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Abstract

During the northern spring (approximately Ls=33°) in Martian Year 35, Mars
experienced an unusual dust storm characterized by significantly increased dust in the
northern troposphere. As observed by the Mars Climate Sounder (MCS), temperature
significantly increases in the mid-latitude troposphere of both hemispheres and
decreases in the northern mesosphere during the event. The temperature response
simulated by the Martian General Circulation Model (GCM) agrees with the MCS
observations. The radiative heating from dust is responsible for the increased
temperature in the northern troposphere. In contrast, the dynamic heating/cooling
contributes to the temperature variations in the southern troposphere and northern
mesosphere. The increased dissipation of planetary waves enhances the residual
meridional circulation and causes the temperature warming in the Southern
Hemisphere. In addition, the enhanced meridional circulation related to this event leads
to ~36% increase in water vapor transport from the Northern to the Southern
Hemisphere as compared to the net interhemispheric transport over an entire Martian

Year.
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Key Points

1. Global atmospheric responses are observed during an early-year dust event in the
northern spring.

2. Direct solar heating warms the dust-lifting zone, with dynamic processes
influencing temperature responses in two other remote regions.

3. The anomalous residual circulation induced by atmospheric waves leads to

increased water transport into the Southern Hemisphere.

Plain Language Summary

Using orbital observation and general circulation model data, this study provides a
detailed account of an unusual regional dust storm in the Northern Hemisphere of Mars
during its cold and clear season. This dust storm triggered atmospheric temperature
responses in the Northern Hemisphere, where dust storms occurred, and in the Southern
Hemisphere middle latitude regions. Direct solar radiative absorption by dust particles
predominantly drives the heating in the mid-latitudes of the northern troposphere. The
temperature variations in the northern upper atmosphere and the southern hemisphere
are due to the thermal contributions of dynamic processes, specifically the effects of
gravity waves and planetary waves. As unusual wave activities intensified the
trans-equatorial meridional circulation amidst dust events, there was a significant
increase in water transport from the Northern Hemisphere to the Southern Hemisphere.
This increase contributes to approximately 36% of north to south water transport during
the Martian Year 35. This shift could be attributed to the enhancement of the meridional

circulation induced by dust storms.
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1. Introduction

The activities of Martian dust significantly affect the spatial and temporal
variations of the Martian atmosphere,. (Kahre et al., 2017; Kass et al., 2016).
Depending on the spatial scale, Martian dust activity includes global dust storms that
can cover the entire planet (Zurek and Martin, 1993), regional dust storms affecting
specific areas (typically covering 1.6 x 10° km2), localized dust storms, and
phenomena such as dust devils (Cantor, 2007; Cantor et al., 2001; Wang &
Richardson, 2015; Wu, et al., 2022). As suggested by previous studies, the dust storms
can induce the temperature and density perturbations from the lower to upper
atmosphere (Fang et al., 2020; Girazian et al., 2020), the variation of ice clouds
(Kleinbohl et al., 2009; Liuzzi et al., 2020; Montmessin et al., 2002), and the
propagation of water vapor (Fang et al., 2020; Fedorova et al., 2018; Heavens et al.,
2018; Huang et al., 2022; Li et al., 2020; Wu et al., 2020; Wu et al., 2022). Dust
storms can not only affect the local atmosphere (Haberle et al., 2017) but also
influence regions distant from the dust-active region by atmospheric dynamics
(Guzewich et al., 2016; Heavens et al., 2011; Streeter et al., 2021).

Most dust events occurred during the northern autumn and winter due to the
substantially increased insolation near the perihelion, coinciding with the northern

winter solstice. (Kass et al., 2016; Li et al., 2020). During the northern spring (Ls 0 to
120°), as Mars approaches its aphelion, it experiences relatively colder temperatures

and lower concentrations of free aerosol dust particles in the atmosphere (Montabone
et al., 2015, 2020). Thus, dust activity is usually weak during this period. Recently, an

unusual regional dust storm (so-called Early Event or E Event hereafter) was observed
from Ls= 35°to 50°in Martian Year 35 (MY35) according to images from the Mars

Reconnaissance Orbiter (MRO) Mars Color Imager (MARCI) (Kass et al., 2022.;
Montabone et al., 2020). The regional dust storm initialized near the northwest of
Olympus Mons and quickly expanded to a regional dust storm in 4 solar days (sols)
(Kass et al., 2022). The atmosphere is cold and lacks solar radiation during this period

as compared with that during the second half of the year (Clancy et al., 2021; Guha et
3
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al., 2021a; Maattanen & Montmessin, 2021; Mateshvili et al., 2007).

