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Abstract

Equatorial atmospheric waves provide a mechanism for variability on a wide range of timescales and for
disturbances in one part of the tropics to influence other tropical locations around the globe. A Mars general
circulation model is used to investigate how equatorial waves behave under different atmospheric dust loading
scenarios and when perturbed by dust storms. Such waves may be important for understanding triggering of
distant dust storms or additional dust lifting centers within large storms. Equatorial waves appear to change when
dust storm sequences cross the equator or when background dust amounts significantly vary, with eastward- and
westward-propagating waves within a wide spectral interval being amplified in general. Specifically, many low-
frequency, long-wavelength equatorial waves become prominent during prescribed dust storm episodes. Their
horizontal wave structures seen in the 100 Pa geopotential field show a resemblance to equatorial Rossby, Kelvin,
and mixed Rossby—gravity waves. Waves with different wave periods and zonal wavenumbers evolve with time
and interfere with each other, leading to complex time-dependent eddy patterns. This study shows that both dust
storms and background dust can significantly influence the spectra and structures of eddies in the tropical Martian

atmosphere.

Unified Astronomy Thesaurus concepts: Solar system terrestrial planets (797); Mars (1007); Atmospheric

dynamics (2300); Atmospheric circulation (112)

1. Introduction

Observations show that major dust storms are associated with
apparent changes in the Martian atmosphere (M. A. Kahre et al.
2017). The strong radiative effect of dust leads to warmer global
mean temperature and accelerated overturning circulation
(R. M. Haberle et al. 1993; R. J. Wilson & K. Hamilton
1996; M. A. Kahre et al. 2006; D. P. Mulholland et al. 2013;
C. E. Newman & M. I. Richardson 2015; M. J. Wolff et al.
2017), and complex changes occur in eddies on timescales
from <1 sol to several tens of sols (S. D. Guzewich et al. 2014,
D. M. Kass et al. 2016; J. M. Battalio & H. Wang 2020;
D. P. Hinson & R. J. Wilson 2024). While the influences of
major dust storms on the zonal mean circulation and thermal
tides have been established by previous work (J. R. Barnes
et al. 2017), the impact on longer-timescale traveling waves
remains understudied, with existing work mainly focused on the
mid- to high latitudes (D. P. Hinson et al. 2012; S. J. Greybush
et al. 2019; J. M. Battalio & H. Wang 2020; D. P. Hinson &
R. J. Wilson 2021, 2024; D. P. Hinson 2025).

The Martian tropics (25°S-25°N, based on the obliquity of
Mars) are known to host atmospheric waves with a wide range
of frequencies, based on both orbital and surface-based Mars
observations (D. Banfield et al. 2004, 2020; J. M. Battalio
et al. 2022; D. P. Hinson & R. J. Wilson 2023; H. Wang et al.
2024). In the northern spring and summer when clouds are
prevalent, H. Wang et al. (2024) have suggested that several
different types of tropical long waves interact to generate the
Tropical Cloud Oscillation (TCO). In the case of the TCO,
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over timescales of 10—-40 sols, the tropical cloud belt optical
thickness is seen to oscillate with a dominant zonal
wavenumber one pattern. While it is not clear whether the
cloud optical thickness changes result from changes in water
abundance, temperature, or vertical motion, tropical waves
appear to have a significant dynamical impact on the Martian
atmosphere. Such intraseasonal variability of tens of sols
related to equatorial Kelvin and Rossby waves is reminiscent
of terrestrial tropical variability in systems such as El Nifio/
Southern Oscillation (ENSO; e.g., H. A. Bridgman &
J. E. Oliver 2014).

For the southern spring and summer, when dust storms are
overall more active, how tropical waves respond to varied dust
forcings and the impact of tropical waves on dust lifting are
important questions. Orbiter imaging observations of the
development of large dust storms on Mars often show distinct
regional storms growing together into larger systems, crossing
the equator at different times (e.g., M. J. Strausberg et al. 2005;
B. A. Cantor 2007; H. Wang & M. 1. Richardson 2015;
J. M. Battalio & H. Wang 2021; H. Wang et al. 2023a). For
example, in the case of the global dust storm in 2001, the main
loci of dust lifting were nearly on opposite sides of the planet.
As the initial storm center originating near northern Hellas
became larger, a second center in Daedalia and Solis became
active about 20 sols after the initial storm onset (M. J. Stausberg
et al. 2005). The potential generation of distant responses to dust
storm perturbations has raised the possibility of “teleconnec-
tions” in the Martian atmosphere (e.g., L. Montabone et al.
2008, O. Martinez-Alvarado et al. 2009, T. A. Mooring &
R. J. Wilson 2015) akin to the wave transmission of information
in the terrestrial tropical atmosphere, e.g., ENSO (D. B. Enfield
1989; H. A. Bridgman & J. E. Oliver 2014). It seems possible
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Figure 1. Eddy amplitudes as a function of longitude and L, for geopotential (m~s~“) at the p = 100 Pa pressure level for 2.5°S derived from the version 4
OpenMARS reanalysis for MY26. The eddies are composed of zonal wavenumber 1-4 waves with wave periods between 12 and 19 sols.

that tropical waves play a role in Martian dust storm growth
through teleconnection.

Before investigations into tropical dust storm teleconnec-
tions can be undertaken, it is important to develop an
understanding of whether/what tropical waves can be forced
by dust storm perturbations and how they vary with dust
loading. These questions are addressed in this paper.

