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Cloud trains associated with Martian I
Mountain Lee Waves on the eastern side

of the Phlegra Montes

Kazunori Ogohara ® and Maaya Ro

Abstract

Mountain lee waves have often been observed on the eastern side of the Phlegra Montes as wave trains visualized by
water ice clouds in the Martian atmosphere. The seasonality and formation condition of these lee waves and associ-
ated cloud trains have not yet been investigated, whereas those of Martian dust storms have been studied observa-
tionally and numerically. We extract the cloud trains in this region from images observed by the Mars Orbiter Camera
onboard the Mars Global Surveyor and measure the wavelengths of the lee waves. It is revealed that, on the eastern
side of the Phlegra Montes, cloud trains tend to form in the northern winter season, except during the 2001 global
dust storm. The results suggest that stationary mountain waves are excited in the thermally stable atmosphere, but
are trapped below an altitude of approximately 10 km due to the zonal wind structure that increases rapidly with
altitude. This is consistent with the previous studies on gravity waves in the Martian atmosphere and is the first study
to constrain the typical altitude of the cloud trains from imager observations.
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Main text

Introduction

The present Mars environment is dry and cold. However,
this does not mean that water ice clouds rarely form in
the Mars atmosphere just because Mars is dry. Because
of the low temperature of the atmosphere, the satura-
tion vapor pressure of water remains low, so water vapor
condenses relatively easily. Global distributions and
seasonal variations in water ice clouds were revealed
based on observations by the Mars Orbiter Camera
(MOC) onboard Mars Global Surveyor (MGS) (Wang
and Ingersoll 2002). The aphelion cloud belt (ACB) was
precisely studied by several authors (e.g., Cooper et al.
2020, 2019; Guha et al. 2021). The roles of the ACB and
the polar hood cloud on the global transport of water
were investigated numerically (Montmessin et al. 2004).
The advection of the water ice cloud contributes to the
long-distance transport of water in the Mars atmos-
phere. The equatorward advection of the polar hood
cloud by atmospheric waves prevents water from return-
ing to the north polar cap and has a role of keeping the
low latitude atmosphere wet. The clouds associated with
some isolated peaks are also well reproduced by numeri-
cal simulations (Michaels et al. 2006; Wilson et al. 2007).
Another type of cloud frequently observed in the Mars
atmosphere is a cloud train associated with a mountain
lee wave. Figure 1 shows a cloud train formed by a typical
mountain lee wave observed on the east of the Phlegra
Montes, which is visualized by several cloud streaks, and
its counterpart on Earth. Such cloud trains are easily
found in Mars images (e.g., Mars Daily Global Weather
Maps, Wang and Ingersoll 2016) and become observa-
tions that provide the basis for implementing the grav-
ity wave drag in numerical models (Forget et al. 1999).
However, unlike dust storms, the cloud trains’ seasonal
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variations and relations with the vertical distributions of
wind and atmospheric stability have not yet been investi-
gated, even focusing on a specific region.

In the present study, we extract cloud trains associ-
ated with mountain lee waves from visible images of
Mars and reveal their seasonal variability around the
Phlegra Montes. We also try constraining the altitudes
of the lee wave propagation and the cloud train forma-
tion from the vertical profiles of zonal wind and tem-
perature included in the Mars reanalysis dataset. The
eastern side of the Phlegra Montes is close to one of the
regions that is most prone to dust storms (Ogohara and
Satomura 2011; Guzewich et al. 2015, 2017; Kulowski
et al. 2017). Our results may lead to studies on relations
between dust storm initiations and the atmospheric con-
ditions deduced from mountain lee waves. The data used
in the present study are described in the next section. The
seasonal variations in the cloud train frequency and the
wavelength are investigated in “Results and discussions”
section. The background mean wind and atmospheric
stability distributions where the lee waves are embedded
are also discussed in “Results and discussions” section.

Materials and methods

Data

We used reflectance data from blue band (400—450 nm)
images acquired by MGS/MOC (Malin et al. 2010), limit-
ing our investigation of lee waves to the region centered
around 180°E—40°N (west of the Arcadia Planitia, WAP).
The selected region is shown in Fig. 2 with Mars topog-
raphy. The Phlegra Montes is located near the western
edge of the region. We examined 800 x 600-pixel (40°
x 30°) subsets of the full-size MOC wide-angle cam-
era (MOC-WA) image swathes. A total of 2,476 subsets
were extracted from the MOC-WA images taken during
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Fig. 1 An example of cloud trains on Mars and Earth. a and b are red and blue band images, respectively, observed in the eastern side of the
Phlegra Montes by MGS/MOC on Oct. 10, 1999 (Mars Year 24 and solar longitude, L, =222.17°). A cloud train in the upper left part of each
panel visualizes a lee wave. ¢ is another example of terrestrial mountain lee waves observed by Himawari 8 on Nov. 17, 2016. The white bar in ¢

