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Key Points:

e Radio occultation data from China’s Tianwen-1 probe, with a high vertical resolution of ~0.3 km, is first used to study internal gravity

waves (IGWs) in the Martian atmosphere.

e The key parameters of the IGW extracted from Tianwen-1 indicate that this IGW is a low-frequency gravity wave with a dominant

vertical wavelength of 12.6 km.

e Comparison results show that the IGW activity detected by Tianwen-1 is stronger, with a greater temperature perturbation and less

dissipation than that of MGS.
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Abstract: Internal gravity waves (IGWs) are critical in driving Martian atmospheric motion and phenomena. This study investigates
Martian IGWs by using high-resolution data from China’s Tianwen-1 mission and the National Aeronautics and Space Administration’s
Mars Global Surveyor (MGS) by the radio occultation (RO) technique. Key IGW parameters, such as vertical and horizontal wavelengths,
intrinsic frequency, and energy density, are extracted based on vertical temperature profiles from the Martian surface to ~50 km altitude.
Data reveal that the Martian IGWs are predominantly small-scale waves, with vertical wavelengths between 6 and 13 km and horizontal
wavelengths extending to thousands of kilometers. These waves propagate almost vertically and exhibit low intrinsic frequencies close to
the inertial frequency, with the characteristic of low-frequency inertial IGWs. Tianwen-1 data indicate stronger IGW activity, higher energy
density, and less dissipation than MGS data in the northern hemisphere. Moreover, MGS data in the southern hemisphere show higher
buoyancy frequencies and lower vertical wavelengths, suggesting more stable atmospheric conditions conducive to IGW propagation.
These extracted IGW characteristics can enhance our understanding of the atmospheric dynamics on Mars and contribute valuable

information for parameterization in global circulation models.
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1. Introduction

In a stratified fluid characterized by a continuously varying density
profile, external perturbations that induce deviations from the
hydrostatic equilibrium state result in oscillatory motion governed
by the restoring forces of gravitational buoyancy, thereby facilitat-
ing the generation of gravity waves (GWs). If the process occurs in
an incompressible fluid (e.g., the ocean), GWs propagate mainly in
the horizontal plane as vertically traveling waves are reflected at
the upper and lower boundaries. In the atmosphere, gravity
waves can propagate horizontally and vertically. To differentiate,
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the former GWs, which can only propagate horizontally, are
surface waves. The latter are internal waves, that is, internal GWs
(IGWs; Medvedev and Yigit, 2019).

During the propagation of IGWs, the energy and momentum
carried by the IGWs power atmospheric motion, driving kinds of
atmospheric phenomena and even global circulation, which play
substantial roles in planetary atmospheric dynamics. The important
role of IGWs in atmospheric dynamics and global circulation has
been widely studied on Earth, such as Xiao CY and Hu X (2010)
revealing the monthly mean global morphologies of potential
energy density from stratospheric GWs by observations of
COSMIC (Constellation Observing System for Meteorology, lono-
sphere and Climate) GPS RO. IGWs exist extensively on Earth and
commonly on other planets with stable atmospheric stratification,
such as Mars and Jupiter (Lian Y and Yelle, 2019; Ji QQ et al., 2022).
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The amplitude of IGWs generated in the lower atmosphere
increases with altitude until they reach a critical value, saturate,
and break up, causing turbulence and affecting momentum trans-
port. Several accidents during high-altitude aircraft flights have
been attributed to stratospheric turbulence caused by unexpected
mountain waves (Skopovi and Akylas, 2007). Mountain waves are
generated by airflow disturbance as the airflow passes over
mountainous terrain. Topography is the primary excitation source
for mountain waves and IGWs. Mars has very large topographic
characteristics and strong winter zonal jets, enabling much
stronger topographically induced IGWs (Fritts et al., 2006).

