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Abstract

Insight and other observations of the Martian surface at different locations have recorded the diurnal variation in surface

pressure (Ps) with two rapid fluctuations that occur at dawn and dusk (around LT0800 and LT2000). These short-period

surface pressure perturbations at specific local times are typically observed near Martian equinox. Similar phase-locked surface

pressure fluctuations over most areas of the middle and low latitudes are simulated by the Martian General Circulation Model at

the Dynamic Meteorology Laboratory (LMD). This phenomenon is thus likely to be global rather than local. By reconstructing

the surface pressure variation from the horizontal mass flux, the pressure fluctuations in a sol can be attributed to the diurnal

variation in the horizontal wind divergence and convergence in the Martain tropical troposphere in the GCM simulations. The

background diurnal variation in Ps is related to the diurnal migrating tidal wind, while the enhanced convergence due to the

overlap of the 4-hour and 6-hour tides before LT0800 and LT2000 is responsible for the Ps peaks occurring at dawn and twilgith.

Although the amplitudes of the 4-hour and 6-hour tides are smaller than those of diurnal tides, the phases of these tides remain

similar in the Martain troposphere, which suggests that the convergences and divergences due to 4 h/6 h tidal winds at different

altitudes are in phase and together create a mass flux comparable to that induced by diurnal/semidiurnal components and lead

to rapid pressure fluctuations.
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Abstract 20 

Insight and other observations of the Martian surface at different locations have 21 

recorded the diurnal variation in surface pressure (Ps) with two rapid fluctuations that 22 

occur at dawn and dusk (around LT0800 and LT2000). These short-period surface 23 

pressure perturbations at specific local times are typically observed near Martian 24 

equinox. Similar phase-locked surface pressure fluctuations over most areas of the 25 

middle and low latitudes are simulated by the Martian General Circulation Model at the 26 

Dynamic Meteorology Laboratory (LMD). This phenomenon is thus likely to be global 27 

rather than local. By reconstructing the surface pressure variation from the horizontal 28 

mass flux, the pressure fluctuations in a sol can be attributed to the diurnal variation in 29 

the horizontal wind divergence and convergence in the Martain tropical troposphere in 30 

the GCM simulations. The background diurnal variation in Ps is related to the diurnal 31 

migrating tidal wind, while the enhanced convergence due to the overlap of the 4-hour 32 

and 6-hour tides before LT0800 and LT2000 is responsible for the Ps peaks occurring 33 

at dawn and twilgith. Although the amplitudes of the 4-hour and 6-hour tides are smaller 34 

than those of diurnal tides, the phases of these tides remain similar in the Martain 35 

troposphere, which suggests that the convergences and divergences due to 4 h/6 h tidal 36 

winds at different altitudes are in phase and together create a mass flux comparable to 37 

that induced by diurnal/semidiurnal components and lead to rapid pressure fluctuations. 38 

 39 

Plain Language Summary 40 

 With the help of InSitu observations of Martian landers and rovers, the near-surface 41 



pressure fluctuations in different locations are recorded, which are present near dawn 42 

and twilight with sudden pressure peaks. In previous studies, the reason for similar 43 

pressure fluctuations was attributed to buoyancy waves driven by nearby topographic 44 

effects. Nevertheless, the phase-locked sudden pressure peaks recorded at different 45 

locations challenge this hypothesis and imply a possible relationship with atmospheric 46 

tides, which are global-scale variations caused by solar heating synchronously changing 47 

with local solar time. In this study, the pressure fluctuations recorded by different 48 

landers are attributed to the diurnal variation in the horizontal wind divergence and 49 

convergence in the Martian troposphere. The zonal wind variation with periods of 4 and 50 

6 hours mainly contributes to the observed fluctuations, while the meridional wind and 51 

diurnal/semidiurnal winds offer a background for the diurnal pressure cycle. 52 

 53 

Key Points 54 

1. The phase-locked surface pressure fluctuations in the Martian tropics are observed 55 

by Insight and other missions at different locations. 56 

2. The surface pressure fluctuations are primarily attributed to the mass flux due to the 57 

horizontal wind in the Martian troposphere. 58 

3. The interaction of the 4-hour and 6-hour tidal winds results in phase-locked 59 

morning and evening rapid pressure fluctuations. 60 

1 Introduction 61 

 Although Mars is a cold desert with a thin atmosphere that has an average of 0.6% 62 



of the surface pressure (Ps) compared to Earth, energetic meteorological phenomena at 63 

different spatial and temporal scales are present on Mars. The magnitude of those 64 

activities can be even stronger than those on Earth, while relevant studies on Mars are 65 

inadequate (R.M. Haberle et al., 2017; Wu et al., 2022). Mars’s unique atmospheric 66 

regime offers the opportunity to study meteorological phenomena. In-situ observation 67 

at Mars’s surface provides ground truth to benefit the understanding of the atmospheric 68 

variability in large-scale weather to small-scale turbulence on Mars. With the help of 69 

the recent landers and rovers, which measure the Martian meteorological field near the 70 

