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Abstract We document the propagation of annular modes—zonally symmetric patterns of variability—in
Mars's atmosphere using a reanalysis dataset. Mars's Northern Annular Mode (MNAM) sees anomalies of
zonal-mean zonal wind emerge near the subtropics and migrate poleward with a period of ~150 days, similarly
to Earth's Southern Annular Mode. The mechanism of propagation involves the interaction of the two leading
empirical orthogonal functions that define the MNAM. Moreover, the propagation encourages alternating bands
of surface wind stress to migrate polewards with a 150-day period. In addition, a 150-day periodicity in
anomalous column dust optical depth most likely emerges in response to extrema of the MNAM. The
combination of the impact of the MNAM's internally forced periodicity on the surface wind stress and the
seasonal cycle may contribute to the inter-annual variability of global dust events, as suggested by a Monte
Carlo estimate that correctly approximates the observed incidence of global dust events.

Plain Language Summary Some of the largest sources of climate variability for Earth and Mars are
annular modes. These phenomena represent shifts of the jet stream north and south in time, and are related to
atmospheric eddies, clouds, and/or dust (depending on the planet). Earth's Southern Hemisphere annular mode
migrates with time from lower latitudes toward the pole every 150 days, and this timing has previously been
shown to be related to precipitation patterns. Remarkably, we find that Mars's Northern Hemisphere annular
mode similarly migrates poleward with a 150 Mars-day period. The mechanism controlling this timing stems
from different types of patterns of variability interacting with themselves and one another, which can be
predicted using a pair of simple prognostic equations. Mars's annular mode relates to surface wind stress that
contributes to dust lifting and the amount of dust in the atmosphere, which both exhibit the same ~150 Mars-day
periodicity. This period, which is not related to the seasonal cycle, may contribute to the large differences in the
timing of global dust events in different Mars years.

1. Introduction

Annular modes define the largest known source of hemisphere-scale variability at seasonal to sub-seasonal
timescales in the midlatitudes of Earth (Kidson, 1988; Lorenz & Hartmann, 2001; D. W. Thompson & Wal-
lace, 2000) and Mars (Battalio & Lora, 2021). Earth has Northern (NAM) and Southern Annular Modes (SAM)
that describe meridional fluctuations of each hemisphere's zonal-mean jet stream. The NAM/SAM are generally
quantified as the leading empirical orthogonal function (EOF1) from daily anomalies of the zonal-mean zonal
wind (Hannachi et al., 2007; Hartmann & Lo, 1998; D. W. J. Thompson & Barnes, 2014; D. W. Thompson &
Wallace, 2000). The state of the NAM/SAM impacts the weather and climate regimes, including atmospheric
composition, clouds, precipitation, and temperatures (Butler et al., 2007; Doddridge & Marshall, 2017; Eabry
et al., 2024; Hell et al., 2021; Marshall et al., 2017, 2018). The second leading EOF (EOF2) of zonal-mean zonal
wind anomalies is implicated in the propagation of the jet and its associated climate impacts poleward (Lubis &
Hassanzadeh, 2023).

Poleward propagation of jet winds on Earth has been observed in both hemispheres (S. S. Feldstein & Lee, 1998;
Son & Lee, 2006; Sheshadri & Plumb, 2017), and the propagation of the observed annular mode has recently been
demonstrated (Lubis & Hassanzadeh, 2021, 2023). Propagation of the annular mode results from the feedback of
anomalous transient eddy momentum fluxes generated by EOF1 onto the zonal-mean wind associated with EOF2
and eddy momentum fluxes generated by EOF2 onto the zonal-mean wind associated with EOF1. Because the
EOFs have centers of action offset in latitude from one another, the feedback of the modes forces a drift of their

BATTALIO ET AL.

