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Key Points:

¢ We analyze diurnal and semi-diurnal atmospheric tidal components from simul-
taneous InSight and Mars Science Laboratory observations

¢ We find higher amplitude of the diurnal harmonic component at Mars Science Lab-
oratory location due to differences in topography

« We find a similar response between the harmonic components and atmospheric
dust loading on both platforms
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Abstract

Diurnal solar radiation causes global oscillations in pressure, temperature, and wind fields,
known as atmospheric tides, which are further modified by topography, surface proper-
ties, and atmospheric dust loading. Hence, the tides are a combination of sun-synchronous
and non sun-synchronous tides that propagate around the planet both eastward and west-
ward. In the Martian tropics, atmospheric tides dominate daily pressure variations on

the surface. Therefore, surface observing platforms are extremely useful for detailed anal-
ysis of atmospheric tides. In this investigation, we analyze diurnal and semi-diurnal com-
ponents of atmospheric surface pressure measured by the simultaneously operating In-
Sight and Mars Science Laboratory (MSL) payloads. We utilize observations of the time
period from Martian year 34 solar longitude 296° to Martian year 36 solar longitude 53°.
The diurnal tide average amplitude is 17 Pa with an average phase of 03:39 local true
solar time (LTST), while the semi-diurnal tide average amplitude and phase are 7 Pa

and 09:34 LTST for the InSight. The corresponding values for the MSL are 33 Pa with
04:25 LTST for the diurnal and 10 Pa with 09:36 LTST for the semi-diurnal component.
Thermo-topographic lateral hydrostatic adjustment flow generated by topography causes
the higher diurnal amplitude observed by MSL. Both platforms observe a similar response
between these harmonic components and dust loading. Furthermore, amplitudes obtained
from a Mars Climate Database mimic the observations well. Our study provides for the
first time a comparison of atmospheric tides at two simultaneously observing tropical sur-
face platforms for more than one Martian year.

Plain Language Summary

The Curiosity rover landed on Mars in August 2012 and has been observing me-
teorological variables ever since. The next surface observing station, the InSight lander,
landed in the equatorial region of Mars in November 2018, relatively close to Curiosity.
Unfortunately, InSight reached end of its mission on December 15, 2022, but fortunately
they observed Martian atmosphere simultaneously for more than one Martian year. At-
mospheric pressure is a very important meteorological variable, since many weather phe-
nomena are associated with changes in surface pressure. Here we use pressure observa-
tions from these two weather stations to determine Martian equatorial atmospheric tides
and compare them with model simulations. They are forced by solar radiation and ad-
ditionally modified by topography, surface properties, and atmospheric dust. They prop-
agate around the planet in periods that are integer fractions of a Martian day. The two
strongest components, diurnal and semi-diurnal, with periods of 24 and 12 hours, are
studied here. The results show the effect of atmospheric dust loading and the location
on these components. We find a similar response between these components and atmo-
spheric dust loading on both platforms and a higher amplitude of the diurnal tide at the
Curiosity location due to differences in topography.

1 Introduction

Atmospheric tides are the dynamical response to the diurnal heating of the atmo-
sphere by the absorption of solar radiation and the daily heat flux from the surface. Thus,
they are also called thermal tides, which can be detected as global oscillations in pres-
sure, temperature, and wind fields. In addition to thermal forcing, they are modified by
topography and surface properties. Atmospheric tides represent a very large part of the
Martian atmospheric circulation (e.g. Zurek, 1976; Hamilton, 1982; Wilson & Hamilton,
1996; Banfield et al., 2000), on Earth, these tides are only relevant in the upper atmo-
sphere (e.g. Hagan & Roble, 2001). The tidal differences between Earth and Mars are
due to a difference of approximately two-orders of magnitude in the total column mass
of the atmosphere. It is therefore important to characterize the atmospheric tides on Mars



68

69

70

71

72

73

74

75

76

v

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

and there are a number of useful pressure observations made at different places on Mars
that can help with this.

Theoretically, atmospheric tidal oscillations, so-called Hough function solutions are
obtained from the Laplace’s tidal equation, which is derived from the primitive equations
that are linearized about a motionless basic state (Chapman & Lindzen, 1970). The Hough
function solutions cover the meridional structure and a vertical structure equation can
be solved for each of these solutions separately. The vertical structure equation is a second-
order equation, including heating as an inhomogeneous term.