Radio occultation technology is an important means of Mars
exploration. For example, the Mars Global Surveyor (MGS)
provided profiles of pressure and temperature in the lower atmo-
sphere of Mars for several years. The MAVEN (Mars Atmosphere
and Volatile EvolutioN) spacecraft obtained the electron density
profiles and refractivity profiles in the middle and lower layers of
Mars, which proved that the neutral atmosphere layer is below
approximately 80 km, whereas the ionosphere is above approxi-
mately 80 km (Zhang SJ et al., 2009). We have summarized the
progress of radio occultation exploration of Mars (Xiao et al,
2024). The study of IGWs on Mars is primarily conducted by
analyzing these RO atmospheric temperature profiles. Creasey et
al. (2006) calculated the energy density of the corresponding
wave for each vertical temperature profile derived from the
National Aeronautics and Space Administration’s (NASA's) MGS
RO measurement, obtaining the global distribution of wave activi-
ties. Using the same data, Ando et al. (2012) obtained the vertical
wavenumber spectra of Martian GWs at ~3-32 km, which were
basically consistent with the theoretical spectra of saturated GWs
in the Earth’s atmosphere. From multiple vertical temperature
profiles of the MGS, Gubenko et al. (2015) determined the charac-
teristics of Martian atmospheric IGWs as well as key parameters,
such as frequency, wavelength, and energy density.

China’s first Mars exploration mission, Tianwen-1, was successfully
launched on July 23, 2020. It entered the orbit around Mars in
February 2021 and conducted the first RO experiment with X-
band radio signals on August 5, 2021, obtaining data on the iono-
sphere and atmosphere on Mars (Hu X et al., 2022). This experiment
revealed that the Tianwen-1 RO data are scientifically reliable and
helpful for further research on the atmosphere and space weather
of Mars. The authors also found distinct wavelike structures from
the temperature profile, indicating that Mars has rich atmospheric
wave activities. Tianwen-1's RO neutral atmosphere data have a
higher vertical resolution of ~0.3 km than previous Mars data,
allowing for a more detailed analysis of IGWs.

To better understand the Martian atmospheric dynamics, we
extract the IGW parameters based on RO data from Tianwen-1
and from the MGS as contrasts and complements. First, we intro-
duce the data and methods of extracting IGW parameters through
vertical temperature profiles in Section 2. We then analyze the
characteristics of IGWs by Tianwen-1, compared with those by the
MGS in Section 3. Section 4 presents the conclusions.

2. Data and Methods

2.1 Data
The first RO experiment was conducted by Tianwen-1 with signals
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on August 5, 2021 (Hu X et al,, 2022). Tianwen-1 transmits X-band
radio signals received by the Shanghai Observatory, establishing a
one-way single-frequency link in the X-band to conduct radio
occultation experiments. The location of the occulted path closest
to the surface of Mars is estimated as (66.03°N, —161.49°E), when
the solar zenith angle is 87.7° and the local time is 22.7 h. The
season of the RO event is the spring of Mars, with a Martian solar
longitude of L; = 81.3°. Tianwen-1 obtained atmospheric density
and temperature data from the Martian surface to ~50 km alti-
tude. In contrast to the MGS, which has a vertical resolution of
approximately 1 km, Tianwen-1 achieves a significantly improved
vertical resolution of about 0.3 km.

Radio occultation data from the MGS are also selected for compar-
ison with RO data from Tianwen-1. The MGS was launched in 1996
and has achieved nearly a decade of RO observations, detecting
data on pressure and temperature in the lower atmosphere.
During the years of operation, a total of 5600 RO profiles were
returned, and the detection position was mostly distributed in the
northern hemisphere, covering the position of the corresponding
data from Tianwen-1.

The physical state and temperature of the upper atmosphere
depend largely on the condition and thermal structure of the
lower atmosphere (Groller et al., 2018). In this article, we mainly
report on our study of IGWs in the lower atmosphere of Mars.
Because GW activities on Mars vary substantially with season and
latitude but not much with longitude (Creasey et al., 2006), we
choose the MGS profiles that differ by +2.5° in latitude, £10° in
longitude, and +5° in L from the Tianwen-1 profile to reduce the
effects of different geographic locations and seasons on the GW
activities. According to these criteria, we select some MGS profiles
for the preliminary analysis and finally show three representative
ones. Two of them are the 0334i12b.tps profile observed at 08:12
on November 29, 2000, which corresponds to a latitude of
66.11°N, a longitude of 201.28°, and a L; value of 82.51° and the
0339l46b.tps profile observed at 11:46 on December 4, 2000,
which corresponds to a latitude of 66.81°, a longitude of 196.86°,
and a Ls value of 84.77°.

