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1. Introduction
Lagrangian mean circulation of planetary atmosphere
is important in determining not only the distribution
of mass and minor constituents but also the tempera-
ture structure that are warmer or cooler than those ex-
pected from the radiative equilibrium. For the Martian
atmosphere, the Lagrangian mean circulation has
been studied using several spacecraft temperature ob-
servations and Mars general circulation models
(MGCM) so far. However, in most of these studies,
the analysis was made only for a specific season or
event such as a global dust storm (GDS). In this study,
the climatology of the Lagrangian mean circulation
and its driving mechanism is examined using recently
available long-term reanalysis dataset, EMARS [
based on the transformed Eulerian mean (TEM) equa-
tions theory 2. This theory describes the interaction
between waves and mean flow and hence is useful for
the analysis regarding the momentum budget of the
atmospheric circulation.

According to the TEM equations theory, the wave
forcing due to large-scale waves that are explicitly ex-
pressed in the reanalysis, hereafter referred to as re-
solved wave (RW), can be estimated directly as the
divergence of the Eliassen—Palm (EP) flux. Kuroda et
al. (2016)"?! used a high resolution GCM and sug-
gested that the contribution of gravity waves (GWs)
resolved in the model increases in simulations with
higher model resolution. Thus, we quantitatively ex-
amine the wave forcing associated not only with RWs
in EMARS but also with unresolved waves (UWs) in-
cluding subgrid-scale GWs, which contribute to the
residual mean circulation as a good approximation of
the Lagrangian mean circulation. UW contribution is
indirectly estimated by applying the method devised
originally for a study of Earth’s middle atmosphere,
as described in Sato and Hirano (2019)31.

Additionally, during a GDS event, significant
warming is observed in the winter polar region. A
possible mechanism is adiabatic heating associated
with intensified downwelling. Therefore, we investi-
gate the changes in the Lagrangian mean circulation
owing to the GDS event, as a case study for the GDS
in MY28.

2. Method of estimating UWs:

We will provide a brief explanation of the indirect
method of UW contribution to the residual mean flow.
See Asumi et al. (2025)™ for the details. The zonal

mean momentum equation is expressed as
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Wave forcing due to RWs (V - Fgyy) is a part of
V-F.
The term V - F yw is the sum of the parameterized
GW forcing, the assimilation increment which is com-
posed of the GW forcing that is not properly ex-
pressed by the GW parameterization, and other model
deficiency. By integrating each term in Eq (1) along
the contours of absolute angular momentum,
m=acos¢p(U+acospQ), (3)
the contribution of UWs (¥ 5 ww) (P 2) to P (¢, 2)
is indirectly estimated as follows:
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3. Results

Figure 1a shows the climatology of the residual mean
meridional flow v* overlaid with the absolute angular
momentum M for the northern hemisphere (NH) win-
ter. A strong northward " is observed with a peak of
28.5 m s at 20°N, z = ~60 km (Figure 1a). Such
strong ¥" are not attributed to the Hadley circulation
because the area, where the m contours and P* are
parallel, is limited below ~45 km (not shown). In the
latitudes of ~0°-30°N and altitudes between ~45-80
km, the latitudinal gradient of m is quite small. In this
region, 7" can take any value. The reason why the v*
maximum is located at ~60km is that the wave forc-
ings in the latitudes of ~30°S — 0° and the latitudes of
35°—70°N are strongest near 60 km in the vertical.

Figure 1b shows the climatology of the resolved
wave forcing V- Fry,) overlaid with the residual
mean meridional flow. In mid- and high latitudes of
both NH and SH, the sign of the V - F gy, between 20
and 80 km (Figure 1b) is roughly consistent with that
of 7*: poleward flow in NH high latitudes is driven by
the negative V - F gy, while equatorward flow in SH
mid latitudes is driven by the positive V * F gy).
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Figure 1. Latitude-height section of (a) the residual
mean flow 7" (color) and the absolute angular mo-
mentum (blue counters) m and (b) the EP-flux diver-
gence V - F gy (color) and 7* (counters)

F_igure 2 shows the climatology of W*, ‘P\;.F(RW),
and ¥y .p ww) for the NH winter in the latitude-height

section. The overall structure of P* is mainly deter-
mined by that of ¥y p ww,- In the NH, the contribution
of RWs to the large clockwise circulation is only
about 20 % that of UWs. In the SH, the anti-counter-
clockwise circulation below 50km over the mid- and
high latitudes is explained mainly by the RW contri-
bution, although the clockwise circulation above
50km is determined by ‘T’V*_F(Uw). A small clockwise

circulation at 60°S—80°S below 30 km is also attribut-
able to ‘T’V*.F(UW). It should be noted that the strength

of LE—’;t is weak, and thus it is also not shown here.
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Figure 2. Latitude-height sections of the NH winter
climatology of (a) the residual mean stream function,
and the contribution of (b) RWs and (c) UWs.

Figure 3 provides comparisons between the GDS
period (MY28) and the climatology (MY29-32) in the
meridional cross section regarding the zonal mean
temperature (Figures 3a—3c) and residual mean mass
stream function overlaid with the blue counters of ab-
solute angular momentum per unit mass (Figures 3d—
3f). The characteristics in the GDS period are consid-
erably different from the climatology. The high tem-
perature anomaly in all latitudes of SH and low and
mid-latitudes of NH is likely caused mainly by dia-
batic heating due to solar radiation absorption by a
significant amount of airborne dust. During the GDS,
dust is transported upward by the enhanced global cir-
culation and reaches a quite high altitude of ~60 km
all over the planet. However, the significantly high
temperature anomaly observed in NH high latitudes is
not due to diabatic heating because of little solar
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radiation but probably results from adiabatic heating
associated with the strongly enhanced downwelling as
suggested by many previous studies and expected
from the stream function anomaly (Figure 3f). Differ-
ent mechanisms of the strong enhancement of the
downwelling during the GDS period are considered
for two altitude regions below and above 60 km. Be-
low z = 60 km, the m conserving Hadley-like cell
exists with its latitudinal extent reaching near the
north pole (Figure 3d), resulting in strengthening the
downward branch. Above z = ~60 km, the consider-
ably strong 7™ reaches near the north pole (not shown
here). The flow is not attributed to Hadley-like circu-
lation because it crosses the m contours. Instead, the
downwelling above 60km is attributed to the consid-
erably stronger wave-driven meridional flow extend-
ing to the north pole. Estimation of the wave forcing
due to UWs in the reanalysis data, including subgrid-
scale gravity waves, reveals that the strong meridional
flow is driven by the UWs rather than RWs.
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Figure 3. Latitude-height section of zonal mean
temperature for (a) the GDS period (Ls =
270° — 315° in MY28), (b) the climatology, and
(c) the difference between (a) and (b). (d)—(f):
Same as (a)-(c) but for residual mean mass
stream function. Absolute angular momentum
per unit mass is shown by blue contours with con-

tour intervals of 1.0 x 108 m?s~1.
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