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Abstract In this work we revisit an event observed by Mars Atmosphere and Volatile Evolution MissioN
in the solar wind where the interplanetary magnetic ﬁeld (IMF) rotates around the Mars‐Sun axis during
∼6 min. Based on a time‐dependent LATMOS Hybrid Simulation, we determine recovery timescales of the
dayside Martian magnetosphere normalized by the IMF variability timescale. Particularly, we ﬁnd that
such recovery timescales range between 8 s and 11 min for an ∼90° IMF rotation that lasted 50 s (observed as
part of the 6‐min time interval), depending on the considered magnetospheric region. We also ﬁnd that
the O+ plume recovery timescales range between 40 and 120 s, taking greater values for further downstream
distances (at least up to 1RM downstream from the terminator plane). This range is on the order of the
magnetosheath O+ gyroperiod, showing the kinetic nature of the plume recovery process.

1. Introduction
The Martian magnetosphere forms as the solar wind (SW) directly interacts with the planet's upper
atmosphere and crustal magnetic ﬁelds. This interaction constantly changes based on both planetary (e.g.,
crustal ﬁeld orientation and ionosphere conductivity) and solar factors (e.g., SW parameters and extreme
ultraviolet ﬂux). Additionally, various acceleration mechanisms directly affect the spatial and temporal
scales of the system (e.g., Brain et al., 2017; Curry et al., 2015; Dubinin et al., 2011; Harada et al., 2015a;
2015b; Halekas et al., 2017, 2017; Jakosky et al., 2018; Ma et al., 2017; Martinez et al., 2019; Mazelle et al.,
2004; Modolo et al., 2012; Rahmati et al., 2017; Romanelli, Modolo, Leblanc, Chaufray, Hess, et al., 2018;
Sánchez‐Cano et al., 2017). Indeed, acceleration by Hall electric ﬁelds, magnetic reconnection, and plasma
instabilities associated with non‐Maxwellian distribution functions are examples of physical processes that
depend upon several variables and that affect the evolution of the plasma in the Martian environment on
different spatial and temporal scales. Given the wide range of processes acting on the magnetosphere, it is
challenging to quantify the impact that changes in one of the external/internal conditions might have on
the overall SW interaction with Mars.
One key external factor affecting the responses of the Martian‐induced magnetosphere (Acuña et al., 1998)
to the upcoming SW is the interplanetary magnetic ﬁeld (IMF) variability. Such variability affects the evolution of planetary pickup ions (Dong et al., 2015), the magnetotail morphology (e.g., DiBraccio et al., 2015;
DiBraccio et al., 2017; DiBraccio et al., 2018; Dubinin & Fraenz, 2015; Fang et al., 2018; Grigorenko et al.,
2017; Hurley et al., 2018; Luhmann et al., 2015; Romanelli et al., 2014; Romanelli et al., 2015), and magnetic
reconnection (Harada et al., 2015a, 2015b) with Martian crustal magnetic ﬁelds (Acuña et al., 1999;
Connerney et al., 2001, 2005), among other processes. In order to characterize transient magnetospheric
states and estimate recovery timescales associated with changes in the IMF orientation, we analyze a case
study under restricted external conditions. This case study utilizes a combination of single‐point in situ
spacecraft observations by the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission (Jakosky et al.,
2015) along with time‐dependent hybrid simulations (Modolo et al., 2012; Romanelli, Modolo, Leblanc,
Chaufray, Hess, et al., 2018).
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December 2014, between 10:43 and 10:49 UT. Romanelli, Modolo, Leblanc, Chaufray, Hess, et al. (2018)
reported that recovery timescales in the Martian magnetotail range between ∼10 s and ∼12 min and that
the computed H+ and O+ planetary ion loss rates do not show a strong change due to such IMF rotation.
However, the recovery timescales of the dayside Martian magnetosphere and the spatiotemporal adaptation
of O+ plume to this event remain an open question. Here, we build from this original work to examine the
MAVEN data and Romanelli, Modolo, Leblanc, Chaufray, Hess, et al. (2018) simulation in order to
determine the recovery timescales of the dayside Martian magnetosphere and the O+ plume.
This study is structured as follows. We provide a brief description of MAVEN Magnetometer (MAG;
Connerney, Espley, Lawton, et al., 2015), Solar Wind Ion Analyzer (SWIA; Halekas et al., 2015), and the
LatHyS code in section 2. Recovery timescales of the Martian dayside magnetosphere and the O+ plume
are computed in section 3. We present our discussion and conclusions in section 4.