Atmospheric tides propagate around the planet in periods that are integer fractions
of a solar day. A single atmospheric tide (e.g. diurnal) can be further divided into west-
ward propagating sun-synchronous and either eastward or westward propagating non sun-
synchronous waves. These can be further divided into modes that respond differently
to forcing mechanisms due to their unique meridional and vertical structure. Therefore,
each tide is a combination of several Hough function solutions.

The lowest-order Hough function solution of the sun-synchronous diurnal tide is
insensitive to atmospheric dust loading at high latitudes, since it is equatorially-trapped
(e.g. Chapman & Lindzen, 1970; Wilson & Hamilton, 1996). This mode is more sensi-
tive to local vertical distribution of dust due to its small vertical wavelength, which is

approximately 32 km. However, the lowest-order Hough function solution of the sun-synchronous

semi-diurnal tide has a long vertical wavelength (100-200 km) and is meridionally-broad
(e.g. Chapman & Lindzen, 1970; Wilson & Hamilton, 1996; Bridger & Murphy, 1998).
Therefore, this mode is sensitive to global atmospheric dust loading.

Theoretical calculations suggest that the sun-synchronous semi-diurnal tide at a
given surface location is largely represented by the lowest-order Hough mode, described
above, while the sun-synchronous diurnal tide is a combination of several Hough modes
(Chapman & Lindzen, 1970). Nonetheless, each harmonic component, e.g. diurnal and
semi-diurnal tide, is a combination of sun-synchronous and non sun-synchronous tides.

The airborne dust in the Martian atmosphere acts as an effective absorber (e.g. Savijarvi

et al., 2005) and thus significantly affects atmospheric tides (e.g. Zurek, 1976; C. Leovy

& Zurek, 1979; C. B. Leovy, 1981; Wilson & Hamilton, 1996; Bridger & Murphy, 1998;
Guzewich et al., 2016). In addition to atmospheric dust loading, Martian topography

has a significant effect on the tides, generating both eastward and westward propagat-

ing waves with different zonal wavenumbers (Wilson & Hamilton, 1996). Wilson and Hamil-
ton (1996) studied extensively diurnal and semi-diurnal pressure oscillations in the Mar-
tian atmosphere using a general circulation model and Viking lander observations. Their
results suggest that the diurnal pressure oscillation has a zonal wavenumber 2 structure,
resulting from the interference of eastward (i.e. diurnal Kelvin wave) and westward prop-
agating zonal wavenumber 1 components. The semi-diurnal tide, however, has a zonal
wavenumber 4 pattern, resulting from the interference of eastward (i.e. semi-diurnal Kelvin
wave) and westward propagating zonal wavenumber 2 components.

Guzewich et al. (2016) studied atmospheric tides in Gale Crater, which is located
near the equator. They analyzed the tides using Mars Science Laboratory (MSL) pres-
sure observations for more than one Martian year and the Mars Weather Research and
Forecasting Model (MarsWRF) general circulation model (GCM). Their results suggest
that both diurnal and semi-diurnal tides are highly correlated with atmospheric opac-
ity variations. In addition to this, they found that the diurnal Kelvin wave amplifies the
amplitude of the diurnal tide, while the semi-diurnal Kelvin wave slightly weakens the
semi-diurnal tide within the Gale Crater.

To our knowledge, atmospheric tides are not studied in detail at the InSight loca-
tion. In this study, we focus on analyzing the atmospheric tides from the InSight pres-
sure observations and compare them with Mars Science Laboratory (MSL) observations.
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It would be advantageous, if more simultaneously operating observation sites would be
available (Squyres, 1995; Harri et al., 1999). Using InSight and MSL pressure observa-
tions we compare, for the first time, atmospheric tides on two simultaneously observing
tropical surface platforms over more than one Martian year. In Section 2, we present the
InSight and MSL pressure observations and describe both data sets. The data analysis
at both locations together with the results from the Mars Climate Database are shown
in Sections 3 and 4. The results are summarized and discussed in Section 5.

2 Observations

The Mars Science Laboratory (MSL) Curiosity rover has been measuring meteo-
rological variables within Gale Crater (4.6 °S, 137.4 °E) for more than five Martian years
(MY). The rover includes Rover Environmental Monitoring Station (REMS, Gémez-Elvira
et al., 2012) which measures, among other quantities, air pressure (Harri et al., 2014)
typically in 5-minute blocks every hour, but occasionally it also measures extended, usu-
ally one-to-three-hour blocks. Together with REMS pressure observations, we use here
dust optical depth measurements by Mastcam (Lemmon, 2014); since thermal tides are
sensitive to the atmospheric dust loading (e.g. Wilson & Hamilton, 1996; Guzewich et
al., 2016).