corresponds to 100 km
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Fig. 2 Topography of the regions focused in this study. This was extracted from the topography data included in Mars Climate Database 5.0.
Longitudinal distributions of the surface altitude of the Phlegra Montes at 30°N (blue), 40°N (orange), 45°N (green), and 50°N (red) are shown in the
right part of the figure. 1 degree in longitude approximately corresponds to 45 km at 40°N

its mission period. Blue band images of MOC-WA were
obtained through the Planetary Data System (PDS) Imag-
ing Node. Noise reduction, radiometric calibration, and
coordinate transformation to longitude-latitude coor-
dinates were performed using Integrated Software for
Imagers and Spectrometers (ISIS) (Sucharski et al. 2020).
Opposition surge and low-frequency patterns of reflec-
tance were removed from the images using the methods
presented by Wang and Ingersoll (2002) and Ogohara
et al. (2016). Areas with an incidence angle larger than
80° are filled with a missing value.

There is no wind observation data that can be used
for investigation of the atmospheric condition when the
cloud trains are formed. But the Mars reanalysis datasets,
which are created from the combination of a numerical
model and observations of other quantities (e.g., atmos-
pheric temperature), are now available. The background
mean dataset of the Ensemble Mars Atmosphere Rea-
nalysis System (EMARS) version 1.0 (Greybush et al

2019) was used to compare the frequency of the cloud
trains with the seasonal variations in the thermal and
wind structures around the region. It covers the MGS/
MOC operation period and is consistent with the Ther-
mal Emission Spectrometer (MGS/TES) retrievals that
resolve the lower atmosphere (Conrath et al. 2000). The
data are one-hour forecasts from the analysis mean data-
set that were calculated in the sigma-p hybrid coordi-
nate. In the present study, they are interpolated into the
pressure coordinate in case of clarifying the relationship
between the model vertical levels and the approximate
altitudes (“Results and discussions” section).

Cloud train detection and wavelength measurement

Since upward wind associated with a lee wave is visu-
alized by cloud streaks, cloud trains were detected by
visually inspecting all extracted subsets. Cloud trains
were not confused with other types of water ice clouds
(e.g., clouds spreading over the northern high latitudes,



Ogohara and Ro Earth, Planets and Space (2023) 75:10

front-like clouds associated with baroclinic waves)
because of their unique multi-streak textures. We can
also visually determine the western and eastern edges of
the cloud train. The two edge points of each cloud train
were determined so that the line passing through them
was as perpendicular as possible to the phase lines of
the lee wave visualized by cloud streaks on the confor-
mal projection image. The two red circles in Fig. 3 are
the two edge points of the cloud train. The red line in
Fig. 3 is locally perpendicular to the phase lines. The yel-
low circles in Fig. 3 indicate the two edge streaks on the
red line, the most outside cloud streaks that can be visu-
ally detected. The mean wavelength of the lee wave was
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calculated by dividing the distance between the two edge
streaks by the number of waves included between them.
If cloud trains with clearly different wavelengths were
found in an image, the cloud trains were recorded as two
different lee waves.

Results and discussions

Figure 4a shows the seasonal variation in the num-
ber of cloud trains detected as described in “Materials
and methods” section. Figure 4b—d shows the seasonal
variations in the vertical profiles of water ice mass mix-
ing ratio, zonal wind, and atmospheric temperature
of the EMARS for 1400LT, respectively, obtained by
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Fig. 3 The schematic view explaining the method for deriving the mean wavelength of the cloud train. The red circles indicate the two edge
points of the cloud train that are determined so that the red line passing through them is as perpendicular as possible to the phase lines of the
cloud streaks. The yellow circles indicate the most outside cloud streaks that can be visually detected on the red line
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Fig. 4 The seasonal variabilities in the number of cloud trains and the background atmospheric variables. a The number of cloud trains, b water ice
mixing ratio, ¢ zonal wind, and d atmospheric temperature in the target area, WAP, are displayed. The gray bars in Panel a indicate the number of
the MOC blue images available for this study. The blue, green, and red bars indicate the numbers of detected cloud trains whose wavelengths are
short, middle, and long, respectively. The variables shown in Panels b, ¢, and d are derived from the EMARS 1.0 and interpolated into the pressure

coordinate

horizontally averaging the variables in the region of
165°E-180°E and 30°N-50°N. Only the 14:00LT data
were extracted from the database in order to be able to
compare them with the frequency of the cloud trains,
which were only observed at approximately 14:00LT
by MGS. The variables defined on the sigma-p hybrid
coordinate are interpolated into the pressure coordi-
nate. Cloud trains are found in 531 out of 2476 MGS/
MOC blue images (see Additional files 1 and 2) and
clearly tend to be observed in the northern winter
season. The typical wavelength of the associated lee