2. Data and Model Overview
The MAVEN MAG provides vector magnetic ﬁeld measurements with a maximum sampling frequency of
32 Hz and absolute vector accuracy of 0.05% (Connerney, Espley, Lawton, et al., 2015; Connerney, Espley,
DiBraccio, et al., 2015). In this study we have used full time resolution MAG data, only in the ﬁnest dynamic
range, corresponding to an accuracy of ∼0.25 nT.
MAVEN's SWIA is an energy and angular ion spectrometer covering an energy range between 25 eV/q and
25 keV/q with a ﬁeld of view of 360° × 90° (Halekas et al., 2015). In this work we display the observed energy
ion ﬂux spectra with 8‐s resolution. Moments derived from SWIA (Halekas et al., 2015) and Supra‐Thermal
and Thermal Ion Composition (STATIC; McFadden et al., 2015) measurements (not shown) were used as
input for the time‐dependent simulation (Romanelli, Modolo, Leblanc, Chaufray, Hess, et al., 2018).
LatHyS is a global three‐dimensional multispecies parallelized hybrid model that is able to accurately
describe physical processes occurring in space plasma environments (e.g., Leclercq et al., 2016; Modolo et al.,
2005; Modolo et al., 2012; Modolo, 2016; Modolo et al., 2017; Richer et al., 2012; Romanelli, Modolo, Leblanc,
Chaufray, Hess, et al., 2018; Romanelli, Modolo, Leblanc, Chaufray, Martinez, et al., 2018; Turc et al., 2015).
þþ
To model the Martian environment, it considers six ion species kinetically: SW Hþ
SW and HeSW and planetary
+
+
þ
þ
H , O , O2 , and CO2 . The electrons are described with two massless ﬂuids with different temperatures (SW
and ionospheric). The Martian neutral environment is modeled by one‐dimensional radial density proﬁles
for CO2, O, and H, assuming spherical symmetry. Proﬁles used in this study correspond to RUN B, reported
in Modolo (2016). Crustal magnetic ﬁelds at Mars (Acuña et al., 1999) are described using the model derived
in Cain et al. (2003). A detailed description of the LatHyS model and the time‐dependent simulation presented here can be found in Modolo (2016) and Romanelli, Modolo, Leblanc, Chaufray, Hess, et al.
(2018), respectively.
The time‐dependent simulation analyzed in this work has 80‐km spatial resolution and 0.0617‐s time step
(i.e., 0.0333 Ω−1
ci , where Ωci is the SW protons gyrofrequency). The simulation domain extends from −2.4
to 2.4 RM in XMSO axis and from −4.5 to 4.5 RM in YMSO and ZMSO axes (RM stands for Martian radii,
1 RM=3,393 km). The Mars Solar Orbital (MSO) coordinate system is centered at Mars and is deﬁned as
follows: The XMSO axis points to the center of the Sun, and the YMSO axis points opposite to the direction
of the orbital velocity component of Mars orthogonal to XMSO. The ZMSO completes the right‐handed system.

