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Abstract During a Martian dust storm, the lower atmosphere is heated locally. Due to dynamical
effects, the upper atmosphere and ionosphere can be lifted upward on a global scale by approximately
10 km. The connections between lower atmospheric dust events and associated ionospheric responses are
poorly understood due to limited observations. Here, we present MAVEN Radio Occultation Science
Experiment (ROSE) observations of ionospheric peak altitude during dust events in 2018 and 2016. In June
2018, a planet-encircling dust event arose from the Acidalia storm track in the northern hemisphere.
Ionospheric peak altitudes at around 20◦S were normal in ROSE egress observations on 19 June and 22
June and then 10–15 km higher on 26 June and thereafter. Ionospheric peak altitudes at around 50◦N were
also elevated in ROSE ingress observations, which began on 17 June. This suggests that the ionospheric
peak altitude was affected by the dust event in the northern hemisphere before the southern hemisphere.
We also observe evidence that smaller dust storms can trigger ionospheric responses: In July–October
2016, ionospheric peak altitudes at solar zenith angles of 54–70◦ and latitudes of 50–80◦S were 20 km
higher than expected. These observations were acquired during a modest “A storm” during a year without
a global dust storm.

1. Introduction
The ionosphere of Mars is a weakly ionized, cold plasma found in the planet's upper atmosphere (Barth
et al., 1992; Bougher et al., 2017; Withers, 2009). On the dayside, plasma densities are controlled solely by
photochemical processes (including CO2 + photon→ CO+

2 + e, CO+
2 + O→ O+

2 + CO, O+
2 + e→ O + O)

below about 170–200 km, where photochemical time constants are shorter than those of plasma transport
by advection and related processes (e.g., Barth et al., 1992; Fox, 2004). Photoionization by solar extreme
ultraviolet (EUV) photons is the dominant production mechanism.

The Chapman theory (Chapman, 1931a, 1931b) is a useful representation of Mars' dayside ionosphere,
at altitudes below 200 km where one molecular species and photochemical processes dominate (Ergun
et al., 2015; Fallows et al., 2015). It is not useful at higher altitudes where the ionosphere is affected by
transport processes. Nor is it useful below the M2 layer, where the characteristic wavelength of solar irra-
diance decreases with decreasing altitude and ion production by photoelectron impact ionization becomes
important (Withers, 2009).

A crucial region of the ionosphere of Mars is the dayside main ionospheric layer, which contains the majority
of the plasma. To first order, the main ionospheric layer occurs where optical thickness is unity for solar
ionizing photons (Withers, 2009), that is equivalent to a neutral pressure level pn that depends on solar
zenith angle (SZA) as pn = p0 cos SZA, where p0 is the pressure at the subsolar peak altitude (Chamberlain
& Hunten, 1987).

Consequently, the altitude of the dayside ionospheric peak is an indicator of the altitude of a reference
thermospheric pressure level. If the atmospheric pressure p at altitude z satisfies p = p0 exp

(
−
(

z − z0
)
∕H

)
,

where z0 is the altitude at which p = p0 and H is the neutral scale height, then it follows that zn = z0 +
H ln sec SZA (Hantsch & Bauer, 1990; Fallows et al., 2015, and references therein). The subsolar ionospheric
peak altitude z0 is generally 120–130 km, and the lengthscale H is generally 5–10 km. Due to this relationship
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between ionospheric peak altitude and neutral pressure, observations of the ionospheric peak altitude place
constraints on the structure of the neutral thermosphere.

The distance between Mars and the Sun varies during a Mars year and so does infrared (IR) heating of the
atmosphere. This causes the height of the p0 pressure level to vary. Therefore, regular climatological changes
in atmospheric conditions can cause the dayside ionospheric peak altitude to vary by ±10 km with season
and latitude (Morgan et al., 2008). Additionally, atmospheric thermal tides can cause peak altitude to vary
by ±5 km with longitude at fixed season, latitude, and local time (Bougher et al., 2001, 2004).

Irregular, unpredictable variations in the dayside ionospheric peak altitude of a similar magnitude are also
present. In particular, the altitude of the ionospheric peak is affected by the most dramatic phenomenon
in the atmosphere of Mars: dust storms (Kahre et al., 2017; Leovy, 2001). During a major dust storm, the
atmospheric dust content is increased substantially over a significant portion of the planetary surface. As
dust is the major absorber of solar radiation in the atmosphere, this greatly affects the atmospheric thermal
structure in the lowest few scale heights (0–30 km). Lofted, radiatively active dust heats and expands the
lower atmosphere. In addition to these direct heating effects, indirect effects on the atmosphere also occur
(Medvedev et al., 2011). Changes to the lower atmospheric thermal structure modify atmospheric pressure
gradients and drive changes to atmospheric dynamics. In turn, these dynamical effects can heat atmospheric
regions that have not experienced major changes in dust content. The effects of dust storms can impact
the upper atmosphere and ionosphere. Large dust storms can cause a sudden increase in ionospheric peak
altitude of tens of kilometers over a timescale of a few days or less, followed by a gradual return to normal
values over a timescale of tens to hundreds of days (Withers & Pratt, 2013, and references therein).

Vertical profiles of ionospheric electron densities have been measured by radio occultation instruments on
many Mars orbiter missions, including Mariner 9, Viking Orbiter 1 and 2, Mars Global Surveyor (MGS),
Mars Express, and MAVEN (Hinson et al., 1999; Kliore et al., 1972; Mendillo et al., 2006; Pätzold et al., 2004;
Withers et al., 2008, 2018). Previous workers have used Mariner 9, MGS, and MAVEN profiles to report
and discuss changes in ionospheric peak altitude due to dust storms (Withers & Pratt, 2013, and references
therein; Withers et al., 2018).

The Mariner 9 spacecraft arrived at Mars during the decline of perhaps the largest dust storm ever seen on the
planet (Smith et al., 2000). During its primary mission, observations at solar zenith angles (SZAs) of 47–56◦

in November–December 1971 showed ionospheric peak altitudes of 135–155 km, significantly higher than
the ∼126 km expected (Hantsch & Bauer, 1990). During this period of observations, the ionospheric peak
altitudes steadily decreased with time as the dust storm subsided. Significant changes in lower atmospheric
temperature are required to explain these observations. McElroy et al. (1977) concluded that the atmosphere
below the ionospheric peak was 20 K hotter than usual during this period. Kliore et al. (1973) concluded
that the atmosphere below the ionospheric peak cooled by 25–30% between the primary mission and the
later extended mission.

In preparation for MGS aerobraking activities, Bougher et al. (1997) used 3-D general circulation models
to show that dust storm effects on the lower atmosphere can impact the upper atmosphere. They predicted
that thermospheric densities could increase by almost an order of magnitude upon the onset of a major dust
storm, which would pose challenges for aerobraking operations. Equivalently, the altitude of a reference
pressure level (i.e., akin to the altitude of the ionospheric peak) was predicted to increase by almost 20 km.
A dust storm did indeed occur during MGS aerobraking in 1997, and Keating et al. (1998) observed an 8 km
increase in the altitude of a reference thermospheric pressure surface at midnorthern latitudes in response to
a regional dust storm far away in the southern hemisphere. Other studies based on MGS data have suggested
that dust storms may change the composition of the thermosphere and exosphere with apparent effects
lasting for months (Liemohn et al., 2012; Trantham et al., 2011; Xu et al., 2014, 2015).

Although MGS acquired 5,600 ionospheric electron density profiles, its large data set was not well suited to
studies of dust storm effects, since these observations were concentrated at high northern latitudes and had
unfortunate seasonal biases in their coverage. Withers and Pratt (2013) identified an instance in Mars Year
(MY) 27 where ionospheric peak altitudes around 70◦N increased by a highly uncertain 5 km, coincident
with a modest enhancement of the dust content of the tropical atmosphere.

FELICI ET AL. 2 of 17



Journal of Geophysical Research: Space Physics 10.1029/2019JA027083

An earlier analysis of MAVEN ROSE observations by Withers et al. (2018) found that dayside ionospheric
peak altitudes observed in 2017 increased by approximately 9 km at 52◦N in response to a small dust event
restricted to distant latitudes poleward of 60◦S.

