exp (—cos (EA))
Phase angle (deg) PA 70 (fixed)
Temperature at 0.1 scale height (K) T, 160, 213, 260, 285 Linear 7'
Temperature at 4 scale height (K) Ty 100, 146, 200 Linear TBI'5
Surface albedo albedo 0.2 (fixed)

Dust optical depth (reference wavelength is 2 pm) T 0,0.3,0.6,09,1.2,1.5, 2.0, 3.0,5.0,7.0, 10.0 Linear
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Figure 4. An example of the conversion from radiance at 2.77 pm (a) to the retrieved dust optical depth at 2.0 pm (b) in
ORB1212_3 using LUT. OMEGA “rocket dust” storm features are seen at ~3°S.

To retrieve the dust optical depth using the LUT, the other seven parameters are treated as fixed values.
Observation geometry comes from the orbiter data with a precision of around 10~ rad. Surface pressure and
temperature profiles are predicted by the Mars Climate Database version 6.1 (MCD v6.1, Forget et al., 1999;
Millour et al., 2022), knowing the spatial coordinates, Martian year, solar longitude, and local time position of the
observations. The temperature profile is parametrized by one point located at 0.1 scale height above the surface
(T,) and then 4 scale heights above the surface (7). The temperature is assumed to decrease linearly from 74 to
Ty and remains constant beyond T (Forget et al., 2007). This is a simplification proposed by Forget et al., 2007,
which accounts well for the temperature profile. Because the contribution of the light reflected by the surface to
the radiance at 2.77 pm is small, surface albedo is assigned as a fixed value. We also use a representative phase
angle (70°) of the OMEGA data set for the calculation as this parameter does not affect the observed radiance.
Indeed, both contributions in dust optical depth retrievals are less than 1% when surface albedo and phase angle
vary from 0.05 to 0.95 and from 0 to 180°, respectively. This is attributed to the fact that 2.77 pm corresponds to
the opaque absorption band of CO,, allowing the dust optical depth to be estimated independently of the reflective
characteristics or conditions of the Martian surface. . The vertical distribution of the dust mixing ratio assumes
uniformity in each atmospheric layer from the surface to 60 km altitude. The dust vertical profile is represented by
an exponential decay function of the form exp(—h/H), where H is the scale height and # is the altitude. The scale
height is calculated as H = (R*T)/g using the specific gas constant R = 192.0 J kg™' K™!, gravitational accel-
eration g = 3.72 m s~ 2, and the temperature T at a height corresponding to the 0.1 scale height above the surface.
In total, the LUT contains 8,640 calculated spectra corresponding to the parameters listed in Table 1.

Figure 4 shows an example of the dust optical depth retrieval from the observed radiance. This orbit
(ORB1212_3) is known to contain a rocket or “OMEGA” dust storm (Méittinen et al., 2009; Spiga et al., 2013;
Vincendon et al., 2007). The retrieved map of dust optical depth shows good agreement with the previous study
(Madttédnen et al., 2009, Figure 4) particularly in the spatial distribution and relative magnitudes. For example,
both maps indicate higher optical depth values near the equatorial region. This supports the applicability of our
method to dust retrieval. The blank areas in Figure 4 indicate regions without data. They are due to high tem-
peratures in the upper atmosphere (7 exceeding 200K), caused by dust storms, which triggered exclusion criteria
and prevented successful retrieval.

2.3. Evaluation of Uncertainty Sources

We identify six sources of uncertainties in the retrieved dust opacity: (a) assumed atmospheric temperature, (b)
assumed atmospheric pressure, (c) instrumental noise, (d) radiometric calibration (e) assumed dust optical
properties, and (f) assumed dust vertical profile. Among these errors, the purely random component is (c) and the
purely systematic one is (d). For the other errors, they may act both as systematic and random. We assume the
same optical property for all of the data (or, assume temperature/pressure from MCD is correct; well-mixed
vertical profile for dust). These assumptions might be valid for certain spatial and/or temporal scales (where
they act as a source of systematic error) but not for larger spatial and temporal scales in the OMEGA data set
(where they can be random for some extend and systematic for some extend).
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Table 2
Five Dust Conditions Were Used for Random Error Evaluation
Orbit number Latitude Longitude Solar longitude Incidence angle Emergence angle T Surface pressure T, Ty
(€)) ORB1508_5 12°S 85°E 179° 27° 5° 0.3 401 Pa 226 K 161 K
2) ORB1221_5 35°S 139°W 137° 58° 8° 1.2 443 Pa 201 K 158 K
3) ORB4661_5 9°S 28°E 299° 35° 2° 2.7 512 Pa 219 K 175 K
“) ORB4558_4 13°N 70°E 282° 40° 1° 3.9 555 Pa 217K 188 K
(5) ORB4588_4 5°S 3°E 287° 25° 3° 6.6 662 Pa 226 K 187 K

Note. The dust optical depth (7) is the retrieved value at 2.77 pm.

Given in this complexity, we evaluate these six individual sources of uncertainty independently (described in
Section 2.3.1-2.3.6) but do not combine all of the errors. Instead of calculating a global error value by assuming
their propagation, we rely on comparisons with a previous study for assessing practical error values (Section 2.4).

In Section 2.3.1-2.3.6, the evaluation of each error was conducted using the five OMEGA data where dust optical
depth was previously derived from OMEGA observations using another method (Vincendon et al. (2009): (1)
72.0um = 0-3, (2) 72 0um = 1.2, 3) 72.0u4m = 2.7, (4) 75.0ym = 3.9, and (5) 75 g = 6.6. The details of the five locations
are shown in Table 2.