1 of 11


https://orcid.org/0000-0003-3943-5194
https://orcid.org/0000-0001-9925-1050
https://orcid.org/0000-0001-6615-9880
https://orcid.org/0000-0001-9425-8085
mailto:michael@battalio.com
https://doi.org/10.1029/2024GL112814
https://doi.org/10.1029/2024GL112814
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024GL112814&domain=pdf&date_stamp=2025-03-18

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL112814

Writing — review & editing:
J. Michael Battalio, Juan M. Lora, Sandro
W. Lubis, Pedram Hassanzadeh

spatial structures toward the pole. Over many days, the structure of EOF1 comes to resemble EOF2, and vice
versa, so that the propagation repeats with an internally set period (S. S. Feldstein & Lee, 1998; Son & Lee, 2006;
Sheshadri & Plumb, 2017). On Earth, propagation is observed in the spectrum of the first principal component
with a ~150 day period, which is predictable with a reduced-order model (Lubis & Hassanzadeh, 2021, 2023).

Mars's NAM (MNAM) shares many similarities with Earth's SAM, with a dipole structure signaling the equa-
torward or poleward phases of the mode (D. W. J. Thompson & Barnes, 2014; Battalio & Lora, 2021). The
MNAM explains upwards of 50% of the variance in the zonal wind, with an associated principal component time
series that follows red noise (Battalio et al., 2025), like the SAM (S. B. Feldstein, 2000; Lorenz & Hart-
mann, 2001; Ma et al., 2017). A natural question, addressed here, is whether the MNAM also propagates
poleward. In addition to advancing understanding of Mars's atmospheric dynamics, characterizing annular mode
propagation could have important implications for the timing of Mars's dust storms. Generally, the timing of
regional dust events is confined within seasonal windows, but the size and progression of dust events experiences
considerable year-to-year modulation (Battalio & Wang, 2021; Kass et al., 2016; Montabone, Spiga, et al., 2020).
The most prominent variability is the irregular development of global dust events (Battalio et al., 2023; Wang
et al., 2023; Wolkenberg et al., 2020) that can occur more than once a year or only once in several Mars years.
Multiple theories have been advanced to account for this variability, including orbit-spin coupling (Shirley, 2015;
Shirley et al., 2020) or redistribution of dust sources (Kahre et al., 2005; Newman & Richardson, 2015), but the
processes underlying the irregular return interval remain unclear. The state of the annular modes has been linked
to the occurrence of dust storms (Battalio & Lora, 2021), which suggests the possibility of annular modes for their
variability.

2. Methods

We investigate annular mode propagation on Mars using the Open access to Mars Assimilated Remote Soundings
(OpenMARS v1.0) (Holmes et al., 2020) reanalysis for Mars Years (MY) 29-35. We generate a yearly clima-
tology of daily winds to define the anomalies (see Text S1 in Supporting Information S1) to investigate annular
modes. We also investigate the effect of annular mode propagation on column dust optical depth (CDOD) at 9.3
um (scaled to a surface pressure of 610 Pa) (Montabone et al., 2015; Montabone, Spiga, et al., 2020). We use the
spatially interpolated and kriged daily CDOD maps to generate climatological anomalies from MY 29-35 for
comparison to the annular modes.

An important distinction in our methodology from the quantification of annular mode dynamics for Earth stems
from the intermittent global and regional dust events that impact the atmospheric dynamics and global circulation
(Battalio et al., 2023; Battalio & Wang, 2021; Montabone et al., 2015; Montabone, Spiga, et al., 2020; Wang
et al., 2023). This variability complicates the analysis of internal mode propagation. We calculate the EOFs only
for periods without a global dust event on Mars; that is, ignoring MY 28 entirely and L, = 180-360° of MY 34.
We exclude the global event years because only two events would impart spectral power at half the length of the
reanalysis length. Including spectral power at 0.25 yr~! in only eight Mars years of OpenMARS would be
artificial, given the variability of global dust events in the observed record (Shirley et al., 2020). In addition, we
compare the calculation of EOFs between the full years and on the fall to winter seasons only for both hemi-
spheres (L; = 350-190° for the southern hemisphere and L; = 170-10° for the northern hemisphere).