Fang et al. (2019) extended the work of Bougher et al. (1997) by using a 3-D magnetohydrodynamic model to
simulate the effects of a dust storm on the ionosphere and magnetosphere, including the nightside. They ran
this model for the 1971 global storm and a 2017 regional dust storm and predicted that the ionospheric peak
altitude should increase, respectively, 15 and 5 km. They also predicted that the behavior of the nightside
ionosphere during a dust storm should be closely tied to the behavior of the dayside ionosphere and that
volatile escape rates should be enhanced during a dust storm.

Girazian et al. (2019) examined the Mars ionospheric peak altitude using data from the MARSIS (Mars
Advanced Radar for Surface and Ionosphere Sounding) instrument on Mars Express, supported by comple-
mentary optical depth measurements. They studied dust events during six different MY. “The peak altitude
increased ∼10–15 km during all six events, which include a local dust storm (MY 33), three regional dust
storms (MY 27, 29, and 32), and two global dust storms (MY 28 and 34). The peak altitude's orbit-to-orbit vari-
ability was atypically high during the peak of the MY 29 and 32 dust seasons, and significantly increased after
the onset of the MY 28 and 34 global dust storms. [They concluded] that dust storms significantly increase
upper atmospheric variability, which suggests that they enhance dynamical processes that couple the lower
and upper atmospheres, such as upward propagating gravity waves or atmospheric tides” (Girazian et al.,
2019).

In a comprehensive analysis of the effects of dust storms on the thermosphere and ionosphere, Withers
and Pratt (2013) noted “that dust storms readily cause a sudden increase in upper atmospheric density [and
hence also in dayside ionospheric peak altitude], followed by a gradual decline to pre-storm conditions.”
They also discussed the seasonal and latitudinal ranges of ionospheric responses to dust events, as well as
the magnitudes, onset timescales, and decay timescales associated with these changes in ionospheric peak
altitude.

Yet observations of changes in dayside ionospheric peak altitude during dust storms are rare (Withers
& Pratt, 2013, and references therein). Hence, the full range of the magnitudes and timescales of these
changes has not been characterized. Such knowledge is important for understanding the processes whereby
a regional dust storm perturbs the atmosphere such that the ionosphere responds rapidly and dramatically
even when located thousands of kilometers away from the dust storm.

The aim of this article is to expand the set of observational constraints available to support increased under-
standing of how dust storms affect the dayside ionosphere. This aim is achieved by the presentation and
interpretation of MAVEN Radio Occultation Science Experiment (ROSE) observations of the response of the
ionospheric peak altitude to two dust events in 2018 and 2016. The 2018 event provides unique simultane-
ous observations at two widely separated latitudes of the behavior of the ionospheric peak altitude during
a dust event. These observations place constraints on the propagation of the thermospheric and ionosphere
effects of a dust storm away from the source region. The 2016 event provides unique observations of the
behavior of the ionospheric peak altitude during a dust event that occurs every year. Here we report on the
remarkably large response of the ionosphere to this modest annual dust event.

The structure of this article is as follows. Section 2 describes the MAVEN ROSE observations analyzed in this
work. Section 3 reports and interprets MAVEN ROSE observations obtained during the planet-encircling
dust event of 2018. Section 4 reports and interprets MAVEN ROSE observations obtained during a sig-
nificantly smaller dust event in 2016. Section 5 discusses the results of this work. Section 6 presents the
conclusions of this work.

2. MAVEN ROSE Observations
MAVEN ROSE conducts two-way single-frequency radio occultation observations at X-band (7–8 GHz)
between the MAVEN spacecraft (Jakosky et al., 2015) and ground stations of NASA's Deep Space Network
(Withers et al., 2018). From these observations, vertical profiles of ionospheric electron density are deter-
mined with average vertical resolution ∼1 km and average density uncertainty of ∼3 × 109 m−3. Radio
occultation observations require the orbit of MAVEN to be occulted by Mars as seen from Earth. This geo-
metric requirement is typically satisfied for periods (seasons) of several months separated by gaps of similar
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Figure 1. (a) Zonally averaged column dust opacity at 1,075 cm−1 based on
Mars Odyssey THEMIS observations. Data are binned by 2◦ in LS and 5◦ in
latitude. Regions with no data are shown in white. Data from MY 33
(0–360◦) and 34 (360–720◦) are shown. Values are scaled to a 610 Pa
pressure surface. (b) Zonally averaged 15 micron atmospheric temperature
based on Mars Odyssey THEMIS observations between 15 and 21 hr local
solar time. Data are binned by 5◦ in LS and 5◦ in latitude. Regions with no
data are shown in white. Data from MY 33 (0–360◦) and 34 (360–720◦)
are shown.

or shorter duration. During an occultation season, ROSE typically
acquires ingress and egress observations using MAVEN's High Gain
Antenna (HGA) twice per week. In addition, a new operational mode
was introduced in summer 2018. Here ROSE acquires ingress obser-
vations at an approximately daily cadence using MAVEN's Low Gain
Antenna (LGA). Data quality is comparable between dedicated HGA and
opportunistic LGA observations.

In this project, we used 225 ROSE profiles that were acquired from 5 July
2016 (Ls = 133◦, MY 33) to 13 October 2018 (Ls = 268◦, MY 34) and that
spanned altitudes of 110–200 km. This altitude restriction ensured that
profiles were complete through the main ionospheric layer. These pro-
files cover SZAs from 53◦ to 131◦ and latitudes from 84◦S to 86◦N. The
ionospheric peak altitude was determined from these profiles using the
methods previously described by Withers et al. (2018).

The lower atmospheric context for these MAVEN ROSE observations is
shown in Figure 1. These dust and atmospheric temperature observations
were acquired by the Mars Odyssey THEMIS instrument (Smith, 2008,
2009; Smith et al., 2003). These data span MY 33 and 34, which corre-
spond to June 2015 to May 2017 and May 2017 to March 2019, respectively
(Clancy et al., 2000). Figure 1a shows the dependence of column dust
opacity on latitude and season. Large column dust opacities are present
during southern spring and summer (between LS = 180◦ and LS = 360◦

for MY 33 and between LS = 540◦ and LS = 720◦ for MY 34). During
other seasons, column dust opacities are much smaller. Significant inter-
annual variability in dust content is apparent as conditions in MY 34
were more dusty than in MY 33. This is caused by the occurrence of a
global dust storm in MY 34, but not in MY 33. Figure 1b shows the depen-
dence of the 15 micron atmospheric temperature on latitude and season.
This metric is a convenient representation of the thermal state of the
lower/middle atmosphere. It indicates the atmospheric temperature in
the 20–35 km altitude range (Zurek et al., 1992). Atmospheric tempera-
tures are relatively cool in northern spring and summer (between LS = 0◦

and LS = 180◦ for MY 33 and between LS = 360◦ and LS = 540◦ for MY 34).
Furthermore, they are highly repeatable from year to year as atmospheric
dust content is generally low in these seasons. Atmospheric temperatures
are warmer during southern spring and summer but are noticeably vari-
able between MY 33 and MY 34. Temperatures are much greater for MY
34 than MY 33 due to the global dust storm in MY 34. This illustrates

that enhanced atmospheric dust content heats the atmosphere and increases atmospheric temperatures.
These panels also show that atmospheric temperatures are increased substantially even where the local
atmospheric dust content is increased only modestly. Based on this climatological context, we expect that
the ionospheric peak altitude will be elevated in regions where the 15 micron atmospheric temperature is
enhanced. Moreover, as the dust-induced enhancements in atmospheric temperature occur rapidly upon
the onset of a major dust event, we expect that abrupt changes in the ionospheric peak altitude will occur if
observations span the onset of a major dust event.

