
1. Introduction
Planet-encircling dust events (PEDE) are spectacular phenomena that occasionally occur in the atmosphere 
of Mars. They substantially change the global circulation and transport processes in the entire atmosphere 
(Medvedev et al., 2011; Smith et al., 2002). In particular, recent observations with the ExoMars Trace Gas 
Orbiter (TGO) found increased abundances of water vapor at altitudes up to 100 km during the 2018 PEDE 
(Aoki et al., 2019; Fedorova et al., 2020; Vandaele et al., 2019). Simulations with three-dimensional Mars 
general circulation models (MGCMs) corroborated these observations and linked the increase of high-alti-
tude water vapor to the enhanced transport by the meridional circulation during the major dust events in 
2007 (Shaposhnikov et al., 2019) and 2018 (Neary et al., 2020). The presence of water at such high altitudes 
can explain the previously observed increase of the hydrogen corona in the upper thermosphere (Bhat-
tacharyya et al., 2015; Clarke et al., 2017) and an intensified loss of water from Mars to space due to its 
photo-dissociation to hydrogen (Chaffin et al., 2017; Heavens et al., 2018).

Although the atmospheric circulation on Mars is strongly influenced by dust events, observational con-
straints on mesospheric winds are limited. Heterodyne spectroscopy at millimeter or infrared (IR) wave-
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 can be used for probing the Martian mesosphere, 

Abstract We report on the direct measurements of zonal winds around 80 km altitude during the 
2018 planet-encircling dust event (PEDE) by infrared (IR) heterodyne spectroscopy. The observed Doppler 
shifts assume intense retrograde (easterly) winds (208 ± 17 m s−1, 159 ± 20 m s−1, 211 ± 20 m s−1 on 
June 21, June 27, August 31, 2018, respectively) in the equatorial region during the 2018 PEDE. This is 
significantly stronger than those during non-storm conditions reported by the previous study (Sonnabend 
et al., 2012, https://doi.org/10.1016/j.icarus.2011.11.009). The substantial retrograde wind during the 
PEDE is qualitatively consistent with the predictions by the Mars general circulation models (MGCMs), 
however, the observed wind on 31, August, are of a larger magnitude. We evaluated the mechanism of 
acceleration using the output from a high-resolution MGCM. We find out that the stronger winds are 
related to strengthening the meridional circulation across the equator and forcing by gravity waves.

Plain Language Summary Planet-encircling dust events (PEDE) are spectacular phenomena 
that occasionally occur in the atmosphere of Mars. The atmospheric circulation on Mars is strongly 
influenced by dust events, which affect not only the lower atmosphere, but also the mesosphere. The 
ground-based mid-IR heterodyne spectroscopy was able to observe zonal winds around 80 km during the 
2018 PEDE. We found intense retrograde (easterly) winds at the equator, which were much larger than 
those during non-storm conditions reported by the previous study. This study suggests that the intense 
retrograde winds during the PEDE were likely caused by the enhanced meridional circulation and small-
scale gravity waves.
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Key Points:
•  Mid-Infrared Laser Heterodyne 

Instrument observed intense 
retrograde winds (208 ± 17 m s−1, 
159 ± 20 m s−1, 211 ± 20 m s−1 on 
June 21, June 27, August 31, 2018) 
around 80 km altitude during the 
2018 planet-encircling dust event

•  We inferred the cause of the intense 
retrograde winds using a high-
resolution numerical model

•  The intense retrograde winds can be 
caused by the enhanced meridional 
circulation and small-scale gravity 
waves during the dust event
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allowing for wind measurements from Doppler-shifted molecular lines. There were only a few attempts 
to apply this instrumentation on Mars (e.g., Cavalié et al., 2008; Lellouch et al., 1991; Moreno et al., 2009; 
Sonnabend et al., 2012). Moreno et al. (2009) observed the zonal wind during the 2001 PEDE by measuring 
the CO(1–0) line using the IRAM Plateau de Bure Interferometer. They detected a prograde (westerly) wind 
of ∼30 m s−1 around 50 km during the dust event. At higher altitude, Sonnabend et al. (2012) employed 
the IR heterodyne spectroscopy and reported the zonal wind velocities around 80 km measured around the 
northern spring equinox during Martian Years (MY) 27 and 29 with values less than 100 m s−1 retrograde 
(easterly) around the equator for wind going from east to west on the planet.