Martian surface, there are many highly sensitive observations to monitor activities from 71 

seasonal changes to convective vortices as well as turbulence in the Martian planetary 72 

boundary layer (PBL) (Hess et al., 1977; Banfield et al., 2020; Spiga et al., 2021; S.D. 73 

Guzewich et al., 2021). 74 

At the synoptic scale, the early in situ observations of the Viking missions recorded 75 

seasonal baroclinic (Tillman, 1988; Collins et al., 1996) and barotropic traveling waves 76 

at their landing points (VL1 at 22.697°N, 312.05°E, VL2 at 47.64°N, 225.71°W, 77 

respectively), which is similar to the fronts and storm system on Earth (e.g., Wilson et 78 

al., 2002). On the time scale of a sol, the Viking missions first reveal vibrant diurnal 79 

variations in Ps. The Ps increases during the nighttime and reaches its maximum at 80 

approximately LT0800 in the morning, then decreases during the daytime, reaching its 81 

minimum at approximately LT1700 in the afternoon, with a diurnal range (max - min) 82 

of surface pressure of approximately 20 Pa, which is in excess of 2.6% of the mean 83 

pressure in a sol (Hess et al., 1976a; Hess et al., 1977). The Mars Pathfinder (Golombek 84 



and Matthew, 1997), with a higher smpling frequency among the 3-min default 85 

measurement sessions for nominally 51 times per sol on Ares Vallis, Chryse Planitia 86 

(19°N,33.2°W), recorded a daily pressure cycle that was characterized by a significant 87 

semidiurnal oscillation with two maxima near LT0800 and LT2000 during its first 30 88 

sol observations (Haberle et al., 1999). With the improvement of the detection 89 

capability in both sampling frequency and precision, the surface pressure observed by 90 

the Curiosity mission landing in Gale Crater (4.5°S, 137.73°E) recorded a clear diurnal 91 

cycle along with short-period Ps fluctuations from tens of minutes to 3 hours (S.D. 92 

Guzewich et al., 2021). Notably, the strong spectral powers are conspicuous near 93 

LT0800 and LT2000, especially during sols near the equinox, suggesting vibrant 94 

fluctuations in the morning and evening, respectively. The initial observation from the 95 

recent Insight mission, which is the first continuously operating meteorological detector 96 

on the Martian surface landing on the Elysium Planitia (4.5°N, 135.6°E), which is 97 

located across the equator from the Curiosity rover, also records the rapid pressure 98 

fluctuations in the morning and evening after the “type C” large dust storm in MY34 99 

(~45 sol in the Insight observation), in addition to the diurnal and semidiurnal pressure 100 

variations that are mentioned by past landers and rovers (Banerdt et al., 2020; Bandield 101 

et al., 2020). In the rest of this paper, the sudden increasing surface pressure peaks near 102 

LT0800 and LT2000 are denoted by the “Dawn & Twilight peaks” (DTPs/DP and TP, 103 

respectively). The Ps on Earth also shows a similar pattern of diurnal and semidiurnal 104 

variation but with much smoother peaks and take place at different local times (maximal 105 

values are present near LT1000 and LT2200 in the low latitude observations), which 106 

javascript:;


implies that DTPs on Mars is a unique phenomenon (Le Blance, 2011). The 107 

investigation of the mechanisms that modulate the daily variation in Martian surface 108 

pressure, which is distinct from its neighboring Earth, can be a unique opportunity to 109 

provide a fresh understanding of the atmospheric environment in the different planets. 110 

Although DTPs near LT0800 and LT2000 have been reported by both Curiosity 111 

and Insight missions, the underlying mechanism has not been well established. Hourdin 112 

et al. (1993) suggested that the surface pressure variations may partly be due to 113 

orographic effects. Guzewich et al. (2021) suggested that the sudden surface pressure 114 

fluctuations observed by Curiosity are related to buoyancy waves driven by the airflow 115 

over the nearby topography at dawn and twilight. However, the in situ observations of 116 

multiple landers and rovers also showed similar rapid Ps fluctuations, implying the 117 

contribution of other mechanisms in addition to the effect of local topography. 118 

 Atmospheric thermal tides are global-scale harmonic waves induced by solar 119 

heating across the planet (Gierasch & Goody, 1968; Zurek, 1976). The amplitude of 120 

atmospheric thermal tides is usually large because of the low heat capacity of Martian 121 

air and dominates the diurnal pressure and temperature variations in the Martian 122 

atmosphere (Fan et al., 2022). Thermal tides can cause large-scale divergence and 123 

convergence of the atmosphere, which play a potential role in surface pressure 124 

variations (Wu et al., 2020). 125 

 The goal of this study is to investigate the possible mechanisms that lead to the 126 

sudden increasing dawn and twilight surface pressure peaks in a daily cycle using both 127 

in situ observations and GCM simulations. Section 2 introduces the datasets of in situ 128 

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2021GL097130#grl63976-bib-0007
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2021GL097130#grl63976-bib-0023


observations and GCM simulations and the method used to process the data in this study. 129 