3. The 2018 Dust Event
The planet-encircling dust event of 2018 is discussed by several other articles in this special issue (Guzewich
et al., 2019; Kass et al., 2019; Shirley et al., 2019; Sánchez-Lavega et al., 2019). The dust event began around
1 June (LS = 185◦) when a local dust storm in the northern hemisphere moved equatorward along the
well-known Acidalia storm track (Shirley et al., 2019). Enhanced temperatures were first noted in the mid-
dle atmosphere on 4 June (LS = 187◦) with enhanced densities in the upper atmosphere on 8 June (LS =
189◦). As the dust event grew, it became a major regional dust storm on 7 June (LS = 189◦) and then became
a planet-encircling dust event on 17 June (LS = 195◦). The effects of the storm on atmospheric temperatures
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Figure 2. As Figure 1, but for LS = 120–270◦ in MY 34.

reached their maximum around 7 July (LS =207◦) and then decayed slowly thereafter. Figure 2 comple-
ments the large-scale overview of lower atmospheric context provided by Figure 1 by focusing on the critical
period LS = 120◦ to LS = 270◦ in MY 34. With this focused view, it is possible to discern that enhancements
in dust content occur in the northern hemisphere first before extending into the southern hemisphere. This
is shown more clearly in Figure 2a of Kass et al. (2019) and the top panel of Figure 7 of Smith (2019).

The latitudes and SZAs of MAVEN ROSE profiles during this dust event are shown in Figure 3a. The first
profiles were acquired on 17 June 2018, after the dust event became a major regional dust event (7 June),
right when it became a planet-encircling dust event (17 June). The last profiles in this occultation season
were acquired on 13 October 2018. The absence of prestorm observations to provide a baseline relative to
which changes can be identified is unfortunate. Ingress observations occurred around 50◦N, and egress
observations occurred around 20◦S. Both ingress and egress observations occurred on the dayside during the
expansion of the dust storm. This fortuitously provides observations in two distinct regions, ingress being
near the region from which the storm originated and egress being more distant.

Figure 3b shows how ingress and egress ionospheric peak altitude changed with time during this occultation
season, with SZA also indicated. Ingress and egress ionospheric peak altitudes both increase with time up
to early August and then decrease. In order to determine whether these trends are caused by the dust storm
or by changes in SZA, the effects of SZA must be examined more closely. Initial inspection of Figure 3b
suggests that observations with the same SZA (color) tend to have the same ionospheric peak altitude even
when separated in time (several weeks) and latitude (90◦). This suggests that SZA effects dominate the
broad trends. Figure 3c shows the dependence of ingress and egress ionospheric peak altitude on SZA, with
observation date also indicated. On the whole, changes in ionospheric peak altitude appear to be consistent
with standard dependence on SZA. However, there is a possible exception.
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Figure 3. (a) Latitudes of MAVEN ROSE observations during summer 2018. Color indicates solar zenith angle. Ingress
observations are shown by diamonds; egress observations are shown by squares. (b) Ionospheric peak altitude of
MAVEN ROSE observations during summer 2018. Color indicates solar zenith angle. Ingress observations are shown
by diamonds; egress observations are shown by squares. The arrow indicates the increase in peak altitude after the first
two egress ionospheric peak altitudes, low compared to the subsequent egress peak altitudes. (c) Dependence of these
ionospheric peak altitudes on solar zenith angle. Color indicates date. Symbols and arrow are the same as in panel b.
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Figure 4. MAVEN ROSE egress electron density profiles from 22 June 2018
and 26 June 2018. Electron density uncertainties are 1.85 × 109 m−3 for
each profile.

Ionospheric peak altitudes for the first two egress observations (19 June
and 22 June) are 10–15 km lower than for subsequent egress observa-
tions (26 June and thereafter), yet ionospheric peak altitudes for the
corresponding ingress observations do not show such extreme differ-
ences. Figure 4 better illustrates the significant difference in ionospheric
peak altitude between the second (22 June, in black) and third (26
June, in blue) egress observations. We consider two scenarios to explain
this feature.

First, the dust storm caused the ionospheric peak altitude to rise. Namely,
at the start of this occultation season, the dust storm that originated in
the northern hemisphere has elevated the ionospheric peak at northern
latitudes (ingress), but not yet at southern latitudes (egress). After sev-
eral days of continuing expansion of the dust storm, the ionospheric peak
at southern latitudes (egress) is also elevated. In this scenario, all day-
side ionospheric peak altitudes observed in this occultation season are
elevated, except for the first two egress observations.

Second, the ionospheric peak altitude increased due to atmospheric vari-
ability. In this case, ionospheric peak altitudes in the first two egress

observations are relatively low due to inherent atmospheric variations, such as thermal tides. In this sce-
nario, the observed variations in dayside ionospheric peak altitudes are due to other sources, such as gravity
waves and tides.

The fact that the first hypothesis, in which the dust storm plays a major role, rests entirely on merely two
observations is a concern. Yet these two observations are the only two observations that are distinctly sepa-
rated from the general trends displayed by the ∼30 ingress and ∼10 egress dayside observations in Figure 3b.
It is unlikely that factors other than the dust storm can be responsible for this behavior.

Although the egress observations were acquired at latitudes where crustal magnetic fields can be strong, it is
unlikely that crustal magnetic fields could be responsible for the ionosphere behavior reported here. No pre-
vious work has shown that crustal magnetic fields affect the dayside ionospheric peak altitude and the egress
observations are scattered across regions of strong and weak crustal field without coherent organization.

One additional observation is noteworthy. The egress occultation on 13 October (∼78◦ SZA) is the only day-
side profile after August. This observation is shown by the green square on the extreme right of Figures 3a
and 3b and by the red square in the center of Figure 3c. Its ionospheric peak altitude is ∼2 km below the
ionospheric peak altitude of an egress occultation at the same SZA on the earlier date of 10 July. In a scenario
where the ionospheric peak altitude increase on 10 July was caused by the dust storm, two explanations for
the similarity of these two observed ionospheric peak altitudes (10 July and 13 October) are possible. The first
explanation is that the ionospheric effects of the dust storm persisted until this late date. The second expla-
nation is that changes in latitude and season from July to October, plus usual irregular variations, resulted
in the October ionospheric peak altitude, which is not affected by dust being close to the July ionospheric
peak altitude, which is affected by dust. In the second scenario, in which inherent atmospheric variability
caused the observed changes in ionospheric peak altitude, these two observed ionospheric peak altitudes
are similar because they are observed at the same SZA.

Figure 5 shows these 2018 MAVEN ROSE observations in the context of other observations by MAVEN
ROSE, Mariner 9, Viking, and MGS (Hinson et al., 1999; Kliore et al., 1973; Lindal et al., 1979; Tyler et al.,
2001; Withers et al., 2008; Zhang et al., 1990). Figure 5 also shows ionospheric peak altitudes observed
by radio occultation experiments on Mariner 9, Viking, and MGS, as well as expressions for the expected
dependence of ionospheric peak altitude on SZA. One expression was used by Hantsch and Bauer (1990)
to represent Mariner and Viking observations at all seasons, and the other is a fit by Fallows et al. (2015) to
5,600 MGS observations, also at all seasons. All measurements used in the fit of Fallows et al. (2015) are at
SZAs greater than 70◦, and almost all are at latitudes in the range of 60–85◦N. Most, but not all, observed
ionospheric peak altitudes follow the canonical dependence on SZA.

Two anomalous features are highlighted with arrows in Figure 5. First, the sudden jump in ionospheric
peak altitude seen in egress observations during the 2018 dust event discussed herein. Second, the sudden
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Figure 5. Symbols and colors are as described in the legend. Arrows show sudden step-like increases in ionospheric
peak altitude for MAVEN ROSE observations in 2017 and 2018, with time increasing in the direction of the arrow. The
two lines defined by equations in the legend are fits to the dependence of ionospheric peak altitude on solar zenith
angle. The solid black line is a fit to MGS observations from Fallows et al. (2015) in which Ch is the Chapman grazing
incidence function and 𝜒 is the solar zenith angle. The dashed line is the canonical Viking era fit of Hantsch and Bauer
(1990) in which 𝜒 is also solar zenith angle.

jump in ionospheric peak altitude reported in ingress observations during a 2017 dust event by Withers
et al. (2018). In both these cases, the distinctive feature is a sudden increase in ionospheric peak altitude at a
time consistent with the expected impact of dust storm effects upon the ionosphere. The resultant elevated
ionospheric peak altitudes are larger than their expected values, and consistently at the upper end of the
entire MGS data set (see Figure 5).