Note that the region around 80 km remains the least explored, although its highly variable nature deserves 
extensive observations, especially during dust storms. In June 2018, during MY34, a PEDE occurred on 
Mars, which provided a rare opportunity to measure the mesospheric dynamics during PEDEs. We per-
formed direct measurements of zonal winds around 80 km by ground-based IR heterodyne spectroscopy. 
The dust event continued from Ls = 195°–260° (Aoki et al., 2019). We were able to obtain the data from 
June–August 2018 (Ls = 197°–241°).

2. Observations
The observations were carried out using the Mid-Infrared Laser Heterodyne Instrument (MILAHI) (Nak-
agawa et al., 2016) mounted to the Tohoku University 60 cm telescope (T60) at the summit of Mt. Haleakala, 
Hawaii. In the MILAHI instrument, the IR light from the telescope is mixed with the CO2 gas laser as the 
local oscillator at the ZnSe beam splitter, and focused onto the Mercury-Cadmium-Telluride (MCT) photo-
diode mixer. In this observation, we observed 10 μm non-Local Thermal Equilibrium (LTE) CO2 emission 
line. Each observation includes a single CO2 line within its bandwidth (2.5  GHz). The measured wave-
lengths of CO2 non-LTE emission were 10.591 μm, 10.532 μm, and 10.513 μm on June 21, June 27, August 
31, 2018, respectively.

Table  1 summarizes the observational parameters applied in this study: the dates, solar longitudes (Ls), 
relative velocity between Earth and Mars, apparent diameter of Mars, longitude, local time on Mars, and 
integration time. During the observations in June–August 2018, the Martian season varied from late spring 
to early summer in the southern hemisphere (Ls = 197°–241°). The Earth-Mars Doppler shift varied from 
−8.8 to 6.6 km s−1.

Figure 1 shows the observing geometry with the positions of the field-of-view (FOV) scaled to the planetary 
diameter. Hereafter, we define the FOV to be approximately FWHM of the beam. The apparent diameter 
of Mars over the observing period varied from 19.0 to 21.0 arcsec, compared to the diffraction-limited FOV 
of the telescope of 4.4 arcsec. We measured CO2 non-LTE emission spectra, both at the Martian disk center 
and equatorial limb, on the dayside for 3 days, 21 June, 27 June, and 31 August. The acquisition time for 
an individual spectrum was ∼5 min. The integration time given in Table 1 corresponds to the summation 
of 2, 12, and 4 individual measurements of 5 min acquisition time in each instance on 21, 27 June, and 31 
August, respectively, on each of the two targeted positions.
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Date 
(2018)

Ls 
(°)

Relative 
velocity  
(km s−1)

Apparent 
diameter of Mars 

(arcsec)
Observed 

longitude (°E)
Observed 
local time

Integration time on 
each of the two targeted 

positions (min)

21 June 197 −8.8 19.0 63–62 (limb) 7:45 (limb) 10

159–143 (center) 13:45 (center)

27 June 201 −7.6 20.2 87–57 (limb) 7:30 (limb) 60

170–166 (center) 13:30 (center)

31 August 241 6.6 21.0 168–163 (limb) 16:15 (limb) 20

123–82 (center) 10:00 (center)

Table 1 
Observation Parameters
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The spectra were taken both on and off Mars using two beam paths. The on-source (Mars) signal acquisition 
was alternated between two-beam paths to minimize systematic characteristics, the technique well known 
in radio astronomy as a “double beam switch” (Sonnabend et al., 2006).

In order to increase the signal-to-noise ratio, an individual spectrum at the disk center and equatorial limb 
was separately averaged during each date by shifting its frequency according to the relative velocity between 
Earth and Mars. The relative timing for when the spectra were acquired for each targeted positions can be 
found in Figures S1–S6 in the supporting information (SI). The averaged CO2 non-LTE emission line is 
fitted by the Gaussian function in the frequency range of about ±100 MHz from the spectral peak of the 
CO2 line (see Figure 2). The surrounding spectral feature is fitted by a second-order curve as the baseline. 
The Doppler shift due to the solid rotation (240 m s−1 at the equator) of the planet was then, subtracted. The 
line-of-sight velocity of the solid rotation varies within the finite size of FOV, which is taken into considera-
tion in this correction. The Doppler shift at the Mars disk center is used as the reference of the line-of-sight 
velocity of zonal wind (i.e., no vertical winds are assumed). The derived line-of-sight wind velocity at the 
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Figure 1. The observing geometry of Mars on June 21, June 27, August 31, 2018. The dark-shading circles shows the 
pointing positions on Mars, with the size of diffraction-limited field-of-view.