1.1. Tropical Long Waves in Southern Spring and Summer
from Reanalysis

The existence of different types of equatorial waves (e.g.,
Kelvin, equatorial Rossby, mixed Rossby—gravity (MRG),
inertial gravity (IG) waves) was demonstrated by H. Wang
et al. (2024) using the Mars Daily Global Maps (MDGMs;
H. Wang & G. Gonzalez Abad 2022), UV ice optical depths
M. J. Wolff et al. 2019), and the Open-access to Mars
Assimilated Remote Soundings (OpenMARS) reanalysis
product (J. A. Holmes et al. 2020). However, their results
focused on the tropical clouds in northern spring and summer.
As discussed above, equatorial waves could also be relevant
for the Martian dust cycle in southern spring and summer.

As a motivation for this paper, we show the amplitudes for
zonal wavenumber k = 1-4 equatorial waves for the whole of
Mars Year (MY) 26 using the version 4 OpenMARS dataset
(Figure 1). MY26 has nominal dust storm activity and is
among the Mars years when eddies were shown to be largely
consistent across different reanalysis products (J. M. Battalio
2022). We therefore use MY26 for illustration here. Results
from other Mars years vary and can sometimes be more

complex to decipher. The amplitudes shown are the geopo-
tential eddy field on p = 100 Pa at 2.5°S, with wave periods
(P) between 12 and 19 sols. The total amplitude and the
corresponding eastward- and westward-propagating compo-
nents are separately shown. The geopotential at each location
and time step is calculated from the OpenMARS temperature—
pressure profile and interpolated onto the 100 Pa pressure
level. The waves were extracted using the method in Section 2.

Strong eddies are seen during Ly = 130°-150°, 190°-210°,
and 310°-330° (Figure 1). While the first L, period roughly
corresponds to the TCO (H. Wang & G. Gonzalez Abad,
2022; H. Wang et al. 2024), the other two correspond to
major dust storms (L. Montabone et al. 2015; H. Wang &
M. I. Richardson 2015; D. M. Kass et al. 2016; J. M. Battalio
& H. Wang 2021). Thus, there could be a connection between
tropical waves and dust storms.

In this paper, we use simplified numerical experiments to
examine how cross-equatorial dust storms might perturb the
tropical atmosphere and excite or modify tropical waves.
Specifically, we use a Mars general circulation model (GCM)
with prescribed dust distributions inspired by observations to
examine the behaviors of equatorial waves under various dust
scenarios.

In Section 2, we describe the methodology, including a brief
description of the GCM and numerical experiment design.
Section 3 characterizes the modeled equatorial waves and
examines their sensitivity to various dust scenarios. Section 4
provides a summary. Supplementary Figures (Figures A1-AS8)
can be found in the Appendix.
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Table 1
Dust Scenarios Used in Simulations

Scenario Setup Storm Period

Reference
Casel_MY32A
Case2_MY33C
Expl_Acidalia32A
Exp2_Acidalia32C

no_storm none

no_storm + MY 32A L, = 205°-225°
no_storm + MY 33C L, = 320°-336°
no_storm + Acidalia_sequence L, = 205°-225°
no_storm + Acidalia_sequence L, = 305°-325°

Climatology32 MY32 (L. Montabone et al. 2015)  MY32 observed
Climatology33 MY33 (L. Montabone et al. 2015)  MY33 observed
Scaled32 Reference scaled to MY 32 MY32 observed

Note. NetCDF files can be found in supporting material.

2. Methodology

This section describes the model setup (Section 2.1),
simulation design (Section 2.2), and analysis technique
(Section 2.3).

2.1. Model

The MarsWRF GCM (M. 1. Richardson et al. 2007,
A. D. Toigo et al. 2012) is employed in this study. The model
is equipped with different options for physics parameteriza-
tions and has been widely used in studies of the Martian CO,,
water, and dust cycles and atmospheric circulation (e.g.,
C. E. Newman et al. 2019; A. D. Toigo & D. W. Waugh 2022).

The model setup is the same as that in H. Wang et al. (2023b)
except that the dust optical properties of M. J. Wolff et al.
(2009) instead of those of R. T. Clancy & S. W. Lee (1991) are
used in the correlated-k distribution radiative transfer scheme
(M. A. Mischna et al. 2012). The M. J. Wolff et al. (2009) dust
properties result in a slightly lower atmospheric heating rate. As
a result, for the reference run in Section 2.2, the simulated
temperature at z ~ 25 km altitude at low to mid-latitudes is about
1-3K colder than that from the corresponding simulation in
H. Wang et al. (2023b). For context, the Mars Reconnaissance
Orbiter (MRO) Mars Climate Sounder (MCS) temperature
retrievals have a precision of 0.5-2 K, and the differences
between the Mars Global Surveyor Thermal Emission Spectro-
meter and Radio Science temperature observations are typically
1-2 K between z = 20 and 30 km (D. P. Hinson et al. 2004,
A. Kleinboehl et al. 2009, 2017). However, at high latitudes, the
simulated zonal mean temperature using the two dust optical
properties can result in differences of ~8 K at z ~ 25 km near
perihelion. This paper focuses on the equatorial region far from
the high latitudes.

The model is run on a staggered Arakawa C-grid at 2°
longitude x 2° latitude horizonal spacing x 53 m terrain-
following vertical levels. Model output is saved every 2 Mars
hours. Each run starts from a restart file of a previously spun-
up reference run (Section 2.2) and is driven by its own yearly
repeatable dust scenario. Each run lasts several (up to 10) Mars
years. Analysis in this paper is performed after the first
simulation year of each run. Unless specified otherwise, the
results presented are from the second simulation year, which is
representative of the general wave behavior (Section 3).

