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Abstract

Global dust storms at Mars have a signi>cant impact on the atmosphere and ionosphere, but only recently has their
impact on the magnetosphere been investigated. The 2018 global dust storm at Mars was the >rst global event
following the arrival of the Mars Atmosphere and Volatile EvolutioN mission at Mars, providing additional data to
that of Mars Express observing how plasma boundaries (the bow shock and induced magnetospheric boundary
(IMB)) varied over the storm duration. Applying 2D boundary models to spacecraft crossings, we >nd that the
variability of both boundaries increases due to the storm onset and continues after surface conditions have returned to
normal. While the bow shock shows no inAuence from the crustal magnetic >elds in the southern hemisphere of
Mars, the IMB dips here, the opposite of its normal bulging behavior. This is consistent with the signature found
during the 2007 global dust storm. We suggest this signature is due to a decrease in ionospheric pressure in this area
from the transport of ionized particles down crustal magnetic >eld lines toward the surface of Mars.

Uni�ed Astronomy Thesaurus concepts: Mars (1007); Planetary magnetospheres (997)

1. Introduction

The environment of Mars is complex, with the coupling
between the surface, atmosphere, ionosphere, and magneto-
sphere being an important topic in understanding this system.
One area that is not fully understood is how atmospheric
conditions and events potentially impact the wider system out
into the magnetosphere. C. Regan et al. (2024) analyzed the
impact of the 2007 global scale dust storm on boundaries in the
induced magnetosphere. We continue this avenue of research by
using the same techniques on the 2018 global scale dust storm in
order to understand if the system responds the same way to all
global dust storms.

1.1. Mars’s Induced Magnetosphere

Mars’s magnetosphere is induced as the solar wind interacts
directly with its exosphere and ionosphere, due to the lack of
dipole magnetic >eld. As the supersonic solar wind is deAected
around the planet, it slows to subsonic speeds at a boundary
known as the bow shock. It is characterized by an enhancement
of magnetic >eld draping and an increase in plasma temperature
and density. At the subsolar and terminator points, the bow
shock is located approximately 0.58–1.6 RM from the surface of
Mars, where RM = 3390 km, the radius of Mars (C. Bertucci
et al. 2011). The location of the bow shock varies over the solar
cycle (7%) and the Martian year (11%) (B. Hall et al. 2019) and

on shorter timescales due to solar events such as coronal mass
ejections (P. Garnier et al. 2022a). Crossing of the bow shock
leads to the magnetosheath, which is populated by high-density
and energy decelerated solar wind plasma.
The lower boundary of the magnetosheath is the induced

magnetospheric boundary (IMB), also referred to as the
magnetic pile-up boundary. Similar to Earth’s magnetopause,
the IMB forms a barrier to the solar wind Aow and is a sharp,
distinct discontinuity separating the solar wind population from
the planetary plasma population at Mars. It is characterized by
an increase in magnetic >eld magnitude and total electron
density and a decrease in electron temperature and solar wind
ion density. It is located on average at 0.33–0.45 RM at the
subsolar and terminator points (C. Bertucci et al. 2011).
N. Edberg et al. (2008, 2009) observed that the IMB
bulges in the southern hemisphere over the crustal
magnetic >elds, as trapped plasma here increases pressure
on the boundary, pushing it to higher altitudes compared to
elsewhere on Mars.

1.2. Global Dust Storms

Mars experiences a dust season every Mars year, peaking
during the southern hemispheric summer, where regional
storms are extremely common. Dust is also transported at
Mars daily, through saltation, winds, and dust devils. Dust
transportation is an important driver for the climate system
of Mars and has the power to inAuence atmospheric
temperature. Occasionally during dust storm season, regional
storms may grow and/or merge to form a storm system that
covers the entire surface—a global dust storm. These last
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occurred in 2018, 2007, and 2001, and it is not fully
understood why they occur in some Mars years and not
others. The 2007 global dust storm had a signi>cant impact
on the Martian atmosphere and ionosphere, increasing
neutral temperatures to 240 K (D. M. Kass et al. 2014)

and water vapor densities up to 1010 cm–3 at altitudes of 80
km (A. A. Fedorova et al. 2018). Hydrogen escape from
Mars increased (M. S. Chaf>n et al. 2014), and the
ionosphere was seen to bulge at the beginning of the storm
(N. Venkateswara Rao et al. 2019). A study on the impact
of this storm was conducted by C. Regan et al. (2024)

using data from Mars Express (MEx), >nding that the
variability of the bow shock and IMB position increases due
to the storm. In addition, they found that the IMB, which
usually bulges over crustal >elds in the southern hemisphere
(N. Edberg et al. 2008), becomes depressed over these
regions. This signature had not been seen before at Mars.

