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Martian dust plays a crucial role in climate and meteorology through horizontal and vertical transport in the atmosphere.
Previous nadir observations in the ultraviolet, visible, and infrared wavelengths provided insights into the dust horizontal
distribution (e.g., Smith et al., 2001; Montabone et al., 2015; Battalio and Wang, 2021; Leseigneur and Vincendon, 2023).
Previous solar occultation and limb observations provided valuable information on dust vertical distribution, but uncertainties
persist regarding its spatial variability and transport mechanisms. Conventional limb and solar occultation observations can
retrieve dust altitude information directly, but their spatial and temporal coverage is limited. This study aims to obtain new
insights into the dust vertical distribution by applying the spectral synergy method to nadir observations.

The spectral synergy method estimates the altitude of atmospheric constituents by leveraging differences in absorption
characteristics at multiple wavelengths (Pan et al., 1995; Pan et al., 1998; Edwards et al., 2009). This method is applied in
Earth remote sensing for retrieving the vertical distributions of CO2 (Christi & Stephens, 2004), O3 (Landgraf & Hasekamp,
2007), and CH4 (Razavi et al., 2009) and has recently been used to analyze water vapor in the Martian atmosphere (Knutsen
et al., 2022). However, no studies have applied this approach to Martian dust yet.

To address this gap, we propose a new method to estimate the vertical distribution of dust using dust optical depth (DOD)
data at two wavelengths (2.77 1 m and 2.01 p m) obtained by the OMEGA near-infrared imaging spectrometer onboard
Mars Express. The 2.77 1 m band in the CO2 saturated absorption region, with sensitivity to altitudes around “30 km, and its
corresponding DOD database is described in Kazama et al. (under review). The 2.01 p m band is a weaker CO2 absorption
band with a sensitivity peak at 10 — 20 km (Leseigneur & Vincendon, 2023). We calculated a normalized difference index
(A T _norm) between the DOD at the two wavelengths and classified dust clouds with T >1.5 into “high-altitude” (= 30
km) and “low-altitude” (< 20 km) categories. Radiative transfer simulations using the DISORT model (Stamnes et al.,
1988) demonstrated that a threshold of A T _norm >0.6 effectively distinguishes dust layers with centroid altitudes above
and below "30 km.

Applying this method to "4,000 observations from MY27 — 29, including the MY28 global dust storm, revealed
pronounced seasonal and spatial variations in dust vertical distribution. High-altitude dust was frequently detected over
Hellas Basin, Acidalia — Chryse Planitia, and around the Amazonis region, suggesting that these areas are “hotspots”
where local circulation and topographic effects promote vertical dust transport. In contrast, low-altitude dust was found to
be widely distributed across Mars, indicating the persistent presence of background dust near the surface. Interestingly, in
the region south of Elysium, despite being a major dust storm pathway (Battalio & Wang, 2021), high-altitude dust was not
detected, and low-altitude dust dominated. This suggests the existence of mechanisms that inhibit dust lofting into the upper
atmosphere for certain storms.

Moreover, high-altitude dust tended to appear and disappear within only a few degrees of solar longitude, whereas
low-altitude dust exhibited more stable distributions. This implies that high-altitude transport is driven by short-timescale
dynamical processes such as thermal convection, while low-altitude background dust remains in the atmosphere for longer
periods. During the MY28 global dust storm, high-altitude dust persisted over a broader latitude range (60° S - 60° N)
and for a longer duration than in quiescent periods, indicating global-scale vertical transport.

Our method provides a new large-scale diagnostic for dust vertical distribution that is effective even when high-resolution
vertical profiles are unavailable, offering valuable constraints for understanding dust transport and its interactions with
atmospheric circulation.
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