3. Analysis and Results
Building on the work of Romanelli, Modolo, Leblanc, Chaufray, Hess, et al. (2018), we analyze an event on
23 December 2014, between 06:00 and 14:15 UT, when MAVEN observed an IMF rotation in the upstream
SW. An overview of MAVEN SWIA and MAG observations, along with MAVEN's 4.5‐hr orbit trajectory in
MSO coordinates, is displayed in Figure 1. The inbound bow shock crossings occurred at the ﬂank (close to
the terminator plane), and the outbound crossings were closer to the bow shock subsolar point. As reported
in Romanelli, Modolo, Leblanc, Chaufray, Hess, et al. (2018), MAVEN observations suggest that the mean
IMF, mean bulk SW velocity, and mean SW density remained approximately constant when the spacecraft
was inside the magnetosphere during the ﬁrst orbit (07:17–09:20 UT). Speciﬁcally, these parameters did not
vary signiﬁcantly when comparing upstream, inbound and outbound, observations. The computed mean
ROMANELLI ET AL.
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Figure 1. (left panels) MAVEN MAG and SWIA (SWICA mode) observations on 23 December 2014, 06:00–14:15 UT. The SWIA ion ﬂux energy spectrogram (top)
and the magnetic ﬁeld MSO components and magnitude as a function of time (bottom). (right panels) MAVEN trajectory in MSO coordinates for this time
interval (shown in blue). Red points display MAVEN's position when the IMF rotation analyzed in this work takes place. Bow shock and magnetic pileup boundary
ﬁts (Vignes et al., 2000) are shown in solid and dashed black lines, respectively. MAVEN = Mars Atmosphere and Volatile Evolution MissioN;
MAG = magnetometer; SWIA = Solar Wind Ion Analyzer; MSO = Mars Solar Orbital; IMF = Interplanetary Magnetic Field.

IMF, SW velocity, and density (in MSO coordinates) are BIMF=[0.59±0.56,−5.41±0.27,−1.16±0.65] nT,
USW=[−298±3,29±3,24±6] km/s, and nSW=11±0.5 cm−3, respectively. These estimations correspond to
the average of the mean value of each variable derived from inbound (06:45–07:15 UT) and outbound
(09:36–10:06 UT) measurements. Variability in the IMF orientation was ﬁrst observed between 10:43 and
10:49 UT where, in particular, a ∼90° rotation in the clock angle occurred over ∼50 s centered around
10:47 UT. Upstream SW velocity and density did not vary signiﬁcantly during this time interval.
3.1. Dayside Magnetosphere Recovery Timescales
LatHyS results are employed to determine recovery timescales of the dayside magnetosphere to the observed
IMF rotation on 23 December 2014 (Figures 2a and 2b). We use four slices at various XMSO distances in the
YMSO‐ZMSO planes in order to analyze the local magnetic ﬁeld morphology throughout the dayside magnetosphere and the near wake: XMSO=1.25RM, XMSO=1RM, XMSO=0RM, and XMSO=−1RM. The ﬁrst plane is chosen to intersect the magnetic pileup boundary (MPB) close to its subsolar point based on the analytical model
presented by Vignes et al. (2000). The other three slices are chosen to determine changes in the magnetic
ﬁeld morphology on 1‐RM length scales, centered at the terminator plane. Note that the spatial region under
analysis is complementary to the one considered by Romanelli, Modolo, Leblanc, Chaufray, Hess, et al.
(2018) to compute magnetotail recovery timescales.
For each of these planes, we consider four annular regions centered on YMSO=ZMSO=0RM deﬁned by the following (cylindrical) radial limits: r=[rSPH,r1], r=[r1,rMPB], r=[rMPB,r2], and r=[r2,rBS]. Here r1=(rSPH
+rMPB)/2, r2=(rMPB+rBS)/2, r is the cylindrical radii from (0,0) in the Y‐Z MSO plane and rMPB and rBS
are the radial distances of the MPB and BS intersection at each plane, respectively. The value of the innermost boundary rSPH corresponds to the cylindrical radii associated with the intersection between the plane
under consideration and an effective spherical obstacle of radius 1.2 RM. This methodology reduces the
effects from crustal magnetic ﬁelds in the following calculations. If there is not such intersection, rSPH=0RM.
For each of these annular regions, we determine the centers of intensity <r>+ and <r>− associated with all
positions where BxMSO>0 and BxMSO<0, respectively. This calculation is analogous to the deﬁnition of the
center of mass, but with the BxMSO component instead of the mass. Thus, this methodology makes use of
the local magnetic ﬁeld draping morphology, as implemented in Romanelli, Modolo, Leblanc, Chaufray,
Hess, et al. (2018). Based on the two centers of intensity, we deﬁne a unitary vector (going from <r>+ to
<r>−), used as a proxy to characterize the morphology of the magnetic ﬁeld for each annular region in
ROMANELLI ET AL.
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Figure 2. (a, b) Schematic representation of the four annular regions considered to study the magnetic ﬁeld morphology
in the speciﬁed four planes perpendicular to the XMSO axis. (c, d) θ computed from the upstream interplanetary magnetic
ﬁeld component perpendicular to the XMSO axis (in black) and the centers of magnetic ﬁeld intensity in the four annular
regions at the XMSO=1.25RM and XMSO=1RM planes (c), and at the XMSO=0RM, and XMSO=−1RM planes (d), as a
function of time (for 23 December 2014, 10:42–10:52:30 UT). Green, yellow, light blue, and red curves characterize the
mean magnetic ﬁeld orientation over annular regions sampling from the magnetosheath up to the magnetic pileup region,
for all analyzed planes. MSO = Mars Solar Orbital.