InSight landed on Mars on November 26, 2018 (MY 34 Ls 295°) a couple of Mar-
tian years later on Elysium Planitia (4.5 °N, 135.6 *E). Unlike MSL, InSight measured
meteorological variables continuously at a high frequency (Spiga et al., 2018), which is
extremely useful for detecting weather phenomena on different time scales. InSight’s last
communication was received on December 15, 2022 (MY 36 Ls 354°) and it managed to
measure air pressure regularly for slightly over one MY.

In this study, we use so-called hourly data sets. For each sol, the pressure data was
binned into one hour intervals based on local true solar time (LTST) and the averaged
value represents the hourly value. The hourly data was then used to calculate the sol-
averaged pressure. The average variation in pressure within an hour for MSL is between
about 5 and 18 Pa, with the largest variations typically between 18 and 19 LTST. Sol-
averaged pressure as observed by InSight (black) and MSL (blue) over MY 35 as a func-
tion of solar longitude (Ls) is demonstrated in Figure 1 (left panel). It also shows the
sol-averaged pressure obtained from the Mars Climate Database (Forget et al., 1999; Mil-
lour et al., 2017) at both locations (green InSight, red MSL). The right panel of Figure
1 shows the diurnal range of pressure (minimum to maximum value relative to the av-
erage) over MY 35 from InSight (black) and MSL (blue) observations.

The annual sol-averaged pressure cycle is very similar on both observing platforms
as well as the cycle obtained from MCD. The cycle is dominated by the annual exchange
of COy between the polar caps and is therefore smooth and repeatable. The differences
in the absolute pressure values are due to the elevation difference between the two plat-
forms. The elevation difference between the stations varied between 1405.54 and 1495.9 m
during MY 35 (Vasavada et al., 2014; Karlgaard et al., 2021). This is demonstrated with
the sol-averaged pressure from the MSL observations at the height of the InSight lan-
der (solid blue). The pressure is obtained assuming hydrostatic condition with a scale
height of 11 km. These yearly cycles match quite well but they also have some differ-
ences. These variations may be related to the scale height as it is a function of the col-
umn temperature, and therefore varies during the year. The MCD results are close to
the InSight observations, but differ slightly from the MSL observations. This is most likely
due to the fact that the InSight is located on a flat surface, while the elevation of the
MSL has changed within the Gale Crater from about -4501 m at the beginning of the
mission to -4019 m at the end of MY 35 (Vasavada et al., 2014). Also, local dust con-
ditions may vary from the model and therefore may affect sol-averaged pressures. Fur-
thermore, the difference between measurements and simulations is not constant. In par-
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ticular, the match close to aphelion is almost perfect while MCD overestimates the pres-
sure at perihelion. This may be related to atmospheric dust conditions, as there is greater
dust activity during the perihelion season (Martinez et al., 2017). In the MCD, the high
resolution surface pressure is obtained hydrostatically using a predicted temperature at
about 1 km above the surface, which may vary from the real value. Since the airborne
dust act as an effective absorber, the air temperatures and thereby also the surface pres-
sures predicted by MCD may differ more from the observations during perihelion than
aphelion season.

Right panel of Figure 1 shows very similar diurnal pressure range pattern over MY
35 on both surface platforms. Both observe minimum at about Ls 120° and two clear max-
ima at about Ls 230" and Ls 320°. In addition, the variations throughout the year in the
relative diurnal pressure range between the stations are very small. Small differences,
for example around Ls 150°, may be related to rapid changes in local dust conditions.
However, the absolute and relative values of the diurnal range of pressure are much higher
at the MSL location although it is located relatively close to InSight. The high diurnal
pressure range at the MSL is caused by the combined effects of the synoptic-scale (> 500
km) thermal tide and the thermo-topographic lateral hydrostatic adjustment flow within
the Gale (Richardson & Newman, 2018). The same does not apply for InSight, as it is
located on a flat surface and the influence of topography on the diurnal range of pres-
sure is much smaller.
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Figure 1. Upper left panel shows sol-averaged pressure (Pa) as observed by InSight (black)
and MSL (blue) over MY 35. Sol-averaged pressure from MCD at the locations of InSight (green)
and MSL (red) are also shown. In addition, sol-averaged pressure from the MSL at the elevation
of InSight (solid blue) is shown. Upper right panel displays diurnal range (minimum to maximum
value relative to the average) of pressure as observed by InSight (black) and MSL (blue). Lower
panel shows the change in height of MSL during the MY 35.
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To further investigate atmospheric tides, we use a fast Fourier transform (FFT) ap-
proach. In the present investigation, we first used a window of three sols, where ampli-
tudes and phases were calculated for the middle sol. The daily mean was first subtracted
from the hourly data of the three sol window. The average for each perturbed hour was
then calculated and used as an input to the FFT. This approach assumes that the three
consecutive sols in each window are similar enough to calculate the largest harmonic com-
ponents. This approach was used to make sure that we would get 24 data points for as
many sols as possible. Thereafter, to make the MCD data and observational sol data quite
similar, we changed the moving window to one sol. This change did not cause any ap-
parent changes compared to using a window of three sols. The original pressure signal
p(t) can then be calculated from Equation 1:

p(t) =po+ Y Prcos(wit + Ox), (1)
k

where pg is the sol-averaged pressure, Py is the amplitude of the harmonic component,
wy, is the angular frequency of the component, ¢ is local true solar time (LTST), and 6y,
is the phase of the harmonic component. A similar approach is used for the surface pres-
sures obtained from the MCD.

Due to uneven MSL observations (see Section 3), the hourly binned data in the FFT
analysis causes some uncertainty when calculating amplitudes and phases because we
assume the timestamp in the middle of each hour. The InSight lander, however, gener-
ally measured continuously. Therefore this approach is more accurate for the InSight mea-
surements. We estimate this uncertainty for the MSL with a Monte Carlo analysis us-
ing a five sol window to divide the data into hourly bins. Then the uncertainty in pres-
sure is approximated within each hour as a half of the difference between the maximum
and minimum. This uncertainty was then multiplied by a uniform distribution between
-1 and 1 and added to an original hourly data of the sol. Total of 500 different diurnal
pressure cycles were drawn around the measured cycle for each sol and used as an in-
put for the FFT. This way the approximate maximum uncertainty is taken into account.

3 General Observed Pressure Features from InSight and MSL

Figure 2 shows the diurnal pressure evolution during MY 35 for the InSight (lower
pressures in each panel) and MSL (higher pressures in each panel). They cover the full
year in steps of Ls 45°, each panel (a, b, ¢, d, e, f, g, and h) contains five sols, with the
middle sol (red) roughly corresponding to the Ls value above the Figure. These panels
clearly show that the InSight measured continuously, except for some data gaps (e.g. Fig-
ures 2 f and g), while the MSL generally measured short blocks, with some extended blocks.

Two maxima in the annual sol-averaged pressure cycle (Figure 1) can also be de-
tected from the both diurnal pressure cycles. For both observing platforms, each Fig-
ure show local pressure maximum at 6-9 LTST and local minimum at 15-18 LTST. On
top of that, another maximum can be seen at 18-21 LTST at Ls 0°, 90°, 135°, 180°, and
225°, slightly more clearly at the InSight’s location compared to the MSL. Therefore, the
diurnal pressure cycle at both equatorial weather stations is dominated by a wave with
a period of 24 hours, which is also seen in the tide analysis in Section 4.

There are, however, some differences between the platforms. The diurnal pressure
cycle within Gale (MSL) is more heavily dominated by the wave with a period of 24 hours,
while the pressure cycle observed by the InSight includes additionally a more pronounced
wave with a period of 12 hours. This is also displayed in the tide analysis in Section 4.

Since the two tropical weather stations have similar thermal forcing, the difference
in the diurnal pressure cycles must be explained by other mechanisms. One difference
between the stations is the topography. It causes a lateral hydrostatic adjustment flow
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Figure 2. Evolution of MSL’s (discontinuous line) and InSight’s (continuous line) diurnal

pressure cycles over MY 35. Each Figure shows data from five sols and the middle sol (red)
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at the MSL location, which increases the amplitude of the diurnal pressure range (Richardson

& Newman, 2018). Local airborne dust is moreover one of the factors that may play a
role here, since the surface pressure is sensitive to the local vertical distribution of dust.

In Figure 2, InSight’s continuous measurements at high sampling rates reveal short-
duration (< 100 s) pressure drops in the diurnal pressure cycles. These pressure drops
are called dust devils or convective vortices, depending on whether they contain dust or
not (e.g. Harri et al., 2014; Spiga et al., 2021). They get their energy from solar radi-
ation and thus occur around midday.

4 Investigation of Simultaneous Insight and MSL Observations Using
Semi-diurnal and Diurnal Tidal Component Analysis During the In-
Sight Mission Time Period

The FFT analysis is performed during the period when the InSight measured pres-
sure regularly. This roughly corresponds to MY 34 Ls 296° to MY 36 Ls 53° (InSight sols
1-894). The analysis is performed on the MSL pressure observations of the same period
corresponding approximately to the MSL sols 2243-3136. A Martian year 35 dust sce-
nario is used in the MCD results shown here. Results with a window of one sol are shown
here.