Additionally, two anomalous trends are also present in Figure 5: first, the well-known elevated ionospheric
peak altitudes observed by Mariner 9 during the large 1971 dust storm and, second, ionospheric peak
altitudes observed by MAVEN ROSE at SZAs of 54–70◦ during 2016, which are appreciably higher than
expected. These 2016 MAVEN ROSE observations are discussed in detail in section 4. In both these cases,
no sudden increase in ionospheric peak altitude was observed, but the values of ionospheric peak altitudes
are sufficiently great that it is clear that the observed ionospheric peak altitudes are distinctly different from
expected values. This sudden increase is absent in the Mariner 9 observations because this series of obser-
vations began when the dust storm was already at or past its peak. Its absence from the 2016 MAVEN ROSE
observations is addressed in section 4.

4. The 2016 Dust Event
The first MAVEN ROSE occultation season began on 5 July 2016 (LS = 181◦) and ended on 15 October 2016
(LS = 242◦). The latitudes and SZAs sampled by those observations are shown in Figure 6a. The ingress
observations are close to the south pole at dayside SZAs.

Figure 6b shows the dependence of ingress ionospheric peak altitude from this occultation season on SZA,
with observation date also indicated. All ionospheric peak altitudes are elevated relative to expectations.
Moreover, observed ionospheric peak altitude generally increases with decreasing SZA (increasing time).
This trend is robust, albeit with some scatter. An increase in ionospheric peak altitude with decreasing SZA
is highly unusual; the opposite trend is usually observed, as predicted by simple photochemical theory. Con-
sequently, the size of the difference between observed and predicted ionospheric peak altitude also generally
increases with decreasing SZA (increasing time).
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Figure 6. (a) Latitudes of MAVEN ROSE observations during summer 2016. Color indicates solar zenith angle. Ingress
observations are shown by diamonds; egress observations are shown by squares. (b) Dependence of ionospheric peak
altitude on solar zenith angle for MAVEN ROSE observations during 2016. Colors indicate date. The two lines defined
by equations in the legend are fits to the dependence of ionospheric peak altitude on solar zenith angle. The solid black
line is a fit to MGS observations from Fallows et al. (2015) in which Ch is the Chapman grazing incidence function and
𝜒 is the solar zenith angle. The dashed line is the canonical Viking era fit of Hantsch and Bauer (1990) in which 𝜒 is
also solar zenith angle.

The observed values of ionospheric peak altitude toward the end of this occultation season are remark-
able: MAVEN ROSE ionospheric peak altitudes observed at a SZA of 55◦ are consistent with ionospheric
peak altitudes observed at the same SZA by Mariner 9 during the massive 1971 dust storm. Note also that
these Mariner 9 observations were obtained when the 1971 dust storm had its greatest effect on observed
ionospheric peak altitude, rather than being obtained toward the end of the decay phase of this storm.

Figure 7 shows several electron density profiles at SZAs near 55◦: the MAVEN ROSE profile from 15 October
2016, which has an elevated ionospheric peak altitude; the MAVEN ROSE profile from 30 January 2018,
which does not; and two dust-affected Mariner 9 profiles from 17 and 18 November 1971. The MAVEN
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Figure 7. Two MAVEN ROSE and two Mariner 9 electron density profiles from solar zenith angles near 55◦. ROSE
electron density uncertainties are 5.00 × 109 m−3 on 15 October 2016 and 1.51 × 109 m−3 on 30 January 2018.

ROSE profile from 30 January 2018 has a normal ionospheric peak altitude consistent with expectations,
with Viking observations, and with MAVEN ROSE observations from occultation seasons other than the
July–October 2016 season. It should be noted, however, that the October 2016 profile was acquired at
LS = 240◦, while the January 2018 profile was acquired at LS = 120◦, close to perihelion. Regular seasonal
variations, such as thermospheric expansion by enhanced solar heating at perihelion, may account for a
portion of the observed altitude difference. This figure confirms that the ionospheric peak altitude of the
MAVEN ROSE profile from 15 October 2016 is comparable to ionospheric peak altitudes seen by Mariner 9
during the tremendous 1971 dust storm. The two MAVEN ROSE peak electron densities are smaller than the
two Mariner 9 peak electron densities; this is explained by a decrease in solar ionizing irradiance between
1971 and 2016–2018.

In order to explain the unusually high ionospheric peak altitudes seen around 50◦–80◦ S and LS = 181–242◦

in MY 33, we examined the atmospheric dust content observed at this time. Figure 8 complements the
large-scale overview of lower atmospheric context provided by Figure 1 by focusing on the critical period
LS = 120◦ to LS = 270◦ in MY 33. With this focused view, the dynamic changes in the lower atmosphere
during this period become more apparent. Figure 8a shows that the column dust opacity increases markedly,
particularly at high southern latitudes, around LS = 210◦. Figure 8b highlights the dependence of column
dust opacity behavior on latitude. Figure 8c shows that the 15 micron atmospheric temperature increases in
response to the changes in atmospheric dust content. However, these 15 micron atmospheric temperature
changes appear more diffuse in latitude and season than the corresponding changes in atmospheric dust
content, consistent with the finding obtained from Figure 1 that, due to dynamical heating, the thermal
effects of dust extend well beyond the localized regions of high dust content.

Figure 8 suggests that a dust event occurred in MY 33 at the appropriate season and the appropriate location
to be responsible for the elevations in ionospheric peak altitude observed by MAVEN ROSE. Based on its
onset time, duration, and meridional extent, this dust event appears to be what Kass et al. (2016) labeled as
an “A storm.” Kass et al. (2016) discovered that, in years without a global dust storm, the Mars atmosphere
experiences exactly three daytime “major dust-driven warming events” each year. The A storm is the earliest
in the year. It is “usually a classic regional-scale or planet encircling Southern Hemisphere dust event” (Kass
et al., 2016) that starts in the interval LS = 205◦ to 240◦, persists for 15–40◦ of LS, and causes appreciable
warming at southern and northern mid-latitudes.

In order to assess whether this regular seasonal dust event should have impacted ionospheric peak altitude
significantly, we exercised the Mars general circulation model (MGCM) of the Laboratoire de Meteorolo-
gie Dynamique (LMD) in France using dust conditions appropriate for MY 33 (Chaufray et al., 2014;
González-Galindo et al., 2013, 2015, 2009a, 2009b).
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Figure 8. (a) As Figure 1a but for Ls = 120–270◦ in MY 33. (b) Atmospheric dust opacity during MY 33. Black crosses
show values at 60◦S; gray diamonds show values at the equator. Near-polar values are not available at the beginning of
this period. (c) As Figure 1b but for LS = 120–270◦ in MY 33.

The simulations in this paper use a version of the LMD-MGCM similar to that described in
González-Galindo et al., (2013, 2015) and used to build Version 5.3 of the Mars Climate Database (Millour
et al., 2018). Relevant to this work, the model includes a model of the radiative effects of water ice clouds
(Madeleine et al., 2012), important for the temperatures in the middle atmosphere; a semi-interactive dust
transport scheme (Madeleine et al., 2011), in which the dust is transported by dynamics using a two-moment
scheme, and the predicted dust column optical depth is normalized to the dust climatology by Montabone
et al. (2015, 2020), in this case for MY 33; a photochemical scheme describing the chemistry of the iono-
sphere; and an improved 15-micron cooling scheme taking into account the predicted variability of atomic
oxygen. The daily variation of the solar activity during MY 33 is included following the procedure described
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in González-Galindo et al. (2013). The simulations used the nominal 64 × 48 × 49 (lon × lat × alt) grid,
extending from the surface up to about 250 km.

In order to isolate the effects of the dust variability during MY 33, we have also performed a simulation using
the same model configuration, but setting a constant and uniform column dust optical depth of 0.1.