Figure 2. Observed spectra (black) of CO2 non-Local Thermal Equilibrium emission lines at 10 μm and the best-fit curves (red). The residuals between 
the observed spectrum and the best-fit are also shown in gray spectra. Upper and lower panels show the spectra from the disk center and equatorial limb, 
respectively. The abscessa represents Doppler shifts by frequency offset (bottom ticks) and line-of-sight velocity (upper ticks). The determined line position is 
indicated with a vertical line.
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equatorial limb is interpreted as the amplitude zonal winds. The validity 
of this interpretation is discussed in the next section.

The frequency reference of the CO2 gas laser was simultaneously ob-
tained by the monochrometer. The optical path of the CO2 gas laser was 
divided into two beams by an additional beam splitter. The diffraction 
grating determines the frequency reference. An individual spectrum has 
been carefully investigated, as shown in Figures S1–S6 (see SI for more 
details). The relevant variation of the individual emission frequency at 
the disk center well agreed with the predicted relative velocity between 
Earth and Mars. Therefore, we have confidence in the relative variation 

of the spectral peak between the disk center and the limb measurements. After subtracting the Doppler shift 
by the relative velocity between Earth and Mars, the stability of the emission frequency at the disk center 
has been evaluated for each date. We confirmed the stability of the emission frequency at the disk center 
during the observing time in three days. The estimated uncertainty of the emission frequency position in 
the disk center measurements (i.e., the reference for zero-velocity of zonal wind) is less than 5 m s−1 for 21 
June, 31 August, and is about 15 m s−1 on 27 June. Meanwhile, we have to note that the absolute value of 
the emission frequency at the disk center systematically had an offset from the prediction. The magnitudes 
of the offset are 26.8 MHz on 21 June, 42.8 MHz on 27 June, and 29.7 MHz on 31 August, on average. We do 
not have a clear explanation for the discrepancy, which might be due to a systematic error in the frequency 
calibration. This study, thus, places more emphasis on the differential velocity measurements (between the 
disk center and limb), since that is unaffected by a systematic issue of this sort.

3. Results
Figure 2 presents the observed spectra at the Martian disk center (upper panels) and equatorial limb (low-
er panels). The best-fit Gaussian line shape is shown in the red curve with clarifying the line position by 
a vertical line. The labels in the upper abscissa show the line-of-sight velocity, converted from the Dop-

pler shift labeled in the lower abscissa. The fitted frequency offset were 
then, converted to zonal wind velocities. The observed Doppler shift as-
sume intense retrograde (easterly) winds of 208 ± 12 m s−1, 159 ± 7 m 
s−1, 211 ± 16 m s−1 on June 21, June 27, August 31, 2018, respectively 
(summarized in Table 2). The uncertainty is estimated from the standard 
deviation of the fitting. Our results showed that the mesospheric winds 
were retrograde during the PEDE in all of the cases, which is consistent 
with the direction from the previous study during non-storm conditions 
(Sonnabend et al., 2012). In contrast, the amplitudes of the derived wind 
velocities are strikingly different (see the magnitude of the difference in 
Figure 3). Our results show large Doppler shifts corresponding to signif-
icantly stronger winds with respect to non-storm conditions (Sonnabend 
et al., 2012).

Figure 3 shows temporal variations of the observed zonal wind velocities. 
The errors were estimated using the Root Sum Square due to the 1-sig-
ma fitting errors (see Table 2), frequency calibration provided through a 
reference gas cell (∼10 m s−1), uncertainty in the determination of the 
reference frequency for zero-velocity (see SI for detail), and variation of 
relative velocity during the acquisition time. The errors due to the varia-
tion of relative velocity during the acquisition time are ± 4.3 to ± 5.4 m 
s−1. Total magnitude of the random errors are 17 m s−1, 20 m s−1, 20 m s−1 
on June 21, June 27, August 31, 2018, respectively.

As a possible systematic error, we raise a point that the limb measure-
ments include a certain extent of “nadir” contribution within its FOV. 
The line-of-sight velocity of a zonal wind decreases when the observation 
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June 21, 2018 
(MY34, Ls = 197°)

27 June 
(Ls = 201°)

31 August 
(Ls = 241°)

Doppler shift (MHz) −19.7 ± 1.2 −15.1 ± 0.7 20.1 ± 1.5

Wind velocity (m s−1) 208 ± 12 159 ± 7 211 ± 16

Table 2 
The Observed Zonal Winds (With Positive Values Indicating Retrograde 
Winds) and the 1-Sigma Fitting Errors