We follow the methods of Simpson et al. (2013) and Lubis and Hassanzadeh (2021); Lubis and Hassanza-
deh (2023) to define the EOFs of the zonal wind, the forcing of the EOFs by the eddies, and the zonal indices of
EOFs and forcing. The EOFs are first calculated in each hemisphere on data linearly interpolated to 1° latitudinal
resolution between 25° and 85° N/S and 550-50 Pa. The interpolation does not statistically impact the native EOF
calculations. Extending the domain closer to the equator does not appreciably change the EOF structures in the
midlatitudes and polar region, nor does changing the height alter the EOFs (Battalio & Lora, 2021). EOFs are
calculated from the climatologically anomalous (*), zonal-mean ([-]), vertically averaged ({ - )) zonal winds {[u])
weighted by the square root of the cosine of latitude (Chung & Nigam, 1999) and the square root of the mass of
atmosphere represented in each pressure level. The zonal indices (z; and z,) corresponding to the first two leading
EOFs of ([u]) (EOF1 and EOF2) are generated by projecting the EOFs back onto {[#]). The time series of the
eddy forcing (m; and m,) are found by projecting EOF1 and EOF2 onto the vertically averaged, zonal-mean
anomalies of eddy momentum flux convergence ([f]) (Lorenz & Hartmann, 2001; Lubis & Hassanza-
deh, 2021, 2023; Simpson et al., 2013):
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Zj(t) = M (1)

= ,
A /ej We;

where j = 1,2, ¢; is the jth EOF, ejT is its transpose, and W is the diagonal matrix with elements of cos ¢ along the

diagonal. ([F]) is calculated in spherical coordinates:

1 o(u*v* cos’¢)

IFD0) = (FD4) = =g T

3)

where starred variables indicate deviations from the zonal mean, ¢ is latitude, and a = 3,390 km is Mars's radius.
Correlation maps showing the lead-lag behavior of winds are generated from the vertical average from 550 to
50 Pa to remain above the highest topography in the southern hemisphere and within Mars's troposphere. Cor-
relation significance is assessed with the Bartlett test (Lubis & Hassanzadeh, 2023).

Annular mode propagation is an internal process to the eddy-driven jet (Lu et al., 2024; Lubis & Hassanza-
deh, 2021, 2023), so any external forcing would obscure its diagnosis. On Mars, the short radiative timescale and
smaller planetary radius contribute to large swings in the ascending and descending branches of the Hadley
circulation (Barnes et al., 2017; Guendelman & Kaspi, 2022; Williams et al., 2024). The variation of the general
circulation changes the location of the subtropical, angular momentum-conserving jet (Read et al., 2015), which
externally imparts propagation on ([u]) at seasonal timescales. We repeat the calculation of EOFs after this effect
is removed by subtracting the seasonal cycle of the edge of the Hadley circulation. To remove the seasonal cycle,
we calculate the location of the climatological maximum in the westerly jet stream separately for each hemisphere
(solid line Figure Sla in Supporting Information S1) and shift the location of the zonal winds in latitude so that
every timestep has the maximum jet at the same latitude (Figure 1b in Supporting Information S1). We refer to
EOFs calculated on this as “jet-shifted,” and we also use this to coordinate shift all variables in latitude. The
cosine of latitude weightings are applied before the coordinate-shift, but applying them after the coordinate shift
does not appreciably change the conclusions.

3. Results

The MNAM and MSAM are as robust in OpenMARS (Figure 1) as they are in earlier reanalyzes (Battalio &
Lora, 2021). In both hemispheres, EOF1 of zonal-mean zonal wind is dipolar and explains over 50% of the
variance; EOF2 is tripolar and explains 20-25% of the variance. The EOFs calculated from the fall-winter
seasons (Figures la, 1b, 1d, le, 1g and 1h shading) are nearly identical to the EOFs calculated from the whole
year (Figures 1a, 1b, 1d, le, 1g, and 1h contours). The edges of the centers of action are shifted somewhat toward
the equator compared to the whole-year EOFs, especially for the jet-shifted cases (Figures 1d, le, 1g, and 1h
contours). For example, the jet-shifted EOF1 has a third, positive pole of action along —30° relative latitude for
the fall-winter year (Figure 1d shading), while the negative pole for the whole-year EOF1 extends beyond —30°
relative latitude (Figure 1d contours). Regardless, the location of the centers of the poles of action and their
vertical structures match. The jet-shifted MNAM is similar in structure to the native-latitude MNAM, with poles
at £15° relative latitude (Figure 1d). Both the latitude-native and jet-shifted EOF1 are similar, meaning that the
seasonal cycle does not overly influence the jet shifts. The northernmost MNAM EOF?2 has a stronger center of
action in the jet-shifted coordinate, which signifies that the seasonal cycle masks the northern sharpening of the jet
that EOF2 is generally interpreted to represent. However, the eigenvalues of the jet-shifted EOF1 and EOF2
(quantified in Figure 1 as the percentage of variance explained) have values closer together versus the native
latitude versions. The jet-shifted EOF2 captures greater than half the variance (26.9 + 2.1%) that EOF1 does
(48.7 = 2.6%), whereas the latitude-native EOF2 captures barely a third (19.8 + 1.0%) of the variance that EOF1
does (56.4 + 3.5%) The centers of action for the MSAM are shifted equatorward compared to the MNAM, and
the negative pole of the MSAM is substantially stronger than its positive pole. The jet-shifted MSAM is nearly
identical to its native-latitude counterpart. The main difference between the jet-shifted and native-latitude MSAM
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Figure 1. Mars's annular modes as represented in the OpenMARS reanalysis for Mars Years 29-35. Panels a,b,c show Mars's Northern Annular Mode, panels d,e,f show
the jet-shifted Northern Annular Mode, and panels g,h,i show the jet-shifted Southern Annular Mode. The left column (panels a, d, g) shows the projection of the
climatological anomalous zonal-mean zonal wind back onto EOF1 and the middle column (panels b, e, h) shows the projection onto EOF2. Shading for the left and