Figure 9 shows the dependence of the simulated noontime ionospheric peak altitude on season and lati-
tude. No results are shown in the polar night, when noontime occurs below the horizon in darkness. Note
that the MAVEN ROSE observations were acquired at local times within a few hours of noon, but not
exactly at noon. At fixed season, variations in noontime peak altitude with latitude are dominated by SZA
effects. For instance, at LS = 0◦, the SZA at noon is equal to the absolute value of latitude. Hence, as dis-
cussed in section 1, the ionospheric peak altitude at this season is lowest at the equator and greatest at the
poles. In order to isolate the effects of changes in atmospheric dust content, we also exercised this model
keeping the dust conditions fixed throughout the year. Figure 9 shows the corresponding dependence of sim-
ulated noontime ionospheric peak altitude on season and latitude. At high southern latitudes, the noontime
ionospheric peak altitude is noticeably higher in Figure 9 (top left) than in Figure 9 (bottom left) at approx-
imately LS = 180◦ to 260◦ and LS ∼ 340◦. The former interval corresponds to the period of MAVEN ROSE
observations and the A storm. Figure 9 (top right) shows the two sets of simulated noontime ionospheric
peak altitudes for latitude 60◦S. This latitude is representative of the MAVEN ROSE observations. The sim-
ulated noontime ionospheric peak altitude at 60◦S is noticeably higher in the variable dust simulation than
in the constant dust simulation for much of the period LS = 180–360◦. The difference between these two
sets of simulated peak altitudes is shown in Figure 9 (bottom right). This shows a difference in altitude
of ∼6 km around the period of the MAVEN ROSE observations. These simulations show that the A storm
that began around LS = 210◦ in MY 33 elevated the ionospheric peak altitude at the high southern lati-
tudes observed by MAVEN ROSE. The simulated increase in altitude appears smaller than observed. This
may partly be explained by the simulations focusing on noon local time at 60◦S, whereas the observations
span a range of local times and latitudes. In future work, we anticipate a more detailed model-data compar-
ison that accounts for these issues. Better agreement between models and data is required before it can be
said that the effects of this dust event on ionospheric peak altitudes are fully understood. In particular, it
is necessary to determine whether this dust event was responsible for all of the observed increase in iono-
spheric peak altitude or whether some as-yet-unidentified factors are responsible for some of the observed
altitude increase. Nevertheless, the current simulations explain the puzzling observation that ionospheric
peak altitude increased with decreasing SZA (increasing time): The thermospheric effects of this dust event
are increasing with increasing time at this period.

We suggest that the increase in ionospheric peak altitude observed by MAVEN ROSE at high southern
latitudes in MY 33 was influenced by an atmospheric dust event, namely, the annual A storm.

5. Discussion
Figure 5 shows the dependence of several sets of observations of ionospheric peak altitude on SZA, as well as
inferred trends. MAVEN ROSE ionospheric peak altitudes measured during the 2016, 2017, and 2018 dust
events lie well above the trend of Hantsch and Bauer (1990) and above the trend of Fallows et al. (2015),
which indicates that the ionospheric peak altitude was elevated during these periods.

Figure 10 presents a complementary view of these ionospheric peak altitudes. It shows MAVEN ROSE obser-
vations of ionospheric peak altitude as a function of date and SZA. It also distinguishes between northern
and southern hemisphere observations. Black markers highlight epochs of interest, which are discussed fur-
ther below. In idealized circumstances, we would expect ionospheric peak altitude to increase monotonically
with increasing SZA. Clearly, this is not observed.

The dust events discussed herein had substantial effects on the MAVEN ROSE observations of ionospheric
peak altitude. Figure 10 highlights four epochs of MAVEN ROSE observations of ionospheric peak altitudes,
all at SZAs around 65–70◦: early August 2016, late February 2017, 23 December 2017, and 21 June 2018. The
lowest values of ionospheric peak altitude,∼115 km, were observed around 23 December 2017 (observations
enclosed by circles in Figure 10). This corresponds to a dust-free season. Intermediate values of ionospheric
peak altitude,∼130 km, were observed in late February 2017 (observations enclosed by a square in Figure 10)
and in the southern hemisphere around 21 June 2018 (observations enclosed by a diamond in Figure 10).
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Figure 9. (Top left) Simulated dependence of noontime ionospheric peak altitude on season and latitude. No results are shown in the polar night, when occurs
below the horizon in darkness. (Bottom left) Same as top left, but with constant dust conditions. (Top right) Simulated ionospheric peak altitude at 60◦S for
variable dust conditions (black line) and constant dust conditions (gray line). The period of MAVEN ROSE observations is highlighted by dashed vertical lines.
(Bottom right) The black line shows the difference between simulated ionospheric peak altitude at 60◦S for variable dust conditions and constant dust
conditions. The horizontal gray line indicates zero. The period of MAVEN ROSE observations is highlighted by dashed
vertical lines.
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Figure 10. MAVEN ROSE dayside ionospheric peak altitudes from July 5 2016 to October 13 2018. Color indicates solar zenith angle. Periods of dust events are
highlighted. The top of the plot indicates LS.

Late February 2017 corresponds to the waning period of the 2017 dust event, and the southern hemisphere
observations around 21 June 2018 correspond to just prior to the onset of effects of the 2018 dust event at
southern latitudes. Northern hemisphere observations around 21 June were also acquired at the same SZAs
(observations enclosed by a triangle in Figure 10). Here the ionospheric peak altitude is slightly higher,
around 135 km. The highest values of ionospheric peak altitude, ∼140 km, were observed in early August
2016 (observations enclosed by a rectangle in Figure 10). This corresponds to the MY 33 dust event identified
as the A storm.

Withers et al. (2018) reported an increase in MAVEN ROSE observations of ionospheric peak altitude of
about 10 km between LS = 305◦ and LS = 307◦ of MY 33 for SZAs near 75◦ and latitude 53◦ N. Similarly,
Girazian et al. (2019) reported an increase in ionospheric peak altitude of about 10 km at about the same
time, similar SZAs of 70–80◦, and latitudes between 20◦S and 40◦S, observed with Mars Express MARSIS.
In this instance, observed changes in ionospheric peak altitude were similar despite the substantial differ-
ence in latitude. This consistency between MAVEN ROSE and Mars Express MARSIS observations, despite
latitude differences, is repeated for the global dust storm of MY 34.

For MY 34, Girazian et al. (2019) analyzed MARSIS observations of ionospheric peak altitude. They reported
an increase in ionospheric peak altitude of about 10–15 km between LS = 185◦ and LS = 188◦ for SZAs of
60–85◦ and latitudes poleward of 60◦N. Similarly, in this work, we have analyzed MAVEN ROSE observa-
tions of ionospheric peak altitude and reported an increase in ionospheric peak altitude from LS = 195◦

onward for SZAs around 70◦ and latitudes around 50◦N. The fact that MARSIS observed elevated iono-
spheric peak altitudes prior to the start of MAVEN ROSE observations corroborates our hypothesis that the
ROSE observations began in the northern hemisphere when peak altitudes were already elevated due to the
present dust storm (see section 3).

6. Conclusions
MAVEN ROSE has acquired dayside ionospheric electron density profiles during three different dust events.
SZA coverage is excellent, covering all dayside SZAs greater than 54◦. Sufficient numbers of dayside electron
density profiles not affected by dust are available from MAVEN ROSE and previous missions so that the
profiles affected by dust can be placed in a wider context.
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In July–October 2016, ionospheric peak altitudes at SZAs of 54–70◦ were appreciably higher than expected.
The difference between observed and expected ionospheric peak altitude was approximately 20 km at the
end of this occultation season (SZA = 54◦, 15 October 2016), consistent with ionospheric peak altitudes
observed at the same SZA by Mariner 9 at the start of its dust storm-affected observations in 1971. If dust
effects are solely responsible for this observed change in peak altitudes, then it is extraordinary that a modest
regional storm from a year without a global dust storm was able to elevate ionospheric peak altitude by an
extent similar to the dramatic ionospheric response seen by Mariner 9 during the greatest Mars dust storm
ever observed.

In January 2017, ionospheric peak altitudes increased by 9 km from 24 January 2017 (75◦ SZA, 54◦N) to 28
January 2017 (73◦ SZA, 52◦N) and remained elevated above the trend established in preceding weeks until
the occultation season ended approximately one month later (Withers et al., 2018). This was the ionospheric
response to a dust event that began on 20 January 2017 and occurred poleward of 60◦S.

