
1. Introduction
Atmospheric tides are a significant feature in the Martian atmosphere owing to their very large scale and large 
amplitudes. Much of the longitudinal variability seen at thermospheric altitudes can be attributed to tides that 
propagate upward from the lower atmosphere. Furthermore, tides are capable of transporting energy and momen-
tum from sources in the lower atmosphere to the upper atmosphere, thereby contributing notably to the energy 
and momentum budget of this region. Atmospheric thermal tides are seen as global scale oscillations in atmos-
pheric fields such as density, pressure, temperature, and winds. The temporal period of these tides are fractions of 
the planetary rotation rate such as 24 hr (diurnal), 12 hr (semidiurnal) of local time, and so on.

Following the description in Forbes et al. (2002), tidal oscillations can be mathematically expressed as follows:
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Abstract Variability in the Martian upper atmosphere is strongly linked to the lower atmosphere and 
much of it can be attributed to vertical wave propagation. Atmospheric tides in particular are a well-known 
phenomenon in the Martian atmosphere that play a key role in the transport of energy as they propagate to 
higher altitudes. Previous theoretical predictions and observations suggest that tides producing wavenumber-2 
and wavenumber-3 patterns are strongest in a fixed local time at high altitudes, however, the energy they carry 
and the region of deposition are not well characterized. Given the availability of atmospheric observations 
from several spacecraft at the same time, in this paper, the nature and behavior of tides are studied concurrently 
at several altitudes. Here, six intervals are identified focused at fixed low latitudes utilizing simultaneous 
observations of the middle and upper atmosphere from in situ and remote sensing instruments on different 
spacecraft. In the middle atmosphere, strong wavenumber-2 signatures are identified in the intervals north of 
the equator whereas, in the south, wavenumber-3 signatures are strongest. Wave signatures observed in the 
upper atmosphere seem to be dominated by a mix of wavenumbers-2 and -3. Seasonal variation is observed 
in the northern intervals, with very little interannual variability in all intervals considered. Estimates of 
energy based on dominant wavenumber amplitude suggest that most of the energy dissipates below ∼90 km. 
Furthermore, model sampled output captures the dominant wavenumbers observed in the middle atmosphere as 
well as the energy dissipation characteristics.

Plain Language Summary Atmospheric tides are large-scale waves observed widely in the Martian 
atmosphere. Tides can carry energy and momentum as they propagate higher in altitude and deposit this energy 
in different regions of the atmosphere as they dissipate. While tides have been observed previously at different 
altitudes, it was not possible until recently to study them concurrently at different altitudes. Using observations 
from three instruments, here six cases at low latitudes and multiple altitudes are analyzed. At low altitudes to 
the north of the equator, a wave with two peaks in longitude is identified as strongest, but to the south, a wave 
with three peaks is strongest. The waves seen at high altitude are a mix of waves with two peaks and three 
peaks. The strongest wave observed changes with season in the north. For a particular season, there is very little 
year-to-year variability in the strongest wave observed. Comparing the estimated energy at different heights 
suggest that most of the energy is lost prior to ∼90 km. Comparison of observations with model shows that the 
model is able to capture the strongest wave observed at lower altitudes. Moreover, this observed energy loss is 
also captured well by the model.
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where 𝐴𝐴 Ω is the planetary rotation rate, 𝐴𝐴 𝐴𝐴 is the universal time in days, 𝐴𝐴 𝐴𝐴 is the longitude with east positive, 𝐴𝐴 𝐴𝐴 is the 
zonal wavenumber and its absolute value is the number of cycles per 𝐴𝐴 360

◦ longitude, 𝐴𝐴 𝐴𝐴 is the temporal harmonic 
or the frequency. Components with 𝐴𝐴 𝐴𝐴 𝐴 0 propagate westward and with 𝐴𝐴 𝐴𝐴 𝐴 0 propagate eastward. If 𝐴𝐴 𝐴𝐴  = 1, the 
tide is diurnal and has a period of 1 day, if 𝐴𝐴 𝐴𝐴  = 2 the tide is semi-diurnal and has a period of half a day and, so 
on. 𝐴𝐴 𝐴𝐴𝑛𝑛𝑛𝑛𝑛 and 𝐴𝐴 𝐴𝐴𝑛𝑛𝑛𝑛𝑛 are the amplitude and phase that are functions of both altitude and latitude as can be seen in the 
above expression.

Equation 1 describes a tide in a fixed universal time (UT) frame, since spacecraft observations are often made 
in a fixed local time perspective, it is useful to describe the above expression in terms of local time where 

𝐴𝐴 𝐴𝐴 = 𝐴𝐴𝐿𝐿𝐿𝐿 −
𝜆𝜆

2𝜋𝜋
 , therefore we get,

∑

�
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�
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By referring to Equation 2, we see that there exist multiple combinations of 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 that can produce a non-migrating 
tide. For instance, a tide with wavenumber 𝐴𝐴 |𝑠𝑠 − 𝑛𝑛|  = 1 where 𝐴𝐴 𝐴𝐴  = 1 and 𝐴𝐴 𝐴𝐴  = 0 has 1 cycle per 360° longitude in a 
fixed local time reference frame. For the same wavenumber 1, the values of 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 can also be 𝐴𝐴 𝐴𝐴  = 2 and 𝐴𝐴 𝐴𝐴  = 1; 

𝐴𝐴 𝐴𝐴  = 0 and 𝐴𝐴 𝐴𝐴  = 1; 𝐴𝐴 𝐴𝐴  = 1 and 𝐴𝐴 𝐴𝐴  = 2 or 𝐴𝐴 𝐴𝐴  = 2 and 𝐴𝐴 𝐴𝐴  = 3. Satellite data generally helps in identifying 𝐴𝐴 |𝑠𝑠 − 𝑛𝑛| , but for a 
particular observed wavenumber, 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 can take on multiple values from which it can be only one of the combi-
nations. Tides are commonly referred to in the literature by a combination of letters and numbers that describe 
their period, propagation direction and wavenumber (D, S stand for diurnal and semidiurnal respectively, W and 
E denote westward or eastward propagation, and s = 1, 2, 3, 4, etc. is the absolute zonal wavenumber). Therefore, 
DE1 stands for eastward propagating diurnal tide with zonal wavenumber 1.

Zurek (1976) highlighted the role of Martian surface topography in driving the diurnal tide through the modu-
lation of thermal forcing comprised of heat flux from the surface or via absorption of solar radiation by a dusty 
atmosphere. It was noted that the topographic longitudinal wavenumber excites nonmigrating tidal components 
which can propagate vertically. In the past few decades, satellite-based observations have established the signif-
icance of non-migrating tides in the overall Martian tidal fields. Keating et al.  (1998) showed that longitudi-
nal variability in the inferred total mass density from MGS accelerometer measurements was characterized by 
wavenumber-2 at thermospheric altitudes and attributed this to the stationary planetary wave. Since many combi-
nations of 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 could give rise to such an oscillation with 𝐴𝐴 𝐴𝐴  = 2, using the same data set for the same season 
and latitude as Keating et al. (1998) modeling results by Forbes and Hagan (2000) demonstrated that the DE1 tide 
can account for much of the wavenumber-2 variability.

Bougher et al. (2001), showed wavenumber-3 features associated with non-migrating tides in the electron density 
peak measurements and in the accelerometer measurements from MGS spacecraft observations. Large-scale 
longitudinal variations in densities derived from the MGS accelerometer data between 130 and 160 km were 
dominated by wavenumber-2 and wavenumber-3 features (Withers et  al.,  2003). Observations of the middle 
atmosphere between 70 and 120 km from the Mars Express SPICAM UV spectrometer were used to show zonal 
variations in pressure and temperature associated with non-migrating tides (Withers et al., 2011). This study also 
reported dominant wavenumber-2 and wavenumber-3.

Recent examinations of data from the Mars Atmosphere and Volatile Evolution (MAVEN) spacecraft have 
enabled the observation of tides in the upper atmosphere of Mars. Lo et al. (2015), showed the first observations 
of nonmigrating tides by inferring CO2 densities from the CO2 +UV—doublet emission measurements taken by 
the Imaging Ultraviolet Spectrograph (IUVS) on MAVEN. Strong wavenumber-2 and wavenumber-3 signatures 
from low to mid-latitudes were observed in a fixed local time frame, with wavenumber-2 having the largest 
amplitude (∼29%) at the low latitudes. In a first combined analysis that used MAVEN remote sensing IUVS 
and in situ Neutral Gas and Ion Mass Spectrometer (NGIMS) observations, large-scale longitudinal structures 
were reported with a strong wavenumber-2 signature (England et al., 2016). This study also demonstrated the 
impact of vertical advection associated with nonmigrating tides on thermospheric composition. Liu et al. (2017) 
demonstrated similar longitudinal structures with underlying wavenumber-2 and wavenumber-3 patterns but with 
different amplitudes across two different seasons. Tidal signatures were also reported in the in situ neutral and 
electron density measurements, highlighting the coupling between I-T regions through atmospheric tides (Fang 
et al., 2021; Thaller et al., 2020). Schneider et al. (2020) identified the presence of wavenumber-3 structure in the 
NO nightglow brightness derived from MAVEN-IUVS in the middle atmosphere at low equatorial latitudes. On 
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further examining the phase of the wave with local time, the authors found that the predominant tide underlying 
the wavenumber-3 structure is the eastward moving diurnal tide with zonal wavenumber s = 2 (DE2). Strong 
wavenumber-3 structure was reported in the IUVS derived temperatures at 90 and 170 km during aphelion, while 
the wave amplitudes were significantly smaller during perihelion (Jain et al., 2021).

