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Abstract 11 

During the northern spring (approximately Ls≈33°) in Martian Year 35, Mars 12 

experienced an unusual dust storm characterized by significantly increased dust in the 13 

northern troposphere. As observed by the Mars Climate Sounder (MCS), temperature 14 

significantly increases in the mid-latitude troposphere of both hemispheres and 15 

decreases in the northern mesosphere during the event. The temperature response 16 

simulated by the Martian General Circulation Model (GCM) agrees with the MCS 17 

observations. The radiative heating from dust is responsible for the increased 18 

temperature in the northern troposphere. In contrast, the dynamic heating/cooling 19 

contributes to the temperature variations in the southern troposphere and northern 20 

mesosphere. The increased dissipation of planetary waves enhances the residual 21 

meridional circulation and causes the temperature warming in the Southern 22 

Hemisphere. In addition, the enhanced meridional circulation related to this event leads 23 

to ~36% increase in water vapor transport from the Northern to the Southern 24 

Hemisphere as compared to the net interhemispheric transport over an entire Martian 25 

Year.  26 
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Key Points 27 

1. Global atmospheric responses are observed during an early-year dust event in the 28 

northern spring. 29 

2. Direct solar heating warms the dust-lifting zone, with dynamic processes 30 

influencing temperature responses in two other remote regions. 31 

3. The anomalous residual circulation induced by atmospheric waves leads to 32 

increased water transport into the Southern Hemisphere. 33 

 34 

Plain Language Summary 35 

 Using orbital observation and general circulation model data, this study provides a 36 

detailed account of an unusual regional dust storm in the Northern Hemisphere of Mars 37 

during its cold and clear season. This dust storm triggered atmospheric temperature 38 

responses in the Northern Hemisphere, where dust storms occurred, and in the Southern 39 

Hemisphere middle latitude regions. Direct solar radiative absorption by dust particles 40 

predominantly drives the heating in the mid-latitudes of the northern troposphere. The 41 

temperature variations in the northern upper atmosphere and the southern hemisphere 42 

are due to the thermal contributions of dynamic processes, specifically the effects of 43 

gravity waves and planetary waves. As unusual wave activities intensified the 44 

trans-equatorial meridional circulation amidst dust events, there was a significant 45 

increase in water transport from the Northern Hemisphere to the Southern Hemisphere. 46 

This increase contributes to approximately 36% of north to south water transport during 47 

the Martian Year 35. This shift could be attributed to the enhancement of the meridional 48 

circulation induced by dust storms.  49 
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1. Introduction 50 

The activities of Martian dust significantly affect the spatial and temporal 51 

variations of the Martian atmosphere,. (Kahre et al., 2017; Kass et al., 2016). 52 

Depending on the spatial scale, Martian dust activity includes global dust storms that 53 

can cover the entire planet (Zurek and Martin, 1993), regional dust storms affecting 54 

specific areas (typically covering 1.6 × 106 km2), localized dust storms, and 55 

phenomena such as dust devils (Cantor, 2007; Cantor et al., 2001; Wang & 56 

Richardson, 2015; Wu, et al., 2022). As suggested by previous studies, the dust storms 57 

can induce the temperature and density perturbations from the lower to upper 58 

atmosphere (Fang et al., 2020; Girazian et al., 2020),  the variation of ice clouds 59 

(Kleinböhl et al., 2009; Liuzzi et al., 2020; Montmessin et al., 2002), and the 60 

propagation of water vapor (Fang et al., 2020; Fedorova et al., 2018; Heavens et al., 61 

2018; Huang et al., 2022; Li et al., 2020; Wu et al., 2020; Wu et al., 2022). Dust 62 

storms can not only affect the local atmosphere (Haberle et al., 2017) but also 63 

influence regions distant from the dust-active region by atmospheric dynamics 64 

(Guzewich et al., 2016; Heavens et al., 2011; Streeter et al., 2021). 65 

Most dust events occurred during the northern autumn and winter due to the 66 

substantially increased insolation near the perihelion, coinciding with the northern 67 

winter solstice. (Kass et al., 2016; Li et al., 2020). During the northern spring (Ls 0 to 68 

120°), as Mars approaches its aphelion, it experiences relatively colder temperatures 69 

and lower concentrations of free aerosol dust particles in the atmosphere (Montabone 70 

et al., 2015, 2020). Thus, dust activity is usually weak during this period. Recently, an 71 

unusual regional dust storm (so-called Early Event or E Event hereafter) was observed 72 

from Ls≈ 35∘to 50°in Martian Year 35 (MY35) according to images from the Mars 73 

Reconnaissance Orbiter (MRO) Mars Color Imager (MARCI) (Kass et al., 2022.; 74 

Montabone et al., 2020). The regional dust storm initialized near the northwest of 75 