It is well known that considerable differences in topography exist
between the northern and southern hemispheres of Mars. Le HJ et
al. (2022) noted that the large hemispheric differences in Martian
topography and the subsequent effects of dust storms could lead
to substantial wave processes, which could affect the lower atmo-
sphere. Considering the differences in topography and magnetic
field between the northern and southern hemispheres, we select
a few more profiles from the relatively strong magnetic field
region in the southern hemisphere (Acufa et al., 1999). One repre-
sentative profile is shown: the 9134p06a.tps profile observed at
15:06 on May 14, 1999, which corresponds to a latitude of
—68.48°N and a longitude of 170.76°, with a L, value of 138.74°.

2.2 Methods

The extraction process of IGW parameters is mainly done with
reference to Gubenko et al. (2008) and has the advantage that
various parameters of IGWs can be extracted simply by analyzing
a single temperature profile. The method is universal and applica-
ble not only to the Earth’s atmosphere (Gubenko et al., 2008), but
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also to other planetary atmospheres, such as Mars (Gubenko et al.,
2015).

To understand the spatial scales of IGWs, we extract their vertical
and horizontal wavelengths. By applying the Lomb-Scargle spec-
tral analysis method to the temperature perturbation (T, = T-T),
the main wavelength ), of the wave perturbation can be deter-
mined, where T is the measured temperature and T is the back-
ground temperature, which is usually obtained by the polynomial
fitting method in the research on GWs (Wang L and Geller, 2003;
He Y et al., 2021). Fitting the background temperature with poly-
nomials of different orders causes slight differences in the temper-
ature perturbation. For instance, a linear fit may artificially
increase the perturbation amplitude, as illustrated in Figure 1b.
Given that the vertical wavelengths of GWs on Mars reported in
previous studies generally do not exceed 15 km (Creasey, 2012;
Saunders et al., 2021), we choose tofilter T, with a vertical bandpass
filter of 3-15 km to eliminate the effects of large-scale waves and
obtain filtered temperature perturbation T’ (Zhang J et al,, 2023).
The differences in the filtered temperature perturbations
obtained by different polynomials are small, and the filtered
perturbations are the focus of this article. The IGW parameters
extracted by fitting the background temperature with polynomials
of different orders are also quite close. Considering that excessively
high orders of fitting may lead to overfitting effects, we choose to
directly use the commonly used third-order polynomial for fitting
in the subsequent parameter extraction. Because edge effects
occur during the fitting process, the data within the top and
bottom 2.5 km of the height range are excluded in the subsequent
parameter extraction. The window function and a 95% confidence
level are added to reduce the problem of spectral leakage. The
horizontal wavelength A, can be determined by A, = 2n/k;,. The
horizontal wavenumber k;, can be calculated by the dispersion
relation of the IGWs,

-

K =(m2+41?)-(w2—f2)/N2, (
in Nappo (2013), where m represents the vertical wavenumber,
m = 2n/A,, and H denotes the scale height of the Martian atmo-
sphere, obtained by fitting the atmospheric density or pressure
profile. The intrinsic frequency w is the IGW frequency mentioned
below, and the inertial frequency f=2Qsing, where
Q=7.11%10"rad/s is the angular velocity of Mars' rotation
around its axis and ¢ is the latitude (Gubenko et al., 2015). The
square of buoyancy frequency N’ is a measure of atmospheric
static stability, determined by the background temperature
profile (Liu X et al,, 2020), that is,
2_9gfdT | g

V3G 2)
where g is free fall acceleration near the Martian surface, z is alti-
tude, C, is the specific air heat capacity at constant pressure. Only
when N’ >0 is the atmosphere stably stratified and the wave
motion possible.

With the aim of gaining a better understanding of the temporal
scales of IGWs, their intrinsic frequency and period can be
extracted. Because RO detection cannot obtain the data on atmo-
spheric wind speed directly, we cannot directly extract the hori-
zontal wind speed perturbation caused by IGWs and the horizontal
kinetic energy density. The intrinsic frequency w of IGWs cannot
be calculated directly by £y, and E,, as shown by Geller and Gong
J(2010), so we refer to the method of Gubenko et al. (2008) for w.
This method is based on the premise that the relative amplitude
a. of the wave reaches the threshold amplitude a of the shear
instability, that is, a = a,, where

Ge==m =5 2)
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Figure 1. (a) Temperature T, (b) temperature perturbation Ty, (c) filtered temperature perturbation T, and (d) the square of buoyancy frequency

N? with altitude for Tianwen-1.
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where |T| represents the amplitude of IGWs, which can be ascer-
tained through sinusoidal fitting. If 0 <a, <1, we consider the
perturbations to be caused by saturated IGWs. Conversely, if
a. > 1, we associate the observed fluctuations with regular thin
layers or turbulence. According to a =a, and Equations (2) and (3),
we can determine the intrinsic frequency w and period T(2rn/w) of
IGWs.