2.2. Simulations

The simulations performed for this study are driven by
several prescribed spatially and temporally varying dust
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scenarios (Table 1). The reference simulation uses the “no-
storm” dust scenario derived and described in H. Wang et al.
(2023b). This scenario is based on the minimum amount of
background dust in the L. Montabone et al. (2015) climatology
for MY24-MY34. Other simulations superpose additional dust
storms over the no-storm dust scenario (Figure 2).

The additional dust storms in Casel _MY32A are from
the Mars Dust Storm Sequence Dataset (MDSSD) for
L, = 205°-225° of MY32 (M. Saidel et al. 2022), which
result in the MY32 “A” storm (D. M. Kass et al. 2016). During
this period, a dust storm episode composed of several dust
storm sequences from different regions occurred (H. Wang
et al. 2023a). The spatial coverage of the episode is shown in
Figure 3(a) using the storm occurrence frequency of each
pixel. Dust storm sequences through the Acidalia—Chryse,
Utopia—Isidis, Arcadia—Amazonis, and Hellas—Valles Mari-
neris corridors are all involved, and their time series for storm
area are shown in Figure 3(c). Dust storm sequences that occur
before L, ~219° merge into a large dust storm sequence
afterward. Figure 2(b) shows the latitude—L, distribution of
dust storm members of the corresponding dust storm
sequences. The dust storm episode progressed from the
northern hemisphere in the first half of the development
history to the southern hemisphere in the second half. Several
relatively large dust storm members occurred near the equator
during L, ~ 215°-218°.

The added dust storms in Case2_MY33C are from the dust
storm episode during L; = 320°-336° of MY33 in the
MDSSD. Two dust storm sequences are observed sequentially
through the Acidalia—Chryse channel (Figure A2), resulting in
the MY33 “C” storm. Relatively large dust storm members
occurred near L, ~ 321° and 328° (Figure Al).

For each dust storm member in Figure 3(b), we assign a
9.3 pum absorption column dust optical depth (scaled to p =
610 Pa) for thin (7 = 0.5), medium (7 = 1), or thick (1 = 2)
storms (MDGMs). The assigned values are within the range
spanned by the L. Montabone et al. (2015) climatology and are
meant to represent dust storm instances (locations and
strengths) based on subjective user inspections of Mars Daily
Global Maps (H. Wang et al. 2023a). These patches of optical
depth increase (see examples in Figure A2) are added to the
“no-storm” reference dust scenario during the L period of the
dust storm episode. The resulting dust scenario is used to drive
the simulation.

Time series of the global mean dust optical depth for each
dust scenario are shown in Figure A3. By design, the curves for
these cases follow the no-storm reference scenario outside dust
storm episodes. A large peak occurs during L, = 205°-225° for
Casel_MY32A and during L, = 320°-336° for Case2_MY33C.

The rest of the simulations in Table 1 are sensitivity runs.
Expl_Acidalia32A and Exp2_Acidalia32C were designed to
test the effect of a single dust storm sequence if it occurred in
different seasons. The dust storms are prescribed using the
Acidalia sequence (red line in Figure 3(c)) and the merged
sequence (purple line in Figure 3(c)) for Casel_MY32A.
Thus, the dust storm members in the Utopia and Arcadia
channels are excluded, and the merged sequence is considered
as an extension of the Acidalia sequence. For simplicity, we
refer to the combination as the “Acidalia sequence.”
Expl_Acidalia32A adds the dust storm members during
L, = 205°-225°; Exp2_Acidalia32C, during L, = 305°-325°.
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Figure 2. Zonal mean 9.3 pm absorption dust optical depth (scaled to 610 Pa) as a function of latitude and L, used in (a) reference, (b) Casel_MY32A, and

(c) Case2_MY33C.

To investigate equatorial waves under commonly used dust
conditions, we conducted runs using the L. Montabone et al.
(2015) dust climatology for MY32 (Climatology32) and MY33
(Climatology33; Figure A3). Although the climatology agrees
with the MDSSD on large regional and global scales (L. Monta-
bone et al. 2015; H. Wang et al. 2023a), the two datasets can differ
significantly on the locations, shapes, and timings of individual
dust storm instances (Figure A2). During the MRO era, the dust
climatology heavily relies on the MCS dust profile retrievals,

which often have difficulty reaching the surface. Furthermore, the
horizontal coverage of MCS is much sparser in comparison with
that of Mars Daily Global Maps. As a consequence, the gridded
dust climatology inevitably has many low reliability values and
may not be accurate in capturing the fine details (L. Montabone
et al. 2015). However, the climatology provides quantitative dust
optical depths and is highly convenient to use.