2.3.1. Sensitivity to Near-Surface Atmospheric Temperature

In the retrievals, atmospheric temperatures are obtained from MCD v6.1, which has a spatial resolution of several
hundred kilometers, which might significantly deviate from the true local temperature in a pixel of at least a few
kilometers. A comparison between surface temperatures derived from the thermal part of the OMEGA spectra and
an older version of the MCD shows that temperature discrepancies are generally below 10 K for most of the
OMEGA observations (Forget et al., 2007; Jouglet et al., 2007).

To assess the error in the retrieved dust abundance due to the uncertainty in temperature, dust retrievals were
performed by shifting the temperature profile by up to 10 K. Figure 5a shows the difference in the retrieved dust
optical depth for the five cases as a function of the difference in assumed temperature. The optical depth dif-
ference increases nearly linearly with the temperature difference. They show that the uncertainty is ~0.12 at a
temperature of ~225 K (cases (1) and (5)), ~0.08 at ~215 K (case (4)), and ~0.04 at ~200 K (cases (2) and (3)).

2.3.2. Sensitivity to Atmospheric Pressure

Atmospheric pressures are also obtained from the values of the MCD v6.1. Mars is known to have diurnal
variations in local atmospheric pressure of ~5% due to thermal tides (Banerdt et al., 2020). Furthermore, it has
been observed that the surface pressure changes by ~10% during dust storms (Banfield et al., 2020). To assess the
impact of changes in local atmospheric pressure due to dust storms on the dust retrieval, we artificially increased
and then decreased the atmospheric pressure by up to ~10% corresponding to 50 Pa of the surface pressure. As the
evaluation for atmospheric temperature sensitivity, this analysis was also conducted under the same five cases
shown in Table 2.

Figure 5b shows the differences in dust optical depth in these five cases. As for the effect of atmospheric pressure,
the differences in retrieved optical depth are larger when the prescribed dust optical depth is used (cases (2) to
(5)), except in the very low-pressure case (1), which also corresponds to large optical depth differences. This
results in an error margin of up to approximately 0.5. The effect of atmospheric pressure uncertainty diminishes at
high surface pressures (~450 Pa or more), and the error increases with the dust optical depth.

2.3.3. Sensitivity to Instrumental Noise

The raw data of OMEGA are provided in digital numbers (DN) and converted into radiance using the calibration
tool (SOFT10) provided by the OMEGA instrument team. The raw data includes a statistical noise of ~1.85 DN
(Forget et al., 2007). The DN at 2.77 pm are usually ~10 when the dust optical depth is thin (z is less than 0.5).
Thus, statistical noise significantly affects the dust optical depth retrieval. For evaluation, we generated pseudo
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Figure 5. The relative difference of retrieved dust optical depth from the five
OMEGA spectra with different prescribed optical depth cases shown in
Table 2, associated with (a) temperature errors of 10 K with an interval of
1 K, (b) surface pressure errors of £50 Pa with an interval of 1 Pa, and

(c) instrumental noise of +1.85 digital numbers (DN) with an interval of
0.05 DN.

raw data with a +1.85 DN variation and converted it into a radiance unit (W/
m?/sr/pm) using the SOFT10 tool and investigated the random noise effect on
dust retrieval for the five locations shown in Table 2.

Figure 5c shows the difference in the dust optical depth in these five cases.
The results are summarized in Table 3. The errors in the retrieved dust optical
depth due to the instrumental noise are between 0.25 and 0.75, which is
relatively large compared to the other sources. This is expected as the signal at
2.77 pm is extremely low due to absorption by CO,. The instrumental noise is
therefore one of the main sources of errors in the retrieval. We note that this
error is estimated for a single pixel, and thus, averaging multiple pixels allows
reducing the error. One of the major targets of this study, LDS, is generally
spread over more than ~500 pixels, which gives some flexibility for finding
the right trade-off between spatial resolution and optical depth uncertainty.

2.3.4. Sensitivity to Radiometric Calibration

We also evaluated the potential impact of radiometric calibration errors of
OMEGA. This type of error can be considered a systematic error, which may
affect the retrieval results. The observed signals at 2.77 pm in the OMEGA L-
channel typically range from 1 to 50 DN. Thus, even if there is a radiometric
calibration error of about 10%-20%, the absolute difference would be limited
to about 5-10 DN. The influence of such radiometric errors on the retrieved
dust optical depth is illustrated in Figure Sc. For instance, in the case of (5)
7 = 6.6, the observed signal is about 40 DN, and a ~20% error corresponds to
~8 DN. This would lead to an uncertainty in the dust optical depth of about
2.8. Additionally, in the case of (2) 7 = 1.3, the observed signal is about 10
DN, and a ~20% error corresponds to ~2 DN, leading to an uncertainty in
dust optical depth of about 0.25.

2.3.5. Sensitivity to Dust Optical Properties

A systematic error due to the assumed dust optical properties may also exist.
In this study, we used the wavelength-dependent extinction cross section,
SSA (SSA), and scattering phase function shown by Wolff et al. (2009) as the
dust optical properties in the Martian atmosphere. These data are based on
observations from CRISM on board the Mars Reconnaissance Orbiter, which
provides a detailed assessment of how Martian dust aerosols scatter and
absorb light across different wavelengths. However, it should be noted that
absolute calibration differences exist between CRISM and OMEGA, which
implies that CRISM-derived optical properties may not always be suited for
OMEGA data analysis (Wolff et al., 2019).