We can determine the direction of the wave propagation by

m A
tan®, = % = /\—z
where @, is the angle between the wave vector direction and the
horizontal plane. The speed and direction of wave energy trans-
mission are described by the group velocity, and the speed of a
constant phase point along the direction of the traveling wave is
described by the phase velocity. Referring to the calculation
method of Gubenko et al. (2011), we can calculate the group

velocity |Ci;,,|, 'C';z and the intrinsic phase velocity |C';,,|, G-
n|_ 0w _1n FPA\_N f2
ghza_khch .(1_E=m. 1_E' (4
in ow in f2 |kh| N f2
R e N

We can ascertain the activity intensity of IGWs by calculating the
kinetic and potential energy density. The higher the energy, the
stronger the wave activity. Because wave energy is periodic in
space and time, it is more useful to discuss average values rather
than local values (Nappo, 2013). Kinetic and potential energy
densities £, and E, can be calculated by using the following
formulas:

E, = %(F+F+F) = 2_‘( u'|2 + |v’|2 + |w’|2), (6)
E—lg_zzz—lg_zzz (7)
PUaae\T) AN T|]

where u', v/, w' correspond to the zonal, meridional, and vertical
velocity perturbations induced by the wave, respectively. They
can be obtained by the polarization equation of the IGWs.

3. Results and Discussion

3.1 Results of Tianwen-1

As shown in Figure 1a, the temperature decreases with altitude
from the surface to approximately 24 km, similar to the pattern
observed in Earth’s troposphere. Between 25 and 33 km, the
temperature increases with altitude, which is referred to as an
inversion layer. In the atmosphere, the inversion layer exhibits
greater stability than usual, indicated by a higher value of N? as
shown in Figure 1d. In Figure 1b, the trends of temperature
perturbations fitted by different polynomials exhibit consistency,
and in Figure 1c, the filtered temperature perturbations are much
more similar, indicating that the polynomial fitting order has mini-
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Figure 2. Lomb-Scargle power spectrum of the temperature
perturbation T' of Tianwen-1 with a 95% confidence level.

mal impact on the IGWs within the 3-15 km range studied. The
perturbation amplitude of the linear fit is significantly larger,
suggesting that a poorly fitting curve artificially increases the
amplitude, which is consistent with the view of Creasey (2012).
The good fit of the third-order polynomial in Figure 1 indicates
that using the third-order polynomial in this study is appropriate.
The comparison between Figures 1b and 1c reveals that the
filtered perturbations are significantly reduced, indicating that in
addition to GWs with vertical wavelengths of 3-15 km, larger scale
waves, such as tides and planetary waves, exist and that the
temperature perturbations they induce are also important.

From Figure 2, the main energy distribution of the IGW can be
observed to lie within the range of ~9-15 km. The narrow single-
peak structure indicates the quasi-periodic nature of this tempera-
ture perturbation, which may be caused by the propagation of a
monochromatic wave that is saturated because of shear atmo-
spheric instability (Fritts and Alexander, 2003). The dominant
vertical wavelength A, of the IGW is approximately 12.6 km. The
horizontal wavelength A, is approximately 5212 km, which largely
coincides with our expected horizontal wavelength of hundreds
or even thousands of kilometers. The horizontal wavelength is
calculated from the dispersion relation of the IGWs and A, = 2 /kj,.
This relation has been used for many years and is reliable. The
parameters used are those in Equation (1) and are calculated
strictly according to the method. Errors are assessed in Table 1,
and the parameters are considered reasonable in this study.