middle columns indicates projections for each hemisphere's fall-winter, and contours indicate projections for the whole year (contours every 0.25 m s~!). The percent
variance explained by each mode with the 95% confidence interval as calculated from the EOF's eigenvalue is shown in each panel. The right column (panels c, f, i) shows
the one-point lag-correlation map of the vertically averaged climatologically anomalous zonal-mean zonal wind (shading) and the reconstruction from its projection onto
the first two leading EOFs of the climatological anomalous zonal-mean zonal wind (contours every 0.1) with a base latitude of 28°. Only correlations for each hemisphere's
fall-winter are shown. Negative relative latitude indicates toward the equator. Light gray shading in panels g,h indicates topography.

versus MNAM is that the jet-shifted eigenvalues for the Southern Hemisphere move further apart (EOF1:
52.7 + 5.6% and EOF2: 24.8 + 2.4%) versus the native latitude (EOF1: 51.1 + 5.1% and EOF2: 25.7 + 2.3%)
rather than closer together, as in the Northern Hemisphere.

3.1. Evidence of Periodic and Propagating Behavior of Mars's Annular Modes

The northern ([u]) has a clear propagating component as demonstrated in a one-point correlation plot (Figure Ic,
shading). The plot is generated by correlating the anomalous ([#%]) timeseries at 28°N to all other latitudes for all
lags between £120 sol during each hemisphere's fall to winter seasons. The correlation point of 28°N is selected
to coincide with the negative pole of EOF2. While there is a clear poleward propagation of ([#]) beginning around
35°N at —75 Mars days (sol), the rate of propagation quickens at positive lag values, with the negative pole
reaching 65°N at +40 sol. At lags larger than £75 sol, the MNAM EOF1 and EOF2 reconstruction has opposite
correlation to the full field (Figure 1c, contours). On the other hand, the propagation of the jet-shifted ([u])
continues at a nearly constant rate from nearly —75 sol at —30° relative latitude to 475 sol 4+30° relative latitude
(Figure 1f, shading). The two-EOF reconstruction better matches the full field at all lags (Figure 1f, contours),
indicating that EOF1 and EOF?2 are sufficient to capture the propagation of the mode through its full cycle in the
jet-shifted latitude coordinate. This demonstrates the importance of the jet shift in describing the propagation.