waves is between 20 and 40 km and is consistent with
the horizontal scale of the steep eastern slope of the
mountain (Fig. 2). In the northern winter, the westerly
jet is strong, and the atmospheric stability is high in the
northern mid-latitudes. The atmospheric water vapor
has to be close to saturation and upward wind has to be
sufficiently large for clouds to form in this season. The
northern winter low-level water ice clouds shown in
Fig. 4b imply that the lower atmosphere in this region is
sufficiently wet to allow cloud formation and the cloud
can form even by modeled weak upward wind even
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though the spatial resolution of the numerical model
of the EMARS is too low to resolve the lee waves with
horizontal wavelength of O (10 km). Therefore, it is
quite possible for the cloud trains to be formed by the
mountain lee waves on the eastern side of the Phlegra
Montes.

Figure 4a also shows that few cloud trains were
observed in the season from L, (solar longitude) =180°
to Ly=270° in Mars Year (MY) 25 due to the 2001
global dust storm (GDS). The result that the cloud
trains were not detected during the 2001 GDS does not
necessarily mean that the cloud trains did not occur
during that period, but only that the increased opti-
cal thickness of the atmosphere made it impossible to
determine whether cloud trains formed.

The theory of the vertical propagation of mountain
waves was summarized by Durran (1986). The vertical
structure of the perturbation vertical wind, w, is deter-
mined as follows:

Py (- k)W =0, (1)

where w and k are the vertically dependent amplitude of
the vertical wind perturbation and the wavenumber in
the direction parallel to a mean wind, respectively. More-
over, [% is the Scorer number for a stationary mountain
wave and is defined as follows:

S @)
where N and U are the Brunt-Viisild frequency and
the mean wind, respectively. / has the same dimension
as wavenumber. Only gravity waves with wavenumbers
smaller than / (wavelengths longer than 2 /[) can prop-
agate upward. This means that gravity waves with large
wavenumbers (short wavelengths) can propagate upward
only in the region where the stability is high (N is large)
and the background mean wind is weak. Figure 5a and b
shows the seasonal variations in the vertical profiles of
N? and [?, respectively, for 1400LT in the same region as
shown in Fig. 4. The vertical coordinate of Fig. 5 does not
indicate the same pressure level as in Fig. 4, but rather
the approximate pressure of the sigma-p levels defined
in the EMARS in order to avoid the degradation of the
vertical resolution near the surface due to interpolation
into the pressure coordinate. Here, N 2 s large below
approximately 2 hPa (approximately 10 km) due to the
high atmospheric stability in the northern winter, and
the large N2 extends far enough down to the lower levels
for mountain waves to be excited by the Phlegra Montes.
However, the Scorer number of a stationary mountain
wave is extremely small, especially above 2 hPa, due to
the strong westerly jet shown in Fig. 4c. Stationary waves
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with horizontal wavenumbers larger than / cannot propa-
gate upward because the coefficient of the second term
of Eq. (1) becomes negative. Therefore, the stationary
waves with horizontal wavelengths shorter than 2m//
shown in Fig. 5¢ cannot propagate upward. For example,
Fig. 5¢ shows that stationary waves having a horizon-
tal wavelength that is shorter than 40 km are confined
below 2 hPa, where it is sufficiently wet for clouds to
form (Fig. 4b), in the northern winter. A long cloud train
occurs when such a short wave is trapped in the lower
atmosphere on the lee side of the mountain (Durran
1986). These can explain well the observational fact that
the majority of the wavy cloud trains have wavelengths
between 20 and 40 km, as shown in Fig. 4a. Observed
cloud trains with shorter wavelengths are trapped closer
to the surface, and cloud trains with longer wavelengths
may reach up to approximately 10 km in the north-
ern winter. Although lee waves with wavelengths much
longer than 40 km may be excited, these waves do not
contribute to the formation of long cloud trains with long
wavelengths because these waves can propagate upward
beyond the large /> altitudes. Parish et al. (2009) simu-
lated the propagation of gravity waves using a linearized
one-dimensional model and suggested the possibility of
upward propagation of gravity waves and deposition of
the momentum in the thermosphere. Their results pre-
dicted wave reflections between the evanescent region
and the ground, whereas their simulations should not
be compared straightforwardly with the present results
because their results were limited to the northern polar
region and the equator.