Owing to spacecraft geometry, most previous studies have only been able to determine 𝐴𝐴 |𝑠𝑠 − 𝑛𝑛| wavenumbers since 
spacecraft tend to sample a wide range of longitudes over multiple orbits but these observations come from a set 
of similar local times. In order to establish the underlying tide present, the values of 𝐴𝐴 |𝑠𝑠| and 𝐴𝐴 |𝑛𝑛| need to be deter-
mined individually, which provides information about both the period as well as wavenumber of the tide. Lee 
et al. (2009) and Guzewich et al. (2012) have demonstrated the use of temperature retrievals from Mars Climate 
Sounder on Mars Reconnaissance Orbiter to extract tidal fields from a sun-synchronous orbit with equatorial 
crossing times at ∼3 a.m. and 3 p.m. LT. Such sampling allows for the separation of the semi-diurnal components 
from the diurnal components by examining differenced and averaged temperature fields computed from the two 
LTs that are ∼12 hr apart. Lee et al. (2009) was first to show that the diurnal tide dominated the tidal fields using 
Mars Climate Sounder (MCS) temperature retrievals. Guzewich et al. (2012) showed that the middle atmospheric 
amplitudes of wavenumber-2 were higher in the northern hemisphere between 10°–40°N and that it is clearly 
associated with the DE1 tide. Furthermore, it is also known that the eastward propagating tides are much more 
efficient in penetrating into the higher altitudes owing to their much longer vertical wavelengths and therefore 
such tidal modes are less impacted by molecular diffusion (Forbes et al., 2002, 2020).

Previously tides at Mars were observed at different altitudes but connecting these observations has been difficult 
due to a lack of data. Combination of observations from various instruments is now possible due to the availabil-
ity of data over a broad range of altitudes, latitudes, local times and longitudes. The remote sensing IUVS and in 
situ NGIMS instruments aboard the MAVEN mission together provide density and temperature profiles between 
120 and 200 km (Evans et al., 2015; Liu et al., 2017), whereas the remote sensing MCS instrument aboard Mars 
Reconnaissance Orbiter (MRO) provides temperature profiles between 30 and 90 km. This gives us the ability 
to observe the upper atmosphere (above ∼100 km) and middle atmosphere via remote and in situ measurements 
concurrently. Most recently, England et al. (2019) compared high latitude MAVEN IUVS and MAVEN NGIMS 
upper atmospheric data to MCS observations in the middle atmosphere. These observations suggest that the SE1 
tide is most likely the cause of the observed wavenumber-3 signature in the southern hemisphere. Guzewich 
et al. (2012) examined the latitude-Ls structure using MCS temperature measurements at 76 km and compared 
it to the model output from Mars Climate Database at the same altitude. Good agreement was seen in the largest 
tidal component between observation and model results.

To investigate the impact of tides on the atmosphere as a whole, sampling is required across a broad range of 
altitudes. Following the approach described in England et al. (2019), in this study we combine the remote sensing 
and in situ data from MAVEN and MRO. This allows us to see how tides are evolving as they propagate verti-
cally,  and identify which ones reach the Martian upper atmosphere. Here, we examine the longitudinal structure 
and identify the underlying zonal wavenumbers above and below the Martian equator at low latitudes and at 
different altitudes. Taking advantage of the concurrent observations from MRO-MCS in the Martian middle 
atmosphere, we aim to identify which of the waves seen in the ∼30–80 km range make it to the Martian upper 
atmosphere, and how their amplitudes change between the altitudes sampled by MCS, IUVS and NGIMS, thereby 
providing information on their dissipation characteristics across this altitude range. In addition, the propagation 
direction, as well as an estimate of the period of the wave, is obtained using the MCS data. Given the dominant 
wavenumber and an estimate of the temporal period, to what degree are the tidal components capable of pene-
trating into higher altitudes? What is the non-migrating tidal spectrum sampled at the NGIMS and IUVS altitude 
at 165 and 140 km respectively and how does it relate to below this altitude? Focusing on two narrow latitude 
ranges, the variations in the tidal spectrum between different Martian seasons are studied. By utilizing the avail-
ability of the MCS data, repeatability of these tidal structures is also examined. Furthermore, the variations in 
density and temperature observed by MAVEN and MRO are also compared to the model-derived data from Mars 
Climate Database (MCD) allowing to assess the model's ability to capture tidal features at the sampled altitudes.
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2. Data Selection
This study utilizes observations derived from in situ measurements made with the Neutral Gas and Ion Mass Spec-
trometer (MAVEN-NGIMS) and remote sensing measurements made with the Imaging Ultraviolet Spectrograph 
(MAVEN-IUVS) and Mars Climate Sounder (MRO-MCS). In addition, we include data from the LMD-GCM's 
Mars Climate Database from here on referred to as MCD. While the analysis of tides ideally requires complete 
coverage in both longitude and time, multiple factors including spacecraft orbit, mission specific observational 
goals, instrument type etc., provide full coverage in either longitude or time, but rarely as a function of both 
parameters. To identify tidal signatures, and estimate the wavenumbers, propagation direction and period of the 
wave being observed, complete longitudinal coverage is required over a narrow range of latitudes. As seen in 
Equation 1, the amplitude of a tide is a strong function of latitude, therefore the selection of a large latitude range 
would result in mixing of the signal from wave amplitudes of different tides. The analysis here requires data 
sampled at different altitudes for a particular chosen latitude range. As tides are periodic in local time, dominant 
wavenumber can be examined by sampling tides at any local time. Therefore, we do not require perfect overlap in 
local time across multiple instruments but phase differences are expected as seen in Equation 2.

Figure 1a shows the complete NGIMS data coverage as a function of latitude and local time from February 2015 
to December 2018 restricted in altitude range between 140 and 200 km. Data is chosen by defining a latitude-Ls 
box in a fixed local time range that is, (a) at low latitudes above and below the equator, (b) has repeated sampling 
over several time periods during the MAVEN mission, and (c) has both IUVS and NGIMS data. MCS data is 

Figure 1. Distribution of the (a) NGIMS, (b) IUVS, and (c) MCS data used in this study. Black boxes in panel (a) shows the fixed latitude and local time ranges used 
to select the intervals to the north and south of the equator. Data are color-coded by month, ranging from January 2015 to December 2018. Several regions of overlap in 
the latitude-local time sampling can be seen, allowing seasonal changes to be identified at a single location.
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almost always available at the same latitude as NGIMS observations. This also means that only IUVS data when 
the limb was sunlit will be used for this analysis. Thus, we end up with two regions: one north of the equator and 
the other south of the equator as shown in Table 1, each of which is sampled at three different time intervals corre-
sponding to different Mars seasons and these are hereby referred to as cases (Cases A, B, and C respectively).

In order to extract tidal characteristics, complete longitudinal coverage is required for which many orbits of data 
need to be averaged. We use observations taken over a period of roughly a month in our analysis and we assume 
that tidal signatures will remain effectively constant over this time period. It is known that there is a lot of sol-to-
sol variability but it is smaller than the longitudinal variability. MGS derived densities were used to show that 
longitudinal variability can be responsible for the densities to vary by a factor of two which was greater than 
the determined sol-to-sol variability (Withers et al., 2003). The timescales over which tidal signatures evolve 
in the Martian atmosphere range from several weeks to months, so it is fairly reasonable to utilize a month of 
data in the  analysis which effectively removes the sol-to-sol variability as well (Mazarico et al., 2008; Withers 
et al., 2003).

2.1. NGIMS Data

NGIMS is a quadrupole mass spectrometer on MAVEN (Mahaffy et al., 2015) designed to make in situ composi-
tion measurements of neutral gas and ion species during the periapsis segment of the orbit below ∼500 km. The 
instrument alternates between two modes, a closed source mode: which measures non-reactive neutral species 
(e.g., CO2, Ar, N2, He), and an open source mode: which measures surface reactive neutral species (e.g., O, CO, 
and N) and ambient ions.

This study uses NGIMS level 2 (version 7, revision 3) data, and are publicly available on the Planetary Data 
System (PDS) at http://pds.nasa.gov (Benna & Lyness,  2014). In this data set, the raw detector counts are 
converted into derived densities for each species. To eliminate the impact of any interaction of CO2 with the 
walls of the instrument after periapsis occurs in each orbit, we limit all NGIMS data to the inbound portion of 
each orbit (England et al., 2016). Owing to the ∼2.6 s cadence at which NGIMS measures the abundance of CO2 
alongside other species, there is a significant variation in the measured densities within just one periapsis segment 
of the orbit as well as between two consecutive orbits. This variation is associated with small-scale waves which 
are universally present in such in situ measurements. Hence, in order to clearly identify atmospheric tides above 
the strong signal of small-scale waves, any tidal analysis requires many orbits of NGIMS data (e.g., England 
et al., 2019; Liu et al., 2017).

The geometry of sampling for NH Case A during March–April 2015 is shown in Figures 2a–2c, Figure 2a shows 
the chosen data (inbound portion of orbit only) covers 15°–25°N latitude, and 14–16.5 hr of LT. The NGIMS 
data available for this time period offers complete longitudinal coverage over the given latitude range as shown in 
Figure 2b. There are gaps in the altitudinal coverage as seen in Figure 2c and therefore we limit our altitude range 
between 160 and 180 km where there is sufficient data at all latitudes. The data spans 2.5 hr of local time, and it 

NH cases Mars year Time period Ls (°) Season

Case A 32 5 March 2015–3 April 2015 [302–319] Winter

Case B 33 1 April 2017–4 May 2017 [342–359] Winter

Case C 34 22 September 2017–24 October 2017 [64–78] Aphelion

SH cases Mars year Time period Ls (°) Season

Case A 33 30 October 2015–3 December 2015 [61–76] Aphelion

Case B 34 25 November 2017–30 December 2017 [92–108] Winter

Case C 34 19 May 2018–20 June 2018 [178–196] Vernal equinox

Note. In the NH, the selected range lies within 15–25°N and 14–16.5 hr LT for case A, and 13.5–16 hr LT for the other two cases, and in the SH cases are within 15–25° 
S and 8–11 hr of local time.