Olympus Mons and quickly expanded to a regional dust storm in 4 solar days (sols) 76 

(Kass et al., 2022). The atmosphere is cold and lacks solar radiation during this period 77 

as compared with that during the second half of the year (Clancy et al., 2021; Guha et 78 
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al., 2021a; Määttänen & Montmessin, 2021; Mateshvili et al., 2007). 79 

This unusual E event provides a distinct case for understanding the dynamic and 80 

thermal coupling mechanisms under the atmospheric backgrounds in this cold Martian 81 

season. The primary objective of this article is to investigate the response of the 82 

Martian atmosphere to an unusual early dust event occurring in the northern spring. 83 

The satellite observations, general circulation mode used in this study, and the 84 

analysis method are introduced in Section 2. The temperature responses to the E 85 

Event and the underlying mechanism are investigated in Section 3. Section 4 86 

discussed the dynamic responses and the potential impact on interhemispheric water 87 

transport. A summary is provided in Section 5. 88 

 89 

2. Data and Method 90 

2.1 Observations and simulations 91 

 The Mars Climate Sounder (MCS) onboard the MRO, launched in August 2005, 92 

has measured the Martian atmosphere from the near-surface to ~80 km in a 93 

sun-synchronous (~0300 LT and ~1500 LT) polar orbit since September 2006, 94 

covering all of the dust events from MY27-MY37 (Creasey et al., 2006; Lee et al., 95 

2009; McCleese et al., 2007). The MCS repetitively measures the Martian atmosphere 96 

through nadir/off-nadir and limb sounding (Kleinböhl et al., 2009). Profiles of 97 

temperature, dust, and water ice with ~5 km vertical resolution are obtained by tuning 98 

the horizontal resolution to achieve an enhanced vertical resolution (McCleese et al., 99 

2007). The dust and water ice quantities are provided in units of extinction per unit 100 

height due to dust at 463 cm
-1

 and water ice at 843 cm
-1

 (McCleese et al., 2007). 101 

The Martian general circulation model (GCM) developed at the Dynamic 102 

Meteorology Laboratory (LMD) (Forget et al., 1999) model consists of a dynamical 103 

core that uses a finite difference method to solve basic hydrodynamic equations and a 104 

physical core; this model considers a series of comprehensive processes, such as 105 

radiative transfer(Forget, 1998; Wolff et al., 2006, 2009), the dust cycle(J.-B. 106 

Madeleine et al., 2011), the water cycle(J. ‐B. Madeleine, Forget, Millour, et al., 2012; 107 
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J. ‐B. Madeleine et al., 2014; Montmessin et al., 2004; Navarro et al., 2014), and 108 

energy and material transfer in the PBL region(Colaïtis et al., 2013). This study 109 

conducts simulations with a resolution of 5.625×3.75◦ in the horizontal direction and 110 

29 p-levels in the vertical direction from the ground to 100 km. To correspond with 111 

the dust scenario during the E Event in MY35, the MY35 reconstructed dust map is 112 

used as the initial model file (a detailed reference of the dust map can be found in 113 

(Montabone et al., 2015, 2020). 114 

 115 

2.2 Methods 116 

 The satellite observations are binned into 30° × 10° longitude-latitude bins at 117 

every pressure level, as discussed in Wu et al. (2015, 2017, 2020). Since the 118 

longitudinal coverages of ~ 3 a.m. and ~ 3 p.m. are the local times with the most 119 

samples due to the dominant in-track observation strategy (Kleinböhl et al., 2013), the 120 

daily means are calculated by averaging the mean values during the day and night. 121 

The zonal mean values are calculated only for longitude bins exceeding nine (Wu et 122 

al., 2020). The dust opacity depth in the MCS observations is weighted by the density 123 

((𝑑𝑧𝜏)/𝜌), which is proportional to the mass mixing ratio (Heavens et al., 2011; Wu et 124 

al., 2021). 𝑑𝑧𝜏 refers to the opacity depth, while the atmospheric density 𝜌 is 125 

derived from the pressure and temperature in MCS observations according to the ideal 126 

gas assumption. The climatology in the MCS observation is determined as the mean 127 

value in each Ls from MY27 to MY37, while the data in the MY35 are excluded. The 128 

climatological case of the LMD is simulated from the prescribed climatological dust 129 

scenario as described in (Montabone et al., 2015, 2020). 130 

To investigate the radiative and dynamic responses in the Martian atmosphere 131 

during the E Event period, the transformed Eulerian mean (TEM) zonal momentum 132 

and thermodynamic budget analysis are used in this study, as discussed in (Andrews 133 

et al., 1987; Keeble et al., 2014; Orr, Bracegirdle, Hosking, Feng, et al., 2012; Orr, 134 