Conversely, the southern ([u]) lacks any clear propagation in the native latitude (not shown) or in the jet-shifted
coordinate (Figure 1i, shading). The negative pole of correlation has a band that remains within +10° relative
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8 coherently.
6
4 We quantify the oscillating nature of the MNAM by calculating the power
21y ) spectra of the leading principal component, the zonal index (z;) . Of the four
0770 190 100 70 50 40 30 spectra calculated for the MNAM and MSAM at native and jet-shifted lati-
Period (sols) tudes, only the jet-shifted z; has any power significantly surpassing red noise
Figure 2. Power spectrum of Mars's annular modes in the Northern (a) and atany perlodlclterlz(znger thfm 30 sol (Figure 2.a, gray line). .The Jet_Shlft.ed 4
Southern (b) Hemispheres. Solid dark red lines indicate normalized power has a peak at 14677, sol, with the error bars given as the width of the binned
spectra of the native z; zonal index for each mode. Solid dark blue lines power spectrum. The native-latitude z; similarly has a peak across 146—-195

indicate power spectra calculated from the jet-shifted z; zonal index. Shading g0l but this falls within the 95% confidence envelope of red noise. The

indicates the 95% confidence intervals of the power spectra. Light red and blue
solid lines indicate the associated red-noise power spectra, with the light red and
blue dotted lines indicating the corresponding red-noise 95% confidence

MSAM spectrum has no peak at ~150 sol, instead favoring ~330 sol, which
corresponds approximately to half a seasonal cycle, again suggesting

intervals. The vertical gray line in panel (a) indicates the only periodicity contamination of the time series by the seasonal cycle or lingering influence

significantly above red noise, corresponding to the jet-shifted MNAM at ~146  of sporadic large-scale dust events.
sol. The width of the light gray bar shows the width of the spectral band.

Evidence of MNAM propagation is also found in the cross correlation of z;

and z,. By construction, the principal components are uncorrelated at lag 0,

but they are significantly correlated at other lags (Figure 3a), maximizing at
+20 and again at 460 sol at a magnitude of approximately 0.1 and minimizing between —25 and —60 sol at
approximately —0.1. This means that after about 20 sol, the EOF2 pattern propagates toward the pole to resemble
EOF1, and EOF1 propagates poleward to resemble EOF2. This timescale is somewhat longer than the equivalent
shift for Earth of about 7 days despite the periodicity of the oscillation for both Earth and Mars being around
150 days.

Significant positive cross correlations of z;m; for j = 1,2 indicate feedback of the anomalous mean flow rep-
resented by EOFj on to the eddy momentum fluxes of transient eddies represented by n1;, which then reinforce z;.
The forcing of individual modes (EOF1 or EOF2) on Earth occurs due to positive cross correlations between the
zonal wind and eddy momentum flux convergence (z;m; or z,m,) just before lag 0, and this also occurs for the
MNAM at a lag of —2 sol (Figures 3b and 3c, orange and red). A similar timing for the sign and magnitude is
generally true for z,m,. The cross correlations of the MSAM are positive for z;m, for lags of —60 to 420 sol and
mostly insignificant for z,m, (Figures 3b and 3c, blue); we leave this for future investigation.

Modes on Earth persist in their positive or negative phases due to positive z;m; at longer positive lags. For Earth,
indications of persistence occur in z;m, at a lag of ~10 days (Hassanzadeh & Kuang, 2019; Lorenz & Hart-
mann, 2001; Ma et al., 2017; Simpson et al., 2013), but Mars has positive z;m; out to 25 sol that are significant. A
second significant peak in z;m; for the MNAM occurs at ~60 sol (Figure 3b, red, orange). Conversely, z,m, for
Earth is non-existent at larger positive lags, but Mars's z,m, is significantly positive at a lag of 50-60 sol. The
reasons for the significant positive z;m; out to long lags and the implicated persistence of the leading two MNAM
modes at such delayed lags are unclear but may be due to the prevalence of long-period waves (Battalio, 2022;
Battalio et al., 2025; Battalio & Wang, 2020; Gong et al., 2023; Wang, 2017).
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Figure 3. Cross-correlation of the principal component zonal indices of the
MNAM (red), jet-shifted MNAM (orange), and jet-shifted MSAM (blue).
Shown are the cross correlation of z;(r) and z,(¢) (a), z;(¢) and m; (¢) (b), z,(¢)
and my (1) (c), z;(¢) and m,(z) (d), and z,(#) and m,(¢) (e). m;(¢) are the eddy
momentum forcing indices. Dashed lines represent the 95% confidence interval
according to the Bartlett test for each curve, and thick lines in panels d and e
indicate significance of z;m, and z,m, at the same lag.