The Wolff et al. (2009) study has examined the characteristics of dust optical
properties at particle sizes of 1.2 pm, 1.4 pm, 1.6 pm, and 1.8 pm. Here, we
assume a constant dust particle size of 1.2 pm at all altitudes, longitudes/
latitudes, and seasons for retrieving dust optical depth. However, it is
generally known that dust particle size can vary with season or location
(Wolff & Clancy, 2003) and tends to decrease with altitude (e.g., Liuzzi
et al., 2020). To evaluate the impact of our simplified assumption, a sensi-
tivity test was conducted based on the particle size variations reported by
Wolff et al. (2009). Specifically, radiative transfer calculations were per-

formed using the optical properties of dust corresponding to particle sizes of 1.2 and 1.8 pm. Under identical dust
optical depth conditions, the radiance difference at 2.77 pm between these two particle sizes was found to be

0.0002 W/m?/sr/um. Converting this radiance difference into dust optical depth revealed a difference of only
0.001, which corresponds to an impact of less than 1%. These findings demonstrate that the variability in particle
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Table 3
Summarize Retrieval Errors From Temperature, Surface Pressure, and Instrumental Noise for Five Dust Conditions Shown
in Table 2

1)z=03 2)z=12 B)r=27 4 =39 5)r=6.6

Atmospheric Temperature +10 K -0.14 —0.044 —-0.071 —0.080 —0.12
-10 K 0.12 0.044 0.074 0.087 0.12

Atmospheric pressure +50 Pa 0.42 0.20 0.40 0.44 0.50
—50 Pa —0.55 —0.19 —0.39 —0.43 —0.47

Signal noise +1.85 DN 0.63 0.25 0.56 0.56 0.64
—1.85 DN —0.74 —0.25 —0.56 —0.56 —0.64

size has a negligible effect on the retrieval method used in this study, supporting the validity of assuming a
constant particle size for the analysis.

Other systematic effects related to single scattering properties may however have a more pronounced impact. A
particular concern is related to the SSA at 2.77 pm which is not yet well understood. This is notably due to the
presence of the opaque atmospheric CO, band: once absorption reaches saturation in this wavelength range, the
observed reflection spectrum no longer contains contributions from the surface, thus preventing evaluation of the
SSA using dust covered surfaces (Ockert-Bell et al., 1997). Furthermore, even without total saturation, the
separation of scattering and absorption becomes challenging in regions with extreme CO, absorption, and the
signal significantly diminishes leading to a degraded S/N. Wolff et al. (2009) thereby reported a lack of obser-
vational data in the 2.65-3.0 pm range. However, SSA is expected to vary strongly in this spectral range due to the
presence of a hydration band whose shape, and depth are poorly constrained (Méittdnen et al., 2009; Wolff
et al., 2019). The SSA value we use at 2.77 pm, extracted from the Wolff et al. (2019) data set, is about 0.79,
which corresponds to a relatively absorbing dust (for comparison, SSA is ~0.97 in the nearby continuum at
2.5 pm). The use of a higher value of SSA will result in lower retrieved optical depths (as a given radiance could
be explained by a lower amount of such brighter dust). We further discuss this point in the upcoming Section 2.4.

2.3.6. Sensitivity to Dust Vertical Profile

Uncertainty in the vertical distribution of dust can significantly affect errors in the retrieved dust optical depth. In
this study, we assumed an exponential decay in the dust number density vertical distribution, considering it to be
well-mixed. CO, gas absorption is more sensitive than the dust amount at 2.77 pm (see Section 2.2.2), making the
altitude at which dust is located crucial.

To evaluate its impact, we performed a test: we first calculated radiances simulated for OMEGA data at 2.77 pm
with five non-well-mixed dust vertical profiles and then made the retrievals with the simulated radiances
assuming the well-mixed profile. For this test, we selected five cases from MY36 (a typical Martian year) at the
Curiosity site using MCD v6.1, which include both relatively clear and dusty atmospheric conditions (Cases 1, 2,
3, and 4) and a special case in which a detached dust layer is enhanced around an altitude of 30 km as reported by
Heavens et al. (2011a, 2011b, 2011c) (Case 5). The vertical profiles of dust number density scale to a total optical
depth of 1.5. Figure 6 shows the assumed vertical profiles for simulating OMEGA data and the values retrieved by
our method that assumes well-mixed profiles.

The results presented in Figure 6 demonstrate that the retrieved dust optical depth is significantly sensitive to the
vertical distribution of dust particularly in cases where a strong detached layer is located at high altitudes (e.g.,
around 30 km, Case 5). Under this condition, the retrieved total optical depth can increase by a factor of up to ~2.
Conversely, in cases where the vertical profile deviates from the assumed scale height and dust is concentrated
predominantly near the surface, the optical depth can be underestimated by a similar factor. However, moderate
enhancements at mid-to high-altitudes (e.g., 20-30 km) lead to minimal differences in the optical depth, indi-
cating that the retrieval remains relatively stable under typical atmospheric conditions. As discussed, the un-
certainty due to assuming a well-mixed vertical profile of dust is relatively large. However, this method is still
valid for detecting a strong LDS that has a large contrast of dust optical depth (see Section 4.1).
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Figure 6. The impact of differences in dust vertical distribution on the retrieved dust optical depth from 2.77 pm.