To further test the effect of spatial dust distribution, we
synthesize a dust scenario (Scaled32) by scaling the reference



THE PLANETARY SCIENCE JOURNAL, 7:1 (23pp), 2026 January Wang, Richardson, & Toigo

o1 0.z 2.3 0.4 0.5
(o) Frequency of Occurrence
(b) , (c)

T T T T T T T T T T T T T 3~D?<1D : T T T 7 T T AL B [ B B 1
g f Acidalia 1
o 2.5E+08km | [ Utopia \I i
. [ | i 1
o 2510 pojjag rlll:ll |
1Y %g ‘gf . . 1
Waho. it o e o)
R o- 2 %0 o o) s} \I'l 1
O Q. L |
¥ Qr------------%"-- | 1
|| -

|
l|| 1
l’ 4
50 - 1
. |
205 225

Figure 3. Dust storm episode observed during MY32 L, = 205°-225°. (a) Latitude-longitude distribution of storm occurrence frequency during the episode.
(b) Latitude—L, distribution of the centroids of dust storm members. Symbol size is proportional to storm area. Symbol color follows the legend in panel (c). (c) Area
(km?) of dust storm sequences as a function of L; during the episode. Color keys indicate the origination regions of dust storm sequences. The purple line
corresponds to the merged dust storm sequence after Ly = 219°. The black line corresponds to the sum of all dust storm sequences.

no-storm dust scenario on each sol so that the global mean dust
optical depth time series matches that of Climatology32. Thus,
even though Climatology32 and Scaled32 have the same global
mean dust each sol, their spatial dust distribution differs, because
the former has embedded dust storms, while the latter does not.

2.3. Wave Analysis

This study focuses on nontidal traveling waves near the
equator during L, = 180°-360°. For each atmospheric variable

of interest, we follow the method in H. Wang et al. (2023b) to
first remove the seasonal cycle at each grid point by subtracting
the 60-sol running mean. Then, we perform a Morlet wavelet
transform (C. Torrence & G. P. Compo 1998; Y. Liu et al. 2007)
to project the signal onto a set of wavelet scales (corresponding
to different wave oscillation periods) at each time step. We filter
out the eddies with wave periods P < 1.7 sols. An inverse
wavelet transform is performed for the relevant wavelet scales to
obtain the corresponding 1D time series. By design, the wave
periods of the filtered eddies are within P = 1.7-60 sols.
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The variable of interest is primarily the geopotential at
p = 100 Pa. This pressure level is about z = 20 km above the
610 Pa reference pressure level. Due to the large topography
range on Mars, surface pressure can vary by 600 Pa or more
near the equator. For example, in the no_storm simulation,
surface pressure at 1°S varies between about 200 Pa and 860 Pa
during L, = 180°-360°. To simplify analysis in this initial
study, p = 100 Pa is used to minimize the need for extrapolating
atmospheric variables below the surface for high topography
regions (e.g., Tharsis) while keeping within roughly a couple of
atmospheric scale heights for low topography regions. The
zonal mean zonal winds near z = 20 km are several meters per
second for the L, periods studied. (Figure A4). However, there
are strong wind shears along both latitude and height directions,
which will likely distort wave properties. Selected results for
other variables and vertical levels are included in supplementary
figures and discussed briefly in Section 3.2.2.

The time series from the wavelet analysis are combined along
each latitude into longitude versus time 2D arrays for subsequent
analysis. The 2D arrays are decomposed into eastward- and
westward-propagating components (e.g., Figure 1) through
forward and inverse 2D fast Fourier transforms (FFTs). This is
achieved by summation of the waves reconstructed from the 2D
Fourier spectral domain for the corresponding propagation
directions.

The spacetime spectrum for each latitude and time step is
obtained from the 2D longitude—time array derived from the
wavelet and FFT analysis using the following procedure. For
each wavelet scale (i.e., wave period equivalent) and propaga-
tion direction, we perform a 1D zonal Fourier transform at each
time step to derive the amplitudes and phases of different zonal
wavenumbers. At each time step, the wave amplitudes are
organized according to wave period (corresponding to wavelet
scale) and zonal wavenumber into a spectrum for each
propagation direction (M. Wheeler & G. N. Kiladis 1999).
The eastward and westward spectra can be combined into a
single spectrum at each time step for visualization.

3. Results

This section first characterizes the distributions, spectra, and
structures of the waves from the reference, Casel_MY32A,
and Case2_MY33C runs (Sections 3.1-3.4) and then investi-
gates the sensitivity of the waves to other dust scenarios
(Section 3.5).

3.1. Li—Longitude Distribution

Figure 4 shows the Lglongitude plot (i.e., Hovmdller
diagram) of eastward- and westward-propagating eddies with
P = 7-30 sols in the geopotential field at p = 100 Pa and 1°S
for the reference, Casel_MY32A, and Case2_MY33C simula-
tions. For easier comparison, solid lines bracket the L periods
of prescribed dust storm episodes, and dashed lines indicate first
occurrence of significant dust storm members near the equator.
For all simulations, Figure 4 indicates that both eastward- and
westward-propagating waves are composed of a variety of zonal
wavenumbers and wave periods. Higher zonal wavenumbers
(shorter wavelengths) correspond to more oscillations along the
longitude dimension, and higher frequencies correspond to more
cycles along the time dimension.

Apparent changes in wave characteristics (e.g., wavelength,
frequency, amplitude) can be seen during the L, periods with
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prescribed dust storms, suggesting that dust storm episodes can
significantly excite/modify waves in the Martian tropics. For
Case2_MY33C, both the eastward and westward waves are
enhanced soon after the initiation of the MY33C dust storm
episode (Figures 4(c) and (f)). This episode developed toward
the equator rapidly (Figure Al), and the wave intensification
occurred soon after the initiation of the episode. For Casel _
MY32A, significant intensification (especially eastward
waves) is seen about 10° of L, after the start of the dust storm
episode (Figure 3). The timing appears to correspond to the
occurrence of near-equatorial dust storm members (around
dashed lines in Figures 4(b) and (e)).