diagnose as significant cross correlations of z;m, or z,m; (Lubis & Hassan-
zadeh, 2021, 2023). Here, significant cross correlations of z;m, indicate
feedback of EOF1 onto m,, which modifies EOF1, or vice versa for EOF2.
Earth's SAM exhibits significant z;m, and z,m; out to lags of ~25 days (Lubis
& Hassanzadeh, 2021), and the MNAM and MSAM do as well (Figures 3d
and 3e). However, the range of positive lags where both z;m, and z,m,; are
significant is limited to lags of —20-30 sol for the native-latitude MNAM or
—20——8, 0-8, and 20-50 sol for the jet-shifted MNAM (Figures 3d and 3e,
thick lines). Neither the native-latitude nor jet-shifted MSAM (Figures 3d and
3e, blue) have significant cross correlations that are significant with opposite
signs, similar to a non-propagating regime (Lubis & Hassanzadeh, 2023;
Sheshadri & Plumb, 2017). The indication of significant correlations between
the EOFs robustly demonstrates cross-EOF feedback, which therefore im-
plicates this feedback in jet stream propagation. To better diagnose the
propagation causes, we apply the model of Lubis and Hassanzadeh (2021) to
the MNAM and MSAM.

3.2. Reduced-Order Model of Propagation of Mars's Annular Modes

The propagating behavior of the MNAM and the non-propagating regime of
the MSAM are captured by the reduced-order model of Lubis and Hassan-
zadeh (2021); Lubis and Hassanzadeh (2023), which is an extension of the
model of Lorenz and Hartmann (2001) to project the zonal momentum
equation onto the two leading EOFs of ([u]) (see Text S2 in Supporting In-
formation S1). In this model, the future states of z; are predicted from the
current z; and m;, where j = 1,2.

The analytical solution of this model (Text S2 in Supporting Information S1)
gives the oscillation frequency

TR ?
w = 2\/[<_ *) - (bll - b22)] + 4b]2b2|' (4)
71 (%)

The coefficients (j) indicate the strength of the cross-EOF feedback; they
measure the strength of the feedback of z; onto z;. A negative radicand in

Equation 4 is a necessary and sufficient condition for propagation. Therefore,
b1yby; <0 is itself a necessary condition, so cross-EOF feedbacks must be of
opposite signs to permit propagation (bj represent the strength of these
feedbacks). We estimate the by, coefficients from the zj and m; time series
from OpenMARS using linear regression for lags with significant cross
correlations of z;m, and z,m; for positive lags (lags of 12-20 sol), which is
similar to the range for Earth (Lubis & Hassanzadeh, 2021, 2023). The
timescales (7;) are calculated from the e-folding auto-correlation of z; (Lubis
& Hassanzadeh, 2021).

The values for by and 7; for the native and jet-shifted MNAM and MSAM are
given in Table S1 (Supporting Information S1). The jet-shifted and native-
latitude MSAM possess opposite signed cross-EOF feedbacks, but both
have very long oscillatory periods that are not resolvable in a single fall-
winter half year. The critical result is that only the jet-shifted MNAM lies
in the propagating regime with a frequency of ~144 sol. This agrees perfectly
with the observed periodicity, despite the additional external factors present
in Mars's atmosphere compared to Earth's.
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Figure 4. Periodicity of surface wind stress and column dust optical depth (CDOD) in the Northern Hemisphere of Mars. Spectra of the principal components of the
native-latitude (red) and jet-shifted (blue) anomalous zonal-mean surface wind stress (a) and CDOD (e) in the OpenMARS reanalysis for MY 29-35. Shading indicates
95% confidence levels, the light solid curve shows the red noise spectrum, and light dotted lines show its 95% confidence interval. The vertical gray line in panel a
indicates the only periodicity significantly above red noise of the surface wind stress at ~175 sol. The width of the light gray bar shows the width of the spectral band. In
panel e, the vertical gray line shows the longest period above red noise of the jet-shifted CDOD. Panels b,c,d show lead-lag composites for differences in anomalous, jet-
shifted surface wind stress. Panels f,g,h show the same for the anomalous CDOD. Composites are lagged at —73 (b), (f), 0 (c),(g) or +73 (d), (h) sol with respect to extrema
in the 140-170-sol filtered z; index. Latitude circles are drawn at 75, 60, and 45°. Panels i and j show the lead-lag composites of the zonal-mean anomalous, jet-shifted
surface wind stress (i) and CDOD (j). Stippling indicates anomalies at 95% confidence.