This unusual E event provides a distinct case for understanding the dynamic and
thermal coupling mechanisms under the atmospheric backgrounds in this cold Martian
season. The primary objective of this article is to investigate the response of the
Martian atmosphere to an unusual early dust event occurring in the northern spring.
The satellite observations, general circulation mode used in this study, and the
analysis method are introduced in Section 2. The temperature responses to the E
Event and the underlying mechanism are investigated in Section 3. Section 4
discussed the dynamic responses and the potential impact on interhemispheric water

transport. A summary is provided in Section 5.

2. Data and Method
2.1 Observations and simulations

The Mars Climate Sounder (MCS) onboard the MRO, launched in August 2005,
has measured the Martian atmosphere from the near-surface to ~80 km in a
sun-synchronous (~0300 LT and ~1500 LT) polar orbit since September 2006,
covering all of the dust events from MY27-MY37 (Creasey et al., 2006; Lee et al.,
2009; McCleese et al., 2007). The MCS repetitively measures the Martian atmosphere
through nadir/off-nadir and limb sounding (Kleinbohl et al., 2009). Profiles of
temperature, dust, and water ice with ~5 km vertical resolution are obtained by tuning
the horizontal resolution to achieve an enhanced vertical resolution (McCleese et al.,
2007). The dust and water ice quantities are provided in units of extinction per unit
height due to dust at 463 cm™ and water ice at 843 cm™ (McCleese et al., 2007).

The Martian general circulation model (GCM) developed at the Dynamic
Meteorology Laboratory (LMD) (Forget et al., 1999) model consists of a dynamical
core that uses a finite difference method to solve basic hydrodynamic equations and a
physical core; this model considers a series of comprehensive processes, such as
radiative transfer(Forget, 1998; Wolff et al., 2006, 2009), the dust cycle(J.-B.
Madeleine et al., 2011), the water cycle(J. -B. Madeleine, Forget, Millour, et al., 2012;
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J. -B. Madeleine et al., 2014; Montmessin et al., 2004; Navarro et al., 2014), and
energy and material transfer in the PBL region(Colaitis et al., 2013). This study
conducts simulations with a resolution of 5.625x3.75¢ in the horizontal direction and
29 p-levels in the vertical direction from the ground to 100 km. To correspond with
the dust scenario during the E Event in MY35, the MY35 reconstructed dust map is
used as the initial model file (a detailed reference of the dust map can be found in

(Montabone et al., 2015, 2020).

2.2 Methods

The satellite observations are binned into 30° x 10° longitude-latitude bins at
every pressure level, as discussed in Wu et al. (2015, 2017, 2020). Since the
longitudinal coverages of ~ 3 a.m. and ~ 3 p.m. are the local times with the most
samples due to the dominant in-track observation strategy (Kleinbohl et al., 2013), the
daily means are calculated by averaging the mean values during the day and night.
The zonal mean values are calculated only for longitude bins exceeding nine (Wu et
al., 2020). The dust opacity depth in the MCS observations is weighted by the density
((d,T)/p), which is proportional to the mass mixing ratio (Heavens et al., 2011; Wu et
al., 2021). d,t refers to the opacity depth, while the atmospheric density p is
derived from the pressure and temperature in MCS observations according to the ideal
gas assumption. The climatology in the MCS observation is determined as the mean
value in each Ls from MY27 to MY37, while the data in the MY35 are excluded. The
climatological case of the LMD is simulated from the prescribed climatological dust
scenario as described in (Montabone et al., 2015, 2020).

To investigate the radiative and dynamic responses in the Martian atmosphere
during the E Event period, the transformed Eulerian mean (TEM) zonal momentum
and thermodynamic budget analysis are used in this study, as discussed in (Andrews
et al., 1987; Keeble et al., 2014; Orr, Bracegirdle, Hosking, Feng, et al., 2012; Orr,
Bracegirdle, Hosking, Jung, et al., 2012), as follows:
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where u, v and w are the zonal, meridional and vertical components of the wind
field, respectively; a is the Martian radius; f is the Coriolis parameter; ¢ is latitude;
z is height; p, is air density, which can be calculated with the relationship of the