each of the four considered planes. By means of the associated angle θ, between such vector in the Y‐Z MSO
plane and the ZMSO axis (varying between −180° and 180°), we study the temporal evolution of magnetic
ﬁeld morphology inside the dayside magnetic pileup region and magnetosheath (MSH), for the four
planes and for the 10:42:00–10:52:48 UT time interval.
LatHyS results demonstrate that different sections of the dayside magnetosphere, in the four XMSO slices
described above (see Figure 2a), adapt to the IMF variability over several timescales (Figures 2c and 2d).
This range in recovery timescales depends upon the physical properties and processes taking place in each
dayside region. The simulation results are separated into two panels in Figures 2c and 2d for easy viewing
with the colors referring to the annular regions (Figure 2b) where each sampling was performed. When comparing curves related to the same annular region (line colors), the results demonstrate a clear difference in
the magnetic ﬁeld recovery times between XMSO planes. Indeed, for a given annular region, θ is generally
observed to vary ﬁrst in the XMSO plane that is furthest upstream, as the magnetic perturbation propagates
through the system. The temporal variability computed for the outer MSH magnetic ﬁeld orientation (green
curve) closely resembles the IMF rotation observed by MAVEN upstream from the Martian bow shock
(black curve), after a short time delay on the order of ∼8 s or less. Next, the inner MSH region (yellow curve)
also follows the IMF rotation, after a larger time delay that depends upon the XMSO plane under consideration. The similarity between the perpendicular component of both the upstream IMF and the modeled MSH
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suggests that the direction of the local magnetic ﬁeld in the MSH is a reliable proxy for monitoring changes
in the IMF clock angle, particularly upstream from the terminator plane.
A larger time shift and a smoother rotation of the local magnetic ﬁeld is observed in the external and internal
regions inside the MPB (light blue and red, respectively), as clearly seen in Figure 2d. This temporal evolution is due to the relatively smaller bulk velocity of the local plasma in this region, the energy exchange
across the MPB, and the magnetic ﬁeld diffusion into the Martian ionosphere.
The rate of change of θ with time (at a ﬁxed XMSO value), that is, the angular frequency (ω) associated with
the rotation of the mean component of the local magnetic ﬁeld perpendicular to the XMSO axis, also varies
with time as a function of the annular region and XMSO plane. Table 1 displays the computed angular velocities for all annular regions at the XMSO=1.25RM and XMSO=−1RM planes. By analyzing the magnetic ﬁeld
morphology in these planes, we can clearly assess the differences and similarities in the Martian recovery
timescales. As can be seen, relatively sharp and fast adaptations take place in the outer MSH, with ω up
to ∼90% of the IMF angular velocity upstream from the bow shock at ∼10:44 and ∼10:47 UT (fastest IMF
rotations during the time interval of interest, as shown in Figure 2). In contrast, smoother and slower rotations occur in the innermost regions. An additional difference is identiﬁed by comparing the resulting ratios
between ω inside the MPB and that of the IMF rotation for both XMSO planes. While this ratio varies between
∼47% and ∼56% for both IMF rotations at ∼10:44 and ∼10:47 UT (at XMSO=1.25RM), there are signiﬁcant
differences when computed at the XMSO=−1RM plane. Indeed, this ratio varies between 16% and 19% under