Table 1 
The Six Cases Selected Based on NGIMS Data Coverage

http://pds.nasa.gov/
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Figure 2. (a) NGIMS data for NH Case A (March–April 2015) shown as a function of latitude and local time. The black box denotes the latitude and local time range 
chosen for analysis (b) Location of NH Case A data as a function of latitude and longitude (c) Same as panel (b) but as a function of altitude and latitude for NH Case A 
and (d) Shows the number of data points in each altitude bin within the defined latitude range. (e) IUVS L2 data as a function of latitude and local time for the defined 
March–April 2015 period (NH Case A). The black box marks the range of data chosen for NH Case A analysis. (f) Mars Climate Sounder data where the dots indicate 
the location of the observations and the black box shows the latitude and local time ranges used in the study for NH Case A.
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is assumed all the data come from a single local time. While this assumption might underestimate the apparent 
amplitude of the observed tides, they can still be identified since the local time range is small compared to the 
period of the diurnal and semidiurnal tides.

2.2. IUVS Data

IUVS is a remote sensing instrument on MAVEN that measures UV spectra of the atmospheric gas (McClintock 
et al., 2015). During the periapsis portion of the orbit, IUVS performs limb altitude scans when the spacecraft 
is below ∼500 km. The IUVS data used in this study are level 2, version 13 revision 1 and are publicly availa-
ble on the Planetary Data System (PDS) at http://pds.nasa.gov (Deighan, 2015). This data set includes vertical 
profiles of CO2 densities and temperatures derived from the periapsis limb observations during daytime (Evans 
et al., 2015). The CO2 +UV-doublet dayglow emission is used to retrieve CO2 density profiles and since there is 
no equivalent nightglow emission, the analysis is restricted to periapsis scans when the limb was sunlit with solar 
zenith angles (SZA < 75°).

Figure 1b shows the distribution of all available IUVS data from March 2015 to June 2018 and Figure 2e shows 
that the IUVS data are available in the same latitude region as the NGIMS observations for NH Case A. The IUVS 
level 2 data are on a fixed altitude grid and for the purposes of this study, data is sampled at 140 km which is 
roughly at the lower bound of the thermosphere. The selected data spans a local time range from 14.3 to 16.2 hr 
which represents a slightly different set of local times than the NGIMS data and is offset by ∼0.3 hr in local time. 
This discrepancy will only be reflected as a small phase difference in the tides identified in the two data sets since 
the expected tidal signatures are believed to have a period of 12–24 hr LT.

In addition to the IUVS level 2 data, we also have temperature data derived from the IUVS periapse level 1C 
(version 13, revision 1) data using the method described in Jain et al. (2021). This data set can be found in NASA's 
Planetary Data System (PDS) at https://atmos.nmsu.edu/data_and_services/atmospheres_data/MAVEN/maven_
iuvs.html. As described in Jain et al. (2021), to extract temperatures in the middle atmosphere (∼90–105 km) 
from the IUVS observations, Chapman fits are performed on the O I 297.2 nm emission and the scale height is 
determined. The authors fit the measured intensity to the integral of the volume emission rates which is para-
metrized as a Chapman profile by using a Levenberg–Marquardt least squares minimization algorithm. Temper-
ature variations can be therefore characterized by determining the value of the scale height using this Chapman 
approximation. All derived mesospheric temperatures derived from the L1C data are limited to periapse scans 
taken when solar zenith angle is below 85°. This new data set provides an excellent opportunity for comparison 
with the MRO-MCS data whose upper boundary is also near 90 km.

2.3. MCS Data

The MCS instrument on MRO is a limb and nadir scanning infrared radiometer that takes measurements of the 
surface and atmosphere of Mars (McCleese et al., 2007). MCS is a passive nine-channel radiometer out of which 
eight operate in the mid-infrared/far-infrared region and one in the broadband visible/near-infrared region. The 
temperature profiles are retrieved from the 15 𝐴𝐴 𝐴𝐴m CO2 band between ∼30 and 90 km.

Using the same date range as that for NGIMS, data are available in the same latitude range for NH Case A. The 
data coverage for NH Case A is shown in Figure 2f. MRO is in a nearly polar sun-synchronous orbit such that 
the spacecraft's local solar time remains constant near 3 a.m. and 3 p.m. during the ascending and descending 
portions of the orbit. As seen in Figure 2f this changes as the spacecraft moves poleward of 75°N or S in latitude 
shifting from 3 p.m. to 3 a.m. and vice versa. Observations from this type of orbit provides good global coverage 
but at fixed local times as the planet rotates under the spacecraft.

2.4. Mars Climate Database

MCD is a database that provides atmospheric statistics derived from Global Climate Model (GCM) simulations 
(Forget et al., 1999; Millour et al., 2017). MCD provides mean values and statistics of meteorological variables 
like pressure, temperature, winds, atmospheric density, atmosphere composition and gases concentration, CO2 ice 
surface layer, etc. These fields are averaged and stored 12 times a day on a 5.625° × 3.75° longitude-latitude grid, 
for 12 Martian months. Each Martian month spans 30° in solar longitude (Ls) which is roughly 50–70 Earth days.

http://pds.nasa.gov/
https://atmos.nmsu.edu/data_and_services/atmospheres_data/MAVEN/maven_iuvs.html
https://atmos.nmsu.edu/data_and_services/atmospheres_data/MAVEN/maven_iuvs.html
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The MCD consists of different scenarios based on the combination of dust and solar variability since these two 
forcings vary greatly from 1 year to another. Here we choose to use the “Mars Years” scenarios (MY24–MY33) 
which take into account the daily evolving solar EUV input and dust loading and therefore describes the Martian 
climate for each specific year to the best possible accuracy. While the analysis here consists of observations from 
MY32, MY33, and MY34, the current version of MCDv5.3 only extends its simulation results up to MY33. 
Assuming that the conditions do not vary much from year to year for a particular Ls range, we use MCD results 
from MY33 in place of MY34 for all cases that fall under MY34.

3. Analysis and Results
In this section, the method of analysis for each data set and the corresponding results will be discussed in the context 
of NH Case A only. The following subsections are ordered such that the method and results below 90 km, referred to 
as low altitude are discussed first followed by those above 130 km and are referred to as high altitude. Additionally, 
MCD model output is analyzed for each data set and compared at each altitude, both at low as well as high altitude.

3.1. MCS Results

As mentioned in Section 2.3, the MCS observations are almost always sampled near 3 a.m. and 3 p.m. local 
time which is roughly 12 hr apart in LT. We first constrain our latitudes between 15° and 25° N and choose a 
1 hr local time window centered at ∼2.5 a.m. and 2 p.m. respectively. The temperature retrievals selected in each 
of these ranges are binned into 12 longitude bins (in 30° longitude steps) and 13 altitude bins (in 4 km altitude 
steps). Following England et al. (2019) we note that the diurnal components can be identified by subtracting the 
descending node data from the ascending node whereas the semidiurnal components as well as the zonal mean 
can be identified by summing these two together. A wavenumber 1–4 fit is performed at each altitude step and 
the fitted parameters are used to reconstruct wavenumber-2 and wavenumber-3 for each case. The uncertainties 
are computed by taking into consideration the geophysical variability or the spread in the data as noise rather 
than the stated noise from each instrument. The stated uncertainties are usually smaller than the variability in 
the atmosphere itself and are therefore not used to constrain the fit (Withers et al., 2003). For all cases to the 
north of the equator, MCS data extends up to 90 km, whereas in the south it extends only up to 82 km. In order 
to compare the wavenumbers between both the north and south within the MCS data itself, wave amplitudes are 
derived at 80 km altitude. In addition to this, since the low altitude IUVS data is derived at 90 km which also 
happens to be the upper bound of the MCS retrievals in the NH, to compare wavenumbers alone with the IUVS 
data at this altitude, the MCS wave amplitudes at 84 and 88 km are averaged. Given that there is no change in the 
dominant wavenumbers at the top five altitude bins, averaging the top two altitude bins allows for maximizing the 
signal, making the derived wave amplitudes robust. These values are not reported in the tables but the results are 
discussed when comparing dominant wavenumbers derived from both data sets in Sections 3.2 and 5.

Figure  3 shows clear wavenumber-2 and wavenumber-3 structures in the temperatures for NH Case A. But 
the scale of amplitude variation shows that wavenumber-2 dominates, followed by some wavenumber-3. The 
wavenumber-2 structure is visible in both the sum and difference panels, at altitudes above ∼50 km in the sum 
panel and above ∼70 km in the difference panel. On comparing the amplitudes of the signatures at 80 km, we 
see that wavenumber-2 in the differenced data has the largest amplitude, thereby making the diurnal component 
dominant over the semidiurnal. The phase of the wave here is defined as the longitude of the first peak east of 
longitude 0°. The vertical phase progression seems to move eastward with altitude between 60 and 80 km as seen 
in Figure 3 panel (c) suggesting that the underlying tide could be the DE1 tide. Withers et al. (2011) examined the 
phases of wavenumber-2 and wavenumber-3 components derived from pressure and temperature measurements 
taken by the Mars Express SPICAM UV spectrometer. It was found that the wavenumber-2 component is domi-
nated by the DE1 tide above 80 km.