The amplitude of the diurnal (black and orange) and semi-diurnal (blue and pur-
ple) components at both locations as a function of season (Ls) are shown in Figure 3 mid-
dle panel. In addition, the Figure show the components calculated from the MCD sur-
face pressure (red and green for the MSL, gray and cyan for the InSight). The correspond-
ing results for the diurnal and semi-diurnal phases are shown in the lower panel. In ad-
dition, upper panel of Figure 3 shows the Mastcam dust optical depth (gold) and daily
mean dust column visible optical depth above surface from the MCD (purple).

Both stations clearly demonstrate the higher amplitude of the diurnal component
compared to the semi-diurnal during this measurement period, which was also predicted
in Section 3. Moreover, they show the sensitivity of the diurnal component to the local
dust optical depth (Figure 3 upper panel), which is in good agreement with previous stud-
ies (e.g. Zurek, 1976; Wilson & Hamilton, 1996; Guzewich et al., 2016), as well as with
theoretical calculations that suggest a rather small vertical wavelength of the diurnal tide
(Chapman & Lindzen, 1970). However, the semi-diurnal tide is more sensitive to the global
atmospheric aerosol loading due to its long vertical wavelength and meridionally-broad
nature. The semi-diurnal tide pattern is very similar compared to the diurnal tide, ex-
cept for a much smaller amplitude. This suggests that the dust optical depth measured
by Mastcam is largely representative of the global average, as was also found by Guzewich
et al. (2016). The effect of atmospheric dust loading on the higher harmonics (ter-diurnal
and quad-diurnal components) is slightly less studied. Results for the Perseverance (Sénchez-
Lavega et al., 2023) indicate that column optical depth has some effect on the higher har-
monics as well, but the effect is smaller compared to the diurnal and semi-diurnal com-
ponents.

The amplitude patterns of both components observed by the InSight are extremely
close to the patterns at the MSL location. There is, however, one clear difference: the
amplitude of the diurnal component at the InSight location (average about 17 Pa) is much
smaller compared to the MSL location (average about 33 Pa), which is in good agree-
ment with Figures 1 (right panel) and 2. Similar peaks and drops in both components
can be detected, therefore indicating that the local dust optical depths at the InSight
location follow very nicely at least the pattern of the optical depths within the Gale Crater.
Nevertheless, the amplitude of the semi-diurnal tide (average about 7 Pa) is very close
to the amplitude observed by MSL (average about 10 Pa), due to the sensitivity of this
component to global atmospheric dust loading. Hence, the absolute difference between
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the diurnal and semi-diurnal amplitudes at the InSight location is much smaller. For that
reason, the semi-diurnal nature in the diurnal pressure cycles was also seen much eas-
ier in the InSight’s diurnal pressure cycle in Figure 2.

The semi-diurnal component is, nevertheless, slightly smoother compared to the
diurnal component at both stations. For example, the diurnal amplitude exhibits a big
drop after a strong peak at the end of MY 34, but the semi-diurnal amplitude decreases
smoothly after its peak. Therefore, the rapid drop in the diurnal component is likely due
to local variations in dust optical depth. Near MY 35 Ls 180°, a drop in the dust opti-
cal depth is also visible. This drop is not seen at all in the semi-diurnal component, but
a clear drop, of about 5 Pa, is seen in the diurnal component.

Previous work has also reported the sensitivity of the tides to water ice aerosol load-
ing (Wilson & Guzewich, 2014; Kleinbdhl et al., 2013), but results in Guzewich et al. (2016)
suggest that dust is the dominant component for the tide variability within the Gale dur-
ing MY 32. During the aphelion cloud belt season (about Ls 40-140°), the sky above the
Gale is usually cloudless (Moores et al., 2015). During the same time period MSL and
InSight (Figure 3 middle panel) both observed their lowest amplitudes for the diurnal
and semi-diurnal components. The semi-diurnal amplitude steadily decreases from about
Ls 50° to about Ls 90° for both stations, although the amount of water ice clouds increases
(e.g. Smith, 2004; Khayat et al., 2023). Therefore, the decrease in the semi-diurnal am-
plitude is caused by the decrease in dust storm activity during the aphelion season.