In June 2018, a dust event in the northern hemisphere expanded into a planet-encircling dust event. It
became a major regional dust event on 7 June 2018 and then a planet-encircling dust event on 17 June 2018.
It culminated in mid-July 2018 and then decayed slowly thereafter.

Most dayside ionospheric peak altitudes observed by MAVEN ROSE from mid-June to October were elevated
by 10–15 km from their expected values. This behavior was observed at around 50◦N (ingress) and around
20◦S (egress). Only two observations deviated from this general trend: The first two egress observations on
19 June and 22 June had ionospheric peak altitudes 10–15 km below subsequent egress observations. Two
explanations are possible: first, a remarkably late response by the ionosphere in the southern hemisphere to
a global dust event that elevated the ionosphere in the northern hemisphere two weeks earlier, and, second,
the ionosphere in the southern hemisphere responded more quickly, but inherent atmospheric variability
coincidentally caused these two, and only these two, observations to have unusually low ionospheric peak
altitudes.

The observations described here, and the interpretations proposed to explain them, motivate modeling
efforts to understand how the ionospheric response to dust events depends on the magnitude of the dust
event, observing latitude, and other pertinent factors. Outstanding questions include the following: Is the
modest regional storm of 2016 the only reason for the observed large increases in ionospheric peak altitude
or were other factors also important? Why were changes in ionospheric peak altitude much greater in 2016
than in 2018? Is the change in ionospheric peak altitudes during a dust event the same at all latitudes, or is
the change affected by proximity to regions of enhanced dust loading?

References
Barth, C., I. F. Stewart, A., Bougher, S. W., M. Hunten, D., Bauer, S., & Nagy, A. (1992). Aeronomy of the current Martian atmosphere.
Bougher, S. W., Brain, D. A., Fox, J. L., Francisco, G.-G., Simon-Wedlund, C., & Withers, P. G. (2017). Upper neutral atmosphere and

ionosphere. In R. M. Haberle, R. T. Clancy, F. Forget, M. D. Smith, & R. W. Zurek (Eds.), The atmosphere and climate of Mars, Cambridge
Planetary Science (pp. 433–463). Cambridge: Cambridge University Press.

Bougher, S. W., Engel, S., Hinson, D. P., & Forbes, J. M. (2001). Mars Global Surveyor radio science electron density profiles: Neutral
atmosphere implications. Geophysical Research Letters, 28(16), 3091–3094. https://doi.org/10.1029/2001GL012884

Bougher, S. W., Engel, S., Hinson, D. P., & Murphy, J. R. (2004). MGS Radio Science electron density profiles: Interannual variability and
implications for the Martian neutral atmosphere. Journal of Geophysical Research, 109, E03010. https://doi.org/10.1029/2003JE002154

Bougher, S. W., Murphy, J., & Haberle, R. M. (1997). Dust storm impacts on the mars upper atmosphere. Advances in Space Research, 19(8),
1255–1260.

Chamberlain, J. W., & Hunten, D. M. (1987). Theory of planetary atmospheres (2nd ed.). New York: Academic Press.
Chapman, S. (1931a). The absorption and dissociative or ionizing effect of monochromatic radiation in an atmosphere on a rotating Earth

(Vol. 43, No. 1, pp. 26–45). Bristol, UK: IOP Publishing. https://doi.org/10.1088/0959-5309/43/1/305
Chapman, S. (1931b). The absorption and dissociative or ionizing effect of monochromatic radiation in an atmosphere on a rotating Earth

Part II. Grazing incidence (Vol. 43, No. 1, pp. 26–45). Bristol, UK: IOP Publishing. https://doi.org/10.1088/0959-5309/43/5/302
Chaufray, J. Y., González-Galindo, F., Forget, F., Lopez-Valverde, M., Leblanc, F., Modolo, R., et al. (2014). Three-dimensional Martian

ionosphere model: II. Effect of transport processes due to pressure gradients. Journal of Geophysical Research: Planets, 119, 1614–1636.
https://doi.org/10.1002/2013JE004551

Clancy, R. T., Sandor, B. J., Wolff, M. J., Christensen, P. R., Smith, M. D., Pearl, J. C., et al. (2000). An intercomparison of ground-based
millimeter, MGS TES, and Viking atmospheric temperature measurements: Seasonal and interannual variability of temperatures and
dust loading in the global Mars atmosphere. Journal of Geophysical Research, 105(E4), 9553–9571. https://doi.org/10.1029/1999JE001089

Ergun, R. E., Morooka, M. W., Andersson, L. A., Fowler, C. M., Delory, G. T., Andrews, D. J., et al. (2015). Dayside electron temperature
and density profiles at Mars: First results from the Maven Langmuir Probe and waves instrument. Geophysical Research Letters, 42,
8846–8853. https://doi.org/10.1002/2015GL065280

Fallows, K., Withers, P., & Matta, M. (2015). An observational study of the influence of solar zenith angle on properties of the M1 layer of
the Mars ionosphere. Journal of Geophysical Research: Space Physics, 120, 1299–1310. https://doi.org/10.1002/2014JA020750

Acknowledgments
We thank Steve Bougher and David
Kass for descriptions of the 2018 dust
storm and Luca Montabone and
Zachary Girazian for useful
discussions. Mariner 9, MGS, and
MAVEN ionospheric data used in this
work are available from the NASA
Planetary Data System (https://pds.
nasa.gov/). MCS and THEMIS dust
data are also available from this
site, as well as from the Mars
Climate Database website (https://
www-mars.lmd.jussieu.fr/mars/dust_
climatology/). The Viking ionospheric
data used in this work are available
from the NASA Space Science Data
Coordinated Archive (https://nssdc.
gsfc.nasa.gov/). M. F. and P. W.
acknowledge support from the
MAVEN project, which is funded by
NASA through the Mars Exploration
Program. F.G.G. is funded by the
Spanish Ministerio de Ciencia,
Innovación y Universidades, the
Agencia Estatal de Investigacion and
EC FEDER funds under project
RTI2018-100920-J-I00, and
acknowledges financial support from
the State Agency for Research of the
Spanish MCIU through the “Center of
Excellence Severo Ochoa” award to the
Instituto de Astrofísica de Andalucía
(SEV-2017-0709). Relevant output
from the LMD GCM is provided as
supporting information to this article.

FELICI ET AL. 15 of 17

https://doi.org/10.1029/2001GL012884
https://doi.org/10.1029/2003JE002154
https://doi.org/10.1088/0959-5309/43/1/305
https://doi.org/10.1088/0959-5309/43/5/302
https://doi.org/10.1002/2013JE004551
https://doi.org/10.1029/1999JE001089
https://doi.org/10.1002/2015GL065280
https://doi.org/10.1002/2014JA020750
https://pds.nasa.gov/
https://pds.nasa.gov/
https://www-mars.lmd.jussieu.fr/mars/dust_climatology/
https://www-mars.lmd.jussieu.fr/mars/dust_climatology/
https://www-mars.lmd.jussieu.fr/mars/dust_climatology/
https://nssdc.gsfc.nasa.gov/
https://nssdc.gsfc.nasa.gov/


Journal of Geophysical Research: Space Physics 10.1029/2019JA027083

Fang, X., Ma, Y., Lee, Y., Bougher, S., Liu, G., Benna, M., et al. (2019). Mars dust storm effects in the ionosphere and magnetosphere and
implications for atmospheric carbon loss. Journal of Geophysical Research: Space Physics, 125, e2019JA026838. https://doi.org/10.1029/
2019JA026838

Fox, J. L. (2004). Response of the Martian thermosphere/ionosphere to enhanced fluxes of solar soft X rays. Journal of Geophysical Research,
109, A11310. https://doi.org/10.1029/2004JA010380

Girazian, Z., Luppen, Z., Morgan, D. D., Chu, F., Montabone, L., Thiemann, E. M. B., et al. (2019). Variations in the ionospheric peak
altitude at Mars in response to dust storms: 13 years of observations from the Mars express radar sounder.