1.2.1. 2018 Global Storm

The most recent global dust storm at Mars (at the time of
writing) occurred in 2018 (Mars Year 34) during dust season.
This was the >rst global dust storm of the Mars Atmosphere
and Volatile EvolutioN mission (MAVEN, NASA; B. M.
Jakosky et al. 2015) era, and the second of MEx (ESA;
A. Cardesin-Moinelo et al. 2024). Dust lifting began at solar
longitude (LS) 176° (May 15; L. Rossi et al. 2021) and
became global a month later at LS 194°.9 (June 17; D. M. Kass
et al. 2019). The storm system had multiple growth phases
during its lifetime, in addition to a “storm within a storm”
occurring at LS 197°.3 (June 21; L. Montabone et al. 2020). At
the storm's peak, dust was lifted up to altitudes of 80 km,
wind speeds reached 200m s−1, and temperatures rose to
200 K (D. M. Kass et al. 2019; K. J. Roeten et al. 2022). The
decay phase of the storm was initiated at LS 255° (September
22) and surface conditions returned to normal at LS 270°
(October 16), where temperature and dust levels were back to
normal, nondusty conditions at the surface, as determined by
the Curiosity rover (L. Rossi et al. 2021). A summary of the
storm development is shown in Table 1.
On the surface, the dust storm caused incident UV solar

radiation to drop by 97%, and the diurnal range of air
temperatures decreased by 40–60 K (from 70–90 K to
30–35 K) as measured by the Curiosity rover (S. D. Guzewich

et al. 2019). Atmospheric composition was altered, with CO+2 ,
CO2, and Ar densities increasing, O

+

2 , N2, and He remaining
constant, and O+, CO, and O densities decreasing (A. Farahat
et al. 2021; J. F. Qin et al. 2022). Both MAVEN and the
ExoMars Trace Gas Orbiter found water abundance at high
altitudes (A. A. Fedorova et al. 2020; D. D. Niu et al. 2021),
and it was estimated that hydrogen-deuterium oxide, the
semiheavy isotope of water, was 40% more abundant during
this Mars year in comparison to non-global-storm Mars years,
indicating a large Aux of water escape (L. Rossi et al. 2021).
Moving to the ionosphere, the peak density was not found to
be signi>cantly impacted due to the storm, but the altitude of
the peak ionospheric layer lifted from 130 to 150 km, seen in
both MAVEN (M. Felici et al. 2020; V. Mukundan et al. 2021)

and MEx (K. Peter et al. 2023) data. The response of the
ionosphere in the southern hemisphere was delayed, with
the ionospheric layer density altitude there peaking a few
weeks after the northern hemisphere (M. Felici et al. 2020;
V. Mukundan et al. 2021). Studies of regional dust storms have
shown that the ionosphere is coupled in its response—during
events in 2022 June–July, MAVEN found the M2 and M1
layers' (main and secondary layer of electron density peaks
with altitude) both rose by the same amount (M. Felici et al.
2024). At the time of writing, there has been no research on the
impact of the 2018 global dust storm on the induced
magnetosphere of Mars. We use data from two satellites at
Mars, MEx and MAVEN, to identify boundary crossings of
the bow shock and IMB, which are then modeled using a 2D
empirical boundary model over the study period before,
during, and after the 2018 global dust storm.

2. Methodology

We follow similar methodology to that outlined in C. Regan
et al. (2024), with the addition of data from MAVEN. We
summarize the data products and models used below.