3.3. Impact of Annular Mode Propagation on the Dust Cycle

We next investigate whether MNAM propagation impacts the climate of Mars beyond regulating the position of
the jet stream with time. In particular, we investigate two possible impacts of the MNAM propagation on Mars's
dust cycle. First, a large percentage of dust lifting on Mars is thought to be due directly to straight-line surface
wind stress (Kahre et al., 2006), so we investigate whether the surface wind stress is affected by the MNAM
propagation. We create a time series of the surface wind stress (Text S1 in Supporting Information S1) by
projecting the jet-shifted MNAM EOF1 on the zonally averaged, climatologically anomalous, jet-shifted surface
wind stress. A power spectrum of the surface wind stress index highlights the same periodicity (156-187 sol) as
the MNAM propagation (Figure 4a, blue). This spectral band is the only periodicity above red noise at periods
longer than 30 sol (The spectrum of native-latitude surface wind stress has a broad peak from red noise around
134-187 sol (Figure 4a, red.)

Second, column dust also appears to be affected by the propagation of the MNAM. The power spectrum of an
index of the jet-shifted CDOD, calculated in the same way as above, has power above red noise at all periods
shorter than ~180 sol, but has decreasing power that is also below red noise at longer periods (Figure 4e, blue).
This cutoff between more or less power than red noise matches the peak period of the surface wind stress. The
index of the native-latitude CDOD exhibits a similar cutoff (Figure 4e, red).
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The subtle differences between the native latitude and jet-shifted time series at seasonal to yearly timescales
suggest that the general circulation, through the Hadley cell, externally generates variability in the midlatitude jet
stream. However, at the seasonal timescale of internally driven annular mode propagation, the surface wind stress
and CDOD both have annular oscillatory signals. At alag of —73 sol (one half the 145 sol period of the z; index), a
composite of the jet-shifted surface wind stress found from extrema of the MNAM (Text S3 in Supporting In-
formation S1) exhibits bands of anomalies (Figure 4b), positive at the northern pole and a relative latitude of 45°,
and negative at 65° and 30°. At a lag of 0 sol, the surface wind stress anomalies are at a half oscillation later in the
propagation cycle compared to —73 sol and are therefore opposite (Figure 4c). The propagation of the strongest
winds results in the northward shift of the negative bands of anomalies from 30° to 45° and 65° to the pole, with
the positive anomalies at the pole vanishing and the positive anomalies at 45° shifting to 70°. Similarly, at a lag of
+73 sol, the propagation has completed one full cycle, so positive and negative anomaly bands return to the —73
sol lag positions (Figure 4d). This propagation cycle of the anomalous surface stress is shown in Figure 4i over
+120 sol. The propagation is not as smooth as the zonal-mean wind itself, but the dipole pattern clearly flips every
~175 sol.

Anomalous CDOD does not propagate poleward as obviously but does have a repeating cycle of zonal bands. At a
lag of —73 sol, jet-shifted CDOD anomalies are negative equatorward of 45° and positive along 75° (Figure 4f).
Atalag of 0 sol, CDOD anomalies are positive equatorward of 45° and more negative toward the pole (Figure 4g).
Finally, in completing the cycle at 473 sol lag, the negative anomalies return equatorward of 45° (Figure 4h).
This propagation cycle of the anomalous CDOD is shown in Figure 4j over £120 sol. The propagation of CDOD
is only obvious for the positive anomalies at sol 0, but the 150 sol periodicity toward the equator is robust. The
cycles shown by the anomalies of the surface wind stress and CDOD and in their power spectra is consistent with
the response of Earth's atmosphere to the SAM propagation in the surface wind stress and precipitation (A. G.
Marshall et al., 2018; Hell et al., 2021; Lubis & Hassanzadeh, 2023).