3.2. IUVS Results at 90 km

The low altitude IUVS derived temperatures were generated for the specific time periods of the cases discussed 
here. In order to have sufficient data coverage the date range is extended by 2 weeks but centered on the same date 
as for NH Case A. The chosen latitude range remains 15°–25°N and the LT range spans 14–16 hr which is offset 
by less than a half hour compared to the high altitude IUVS data.
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The derived temperatures as a function of longitude along with the wavenumber 1–4 least squares fit performed 
on the data is shown in Figure 4. Wavenumber-2 is identified as the dominant signature in the IUVS temperatures 
at 90 km and this is can be directly compared with the MCS results at 88 km shown in Figure 4b. The IUVS 
derived wave amplitudes are larger than those seen by MCS, which is likely due to the smaller number of IUVS 
data points available in this case. Small changes in amplitude and phase are usually averaged out if more data 
points are included, the lack thereof could result in larger amplitudes. It is worth noting that the MCS tempera-
tures are binned and averaged in 30° by 4 km longitude-altitude bins as mentioned in Section 3.1, whereas the 
IUVS temperatures are not. The MCS temperatures are further broken down into its sum and difference compo-
nents as seen in Figure 4 panels (c and d). It can clearly be seen that almost all of the wave can be attributed to 
the diurnal component shown in panel (d).

3.3. Comparison of MCD to Observations at Lower Altitudes

In this section, the longitudinal structure, wavenumbers and wave amplitudes at three altitudes-72, 80, and 88 km 
from the MCD are compared with MCS observations at the same altitudes. Since the data sets used in this 
analysis do not consist of a single observation type that spans the selected range, including model derived data 
provides a means to verify the internal consistency when compared with the high altitude observations. Forbes 
et al. (2020) compared seasonal-latitudinal structures and amplitudes from MCS observations at 76 km to MCD 
model output at 76 km and found reasonably good agreement. Given this result at lower altitude, it will also be 
useful to understand whether the MCD model output compares well with the high altitude observations.

Similar to the MCS observations, analysis of the MCD model output is carried out by the methodology described 
in Section 3.1 for the same latitudes and local time ranges selected for NH Case A. Wavenumber 1–4 fits to the LT 
summed and differenced model derived data are performed independently at each altitude as shown in Figure 5.

As seen in Figure 5, a clear wave structure can be seen at all three altitudes in both the sum and differenced panels 
of the model output and observations. The phase of the wave is consistent between the altitudes being compared 
in each panel as well as between model output and observations. The derived wave amplitudes at 80 km are shown 
in Table 2 alongside the wave amplitudes from MCS at 80 km and IUVS at 90 km.

Figure 3. Reconstruction of the sum and difference of the wavenumber-2 and -3 fits to the MRO-MCS temperature data 
for NH Case A. Separate wavenumber 1–4 fits are performed at each 4-km altitude step on the temperature data around the 
ascending and descending nodes. Panels (a and b) show the temperature sum of the ascending and descending nodes, whereas 
panels (c and d) show the difference between these.
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It is clear that wavenumber-2 is the strongest component, which is in good agreement with both MCS and IUVS 
observations. In addition, the model output results also capture the diurnal component as dominant, which is 
again in reasonably good agreement with the MCS observations. It can also be seen that the mean temperatures 
agree well at this altitude.

3.4. IUVS Results at High Altitude

Perturbations in both CO2 densities and temperatures are examined here using the IUVS level 2 data. Since IUVS 
level 2 density and temperature retrievals are on a fixed altitude grid, data from 140 km is used in this study. This 
ensures that we select data from just above the airglow peak and provides sufficient data for the analysis. From 
Figure 2e, we see that we have good overlap in latitude from 15° to 25𝐴𝐴

◦ N covering the same range as NGIMS and 
MCS for NH Case A. The temperatures and densities at 140 km, within the selected latitude and local time range 
are shown in Figure 6 along with the wavenumber 1–4 least squares fit to the data.

In both panels (a and b) of Figure 6, a clear wavenumber-2 structure can be seen in both the density and temper-
ature plots. There seems to be some asymmetry that suggests the presence of other wavenumbers which are 

Figure 4. Panel (a) shows the temperatures derived from the O 297.2 nm dayglow emission at 90 km from IUVS observations over 15–25°N for Case A (1 March 
2015–3 April 2015). The black dots show the raw derived temperatures as a function of longitude, the dashed blue line shows the reconstruction of the wavenumber 
1–4 fit to the data and the shaded region shows the ±1 standard deviation from this fit. Panel (b) shows the binned and averaged Mars Climate Sounder (MCS) derived 
temperature sampled at 88 km and at the same location and local time as the IUVS data. Panels (c and d) show the LT sum and difference components of the MCS 
temperature data shown in panel (b).
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captured in the fit as seen in Table 3. The signature in the temperature data is almost in anti-phase with the 
density variation which is also reported by England et al.  (2019). The amplitudes listed in Table 3 show that 
wavenumber-2 dominates in both densities and temperatures with some wavenumber-3. These results are in good 
agreement with the NGIMS data at 165 km discussed in the following sub-section.

Figure 5. Comparison of the wavenumber 1–4 fit results of Mars Climate Database (MCD, bottom panels) and the Mars Climate Sounder (MCS) observations (top 
panels) at three altitudes. Panels (a and c) compare the reconstruction of LT summed data whereas panels (b and d) compare the LT difference reconstruction between 
MCS and MCD respectively.

NH Case 
A Ls 310°

IUVS T (K) @ 
90 km (20°–30°N)

MCD T (K) @ 
90 km (20°–30° N)

MCS MY 32 T (K) 
@80 km

MCS MY 28–32 T 
(K) @80 km

MCD T (K) @80 
km

Mean 143 ± 5.5 139 147.86 ± 0.48 146.41 ± 1.73 150 ± 0.26

LT sum LT diff LT sum LT diff LT sum LT diff

Wave 1 6.1 ± 6.7 0.3 1.9 ± 1.5 2.1 ± 1.7 1.1 ± 0.3 1.9 ± 0.7 2.76 2.81

Wave 2 18.9 ± 7.6 1.73 2.1 ± 1.5 5.1 ± 1.5 2.3 ± 0.4 4.4 ± 0.6 3.87 6.38

Wave 3 8.5 ± 6 1.92 1.6 ± 1.2 1.7 ± 1.4 0.7 ± 0.3 1.2 ± 0.8 1.48 3.95

Wave 4 8.6 ± 7.3 1.37 0.9 ± 1.5 0.1 ± 1.3 0.6 ± 0.2 0.9 ± 0.2 1.26 1.55

Note. The strongest wave amplitude in each column associated with data sets from each IUVS, MCS and MCD are boldfaced. 
Uncertainties are reported only for the observations.

Table 2 
Amplitudes of the Wavenumber 1–4 Fits to the MCS and IUVS Data at 80 and 90 km Respectively Compared to MCD for 
NH Case A
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3.5. NGIMS Results

The NGIMS data must be binned into regular altitude steps prior to any tidal analysis. In order to capture the 
variation with altitude in sufficient detail, 10 km altitude bins are chosen (Liu et al., 2017). However, since the 
individual NGIMS observations are at significantly higher altitude resolution, we calculate the mean value over 
10 km altitude for a single orbit, in 1 km steps. The contour plots are then produced by computing the mean value 
at each altitude bin in 30° longitude bins.

A clear wave structure can be identified in Figure 7a which shows the mean observed CO2 number density as 
a function of altitude and longitude. This wave structure appears at 160 km and continues to be visible up to 
∼180 km although the densities near 180 km are relatively small.

Wave number fits similar to those shown for the IUVS observations in Section 3.4 are performed at the altitude 
bin with the highest number of data points in the NGIMS data. Based on the density of data points as shown in 
Figure 2d, for NH Case A the altitude chosen is 165 km and the corresponding orbit averaged CO2 densities at 
this altitude are shown in Figure 7b. As with the corresponding IUVS data shown in Figures 6a and 6b and from 
Table 2, it is clear that the zonal wavenumber-2 component is dominant in the NGIMS observations at 165 km, 
but asymmetries in this suggest the presence of other wave numbers.

3.6. MCD Results at High Altitude

Forbes et al.  (2020) examined MCD height-latitude structures of relative density perturbations which suggest 
vertical propagation of the DE1, DE2, and DE3 tidal components with expected density perturbations ranging 
from 15% to 25% in the 100–170 km altitude range. Further, this paper compares the MCD density perturbations 
to those derived from the Phase-II aerobraking of MGS between 105 – 115 km and find that MCD captures the 
dominant wavenumber-2 structure seen in MGS very well.

In this section, we extend our analysis to include a comparison of the MCD temperatures and density perturba-
tions to those derived by the IUVS and NGIMS at high altitude (González-Galindo et al., 2015). MCD model 
output is sampled for the same latitude and local time ranges described for NH Case A. This model data is then 
analyzed in an identical manner wherein the temperatures and densities are binned and averaged as described in 
Sections 3.4 and 3.5 respectively.

The IUVS and NGIMS sampled MCD do not capture the dominant wavenumber-2 structure seen consistently 
throughout all high altitude observations. Instead, wavenumber-3 is strongest, followed closely by wavenumber-2 
at both altitudes as seen in Figure 8. This is also in contrast with the low altitude where the MCS sampled MCD 
output captures the wavenumber-2 seen in MCS.