Figure 3. Temporal variation of the observed zonal wind velocities 
(red circles). The errors were estimated using the Root Sum Square 
due to the 1-σ fitting errors, uncertainties in the frequency calibration 
and the reference frequency determination, and variation of relative 
velocity during the acquisition time. The winds reported by a previous 
study (Sonnabend et al., 2012) are shown as square symbols for their 
corresponding season. The maximum equatorial retrograde wind velocities 
obtained by a Mars general circulation model for the corresponding season 
during the Planet-encircling dust events (PEDE) (solid line) and those 
without the PEDE (dashed line) are imposed.
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geometry approaches a nadir pointing. For our measurements, if this geometrical effect is simply applied, 
direct interpretation of the line-of-sight velocity from the limb spectra as a zonal wind velocity underesti-
mates the actual zonal wind by ∼20%.

One must also consider the fact that the radiance of CO2 non-LTE emission largely depends on the solar 
zenith angle and the line-of-sight's tangent height of observation (Lopéz-Valverde et al., 2016). Basically, 
the emission at the dayside limb is much brighter compared to the nadir one. Such a radiance variation 
within a FOV plays a weight of the contribution of different observation geometries. We calculated the ef-
fective underestimation factor as ∼15% by using a generic formula of the CO2 non-LTE radiance modeling 
(Lopéz-Valverde et al., 2016),

Even considering the uncertainty, the comparison with the previous study at non-storm conditions (e.g., 
Sonnabend et al., 2012) reveals the presence of a substantial retrograde zonal wind during the PEDE. For 
comparison, the winds in the equatorial region (<20° in latitudes) reported by previous study (Sonnabend 
et al., 2012) are also shown in Figure 3 as cross dots for their corresponding season. To discriminate the effect 
of PEDE from the nominal seasonal variation, we checked the zonal winds from MGCMs. The maximum 
equatorial retrograde wind velocities obtained by an MGCM with a horizontal resolution of ∼1.1° in both 
longitude and latitude (Kuroda et al., 2019, 2020) for the corresponding season are imposed on Figure 3. The 
wind velocities shown here are the zonal (diurnal) and meridional maximum easterly velocities averaged in 
75–85 km geopotential height and 10° in longitude and latitude within the central latitudes of less than 20°, 
followed by the time smoothing for five sols. The MGCM predicts that the retrograde wind velocity possibly 
increases up to ∼200 m s−1 during the PEDE, ∼85 m s−1 faster than the case without the PEDE. Also, the 
MGCM predicts the increase of the velocity according to the progress of Ls from the equinox to the southern 
summer solstice, which possibly explains the qualitative increase of the observed velocity.

4. Discussion
The observed enhancement of the retrograde (easterly) equatorial wind in the mesosphere during dust 
storms has been captured by the MGCMs (Kuroda et al., 2020; Medvedev et al., 2013; Ruan et al., 2019). 
Medvedev et al. (2013), with a horizontal resolution of ∼5.6° in both longitude and latitude and a gravity 
wave drag parameterization empirical for terrestrial thermosphere (Yiǧ;it et al., 2008), presented simula-
tions based on the zonally averaged dust distributions observed by the Thermal Emission Spectrometer 
instrument (TES) onboard the Mars Global Surveyor (MGS) during the 2001 PEDE (MY25), which started 
at almost the same season as the one in 2018. In the equatorial region at our observed altitude (∼0.1 Pa pres-
sure level), they showed an easterly acceleration of the zonal-mean wind averaged over Ls = 190°–200° as 
>70 m s−1 in comparison with the results for the low-dust conditions (Medvedev et al., 2013, Figure 5). Ruan 
et al. (2019, Figure 1d) presented the annual data-assimilated MGCM simulations of the equatorial wind 
for the MY25 dust conditions. They also found a sudden increase of the easterly wind in the mesosphere 
during the storm (exceeding 80 m s−1) as compared to non-PEDE years (MY24 and MY26). Indeed, Kuroda 
et al. (2008, Figure 2) showed that even a regional dust storm in southern spring as observed in MY24 affect 
the acceleration of the easterly wind for >100 m s−1.

Recently, Kuroda et al. (2020) performed MGCM simulations with a higher horizontal resolutions and the 
gravity wave drag parameterizations eliminated using the dust scenario for the 2018 PEDE, as plotted in 
Figure 3. They demonstrated an enhancement (and rapid vertical descent, similar to the feature seen in 
Ruan et al., 2019 for MY25) of the equatorial easterlies at ∼0.1 Pa from Ls ∼ 195° which corresponds to a few 
days after the onset of the storm (Kuroda et al., 2020, Figure 6b). A second enhancement of the easterlies 
occurred later (before Ls = 240°), which was associated with the seasonal change, as can be judged from the 
simulation for a low-dust condition (Kuroda et al., 2020, Figure 6a). Note that the timing of the enhance-
ments is close to that of the presented observations.