In Section 3, the phenomenon of Martian surface pressure fluctuations near LT0800 and 130 

LT2000 are described based on Martain landers and rovers observations. Section 4 131 

discusses the possible mechanism by which global daily Ps variations are modulated. 132 

A summary of the findings of this study and a discussion of the implications are 133 

provided in Section 5. 134 

  135 

2 Data and Method 136 

2.1 Observations 137 

 The Insight mission, which landed at Elysium Planitia (4.5°N 135.6°E) in the 138 

northern winter, became the first continuously operating meteorological station on the 139 

Martian surface (Banerdt et al., 2020; Spiga et al., 2018). The pressure data are derived 140 

from the high-precision pressure sensor (PS), which is a part of the Auxiliary Payload 141 

Sensor Subsystem (APSS) (Banfield et al., 2019). With sensors onboard the Insight 142 

lander that worked in continuous mode for nearly 2 Martian years, InSight provided 143 

one of the most valuable records to study the near-surface atmosphere on Mars. 144 

 The pressure records samples at frequencies ranging from 2 to 10 Hz during the 145 

Insight mission, covering 88% of the first 170 sols in MY35 (Viúdez‐Moreiras et al., 146 

2020; Chatain et al., 2021). 147 

 Data from other Mars landers and rovers, including Vikings (VLs), Mars Pathfinder 148 

(MPF), Mars Science Laboratory (MSL), and Perseverance, are also adopted in this 149 



study. The Viking Meteorology Instrument System (VMIS) onboard VL1 and VL2 150 

consisted of sensors to measure pressure, temperature, and wind near the Martian 151 

surface, which landed on Mars in 1976 (Hess et al., 1976a; Hess et al., 1976b; Hess et 152 

al., 1977). The Viking landers worked in modules of 9 min, 20 min or 39 min to measure 153 

these meteorological variables at different sampling rates, spaced from 1.5 h apart in a 154 

sol. VL1 landed at 22.4°N and worked for 2245 sols, while VL2 landed at 47.9°N and 155 

operated for 1281 sols (Chamberlain et al., 1976). The Atmosphere Structure 156 

Instrument/Meteorology Package (ASI/MET) experiment on board the MPF lander 157 

started its mission in July 1997 near the ”Ares Vallis” (33.52°W, 19.30°N), which also 158 

has the ability to measure surface pressure at high quality (Golombek, 1997). A detailed 159 

introduction of the MPF observation mode can be found in the reference (Golombek, 160 

1997; Schofield et al., 1997; Savijärvi et al., 2004). The Mars Science Laboratory (MSL) 161 

onboard the Curiosity rover landed in Gale crater (137.42°E, 4.6°S) in August 2012 and 162 

measured air pressure at a height of 1 m on the rover deck (Gómez-Elvira et al., 2012). 163 

The MSL pressure sensor sample was 5 min long per hour at 1 Hz throughout the 164 

mission with an interspersed full hour sample period for over 3580 sols. The Mars 165 

Environmental Dynamics Analyzer (MEDA) onboard the Perseverance rover consists 166 

of a pressure sensor, which measures the surface pressure with a sampling rate of 1 Hz 167 

in every observation group, while every group has a gap of at least an hour or even 168 

more (Rodriguez-Manfredi et al., 2021; Jackson, 2022). 169 

The observation data mentioned above can be found on the Planetary Atmospheres 170 

Node (ATM) of the Planetary Data System (PDS), https://pds-171 

https://pds-atmospheres.nmsu.edu/#Mars


atmospheres.nmsu.edu/#Mars. 172 

 173 

2.2 GCM Simulations 174 

A series of Martian general circulation models (GCMs) at the Dynamic 175 

Meteorology Laboratory (LMD) (Forget et al., 1999) were conducted for comparison 176 

with in situ observations. The Martian LMD model consists of a dynamical core, which 177 

integrates hydrodynamic equations with a finite difference method, and a rigorous 178 

physical core, which takes into account radiative transfer (Forget et al., 1999), the dust 179 

cycle (Madeleine et al., 2011), the water cycle (Madeleine et al., 2012; Montmessin et 180 

al., 2004; Navarro, Madeleine et al., 2014), PBL transferring (Colaïtis et al., 2013) and 181 

other physical processes (e.g., Forget et al., 1999; Forget et al., 2011). In our study, the 182 

simulations are conducted with a resolution of 5.625×3.75◦ in the horizontal direction 183 

and 29 levels in the vertical direction from the ground to 100 km. To correspond with 184 

the dust scenario during the Insight mission, the MY34 and MY35 reconstructed dust 185 

maps are used as initial model files (a detailed introduction of the dust maps can be 186 

found in Montabone et al., 2020). The output data in a sol have been set to 48 times per 187 

sol to capture the short-period atmospheric fluctuations. 188 

 189 

2.3 Data Processing Methods 190 

 To investigate the daily atmospheric variation related to the Ps fluctuations and 191 

https://pds-atmospheres.nmsu.edu/#Mars


reveal the characteristics of the Ps variation with different periods, the daily mean value 192 

is first excluded from the data. Then, the harmonic fit is utilized to subtract the short 193 

period variations from the diurnal cycle (e.g., R. Haberle et al., 2014; S. Guzewich et 194 

al., n.d.; S. D. Guzewich et al., 2021). The periodicity characteristics of the observed 195 

pressure data are evaluated by the Lomb-Scargle (LS) Periodogram (Lomb, 1981; 196 