2.1. Instrumentation

To identify crossings of the bow shock and IMB, we use
data collected by the MEx and MAVEN missions. MEx was
launched by the European Space Agency in 2003 and began
science operations in 2004. It continues to be operational (at
the time of writing) after 21 Earth years of scienti>c return.
NASA’s MAVEN mission was launched in 2013, and began
operations in 2014, giving nearly 10 yr of return (at the time of
writing). We use data from the Analyzer of Space Plasmas and
Energetic Atoms (ASPERA-3) instrument on board MEx
(S. Barabash et al. 2006). It contains four instruments: two
Energetic Neutral Atom instruments, an Electron Spectrometer
(ELS), and an Ion Mass Analyzer (IMA). ELS can measure
electrons with energies up to 20 keV q−1 and has full
azimuthal angular coverage, with 16 nodes covering 22°.5
each. IMA is a stand-alone instrument mounted on the body
and is a spherical electrostatic analyzer and collimeter system.
It also has 16 nodes, each with a >eld of view of 22°.5, and can
measure ions up to 30 keV q−1. We use multiple instruments
on board MAVEN; the Solar Wind Ion Analyzer (SWIA),
Solar Wind Electron Analyzer (SWEA), and Magnetometer
(MAG). This suite of instruments help to address the main
science objectives of MAVEN, which are to study the
interactions of the Sun and solar wind with Mars’s magneto-
sphere (B. M. Jakosky et al. 2015). SWIA measures ions with

Table 1
Development of the 2018 Global Dust Storm, from D. M. Kass et al. (2019),
A. Sánchez-Lavega et al. (2019), L. Montabone et al. (2020), L. Rossi et al.

(2021)

LS

Earth
Date, 2018 Storm Phase

(deg)

176.0 May 15 Dust lifting begins
189.2 Jun. 7 Dust elevated to 40–60 km
194.9 Jun. 17 Storm becomes global
197.3 Jun. 21 Storm within a storm, temperatures exceeded

225 K
213.3 Jul. 18 Mature phase ends
255.0 Sep. 22 Onset of decay phase
257.0 Sep. 25 Regional dust event in southern pole region
270.0 Oct. 16 Temperatures and dust levels back to normal,

nondusty conditions at the surface
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electrostatic deAectors, providing a 360° × 90° >eld of view of
ions ranging from 5 eV to 25 keV (J. S. Halekas et al. 2015).
SWEA can measure electrons with energies between 3 and
4600 eV and is mounted at the end of a boom providing a >eld
of view across 80% of the sky with a 20° resolution
(D. L. Mitchell et al. 2016). MAG is composed of two
independent triaxial Auxgate magnetometer sensors and
provides magnetic >eld measurements with a resolution of
0.008 nT (J. Connerney et al. 2015).

2.2. Boundary Identi�cation

We used visual identi>cation of a boundary crossing of the
bow shock and IMB by MEx to produce a catalog of crossings
during our study period of 2018 April 1–November 30. For
MAVEN, we used a catalog developed by V. Linzmayer et al.
(2024) from an automatic detection algorithm that detects a
boundary crossing when MAVEN crosses from one region to
another, based on an automatic region detection algorithm from
F. Němec et al. (2020). There were some gaps in this catalog
during our study period due to threshold conditions not being
met, so these gaps were >lled with boundary identi>cation by
eye. An example of MAVEN boundary crossings is shown in
Figure 1(a), and a MEx example can be seen in Figure 1 of
C. Regan et al. (2024).
Using MEx, we used ELS data as our main method of

identi>cation as it has the highest resolution of the ASPERA-3
instruments. A sharp, distinct drop in the electron energy from
approximately 102.5 to 101.5 eV and counts from over 102 to less
than 101 mark an outbound bow shock crossing. Based on the
resolution of ELS and the uncertainty associated with the spatial
scale of the bow shock thickness (S. Burne et al. 2021), bow
shock crossings have an uncertainty of±32 s (S. Barabash et al.
2006). This is comparable to methods used in D. Vignes et al.
(2000), N. Edberg et al. (2008), and B. Hall et al. (2016). For an
outbound crossing of the IMB, electron populations increase
from low energies up to 103 eV (C. Bertucci et al. 2011) with an
increase in counts. The signatures of heavy ions disappear and
protons are detected. Based on the lower resolution of IMA, we