(a) Retrieved dust optical depth values for a given radiance of 0.0110, 0.0147, 0.0217, 0.0231, and 0.037, and different
assumed dust vertical profiles. (b) Assumed vertical distributions of dust used in the retrievals. The different colors in panel
(a) correspond to different cases. In panel (b), the purple line represents an extreme case with a strong detached layer at
25 km. It was found that the presence of a detached layer above 30 km led to a difference of up to a factor of two in the
retrieved dust optical depth compared to cases without.

2.4. Comparison With Another Method

The validity of our method for dust retrieval from the 2.77 pm CO, absorption band was assessed by comparing it
with a study made by Vincendon et al. (2009). In their study, dust optical depth was retrieved from continuum
spectral slopes of OMEGA observations above dark regions using a radiative transfer model. Results were
compared to Mars Exploration Rover measurements at a wavelength of 0.88 pm (Lemmon et al., 2004)
considered to be a reliable “ground truth” reference. They analyzed data spanning over two Martian years from
early 2004 to early 2009, focusing on the areas with a surface albedo (at 1 pm) being less than 0.15 and spatially
homogeneous at the low-to-mid-latitudes.

Figure 7 compares our retrieved dust optical depths with the those derived by Vincendon et al. (2009) over the
same area and with the same OMEGA observations. We would like to note that our values are the those averaged
over 100 pixels around the pixel used by Vincendon et al. (2009) to eliminate the random error due to instrumental
noise. The x-axis represents the dust optical depth retrieved by Vincendon et al. (2009), and the y-axis represents
our averaged dust optical depths computed at 2.0 pm but converted to the equivalent optical depth at 0.88 pm

using the ratio of the extinction coefficients and applying the following

7 [ [ SO

o B N W » U O
L L L L L L L

— y=(21%0.13)x + (-1.1 £ 0.18)

equation (the multiplicative factor is derived from Wolff et al., 2009 dust
optical properties):

Dust Optical depthy gg ,, = Dust optical deph; g m X 1.12

From this comparison, we can estimate the magnitude of the practical errors
in our retrievals. The best-fit linear function of the comparison is y = 2.1x -
1.1, where the dust optical depth is retrieved by Vincendon et al. (2009), and y
is our result. The comparison suggests that the dust optical depth given using
our method could be systematically overestimated by a factor of 2.1 and offset
by —1.1. The standard deviation between the best-fit linear function and the
individual data point is 0.52, which is a practical error in relative variations.

0.0

: 20 25 ] 30 35 40 The origin of this discrepancy is likely multifactorial, involving all the error
Vincendon et al. 2009 retrievals [tau] sources discussed. However, we highlight that the assumed vertical distri-

bution of atmospheric dust is likely to be one of the dominant sources of the

Figure 7. Comparison between the dust optical depth retrieved in this study
using the 2.77 pm CO, band depth and converted to 0.88 pm (y-axis), and
the dust optical depth retrieved at 0.88 um by Vincendon et al. (2009) using
the spectral slope (x-axis). The solid line represents the best linear fit,
whereas the dashed line represents the line x = y.

discrepancy. This discrepancy arises because our method is mainly sensitive
to dust at higher altitudes particularly around 20-30 km (see Figure 3). In
contrast, the method by Vincendon et al. (2009) responds to dust distributed
throughout the entire atmospheric column. Retrievals rely on a representative
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Table 4 well-mixed vertical profile of dust, and our sensitivity tests using non-well-
Data Used for Retrieval Selection Criteria mixed profiles suggest that the resulting optical depth can vary by up to a
Water ice cloud index R(@3.4 um)/R(3.5 pm) <038 while the one obtained by Vincendon et al. (2009) is around 0.5-1.3. These
Surface pressure MCD v6.1 >400 Pa discrepancies could be thought to result from non-well-mixed vertical pro-
Surface altitude MOLA <410 km files. As discussed in Section 2.3.6, if dust is concentrated near the surface,
Incidence angle OMEGA observing geometry <60° CO, absorption may saturate before dust is seen. In contrast, the method used
E ORITE Gt igiay <10° by Vincendon et al. (2009) is sensitive to changes in surface brightness,

Data quality OMEGA data (SOFT10)

>3 (~ORB1900)
>4 (ORB1900~)

enabling the detection of dust near the surface. The comparison between these
two methods with differing altitude sensitivities suggests that the discrep-
ancies observed in regions with thin dust layers may indicate that the dust is
concentrated at low altitudes. By taking advantage of these discrepancies, the
two methods could be combined to constrain the vertical profile in the future.

The discrepancy may also be related to the poor knowledge of the 2.77 pm SSA as discussed previously in
Section 2.3.5: a higher SSA will decrease the 2.77 pm optical depth and make both values more similar. In
addition, Vincendon et al. (2009) show that their retrievals may suffer from systematic biases too, related notably
to the assumption regarding the single scattering phase function: the use of another plausible phase function is
shown to increase optical depths by 20%—-30%, which will also reduce the systematic discrepancy between both

values.

3. Application of the Retrieval Method to the OMEGA Data

We applied the developed retrieval method with the opaque CO, absorption band at 2.77 pm to the whole
OMEGA L-channel (see Section 2) data set and derived the variation of dust optical depth in MY27-29, including
the MY28 GDS. In this section, we explain the criteria for data selection and present the seasonal and global-scale

variation of the retrieved dust optical depth. Furthermore, we utilize the retrieved dust optical depth to detect LDS
on Mars, addressing their spatial distribution and seasonal variations, which are discussed in Section 4.