Scargle et al., 1982), which is designed to detect the periodicity in both evenly and 197 

unevenly sampled time series. In this study, the LS Periodogram is conducted with an 198 

uncertainty of 10 mPa (Lange et al., 2022). 199 

 Martian thermal tides are traveling waves in the atmosphere induced by the 200 

solar heating of gases and aerosols, which are typically water ice and dust on Mars 201 

(Guzewich, Tiogo, et al., 2013; Hinson and Wilson, 2004; Kleinböhl et al., 2013; 202 

Wilson and Guzewich, 2014; Wu et al., 2017). The migrating tide is phase-locked in 203 

local solar time (Zurek et al., 1979,1981). The amplitude and phase are two basic 204 

parameters used to identify the characteristics of thermal tides (Chapman and Lindzen, 205 

1970; Forbes, 1995; She et al., 2016). As propagating waves in the atmosphere in both 206 

longitudinal and vertical directions, thermal tides can be characterized as a series of 207 

harmonic functions (Chapman and Lindzen, 1970; Forbes, 1995). The certain tidal 208 

component from the original meteorological field can be expressed as follows, in line 209 

with previous studies (e.g., Banfield et al., 2000; Wu et al., 2015, 2017): 210 

P(λ,φ, p, t) = ∑ (Cσ,s(φ, p) cos(sλ + σt) + Sσ,s(φ, p) sin(sλ + σt))σ,s      (1) 211 

where λ, ϕ and p are the longitude, latitude and pressure level, respectively; t is 212 

the universal time; s and σ are the wavenumbers in longitude and time space; and C 213 



and S are the amplitudes of the harmonic functions. The amplitude (A) and phase (θ) 214 

of each mode can be obtained by: 215 

Aσ,s(φ, p) = √Cσ,s(φ, p)2 + Sσ,s(φ, p)2       (2) 216 

θσ,s(φ, p) = tan−1 (
Cσ,s(φ,p)

Sσ,s(φ,p)
)                (3) 217 

 According to the hydrostatic assumption, the surface pressure is determined 218 

by the mass accumulation of the whole atmosphere (Andrews et al., 1987). The surface 219 

pressure can be reconstructed using the horizontal wind from a certain vertical range as: 220 

Precon = ∫∫ −∇ ⋅ 𝑤⃗⃗ ⋅ ρ ⋅ 𝐷𝑑𝑧𝑑𝑡
he

hs

                
t

(4) 221 

where t is time; z is vertical height; hs  and he  indicate the height range used to 222 

calculate the mass flux; w⃗⃗⃗  is the horizontal wind; ρ is the density; D is calculated as 223 

D =
g

aire
 , while aire  is the area of the longitude-latitude grid, and g  is the 224 

gravitational acceleration. 225 

 226 

3 Results 227 

 Figure 1 shows the surface pressure observed by Insight (blue line) in five 228 

continuous sols near the equinox (Ls = ~ 0°). The surface pressure observation from the 229 

Insight mission shows a significant diurnal cycle with a maximum of ~745 Pa near 230 

LT0800 in the morning and a minimum of ~705 Pa near LT1700. The amplitude of the 231 

Ps diurnal variation is approximately 40 Pa in a sol, 5.5% of the daily mean pressure, 232 

which is much larger than that on Earth (approximately 0.8%). In addition to the diurnal 233 

variation, which is characterized by the Ps decreasing in the daytime and increasing in 234 



the nighttime, there are two sudden increases in the pressure near LT0800 and LT2000. 235 

The timescale of the Ps fluctuation near LT0800 and LT2000 is much shorter than the 236 

diurnal or semidiurnal cycle. The pressure peak in the morning is usually the daily 237 

maximum (larger than in the evening), with a sudden pressure increase of 238 

approximately 15 Pa from LT0600 to LT0800, which is approximately 2% of the daily 239 

mean pressure. From LT0800 to LT1000, the pressure drops down to a similar value at 240 

LT0600. The rapid increase and decrease in Ps in the evening overlapped with the 241 

increasing Ps due to the diurnal cycle. The pressure begins to increase from ~LT1630 242 

with the lowest Ps in a sol and increases to its maximal of 40 Pa near LT2000, then 243 

drops down and reaches the minimal value near LT2200. In the rest of this paper, the 244 

sudden increasing surface pressure peaks near LT0800 and LT2000 are denoted by the 245 