the IMF rotation with ω=−31°/min, while such ratio varies between 5% and 11% for the IMF rotation with
ω=106°/min. These angular ratios are found to generally decrease for increasing IMF rotation angular velocities, suggesting a limit for the expected angular velocities of each region downstream from the planet,
when magnetic ﬁeld diffusion is important. The ratios obtained for the X=−1RM plane are similar to the
ones computed for the Martian magnetotail, reported in Modolo et al. (2012) and Romanelli, Modolo,
Leblanc, Chaufray, Hess, et al. (2018) and provide an order of magnitude to estimate the recovery timescales
of different regions of the Martian magnetosphere associated with changes in the IMF clock angle. For
instance, for the particular case of an ∼90° IMF rotation that lasts 50 s in the SW (last row in Table 1), we
ﬁnd that the recovery timescales of the Martian magnetosphere (up to the XMSO=−1RM plane) range
between ∼8 s and ∼11 min, depending on the considered region. In particular, the slowest adaptation to
the IMF variability takes place in the inner MPB region. The associated recovery timescale is computed as
the sum of the time shift between the observed change in θ from ∼−120° to ∼−40° in the IMF (approximately at 10:47:25 UT, black curve in Figure 2d) and the observed response of the lobes in the inner MPB
region (approximately at 10:48:58 UT, red curve in Figure 2d), and the necessary time for the lobes to reach
equilibrium with the latter IMF conﬁguration. In this particular case, the lobes require ∼10 min to evolve
from θ∼−100° (orientation of the lobes approximately at 10:48:58 UT, red curve in Figure 2) to θ∼−50° with
ω=5°/min. In this methodology we are implicitly assuming that each of the magnetospheric regions react to
the two main IMF rotations during the time intervals speciﬁed in Table 1, after a time delay that is associated
with the convection of the perturbation through the Martian magnetosphere.
3.2. O+ Plume Recovery Timescales
The O+ plume is made of planetary ions whose main acceleration mechanism involves the SW convective
electric ﬁeld. Under stationary conditions and for uniform magnetic and electric ﬁelds, the motion of such
particles can be seen as the result of a drift velocity perpendicular to B and E, plus a gyromotion around
B. Therefore, based on these conditions and, if spatial nonuniformities in the source of these particles are
small, the vector rCM deﬁned from (0,0) to the center of mass of the O+ plume computed in a Y‐Z MSO plane
must be parallel to the convective electric ﬁeld at the same plane.
To estimate recovery timescales of the O+ plume, we ﬁrst estimate the center of mass of such ion population
using the following criteria. We compute the mean O+ density in a region bounded by two planes perpendicular to the XMSO axis (separated by 400 km) and outside the nominal MPB (plus a 30% security window),
between XMSO=1RM and XMSO=−2.30RM planes. The separation between planes is chosen to have a significant set of macroparticles (representing a cloud of ions with a given density and with the same charge, mass,
velocity, and origin) to compute the center of mass, and as many center of mass estimations as possible to
study the dynamics of the O+ plume as a function of the XMSO axis. We do not consider O+ ions inside
ROMANELLI ET AL.
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Table 1
Estimations of the Angular Velocity for Different Regions Inside the Martian Magnetosphere for the XMSO=1.25RM and XMSO=−1RM Planes, as a Response to Two
IMF Clock Angle Rotations During the Time Interval Under Study
Region (RM)