Bracegirdle, Hosking, Jung, et al., 2012), as follows: 135 
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[𝑢]𝑡 + 𝜁𝑎[𝑣]† + [𝑤]†[𝑢]𝑧 − [𝑋] =
1

𝜌0 acos 𝜙
∇ ⋅ 𝐅  (1) 

[𝜃]𝑡 +
1

𝑎
[𝑣]†[𝜃]𝜙 + [𝑤]†[𝜃]𝑧 − [𝑄dia]

= −
1

𝜌0
{𝜌0 (

[𝑣∗𝜃∗][𝜃𝜙]

𝑎[𝜃]𝑧
+ [𝑤∗𝜃∗])}

𝑧

                           (2)

 

where 𝑢, 𝑣 and 𝑤 are the zonal, meridional and vertical components of the wind 136 

field, respectively; a is the Martian radius; f is the Coriolis parameter; 𝜙 is latitude; 137 

𝑧 is height; 𝜌0 is air density, which can be calculated with the relationship of the 138 

density scale height H (10 km) as exp (−z/H); 𝜃 is the potential temperature;𝜁𝑎 =139 

(𝑎cos 𝜙)−1([𝑢]cos 𝜙)𝜙 − 𝑓; [𝑣]†  and [𝑤]†  denote the TEM residual meridional 140 

and vertical winds, which are defined as [𝑣]† = [𝑣] − 𝜌0
−1(𝜌0[𝑣∗𝜃∗]/[𝜃]𝑧)𝑧  and 141 

[𝑤]† = [𝑤] + (𝑎cos 𝜙)−1(cos 𝜙[𝑣∗𝜃∗]/[𝜃]𝑧)𝜙 . The equation's square brackets 142 

indicate the zonal mean; the asterisks are used for the zonal anomalies (total waves 143 

that deviate from the zonal mean in all frequencies); the subscripts indicate the partial 144 

derivative for certain coordinates. The term [𝑋] represents unresolved forcing, such 145 

as unresolved gravity waves (GWs), smaller-scale turbulent diffusion, and friction. 146 

Limited by the size of the model grid, the effects of GWs are parameterized (Gilli et 147 

al., 2020; Liu et al., 2023; Lott & Millet, 2010) in the LMD-GCM model. 148 

The divergence of the Eliassen–Palm (EP) flux, which is associated with resolved 149 

planetary wave (PW) activities, can be expressed as (Andrews et al., 1987): 150 

𝐹𝑦 = 𝜌0𝑎 cos 𝜙 (−[𝑢∗𝑣∗] +
[𝑢]𝑧[𝑣∗𝜃∗]

[𝜃𝑧]
) , (3)

𝐹𝑧 = 𝜌0𝑎cos 𝜙 (
−𝜁𝑎[𝑣∗𝜃∗]

[𝜃𝑧]
− [𝑢∗𝑤∗]) ,   (4) 

   ∇ ⋅ 𝐅 =
1

acos 𝜙

∂(𝐹𝑦 cos 𝜙)

∂𝜙
+

∂𝐹𝑧

∂𝑧
.              (5)

 

where 𝐹𝑦  and 𝐹𝑧  represent the zonal and vertical components of the EP flux, 151 

respectively; and the   ∇ ⋅ 𝐅 term indicates the EP flux divergence (EPD). The EP flux 152 

represents the transport of resolved wave energy and momentum in the atmosphere 153 

(Andrews, 1987; Andrews et al., 1987; Becker, 2012). 154 
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The heating rate in the atmosphere can be divided into two parts: the total 155 

dynamic heating rate (temperature tendency [𝜃]𝑡 due to dynamic processes) and the 156 

radiative heating (including shortwave and longwave radiative heating). The radiative 157 

heating terms can be directly obtained from the model outputs. The total dynamic 158 

heating rates can be computed by rearranging the TEM thermodynamic equation  et 159 

al., 2012) as follows: 160 

[𝑄dyn]
𝜃

= −
1

𝜌0
{𝜌0 (

[𝑣∗𝜃∗][𝜃𝜙]

𝑎[𝜃]𝑧
+ [𝑤∗𝜃∗])}

𝑧

−
1

𝑎
[𝑣]†[𝜃]𝜙 − [𝑤]†[𝜃]𝑧 (6)

 

Where the term (−𝑎−1[𝑣]†[𝜃]𝜙 − [𝑤]†[𝜃]𝑧) refers to the advective heating rate 161 

[𝑄dyn]
𝜃

, while the first term on the right-hand side (RHS) represents the dynamical 162 

term of quasi-geostrophic motion (e.g., eddy-heat flux term). In the TEM framework, 163 