There are two elements which may contribute to the easterly wind acceleration due to the PEDE. One is 
the enhancement of meridional circulation. As indicated in Medvedev et al. (2013), the PEDE enhances the 
meridional circulation due to the radiative heating by airborne dust. The mean zonal wind acceleration rate 
 /u t on the equator can be estimated by the transformed Eulerian mean (TEM) formulation (Andrews 
et al., 1987) as follows (the Coriolis parameter is ignored and the cosine of the latitude is assumed as unity),
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where (0, v , w ) are the residual mean meridional and vertical velocities, overbars denote zonal averaging, 
a = 3.396 × 106 m is the radius of Mars,  is the latitude,                1 1 10, ,z z zu v v u a u v w uF  is the 

Eliassen-Palm (EP) flux due to non-zonal eddies, θ is the potential temperature, primes denote deviations 
from the zonal-mean values, and ρ0 is the atmospheric reference density. In northern autumn with the 
mid-latitudinal westerly jet in the northern hemisphere u  is kept to be positive, so the larger v  on equator 
the larger the easterly acceleration occurs. From the MGCM results of Kuroda et al. (2019, 2020), the value 
of the first term of Equation 1 averaged in 75–85 km altitude on equator is approximately −30 m s−1 sol−1 
(note that the positive value denote the acceleration rate of westerly wind, so this shows the contribution 
to the easterly wind acceleration), while −10 m s−1 sol−1 in the calculations for the same season without a 
PEDE.

The other is the effect of gravity wave activities. As discussed in Kuroda et al. (2020), the change of back-
ground zonal wind fields should make the gravity waves in a grater part of the incident spectrum favorably 
propagate to the upper atmosphere. The acceleration rate of zonal wind velocity due to the gravity waves 
is proportional to the vertical dissipation rate of wave horizontal momentum  u w , as represented in the 
third term of Equation 1. Substituting  u w  to the one by small-scale gravity waves (with horizontal total 
wavenumber of larger than 60, or wavelengths of shorter than ∼350 km) simulated in the MGCM (Kuroda 
et al., 2019, 2020), the acceleration rate by gravity waves is approximately −30 m s−1 sol−1 during the 2018 
PEDE, while almost zero without a PEDE. Consequently, the large contribution to the acceleration of the 
equatorial easterlies comes from the mean meridional circulation and gravity waves, which results in the 
faster estimated equatorial easterly wind velocity for up to ∼85 m s−1 during the 2018 PEDE.

However, as seen in Figure 3, even the diurnal maximum values of equatorial easterlies in the MGCM are 
below the observed ones. Some other mechanisms could be at play, and further observations are required to 
constrain the mesospheric dynamics.

Finally, we have to note that the measured wind velocities maintain its high values on 31 August as seen in 
Figure 3; while, the dust storm was significantly weaker by the end of August (Fedorova et al., 2020; Lug-
inin et al., 2020). According to the model prediction by Kuroda et al. (2020), the impact of dust storms on 
the zonal winds is essentially the same regardless of the extent of the storm. The discrepancy between our 
result and dust storm evolution might suggest a bias of the wind determination in our result. One might 
need to note that the additional water vapor enhancement occurs even at the decay phase (Ls ∼ 240) (Aoki 
et al., 2019). Further observations are needed for validation of this study and clarifying its evolution before/
after PEDE.

5. Conclusions
We directly derived the line-of-sight wind velocities around 80 km during the 2018 PEDE from the Doppler 
shift of the transition lines of 10 μm non-LTE CO2 emission. The presented data set provides a first view 
of the dynamics of the middle atmosphere of Mars during PEDEs. The results were significantly stronger 
than those during non-storm conditions reported by the previous ground-based measurements (Sonnabend 
et al., 2012). The substantial retrograde wind during the PEDE is qualitatively consistent with the predic-
tions by MGCMs that employed dust distributions corresponding to the 2001 and 2018 PEDE (Medvedev 
et al., 2013; Ruan et al., 2019). Our result suggests that the stronger winds during a PEDE are related to 
strengthening the meridional circulation across the equator and forcing by gravity waves.

Data Availability Statement
The MGCM data supporting the figures and discussions are available at Kuroda (2019a, 2019b, 2020). The 
observational data supporting the figures and discussions are available at Miyamoto (2021).
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