primarily use ELS to identify an IMB crossing but use the
protons and heavy ions as a supplementary data set where
crossings were uncertain in ELS data. With MAVEN, the
SWEA, SWIA, and MAG instruments are all used to detect
boundary crossings. When traveling outbound, the bow shock is
identi>ed by a sharp decrease in electron energy spectra and
counts, coincident with a drop in density and temperature. Ions
also show a drop in density and temperature, with energy spectra
also dropping. In the magnetic >eld, there is a sharp increase in
values when compared to the magnetic >eld strength in the solar
wind. Occasionally the ion and magnetic >eld values do not
show a rapid change, but rather change over a few minutes. In
these cases we use the electron data to mark a bow shock
crossing to be consistent with the identi>cation method used for
MEx. Outbound IMB crossings are identi>ed by an increase in
electron and ion density and temperature, and a decrease in the
magnetic >eld strength. Similarly to the bow shock, we take the
electron data as the main indicator of a boundary crossing.

2.3. Boundary Modeling

To compare boundary crossings over the study period, we
use a 2D empirical boundary model following methodology by
D. Vignes et al. (2000), J. G. Trotignon et al. (2006),
N. Edberg et al. (2008), and C. Regan et al. (2024). We
calculate the terminator (RTD) and subsolar (RSS) distances for
each crossing using Equations (1)–(2), where L is the semilatus
rectum (Equation (3)) in polar coordinates of each crossing (r,
θ), e is the boundary eccentricity, and x0 is the conic focus.
These distances are visualized in Figure 1(b).

( ) ( )= + +R L e x eLx1 2 , 1

TD

2 2

0

2

0

( ) ( )= + +R x L e1 , 2

SS 0

1

( ) ( )= +L r e1 cos . 3

There are a range of values used for e and x0 (Table 2). We
use the constants provided by N. Edberg et al. (2008) for
consistency with the 2007 global storm study, but the inAuence
of using different constants is discussed in Section 3.1.

Figure 1. (a) MAVEN crossings of the induced magnetospheric boundary (IMB) and the bow shock (BS) on 2018 July 14. (i)–(ii) Electron energy, density, and
temperature from SWEA; (iii)–(iv) ion energy, density, and temperature from SWIA; (v) magnetic >eld components and magnitude from MAG; (vi) MAVEN
altitude over Mars in Mars radii. (b) Terminator and subsurface distances to boundaries from Mars in Mars Solar Orbital coordinates.
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Conducting analysis using the terminator distance removes
the inAuence of the solar zenith angle on boundary positions
and enables comparisons to be made between crossings.
Rather than assuming a constant solar wind aberration angle of
4°, we calculate the exact aberration angle to rotate crossings
about the Z-axis in Mars Solar Orbital (MSO) coordinates. We
use model solar wind data (discussed later) and the Mars
orbital velocity to calculate the angle for each crossing.

3. Results

From 2018 April 1 to November 30 there are 2399 total bow
shock crossings (805 MEx, 1594 MAVEN) and 2321 total IMB
crossings (782 MEx, 1539 MAVEN). Looking at dayside
crossings only (where XMSO� 0), this reduces to 2010 bow
shock (580 MEx, 1430 MAVEN) and 1487 IMB (305 MEx,
1182MAVEN) crossings. There are two data gaps present in the
ASPERA-3 data during the study period; from April 13 to 27
there were no science operations on MEx due to the
implementation of a gyroless mode, and from November 19 to
30 the instrument had to be turned off due to overheating
(M. Holmström, personal communication). The distribution of
the crossings used in this study is shown in Figure 2. Example

spacecraft orbits over the study period are plotted showing the
orbit evolution over time. The MAVEN crossings are mostly on
the dayside as the Linzmayer algorithm only identi>es crossings
on the dayside of Mars (based on the algorithm parameters).
Nightside crossings from MAVEN have been identi>ed by eye
where there is a gap in the algorithm for completeness. MEx
crossings are limited in the subsolar region due to the
spacecraft’s orbit over the study period. The apparent Aattening
at the largest distance of the bow shock in MAVEN data seen in
the red dots grouped from −1 to 0 X and 2.5–3 +Y Z

2 2 in
Figure 2(a) is an orbital effect.