The amplitude |T' | represents the intensity of the IGW activity. By
sinusoidal fitting, we can determine that the amplitude of the IGW
is 1.90 K, as shown in Figure 3. Substituting the median value of
N into Equation (1) yields a, = 0.261. Subsequently, we can deter-
mine that the intrinsic frequency of the IGW is 1.31 x 107 rad/s,
close to the inertial frequency (w ~ f), which is a typical low-
frequency IGW, also known as an inertial IGW. The corresponding
period is 13.3 h. The angle @, between the direction of the wave
vector of this IGW and the horizontal plane is 89.86°, implying that
the IGW propagates almost vertically. Calculations show that
C;",, =248m/s, C;"Z =597%x107° m/s, |C';,,| =109 m/s, Cip"Z
0.264 m/s, with the group velocity significantly slower.

With £, =94.1J/kg and E, =4.64J/kg determined, the energy
density of the IGW can be obtained. During the calculation, we
find that the vertical velocity perturbation |w/| is two or three
orders of magnitude smaller than the horizontal wind perturbation

Xiao L and Xiao CY et al.: Research on IGWs in the Martian atmosphere based on RO data
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Table 1. Parameters of the IGWs and their uncertainties.

Profile
1 2 3 4
IGW parameter Tianwen-1 MGS MGS MGS
2021-08-05 2000-11-29 2000-12-04 1999-05-14
(66.03°N, 198.51°F) (66.11°N, 201.28°F) (66.81°N, 196.86°E) (~68.48°N, 170.76°F)
Altitude ~0.15-47.45 km ~3.65-39.35 km ~4.3-40.0 km ~3.0-23.5 km
L, km 47.3 35.7 35.7 205
Nz, 10 °rad’ /s 6.79 £ 1.26 5.16 4 0.77 51940.71 11.08 + 2.09
A, km 126 +0.15 9.3+0.63 10.4 + 0.67 6.7 +0.38
M, km 5212 + 1245 4285 + 966 5273+ 1121 3404 + 915
IT'L K 1.90 + 0.05 0.76 + 0.05 0.80 + 0.06 1.08 + 0.07
a,, rel.units 0.261 + 0.049 0.211+0.038 0.194 +0.033 0.268 + 0.055
w/f 101 1.007 1.006 1.012
w, 107*rad/s 1.31 + 0.006 1.31 + 0.004 1.31 +0.002 1.34+0.010
@y, deg 89.86 89.88 89.89 89.89
| m/s 109 +25.7 89.6 + 20.0 1114233 727 £19.2
Col,107m/s 264+ 3.5 194 +13.1 218+ 14.0 143483
|Con|, m/s 2.48 +0.58 1254027 1284027 1731046
Col, 107m/s 5.97 + 2.60 271£1.10 2524097 3424167
'], m/s 13.8+13 127413 141414 112413
V], m/s 13.6+ 1.3 126+ 1.3 141+ 1.4 1M1+13
|w'|, 10 m/s 332+6.4 27.4+53 27.8 £ 5.1 221449
Ei J/kg 94.1+186 79.5+17.3 99.4 +20.7 62.3+15.3
E, J/kg 4.64 +0.86 1.25+0.21 1.34+0.21 226 +0.45
E/E, 203 63.5 744 27.6
H, km 108 9.9 102 7.1
Hp,, km 63.7 123 106 17.8

pvr

(Ju"]and |v' ]), indicating that the primary source of the IGW kinetic
energy (E;) is the horizontal wind perturbation. This aligns with
the findings of Ratnam et al. (2008) on IGWs, where the vertical
wind perturbation contributed only 0.7% to the total kinetic
energy and was deemed negligible. The horizontal kinetic energy
density is sensitive to low-frequency GWs, whereas the vertical
kinetic energy density is more responsive to high-frequency GWs
(Geller and Gong J, 2010). Namely, for the low-frequency inertial
GWs, the vertical wind perturbation is significantly smaller than
the horizontal wind perturbation. According to the perspective of
Geller and Gong J (2010), the IGW should be a low-frequency IGW,
which is consistent with our calculation.