Figure 6. CO2 density panel (a) and temperature panel (b) data from Imaging Ultraviolet Spectrograph (IUVS) observations at 140 km for the same latitude and LT 
ranges defined for NH Case A as shown in Figure 2e. The solid lines show the reconstruction of a wavenumber 1–4 fit to the data, and the shaded region shows the ±1 
standard deviation from this fit. Densities are shown in blue; temperatures are shown in red.
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3.7. Results for Cases North of the Equator

In this section, we will compare the results for all cases north of the equator, referred to as NH hereafter. The 
cases are ordered by date, March–April 2015: Case A (MY 32, Ls  =  310𝐴𝐴

◦ ), April–May 2017: Case B (MY 
33, Ls = 350𝐴𝐴

◦ ), both during northern winter and September–October 2017: Case C (MY34, Ls = 71𝐴𝐴
◦ ) during 

aphelion. The same analysis techniques described in previous sections are applied to each case. The results for 
each case are divided by altitude such that wavenumbers at low altitude, below 90 km from MCS and IUVS are 
summarized in Tables 2, 4, and 6 whereas high altitude IUVS and NGIMS are shown in Tables 3, 5, and 7. Having 
cases from three different Mars years also gives insight into interannual variability. To aid with understanding 
interannual variability, in addition to the three MY cases, MCS wave amplitudes at 80 km for the same Ls as the 
cases in question but for different Mars years from MY 28–32 are averaged and are shown to compare the 1 year 
result to the multi-year averaged result. Furthermore, the wavenumbers from the MCD model output compared to 
both low and high altitudes observations are also shown.

NH Case 
A Ls 310°

IUVS T (K) 
@ 140 km

MCD IUVS T 
(K) @140 km

IUVS ρ (%) @ 
140 km

MCD IUVS ρ 
(%) @ 140 km

NGIMS CO2 ρ(%) and 
Ar ρ(%) @ 165 km

MCD NGIMS ρ 
(%) @ 165 km

Mean 201.4 ± 3.1 171 1.91e10 ± 6.32e8 7.12e9 1.07e9 ± 3.83e7 7.12e8

2.52e7 ± 8.81e5

Wave 1 3.6 ± 4.5 1.2 9.2 ± 4.8 1.4 7.8 ± 5.1 1.9

8.9 ± 4.9

Wave 2 9.9 ± 4.3 2.0 23.4 ± 4.7 9.6 16.2 ± 5.1 10.3

14.4 ± 4.9

Wave 3 8.4 ± 4.4 2.5 13.4 ± 4.8 11.4 2.1 ± 5.0 11.8

3.4 ± 4.9

Wave 4 6.8 ± 4.6 0.9 10.0 ± 5.0 2.3 1.9 ± 5.0 2.1

2.3 ± 4.9

Note. The strongest wave amplitude in each column associated with data sets from each IUVS, NGIMS and MCD are 
boldfaced. Uncertainties are reported only for the observations.

Table 3 
Amplitudes of the Wavenumber 1–4 Fits to the IUVS and NGIMS Data at 140 and 165 km Compared to MCD for NH 
Case A

Figure 7. Longitudinal variations in the CO2 number density as observed by NGIMS. (a) The mean number density observed between 15° and 25°N as a function of 
altitude and longitude (east positive). Mean values are shown in 10 km altitude bins (at 1 km steps) and 30° longitude bins. (b) The dots represent the 10 km vertical 
mean number densities for each of the orbits, the wavenumbers 1–4 fit to these data (blue solid line), and the range in this fit are based on the spread of the data (blue 
shaded region). The values shown are for the 10 km vertical bin centered at 165 km above the areoid.
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Table 2 summarizes the wavenumber structure at 80 and 90 km by MCS and IUVS with comparisons to MCD 
for NH Case A. The amplitudes listed in Table 2 show that wavenumber-2 dominates for NH Case A in the 
temperature data at low altitude. While the dominant wavenumbers seen by MCS and IUVS agree, the amplitude 
of the wavenumbers do not. The wave amplitudes appear to be larger in the IUVS data, which may be due to the 
smaller number of data points in this case. The larger amplitudes could be due to the fact that small changes in 
amplitudes and phase are usually averaged out if more data points are included. It should be also be noted that 
the latitude range for the IUVS data was moved by 5𝐴𝐴

◦ N in order to have sufficient data coverage, this change 
should not affect the dominant wavenumber, but may affect the amplitude of the wave. From the MCS results, 
the diurnal component seems to dominate the wavenumber-2 structure. For the specified Ls, MCS observations 
also show a consistent year-to-year picture for all Mars years with wavenumber-2 strongest and dominated by 
the diurnal component. MCD results reveal strong wavenumber-2 dominated by the diurnal component which 
is in broad agreement with MCS, although the semi-diurnal component seems to be stronger in the model. On 
the other hand, MCD results show equally strong wavenumber-2 and -3 when compared with IUVS. The MCD 
comparison was performed with MCD sampled at the same altitude, latitude, local times, longitude and Ls values 
as MCS and IUVS and were analyzed as explained in Sections 3.2 and 3.3.

The high altitude IUVS and NGIMS results are summarized in Table 3 with comparisons to MCD. In addition 
to the NGIMS derived CO2 densities, wavenumber 1–4 fits are also performed on the Ar number densities and 

Figure 8. Mars Climate Database derived model output sampled at (a) IUVS and (b) NGIMS altitudes that is, at 140 and 165 km respectively. The blue dots represent 
the derived densities and the blue line is the wavenumber 1–4 fit to this model derived output.

NH Case 
B

IUVS T (K) @ 
90 km (17–27°N)

MCD T (K) @ 
90 km (17–27°N)

MCS MY 32 T (K) @ 
80 km

MCS MY 28–32 T 
(K) @ 80 km MCD T @ 80 km

Mean 144 ± 2 135 146.8 ± 0.77 143.41 ± 0.59 143 ± 0.21

LT sum LT diff LT sum LT diff LT sum LT diff

Wave 1 5.0 ± 1.8 2.1 2.1 ± 2.5 2.6 ± 1.6 1.3 ± 0.3 1.8 ± 0.2 0.8 2.08

Wave 2 7.5 ± 2.3 0.7 3.3 ± 2 4.2 ± 1.5 2.7 ± 0.3 3.3 ± 0.6 4.4 6.39

Wave 3 4.3 ± 2.8 1.8 0.8 ± 1.9 0.3 ± 1.2 0.6 ± 0.2 0.9 ± 0.3 1.6 2.81

Wave 4 5.1 ± 2.7 0.9 0.8 ± 1.9 1.0 ± 0.7 0.5 ± 0.2 1.5 ± 0.3 1.2 1.79

Note. The strongest wave amplitude in each column associated with data sets from each IUVS, MCS and MCD are boldfaced. 
Uncertainties are reported only for the observations.

Table 4 
Amplitudes of the Wavenumber 1–4 Fits to the MCS and IUVS Data at 80 and 90 km Respectively Compared to MCD for 
NH Case B
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reported in the table. The wave amplitudes derived from Ar and CO2 can be compared with each other since both 
species have similar masses and scale heights and therefore provide a means to validate the results.

It is clear from Table 3 that wavenumber-2 is dominant across all IUVS and NGIMS observations in both the 
temperature and CO2 densities. The wavenumbers derived from both species using NGIMS are also consistent 
with each other. However, comparison with MCD shows disagreement with observations at both altitudes and in 
both temperature and CO2 densities. MCD results reflect the strong presence of wavenumber-3, although inter-
estingly wavenumber-2 is second to the strongest.

For NH Case B, at lower altitude, the strongest component observed is wavenumber-2 as shown in Table 4. Both 
MCS and IUVS observations agree on the strongest wavenumber and from MCS, the diurnal component is shown 
to dominate although the semidiurnal component seems to follow closely in amplitude. The MCD comparison is 
consistent with this result and also sees a stronger semi-diurnal component compared to NH Case A. On compar-
ing with IUVS, MCD shows strong wavenumber-1 which is in disagreement with the IUVS observations.

As seen in Table 5, at high altitude equally strong wavenumber-2 and wavenumber-3 are observed in both the 
IUVS temperatures and densities whereas NGIMS observations show a strong wavenumber-2. MCD results 
consistently show the presence of a strong wavenumber-3 at all high altitudes, partially agreeing with the obser-
vations. Forbes et al. (2020) report DE1 and DE2 as the dominant tides at 108 and 172 km with density perturba-
tions that vary between 15% and 20% in the MCS latitude-Ls structure. DE2 which could be responsible for the 
observed wavenumber-3 structure at these thermospheric altitudes likely arises through non-linear interactions 
such as:

SPW1 × DE1 → 𝐷𝐷0 + DE2 

MCS results for NH Case C shown in Table  6 suggest a strong presence of both wavenumber-2 and 
wavenumber-4. This is in partial disagreement with the IUVS observations which suggest only the presence of a 
strong wavenumber-2. The year-to-year MCS observations are consistent with MCS results for this case. MCD 
results suggest a strong wavenumber-3 in both the MCS and IUVS comparison which is inconsistent with both 
observations.

Table 7 suggests strong wavenumber-2 across the high altitude IUVS and NGIMS density observations. A strong 
wavenumber-4 is observed in the IUVS temperatures which is consistent with the low altitude MCS temperature 
observations. MCD results consistently suggest strong wavenumber-2 at all high altitude which partially agrees 
with the observations.

NH 
Case B

IUVS T (K) 
@ 140 km

MCD IUVS T 
(K) @140 km

IUVS ρ (%) @ 
140 km

MCD IUVS ρ 
(%) @ 140 km

NGIMS CO2 ρ(%) and 
Ar ρ(%) @ 165 km

MCD NGIMS ρ 
(%) @ 165 km

Mean 189.1 ± 1.5 169 1.44e10 ± 3.25e8 6.196e9 7.91e8 ± 2.47e7 6.11e8

2.07e7 ± 6.13e5

Wave 1 6.8 ± 2.1 2.1 4.4 ± 3.2 5.6 3.3 ± 4.3 1.0

3.2 ± 4.1

Wave 2 8.0 ± 2.1 1.7 17.6 ± 3.2 8.9 9.7 ± 4.5 13.2

10.2 ± 4.2

Wave 3 8.13 ± 2.2 4.3 17.7 ± 3.4 14.3 4.7 ± 4.3 18.1

4.5 ± 4.1

Wave 4 5.7 ± 2.2 0.7 10.3 ± 3.2 1.8 4.0 ± 4.4 2.0

5.4 ± 4.2

Note. The strongest wave amplitude in each column associated with data sets from each IUVS, NGIMS, and MCD are 
boldfaced. Uncertainties are reported only for the observations.