3.1. Variability over Time

Following methodology from C. Regan et al. (2024), we
remove any variation due to the change in the Sun–Mars
distance over our study period by multiplying the modeled
values by r2.02, where r is the heliocentric distance, assuming
a relationship with the dynamic pressure to the power of 2.02
as estimated by B. Hall et al. (2019) as the power law index
of the variability. We use this for both boundaries for
consistency with C. Regan et al. (2024) and assuming
coupling between the bow shock and IMB. We focus on
the dayside crossings of both boundaries, as variability of both
increase past the terminator point and onto the nightside of the
planet. The >tted subsolar and terminator distances for
dayside crossings of both boundaries can be seen in
Figures 3–4. Panel (a) in both >gures shows the absolute
value of the subsolar (Figure 3) and terminator (Figure 4)

distances taken from Equations (2), (1). Figure 3(b) shows the
variation in the Sun–Mars distance over the study period,
which is then used to remove any inAuence of this variation,
leaving the corrected values of subsolar and terminator
distances in Figure 3(c). There is an uncertainty of ±20.4
km, taken from B. Hall et al. (2019), using the value
calculated for Mars Year 28 (2007), which also experienced a
global scale dust storm. This uncertainty is determined by the
standard error on the >t parameters used as inputs for the
boundary model.
For both the bow shock and the IMB, values begin scattered

and then group together, forming a negative slope (the

Figure 2. Bow shock (BS) and IMB crossings from (a)MAVEN and (b)Mars Express from 2018 April 1 to November 30, in rotated MSO coordinates. Single orbits
from 00:00 on May 1, August 1, and November 1 annotated in gray.

Table 2
Bow Shock and IMB Constants for Eccentricity and Conic Focus

Bow Shock

References Eccentricity, e Conic Focus, x0 (RM)

M. Wang et al. (2020) 1.05 0.5–0.8
B. Hall et al. (2019) 1.006 0.78
X. Fang et al. (2017) 0.872 0.42
N. Edberg et al. (2008) 1.05 ± 0.04 0.55 ± 0.12
J. G. Trotignon et al. (2006) 1.026 ± 0.002 0.6
D. Vignes et al. (2000) 1.03 ± 0.01 0.64 ± 0.02

IMB

References Eccentricity, e Conic Focus, x0 (RM)

N. Edberg et al. (2008) 0.92 ± 0.03 0.86 ± 0.11
J. G. Trotignon et al. (2006) 0.77 ± 0.01 0.64 ± 0.01
D. Vignes et al. (2000) 0.90 ± 0.01 0.78 ± 0.01
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boundary moving toward the planet surface) moving into the
expansion phase of the storm. As the storm becomes global at
line (ii) in Figures 3 and 4, subsolar and terminator distances
become more scattered, and this continues to the end of the
study period. This strong grouping of values from April to
June is a feature of the MAVEN crossings and is not seen in
the MEx crossings. Removing the inAuence of the Sun–Mars

distance (Figures 3(c) and 4(c)) results in a steeper gradient of
values during the prestorm and expansion phase. After the
storm goes global there is no strong inAuence of the Sun–Mars
distance, as Mars reaches perihelion. However, the boundaries
remain closer to Mars after the expansion than at prestorm
distances. Prior to the storm going global on June 17 (line (ii)),
>tted subsolar and terminator distances have very constrained

Figure 3. Dayside crossings from 2018 April 1 to November 30: (a) >tted subsolar distances (Equation (2)) for the bow shock (red) and IMB (blue), (b) distance
between the Sun and Mars, and (c) >tted normalized subsolar distances taking into account the Sun–Mars distance in arbitrary units. Distances are measured from the
center of Mars. Storm phases are overplotted as vertical lines where (i) dust lifting begins, (ii) the storm becomes global, (iii) the decay phase begins, and (iv) surface
conditions return to normal (Table 1).

Figure 4. Dayside crossings from 2018 April 1 to November 30 for terminator distances (Equation (1)). Features are the same as described for Figure 3.