3.1. Criteria for Data Selection

Table 4 shows the criteria for data selection. With our dust optical depth retrieval method, atmospheric dust and
ice clouds have the same effect of increasing the radiance at 2.77 pm. Therefore, data containing water ice clouds
were identified and were excluded using the water ice index defined as the ratio between 3.4 and 3.5 pm
reflectance (Audouard et al., 2014; Langevin et al., 2007; Madeleine et al., 2012). Additionally, to avoid the data
with insufficient CO, saturation, the data with the surface pressure predicted by MCD v6.1 being below 400 Pa
were excluded. This is because our radiative transfer calculation showed that the radiance at 2.77 pm contains
reflected sunlight from the surface when the total pressure is below 400 Pa. For the same reason, data from areas
with surface altitudes exceeding 10 km were excluded. However, we also avoid configurations with incidence
angles >60° and/or emergence angles >10° as they imply probing a larger air mass and thus higher CO, ab-
sorption for the same altitude, limiting the sounding depth and thus the capacity to sense the dust layer. Finally, we
also performed a selection based on the data quality identified by the OMEGA software SOFT10. The data quality
of 3 or higher before ORB1900 and 4 or higher after ORB1900 were used.

3.2. Seasonal Variation of Dust Optical Depth

By applying the criteria shown in Table 4, dust optical depth retrieval was conducted on 4,013 observations
(~4 % 10° spectra) out of the total 8,375 (~1 X 10%° spectra) observations from the entire observational period of
OMEGA in MY27-29. The derived seasonal variation of dust optical depth is shown in Figure 8. The vertical axis
represents latitude with longitude averages taken for each degree of latitude (averaging ~500 pixels). The hor-
izontal axis represents the variation in solar longitude. The seasonal variation of the retrieved dust optical depth is

consistent with previous studies (Leseigneur & Vincendon, 2023; Montabone et al., 2015; Smith et al., 2001). The
dust optical depth remains low from Ls = 0°~180° in the northern spring-summer period, while it increases after
Ls = 180°, which corresponds to the southern spring-summer period. Notably, a significant global increase in the
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Figure 8. Seasonal variation of the dust optical depth retrieved from 2.77 pm in MY27-29. The reference wavelength of the
dust optical depth is 2.0 pm.

dust optical depth was observed after Ls = 270° in MY 28, corresponding to the GDS. Additionally, an increase in
dust was confirmed during the active dust period (B-storm season) in MY29.

3.3. Global-Scale Variation of Dust Optical Depth at the Initial Phase of the GDS in MY 28

The MY28 GDS is known to have started around Ls = 265°, but the location of its initiation remains uncertain.
Previous studies have suggested that potential trigger locations include Chryse Planitia (28.4°N, 319.7°E) and
Noachis Terra (44°S, 350°E), but observational data remain insufficient to precisely identify the origin (Wang &
Richardson, 2015).

Figure 9 shows the temporal variation of the geographical distribution of dust optical depth just before the onset of
MY28 GDS, as observed by OMEGA. Around Ls = 247°-250°, an LDS or RDS with 7 < 3 was detected near the
equator at ~—10°E (see Figure 9a). From that point until around Ls = 262°, intermittent and LDS or RDS dust
storms with 7 < 3 appeared and dissipated particularly near the equator (see Figures 9b—9¢). From Ls = 262°, a
stronger dust storm with T exceeding three emerged near the equator at ~—10°E, followed by a gradual increase in
global dust optical depth (see Figures 9f—9h). From Ls = 271°, the dust optical depth had increased globally as a
GDS became evident (see Figures 9i-91. Focusing on just before the MY28 GDS (Ls = 265°), dust storms with ©
exceeding three were observed developing around Chryse Planitia and Noachis Terra (see Figure 9f). Subse-
quently, in Noachis Terra, an even more extensive and thick dust storm with T surpassing five was detected, while
7 around Chryse Planitia decreased to approximately two. Based on only this observation, it is not possible to
determine which dust storm developed first. However, future work combining OMEGA data with multiwave-
length observations sensitive to different altitudes' sensitivity of dust (e.g., Leseigneur & Vincendon, 2023;
Vincendon et al., 2009) should make it possible to estimate the height of the top of these dust storms, enabling a
quantitative evaluation of their development processes at both locations.
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Figure 9. The temporal variation of the geographical distribution of dust optical depth for the period including the onset of MY28 global dust storms (Ls = 247°-283°).
Two red stars represent Chryse Planitia (28.4°N, 319.7°E) and Noachis Terra (44°S, 350°E). The global maps of dust optical depth at 2.0 pm for the Ls range of 3° width.
Black arrows indicate the approximate locations of regional or local dust storms (7 < 3 region) identified in panels (a—e).