“Dawn & Twilight peaks” (DTPs/DP and TP, respectively). 246 

The dawn pressure peaks are identified when a rapid pressure increase occurs with 247 

an amplitude over 1.5% of the daily mean pressure from LT0600 to LT0800, while the 248 

twilight pressure peaks are identified when the pressure rapidly increases with an 249 

amplitude over 1% of the daily mean pressure. Figure 2 shows the occurrence of the 250 

surface pressure observations that dawn and twilight pressure fluctuations are present 251 

after the landing of the Insight mission for over 1 Martian year. The labels of 252 

“DTPs”, ”NDTPs” and “MD” represent the sols that the DTPs are present, not present 253 

or missing data to determine the DTPs, respectively. During the observation of the 254 

InSight mission for one Martian year, the DTPs prefer to occur near the equinox and 255 

can last for over 100 sols, so it can be regarded as a general phenomenon near the 256 



Martian equator. 257 

In addition to the Insight mission, which is located near the Martian equator, the 258 

diurnal variation in the surface pressure is also recorded by other landers and rovers at 259 

different locations (Figure 3). The missions at low latitudes, such as the Insight and 260 

Curiosity missions, show strong diurnal and semidiurnal variations associated with 261 

significant DTPs, while the similar DTPs recorded at higher latitudes are weaker than 262 

those observed at low latitudes (Guzewich et al., 2021; Banfield et al., 2020). The 263 

observations in the middle latitudes, such as the VLs, MPF, and perseverance missions, 264 

also suggested similar phase-locked DTPs with weaker amplitudes compared to the 265 

observations near the equator, such as the Insight and Curiosity missions. The observed 266 

Ps fluctuations are well fitted with the properties of buoyancy waves forced by airflow 267 

over local topography (Guzewich et al., 2021). However, as the landers and rovers in 268 

either low latitudes or middle latitudes with different topographic conditions show Ps 269 

variation with DTPs, the DTPs should not be mainly attributed to the local topography. 270 

As presented in Figure 1, the diurnal variation in the surface pressure in the LMD 271 

simulations (red line) around the Insight lander agrees well with that in the Insight 272 

observations, although the relative amplitude of the surface pressure diurnal cycle is 273 

larger in the simulations. The surface pressure in the LMD simulation reaches its 274 

maximum in the early morning at approximately 760 Pa, while in the afternoon near 275 

LT1700, the LMD Ps decreases to a minimum of ~700 Pa. The LMD simulation of 276 

surface pressure also presents a significant sudden pressure fluctuation in the morning 277 

and evening in addition to the diurnal or semidiurnal cycles. 278 



 As shown in Figure 4, the period analyses are conducted by the Lomb Scargle 279 

periodograms for both the observations and LMD simulations. The Insight Ps (blue line) 280 

suggests the dominance of the diurnal cycle in the Ps variation with 60% of the total 281 

variation power. The semidiurnal component, with 25% of the total variation power, is 282 

the second largest component. The 8 h component, however, is quite weak in the LS 283 

periodogram in both observations and LMD simulations. The variation with periods of 284 

6 hours and 4 hours are attributed to approximately 8% and 4% of the total Ps daily 285 

variation, respectively. The residual power from these 4 components is less than 3%, 286 

demonstrating that the daily surface pressure variation is basically controlled by 24-287 

hour, 12-hour, 6-hour and 4-hour variations. The LS periodogram of the LMD 288 

simulations suggests a similar contribution of the variation with these four periods in 289 

the daily Ps variations (Figure 4, red line). The diurnal component of the LMD 290 

simulation is larger than that of the Insight observations, which reaches 78% of the total 291 

variation power. In contrast, other components are smaller than those in the 292 

observations. The residual variation power in the LMD simulation is also less than 3%. 293 

Since the LMD simulation is consistent with the Insight observations, the LMD 294 

simulation is adopted to investigate the possible formation mechanism of the Ps daily 295 

variation and the DTPs. 296 

As mentioned above, similar DTPs were observed at different latitudes by rovers 297 

and landers, while the LMD model simulated LMD simulations rapid Ps perturbations 298 

around dawn and twilight in the mid- and low-latitudes on Mars. It is thus implied that 299 

the potential mechanisms in addition to the local topographic effect can play an 300 



important role in Ps daily fluctuations. 301 

 302 

4 Discussions 303 

 As the surface pressure is mainly contributed by the hydrostatic pressure caused by 304 

the total air mass above, the Ps variation can be estimated by the variation in the mass 305 

flux in the atmospheric column induced by horizontal wind convergence or divergence 306 

(Andrews et al., 1987). To investigate the possible mechanism by which the daily 307 

variation in the atmosphere can influence the surface pressure variation, Ps is first 308 

diagnosed by reconstructing from the mass flux due to horizontal wind divergence and 309 

convergence in LMD simulations, as shown in equation 4. The reconstructed Ps (green 310 

inverted triangle in Figure 6a) using the horizontal wind (with the daily mean 311 

eliminated) at the vertical range of 0-100 km (surface to the top of LMD) well represent 312 

both the diurnal variation and semidiurnal surface pressure (red line), while there are 313 

obvious DTPs characterized by a sudden increase of 16 Pa from LT0600 to LT0800 in 314 

the morning and a sudden increase of 8 Pa from the afternoon to LT2100. The 315 

reconstruction from the 0-40 km wind (purple line) is nearly the same as that from the 316 