[𝑄dyn]
𝜃

 is converted from the potential temperature‒time tendency to the 164 

temperature tendency as [𝑄dyn]
𝜃

= [𝑄dyn]
𝜃

(𝑝/𝑝0)𝑅/𝐶𝑃, where R is the ideal gas 165 

constant and 𝐶𝑝 is the specific heat capacity. 166 

 The meridional flux of the mass transport across the equator can be calculated as 167 

follows: 168 

 ∫ 2𝜋𝑎 𝑐𝑜𝑠(𝜙) ×  𝛿𝑧
ℎ𝑒

ℎ𝑠
× [𝑣]† × 𝜌 × 𝜒ℎ2𝑜dz       (7) 169 

where ℎ𝑠  and ℎ𝑠  indicate the height ranges (start height and end height, 170 

respectively);  𝛿𝑧 is the layer height in m; and 𝜒ℎ2𝑜 is the volume mixing ratio from 171 

the LMD model. The definite integral of the mass flux quantitatively calculates the 172 

amount of trans-equatorial moisture over a specific period. 173 

 174 

3 Results 175 

Figure 1a shows the variations of the zonal mean total column dust opacity depth 176 

(CDOD) (Montabone et al., 2020) and temperature with solar longitude (Ls) during 177 

the E event from MCS observations. As mentioned by Kass et al. (2022) and 178 
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Montabone et al. (2020), the CDOD enhanced (with a maximum of 0.25) from the 179 

equator to nearly 60°N in the early spring of MY35 (from Ls≈34° to Ls≈55°). 180 

Meanwhile, an enhanced CDOD (~0.12) is also observed in the Southern Hemisphere. 181 

The anomalous dust mixing ratio is positive in the northern troposphere, with a 182 

maximum of approximately 0.03𝑚2/𝑘𝑔 in the middle latitudes. The density-scaled 183 

CDOD anomalies are also positive in the southern troposphere, with a maximum of 184 

approximately 0.02𝑚2/𝑘𝑔 (Figure 1b). In the LMD simulation (Figure 1c), there 185 

are also positive dust mass mixing ratio anomalies located at the northern middle 186 

latitudes, with a maximum of ~2 × 10−6𝑘𝑔/𝑘𝑔 near the surface. 187 

The MCS observations recorded significant positive temperature anomalies near 188 

Ls≈ 35°, with a maximum of 13 K in the northern mid-latitudes (30°-60°N) from 20 189 

to 40 km (Figure 1d), associated with the anomalous cooling in the northern 190 

mesosphere (around 60 km). Positive temperature anomalies are also observed in the 191 

southern troposphere, with a maximum of approximately 6 K at 40°S, 25 km. In the 192 

tropical region, the positive temperature anomalies extend from the near-surface to 60 193 

km. The temperature anomalies in the LMD simulation basically agree with those in 194 

the MCS observations, with increased temperatures in the mid-latitude troposphere in 195 

both hemispheres associated with decreased temperatures in the northern mesosphere. 196 

In the southern hemisphere, the anomalous cooling (approximately -1.3 K) is weaker 197 

in the LMD simulation. As the simulated dust amount was lower in the LMD than in 198 

the MCS observations, it could lead to inconsistency of the temperature response to 199 

the early dust storms. Given the overall agreement in the temperature responses with 200 

the MCS observations, LMD simulations are used to investigate the underlying 201 

mechanisms of the atmospheric response to rare E events. 202 

As both dynamic/adiabatic and radiative/diabatic processes can influence the 203 

atmospheric temperature, a decomposition of the heating rate was adopted to 204 

investigate the mechanisms in which Northern Hemisphere dust storms could affect 205 

the global temperature. As shown in Figure 2a, the middle latitudes of the northern 206 

troposphere (from 30°N to 60°N, extending from near the surface up to 40 km) which 207 
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is classified as Region 1 (R1 hereafter) became warmer than normal during the E 208 

event. The temperature anomalies are negative in the northern lower 209 

mesosphere  (30° − 60° N, 45 to 70 km, Region 2; R2). The area ranging from 210 

30° − 60°S to 20 km to 40 km which is labeled as Region 3 (R3), was characterized 211 

by positive temperature anomalies. As shown in Figure 2, the temperature anomalies 212 

are close to zero before the E Event (before Ls=32°) in all three regions. Shortly after 213 

the occurrence of E event E (near Ls≈ 34°), the anomalous temperatures in R1 and 214 

R3 increase rapidly (with a tendency of ~ 2K/Ls near Ls=36°) and reach their maxima 215 

(9.3 K for region 1; approximately 12 K for R3) at Ls=40° and Ls= 42°, respectively. 216 

The positive anomalies began to decrease from Ls =44° to the end of the E Event 217 