XMSO=1.25RM

XMSO=−1RM

ω (°/min)

Time (UT)

N

Ratio

ω (°/min)

Time (UT)

N

Ratio

Inner MPB region

−16

10:43:44–10:45:53

8

47%

−5

10:45:35–10:48:58

20

16%

Outer MPB region
Inner MSH region

−17
−21

10:43:44–10:45:53
10:43:44–10:45:35

8
7

50%
62%

−6
−18

10:44:39–10:47:43
10:44:02–10:46:12

15
8

19%
58%

Outer MSH region

−30

10:43:25–10:44:40

5

88%

−27

10:44:02–10:45:34

6

87%

IMF

−34

10:43:25–10:44:40

5

—

−31

10:43:43–10:44:57

5

—

Inner MPB region
Outer MPB region
Inner MSH region
Outer MSH region
IMF

49
58
75
86
104

10:47:16–10:48:40
10:47:16–10:48:31
10:47:08–10:48:12
10:47:08–10:48:03
10:46:58–10:47:44

10
9
8
7
6

47%
56%
72%
83%
—

5
12
49
91
106

10:48:58–10:52:31
10:47:43–10:49:53
10:47:35–10:49:07
10:47:25–10:48:21
10:47:25–10:48:12

23
15
11
7
6

5%
11%
46%
86%
—

a

From left to right, the columns display the region under analysis, the derived angular velocity, the time interval in which the angular velocity is computed, the
number of points in such calculation, and the ratio between the computed angular velocity and that of the IMF rotation. MSO = Mars Solar Orbital;
MPB = magnetic pileup boundary; MSH = magnetosheath; IMF = interplanetary magnetic ﬁeld.

the MPB since they are mainly accelerated by other processes, for example, the ambipolar electric ﬁeld and
magnetic tension forces. Based on such mean density ﬁeld, we compute the center of mass and associate its
value to the XMSO coordinate in between both planes. This procedure allows us to estimate the O+ plume
recovery timescales by studying the evolution of rCM, the mean convective electric ﬁeld upstream from
the bow shock in the same spatial region, and the angle between them, as a function of time and XMSO.
We study the O+ plume recovery process up to XMSO=−2.30 RM so that, together with the results by
Romanelli, Modolo, Leblanc, Chaufray, Hess, et al. (2018), we provide a description of the magnetosphere
and O+ plume recovery between XMSO=1RM and XMSO=−2.30RM.
Figure 3a shows the clock angle associated with rCM (blue curve) and the convective electric ﬁeld (red curve) as
a function of time, for two different XMSO planes at XMSO=1RM and XMSO=−2.30RM. The associated angular
difference as a function time is shown in black. As can be seen, the angular difference is initially small at both
planes. As soon as the IMF rotation reaches the planes under consideration, the convective electric ﬁeld rotates
but given that the O+ plume is not able to adapt fast enough, the angular difference between E and the O+
plume increases. Similar proﬁles as a function of time are found for all analyzed planes. We deﬁne two O+
recovery timescales associated with each plane as follows. The ﬁrst one is deﬁned by the time interval during
which the angular difference between E and the O+ plume direction is larger than a chosen threshold, for
instance, 10° (brown arrows). Therefore, this recovery timescale is the time the O+ plume demands to
follow up the electric ﬁeld transition from a clock angle around 300° (State 1) to 230° (State 2). The second
recovery timescale is twice the time interval between the beginning of the electric ﬁeld rotation (angular
difference larger than the chosen threshold) and the maximum clock angle difference (black arrows). The factor 2 is associated with the time interval required for the O+ plume to be aligned with the new electric ﬁeld
direction, right after the maximum angular difference between both vectors has been reached. As can be seen,
the O+ recovery timescale in the plane downstream from the planet is larger than that in the dayside, regardless of the considered deﬁnition. It is worth pointing out that any estimated recovery timescale will be limited
by the temporal resolution, which in this case is the time interval between analyzed simulated magnetospheric
states (between simulation snapshots). The simulation temporal resolution (snapshot) during the analyzed
time interval is 9.25 or 18.5 s. Thus, the estimated uncertainty in the estimated timescales is 9.25 s.
Figure 3b displays the sliding average of the computed O+ plume recovery timescales (TREC) over 4,000 km,
as a function of the XMSO coordinate. The bars are associated with the variability of the 4,000‐km sliding
average of TREC for a clock angle difference threshold (dashed orange line in Figure 3a) varying between
5° and 15°. We chose to perform averages over 4,000 km (on the order of the planetary scale) to analyze
the large‐scale trend between TREC and XMSO, overcoming nonphysical jumps in the estimated recovery
timescales that are only associated with the time interval between considered simulation snapshots. As
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+

Figure 3. (a) Clock angle of the convective electric ﬁeld (in red), the center of mass of the O plume (in blue), and the angular shift between them (in black) for two
+
planes perpendicular to the XMSO, from LatHyS results. (b) Sliding average of the estimated recovery timescales of the O plume to such changes in the convective
electric ﬁeld orientation, as a function of XMSO.

can be seen, estimated O+ averaged recovery timescales range between ∼40 s (80 s) and ∼60 s (110 s) based
on the deﬁnition associated with the maximum clock angle difference (time interval between State 1 and
State 2), for XMSO ranging between 0.5 and −1.75 RM.