The dust events in Figure 3 upper panel at about Ls 230° in MY 35 and at Ls 320°
in both MY 34 and MY 35 are regional-scale or planet encircling Southern Hemisphere
dust storms and they are identified as A’ and 'C’ dust storms (Kass et al., 2016). These
two seasonal storms are regular and quite similar but ’C’ storms have more annual vari-
ation. These specific dust storm events are also visible as peaks in the diurnal tide am-
plitude (Figure 3 middle panel) as well as in the diurnal range of pressure (Figure 1, right).
Furthermore, the fast increase in optical depths around Ls 150° is captured by the di-
urnal range of pressure and amplitude of the diurnal tide.

The effect of the Ls 230° and Ls 320° dust events is also clearly visible in Figure
4, which shows the daily pressure cycles 13 sols before (black) and during (blue) the events
for the InSight. It should be noted that the highest Mastcam optical depths were ob-
served at about Ls 232° and Ls 328°, but the highest diurnal amplitudes for the InSight
occurred at about Ls 230° and Ls 319°. The diurnal range of pressure increases substan-
tially from about 50 to 80 Pa by the Ls 230° (Figure 4 left) event and from about 44 to
94 Pa by the Ls 320° (Figure 4 right) event. In addition, the extreme values of the sol
are slightly shifted. During the both dust events, both extreme values are observed ear-
lier than before the storm. For the Ls 230" dust event, the maximum and minimum pres-
sures before the storm are observed at 07:38 and 17:08 LTST, while the values during
the storm are observed at 07:07 and 16:55 LTST. The corresponding shifts for the Ls 320°
dust event are from 07:16 to 06:15 LTST for the maximum pressure and from 16:49 to
16:37 LTST for the minimum pressure. Therefore, the shift of the diurnal pressure cy-
cle is much higher during the Ls 320° dust event, which is also visible in the phase of the
diurnal cycle (Figure 3 lower panel).

The phase of the diurnal tide at the InSight location has substantially more vari-
ability compared to the MSL (Figure 3 lower panel). The phase at the InSight location
is generally 02:30-04:30 LTST (average of 03:39 LTST), with the minimum of about 02:16
LTST. In the diurnal phase, InSight observed a phase advance (maximum occurring ear-
lier in the day) near MY 36 Ls 0-30°, while the opposite occurred one year earlier. In-
terestingly, this feature does not appear to be due to behavior in the tidal amplitudes,
as Figure 3 middle panel show relatively similar behavior for these two periods. Another
interesting feature is the wide drop in the phase at MY 35 Ls 30-180°, which is not seen
at the MSL location. This may be related to the interaction of the diurnal Kelvin wave
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Figure 4. Diurnal pressure cycles before (black) and during (blue) the MY 35 Ls 230° (left)
and Ls 320° (right) dust events.

and sun-synchronous wave, since Kelvin wave is expected to be strongest during the sol-
stice seasons (Ls 90°) (e.g. Guzewich et al., 2016). Furthermore, the diurnal Kelvin wave
phase simulated over a full year seems to reach a minimum at this time of the year (Fig.
20, Wilson & Hamilton, 1996).

The phase of the diurnal tide at the MSL location (Figure 3 lower panel) is typ-
ically 04-05 LTST (average of 04:25 LTST), with couple exceptions. Two clear peaks
in the phase are easily seen at approximately Ls 315° in MY 34 and MY 35 like observed
in Zurita-Zurita et al. (2022). Same peaks are additionally visible at the InSight loca-
tion, but they are slightly more pronounced. Their timing corresponds to the amplitude
peaks seen in Figure 3 middle panel. One interesting feature is the phase just before MY
35 Ls 240°. The diurnal tide phase excursion is much smaller compared to the two clear
peaks, although a clear spike in amplitude is observed at that time of the year.

The semi-diurnal tide phase at both locations typically varies between 09 and 10
LTST, with averages of 09:34 and 09:36 LTST for InSight and MSL, respectively (Fig-
ure 3 lower panel). Both stations observe two sharp drops, located near MY 35 Ls 36°
and Ls 165°. On top of that, MSL observes a third sharp drop near MY 35 Ls 260°, which
is not visible in the InSight’s measurements. All these semi-diurnal tide phase drops also
appear as sharp drops in the diurnal tide phase. In addition to this, both stations de-
tect drops in diurnal and semi-diurnal amplitudes near MY 35 Ls 36° and Ls 165°. How-
ever, MSL does not observe amplitude drops near MY 35 Ls 260°. These amplitude drops
and peaks around MY 35 Ls 36° are likely related to a rare large-scale regional dust event
that occurred at about Ls 35-50°(Kass et al., 2022).