3.2. Spacetime Spectrum
3.2.1. Geopotential at 100 Pa

In Figure 5, we examine the wave frequency (f = 1/P)
versus zonal wavenumber (k) spectrum for equatorial waves
during the prescribed dust storm episodes. Wave amplitudes
for the p = 100 Pa geopotential between 15°S and 15°N are
averaged during L, = 215°-225° for Casel_MY32A and
L, = 325°-335° for Case2_MY33C. These L, periods are
examined owing to the apparent changes in wave character-
istics (Figure 4). Westward- and eastward-propagating waves
are plotted as negative and positive zonal wavenumbers,
respectively. The corresponding spectra for the reference run
are shown in Figures 5(a) and (e) for comparison.

For the reference run, zonal wavenumber k£ = =1
and k = +2 waves are prominent over a broad wave
frequency range. Eastward waves are mostly within
f~0.12-0.56 cycles/sol (P~ 1.7-8 sols), with phase speed
of c~=£29 to +134ms ' for k = £1 and c~=£l15 to
+67ms ! for k = +2; westward waves are mostly within
f~0.05-0.56 cycles/sol (P~ 1.7-20 sols), with ¢ ~+12 to
+134ms~' fork = £1 and ¢ ~ £6 to £67ms™ ' for k = +2.
Many of these wave frequencies were reported in previous
observations (D. Banfield et al. 2004, 2020; J. M. Battalio,
2022; D. P. Hinson & R. J. Wilson 2023). Some zonal
wavenumber k = +4 waves with f~0.16-0.17 cycles/sol
(P~6-7 sols, c~+85ms ! to £10ms™ ') are also dis-
cernible in the reference run. The composition of the wave
spectrum also changes with the season. The strongest wave for
L, = 215°-225° propagates eastward with k = 1, f~0.17
cycles/sol (¢c~41ms™ "), and that for L, = 325°-335°
propagates westward with k& = —1, f~0.16 cycles/sol
(c~—38ms~"). Generally speaking, equatorial waves with
shorter wave periods (P < several sols) are more likely IG, fast
Kelvin, or fast MRG waves, and those with longer wave
periods are more likely Rossby, slow Kelvin, or slow MRG
waves (T. Matsuno 1966; D. P. Hinson & R. J. Wilson 2023;
H. Wang et al. 2024).

The time and zonal mean zonal winds show significant
vertical and meridional shear in the tropics (Figure A4).
Consequently, traveling waves with different phase speeds will
encounter their critical levels (where wave phase speeds equal
background wind speeds) at different heights and latitudes. For
instance,ac = —15m s~ wave will encounter its critical level
around z ~ 20 km at 10°S and around z ~ 35 km at 10°N.

General intensification of eastward and westward k = 1 to
k = £5 waves is seen during both prescribed dust storm
episodes (Figure 5). The amplification is present across a wide
frequency range and is quite noticeable for low-frequency
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—225° (b) Casel_MY32A L, = 215°-225° (e) reference run Ly, = 325°-335°, and (f) Case2_MY33C L, = 325°-335°. Positive (negative) zonal wavenumbers
correspond to eastward-propagating (westward-propagating) waves. Each spectrum is averaged between 15°S and 15°N during the corresponding L, period.
Differences between the second and first column (from left) are shown in panels (c) and (g), respectively.

(f<0.1 cycles/sol), long-period (P> 10 sols) waves. For
Casel_MY32A, these are primarily eastward k = 1 and
westward k = —1 waves. For Case2_MY33C, these are
primarily eastward k = 1 and westward k = —2 waves. A
wider range of waves are active in Figure 5(b) than in
Figure 5(f), suggesting more complex behavior for eddy
geopotential at 100 Pa during the modeled presolstice episode.
Sometimes, waves of the same frequency but opposite
propagation directions show comparable amplitudes (e.g.,
k = £1, f~0.16 cycle/sol waves in Figure 5(b)), which
suggests a standing wave possibly resulting from a dominant
dust storm member in a longitudinal sector. Although
intensification dominates, there are exceptions. For example,
the k = —1, f~0.31 cycle/sol waves and k = -2, f~0.17
cycle/sol waves weaken significantly during L, = 325°-335°
for Case2_33C as compared to the reference run (Figure 5(g)).
Thus, technically, both strengthening and weakening occurred
depending on which waves; however, the overall trend is
strengthening of a wide variety of tropical waves.

Besides the waves in the reference run, some new spectral
peaks occur. Examples for Ly = 215°-225° of Casel_MY32A
include f~ 0.27 cycles/sol (P ~ 3.7 sols, ¢ ~ —65 msfl) for
k= —1,f~ 0.15 cycles/sol (P ~ 6.7 sols, ¢ ~ —12ms™") for
k= —3,and f~ 0.31 cycles/sol (P ~ 3.2 sols, ¢ ~ 37m s_l) for
k 2, among others (Figures 5(b) and (c)). During
L, = 325°-335° of Case2_MY33C, the strong k = +1 peaks
for f< 0.2 cycles/sol occur at slightly lower frequency than
those in the reference simulation, and additional peaks occur at
f ~ 0.22 cycles/sol (P ~ 4.5 sols) for k = 1 and f ~ 0.055

cycles/sol (P ~ 18 sols) for k = —2. Thus, it appears that
changes in wave spectra depend on both the detail of dust
storm forcing and time of year.

3.2.2. Wave Spectrum Variations

To check for interannual consistency, we repeat the spectral
analysis described above, on the 100 Pa geopotential for other
simulation years of the reference run and Casel_MY32A. Results
for three randomly selected pairs of years are shown in Figure AS.
In comparison with Figures 5(a) and (b), the details of the relative
wave amplitudes vary slightly among the years. However, the
general pattern of tropical wave amplification in association with
the prescribed dust storm episode remains apparent.