(near Ls= 47°). The anomalous temperature in R2 decreased at approximately Ls≈34°, 218 

reaching its minimum of -3.2 K at approximately Ls=38°. Then, it began to rise and 219 

come back to normal at Ls=44°.  220 

The factors impacting the temperature anomalies in these regions are examined 221 

by decomposing the heating rate into a radiative term (consisting of shortwave and 222 

longwave radiative heating rates) and a dynamic term (as shown in Equation 6). The 223 

sum of the dynamic and radiative terms in R1 (Figure 2c) could explain most of the 224 

temperature variation (red solid line in Figure 2b). The anomalous radiative heating 225 

rate (approximately 4.6 K/Ls) dominates the temperature variation, while the dynamic 226 

term tends to counteract the radiative effect with an anomalous heating rate of -2.1 227 

K/Ls. The anomalous radiative heating increase in R1 was primarily contributed by 228 

the direct absorption of shortwave radiation by the dust. In contrast, the anomalous 229 

longwave heating was positive during the initial phase of the E Event, from Ls=33° to 230 

Ls=38°. The variations in the anomalous heating rate due to longwave radiation and 231 

the temperature in R1 are synchronous, both reaching their peak at Ls=42°, indicates 232 

that the longwave radiation emitted from tropospheric air increased as the temperature 233 

increased. As a result, the increased longwave radiation emitted from the atmosphere 234 

tended to decrease the temperature anomalies in R1 after Ls=38° (Figure 2a and 2c). 235 
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The weakening of the shortwave heating after Ls=49° may be attributed to the 236 

obstruction effect of the lifted dust in R1. 237 

For Region 2 (Figure 2d), the dynamical term plays an important role in the 238 

cooling process, which causes an anomalous heating rate of approximately 0.9 K/Ls. 239 

As suggested by previous studies, the dynamic response can be related to atmospheric 240 

waves (such as PWs and GWs) (Battalio et al., 2022; Kuroda et al., 2020; 241 

Shaposhnikov et al., 2022), which can transport momentum by interact with the mean 242 

flow, affecting the residual circulation and the temperature (Andrews et al., 1987). As 243 

shown in Eq. (6), the dynamic heating rate from the LMD simulation can be 244 

decomposed into a resolved (PW) term and an unresolved (GW) term. The adiabatic 245 

heating from the GWs dominates the anomalous cooling in R2 from Ls≈ 32° − 39°, 246 

while the adiabatic heating due to PWs counteracts that due to GWs. During 247 

Ls≈ 40° − 45°, the dynamic heating induced by PWs and that induced by longwave 248 

radiation contributed primarily to the positive temperature anomaly. The radiative 249 

effect tends to increase the temperature anomalies in R2 at Ls ≈ 35°, primarily due 250 

to the influence of longwave heating. 251 

The anomalous heating in R3 (Figure 2e) during the E event is mainly attributed 252 

to the dynamical effects, especially those induced by PWs. The effects of GWs on 253 

temperature anomalies counteract those of PWs before Ls≈ 41°. The anomalous 254 

radiative term in R3, primarily contributed by the longwave component, tends to 255 

decrease the temperature anomalies and counteract the dynamical effect during the E 256 

event. The positive shortwave heating anomalies may be caused by direct solar 257 

heating absorption from the increased dust particles transported into R3. However, the 258 

effect of the shortwave radiation is relatively small compared with the magnitude of 259 

longwave cooling. 260 

 261 

4. Discussions 262 

The atmospheric wave activities are then examined based on the TEM framework 263 

to further investigate the dynamic response during this early dust event. Figure 3 264 
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shows the EP fluxes before and during the E Event. The climatological EP flux 265 

divergence is positive in the northern troposphere (the positive EPD in Figure 3a), 266 

associated with downward propagation below 30 km and upward propagation above 267 

into the northern mesosphere (R2). PWs also transport from R1 to R3, where the EP 268 

flux converges (dissipates). Before the onset of the E event (approximately Ls≈32°), 269 

the anomalous EPD was centered at approximately 30°N, 60 km (Figure 3b), 270 

associated with the southward propagation of EP flux anomalies from 30°N to 271 

40-50°S at 40 km and 70 km. Suppressed dissipation of PWs (positive EP flux 272 

divergence peaking at approximately 10 m/s/𝑑𝑎𝑦 ) is evident in the northern 273 

troposphere (~ 20 km), coinciding with the anomalous heating in R1 (Figure 1c and 274 

2c). At the beginning of the E Event (Ls≈ 36°), the downward propagation of PWs is 275 

enhanced in R1. Still, it is suppressed, accompanied by enhanced PW dissipation near 276 