González-Galindo, F., Chaufray, J. Y., López-Valverde, M. A., Gilli, G., Forget, F., Leblanc, F., et al. (2013). Three-dimensional Martian
ionosphere model: I. The photochemical ionosphere below 180 km. Journal of Geophysical Research: Planets, 118, 2105–2123. https://
doi.org/10.1002/jgre.20150

González-Galindo, F., Forget, F., López-Valverde, M. A., & Angelats i Coll, M. (2009a). A ground-to-exosphere Martian general circulation
model: 2. Atmosphere during solstice conditions-Thermospheric polar warming. Journal of Geophysical Research, 114, E08004. https://
doi.org/10.1029/2008JE003277

González-Galindo, F., Forget, F., López-Valverde, M. A., Angelats i Coll, M., & Millour, E. (2009b). A ground-to-exosphere Martian general
circulation model: 1. Seasonal, diurnal, and solar cycle variation of thermospheric temperatures. Journal of Geophysical Research, 114,
E04001. https://doi.org/10.1029/2008JE003246

González-Galindo, F., López-Valverde, M. A., Forget, F., García-Comas, M., Millour, E., & Montabone, L. (2015). Variability of the Mar-
tian thermosphere during eight Martian years as simulated by a ground-to-exosphere global circulation model. Journal of Geophysical
Research: Planets, 120, 2020–2035. https://doi.org/10.1002/2015JE004925

Guzewich, S. D., Lemmon, M., Smith, C. L., Martínez, G., de Vicente-Retortillo, Á., Newman, C. E., et al. (2019). Mars Science Lab-
oratory Observations of the 2018/Mars Year 34 Global Dust Storm. Geophysical Research Letters, 46, 71–79. https://doi.org/10.1029/
2018GL080839

Hantsch, M. H., & Bauer, S. J. (1990). Solar control of the Mars ionosphere. Planetary and Space Science, 38(4), 539–542. https://doi.org/
10.1016/0032-0633(90)90146-H

Hinson, D. P., Simpson, R. A., Twicken, J. D., Tyler, G. L., & Flasar, F. M. (1999). Initial results from radio occultation measurements with
Mars Global Surveyor. Journal of Geophysical Research, 104(E11), 26,997–27,012. https://doi.org/10.1029/1999JE001069

Jakosky, B. M., Lin, R. P., Grebowsky, J. M., Luhmann, J. G., Mitchell, D. F., Beutelschies, G., et al. (2015). The Mars Atmosphere and
Volatile Evolution (MAVEN) Mission. Space Science Reviews, 195(1), 3–48. https://doi.org/10.1007/s11214-015-0139-x

Kahre, M. A., Murphy, J. R., Newman, C. E., Wilson, R. J., Cantor, B. A., Lemmon, M. T., & Wolff, M. J. (2017). The Mars dust cycle.
Atmosphere and Climate of Mars, 18, 229–294. https://doi.org/10.1017/9781139060172.010

Kass, D. M., Kleinböhl, A., McCleese, D. J., Schofield, J. T., & Smith, M. D. (2016). Interannual similarity in the Martian atmosphere during
the dust storm season. Geophysical Research Letters, 43, 6111–6118. https://doi.org/10.1002/2016GL068978

Kass, D. M., Schofield, J. T., Kleinböhl, A., McCleese, D. J., Heavens, N. G., Shirley, J. H., & Steele, L. J. (2019). Mars Climate Sounder
observation of Mars' 2018 global dust storm. Geophysical Research Letters, 46. https://doi.org/10.1029/2019GL083931

Keating, G. M., Bougher, S. W., Zurek, R. W., Tolson, R. H., Cancro, G. J., Noll, S. N., et al. (1998). The structure of the upper atmosphere
of mars: In situ accelerometer measurements from Mars Global Surveyor. Science, 279(5357), 1672. https://doi.org/10.1126/science.279.
5357.1672

Kliore, A. J., Cain, D. L., Fjeldbo, G., Seidel, B. L., Sykes, M. J., & Rasool, S. I. (1972). The atmosphere of Mars from Mariner 9 radio
occultation measurements. Icarus, 17(2), 484–516. https://doi.org/10.1016/0019-1035(72)90014-0

Kliore, A. J., Fjeldbo, G., Seidel, B. L., Sykes, M. J., & Woiceshyn, P. M. (1973). S band radio occultation measurements of the atmosphere
and topography of Mars with Mariner 9: Extended mission coverage of polar and intermediate latitudes. Journal of Geophysical Research,
78(20), 4331–4351. https://doi.org/10.1029/JB078i020p04331

Leovy, C. (2001). Weather and climate on Mars. Nature, 412, 245–249.
Liemohn, M. W., Dupre, A., Bougher, S. W., Trantham, M., Mitchell, D. L., & Smith, M. D. (2012). Time-history influence of global dust

storms on the upper atmosphere at Mars. Geophysical Research Letters, 39, L11201. https://doi.org/10.1029/2012GL051994
Lindal, G. F., Hotz, H. B., Sweetnam, D. N., Shippony, Z., Brenkle, J. P., Hartsell, G. V., et al. (1979). Viking radio occultation measurements

of the atmosphere and topography of Mars: Data acquired during 1 Martian year of tracking. Journal of Geophysical Research, 84(B14),
8443–8456. https://doi.org/10.1029/JB084iB14p08443

Madeleine, J. B., Forget, F., Millour, E., Montabone, L., & Wolff, M. J. (2011). Revisiting the radiative impact of dust on mars using the lmd
global climate model. Journal of Geophysical Research, 116, E11010. https://doi.org/10.1029/2011JE003855

Madeleine, J. B., Forget, F., Millour, E., Navarro, T., & Spiga, A. (2012). The influence of radiatively active water ice clouds on the martian
climate. Geophysical Research Letters, 39, L23202. https://doi.org/10.1029/2012GL053564

McElroy, M. B., Kong, T. Y., & Yung, Y. L. (1977). Photochemistry and evolution of Mars' atmosphere: A Viking perspective. Journal of
Geophysical Research, 82(28), 4379–4388. https://doi.org/10.1029/JS082i028p04379

Medvedev, A. S., Kuroda, T., & Hartogh, P. (2011). Influence of dust on the dynamics of the Martian atmosphere above the first scale height.
Aeolian Research, 3(2), 145–156. https://doi.org/10.1016/j.aeolia.2011.05.001

Mendillo, M., Withers, P., Hinson, D., Rishbeth, H., & Reinisch, B. (2006). Effects of solar flares on the ionosphere of Mars. Science,
311(5764), 1135–1138. https://doi.org/10.1126/science.1122099

Millour, F., Forget, A., Spiga, A. M., Vals, V., Zakharov, L., Montabon, F., et al. the MCD Development Team (2018). The Mars climate
database (Version 5.3). Proceedings of the Mars science workshop “from Mars express to exomars” https://www.cosmos.esa.int/web/
mars-science-workshop-2018, ESAC, Madrid, Spain.

Montabone, L., Forget, F., Millour, E., Wilson, R. J., Lewis, S. R., Cantor, B., et al. (2015). Eight-year climatology of dust optical depth on
Mars. Icarus, 251, 65–95. https://doi.org/10.1016/j.icarus.2014.12.034

Montabone, L., Spiga, A., Kass, D. M., Kleinböhl, A., Forget, F., & Millour, E. (2020). Martian Year 34 column dust climatology from Mars
climate sounder observations: Reconstructed maps and model simulations. Journal of Geophysical Research: Planets, 125, e2019JE006111.
https://doi.org/10.1029/2019JE006111

Morgan, D. D., Gurnett, D. A., Kirchner, D. L., Fox, J. L., Nielsen, E., & Plaut, J. J. (2008). Variation of the Martian ionospheric electron
density from Mars Express radar soundings. Journal of Geophysical Research, 113, A09303. https://doi.org/10.1029/2008JA013313

Pätzold, M., Neubauer, F. M., Carone, L., Hagermann, A., Stanzel, C., Häusler, B., et al. (2004). MaRS: Mars Express Orbiter Radio Science.
ESA SP-1240: Mars Express: the Scientific Payload. http://sci.esa.int/science-e/www/object/index.cfm?fobjectid=34885, 141–163.