Since many of the parameters discussed above are derived from
temperature profiles, it is essential to conduct an error assess-
ment. According to the uncertainty formulas provided by
Gubenko et al. (2008), when a, converges to 1, the relative uncer-

tainty of parameters such as w, C;‘Z, V1 W, A C*;Z would be
large. Therefore, we consider this when choosing profiles in the
MGS database. Rather than selecting profiles with large tempera-
ture perturbations, we prioritize those with relatively mild pertur-
bations to minimize uncertainty under this method. By substituting
Tianwen-1's data height range of L = 47.3 km and relevant param-
eters into the uncertainty formulas, we obtain uncertainties of
8A,/A, ~ 1.2%, 6N* [N* ~ 18.5%, 8d,/a, ~ 18.7%. Similarly, uncertain-
ties for other parameters can be calculated.

To quantitatively describe the dissipation of IGWs with altitude,
we follow the approach of Zhao WB et al. (2022) and introduce the
concept of volumetric potential energy density

Epv:Epv=p'E,

where

Xiao L and Xiao CY et al.: Research on IGWs in the Martian atmosphere based on RO data
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For conservative GWs, H, = H, where H= —(d Inp/dz)”". Potential
energy density £, increases exponentially with altitude, whereas
volumetric potential energy density E,, remains constant regard-
less of altitude. When H, > H, the growth rate 1/H, of the GW is
lower than the growth rate 1/H of a conservative GW, indicating
wave dissipation. In this case, H,, is positive. The larger the value
of H,, the greater the dissipation is, and the corresponding H,,, is
positive but decreases as dissipation becomes more pronounced.
By fitting the atmospheric density p, E,, and E,, profile, as shown
in Figure 4, the parameters corresponding to IGW of the Tianwen-
1 profile are determined: H=10.8km, H,=11.7 km, and H,, =
63.7 km. The variable H, > H indicates that this IGW is dissipating,

(@)
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likely due to the transfer of its energy into the background atmo-
sphere. The variable H,, = 63.7 km indicates that the E,, of IGW
decreases to 1/e of its initial value at 63.7 km above the reference
point, suggesting a relatively weak dissipation.

3.2 Results of the MGS and Comparisons with Tianwen-1
Unlike Tianwen-1, which exhibits a distinct inversion layer
between 25 and 33 km, the temperature of the MGS decreases
steadily with altitude, showing no evidence of inversion layer.
Because of the difference in temperature profiles, the variation
trends of N* with altitude for the MGS are also different, initially
decreasing and then increasing. In Figures 5b and 6b, the pertur-
bation profiles before and after filtering are similar, indicating that
the temperature perturbations caused by other scale waves are
not significant, which are also different from Tianwen-1. The
perturbation amplitude of the northern hemisphere IGWs
detected by the MGS is smaller than that of Tianwen-1, that is, the
gravity wave activity is weaker, which may be related to the local
weather conditions at the time. For example, during SSWs, gravity
wave activity intensifies with higher energy density (E,), whereas
after SSWs, E, usually decreases (Zeng XY and Zhong G, 2024).
Dust is one of the excitation sources of atmospheric fluctuations,
which vary in different degrees during dust storms (Wu ZP et al,,
2021). In both Figures 5c and 6¢, local minima are observed at 16
and 18 km, respectively, indicating the existence of dynamic insta-
bility near corresponding altitudes.

The IGWs have vertical wavelengths of 9.3 and 10.4 km, with
corresponding horizontal wavelengths of 4285 and 5273 km,
respectively. Their relative amplitudes and energy densities are
smaller, indicating that their activity intensities are weaker. The
intrinsic frequency and period are nearly the same as those of
Tianwen-1, probably because the geographic locations and
seasons are close to each other, so the excitation sources are
comparable. For a detailed comparison of parameters, please refer
to Table 1.

The A, of the IGW in the southern hemisphere is 6.7 km, and w =~ f.

(b)

40

30

H (km)

20 1

10 4
— Original £, |
— - Fitted £, ‘
pv
01 --- Conservative GW ;‘?

14 <12 -10 -8 -6 -4 -2
E,, (J/m?)

Figure4. £, (a) and £, (b) with altitude for Tianwen-1.
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Figure 6. T (a), T' (b), and N’ (c) with altitude for the MGS in the northern hemisphere (Profile 3).

Compared with the northern hemisphere detected by Tianwen-1
and the MGS, the IGW has a smaller A, and a larger N?, as shown in
Figure 7. The T of the IGW is larger than that in Figures 5b and 6b,
which means a larger relative amplitude. The reason could be that
the terrain is higher and the temperature is lower in the southern
hemisphere. Being a significant excitation source of IGWs, topog-
raphy, especially in areas with considerable topographic variation,
is more likely to trigger the generation of IGWs. These differences
naturally lead to differences in the IGW parameters extracted.