5
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distributions, particularly for the IMB where the peaks of a
bimodal distribution cross over each other at the start of June.
This is an orbital effect of MAVEN, with these crossings
having very similar X-coordinates and solar zenith angles. For
both boundaries, there is more variability in >tted values after
the storm goes global at line (ii). This continues after the
surface conditions return to normal on October 16 (line (iv)).
There is some overlap in subsolar distance values for the bow
shock and IMB. This is due to the subsolar point being more
dif>cult to constrain to represent the boundary shape. For this
reason, we focus on the terminator distance for our detailed
analysis.
We also investigated how different boundary models would

alter our results. We looked at a rolling mean of the terminator
distance for both boundaries using different eccentricity and
conic focus values outlined in Table 2. The results are shown
in Figure 5 for the (a) bow shock and (b) IMB. For the bow
shock, the D. Vignes et al. (2000), J. G. Trotignon et al.
(2006), N. Edberg et al. (2008), B. Hall et al. (2019), and
M. Wang et al. (2020) models are similar, but the X. Fang
et al. (2017) model has a signi>cant difference of almost 2000
km. The constants from this model are signi>cantly lower
compared to the others, as the shape considered is less Aared.
They also eliminate crossings where the solar zenith angle is
greater than 5°, which we have not done for this study. The
IMB models all follow the same trend, with a difference in
values of up to 1000 km at times. The N. Edberg et al. (2008)

model is consistently higher than the D. Vignes et al. (2000)

and J. G. Trotignon et al. (2006) models, but this is likely due
to the contrasting amounts of data that have gone into the
creation of these models, as N. Edberg et al. (2008) use the
whole Mars Global Surveyor data set. There has not been
much modeling carried out on the IMB, and this highlights
how variable it can be.

3.2. Position with Respect to the Surface

To look at any variations with respect to the Martian
surface, we binned results based on their areographical
location in 10° latitude by 10° longitude groups. Results for
the terminator distance and normalized terminator distance can
be seen for the bow shock in Figures 6(a) and (b), respectively,
with the number of crossings within each bin in Figure 6(c).
There are gaps present in the northern hemisphere at higher
latitudes due to a gap in the orbital coverage from both MEx
and MAVEN. In general, terminator distance values are
highest near the equator ±30°, with values ranging between
11,000 and 13,500 km (for the mean RTD case). Toward the
poles, values decrease, with the northernmost values being
lowest at less than 8000 km. It is worth noting that there is a
lack of data points at these latitudes, though, as highlighted in
the crossing frequency distribution in Figure 6(c).
Results for the IMB mean terminator distance and mean

normalized distance are shown in Figures 6(d)–(e). There is a
data gap between −20° and −50°, and also at both poles due to
orbital constraints of MEx and MAVEN during the study
period. Similarly to the bow shock, values are highest across

Figure 5. Comparison of different boundary models listed in Table 2 and resultant rolling means of the bow shock (a) and induced magnetospheric boundary (b)

where the mean terminator distance is calculated every 50 days since the start of the study period, with 25 day intervals. Error bars indicate the standard deviation of
results.
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the equatorial region, with values ranging between 8000 and
10,000 km (for the nonnormalized case), decreasing toward the
north and south poles. The lowest values of below 6000 km are
present at the north pole. Similarly to the bow shock, the
crossing frequency per bin decreases at the highest absolute
latitudes at the north and south pole (Figure 6(f)).
To ensure there are no space weather inAuences on our data

set, we looked at the solar wind conditions from ASPERA-3
on MEx and SWIA on MAVEN. In general, data from both
spacecraft are in reasonable agreement. The values are
expected during solar minimum conditions, and there are no
solar events causing an increase in density or velocity that
were observed by MAVEN or MEx. Neither mission has a
continuous solar wind measurement over the study period.

4. Discussion

We consider the study period as a whole, rather than
splitting it into stages of dust development for our analysis.
This is due to the orbital limitations of both spacecraft
meaning global coverage is not achieved in each phase of the
dust storm. This inAuences the distribution of crossings, with a
bias of identi>cation where the spacecraft is located at any
time. We now analyze each boundary separately below.