density scale height H (10 km) as exp(—z/H); 6 is the potential temperature;{, =
(acos ¢)~*([u]cos p)y — f; [v]T and [w]T denote the TEM residual meridional
and vertical winds, which are defined as [v]T = [v] — pg1(po[v*6*]/[6],), and
[w]T = [w] + (acos ¢)*(cos p[v*0*]/[6],)p . The equation's square brackets

indicate the zonal mean; the asterisks are used for the zonal anomalies (total waves
that deviate from the zonal mean in all frequencies); the subscripts indicate the partial
derivative for certain coordinates. The term [X] represents unresolved forcing, such
as unresolved gravity waves (GWs), smaller-scale turbulent diffusion, and friction.
Limited by the size of the model grid, the effects of GWs are parameterized (Gilli et
al., 2020; Liu et al., 2023; Lott & Millet, 2010) in the LMD-GCM model.

The divergence of the Eliassen—Palm (EP) flux, which is associated with resolved

planetary wave (PW) activities, can be expressed as (Andrews et al., 1987):

F, = ppacos ¢ <—[u*v*] + M),(B)

[6,]
. [v
E, = ppacos ¢ (% - [u*w*]>, 4)

1 G(Fy cos¢p) OF,
V-F= acos ¢ GG10) + 9z ®)

where FE, and F, represent the zonal and vertical components of the EP flux,
respectively; and the V- F term indicates the EP flux divergence (EPD). The EP flux
represents the transport of resolved wave energy and momentum in the atmosphere

(Andrews, 1987; Andrews et al., 1987; Becker, 2012).
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The heating rate in the atmosphere can be divided into two parts: the total
dynamic heating rate (temperature tendency [6]; due to dynamic processes) and the
radiative heating (including shortwave and longwave radiative heating). The radiative
heating terms can be directly obtained from the model outputs. The total dynamic
heating rates can be computed by rearranging the TEM thermodynamic equation et

al., 2012) as follows:

“9*][0
[Qupn]’ = _i{Po (MJF [w*@*])}

Po alf],
1
—7 [v]T[6] — [W]T[6]; (6)

Where the term (—a~'[v]t[6], — [w]T[6],) refers to the advective heating rate

[Qdyn]e, while the first term on the right-hand side (RHS) represents the dynamical

term of quasi-geostrophic motion (e.g., eddy-heat flux term). In the TEM framework,

6 . . .
[Qdyn] is converted from the potential temperature-time tendency to the

temperature tendency as [Qdyn]g = [Qdyn]e(p/po)R/CP, where R is the ideal gas
constant and C,, is the specific heat capacity.

The meridional flux of the mass transport across the equator can be calculated as

follows:

f:se 21a cos(¢) X 8, X [v]' X p X ynzo0z (7)
where hs and hs indicate the height ranges (start height and end height,
respectively); &, is the layer height in m; and y;,, is the volume mixing ratio from

the LMD model. The definite integral of the mass flux gquantitatively calculates the

amount of trans-equatorial moisture over a specific period.

3 Results
Figure 1a shows the variations of the zonal mean total column dust opacity depth
(CDOD) (Montabone et al., 2020) and temperature with solar longitude (Ls) during

the E event from MCS observations. As mentioned by Kass et al. (2022) and
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Montabone et al. (2020), the CDOD enhanced (with a maximum of 0.25) from the
equator to nearly 60°N in the early spring of MY35 (from Ls=34° to Ls=55°).

Meanwhile, an enhanced CDOD (~0.12) is also observed in the Southern Hemisphere.
The anomalous dust mixing ratio is positive in the northern troposphere, with a
maximum of approximately 0.03m?/kg in the middle latitudes. The density-scaled
CDOD anomalies are also positive in the southern troposphere, with a maximum of
approximately 0.02m?/kg (Figure 1b). In the LMD simulation (Figure 1c), there
are also positive dust mass mixing ratio anomalies located at the northern middle
latitudes, with @ maximum of ~2 x 10~%kg/kg near the surface.