As waves have 3D structures and different waves could be
filtered by background winds at different heights (D. P. Hinson
& R.J. Wilson 2023; H. Wang et al. 2024), the wave spectrum
is expected to vary vertically. We derived the wave spectra for
geopotential at the p = 50 Pa (z ~ 30 km altitude) pressure
level and the 7 = 0.383 (& ~ 10 km high above the surface) and
n = 0.767 (h ~ 3 km) vertical model levels using the same
output as those for Figures 5(a) and (b) (Figure A6). For
p = 50 Pa, waves within a wide frequency range are amplified.
This is generally consistent with the result for p = 100 Pa,
though the details show some variations. For example, instead
of strengthening, the k = 1, f ~ 0.17 wave weakens with
respect to the reference at p = 50 Pa. However, for both n
levels that are within 2 ~ 10 km of the surface, geopotential
wave amplitudes are roughly comparable between the
reference run and Casel _MY32A for f > 0.1 cycles/sol.



THE PLANETARY SCIENCE JOURNAL, 7:1 (23pp), 2026 January

Those waves probably are vertically confined in the reference
run and can propagate to higher altitudes during the dust storm
episode. Nonetheless, amplification with respect to the
reference is clearly seen for f < 0.1 cycle/sol waves for both
7 levels, which could suggest that these tropical low-frequency
long waves are excited near the surface by dust storms and
propagate to high altitudes.

Wave amplitudes also depend on variables of interest; we
thus examined the wave spectra of zonal wind («) at 100 Pa,
meridional wind (v) at 100 Pa, zonal wind at = 0.383 model
level, and surface friction velocity (U*) in Figure 6. The
spectra are derived using the same output dataset as those for
Figures 5(a) and (b). In comparison with the reference, all the
variables exhibit a general tendency for wave amplification,
but the patterns differ. In comparison with the geopotential at
100 Pa, the spectra for « and v at 100 Pa appear to emphasize
the amplification for f = 0.1-0.3 cycle/sol waves more, with v
(u) preferentially for westward-propagating (eastward-propa-
gating) waves in this case (Figures 6(a)-(d)). However, due to
the complexity in the vertical dimension, the preference for a
particular direction is nonuniform, as u at n = 0.383 has
stronger westward wave amplification instead (Figures 6(e)
and (f)). For f < 0.1 cycle/sol waves, u at 100 Pa significantly
strengthens, but not so much for v at 100 Pa (Figures 6(a)—(d)).
This could be partially related to wave structures. For example,
Kelvin waves and some Rossby waves have strong u
perturbation but zero v perturbation along the equator. For
surface friction velocity (U*), which is directly relevant to
wind stress dust lifting (C. E. Newman & M. 1. Richardson
2015), the wave spectra spread over a larger domain in the
frequency versus zonal wavenumber space (Figures 6(g) and
(h)), and the f < 0.1 cycle/sol long waves are noticeably
enhanced among others for Casel _MY32A.

3.3. Wave Period-Time Distribution

To investigate how wave spectra evolve with time during
the dust storm season, we average the spacetime spectral
amplitude of the p = 100 Pa geopotential between 15°S and
I5°N at each time step. Figure 7 shows the result for
Casel_MY32A as a function of wave period and L for
eastward- and westward-propagating waves with zonal
wavenumbers k = £1 to 4. The corresponding result for
the reference run is shown in Figure A7.

Consistent with Figures 4(b) and (e), the waves in Figure 7
appear generally stronger in Casel_MY32A than in the
reference run during L, = 215°-230°. The intensified waves
span a wide range of wave periods. The details differ among
zonal wavenumbers and propagation directions, but all show
significant changes during the L, period when near-equator
dust storms perturb the atmosphere. Consistent with the results
in Figures 5(a) and (b), the intensification of relatively long
period (P > 5 sols) waves is particularly noticeable in
Figure 7, though some with shorter wave periods are also
enhanced with respect to the reference. The dust storm episode
appears to have excited a broad spectrum of equatorial waves
when and after it crossed the equator from the northern to the
southern hemisphere.

3.4. Longitude—Latitude Structure

The classical equatorial wave theory (T. Matsuno 1966)
predicts different families of waves (e.g., Kelvin, equatorial
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Rossby, MRG, and IG) with characteristic dispersion relation-
ships and longitude-latitude structures. As shown in
Sections 3.1-3.3, a wide variety of waves are strengthened
in the equatorial region during the prescribed dust storm
episodes. These waves interfere with each other and change
amplitudes with time. Consequently, the longitude—latitude
snapshots of the total eddy field are complex and time
dependent.

Figure 8 shows the horizontal structures of the p = 100 Pa
eddy geopotential at a moment when strong waves are seen in
Figures 4(b) and (e) (L, ~ 223°). Eastward- and westward-
propagating components are shown separately along with their
first three zonal wavenumbers. Each panel includes contribu-
tions from P = 1.7-60 sol waves. Thus, the structure shown is
not for any single wave. However, at times, the eddy field can
be dominated by one.