4.1. Bow Shock

Considering the rolling mean of the bow shock during the
study period (Figure 7), there is no signi>cant variation in the
value of the terminator distance; however, when this is
corrected for changes in Sun–Mars distance, a negative trend
appears. As the storm develops, the normalized terminator
distance decreases, and increases slightly as surface conditions
return to normal. This follows a similar trend to the IMB,
suggesting they are coupled, which is discussed later.
To investigate the inAuence of the crustal magnetic >elds at

Mars, we looked at the position of each crossing with respect
to the surface, using the J. W. Gao et al. (2021) crustal >eld
model. These locations are shown in Figure 8(a). Crossings are
scattered, with some groupings in latitude across all longitudes
in both hemispheres (20° to 45° in the north and −68° to
−76° in the south). The crustal >elds are stronger in the
southern hemisphere, so we limited crossings to this southern
band. The normalized mean terminator distances here are
shown in Figure 9. There is some variation in values, but
considering the standard deviations, this becomes insignif-
icant; therefore, during this period the bow shock shows no
strong inAuence from the strongest crustal >elds in the
southern hemisphere, although due to the bias in orbital
coverage it is dif>cult to conclude this globally.

Figure 6. Results for the bow shock (a)–(c) and induced magnetospheric boundary (d)–(f) across the Martian surface for all dayside crossings of MAVEN and Mars
Express from 2018 April 1 to November 30, in 10°×10° bins. (a), (d) Mean >tted terminator distance from Equation (1); (b), (e) normalized (to r2.02) mean >tted
terminator distance, considering the changing Mars–Sun distance and dynamic pressure; (c), (f) number of boundary crossings within each bin. Base map of the
Martian topography for reference to surface features. Topography obtained by the Mars Global Surveyor’s Mars Orbiter Laser Altimeter digital elevation model
(USGS 2023).
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4.2. IMB

For the IMB, the terminator and normalized values are
shown in Figure 10. The trends for both are similar, indicating
that the variation in the Sun–Mars distance is not a major
inAuencing factor during this period.
The distribution of IMB crossings with respect to the crustal

>elds at Mars is shown in Figure 8(b). A band of continuous
longitudinal coverage is present from latitudes −40° to −80°,
including areas from those with no crustal magnetic >eld
strength to some of the strongest crustal >elds at the
midlongitudes. We limit data to this band to investigate
whether the crustal >elds are inAuencing the IMB during this
study period.
As well as limiting the data to this areographical region, we

also split it by dust storm phase (Table 3). Figure 11 shows
that the IMB moves closer to the surface over crustal >elds
during times of dust activity. Normal behavior of the IMB
shows the boundary moving farther from the surface over
strong crustal >elds (as found by D. H. Crider et al.

2002, 2003; N. Edberg et al. 2008; X. Fang et al. 2017;
J. R. Gruesbeck et al. 2018; P. Garnier et al. 2022a, 2022b),
but this result agrees with the results of an investigation of the
2007 global dust storm (C. Regan et al. 2024). There is a bias
present in the amount of data in each storm phase, which
results in the large standard deviation values. This depression
over crustal >elds is seen to be mainly present during times of
dust activity in the atmosphere of Mars. In the pre- and post-
storm time periods, values are more stable, although they do
not show the typical bulge over crustal >eld regions that would
be expected.
In C. Regan et al. (2024), it is suggested that this feature is

caused by the con>nement of charged particles over crustal
>elds reducing ionization rates in comparison to elsewhere on
the planet. After seeing this feature again, we suggest a
different cause of this signature than that stated in C. Regan
et al. (2024). This is due to the past studies not identifying that
ionization rates vary across the planet during global storms
(M. Felici et al. 2020; V. Mukundan et al. 2021). As

Figure 7. Rolling mean of the >tted and corrected terminator distance, RTD, for the bow shock. Mean calculated every 50 days in 25 day steps from 2018 April 1 to
November 30, with error bars of the standard deviation.

Figure 8. Positions of boundary crossings of MAVEN and MEx from 2018 April 1 to November 30 for the (a) bow shock and (b) induced magnetospheric boundary.
Plotted over the radial crustal magnetic >eld strength at 400 km altitude, given by the Gao model (J. W. Gao et al. 2021).
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atmospheric particles are uplifted and ionized due to the dust
storm, we suggest they then travel back down toward Mars
along magnetic >eld lines. They then recombine or photo-
dissociate, consequently decreasing the ionospheric pressure in