These two weather stations are located very close together, (4.5 °N, 135.6 °E) and
(4.6 °S, 137.4 °E) for InSight and MSL, respectively. Due to almost the same longitude,
both of them have synchronous solar forcing and hence that should not contribute to the
apparent difference with the diurnal phases (Figure 3 lower panel) between these plat-
forms. A slightly different interaction between the diurnal Kelvin wave and sun-synchronous
wave may cause this difference.

The uncertainty in MSL tidal amplitudes estimated by a Monte Carlo analysis is
on average less than 3 Pa around the measured values. The estimated uncertainty for
the phases are around 19 and 33 minutes for the diurnal and semi-diurnal components,
respectively. These estimations in MSL analysis represents sort of maximum range of
uncertainty, as our approach estimates the uncertainty as a half of the difference between
the maximum and minimum pressures for each hour. This uncertainty describes the sit-
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uation if the measurement is at the start or end of the hour. Therefore, the uncertainty
is much lower than that for the most of the hours as the timestamp is somewhere be-
tween. These uncertainties for the InSight are much smaller due to almost continuous
data sampling. Thus, the mean calculated for each hour does not have the same issue
as for the MSL, as MSL may have observations for example only at the first half of the
hour. Therefore, we decided not to make uncertainty estimates for the tidal components
of the InSight.

The amplitude of the diurnal tide obtained from the MCD mimics the observations
relatively well at both weather stations. Nonetheless, the diurnal amplitude from the MCD
is slightly lower than the observed at both locations during MY 35 Ls 0-180°. Average
differences between the observed and MCD diurnal amplitudes during this time period
are about 4.6 Pa and 6.8 Pa for InSight and MSL, respectively. This feature is very likely
related to local/regional atmospheric dust loading. The daily mean dust column visible
optical depth above surface obtained from the MCD is lower than the Mastcam observed
dust optical depth during MY 35 Ls 0-180°, while the optical depths from the MCD match
nicely to observed ones after that (Figure 3 upper panel). The semi-diurnal tide ampli-
tude from the MCD mimics the observations even better, as expected, since this mode
is sensitive to the global atmospheric dust loading, which is much more accurately de-
scribed in the MCD.

The diurnal tide phase from the MCD follows quite nicely the phase derived from
the MSL observations, but the MCD phase at the InSight location is about half an hour
ahead throughout MY 35. However, the shape of the diurnal tide phase from the MCD
is really close to the measured shape. At both stations, the semi-diurnal phases from the
MCD are close to those observed, but much less variation.

Changing a one sol window to a window of three sols had very small effect. The
average of the diurnal phase of InSight changed from 03:39 to 03:37 LTST and the min-
imum value for the diurnal phase of the InSight changed from 02:16 to 02:07 LTST. Also
the amplitude peaks were slightly lower.

5 Summary and Discussion

Martian equatorial pressure observations by the InSight and the Mars Science Lab-
oratory (MSL) were used to determine the sol-averaged and diurnal range of pressure
during Martian year (MY) 35. The familiar CO5 cycle and similar patterns of diurnal
pressure range were displayed at both weather stations. Nonetheless, the amplitude of

the diurnal pressure range was much higher at the MSL location due to the thermo-topographic

lateral hydrostatic adjustment flow generated by the topography (Richardson & New-

man, 2018). The same features were seen in the diurnal pressure cycles, but they addi-
tionally showed the dominance of the pressure wave with a period of 24 hours at both

observing platforms.

Atmospheric tidal components, diurnal and semi-diurnal, were further analyzed by
a fast Fourier transform (FFT) from simultaneous InSight and MSL pressure observa-
tions for more than one MY. The amplitude of the diurnal component was the largest
at both weather stations during the analysis period and it also clearly demonstrated its
sensitivity to the local atmospheric dust loading. The patterns of the semi-diurnal com-
ponent at both platforms were similar to those of the diurnal component, except that
the semi-diurnal component was smoother. The average amplitude of the semi-diurnal
component was 7 Pa and 10 Pa for InSight and MSL, respectively.

This and many previous studies (e.g. Zurek, 1976; C. B. Leovy, 1981; Wilson &
Hamilton, 1996) have shown the effect of the atmospheric dust loading on the amplitude
of the diurnal and semi-diurnal components. However, in the future it would be useful
to study how optical depths also affect higher harmonics (especially ter-diurnal compo-
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nent). This property was tested for the Perseverance (Sédnchez-Lavega et al., 2023) and
the results suggest that the column optical depth (dust and clouds) has some effect on
the higher harmonics as well.