R3 (Figure 3b).  277 

At Ls≈ 36°, the positive anomalies of the EP flux divergence in R1 begin to 278 

decrease (Figure 3c). At the same time, the upward propagation of PWs into the 279 

mesosphere (40-80 km) was enhanced. The propagation of PWs across the equator is 280 

also intensified in the upper troposphere and mesosphere. In R3, there is a pronounced 281 

increase in the anomalous EPD. The dissipation of PWs in the southern troposphere 282 

suggests the transfer of westward momentum to the background zonal winds. The EP 283 

flux with a wavenumber of 1 to 3 (WN 1-3) accounts for most of the total EP flux 284 

anomalies (Figure 4a). The WN1 component dominates the EP flux anomalies in R2 285 

and southern middle latitudes (near the surface to the mesopause) (Figure 4b). In 286 

contrast, the WN2 component mainly contributes to the EP flux anomalies in R1 287 

(Figure 4c). The WN3 component plays an important role in R3 (Figure 4d). 288 

The zonal mean zonal wind anomalies during the E event, along with the 289 

anomalous EPD and GWs drag, are shown in Figure 5. The positive EPD leads to 290 

enhanced eastward zonal wind anomalies in the lower (~20 km) northern troposphere 291 

(Figure 5a). The zonal mean zonal wind anomalies are eastward in the tropical 292 

(-30° − 30°N) troposphere (20 km) and the lower mesosphere region (up to 60 km). 293 
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In the middle- and high-latitude regions, the zonal mean zonal wind anomalies are 294 

westward in the troposphere and mesosphere of both hemispheres. The negative EPD 295 

anomalies in R3 tend to suppress the eastward background wind (the zonal wind 296 

anomalies are -10 m/s in the tropopause). Due to the quasi-geostrophic balance, the 297 

meridional circulation anomalies become southward in the southern hemisphere, 298 

which further cause the anomalous downwelling and modulate the temperature via the 299 

adiabatic process in R3 (Figure 6). 300 

The positive EPD anomalies near the equator are responsible for the enhanced 301 

eastward wind anomalies. As presented in Figure 6, there is anomalous upwelling in 302 

the residual circulation in R1, which tends to counteract the radiative heating due to 303 

the adiabatic cooling (Figure 2c). Besides the effect of PWs, GWs also play a role in 304 

the modulation of the zonal wind and temperature in the mesosphere region 305 

(Alexander et al., 2011; Vincent, 1987). The negative GW drag (GWD) anomalies in 306 

R1 (indicating the westward momentum anomalies) and in the tropical mesosphere 307 

tend to suppress the eastward wind, which counteracts the effect of the PWs (Figure 308 

5b). Due to the critical level filtering (Fritts & Alexander, 2003), the enhanced 309 

eastward background flow in R1 would increase eastward GWs' absorption, 310 

increasing the westward net momentum in the upper atmosphere (R2). In the tropical 311 

region, the anomalous GWD provides eastward momentum in the tropical tropopause 312 

region (~40 km) with an amplitude of approximately 1.3 m/s/day. As a result of the 313 

eastward wind anomalies in the tropical tropopause region, the westward GW drag 314 

increased (negative anomalies) in the tropical mesosphere (Figure 5b). The EPD 315 

generally dominates the anomalous momentum budget in the troposphere, while the 316 

GWD contributes more momentum anomalies in the mesosphere. 317 

 As the anomalous residual circulation can also affect the transportation of water 318 

vapor, the total water column mass flux across the equator is calculated as described 319 

in equation (7) from Ls= 25°-47° to verify the potential impact of dust storm on the 320 

water budget in the first half of MY35. As shown in Figure 7a and 7b, water transport 321 

across the equator is simulated by LMD considering both water ice and water vapor 322 
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mass flux components. The mass flux of water is mainly from the water ice transport 323 

in both the climatological case and the MY35 case, since the Martian atmosphere is 324 

cold and cloudy near the aphelion (Clancy et al., 2021; Guha et al., 2021b; J. ‐B. 325 

Madeleine, Forget, Spiga, et al., 2012). The water column mass flux is smaller than 326 

1 × 104 𝑘𝑔/𝑠 within the same Ls range as the E Event in the climatological case. In 327 

the MY35 simulation (Figure 7b), the meridional water ice mass flux across the 328 

equator was also relatively low (below 2.5 × 104 𝑘𝑔/𝑠) before the E Event (Ls=32°), 329 

while the northward water vapor mass flux was larger (at 1.8 × 104 𝑘𝑔/𝑠) than that 330 

in the climatological case. 331 

Following the development of dust storm in the northern hemisphere, the 332 

northward water vapor flux became negative after the occurrence of the E event (Ls = 333 

32°). It reached its minimum of approximately −7.2 × 104kg/s at Ls≈ 40° (Figure 334 

7b), indicating significant southward water vapor transport coincides with the 335 

anomalous southward residual meridional mean circulation. As the E event further 336 

developed (Ls≈ 42° − 45°), the northward water mass flux became positive again 337 

with a magnitude of approximately 2.3 × 104kg/s. Although the direction of the 338 

meridional transport of water altered throughout the evolution of the E event, the net 339 

transport of water toward the southern hemisphere remained significant. As a result, 340 

this increased southward transfer of water (6.8975 × 1010 kg) accounts for nearly 341 