Table 5 
Amplitudes of the Wavenumber 1–4 Fits to the IUVS and NGIMS Data at 140 and 165 km Compared to MCD for NH 
Case B
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3.8. Results for Cases South of the Equator

Of the cases selected to the south of the equator only two cases will be discussed in this section, since for the last 
case half of the time period is filled with the 2018 dust storm and not the entire period. Therefore our underlying 
assumptions for tidal analysis do not hold for this case. The cases ordered by date are October–December 2015: 
Case A (MY 33, Ls = 69𝐴𝐴

◦ ) and November–December 2017: Case B (MY 34, Ls = 100) which correspond to 
Aphelion and Winter respectively. For both cases MCS data above 82 km is unavailable and hence the wave 
amplitudes are sampled at 80 km in order to compare with the NH.

Tables 8 and 9 show the wave amplitudes for SH Case A at low altitude and high altitude respectively. At low 
altitude, the strongest component observed is wavenumber-3 across both MCS and IUVS observations. MCD 
results also suggest strong wavenumber-3, which is in good agreement when compared to both IUVS and MCS 
observations. Furthermore, the diurnal component seems to dominate the wavenumber-3 structure both in the 
observations as well as in MCD.

IUVS and NGIMS observations at high altitude suggest the presence of strong wavenumber-2 although IUVS 
temperature observations also suggest the presence of an equally strong wavenumber-3. The observed wavenum-
bers are also consistent across both Ar and CO2 densities. MCD results consistently show wavenumber-2 as the 
strongest component which agrees partially with the IUVS and NGIMS observations. Jain et al. (2021) reported 

NH 
Case C

IUVS T (K) @ 
90 km (20°–30°N)

MCD T (K) @ 
90 km (20°–30°N)

MCS MY 32 T (K) @ 
80 km

MCS MY 28–32 T 
(K) @ 80 km MCD T @ 80 km

Mean 146 ± 1.6 144 141.94 ± 1.67 141.9 ± 1.13 142 ± 0.26

LT sum LT diff LT sum LT diff LT sum LT diff

Wave 1 6.1 ± 1.9 0.27 2.2 ± 3.2 0.9 ± 2.5 3.2 ± 0.4 0.9 ± 0.3 0.85 1.05

Wave 2 8.9 ± 1.5 3.68 2.3 ± 4.2 3.6 ± 2 1.9 ± 0.4 3.1 ± 0.4 2.01 3.90

Wave 3 5.9 ± 1.6 4.30 0.1 ± 3.3 2.9 ± 1.7 0.7 ± 0.1 2.5 ± 0.3 1.27 6.34

Wave 4 4.9 ± 1.6 3.68 0.9 ± 3.6 3.6 ± 1.9 0.4 ± 0.2 3.7 ± 0.3 1.14 5.34

Note. The strongest wave amplitude in each column associated with data sets from each IUVS, MCS, and MCD are boldfaced. 
Uncertainties are reported only for the observations.

Table 6 
Amplitudes of the Wavenumber 1–4 Fits to the MCS and IUVS Data at 80 and 90 km Respectively Compared to MCD for 
NH Case C

NH 
Case C

IUVS T (K) 
@ 140 km

MCD IUVS T 
(K) @140 km

IUVS ρ (%) @ 
140 km

MCD IUVS ρ 
(%) @ 140 km

NGIMS CO2 ρ(%) and 
Ar ρ(%) @ 165 km

MCD NGIMS ρ 
(%) @ 165 km

Mean 183.1 ± 1.9 165 7.64e9 ± 1.47e8 6.37e9 4.3e8 ± 1.3e7 6.99e8

1.2e7 ± 3.6e5

Wave 1 3.6 ± 2.7 1.1 1.8 ± 2.7 1.1 3.6 ± 4.3 2.1

3.9 ± 4.2

Wave 2 6.2 ± 2.7 2.3 18.8 ± 2.8 13.2 18.2 ± 4.4 11.3

17.8 ± 4.3

Wave 3 4.0 ± 2.5 1.2 17.7 ± 2.6 9.8 16.6 ± 4.4 10.0

14.2 ± 4.4

Wave 4 7.7 ± 2.8 1.4 16.6 ± 2.8 7.0 2.3 ± 4.3 7.1

2.6 ± 4.3

Note. The strongest wave amplitude in each column associated with data sets from each IUVS, NGIMS and MCD are 
boldfaced. Uncertainties are reported only for the observations.

Table 7 
Amplitudes of the Wavenumber 1–4 Fits to the IUVS and NGIMS Data at 140 and 165 km Compared to MCD for NH Case 
C



Journal of Geophysical Research: Planets

KUMAR ET AL.

10.1029/2022JE007290

17 of 25

strong wavenumber-3 amplitudes followed closely by wavenumber-2 for the same interval as discussed here for 
SH Case A at both 90 and 170 km. The latitude range used in the study differs from SH Case A and crosses over 
the equator but the local time range is similar.

For SH Case B at low altitude, the wave amplitudes shown in Table 10, suggest that wavenumber-3 is the strong-
est component, and agrees with the MCD results with a strong diurnal component.

At high altitude, from Table 11 it is seen that the IUVS observations suggest a strong presence of wavenumber-3 
whereas NGIMS suggests a mix of wavenumbers −2 and −3. The NGIMS results for this case are also not consist-
ent within the two species with Ar suggesting wavenumber-4 is strongest followed by wavenumber-3. It is impor-
tant to note that the signals are near the noise level for the high altitude NGIMS data and hence the wavenumbers 
observed are weaker. Comparing with MCD, results show good agreement with the IUVS observations but only 
partially agree with NGIMS observations where MCD suggests the presence of strong wavenumber-2.

3.9. Overview of Spectral Components in MCD

Given that the local times in the present study are limited to fixed intervals (<4 hr LT), it is useful to examine 
the MCD derived temperature structures at all longitudes and local times. Spectral decomposition will provide a 
broad reference frame for the frequency-wavenumber content in the temperature perturbations. For the five cases 

SH Case 
A

IUVS T (K) @ 90 km 
(13°–23°N) (8–11 hr)

MCD T (K) 
@ 90 km

MCS MY 33 T (K) @ 
80 km

MCS MY 28–33 T 
(K) @ 80 km MCD T @ 80 km

Mean 138 ± 2.2 131 138.83 ± 1.05 137.33 ± 1.5 141 ± 0.19

LT sum LT diff LT sum LT diff LT sum LT diff

Wave 1 5.48 ± 1.8 4.46 1.0 ± 2.3 0.9 ± 1.3 0.5 ± 0.3 1.1 ± 0.1 0.9 3.2

Wave 2 2.31 ± 2.8 2.74 0.2 ± 2.9 1.0 ± 1.3 0.3 ± 0.4 1.4 ± 0.2 1.2 0.9

Wave 3 7.7 ± 2.6 5.7 0.4 ± 2.8 2.3 ± 1.2 0.5 ± 0.3 2.3 ± 0.1 0.8 3.9

Wave 4 1.6 ± 2.0 1.68 1.3 ± 2.5 0.6 ± 1.5 0.7 ± 0.3 0.5 ± 0.2 1.3 2.9

Note. The strongest wave amplitude in each column associated with data sets from each IUVS, MCS, and MCD are boldfaced. 
Uncertainties are reported only for the observations.

Table 8 
Amplitudes of the Wavenumber 1–4 Fits to the MCS and IUVS Data at 80 and 90 km Respectively Compared to MCD for 
SH Case A

SH Case 
A

IUVS T (K) 
@ 140 km

MCD IUVS T 
(K) @140 km

IUVS ρ (%) @ 
140 km

MCD IUVS ρ 
(%) @ 140 km

NGIMS CO2 ρ(%) and 
Ar ρ(%) @ 165 km

MCD NGIMS ρ 
(%) @ 165 km

Mean 193.9±1.9 173 4.46e9±1.23e8 4.92e9 3.9e8±1.3e7 6.48e8

1.1e7±3.4e5

Wave 1 7.2±2.8 0.9 12.0±4.0 1.5 7.4±4.7 1.7

6.5±4.4

Wave 2 11.2 ± 2.8 2.9 18.3 ± 4.1 13.6 8.3 ± 4.7 16.0

9.6 ± 4.5

Wave 3 10.0 ± 2.7 1.8 14.5±3.9 11.3 3.2±4.8 10.3

1.5±4.5

Wave 4 4.2±2.6 0.7 10.0±3.8 2.9 4.2±4.7 3.0

3.5±4.4

Note. The strongest wave amplitude in each column associated with data sets from each IUVS, NGIMS, and MCD are 
boldfaced. Uncertainties are reported only for the observations.

Table 9 
Amplitudes of the Wavenumber 1–4 Fits to the IUVS and NGIMS Data at 140 and 165 km Compared to MCD for SH Case 
A
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examined in this study, MCD local time-longitude temperature structure are sampled and interpolated at the Ls, 
latitudes, and heights corresponding to each data set. In order to extract the prominent waves present in this 2D 
temperature field a space-time Fourier decomposition is performed by applying the FFT (fast Fourier transform) 
to the model derived data. Note that the wavenumbers represented in the decomposition are defined as k = s − n 
since the temperatures are sampled in a local time reference frame.

As shown in Figure 9 the space-time Fourier decomposition of the temperature data from MCD output for NH 
Case A reveals that DE1 (k = −2, n = 1 −> s = −1) is the major contributor to the structure observed by MCS at 
low latitude and is followed by DE2 and S0 with nearly equal contribution. At 90 km, DE2 seems to have a slightly 
bigger contribution than DE1 and this corroborates the disagreement between MCD and IUVS observations as 
discussed in Section 3.7. DE2 seems to dominate the temperature field at 140 and 165 km followed by DE1 and 
SE1 but with much smaller amplitudes. The amplitudes of all the wave components are slightly larger at 165 km 
than at 140 km.