4. Discussion and Conclusions
In this study we have analyzed a time‐dependent LatHyS run that takes into account MAVEN magnetic ﬁeld
and plasma observations, in order to improve our understanding on the responses of the Martian magnetosphere to changes in the IMF orientation.
First, we ﬁnd a time shift in the observed changes in the magnetic ﬁeld morphology between the considered
XMSO planes (seen, e.g., in Figure 2c) associated with the transit time of the perturbation convected by the
local plasma from one plane to another. In addition, the results presented in the previous section imply that
the magnetotail will not rotate as fast as one might expect based only on changes in the external conditions
and plasma velocities in the wake. That is, instead of a magnetotail rotation with θ covering the IMF clock
angle range observed upstream from the bow shock, such rotation would be restricted to a signiﬁcantly smaller clock angle range (seen, for instance, in the red curves in Figure 2d). Thus, these results suggest that there
are serious limitations to estimate the IMF clock angle based on measurements in the Martian magnetotail,
under nonstationary conditions. Such limitations are particularly important for events where IMF variability
can be understood in terms of a set of rotations whose axes are not aligned. When the event under analysis is
mainly a rotation along a ﬁxed axis (with a ﬁxed sense of rotation), the magnetotail θ range will be very
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similar to that of the upstream IMF, given that a new magnetic ﬁeld conﬁguration consistent with such external condition must be achieved. Comparison between Figure 2 and Figure 9 of Romanelli, Modolo, Leblanc,
Chaufray, Hess, et al. (2018) shows that differences in the adaptation of a given (ﬁxed) annular region are
drastically more important between the XMSO=1RM and XMSO=−1RM planes than outside from this region.
Second, we have determined ratios between the angular velocity associated with the recovery of the dayside
magnetic ﬁeld morphology in the MSH and magnetic pileup region and the associated IMF rotation
observed by MAVEN upstream from the Martian bow shock. Such ratios provide recovery timescales of
the dayside Martian magnetosphere normalized by the IMF clock angle variability. These estimations provide complementary information to studies interested in determining proxies for the IMF under quasi‐
stationary external conditions, based on the magnetic ﬁeld morphology inside the Martian magnetosphere
(Fang et al., 2018; Hurley et al., 2018).
Third, we also ﬁnd that the associated recovery timescales of the O+ plume range between 40 and 110 s and
take greater values for further downstream distances (for both black and brown curves in Figure 3b), at least
up to XMSO=−1RM. The interpretation for such increase is the following. Since we compute the center of
mass for particles outside the MPB, the local plasma velocity around it is on the order of the local MSH
velocities. Given that the convective electric ﬁeld upstream from the bow shock is convected with the SW
velocity, the time interval needed for a region to adapt to the new E orientation must increase going further
in the downstream direction. The observed trends in Figure 3b are not successfully ﬁtted with straight lines,
as a result of changes in the bulk plasma velocity in the MSH (e.g., acceleration in the ﬂanks), nonuniformity
of E inside the bow shock and differences in the distance traveled by particles sampled at a ﬁxed plane but
whose source is located at different positions. Despite these factors, it is interesting to compare the computed
O+ recovery timescales, with an estimation for the O+ gyroperiod in the MSH, given that the center of mass
of the O+ is typically found in this magnetospheric region. A O+ subject to a magnetic ﬁeld with |B|∼20 nT
has an associated gyroperiod of ∼52 s. Thus, the computed O+ recovery timescales are on the same order of
the local O+ gyrofrequency, conﬁrming that the O+ plume recovery is a kinetic process. Finally, since the O+
ions will end up assimilated by the SW, an asymptotic recovery timescale could be expected. The observed
scatter in TREC in the explored XMSO range (particularly in the brown curve) prevents from assessing
whether such asymptote is present or reached at further downstream distances.
A future study on effects on the Martian magnetosphere from changes in the IMF and SW properties over
different timescales should be considered to further explore the region of validity of the conclusions
of this work.
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