0-100 km wind, which suggests that the variation in the surface pressure is mainly 317 

controlled by the wind convergence in the Martian troposphere. The rapid increases and 318 

drops in Ps are also obvious at LT0800 and LT2000 in the reconstructed Ps variation 319 

from the surface to 20 km, suggesting that the mass flux in the lower troposphere plays 320 

a dominant role in modulating the DPTs. 321 



The DTPs recorded by different missions usually appear at approximately the same 322 

local time. As migrating thermal tides can induce local time-dependent horizontal wind 323 

convergence and divergence at different locations, they may play an important role in 324 

these phase-locked surface pressure fluctuations observed by multiple landers and 325 

rovers in different locations.  326 

As shown in Figure 6b, the surface pressure reconstruction from the meridional 327 

term of the migrating tidal wind with periods of 4 hours (4 h), 6 hours (6 h), 12 hours 328 

and 24 hours (yellow line) shows a diurnal cycle with a peak of ~14 Pa near LT0800. 329 

The Ps reconstructed by meridional tidal wind shows a smooth variation of Ps, which 330 

implies that the DTPs should not be attributed to the meridional tidal wind. The 331 

reconstructed Ps by the diurnal and semidiurnal tidal zonal wind show a diurnal Ps 332 

variation with the maximum during the midnight and minimum during the midday, 333 

which is approximately out of phase with the Ps diurnal variation due to the 334 

meridional tidal wind. 335 

The Ps variation due to 4 h and 6-h migrating tidal zonal winds (red line) shows a 336 

rapid variation with amplitudes of approximately 15-20 Pa near LT0800 and LT2000 337 

(Figure 6c). Associated with the smooth Ps peaks due to the semidiurnal tidal zonal 338 

wind, the 4-h and 6-h tidal winds together contribute to the Ps peaks at approximately 339 

LT0800 and LT2000 in the reconstructed Ps. 340 

As shown in Figure 7b, the vertical wavelengths of both the 4 h component and 341 

the 6 h component are very long, with almost the same tidal phase in the vertical range 342 

of the troposphere. The phase of the 4 h component is approximately 2 LT (around π), 343 



while the phase of the 6 h tidal component is approximately 4.5 − 5.2 LT (3/2 π to 7/4 344 

π), which means that the zonal convergence between the peaks (maximum of the 345 

eastward tidal wind) and troughs (maximum of the westward tidal wind) due to the 4 h 346 

tide occurs from LT0200 to LT0400 and occurs every 4 hours thereafter, while the 347 

convergence due to the 6 h tidal zonal wind occurs approximately between LT0500 and 348 

LT 0800 and occurs every 6 hours thereafter. The convergence due to the two tidal zonal 349 

winds overlaps with each other before LT0800 and meets each other again from LT1800 350 

and LT2000, which leads to positive mass flux increases ~2 hours before the pressure 351 

peaks (LT0600-0800 and LT 1800-2000, respectively), which in turn causes the LT0800 352 

and LT2000 pressure peaks at middle and low latitudes on a global scale (Figure 6d). 353 

Although the amplitude of the migrating diurnal tide (DW1, Figure 7a) is larger than 354 

that of either 4 h or 6 h tide, the DW1 horizontal wind convergences in the lower and 355 

upper troposphere reverse with each other due to the relatively short vertical 356 

wavelength and then leads to limited contribution to the total mass flux and Ps variation. 357 

The 4-h and 6-h zonal tidal winds, which become in phase with each other with a 12-358 

hour interval, contribute primarily to the DTPs present at LT0800 and LT2000. As 359 

shown in Figure 6d, the 6 h zonal tidal wind provides a slightly greater contribution to 360 

the DPs, while in the TPs, the 4 h and 6 h zonal tidal winds contribute nearly the same 361 

in the pressure peaks. The 4 h zonal tidal wind tends to induce a sharper pressure 362 

fluctuation, which manifests as a rapid pressure increase both ~2 h before DPs and TPs. 363 

The reconstruction of all of these tidal components (black line) agrees with the 364 

reconstruction from the 0-40 km horizontal wind, although the fluctuations in other 365 



local times (especially from noon to LT1600) appear to be more vibrant than those in 366 

both the observations and simulations. 367 

As shown in Figure 8, the negative wind divergence, indicating the increased 368 

incoming mass flux, is present from LT06000 to LT0800 in the upper and middle 369 

troposphere and near the surface (Figure 8a, 8b and 8c, the left column of Figure 8), 370 

which corresponds to the rapid Ps increase at LT0800. The mass-weighted wind 371 

divergence in the morning (LT06000 to LT0800) is negative in the upper troposphere 372 

(Figure 8a) but much weaker than that in the middle troposphere (Figure 8b) and near 373 

the surface (Figure 8c), which is approximately −1~ − 2 × 10−8 𝑘𝑔 𝑚−3𝑠−1). From 374 