The MCS observations recorded significant positive temperature anomalies near
Ls~ 35°, with a maximum of 13 K in the northern mid-latitudes (30°-60°N) from 20
to 40 km (Figure 1d), associated with the anomalous cooling in the northern
mesosphere (around 60 km). Positive temperature anomalies are also observed in the
southern troposphere, with a maximum of approximately 6 K at 40°S, 25 km. In the
tropical region, the positive temperature anomalies extend from the near-surface to 60
km. The temperature anomalies in the LMD simulation basically agree with those in
the MCS observations, with increased temperatures in the mid-Ilatitude troposphere in
both hemispheres associated with decreased temperatures in the northern mesosphere.
In the southern hemisphere, the anomalous cooling (approximately -1.3 K) is weaker
in the LMD simulation. As the simulated dust amount was lower in the LMD than in
the MCS observations, it could lead to inconsistency of the temperature response to
the early dust storms. Given the overall agreement in the temperature responses with
the MCS observations, LMD simulations are used to investigate the underlying
mechanisms of the atmospheric response to rare E events.

As both dynamic/adiabatic and radiative/diabatic processes can influence the
atmospheric temperature, a decomposition of the heating rate was adopted to
investigate the mechanisms in which Northern Hemisphere dust storms could affect
the global temperature. As shown in Figure 2a, the middle latitudes of the northern

troposphere (from 30°N to 60°N, extending from near the surface up to 40 km) which

8
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is classified as Region 1 (R1 hereafter) became warmer than normal during the E
event. The temperature anomalies are negative in the northern lower
mesosphere (30° — 60°N, 45 to 70 km, Region 2; R2). The area ranging from
30" — 60°S to 20 km to 40 km which is labeled as Region 3 (R3), was characterized
by positive temperature anomalies. As shown in Figure 2, the temperature anomalies
are close to zero before the E Event (before Ls=32") in all three regions. Shortly after
the occurrence of E event E (near Ls~ 34°), the anomalous temperatures in R1 and
R3 increase rapidly (with a tendency of ~ 2K/Ls near Ls=36") and reach their maxima

(9.3 K for region 1; approximately 12 K for R3) at Ls=40" and Ls= 42°, respectively.

The positive anomalies began to decrease from Ls =44° to the end of the E Event
(near Ls= 47°). The anomalous temperature in R2 decreased at approximately Ls=34°,
reaching its minimum of -3.2 K at approximately Ls=38°. Then, it began to rise and

come back to normal at Ls=44°.

The factors impacting the temperature anomalies in these regions are examined
by decomposing the heating rate into a radiative term (consisting of shortwave and
longwave radiative heating rates) and a dynamic term (as shown in Equation 6). The
sum of the dynamic and radiative terms in R1 (Figure 2c) could explain most of the
temperature variation (red solid line in Figure 2b). The anomalous radiative heating
rate (approximately 4.6 K/Ls) dominates the temperature variation, while the dynamic
term tends to counteract the radiative effect with an anomalous heating rate of -2.1
K/Ls. The anomalous radiative heating increase in R1 was primarily contributed by
the direct absorption of shortwave radiation by the dust. In contrast, the anomalous
longwave heating was positive during the initial phase of the E Event, from Ls=33° to

Ls=38°. The variations in the anomalous heating rate due to longwave radiation and
the temperature in R1 are synchronous, both reaching their peak at Ls=42°, indicates

that the longwave radiation emitted from tropospheric air increased as the temperature
increased. As a result, the increased longwave radiation emitted from the atmosphere

tended to decrease the temperature anomalies in R1 after Ls=38° (Figure 2a and 2c).
9
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The weakening of the shortwave heating after Ls=49° may be attributed to the
obstruction effect of the lifted dust in R1.

For Region 2 (Figure 2d), the dynamical term plays an important role in the
cooling process, which causes an anomalous heating rate of approximately 0.9 K/Ls.
As suggested by previous studies, the dynamic response can be related to atmospheric
waves (such as PWs and GWs) (Battalio et al., 2022; Kuroda et al., 2020;
Shaposhnikov et al., 2022), which can transport momentum by interact with the mean
flow, affecting the residual circulation and the temperature (Andrews et al., 1987). As
shown in Eq. (6), the dynamic heating rate from the LMD simulation can be
decomposed into a resolved (PW) term and an unresolved (GW) term. The adiabatic
heating from the GWs dominates the anomalous cooling in R2 from Ls~ 32° — 39°,
while the adiabatic heating due to PWs counteracts that due to GWs. During
Ls~ 40° — 45", the dynamic heating induced by PWs and that induced by longwave

radiation contributed primarily to the positive temperature anomaly. The radiative
effect tends to increase the temperature anomalies in R2 at Ls ~ 35°, primarily due

to the influence of longwave heating.