35.9% of the net interhemispheric water transport (from northern to southern 342 

hemisphere) in an entire Martian year. The increased water transport into the southern 343 

hemisphere during the E event significantly affects Mars's annual water vapor cycle, 344 

potentially affecting the water cycle and escape in the latter half of the Martian year. 345 

(Fedorova et al., 2018; Heavens et al., 2018; Stone et al., 2020; Sun et al., 2023; Wu 346 

et al., 2020). 347 

 348 

5. Summary 349 

This study reported a rarely occurring dust storm during the low dust loading 350 

season in MY 35. Anomalous warming occurred in the midlatitude troposphere of 351 
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both hemispheres (R1 and R3), and anomalous cooling occurred in the northern 352 

mesosphere (R2). The LMD simulations with the MY35 dust scenario reproduce 353 

similar temperature anomalies during the E event. Direct heating (shortwave) from 354 

dust absorption dominates the temperature variation in R1 during the E event. With 355 

the help of the TEM analysis framework, heating sources from different physical 356 

processes, including dynamic and radiative effects, were investigated. The PWs 357 

propagated from the dust-rich region in the northern troposphere to the southern 358 

hemisphere during the E event. The increased dissipation of PWs in R3 could enhance 359 

the residual meridional circulation, which further cause the temperature warming in 360 

R3 via the adiabatic heating. The heating rate from the dynamical terms (mainly from 361 

EPD/PWs) tends to decrease the temperature in R1 following the upwelling residual 362 

circulation (adiabatic cooling). 363 

As the anomalous EDP provides eastward (positive) momentum to the zonal wind 364 

in the troposphere (R1), more eastward GWs are absorbed in that region due to the 365 

critical level filtering. The upward net westward momentum by the GWs further 366 

modulates the residual circulation in the northern mesosphere and leads to adiabatic 367 

cooling in R2, which is similar to the vertical coupling dynamic mechanisms on Earth 368 

(Becker, 2012; Karlsson et al., 2007, 2009; Li et al., 2016; Murphy et al., 2012).  369 

Consistent with the enhanced north-to-south flow, the net meridional transport of 370 

water from north to south increases during the E event, as revealed by the LMD 371 

simulations. The enhanced residual circulation significantly strengthens the net 372 

interhemispheric water transport by 35.92% compared to the total net water transport 373 

during an entire Martian year. These anomalous water transports could increase water 374 

storage in the Southern Hemisphere, which potentially affects the annual water cycle 375 

and water escape during the high dust loading season during the Southern Hemisphere 376 

summer season (Fedorova et al., 2018; Heavens et al., 2018; Wu et al., 2020). 377 

  378 
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Figure Captions 393 

Figure 1. The zonal mean total column dust opacity depth from Ls= 0-90° (a); the 394 

black dotted lines show the reference time range of the E Event. The zonal mean 395 

density scaled opacity depth anomalies from the MCS observations (c) and the zonal 396 

mean mass mixing ratio anomalies from the LMD simulations (e); the zonal mean 397 

temperature anomalies during the E Event from MCS observations (d) and LMD 398 

simulations (d) at Ls=36° (the development stage of the E Event). The contour 399 

interval in (b) and (c) is 1 K. The gray filled-in area refers to the missing data or the 400 

level underground. 401 

Figure 2. The temperature anomalies (shadings) with rectangles are labeled region 1 402 

(heating region in the troposphere at the northern middle latitudes), region 2 (cooling 403 

region in the lower mesosphere at the northern middle latitudes), and region 3 404 

(heating region in the upper troposphere at the southern middle latitudes) (a). The 405 

regional mean temperature anomaly variations during the E Event period are shown in 406 

(b). The solid jacinth line represents the regional mean temperature anomalies in 407 

https://pds-atmospheres.nmsu.edu/data_and_services/atmospheres_data/MARS/%20atmosphere_temp_prof.html
https://pds-atmospheres.nmsu.edu/data_and_services/atmospheres_data/MARS/%20atmosphere_temp_prof.html
https://doi.org/10.17605/OSF.IO/CDPGU