4. A Statistical Study of the Local Dust Storm Occurrences
4.1. Search of Local Dust Storms

From the dust optical depth data shown in Figure 8, we searched for LDS by applying the following method
(described in Figure 10). First, a running median with a grid of 1° latitude and 1° longitude was applied to the
retrieved pixel-to-pixel dust optical depth to reduce random error. In the second step, we extracted the smoothed
data with 7 > 2. Finally, as the final step, we identified LDS based on the size of areas where 7 > 2. Based on the
LDS definition (Cantor et al., 2001), we set the area to be between 1.0 x 10* km? and 1.0 x 10° km?. Observations
in which all pixels within a single observation had an 7 > 2 were excluded, as the scale of the dust storm could not
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Figure 10. Overview of the Local Dust Storms detection method with three examples of OMEGA observations. The circles surrounded by a black line are the area where
7> 2.0. The third example shows a case where the size of the dust storm cannot be constrained.

be constrained (Figure 10, the third example). This analysis was restricted to latitudes within £60° to remove the
influence of CO, ice clouds, which frequently occur in high-latitude regions of Mars (Ivanov & Muhle-
man, 2001.). Also, due to the limited longitudinal observation range of OMEGA (about 2°-10°), dust storms may
be only partially observed, and the detected part may be too small to meet the size criteria. Consequently, some
dust storms extending in the longitudinal direction may have been missed due to these field-of-view limitations.

Based on these criteria, 146 LDS were detected between MY 27 and 29, and their seasonal distribution is shown in
Figure 11. Two key characteristics were identified within this distribution. The first characteristic is that a cluster
of the LDS was detected during Ls = 130°-200° only in MY27. This cluster includes the storm previously
identified at Ls = 136° in MY27, as reported notably by Méittinen et al. (2009). It is known that RDS occur
annually during this period (Battalio & Wang, 2021), and every few years, they can evolve into large regional
RDS, known as “Z storms” (Heavens et al., 2019a, 2019b). In this study, such LDS clusters were not detected in
other Martian years, which may be because observations were performed at different local times at each MY and/
or the number of observations was much less in MY 28 and 29. Additionally, observations in MY28 were biased
toward high northern latitudes, which could account for the lack of detection. Observations by OMEGA in MY27
included local times around 14:00, aligning with previous dust storms database time slots (Battalio &
Wang, 2021). In contrast, the MY28 and MY29 observations were concentrated between 6:00 and 8:00 in the
early morning potentially making it difficult to detect LDS during that period if they had not yet formed.

The second characteristic is specifically to point out the enhancement at Ls = 240°-330° in MY27, Ls = 210°-
310° in MY28 and around Ls = 240°-250° in MY29. The local time of these detections is primarily concentrated
between 12:00 and 16:00. This result indicates that the frequency of LDS occurrence is highly dependent on local
time. In MY27, LDS were frequently observed during the B and C storm seasons from Ls = 250°-330°. In M Y28,
numerous LDS were identified from Ls ~270° just before the onset of the GDS. In MY29, several LDS were
observed during the A storm season. The reduced number of detections in MY?29 is attributed to limited ob-
servations during the B and C storm seasons and a concentration of observations in the early morning.
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Figure 11. Distribution of OMEGA data coverage and detected Local Dust
Storms (LDS) for MY27, 28, and 29. For each MY: (top) The number of
orbits during which OMEGA performed observations. (middle) The season-
latitude maps of observation local time. (bottom) The season-latitude maps

of detected LDS.

Additionally, some of the LDS detected during this season may be portions of
dust storms extended in the longitudinal direction, partially observed due to
the OMEGA field-of-view limitation, which requires careful interpretation.
However, the frequent detection of LDS during the Ls = 180°-360° range
suggests that smaller-scale dust storms might occur more frequently just
before large-scale dust storms. This may imply that LDS could be the seed
that creates larger storms (Cantor et al., 2001; Hinson & Wang, 2010; Martin
& Zurek, 1993; Wang & Richardson, 2015). In the following sections, we will
discuss the local time dependence of LDS and its geographical distribution for
each season.

4.2. Local Time Variation

In this study, we analyzed the probability of LDS occurrence at various local
times using OMEGA data (Figure 12). The probability of occurrence was
calculated by dividing the total number of LDS detected by the total number
of OMEGA observations at each local time. Information on the number of
detections and total observations for each period is provided in Table 5. Error
bars, based on the number of observations at each time, indicate the 68%
reliability of detection. Bins with fewer than 200 observations are displayed
with lighter colors to highlight lower confidence. The error bars are calculated
using the standard error of proportions, applying the following formula:

1 —
Error = 1 /PL=P).
n

where p represents the detection probability, and n is the number of
observations.

Figure 12 reveals three key features of the local time dependence of LDS
detection: (a) a detection peak at noon during both seasons (around 13:00 for
Ls = 0°-180° and 12:00-13:00 for Ls = 180°-360°), (b) a decrease in
detection rates during the afternoon, and (c) a secondary peak after 15:00
observed exclusively for Ls = 180°-360°. The characteristics of LDS
detection provide insights into the associated phenomena.

The peak in LDS detection at noon suggests that LDS may begin to form
around 8-10 a.m. The primary driver of dust storms is atmospheric heating
caused by solar radiation, which increases atmospheric temperatures in the
morning. This heating leads to vertical transport over several hours, triggering
the formation of LDS. Previous modeling studies (Spiga et al., 2013; Wang
et al., 2018) have shown that LDS originating near the surface can be
transported to altitudes of up to 30 km within 3—4 hr. Furthermore, obser-
vational data from the Mars Environmental Dynamics Analyzer onboard
Perseverance reported a gradual increase in dust optical depth over Jezero
Crater starting at dawn and peaking around noon (Smith et al., 2023).

As for the afternoon decreases in LDS detection rates, two possibilities are
considered. First, the decay of LDS could be more plausible during seasons
with lower atmospheric dust activities in Ls = 0°-180°. Limited atmospheric

activity during this period likely shortens the time for dust lifted to high altitudes to settle back near the surface.