Heavens et al. (2020) revealed the global distributions
of gravity wave activity in the Martian lower atmosphere
using updated brightness temperature data observed by
Mars Climate Sounder onboard the Mars Reconnaissance
orbiter (MRO/MCS) in the A3 channel (635-665 cm™!).
Their off-nadir diagnoses for MY29-33 showed signifi-
cant signals of gravity waves with wavelengths ranging
from 10 to 100 km near the Phlegra Montes, whereas the
observations they used were not sensitive to the lowest
atmosphere below 10 km altitude. Their results support
the results of the present study because the MCS might
have detected lee waves with longer wavelengths propa-
gating above 10 km. Heavens et al. (2022) used the Al
channel (595-615 cm™}) of MRO/MCS and revealed the
global distributions of gravity wave activity below 10 km.
Their result showed the low gravity wave activity on the
eastern side of the Phlegra Montes where cloud trains
have been observed. The horizontal wavelengths claimed
to be resolved in Heavens et al. (2020, 2022) seem to
mean the wavelengths of gravity waves in the along-track
direction. Both MGS and MRO are orbiting a frozen
polar orbit. The phase lines (cloud streaks) of mountain
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Fig. 5 The seasonal variations of the vertical profiles of the variables included in Eq. (2). aN?, b /2, and ¢ 27t /! for 1400LT in the same region as Fig. 4
are displayed. The two solid and one dashed lines in each panel indicate the seasonal variations in geopotential height of 10 km, 0 km, and -2 km,
respectively. The white areas in Panels b and ¢ show the absolutely unstable layer near the surface

lee waves reported in the present study are approximately
parallel to the latitudinal direction. Therefore, the wave-
lengths of the mountain lee waves in the along-track
direction are much longer than 10—40 km. Because Fig. 6
of Heavens et al. (2022) shows the low visibility of such
GWs below 10 km, the low gravity wave activity on the
eastern side of the Phlegra Montes does not conflict with
our results. Creasey et al. (2006) reported the regionality
and seasonality of gravity wave activity estimated using
occultation measurements from the MGS Radio Science
(RS) experiment. The occultation results, which were
sensitive to heights of 10-30 km, showed low gravity
wave potential energy near the Phlegra Montes. However,
no data for the northern mid-latitudes were available in
the northern winter season, and the horizontal scale to
which the observations are sensitive appears to be 100—
1000 km (Heavens et al. 2020). Therefore, the results of

the present study do not necessarily conflict with the
results of the previous studies and reveal gravity wave
activity associated with topography in the lowest atmos-
phere that has not yet been observed by any instruments.

Conclusion

The present study has revealed the climatology of
cloud trains associated with the mountain lee waves
on the eastern side of the Phlegra Montes, and we esti-
mated the upper limit of altitudes where the lee waves
propagate and the clouds form. The cloud trains were
observed exclusively in the northern winter season,
when the strong westerly jet develops and the atmos-
phere is stabilized and wet enough for clouds to form.
Typical horizontal wavelengths of the cloud trains were
20-40 km and correspond to the steep eastern slope of
the mountain. These wavelengths are also consistent
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with the wavelengths of lee waves that are predicted
to be trapped in the lower atmosphere from the ver-
tical profile of the Scorer number, /2. Figure 5c shows
that a stationary wave with the horizontal wavelength
of approximately 40 km cannot propagate to altitudes
upper than about 10 km and that stationary waves with
shorter wavelength are confined closer to the surface.
Therefore, the observed cloud trains show that station-
ary lee waves are excited by the Phlegra Montes in the
highly stable atmosphere and trapped below approxi-
mately 10 km due to the zonal wind vertical struc-
ture that increases rapidly with height. This requires
numerical simulations that sufficiently resolve the steep
topography and associated atmospheric phenomena
with the horizontal scale of approximately 20 km to
validate the results of the present study. Furthermore,
the numerical models have to enable long lee waves
to propagate upward and dissipate at the model top,
keeping the mean wind profile realistic. Such difficult
numerical simulations are left for future studies.

Abbreviations

ACB Aphelion Cloud Belt

EMARS The Ensemble Mars Atmosphere Reanalysis System
ISIS Integrated Software for Imagers and Spectrometers
Ls Solar longitude

MCS Mars Climate Sounder

MGS Mars Global Surveyor

MOC Mars Orbiter Camera

MRO Mars Reconnaissance Orbiter

MY Mars Year

PDS Planetary Data System

RS Radio Science

WA Wide angle

WAP The western Arcadia Planitia
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Additional file 1. List of MGS/MOC blue band images available for this
study. This consists of five columns, image ID, observation time, orbit
number, solar longitude, and filter name.

Additional file 2. List of cloud trains detected from images listed in
Additional file 1. This consists of eight columns, observation date, image
ID, orbit number, solar longitude, wavenumber, wavelength, longitude,
and latitude.
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