For NH Case B at low altitude, DE1 is the dominant component, whereas at high altitude DE2 becomes dominant 
followed by S0. The S0 component is second to the strongest DE1 at low altitude and almost equal in amplitude to 
DE2 at high altitude. A clear dominance of DE2 is seen at low altitude in NH Case C, which is followed by DE3. 
DE2 is still the strongest component at high altitude but with much weaker amplitude and is followed closely 
by  DE1. Considering NH cases A and B, DE1 is likely the major contributor to the wavenumber-2 structure at 

SH Case 
B

IUVS T (K) @ 90 km 
(13–23) (8–11)

MCD T (K) 
@ 90 km

MCS MY 33 T (K) @ 
80 km

MCS MY 28–33 T 
(K) @ 80 km

MCD T (K) @ 
80 km

Mean 138±2.4 131 139.80±0.8 138.4 ± 1.4 136.04±0.27

LT sum LT diff LT sum LT diff LT sum LT diff

Wave 1 3.9±1.9 2.3 1.5 ± 2.3 0.7±1.1 1.2 ± 0.2 0.9±0.2 0.8 0.6

Wave 2 9.7±2.5 3.1 0.5±2.2 1.3±1.2 0.5±0.1 1.1±0.2 1.0 2.6

Wave 3 11.9 ± 2.4 6.1 0.9±2.1 1.6 ± 0.9 0.6±0.3 1.8 ± 0.5 1.2 3.3

Wave 4 5.5±2.9 2.9 1.0±2.0 0.5±1.2 0.9±0.3 0.5±0.1 0.4 2.6

Note. The strongest wave amplitude in each column associated with data sets from each IUVS, MCS, and MCD are boldfaced. 
Uncertainties are reported only for the observations.

Table 10 
Amplitudes of the Wavenumber 1–4 Fits to the MCS and IUVS Data at 80 and 90 km Respectively Compared to MCD for 
SH Case B

SH Case 
B

IUVS T (K) 
@ 140 km

MCD IUVS T 
(K) @140 km

IUVS ρ (%) @ 
140 km

MCD IUVS ρ 
(%) @ 140 km

NGIMS CO2 ρ(%) and 
Ar ρ(%) @ 165 km

MCD NGIMS ρ 
(%) @ 165 km

Mean 179±2.2 162 3.93e9±8.03e7 9.05e9 2.2e8±8.0e6 4.23e8

6.5e6±2.1e5

Wave 1 5.4±3.1 1.0 9.0±2.9 4.5 3.6±5.1 3.6

2.9±4.7

Wave 2 2.5±3.1 1.9 14.5±2.9 8.9 6.1 ± 5.1 16.7

3.8±4.7

Wave 3 10.1 ± 3.1 3.8 18.4 ± 3.0 16.4 6.1 ± 4.9 14.1

4.2 ± 4.4

Wave 4 1.8±3.0 3.2 4.6±3.0 10.0 4.1±5.0 6.1

5.3 ± 4.6

Note. The strongest wave amplitude in each column associated with data sets from each IUVS, NGIMS, and MCD are 
boldfaced. Uncertainties are reported only for the observations.

Table 11 
Amplitudes of the Wavenumber 1–4 Fits to the IUVS and NGIMS Data at 140 and 165 km Compared to MCD for SH 
Case B
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low altitude whereas the wavenumber-3 structure in NH Case C seems to be characterized by DE2 which is also 
the dominant component at high altitude in all three NH cases. While these results align very well with the MCD 
model output sampled specifically for each case, it is particularly interesting to find contributions from S0 and 
DE3 in addition to the strongest components.

For cases in the SH, DE2 seems to dominate the tidal field at low altitude in both cases followed by a weaker 
amplitude DE3, which agrees with observations suggesting the underlying component most likely responsible for 
the wavenumber-3 structure to be DE2. At higher altitude, in both cases, DE2 is still the strongest component but 
a mix of SE1 and DE1 seem to be the secondary contributors. Additionally, there is a notable difference in the 
amplitude of the dominant DE2 wave components between both cases wherein for Case A the amplitude seems 
to increase with altitude and for case B it seems to decrease with altitude. Overall, the results of the Fourier 
decomposition agree well with the MCD sampled data sets analyzed above and give additional insight into the 
tidal components possibly responsible for the observed dominant wavenumbers and confirm the discrepancies 
between model and observation.

4. Energy Dissipation
Vertical propagation characteristics of a wave can be inferred by examining the wave amplitude as a function 
of altitude assuming that the same latitudes and local times are sampled at each altitude, which is the case for 
the MCS data as seen in Figure 10a which shows the reconstructed wavenumber-2 amplitude as a function of 
altitude from the MCS LT differenced temperature data for NH Case A. Figure 10b suggests that the amplitude 
of the wave mostly increases with altitude roughly up to ∼80 km. For a dissipationless atmosphere, the product 
of atmospheric density and the square of the relative amplitude of the wave component should remain constant 
(Forbes, 2013; Withers et al., 2011). Hence, in the absence of dissipation, tidal amplitudes are expected to increase 
exponentially with altitude as density decreases to maintain constant energy density. Tidal modes that propagate 
vertically can be described as internal gravity waves of long periods that are influenced by the planetary rotation 
(Chapman & Lindzen, 1970). Such tidal modes have small positive equivalent depths and are capable of prop-
agating energy and momentum away from their region of forcing. As such, diurnal oscillations are expected to 
propagate vertically equatorward and are confined within ±30° latitude, assuming background winds are small.

Figure 9. The Fourier decomposed temperature amplitudes as a function of frequency and wavenumber (k = s − n) for NH 
Case A, sampled at 20°N and at four altitudes 80, 90, 140, and 165 km corresponding to the each data set (MCS, IUVS at 90 
and 140 km and NGIMS).
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Within the framework of internal gravity wave theory, the Brunt-Vaisala frequency characterizes the static stabil-
ity and is given by,

𝑁𝑁
2
(𝑧𝑧) =

𝑔𝑔

𝑇𝑇0

(
𝜕𝜕𝑇𝑇0

𝜕𝜕𝑧𝑧
+

𝑔𝑔

𝐶𝐶𝑝𝑝

)

 (3)

where g is the acceleration due to gravity on Mars, Cp is the specific heat at constant pressure and is taken as a 
pure CO2 specific heat capacity (∼661 J kg −1 K −1), z is the height in km. Since the observed temperature fluctu-
ations are associated with the vertical displacements of a fluid parcel in the atmosphere, they are also related to 
the available potential energy. The potential energy per unit mass Ep relative to an equilibrium position for the 
vertical displacement of an atmospheric fluid is given by,

𝐸𝐸𝑝𝑝 =
1

2

(
𝑔𝑔

𝑁𝑁

)2
⟨
𝑇𝑇

′

𝑇𝑇0

⟩2
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where N is the Brunt Vaisala frequency, 𝐴𝐴 𝐴𝐴0 is the mean temperature and 𝐴𝐴 𝐴𝐴
′ represents the temperature perturbation 

about the mean temperature 𝐴𝐴 𝐴𝐴0 (Wilson et al., 1991).

Using temperature amplitudes of the dominant wavenumber in the NH (wavenumber-2) and SH (wavenumber-3) 
from the MCS observations, estimates of the wave potential energy are computed at three altitudes from Equa-
tion 3 and 4 which is shown as a function of altitude in Figure 10. The error bars represent the uncertainty in Ep 
and for the purpose of this calculation it is computed from the fractional uncertainty in the square of the relative 

temperature perturbation 𝐴𝐴 ⟨
𝑇𝑇
′

𝑇𝑇0

⟩
2

 in Equation 4 alone. The uncertainty in Ep is dominated by this term and there-
fore the measured uncertainties are disregarded in the calculation since they are insignificant compared to the 
uncertainty in the fitted values. Therefore the uncertainties become nothing but twice the uncertainty in 𝐴𝐴 ⟨

𝑇𝑇
′

𝑇𝑇0

⟩
2

 . 
From Figures 11a and 11b it is evident that over 90% of the energy is lost between 60 and 80 km for four out of 
all five cases in the northern and southern hemispheres. For NH Case B about 50.4% of the energy is dissipated 
by 72 km followed by an increase in the energy. MCD based estimates of the normalized energy densities at the 
same three altitudes are also computed for the same set of conditions as the observations. The MCD estimates 
shown Figures 11c and 11d also show that over 90% of the energy is lost between these altitudes which is in good 

Figure 10. Panel (a) shows the wavenumber-2 reconstruction of the Mars Climate Sounder LT differenced temperature 
amplitudes for NH Case A, the black dots represent the phase with peak east of longitude 0°. (b) The wavenumber-2 
amplitude as a function of altitude. (c) The wavenumber-2 phase as a function of altitude and (d) wavenumber-2 
reconstruction at 80 km.
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agreement with the observations. This lost tidal energy via dissipation most likely contributes to the heating of 
the atmosphere. Nakagawa et al. (2020) used IUVS stellar occultation observations to study wave perturbations 
in the temperature profiles due to both gravity waves and tides. This study notes wave breaking suggested by the 
derived negative buoyancy frequencies in the 70–100 km altitude regime which is similar to the MCS sampled 
altitudes where tidal dissipation is being observed.