The anomalous heating in R3 (Figure 2e) during the E event is mainly attributed
to the dynamical effects, especially those induced by PWs. The effects of GWs on
temperature anomalies counteract those of PWs before Ls~ 41°. The anomalous
radiative term in R3, primarily contributed by the longwave component, tends to
decrease the temperature anomalies and counteract the dynamical effect during the E
event. The positive shortwave heating anomalies may be caused by direct solar
heating absorption from the increased dust particles transported into R3. However, the
effect of the shortwave radiation is relatively small compared with the magnitude of

longwave cooling.

4. Discussions
The atmospheric wave activities are then examined based on the TEM framework

to further investigate the dynamic response during this early dust event. Figure 3

10
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shows the EP fluxes before and during the E Event. The climatological EP flux
divergence is positive in the northern troposphere (the positive EPD in Figure 3a),
associated with downward propagation below 30 km and upward propagation above

into the northern mesosphere (R2). PWs also transport from R1 to R3, where the EP
flux converges (dissipates). Before the onset of the E event (approximately Ls=32°),

the anomalous EPD was centered at approximately 30°N, 60 km (Figure 3b),
associated with the southward propagation of EP flux anomalies from 30°N to
40-50°S at 40 km and 70 km. Suppressed dissipation of PWs (positive EP flux
divergence peaking at approximately 10 m/s/day) is evident in the northern
troposphere (~ 20 km), coinciding with the anomalous heating in R1 (Figure 1c and
2c). At the beginning of the E Event (Ls~ 36°), the downward propagation of PWs is
enhanced in R1. Still, it is suppressed, accompanied by enhanced PW dissipation near
R3 (Figure 3b).

At Ls= 36", the positive anomalies of the EP flux divergence in R1 begin to
decrease (Figure 3c). At the same time, the upward propagation of PWs into the
mesosphere (40-80 km) was enhanced. The propagation of PWs across the equator is
also intensified in the upper troposphere and mesosphere. In R3, there is a pronounced
increase in the anomalous EPD. The dissipation of PWs in the southern troposphere
suggests the transfer of westward momentum to the background zonal winds. The EP
flux with a wavenumber of 1 to 3 (WN 1-3) accounts for most of the total EP flux
anomalies (Figure 4a). The WN1 component dominates the EP flux anomalies in R2
and southern middle latitudes (near the surface to the mesopause) (Figure 4b). In
contrast, the WN2 component mainly contributes to the EP flux anomalies in R1
(Figure 4c). The WN3 component plays an important role in R3 (Figure 4d).

The zonal mean zonal wind anomalies during the E event, along with the
anomalous EPD and GWs drag, are shown in Figure 5. The positive EPD leads to
enhanced eastward zonal wind anomalies in the lower (~20 km) northern troposphere
(Figure 5a). The zonal mean zonal wind anomalies are eastward in the tropical

(-30° — 30°N) troposphere (20 km) and the lower mesosphere region (up to 60 km).

11
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In the middle- and high-latitude regions, the zonal mean zonal wind anomalies are
westward in the troposphere and mesosphere of both hemispheres. The negative EPD
anomalies in R3 tend to suppress the eastward background wind (the zonal wind
anomalies are -10 m/s in the tropopause). Due to the quasi-geostrophic balance, the
meridional circulation anomalies become southward in the southern hemisphere,
which further cause the anomalous downwelling and modulate the temperature via the
adiabatic process in R3 (Figure 6).

The positive EPD anomalies near the equator are responsible for the enhanced
eastward wind anomalies. As presented in Figure 6, there is anomalous upwelling in
the residual circulation in R1, which tends to counteract the radiative heating due to
the adiabatic cooling (Figure 2c). Besides the effect of PWs, GWs also play a role in
the modulation of the zonal wind and temperature in the mesosphere region
(Alexander et al., 2011; Vincent, 1987). The negative GW drag (GWD) anomalies in
R1 (indicating the westward momentum anomalies) and in the tropical mesosphere
tend to suppress the eastward wind, which counteracts the effect of the PWs (Figure
5b). Due to the critical level filtering (Fritts & Alexander, 2003), the enhanced
eastward background flow in R1 would increase eastward GWSs' absorption,
increasing the westward net momentum in the upper atmosphere (R2). In the tropical
region, the anomalous GWD provides eastward momentum in the tropical tropopause
region (~40 km) with an amplitude of approximately 1.3 m/s/day. As a result of the
eastward wind anomalies in the tropical tropopause region, the westward GW drag
increased (negative anomalies) in the tropical mesosphere (Figure 5b). The EPD
generally dominates the anomalous momentum budget in the troposphere, while the
GWD contributes more momentum anomalies in the mesosphere.