The parameters of the IGWs and their associated uncertainties for
the selected profiles are presented in Table 1. As shown in the
table, the relative uncertainty of A, of the MGS is substantially
larger than that of Tianwen-1. The 8A,/A, is proportional to the
vertical resolution &h of the data. According to Patzold et al.
(2004), the vertical resolution of the X-band RO data is approxi-
mately 0.3 km. Both the MGS and Tianwen-1 data utilize X-band
RO. However, the MGS has sampling intervals of ~1 km whereas

Tianwen-1's sampling intervals are as fine as ~0.1 km. Conse-
quently, the vertical resolution 6h of MGS can only achieve
approximately 1 km, whereas that of Tianwen-1 can reach up to
0.3 km. Since the term 8N’/N is the primary contributor to the
relative uncertainty in a,, which significantly influences the uncer-
tainty of other IGW parameters, and given its minimal relationship
with 8h, the uncertainties of other IGW parameters extracted from
the MGS and Tianwen-1 do not differ significantly.

Regarding IGW dissipation, the northern hemisphere of the MGS
exhibits greater dissipation compared to Tianwen-1, while the
southern hemisphere shows slightly less dissipation. Additionally,
the H of the southern hemisphere is much lower than that of both
Tianwen-1 and the northern hemisphere of the MGS, which could
be attributed to the overall high terrain and low temperature of
the southern hemisphere.

In comparison to other studies employing similar parameter
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Figure7. T(a), T' (b), and N (c) with altitude for the MGS in the southern hemisphere.

extraction methods, such as Gubenko et al. (2015), the relative
uncertainties of IGWs in this study are smaller. The primary
reasons for these smaller uncertainties are as follows: First, regard-
ing the data, this study utilizes a wider altitude range and denser
sampling from Tianwen-1. Second, in terms of the spectral analysis
method, Gubenko et al. (2015) employed a Fourier transforma-
tion, which is suitable only for evenly spaced data, whereas this
study utilizes Lomb—Scargle spectral analysis, capable of analyzing
nonuniformly sampled data. This approach avoids additional
interpolation, thereby eliminating the introduction of artificial
errors. Finally, concerning the parameter extraction method,
Gubenko et al. (2015) assumed m > 1/2H when extracting the
horizontal wavelength of IGWs, ignoring the 1/2H term, despite
the fact that m is not significantly greater than 1/2H. In this study,
we consider the 1/2H term and account for the differences in H,
resulting in more reliable parameter extraction.

4. Conclusions

Based on the RO data from Tianwen-1 and the MGS, key parameters
of IGWs are extracted from the occultation temperature profiles.
Results show that the vertical wavelengths A, of the Martian IGWs
range from 6 to 13 km. The intrinsic frequencies w of these IGWs
are very close to the inertial frequency f, which are typical low-
frequency inertial IGWs. The horizontal wavelengths A, are longer
than their vertical wavelengths A,, and their propagation directions
are almost vertical. The kinetic energy densities E, are ~1-2 orders
larger than the potential energy densities £,, and the velocity
perturbations caused by IGWs are larger, whereas the temperature
perturbations are smaller.

Compared with the IGWs of the MGS in the northern hemisphere,
the relative amplitude g, and potential energy density E, of the
IGWs of Tianwen-1 and the MGS in the southern hemisphere are
both larger, indicating stronger IGW activity. In addition, the vari-
able H,, corresponding to Tianwen-1 is larger, indicating that the
dissipation of these IGWs is smaller. The H), in the southern hemi-
sphere of the MGS is also slightly larger than that in the northern

hemisphere, and the degree of IGW dissipation is slightly smaller,
which may be related to its larger buoyancy frequency N°. The
larger the N?, the more stable the background atmosphere, and
the more conducive it is to the propagation of IGWs. The larger N
may be related to the overall higher terrain and lower temperature
in the southern hemisphere.

These detailed analyses of IGWs enrich our fundamental under-
standing of Martian atmospheric dynamics and provide essential
data for the parameterization in Martian global circulation
models. We anticipate carrying out more occultation experiments
for advanced scientific research.
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