 16 

region 1, the solid light blue line represents the regional mean temperature anomalies 408 

in region 2, and the solid purple line represents the regional mean temperature 409 

anomalies in region 3. The heating rate decompositions of region 1 (c), region 2 (d) 410 

and region 3 (e) are shown with solid black lines representing the summations of the 411 

heating rate from dynamic and radiative processes, while the bold dashed lines with 412 

the same color as in (b) represent the temporal variation in the temperature in the 413 

corresponding region. The solid green lines represent the heating rates from the 414 

dynamic processes, the solid red line represents the heating rates from the radiative 415 

processes, the dotted blue lines represent the dynamic heating rates from PWs, and the 416 

dotted red lines represent the dynamic heating rates from GWs. The dotted light green 417 

lines represent the heating rates from longwave radiation, and the dotted blue lines 418 

represent the heating rates from shortwave radiation. 419 

Figure 3. The EP flux (quivers) and its divergence (shadings) in the climatological 420 

case during the same time period as the E event (Ls≈ 32° − 45°) (a), during the initial 421 

stage (Ls≈ 32°) (b) and during the development stage (Ls≈ 36°) (c). 422 

Figure 4. The EP flux (quivers) and its divergence (shadings) from the WN1-3 sum 423 

(a), WN1 component (b), WN2 component (c) and WN3 component (d) at Ls=36°. 424 

Figure 5. The zonal mean zonal wind (contour lines) along with the EPD (a) and 425 

parameterized GWD (b) (shading) at Ls=36°. The contour interval is 5 m/s. 426 

Figure 6. The residual circulation anomalies in the initial stage (Ls=32°) (a) and 427 

development stage (Ls=36°) (b) of the E Event (quivers) along with zonal mean 428 

temperature anomalies (shadings). 429 

Figure 7. The total column water mass transport variation from the Northern to 430 

Southern Hemisphere in the climatological case (a) and the MY35 case (b). The blue 431 

lines represent the water mass transport of water ice, the red lines represent the water 432 

mass transport of water vapor, and the black lines are the summations of the water 433 

components. 434 

 435 
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Figures 436 

 437 

Figure 1. The zonal mean total column dust opacity depth from Ls= 0-90° (a); the 438 

black dotted lines show the reference time range of the E Event. The zonal mean 439 

density scaled opacity depth anomalies from the MCS observations (c) and the zonal 440 

mean mass mixing ratio anomalies from the LMD simulations (e); the zonal mean 441 

temperature anomalies during the E Event from MCS observations (d) and LMD 442 

simulations (d) at Ls=36° (the development stage of the E Event). The contour 443 
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interval in (b) and (c) is 1 K. The gray filled-in area refers to the missing data or the 444 

level underground. 445 

 446 

Figure 2. The temperature anomalies (shadings) with rectangles are labeled region 1 447 

(heating region in the troposphere at the northern middle latitudes), region 2 (cooling 448 

region in the lower mesosphere at the northern middle latitudes), and region 3 449 

(heating region in the upper troposphere at the southern middle latitudes) (a). The 450 

regional mean temperature anomaly variations during the E Event period are shown in 451 
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(b). The solid jacinth line represents the regional mean temperature anomalies in 452 

region 1, the solid light blue line represents the regional mean temperature anomalies 453 

in region 2, and the solid purple line represents the regional mean temperature 454 

anomalies in region 3. The heating rate decompositions of region 1 (c), region 2 (d) 455 

and region 3 (e) are shown with solid black lines representing the summations of the 456 

heating rate from dynamic and radiative processes, while the bold dashed lines with 457 

the same color as in (b) represent the temporal variation in the temperature in the 458 

corresponding region. The solid green lines represent the heating rates from the 459 

dynamic processes, the solid red line represents the heating rates from the radiative 460 

processes, the dotted blue lines represent the dynamic heating rates from PWs, and the 461 

dotted red lines represent the dynamic heating rates from GWs. The dotted light green 462 

lines represent the heating rates from longwave radiation, and the dotted blue lines 463 

represent the heating rates from shortwave radiation. 464 
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 465 

Figure 3. The EP flux (quivers) and its divergence (shadings) in the climatological 466 

case during the same time period as the E event (Ls≈ 32° − 45°) (a), during the initial 467 

stage (Ls≈ 32°) (b) and during the development stage (Ls≈ 36°) (c). 468 

 469 
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470 

Figure 4. The EP flux (quivers) and its divergence (shadings) from the WN1-3 sum 471 

(a), WN1 component (b), WN2 component (c) and WN3 component (d) at Ls=36°. 472 

  473 
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 474 

 475 

Figure 5. The zonal mean zonal wind anomalies (contour lines) along with the EPD 476 

(a) and parameterized GWD (b) (shading) at Ls=36°. The contour interval is 5 m/s. 477 

  478 
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 479 

 480 

Figure 6. The residual circulation anomalies in the initial stage (Ls=32°) (a) and 481 

development stage (Ls=36°) (b) of the E Event (quivers) along with zonal mean 482 

temperature anomalies (shadings). 483 
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 484 

Figure 7. The total column water mass transport variation from the Northern to 485 

Southern Hemisphere in the climatological case (a) and the MY35 case (b). The blue 486 

lines represent the water mass transport of water ice, the red lines represent the water 487 

mass transport of water vapor, and the black lines are the summations of the water 488 

components. 489 

  490 
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