As the anomalous residual circulation can also affect the transportation of water
vapor, the total water column mass flux across the equator is calculated as described
in equation (7) from Ls= 25°-47" to verify the potential impact of dust storm on the
water budget in the first half of MY35. As shown in Figure 7a and 7b, water transport

across the equator is simulated by LMD considering both water ice and water vapor

12
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mass flux components. The mass flux of water is mainly from the water ice transport
in both the climatological case and the MY35 case, since the Martian atmosphere is
cold and cloudy near the aphelion (Clancy et al., 2021; Guha et al., 2021b; J. -B.
Madeleine, Forget, Spiga, et al., 2012). The water column mass flux is smaller than
1 x 10* kg/s within the same Ls range as the E Event in the climatological case. In
the MY35 simulation (Figure 7b), the meridional water ice mass flux across the
equator was also relatively low (below 2.5 x 10* kg/s) before the E Event (Ls=32"),
while the northward water vapor mass flux was larger (at 1.8 x 10* kg/s) than that
in the climatological case.

Following the development of dust storm in the northern hemisphere, the
northward water vapor flux became negative after the occurrence of the E event (Ls =
32°). It reached its minimum of approximately —7.2 x 10*kg/s at Ls~ 40° (Figure
7b), indicating significant southward water vapor transport coincides with the
anomalous southward residual meridional mean circulation. As the E event further
developed (Ls= 42° — 45°), the northward water mass flux became positive again
with a magnitude of approximately 2.3 x 10*kg/s. Although the direction of the
meridional transport of water altered throughout the evolution of the E event, the net
transport of water toward the southern hemisphere remained significant. As a result,
this increased southward transfer of water (6.8975 x 10° kg) accounts for nearly
35.9% of the net interhemispheric water transport (from northern to southern
hemisphere) in an entire Martian year. The increased water transport into the southern
hemisphere during the E event significantly affects Mars's annual water vapor cycle,
potentially affecting the water cycle and escape in the latter half of the Martian year.
(Fedorova et al., 2018; Heavens et al., 2018; Stone et al., 2020; Sun et al., 2023; Wu
et al., 2020).

5. Summary
This study reported a rarely occurring dust storm during the low dust loading

season in MY 35. Anomalous warming occurred in the midlatitude troposphere of

13
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both hemispheres (R1 and R3), and anomalous cooling occurred in the northern
mesosphere (R2). The LMD simulations with the MY35 dust scenario reproduce
similar temperature anomalies during the E event. Direct heating (shortwave) from
dust absorption dominates the temperature variation in R1 during the E event. With
the help of the TEM analysis framework, heating sources from different physical
processes, including dynamic and radiative effects, were investigated. The PWs
propagated from the dust-rich region in the northern troposphere to the southern
hemisphere during the E event. The increased dissipation of PWs in R3 could enhance
the residual meridional circulation, which further cause the temperature warming in
R3 via the adiabatic heating. The heating rate from the dynamical terms (mainly from
EPD/PWs) tends to decrease the temperature in R1 following the upwelling residual
circulation (adiabatic cooling).

As the anomalous EDP provides eastward (positive) momentum to the zonal wind
in the troposphere (R1), more eastward GWs are absorbed in that region due to the
critical level filtering. The upward net westward momentum by the GWSs further
modulates the residual circulation in the northern mesosphere and leads to adiabatic
cooling in R2, which is similar to the vertical coupling dynamic mechanisms on Earth
(Becker, 2012; Karlsson et al., 2007, 2009; Li et al., 2016; Murphy et al., 2012).

Consistent with the enhanced north-to-south flow, the net meridional transport of
water from north to south increases during the E event, as revealed by the LMD
simulations. The enhanced residual circulation significantly strengthens the net
interhemispheric water transport by 35.92% compared to the total net water transport
during an entire Martian year. These anomalous water transports could increase water
storage in the Southern Hemisphere, which potentially affects the annual water cycle
and water escape during the high dust loading season during the Southern Hemisphere

summer season (Fedorova et al., 2018; Heavens et al., 2018; Wu et al., 2020).
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Figure Captions

Figure 1. The zonal mean total column dust opacity depth from Ls= 0-90° (a); the
black dotted lines show the reference time range of the E Event. The zonal mean
density scaled opacity depth anomalies from the MCS observations (c) and the zonal
mean mass mixing ratio anomalies from the LMD simulations (e); the zonal mean
temperature anomalies during the E Event from MCS observations (d) and LMD
simulations (d) at Ls=36" (the development stage of the E Event). The contour
interval in (b) and (c) is 1 K. The gray filled-in area refers to the missing data or the
level underground.