On the other hand, during seasons with higher dust activities in Ls = 180°-360°, vigorous convective activity may

prolong the suspension of dust in the atmosphere. As a result, there is a less pronounced decrease in detection

rates. Second, the evolution of LDS into RDS, as periods of high atmospheric dust activities with vertical con-

vection may sustain suspended dust for extended periods. Observations by the EMM indicate that LDS and RDS

activity near the surface peaks occur between 2 and 4 p.m. (Guha et al., 2024). It is approximately 2-3 hr after the
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Figure 12. The local time distributions of Local Dust Storms (LDS) for (a) Ls = 0°~180° and (c) Ls = 180°-360°. The
interval is 1 hr from 6-a.m. to 6 p.m. Bins with fewer than 200 observations are displayed with lighter colors to highlight
lower confidence. The geographical maps of the LDS detection probability for (b) Ls = 0°-180° and (d) Ls = 180°-360°.
The gray indicates areas with no observations.
peak at noon observed in this study. This suggests that LDS formed in the morning may evolve into RDS in the
afternoon, expanding the storm area and reducing the likelihood of LDS detection, an interpretation particularly
plausible during the dust storm season.
The secondary peak observed after 3 p.m. could be explained by three possible speculations. The first is related to
the decay of RDS. As the solar zenith angle increases toward the late afternoon, solar radiation decreases. This
leads to rapid atmospheric cooling, which may cause RDS to decay and be detected again as LDS. The second
involves the re-suspension of dust after storm decay. Following the weakening of LDS and the descent of dust to
Table 5
Number of OMEGA Observations and LDS Detections Each Local Time
Ls = 0°-180°
Local time (h) 56 67 7-8 89 9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19 19-20
Number of observations 3 3 10 71 138 220 104 135 376 368 472 352 55 4 0
Number of detections 0 0 0 0 0 2 2 3 12 2 0 0 0 0 0
Ls = 180°-360°
Local time (h) 5-6 6-7 78 89 9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19 19-20
Number of observations 4 3 17 24 165 202 272 254 353 380 348 257 74 2 0
Amount of detections 0 0 0 2 9 7 15 24 27 12 14 12 3 0 0
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Figure 13. Spatial distribution of the Local Dust Storms (LDS) during the quiet season. Above the OMEGA dust optical
depth retrievals (see Section 3) for Ls = 133°-138° in MY27, the red diamonds indicate LDS detected by OMEGA in this
study. Green squares symbolize the Mars Dust Activity Database dust storms (Battalio & Wang, 2021) detected in Mars
Years 27 during Ls = 133°-138°.

lower altitudes, external factors, such as increased late afternoon winds or temperature gradients, might loft the
dust back to higher altitudes, producing a secondary peak. The third suggests that this peak may not correspond to
LDS but rather to high-altitude dust layers, such as detached layers: in such cases, our method will result in optical
depths biased toward higher values (see Section 2.3.6). Previous observations by Mars Climate Sounder (MCS)
have shown that detached layers frequently occur in the late afternoon (Heavens et al., 2011c). While the for-
mation mechanism of these layers remains unclear, the results of this study may indicate a connection to this
phenomenon. Further discussion and investigation of these three hypotheses are necessary.

4.3. Spatial Variation

The detection probability of the identified LDS is presented on latitude-longitude maps (Figures 12b and 12d).
During the Ls = 0°-180°, LDS detections were concentrated in specific regions mostly in the mid to high southern
latitudes (e.g., Cimmeria Terra, Sirenum Terra, Argyre Planitia, Aonia Terra) and close to the northern hemi-
sphere flushing dust storm channels (e.g., Acidalia-Chryse, Utopia-Isidis, see Battalio & Wang, 2021). On the
contrary, during the Ls = 180°-360°, the LDS is quite everywhere except in latitudes above 40°N, with some
probability peaks in mid-latitudes (e.g., Chryse Planitia, Daedalia Planum, Cimmeria Planum, Tharsis mons).

The LDS-preferred regions identified during Ls = 0°-180° (see Figure 12) were compared with the Mars Dust
Activity Database (MDAD) (Battalio & Wang, 2021). This is a dust storm database built from UV-visible global
images (MOC/MGS, MARCI/MRO). Figure 13 compares dust storms detected by OMEGA and MDAD. The red
diamonds represent LDS detected by OMEGA in this study, whereas the green squares indicate dust storms
identified by MDAD. Our results confirm that dust storms have a strong regional preference.

Despite OMEGA observing various regions during this period (Ls = 133°-138°), the detected LDS were
concentrated in specific areas. These specific areas include Acidalia-Chryse and Utopia-Isidis, which are part of
flushing dust storm channels. Global circulation models have identified these channels as areas with particularly
high surface wind stress (Basu et al., 2006; Kahre et al., 2006; Mulholland et al., 2013; Newman et al., 2002;
Toigo et al., 2012) and have been recognized in previous studies as frequent sites for dust storm activity (e.g.,
Battalio & Wang, 2021; Wang & Richardson, 2015).

Typically, during Ls = 180°-360°, the combination of increased temperatures and surface winds creates favorable
conditions for dust storm formation (Hinson & Wang, 2010). However, when solar radiation flux is minimal on
Mars during the aphelion, there is no significant increase in global temperature. Consequently, the influence of
temperature diminishes, and LDS activity could be primarily observed in regions where surface wind stress is
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exceptionally high. This situation highlights these areas as significant “hotspots” for dust storm activity,
emphasizing their importance in understanding Martian atmospheric dynamics.