LT1800 to LT2000, before the twilight pressure peak, the amplitudes of the mass-375 

weighted wind divergence are −0.4 × 10−8  𝑘𝑔 𝑚−3𝑠−1  and −0.6 × 10−8 376 

𝑘𝑔 𝑚−3𝑠−1  near 20 km and 40 km, respectively, while the convergence near the 377 

surface is stronger with a mass-weighted divergence of approximately −5 × 10−8 378 

𝑘𝑔 𝑚−3𝑠−1. It is suggested that the mass convergence near the surface and in the upper 379 

troposphere contributes primarily to the twilight Ps peaks at LT2000. The right column 380 

(Figure 8d, 8e and 8f) shows the 4 h and 6 h migrating tidal horizontal winds and their 381 

mass-weighted divergence, whose phases are nearly unchanged in the troposphere 382 

(Figure 7b). The mass-weighted wind divergences induced by 4 h and 6 h zonal tidal 383 

winds before the morning pressure peaks are approximately −0.2 ×384 

10−8 𝑘𝑔 𝑚−3𝑠−1 at 40 km, −0.4 × 10−8 𝑘𝑔 𝑚−3𝑠−1  at 20 km and −2 ×385 

10−8 𝑘𝑔 𝑚−3𝑠−1  in the near surface, 20 km and upper troposphere, respectively, 386 

which agree well with the divergence caused by the horizontal wind. On the other hand, 387 



before the evening pressure peaks, the mass-weighted wind divergences are 388 

−2.5 × 10−8𝑘𝑔 𝑚−3𝑠−1  at the surface, −0.5 × 10−8𝑘𝑔 𝑚−3𝑠−1  at 20 km and 389 

−0.1 × 10−8𝑘𝑔 𝑚−3𝑠−1 at 40 km. These negative wind divergences induced by the 390 

zonal tidal winds at different levels in the troposphere coincide well with the divergence 391 

in the previous ~2 h of the DTPs, as shown in the left column. Thus, the convergence 392 

due to the 4-h and 6-h zonal tidal winds plays a dominant role in creating DTPs in the 393 

global tropics on Mars. 394 

 The similar tidal decomposition conducted on other sols with the occurrence of 395 

DTPs suggested that the 4 h and 6 h tidal wind components also play a dominant role 396 

in creating the DTPs during other sols near equinox, as shown in Figure S1. 397 

 398 

5 Summary 399 

 The sudden increased surface pressure, characterized by the pressure peaks present 400 

at approximately LT0800 in the morning and LT2000 in the evening, which implies a 401 

phase-locked pattern on a global scale, has been recorded by different in situ Martian 402 

landers and rovers at various locations. The LMD simulations reproduce the surface 403 

pressure fluctuations at nearly the same local time. With the help of the periodicity 404 

spectrum analysis, the daily surface pressure variation from both the observations and 405 

simulations is primarily controlled by the diurnal, semidiurnal, 6 h and 4 h variations. 406 

 The reconstructed surface pressure by the horizonal wind suggested that the mass 407 

flux due to the horizontal wind in the troposphere dominate the diurnal variation in the 408 



surface pressure. The tidal meridional wind associated with the DW1/SW2 tidal zonal 409 

wind contributes primarily to the diurnal cycle of the surface pressure. On the other 410 

hand, the combined influence of the 4-h and 6-h zonal tidal winds contributes primarily 411 

to the DTPs near LT0800 and LT2000. The vertical wavelengths of the 4 h and 6 h zonal 412 

tidal wind components are very large, with almost constant phases in the Martian 413 

troposphere. As a result, the wind divergence in the entire mid- and low-latitude 414 

troposphere becomes negative before LT0800 and LT2000, respectively, which in turn 415 

leads to a rapid increase in surface pressure. The peaks of the 4 h and 6 h tides overlap 416 

with each other twice a day, causing two surface pressure peaks 12 hours apart from 417 

each other. 418 

 With the help of more overlapping observations of multiple Martian landers and 419 

satellites, investigations finding evidence of the possible energy source inducing high-420 

order tidal components are becoming feasible. Future works should be reserved to 421 

explore the potential mechanisms generating the 4 h/6 h tides in the atmosphere using 422 

recent satellites covering multiple local times and simultaneous observed 423 

meteorological stations on Martian landers and rovers. 424 
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Figure Captions 444 

Figure 1. The surface pressure measured by InSight Rover and simulated from LMD near 445 

the InSight location. The red line indicates the LMD results, and the blue line indicates the 446 

observation from InSight. 447 

Figure 2. The occurrence of the surface pressure observations show that dawn and 448 

twilight pressure (DTPs) are present after the landing of the Insight mission on the 449 

Martian surface and last for over 700 sols (from the end of MY34 to MY35 over a 450 