Finally, the internal feedbacks of the annular modes with each other have effects on large-scale climate on Mars.
The dust cycle on Mars exhibits extreme inter-annual variability due to the non-regular occurrence of global dust
events (Battalio et al., 2023; Wang et al., 2023; Wolkenberg et al., 2020). Many global dust events have sig-
nificant lifting in the Southern Hemisphere. However, most events are initiated as a flushing dust storm from the
Northern Hemisphere, so in actuality, Northern Hemisphere oscillations could contribute significantly to global
dust event occurrence. The period of MNAM propagation as a non-integer multiple of the year length may
contribute to the variability since a favorable phase of the MNAM on the anomalous the surface wind stress might
not align with one of the dust event windows encouraged by the seasonal cycle (Kass et al., 2016) every year or for
many years at a time. Further, a favorable phase of the 150-sol cycle could possibly occur twice in a given Mars
dusty season, which could explain why, in at least one year (1977), two global dust events occurred in a single
year (Shirley et al., 2020). We estimate the effect of the MNAM propagation on global dust event incidence by
counting the number of peaks that time series with the same power spectrum as the jet-shifted z; would have
during the historical global dust event season (L, = 185-310°). Using a Monte Carlo approach on a combined
MNAM-insolation metric (Text S4 in Supporting Information S1), we find on average that ~65.2 + 2.7% of
Mars years would have a unfavorable alignment of the insolation cycle and z; for a global dust event,
~31.1 £ 1.7% of years would have favorable alignment for one event, and ~3.3 + 1.1% would have two events.
Interestingly, 0.4 + 0.3% have more than two events. The observed record of global dust events includes a total
of 26 Mars years (onward from 1970, inclusive of MY 8-37 but absent MY 13 and 14). Eight years have one
global event (31%), one year has two global events (4%), and 17 have no global events (65%) (Shirley
etal., 2020). These observed ratios agree with the Monte Carlo experiments. While we do not demonstrate that the
MNAM propagation can predict global dust events, the incidence agreement highlights the possibility that in-
teractions of the MNAM and the seasonal cycle may be a contributing factor on the cadence of global dust events
and suggests the potential for future predictive capabilities.

4. Summary and Conclusions

We have demonstrated that Mars's northern annular mode (MNAM) in the anomalous zonal-mean zonal wind
({[u])) has an oscillatory behavior with a period of ~150 sol. The periodic signal emerges as a result of poleward
propagation of the jet stream. This internally forced propagation is embedded within the larger seasonal prop-
agation of the jet stream that is externally forced by the large variation of the outer edge of the Hadley cell. While
propagation of the jet stream is evident directly from ([#]) (Figure 1c), the propagating signal is more robust when
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the seasonal cycle is removed (Figure 1f). Consistently, the power spectra of the principal components of the
leading modes of variability of the latitude-shifted ([#]) are significantly above red noise only at a period of ~150
sol in the Northern Hemisphere. This MNAM propagation period can be reproduced using a reduced-order model
(Lubis & Hassanzadeh, 2021, 2023), which indicates that propagation is due to the feedback between eddy
momentum flux convergence associated with the first and second leading EOFs of ([u]).

We have also found that the period of oscillation that emerges from MNAM propagation is reflected in the surface
wind stress and column dust optical depth in the northern hemisphere (Figure 4). The modulation of wind stress by
the MNAM, with a frequency separate from the seasonal cycle, may thus contribute to the observed extreme
interannual variability of regional and global dust events, as suggested by our estimate of the relative frequency of
favorable phasing of the annular mode and insolation cycle. Continued monitoring of the Martian climate or
modeling studies may enable testing of this possibility.

Future work should examine the factors that enable propagation of the MNAM but prevent it for the MSAM.
Also, propagation of the Earth's SAM might be related to the quasi-biennial oscillation (Kuroda & Yama-
zaki, 2010; Roscoe & Haigh, 2007), yet the fact that at least one of Mars's annular modes propagates despite the
lack of a Martian quasi-biennial oscillation (Battalio, 2025) presents a question for the mechanisms linking the
two phenomena. Finally, the propagation timescale on Mars and Earth is similar. This may be due to their nearly
equal planetary rotation rates imbuing similar timescales into the baroclinic wave lifecycles and the eddy mo-
mentum flux divergence that feeds back onto zonal wind. Future modeling efforts will be required to pinpoint the
exact cause of the timescale similarity.

Data Availability Statement

The OpenMARS reanalysis is available at (Holmes et al., 2024). The column dust optical depth dataset is
available at (Montabone, Millour, et al., 2020).
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