5. Summary and Conclusions
This study uses a combination of observations from the IUVS, NGIMS and MCS instruments to examine atmos-
pheric tides in the Martian atmosphere observed at different altitudes concurrently. By choosing a narrow latitude 
and local time range, six cases at low latitudes are identified, three in each of the northern and southern hemi-
spheres. Of the three southern hemisphere cases data from only two are used in this study. The cases belonging to 
different Ls, enable the comparison of interannual and seasonal change. Given a specified Ls, as indicated by the 
analysis here, MCS mean temperatures show a consistent year-to-year picture with almost constant mean  temper-
ature for all MYs (28–34) in both the NH and SH.

Dealing first with the NH results in the 80–90 km altitude region, we find the following:

•  The MCS mean temperatures at 88 km are in good agreement with the IUVS mean temperatures at 90 km in 
the NH. A strong wavenumber-2 structure is revealed in the derived temperatures from both MCS sampled at 
80 km and IUVS at 90 km. MCS observations reveal that the diurnal component is strongest with semidiurnal 
mixed in some cases, which is also captured well by the MCD model output although the amplitude of the 
semidiurnal component is slightly overestimated by the model.

 On comparing the IUVS observations at 90 km with MCD model output we see that they do not agree well 
in dominant wavenumber. The IUVS observations suggest a strong wavenumber-2 in all cases but the model 
results suggest wavenumber-3 to be dominant in Case A and Case C. This disagreement between IUVS obser-
vations and the model is in contrast with the MCS observations at 80 km, where there is a reasonably good 
agreement with the model.

Figure 11. Normalized energy density as a function of altitude (a) and (b)—for Mars Climate Sounder observations in NH 
and SH respectively. Panels (c) and (d)—for Mars Climate Database derived results in the NH and SH respectively.
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•  The MCS averaged wave amplitudes at 80 km from MY 28–32 for the same Ls defined for each case - A, B, 
and C are shown in Tables 2, 4, and 6 and indicate that there is very little interannual variability in the domi-
nant wavenumber from one Mars year to another. Therefore, at least at these altitudes, for a specified Ls we 
could predict next year based on the past several years as demonstrated in this analysis. It also worth noting 
that the diurnal component remains dominant year after year as well.

•  On the other hand, seasonal variation in the NH can be seen in the MCS derived wave amplitudes, where the 
wavenumber-2 signature is strongest in two out of three cases in the NH, both during Northern winter. But 
for NH Case C during Aphelion (MY34, Ls = 71𝐴𝐴

◦ ), the strongest signature seen is wavenumber-4 followed 
closely by wavenumber-2. The primary contribution to the wavenumber-4 in the LT differenced temperatures 
is expected to be from DE3. Guzewich et al. (2012) reported the first detection of DE3 in the MCS tempera-
ture data but for a different season than Aphelion from Ls 135–225° which is northern fall equinox.

•  Further, energy derived for the diurnal component of the dominant wavenumber from the MCS observations 
reveals that most of the energy in the tide is dissipated between 60 and 80 km. This energy is deposited into 
the mean atmosphere and presumably contributes to its heating and acceleration.

Dealing next with the NH results in the 140–165 km altitude region, we find the following:

•  At high altitude in the NH, the CO2 densities and temperatures from the IUVS, and the CO2 densities from 
NGIMS reveal a strong wavenumber-2 signature mixed with some wavenumber-3. For NH Case B, the 
wavenumber-3 signature is equally strong and a mechanism that could give rise to such change in wavenumber 
at high altitude is non-linear wave-wave interaction with the stationary planetary wave. In general, the same 
tidal signature is captured in both the IUVS temperatures and densities, except in NH Case C where a slightly 
stronger wavenumber-4 is seen in the IUVS temperatures. The variation in the temperature data is in near 
perfect anti-phase with the density variation which is consistent with England et al. (2019).

•  NGIMS observations agree in dominant wavenumber with the IUVS in all three cases, and have similar phases 
in both data sets.

•  All wavenumbers derived using NGIMS Ar and CO2 are consistent with each other.
•  Comparing the high altitude results in the NH to MCD model output reveals that the model does not capture 

the dominant wavenumber seen in the observations.

Dealing with the SH results in the 80–90 km altitude region, we find the following:

•  In the SH, at lower altitude both the MCS and IUVS derived temperatures reveal a strong wavenumber-3 signa-
ture. The dominant wavenumber-3 seen in both the IUVS observations at 90 km and the MCS observations at 
80 km are captured well by the MCD model output with comparable amplitudes. This is in contrast with the 
dominant wavenumber-2 observed in the NH cases and is expected. Forbes et al. (2020) found that the east-
ward propagating DE1, DE2 and DE3 tides had the largest contribution by examining MCD height-latitude 
structures. The authors also note the contribution of symmetric and anti-symmetric modes of each component 
leading to a shift in the latitudinal maxima with height which could explain the hemispheric differences seen 
in the observed dominant wavenumber. Furthermore, vertical propagation of these components are favored 
by the mean zonal winds thereby enabling the generation of large perturbations at thermospheric altitudes.

•  MCS observations in the SH also reveal a strong diurnal component with semidiurnal mixed in some cases, 
which is again captured very well by the MCD model output with comparable amplitudes.

•  Similar to the NH, very little interannual variability is seen in the dominant wavenumber from one Mars year 
to another given an Ls which again allows to predict the next year.

•  Seasonal change like the NH is not observed in the MCS data, given that the same dominant wavenumber is 
seen in both cases of which one is during winter and the other aphelion.

•  Again, just like the NH most of the energy is dissipated within this altitude range between 60 and 80 km in 
the SH as well.

Dealing next with the SH results in the 140–165 km altitude region, we find the following:

•  At higher altitude in the SH, the CO2 densities and temperatures from the IUVS and CO2 densities from the 
NGIMS suggests a mix of wavenumber-2 and -3 with both wavenumbers being dominant about 50% of the 
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time. MCD model estimates of the wave amplitudes agree with the observations over half the time which is 
better than the NH.

•  Wavenumbers derived using NGIMS Ar and CO2 are consistent for SH Case A where the same dominant 
wavenumber-2 is observed in both species, whereas for SH Case B the CO2 density perturbations reveal a 
mix of equally strong wavenumber-2 and wavenumber-3, whereas Ar suggests a mix wavenumber-4 followed 
closely by wavenumber-3. But note that all three observed wavenumbers in this case (Case B) are consistent 
within their error bars.

•  In summary, at least at low altitudes for two out of three NH cases, the primary contribution to the 
wavenumber-2 structure is likely from the DE1 component. This diurnal component is also captured well by 
the model at these altitudes. However, at high altitudes, the model does not agree very well with the observed 
wavenumber-2 structure seen in these cases, and instead, a mix of wavenumber-3 and -2 is seen. The Fourier 
decomposition of the MCD output suggests the biggest contributions at these higher altitudes are from DE2 
and DE1. Generally, MCD model outputs capture the dominant wavenumbers better at lower altitude than at 
high altitude. The interannual variations at the low altitudes are very small in both NH and SH cases whereas 
seasonal variations are present in the NH but not in the SH. But at high altitudes, these variations are more 
evident as other wavenumbers start becoming dominant. From the observations used in this study, it is not 
possible to fully determine why the agreement of the MCD model output is lacking at the higher altitudes than 
lower, but possibilities include: differences in the simulated and actual upward propagation of one or more 
of the dominant tides; in situ generation of one of the waves observed that is not captured in the model or 
vice versa; changes in the latitudinal structure of the tides that differs between the model and the atmosphere; 
differences in modeled mean wind and temperatures than those at Mars. Additional data sets, including those 
that extend this to other latitudes could likely help resolve this.

To summarize, measurements from the IUVS and NGIMS instruments on board the MAVEN spacecraft are used 
in conjunction with measurements from the MCS instrument aboard MRO to investigate the presence of tides and 
variations in their amplitudes seasonally and interannually. Observations are also compared with MCD derived 
output for the same intervals considered therein. The estimates of energy derived in this study suggest that very 
little of the total energy that the tides begin with is getting into the Martian thermosphere. However, this is in 
contrast to the very large amplitude wave structure observed in the thermosphere which is due to the very small 
mean density seen at this altitude. While these waves are very significant to the Martian thermosphere, much of 
the wave energy is lost before it reaches this region. Slipski et al. (2018) showed that below 80 km, dissipation 
occurs due to reduced stability whereas in the lower thermosphere waves propagate with height if there is high 
static stability and low molecular viscosity in the atmosphere. The findings from this study suggest that waves 
are expected to dissipate between 20 and 70 km, whereas the stability in the thermosphere below 160 km encour-
ages free wave propagation which complements the results obtained in the analysis reported here. Exploring the 
impacts of dissipation in this region could allow future studies to elucidate its effects in the context of dynamics, 
mixing, and so on.

Data Availability Statement
The IUVS periapse level 1C (version 13 revision 1), IUVS periapse level 2 data (version 13 revision 1), NGIMS 
level 2 data (version 8 revision 1) and the MCS data used in this analysis are archived in NASA's Planetary 
Data System (PDS) at https://atmos.nmsu.edu/data_and_services/atmospheres_data/MAVEN/maven_iuvs.html 
(Deighan,  2015), https://pds-atmospheres.nmsu.edu/data_and_services/atmospheres_data/MAVEN/ngims.html 
(Benna & Lyness, 2014) and https://atmos.nmsu.edu/data_and_services/atmospheres_data/MARS/atmosphere_
temp_prof.html respectively. The MAVEN mission has been funded by NASA through the Mars Exploration 
Program. The Mars Climate Database (MCD) model output used in this study are available by requesting the 
full version of MCD v5.3 on http://www-mars.lmd.jussieu.fr/mars/MCD_pro/mcd_pro.html (Forget et al., 1999; 
Millour et  al.,  2017). The data products associated with this manuscript are derived from the data sets cited 
above and are archived in the FAIR-compliant VT library permanent repository available at https://doi.
org/10.7294/19755502 (Kumar, 2022).
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