these areas. A decrease in ionospheric pressure allows the
IMB to move closer to the planet as the pressure from the
magnetosheath dominates. This process is visualized in
Figure 12. To further investigate this process, in-depth
atmospheric and ionospheric modeling would help understand
particle transport processes toward Mars and determine if this
is the cause of the IMB depression seen for both the 2018 and
2007 storms. While this signature is consistent with the 2007
study, the strong distinction between dusty and nondusty times
in Figure 11 was not expected and provides further evidence of
this being a dust storm related feature.
Whether this feature is also present during regional or local

dust storms at Mars is currently unknown. Dust storms vary in

Figure 9. Mean corrected terminator distance of the bow shock, calculated for each 20° longitude interval with latitude limited to −80° to −60°, and error bars of
standard deviation plotted over the radial component of the magnetic >eld at 400 km altitude for this latitude range from the Gao model (J. W. Gao et al. 2021).

Figure 10. Rolling mean of the >tted and normalized terminator distance, RTD, for the IMB. Mean calculated every 50 days in 25 day steps from 2018 April 1 to
November 30, with error bars showing the standard deviation.

Table 3
Phase Split of the 2018 Martian Global Dust Storm

2018 Dates Dust Storm Phase

Apr 1–May 15 Pre–Global Dust Storm
May 15–Oct 26 Storm Development, Global Storm, and Decay Phase
Oct 26–Nov 30 Post–Global Dust Storm
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size and length but show similarities in their impact on the
Martian system. Z. Girazian et al. (2019) found in studies of
six events (sizes varying from local to global) that the peak
ionospheric altitude increases in all events, showing a
signi>cant increase in the upper atmospheric variability.
M. Felici et al. (2024) found during regional dust storms in
2021 and 2022 (which occurred in the southern hemisphere)

that ionization rates increased down to altitudes of 80 km, so a
depression in the IMB may be present during these events.
Investigations into regional storms and their impact on the
IMB are beyond the scope of this study.
Solar wind data from both MEx and MAVEN, in addition

to a solar wind propagation model from C. Tao et al.
(2005, 2015), were analyzed against the model terminator

Figure 11. Mean corrected terminator distance of the IMB, calculated for each 20° longitude interval with a latitude limited to −80° to −30°, split into three stages
of dust development as outlined in Table 3, with error bars as standard deviation plotted over the radial component of the magnetic >eld at 400 km altitude for this
latitude range from the Gao model (J. W. Gao et al. 2021).

Figure 12. Possible cause of the depression in the induced magnetospheric boundary over crustal >elds seen during global dust storms.
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distance outputs to check there was no inAuence of solar wind
conditions. No dependence was found against the results.

5. Conclusions

Global dust storms at Mars last several months and cause
changes in atmospheric and ionospheric compositions. The 2018
storm was no exception to this. The impact on the magnetosphere
of Mars is present as an increase in boundary variability of the
bow shock and IMB. MAVEN and MEx crossings introduce
orbital bias in our data as their orbits favor certain areas of Mars
over the study period. However, between both spacecraft over a
period of 8 months we get reasonable coverage of dayside
boundary crossings with respect to the Martian surface. Looking
at both boundaries generally, when correcting for the change in
Sun–Mars distance, they both move closer to the surface as the
dust storm develops, indicating they are coupled. Although there
is not a continuous areographical coverage of the Martian surface
over the study period, both boundaries have a high concentration
of crossings over a speci>c latitude range, allowing comparison
to be done over areas of strong and weak crustal >elds. The bow
shock shows no relationship to the strongest crustal >elds in the
southern hemisphere, but the IMB dips over crustal magnetic
>elds during times of dust activity. Previous studies have found
that the boundary bulges here, but this depression is consistent
with the signature found in the 2007 global dust storm study. We
suggest this signature is caused by the ionized atmospheric
particles being scattered by crustal magnetic >eld lines where
they travel back toward Mars, recombining and therefore
reducing ionospheric pressure in this area. Further study is
needed to con>rm whether this behavior of the IMB is consistent
with the occurrence of global dust storms. In particular, study of
the magnetic topology of the crustal >elds and modeling of
atmospheric and ionospheric particles would enable further
investigation into this cause. This is beyond the scope of this
study. The main limitation on this study is the orbital bias
presented by MAVEN and MEx, so additional spacecraft that are
able to identify plasma boundary crossings would >ll this gap for
further study during the next Martian global dust storm.
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