The eastward k = 1 panel (Figure 8(c)) shows a peak
geopotential amplitude near the equator and decays toward
higher latitudes with a half-width of about 12° latitude. When
decomposed into a symmetric component and an antisym-
metric component with respect to the equator, the meridional
wind associated with the symmetric geopotential is negligible
near the equator, which is reminiscent of a Kelvin wave, while
the meridional wind associated with the antisymmetric
geopotential is significant across the equator, which is
suggestive of an IG wave. The westward k = —1 panel
(Figure 8(d)) shows a minimal geopotential amplitude along
the equator and two off-equator maxima near 15°N/S. A
similar structure is shown by the westward k = —2 panel
(Figure 8(f)). This type of structure could be that of an
equatorial Rossby wave with a meridional wave mode number
n = 1 (T. Matsuno, 1966). The eastward k = 2 and k = 3
panels suggest off-equator maxima in geopotential with
significant antisymmetry about the equator (Figures 8(e) and
(g))- This type of structure could be an (n = 0) MRG or an IG
wave (T. Matsuno, 1966).

The wave structures in Figure 8 are not strictly symmetric or
antisymmetric about the equator and often tilt with latitude,
which deviates from the theoretical solutions of T. Matsuno
(1966). As each panel contains multiple waves possibly
characterized by different meridional modes with different
phase speeds, other waves could interfere with the dominant
wave, leading to an altered horizontal wave pattern. Addition-
ally, background winds strongly influence wave structures and
propagations (G.-Y. Yang et al. 2003; P. J. Webster 2020). The
model winds show substantial meridional and vertical shear
(Figure A4), which is much more complex than the idealized
theoretical assumption of zero wind. This will also lead to
modifications in wave structure. Despite the complications,
Figure 8 suggests some essential characteristics of various
types of equatorial waves when dust storms perturb the
tropical atmosphere.

3.5. Sensitivity Tests

Expl_Acidalia32A and Exp2_Acidalia32C are both forced
by the imposition of the Acidalia sequence of dust storm
evolution (Section 2.2) but during different L, periods. We
construct their Hovmoller diagrams for eastward- and west-
ward-propagating eddies in the p = 100 Pa geopotential field
at 1°S (Figure A8). For both experiments, comparisons with
the reference show that apparent changes in wave properties
occur about 10° of L, after the start of Acidalia sequence. The
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Figure 7. Wave amplitude of p = 100 Pa geopotential (m* s~2) averaged between 15°S and 15°N as a function of wave period (sol) and L, for Casel_MY32A.
Panels from top to bottom are for zonal wavenumbers k = £1 to k = 4. Left and right columns are for eastward- and westward-propagating waves, respectively.

timing coincides with the occurrence of near-equatorial dust
storm members. This is consistent with the indication from
Figure 4 that significant perturbations to the equatorial
atmosphere and excitation of waves occur once the dust storm
sequence crosses the equator (after the dashed lines).

Figure 9 shows the Hovmoller diagrams for eastward- and
westward-propagating P = 7-30 sol eddies in the p = 100 Pa
geopotential field at 1°S for the Climatology32, Scaled32, and
Climatology33 runs. Despite the same global mean dust
optical depth on each sol, Climatology32 and Scaled32 have
very different equatorial waves. In comparison, Climatology32
and Climatology33 differ in both global mean dust (Figure A3)
and dust storm episodes (H. Wang et al. 2023a). Yet the waves
in Climatology32 have more similarity to those in Climatol-
ogy33 than those in Scaled32. This suggests that perturbations
associated with dust storm members strongly influence the
behaviors of equatorial waves.

A closer inspection of Figure 9 shows that the details of
equatorial waves differ between Climatology32 and Climatol-
ogy33. For instance, near L, = 330°, relatively fast-moving
eastward waves (as suggested by shallower slopes with respect
to the horizontal axis) are noticeable in Climatology32, but
they appear to have dissipated earlier in Climatology33. For
L, = 180°-210°, in comparison with Scaled32, the eastward
k = 1 wave for Climatology33 appears to be enhanced earlier
than that for Climatology32; however, the westward waves for
Climatology32 exhibit significant enhancement throughout
L, = 180°-210°, while those for Climatology33 show much
less or no obvious enhancement. The discrepancies suggest
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that equatorial waves are sensitive to how different dust storm
episodes perturb the Martian atmosphere.

For Scaled32, apparent changes in the amplitudes and
propagation speeds of equatorial waves are seen during
L, = 210°-240° (Figures 9(b) and (e)), which corresponds to
a period of rapidly increasing global mean dust optical depth
(Figure A3). Although there are slight variations in the spatial
distributions of background dust from sol to sol owing to how
the no_storm dust scenario was constructed (H. Wang et al.
2023b), there are no imposed dust storm instances. During
L, = 215°-225° when Figure 9 shows highly regular traveling
waves for Scaled32, the spacetime spectrum for 15°S—15°N is
dominated by an eastward-propagating k = 1 wave with P ~ 9
sols (¢ ~ 26ms™ "), with the wave structure suggesting a
combination of Kevin and IG waves. The increasingly dustier
atmosphere is associated with significant changes in back-
ground winds upon which waves propagate and dissipate.
Thus, besides direct perturbations from dust storm episodes,
apparent changes in equatorial waves can also occur when the
global background dust opacity varies.

4. Summary

The tropical atmospheric circulation plays an essential role
in the Martian water and dust cycles. Besides thermal tides,
various types of equatorial waves have been derived from
observations and are suggested to play significant roles in
atmospheric variability. For the southern spring and summer
dust storm season, tropical long waves may influence
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teleconnection patterns and therefore have implications about
the growth mechanism of dust storms (e.g., L. Montabone
et al. 2008; O. Martinez-Alvarado et al. 2009; T. A. Mooring
& R. J. Wilson 2015). Using the MarsWRF GCM, this paper
investigates the responses of equatorial waves to perturbations
associated with various dust scenarios inspired by observed
dust storm episodes.