Sánchez-Lavega, A., del Río-Gaztelurrutia, T., Hernández-Bernal, J., & Delcroix, M. (2019). The onset and growth of the 2018 Martian
global dust storm. Geophysical Research Letters, 46, 6101–6108. https://doi.org/10.1029/2019GL083207

FELICI ET AL. 16 of 17

https://doi.org/10.1029/2019JA026838
https://doi.org/10.1029/2019JA026838
https://doi.org/10.1029/2004JA010380
https://doi.org/10.1002/jgre.20150
https://doi.org/10.1002/jgre.20150
https://doi.org/10.1029/2008JE003277
https://doi.org/10.1029/2008JE003277
https://doi.org/10.1029/2008JE003246
https://doi.org/10.1002/2015JE004925
https://doi.org/10.1029/2018GL080839
https://doi.org/10.1029/2018GL080839
https://doi.org/10.1016/0032-0633(90)90146-H
https://doi.org/10.1016/0032-0633(90)90146-H
https://doi.org/10.1029/1999JE001069
https://doi.org/10.1007/s11214-015-0139-x
https://doi.org/10.1017/9781139060172.010
https://doi.org/10.1002/2016GL068978
https://doi.org/10.1029/2019GL083931
https://doi.org/10.1126/science.279.5357.1672
https://doi.org/10.1126/science.279.5357.1672
https://doi.org/10.1016/0019-1035(72)90014-0
https://doi.org/10.1029/JB078i020p04331
https://doi.org/10.1029/2012GL051994
https://doi.org/10.1029/JB084iB14p08443
https://doi.org/10.1029/2011JE003855
https://doi.org/10.1029/2012GL053564
https://doi.org/10.1029/JS082i028p04379
https://doi.org/10.1016/j.aeolia.2011.05.001
https://doi.org/10.1126/science.1122099
https://www.cosmos.esa.int/web/mars-science-workshop-2018
https://www.cosmos.esa.int/web/mars-science-workshop-2018
https://doi.org/10.1016/j.icarus.2014.12.034
https://doi.org/10.1029/2019JE006111
https://doi.org/10.1029/2008JA013313
http://sci.esa.int/science-e/www/object/index.cfm?fobjectid=34885
https://doi.org/10.1029/2019GL083207


Journal of Geophysical Research: Space Physics 10.1029/2019JA027083

Shirley, J. H., Kleinböhl, A., Kass, D. M., Steele, L. J., Heavens, N. G., Suzuki, S., et al. (2019). Rapid expansion and evolution of a regional
dust storm in the Acidalia Corridor during the initial growth phase of the Martian global dust storm of 2018. Geophysical Research Letters,
46. https://doi.org/10.1029/2019GL084317

Smith, M. D. (2008). Spacecraft observations of the Martian atmosphere. Annual Review of Earth and Planetary Sciences, 36, 191–219.
https://doi.org/10.1146/annurev.earth.36.031207.124334

Smith, M. D. (2009). THEMIS observations of Mars aerosol optical depth from 2002–2008. Icarus, 202(2), 444–452. https://doi.org/10.1016/
j.icarus.2009.03.027

Smith, M. D. (2019). Themis observations of the 2018 Mars global dust storm. Journal of Geophysical Research: Planets, 124, 2929–2944.
https://doi.org/10.1029/2019JE006107

Smith, M. D., Bandfield, J. L., Christensen, P. R., & Richardson, M. I. (2003). Thermal Emission Imaging System (THEMIS) infrared obser-
vations of atmospheric dust and water ice cloud optical depth. Journal of Geophysical Research, 108(E11), 5115. https://doi.org/10.1029/
2003JE002115

Smith, M. D., Pearl, J. C., Conrath, B. J., & Christensen, P. R. (2000). Mars Global Surveyor Thermal Emission Spectrometer (TES) obser-
vations of dust opacity during aerobraking and science phasing. Journal of Geophysical Research, 105(E4), 9539–9552. https://doi.org/
10.1029/1999JE001097

Trantham, M., Liemohn, M., Mitchell, D., & Frank, J. (2011). Photoelectrons on closed crustal field lines at Mars. Journal of Geophysical
Research, 116, A07311. https://doi.org/10.1029/2010JA016231

Tyler, G. L., Balmino, G., Hinson, D. P., Sjogren, W. L., Smith, D. E., Simpson, R. A., et al. (2001). Radio science observations with
Mars Global Surveyor: Orbit insertion through one Mars year in mapping orbit. Journal of Geophysical Research: Planets, 106(E10),
23,327–23,348. https://doi.org/10.1029/2000JE001348

Withers, P. (2009). A review of observed variability in the dayside ionosphere of Mars. Advances in Space Research, 44(3), 277–307. https://
doi.org/10.1016/j.asr.2009.04.027

Withers, P., Felici, M., Mendillo, M., Moore, L., Narvaez, C., Vogt, M. F., & Jakosky, B. M. (2018). First ionospheric results from the MAVEN
Radio Occultation Science Experiment (ROSE). Journal of Geophysical Research: Space Physics, 123, 4171–4180. https://doi.org/10.1029/
2018JA025182

Withers, P., Mendillo, M., Hinson, D. P., & Cahoy, K. (2008). Physical characteristics and occurrence rates of meteoric plasma layers detected
in the Martian ionosphere by the Mars Global Surveyor Radio Science Experiment. Journal of Geophysical Research: Space Physics, 113,
A12314. https://doi.org/10.1029/2008JA013636

Withers, P., & Pratt, R. (2013). An observational study of the response of the upper atmosphere of Mars to lower atmospheric dust storms.
Icarus, 225(1), 378–389. https://doi.org/10.1016/j.icarus.2013.02.032

Xu, S., Liemohn, M., Bougher, S., & Mitchell, D. (2015). Enhanced carbon dioxide causing the dust storm-related increase in high-altitude
photoelectron fluxes at mars. Geophysical Research Letters, 42, 9702–9710. https://doi.org/10.1002/2015GL066043

Xu, S., Liemohn, M. W., Mitchell, D. L., & Smith, M. D. (2014). Mars photoelectron energy and pitch angle dependence on intense lower
atmospheric dust storms. Journal of Geophysical Research: Planets, 119, 1689–1706. https://doi.org/10.1002/2013JE004594

Zhang, M. H. G., Luhmann, J. G., Kliore, A. J., & Kim, J. (1990). A post-Pioneer Venus reassessment of the Martian dayside iono-
sphere as observed by radio occultation methods. Journal of Geophysical Research, 95(B9), 14,829–14,839. https://doi.org/10.1029/
JB095iB09p14829

Zurek, R. W., Barnes, J. R., Haberle, R. M., Pollack, J. B., Tillman, J. E., & Leovy, C. B. (1992). Dynamics of the atmosphere of Mars
(pp. 835–933). USA: Arizona Press.

FELICI ET AL. 17 of 17

https://doi.org/10.1029/2019GL084317
https://doi.org/10.1146/annurev.earth.36.031207.124334
https://doi.org/10.1016/j.icarus.2009.03.027
https://doi.org/10.1016/j.icarus.2009.03.027
https://doi.org/10.1029/2019JE006107
https://doi.org/10.1029/2003JE002115
https://doi.org/10.1029/2003JE002115
https://doi.org/10.1029/1999JE001097
https://doi.org/10.1029/1999JE001097
https://doi.org/10.1029/2010JA016231
https://doi.org/10.1029/2000JE001348
https://doi.org/10.1016/j.asr.2009.04.027
https://doi.org/10.1016/j.asr.2009.04.027
https://doi.org/10.1029/2018JA025182
https://doi.org/10.1029/2018JA025182
https://doi.org/10.1029/2008JA013636
https://doi.org/10.1016/j.icarus.2013.02.032
https://doi.org/10.1002/2015GL066043
https://doi.org/10.1002/2013JE004594
https://doi.org/10.1029/JB095iB09p14829
https://doi.org/10.1029/JB095iB09p14829

	Abstract


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