During Ls = 180°-360°, an increase in detection rates was also observed in regions such as Chryse Planitia and
Tharsis mons. These trends align with known areas of frequent larger-scale dust storms (regional and large-local
dust storms) observed through previous visible imaging studies (Battalio & Wang, 2021; Wang & Richard-
son, 2015). Our analysis did not detect LDS north of 40°N during Ls = 180°-360°, even though this region is
known for intensified dust storm activity driven by baroclinic waves around Ls ~181° (Wang & Richard-
son, 2015). Three speculations could explain why LDS were not detected there.

The first is the influence of meridional circulation. The mid-to-high latitude regions in the northern hemisphere
are in the downwelling branch of the meridional circulation. At this season, large-scale atmospheric circulation,
notably the Hadley circulation, might confine dust storms to lower altitudes (~30 km or below) (Bertrand
et al., 2020). Observations from the MCS confirm that northern high latitudes greater than ~40°N are relatively
clear sky isolated from the rest of the planet (Heavens et al., 2011a, 2011b, 201 1c). This could also suggest that, in
this region, vertical motions are not strong enough to transport the dust at the altitude sensibility of our method,
leading to the nondetection of LDS.

The second is the influence of surface altitude and solar radiation. On Mars, the northern hemisphere generally has
a lower surface altitude compared to the southern hemisphere. Additionally, due to the elliptical orbit and axial
tilt, the northern hemisphere receives less solar radiation during Ls = 180°-360°. This means more energy is
required to lift dust to high altitudes in the northern hemisphere. Consequently, dust in the mid-high latitude
regions may not reach sufficient heights, making it undetectable in our analysis.

The third is the difference in CO, abundance. Because the northern hemisphere has a lower surface elevation, it
has a higher CO, content (higher surface pressure) than the southern hemisphere. In our retrieval method, dust
detection relies on a decrease in CO, absorption as dust rises, which resolves saturation and enables detection.
However, in the CO, rich northern hemisphere, the altitude at which saturation is resolved is higher than in the
southern hemisphere. This means that even more energy is required for dust to reach detectable altitudes in the
mid-to-high latitude regions of the northern hemisphere, reducing the likelihood of LDS detection.

5. Summary and Conclusions

This study investigated the spatial-temporal variability of LDS on Mars using the high spatial resolution and wide
coverage of local time of OMEGA onboard MEXx.

We developed a new method for the retrieval of dust optical depth using 2.77 pm, which corresponds to an opaque
CO, absorption band. When dust is sufficiently present at high altitudes above 20-30 km, reflected sunlight from
the dust is detectable at this wavelength (see Section 2, Figures 2 and 3). Observed radiance by OMEGA is
compared to a look-up table calculated by a radiative transfer model to quickly retrieve the dust optical depth.

By error analysis, we have shown that this method has a relatively large random error in the retrieved dust optical
depth (~0.52 for single spectrum) and possible systematic bias by a factor of ~2. The former is basically caused
by low SNR (instrumental noise) and the latter is due to multiple assumptions such as the vertical profile of optical
parameters of dust. These values are relatively large; however, the method is valid for searching LDS that has a
strong contrast of optical depth.

This method was applied to the L-channel data of the OMEGA. We applied our analysis to 8,375 observations
(~10"° spectra) taken in MY27-29. As a result, the dust optical depth was successfully retrieved from 4,013
observations (~4 x 10° spectra). Our data set provides the seasonal variation of dust optical depth (see Section 3,
Figure 7) and captures changes in global dust distribution before the onset of the MY28GDS (see Section 3,
Figure 8).

Furthermore, 146 LDS events were detected (see Section 4, Figure 10). We found remarkable local time de-
pendencies (see Section 4, Figure 11) of the dust optical depth around 30 km altitude: (a) a detection peak around
noon (13:00 for Ls = 0°-180° and 12:00-13:00 for Ls = 180°-360°), suggesting LDS initiation around 08:00—
10:00; and (b) a declining detection rate in the afternoon, implying LDS dissipation or evolution into RDS. LDS
during Ls = 0°-180° were restricted in specific regions such as Chryse Planitia. Only MY27, a frequent
occurrence of LDS, was observed during Ls = 130°-150°. On the other hand, LDS during Ls = 180°-360° were
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distributed over a wide range of latitudes and longitudes, except for latitudes north of 40°N (see Section 4,
Figure 11). Notably, the LDS during Ls = 0°-180° were concentrated in regions with high surface wind stress and
frequent dust storm activity.

In the future, this method may also be applied to CRISM onboard MRO data, which covers a similar wavelength
range to OMEGA and future missions such as MIRS onboard MMX (Barucci et al., 2021; Kuramoto et al., 2022;
Ogohara et al., 2022). Moreover, a coordinated study with lower atmospheric dust optical depth by 2.0 pm
analysis (Leseigneur & Vincendon, 2023) could enable a more detailed understanding of the dust vertical dis-
tribution in the Martian atmosphere. Additionally, using our dust retrievals as input for surface pressure retrieval
based on the 2 pm CO, absorption (Forget et al., 2007) could potentially improve the accuracy of surface pressure
retrieval.

Data Availability Statement

Information on the data set was used for the statistical analysis of LDS based on dust optical depth and is archived
by Kazama. (2025). We used the calibrated OMEGA data set archived at the ESA Planetary Science Archive
(PSA, 2023) for this study.
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