Figure 2. The temperature anomalies (shadings) with rectangles are labeled region 1
(heating region in the troposphere at the northern middle latitudes), region 2 (cooling
region in the lower mesosphere at the northern middle latitudes), and region 3
(heating region in the upper troposphere at the southern middle latitudes) (a). The
regional mean temperature anomaly variations during the E Event period are shown in

(b). The solid jacinth line represents the regional mean temperature anomalies in
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435

region 1, the solid light blue line represents the regional mean temperature anomalies
in region 2, and the solid purple line represents the regional mean temperature
anomalies in region 3. The heating rate decompositions of region 1 (c), region 2 (d)
and region 3 (e) are shown with solid black lines representing the summations of the
heating rate from dynamic and radiative processes, while the bold dashed lines with
the same color as in (b) represent the temporal variation in the temperature in the
corresponding region. The solid green lines represent the heating rates from the
dynamic processes, the solid red line represents the heating rates from the radiative
processes, the dotted blue lines represent the dynamic heating rates from PWs, and the
dotted red lines represent the dynamic heating rates from GWSs. The dotted light green
lines represent the heating rates from longwave radiation, and the dotted blue lines
represent the heating rates from shortwave radiation.

Figure 3. The EP flux (quivers) and its divergence (shadings) in the climatological
case during the same time period as the E event (Ls~ 32° — 45°) (), during the initial
stage (Ls=~ 32") (b) and during the development stage (Ls= 36°) (c).

Figure 4. The EP flux (quivers) and its divergence (shadings) from the WN1-3 sum
(a), WN1 component (b), WN2 component (c) and WN3 component (d) at Ls=36".
Figure 5. The zonal mean zonal wind (contour lines) along with the EPD (a) and
parameterized GWD (b) (shading) at Ls=36". The contour interval is 5 m/s.

Figure 6. The residual circulation anomalies in the initial stage (Ls=32") (a) and
development stage (Ls=36") (b) of the E Event (quivers) along with zonal mean
temperature anomalies (shadings).

Figure 7. The total column water mass transport variation from the Northern to
Southern Hemisphere in the climatological case (a) and the MY35 case (b). The blue
lines represent the water mass transport of water ice, the red lines represent the water
mass transport of water vapor, and the black lines are the summations of the water

components.
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438  Figure 1. The zonal mean total column dust opacity depth from Ls= 0-90° (a); the
439  black dotted lines show the reference time range of the E Event. The zonal mean
440  density scaled opacity depth anomalies from the MCS observations (c) and the zonal
441  mean mass mixing ratio anomalies from the LMD simulations (e); the zonal mean
442  temperature anomalies during the E Event from MCS observations (d) and LMD

443  simulations (d) at Ls=36" (the development stage of the E Event). The contour
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Figure 2. The temperature anomalies (shadings) with rectangles are labeled region 1
(heating region in the troposphere at the northern middle latitudes), region 2 (cooling
region in the lower mesosphere at the northern middle latitudes), and region 3
(heating region in the upper troposphere at the southern middle latitudes) (a). The

regional mean temperature anomaly variations during the E Event period are shown in
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(b). The solid jacinth line represents the regional mean temperature anomalies in
region 1, the solid light blue line represents the regional mean temperature anomalies
in region 2, and the solid purple line represents the regional mean temperature
anomalies in region 3. The heating rate decompositions of region 1 (c), region 2 (d)
and region 3 (e) are shown with solid black lines representing the summations of the
heating rate from dynamic and radiative processes, while the bold dashed lines with
the same color as in (b) represent the temporal variation in the temperature in the
corresponding region. The solid green lines represent the heating rates from the
dynamic processes, the solid red line represents the heating rates from the radiative
processes, the dotted blue lines represent the dynamic heating rates from PWs, and the
dotted red lines represent the dynamic heating rates from GWSs. The dotted light green
lines represent the heating rates from longwave radiation, and the dotted blue lines

represent the heating rates from shortwave radiation.
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