Several simulations are conducted. Each is driven by a
prescribed dust scenario. When prescribed dust storm
members cross the equator, noticeable changes are seen in
the spacetime spectra of equatorial waves. The changes appear
to depend on the timing and distribution of dust storm
members, as well as on the time of year when a dust storm
episode occurs. The details of spectral change vary in the
vertical dimension and depend on the variables of interest;
however, the amplification of a wide range of waves is seen in
general. It appears that the waves may yield information on
how dust storm episodes develop as they perturb the tropical
Martian atmosphere through different trajectories and in
different seasons.

Many waves are strengthened in the perturbed tropical
atmosphere, especially waves with low frequency and long
wavelength. These waves may spread perturbations due to dust
storms around the topics in tens of days, consistent with
occurrence of subsequent dust lifting center onset in observed
global dust storms (e.g., M. J. Strausberg et al. 2005). The
derived wave structures suggest some characteristic features of
various types of equatorial waves, such as Kelvin wave,
equatorial Rossby wave, IG wave, and MRG wave.
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Sensitivity tests show that significant changes in equatorial
waves can also occur when the background dust optical depth
varies without any prescribed dust storm episode. This is
probably related to changes in simulated winds that affect the
structure and propagation of equatorial waves (P. J. Webster
2020). Thus, a dust storm could be a sufficient but not
necessary condition for changes in equatorial waves.

This study recognizes a complex relationship among
equatorial waves, background dust, and dust storm episodes
in the Martian atmosphere. Future work will systematically
study their connections. Equatorial waves provide a mech-
anism for tropical atmospheric variability on timescales of
days to tens of days, and for disturbances in one part of the
tropics to influence other locations around the globe. Better
understanding of these waves is valuable for advancing the
understanding of the Martian atmosphere.
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Appendix
Supplementary Figures

This Appendix contains supplementary Figures A1-A8 and
their captions.
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occurrence frequency during the L interval. (b) Latitude—L; distribution of the centroids of dust storm members. Symbol sizes are proportional to storm areas.
Symbol colors have the same meanings as those in panel (c). (c) Area (km?) as a function of L, during the episode. Color keys indicate the origination regions of dust
storm sequences. The black line corresponds to the sum of all dust storm sequences.
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Figure A2. Latitude-longitude distribution of 9.3 pm absorption dust optical depth (scaled to 610 Pa) at (a, d) L, = 208°, (b, €) L, = 215°, and (c, f) L, = 220°
prescribed for (a—c) Casel _MY32A and (d—f) Climatology32. For panels (a)—(c), the background dust is from the “no_storm” dust scenario. The imposed dust storm
members are from the dust storm episode during L, = 205°—225° of MY32 in MDSSD. For panels (d)—(f), the MY32 climatology of L. Montabone et al. (2015) is
plotted.
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Figure A3. Globally averaged dust optical depth CDODG610 (as defined in L. Montabone et al. 2015) as a function of L; for reference (black), Casel_MY32A (red),
Case2_MY33C (blue), MY32 climatology (magenta), and MY33 climatology (green), as listed in Table 1 of the main text.
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Figure A4. Altitude (Z, km) vs. latitude (degree) cross sections of zonal mean zonal wind (m s7hH averaged within (a, b) Ly = 215°-225° and (c, d) L, = 325°-335°
for the (a, c) reference, (b) Casel_AcidaliaA, and (d) Case2_AcidaliaC simulations.
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Figure A5. Wave amplitude for p = 100 Pa geopotential (m~ s™ ) as a function of wave frequency (cycles/sol) and zonal wavenumber for the reference run (left
column) and Casel_MY32A run (right column) for (a, b) Year a, (c, d) Year b, and (e, f) Year c. Positive (negative) zonal wavenumbers correspond to eastward-
propagating (westward-propagating) waves. Each spectrum is averaged between 15°S and 15°N during L, = 215°-225°. Results are for comparison with
Figures 5(a) and (b).
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Figure A6. Geopotential wave amplitude (m* s~2) as a function of wave frequency (cycles /sol) and zonal wavenumber for the reference run (left column) and
Casel_MY32A run (right column) for (a, b) p = 50 Pa (Z ~ 30 km), (c, d) n = 0.383 (h ~ 10 km), and (e, f) n = 0.767 (h ~ 3 km). Note the differences in color bar
scales. Positive (negative) zonal wavenumbers correspond to eastward-propagating (westward-propagating) waves. Each spectrum is averaged between 15°S and
15°N during L, = 215°-225° of the same year as Figure 5.
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Figure A7. Wave amplitude of p = 100 Pa geopotential (m” s~ 2) averaged between 15°S and 15°N as a function of wave period (sol) and L, for the reference run.
Left and right columns are for eastward- and westward-propagating waves, respectively. Panels from top to bottom are for zonal wavenumber from 1 to 4,

respectively.
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Figure A8. Llongitude plot of eastward- (top row) and westward-propagating (bottom row) waves with wave periods of P = 7-30 sols in the p = 100 Pa
geopotential (m2 s’z) field at 1°S for the reference (left), Expl_Acidalia32A (middle), and Exp2_Acidalia32C (right) runs. Solid lines bracket the L, period when
dust storms are superposed. Dashed lines correspond to occurrence of dust storm members near the equator.
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