Martian year). The MD labels the sols that the pressure data are insufficient to judge 451 

whether DTPs are present or not. 452 

Figure 3. In situ observations of surface pressure in a sol by multilanders and rovers at 453 

different locations with daily mean pressure removed. 454 

Figure 4. Lomb-Scargle periodograms for the surface pressure observed by InSight and 455 

simulated by LMD are shown in Figure 1. The periods of 24, 12, 6 and 4 hours are 456 

highlighted by the dotted vertical lines. 457 

Figure 5. The LMD simulated zonal mean surface pressure with the same local time 458 

near Insight sol 125 at different latitudes with the daily mean value removed. 459 

Figure 6. (a) Daily variation of the Ps (red line) and the Ps reconstructed by the daily 460 

horizontal winds variations with daily mean removed from surface to 100 km (green 461 

triangles), from surface to 40 km (the pinkish red line) and from surface to 20 km (blue 462 

plus signs); (b) the daily variation of the Ps reconstructed by the daily horizontal winds 463 

variations (the pinkish red line, as in (a)), the migrating tidal winds (both zonal and 464 

meridional winds, black line), the migrating tidal meridional winds (black line) and 465 



diurnal and semidiurnal migrating tidal zonal winds (gramineous line) from surface to 40 466 

km; (c) Reconstructed Ps by the 4- and 6-hour zonal tidal winds (red line and plux sign), 467 

the semidiurnal tidal wind (green line); (d) Reconstructed Ps the 4-hour migrating tidal 468 

zonal wind (light green dashed line) and 6-hour migrating tidal zonal wind (the green 469 

dashed line). The red line is the reconstructed surface pressure from the sum of the 4 h 470 

and 6 h tidal zonal winds, which is the same as the red line in (c).  471 

Figure 7. Vertical profiles of the (a) amplitude and (b) phase of the 4 h, 6 h, 12 h and 472 

24 h tidal zonal winds. The blue, pinkish red, green and black lines represent the tidal 473 

components at 4 h, 6 h, 12 h and 24 h, respectively. The 4 h, 6 h and 12 h zonal tidal 474 

wind amplitudes use the lower axes in subplot (a), while the DW1 wind amplitude uses 475 

the upper axes. 476 

Figure 8. The daily variation in the horizontal wind (vectors) and its divergence 477 

(weighted by atmospheric density, shading) at (a) 40 km, (c) 20 km and (e) near the 478 

surface; (b), (d) and (f) are the same as (a), (c) and (e) but for the density-weighted 4- 479 

and 6-hour horizonal tidal wind divergence. 480 
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Figure 5. The LMD simulated zonal mean surface pressure with the same local time 506 

near Insight sol 125 at different latitudes with the daily mean value removed. 507 
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Figure 6. (a) Daily variation of the Ps (red line) and the Ps reconstructed by the daily 511 

horizontal winds variations with daily mean removed from surface to 100 km (green 512 

triangles), from surface to 40 km (the pinkish red line) and from surface to 20 km (blue 513 

plus signs); (b) the daily variation of the Ps reconstructed by the daily horizontal winds 514 

variations (the pinkish red line, as in (a)), the migrating tidal winds (both zonal and 515 



meridional winds, black line), the migrating tidal meridional winds (black line) and 516 

diurnal and semidiurnal migrating tidal zonal winds (gramineous line) from surface to 40 517 

km; (c) Reconstructed Ps by the 4- and 6-hour zonal tidal winds (red line and plux sign), 518 

the semidiurnal tidal wind (green line); (d) Reconstructed Ps the 4-hour migrating tidal 519 

zonal wind (light green dashed line) and 6-hour migrating tidal zonal wind (the green 520 

dashed line). The red line is the reconstructed surface pressure from the sum of the 4 h 521 

and 6 h tidal zonal winds, which is the same as the red line in (c).  522 

 523 

 524 

Figure 7. Vertical profiles of the (a) amplitude and (b) phase of the 4 h, 6 h, 12 h and 525 

24 h tidal zonal winds. The blue, pinkish red, green and black lines represent the tidal 526 

components at 4 h, 6 h, 12 h and 24 h, respectively. The 4 h, 6 h and 12 h zonal tidal 527 

wind amplitudes use the lower axes in subplot (a), while the DW1 wind amplitude uses 528 

the upper axes. 529 
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 534 

Figure 8. The daily variation in the horizontal wind (vectors) and its divergence 535 

(weighted by atmospheric density, shading) at (a) 40 km, (c) 20 km and (e) near the 536 

surface; (b), (d) and (f) are the same as (a), (c) and (e) but for the density-weighted 4- 537 

and 6-hour horizonal tidal wind divergence. 538 
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Figure S1. Same as Figure 6a, but in Insight sols ranging from 75-140. The blue line is 

the demeaned surface pressure in 10 sols mean, the solid blue line is in the sol 125-135, 

which is same as Figure 2 in the paper, the dotted blue line is the demeaned surface 

pressure in other sols; the red lines are same as the blue lines but show the surface 

pressure reconstruction from 0-100 km horizonal winds; the green line are same as the 

red lines but show the surface pressure reconstructed from the tidal wind, whose 

components are similar with the paper. As we can see, both the reconstruction from the 

original winds and the tidal winds agree with the DTPs in the present time and relative 

amplitude in the sols near equinox. 

 