One clear difference between the weather stations was the average amplitude of the
diurnal component, which was 17 Pa and 33 Pa at the InSight and MSL locations, re-
spectively. The lateral hydrostatic adjustment flow, which is generated by the topogra-
phy within the Gale Crater, increases the amplitude of the diurnal pressure range and
therefore additionally the diurnal tide amplitude. The interaction of the sun-synchronous
tide with the Kelvin wave may also be a factor, since results from the MarsWRF gen-
eral circulation model (Guzewich et al., 2016) suggest that the diurnal Kelvin wave am-
plifies the amplitude of the diurnal tide within the Gale Crater. Due to the relatively
close location, we expect a fairly similar effect on Elysium Planitia. However, the strength
of the effect may vary due to topographical differences between the locations. This can-
not yet be studied with in-situ observations, as single observing platform or two plat-
forms with nearly the same longitude cannot distinguish between eastward and westward
propagating waves.

The phase of the diurnal tide at the InSight location was generally lower than that
at the MSL location, with averages of 03:39 LTST and 04:25 LTST. Moreover, MSL ob-
served relatively constant diurnal tide phase while InSight detected much more varia-
tion. Both stations observed two distinct peaks near Ls 315° in MY 34 and MY 35. These
peaks correspond to the timing of the diurnal tide amplitude peaks and high dust op-
tical depth values. Interestingly, one amplitude peak was, however, not detected by the
diurnal tide phase at either stations. Furthermore, InSight captured a wide drop in the
diurnal phase at MY 35 Ls 30-180°, which was not seen by the MSL. The diurnal Kelvin
wave is expected to be the strongest during the solstice seasons (Guzewich et al., 2016).
Therefore, the interaction of the sun-synchronous component with the Kelvin wave may
be related to this phase behavior. The pattern of the semi-diurnal phase was, on the other
hand, very similar at both stations with averages of 09:34 and 09:36 LTST for InSight
and MSL, respectively.

In the FFT analysis, we used hourly binned data. The InSight lander generally mea-
sured continuously, therefore the hourly averaged data is a good representation of the
measured diurnal pressure cycle. The hourly binned data for MSL is, however, not so
evenly spaced. When combining the data into one hour bins, we assumed that the times-
tamp is in the middle of the hour. This causes some errors when calculating the ampli-
tudes and phases of the tidal components. A Monte Carlo analysis provided estimates
for the maximum range of uncertainty for the MSL tidal components. On average, am-
plitudes varied less than 3 Pa around the observed amplitudes. The estimated uncertainty
for the phases were around 19 and 33 minutes for the diurnal and semi-diurnal compo-
nents, respectively. Therefore, these uncertainties were not calculated for the InSight due
to the continuous measurement strategy.

The amplitude of the diurnal tide obtained from a Mars Climate Database (MCD)
mimicked the observations quite well at both locations, except during MY 35 Ls 0-180°.
The amplitude obtained from the MCD was slightly lower than the observed amplitudes.
This is very likely explained by the atmospheric dust conditions, since the diurnal tide
is sensitive to the local atmospheric dust loading. The dust optical depth obtained from
the MCD was lower than the Mastcam observed optical depth during this period, but
was in good agreement with observations during MY 35 Ls 180-360°. The amplitude of
the semi-diurnal tide is sensitive to global atmospheric dust loading, and hence the am-
plitude from the MCD nicely mimicked the observed one.

This study shows that atmospheric tides dominate the daily surface pressure vari-
ations in the Martian tropics. Two simultaneously observing surface platforms are ex-
tremely beneficial for studying the dynamics of the Martian atmosphere. Together with

—13—



475

476

477

478

479

480

481

482

484

485

486

493

494

495

496

497

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

model simulations, an even larger number of in-situ measurement stations around the
planet would help us to improve our knowledge on the influence of location, topography
and surface properties on these tides.

Open Research Section

MSL (PDS3 format) and InSight (PDS4 format) pressure data are freely available
from the Planetary Data System Atmospheres Node (Gomez-Elvira, 2013; Banfield et
al., 2019). Atmospheric optical depths are retrieved from MSL Mastcam solar tau imag-
ing sequences following the methodology of Lemmon et al. (2015) and values used in this
study are available on Leino et al. (2023). Meteorological fields from the Mars Climate
Database are available at http://www-mars.1lmd. jussieu.fr/mcd _python/ (Forget et
al., 1999; Millour et al., 2017). Derived data products analyzed and presented in the manuscript
are available on Leino et al. (2023).
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