
P
os
te
d
on

23
N
ov

20
22

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
10
02
/e
ss
oa
r.
10
50
14
43
.1

—
T
h
is

a
p
re
p
ri
n
t
a
n
d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

Characterizing Mars’ magnetotail topology with respect to the

upstream interplanetary magnetic fields

Shaosui Xu1, David L. Mitchell2, Tristan Weber3, David Andrew Brain4, Janet G
Luhmann2, Chuanfei Dong5, Shannon M. Curry6, Ying Juan Ma7, Gina A. DiBraccio8,
Jasper S. Halekas9, Yaxue Dong4, and Christian Xavier Mazelle10

1Space Sciences Lab, UC Berkeley
2University of California, Berkeley
3Laboratory for Atmospheric and Space Physics (LASP)
4University of Colorado Boulder
5Princeton University
6UC Berkeley
7University of California Los Angeles
8NASA GSFC
9University of Iowa
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Abstract

The canonical picture of the magnetotail of unmagnetized planets consists of draped interplanetary magnetic fields (IMF)

forming opposite-directed lobes, separated by the current sheet. (missing citation) showed that Mars’ magnetotail has a

twist departing from this picture. Magnetohydrodynamic (MHD) results suggest that open field lines connected to the planet

that populate portions of the tail cause the apparent twist. To validate this interpretation, we compare the tail topology

determined from MHD simulations to that inferred from data collected by the Mars Atmosphere and Volatile EvolutioN

(MAVEN) spacecraft, in particular how each topology responds to the upstream IMF orientation. The occurrence rates for

open topology from both data and MHD varies with IMF polarities in a similar fashion as the tail twisting. This suggests that

Mars’ crustal fields have a global effect on the magnetosphere configuration, supporting the picture of a “hybrid” magnetotail

that is partly induced/draped and partly intrinsic/planetary in origin.
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Abstract21

The canonical picture of the magnetotail of unmagnetized planets consists of draped inter-22

planetary magnetic fields (IMF) forming opposite-directed lobes, separated by the current23

sheet. DiBraccio et al. [2018] showed that Mars’ magnetotail has a twist departing from24

this picture. Magnetohydrodynamic (MHD) results suggest that open field lines connected25

to the planet that populate portions of the tail cause the apparent twist. To validate this26

interpretation, we compare the tail topology determined from MHD simulations to that27

inferred from data collected by the Mars Atmosphere and Volatile EvolutioN (MAVEN)28

spacecraft, in particular how each topology responds to the upstream IMF orientation. The29

occurrence rates for open topology from both data and MHD varies with IMF polarities in30

a similar fashion as the tail twisting. This suggests that Mars’ crustal fields have a global31

effect on the magnetosphere configuration, supporting the picture of a “hybrid" magneto-32

tail that is partly induced/draped and partly intrinsic/planetary in origin.33

1 Introduction34

Venus and Mars both lack an intrinsic global dipole magnetic field but have a signif-35

icant ionosphere mainly produced by solar extreme ultraviolet photons ionizing the neutral36

atmosphere, and thus share many similarities in terms of their interaction with the solar37

wind. Both have an induced magnetosphere formed with the upstream IMF being piled up38

and draped around the planet. A prominent difference between these two planets is that39

Mars possesses localized strong crustal magnetic fields [e.g. Acuna et al., 1999; Connerney40

et al., 2005] that contribute to and modify its induced magnetosphere features on a global41

scale [e.g. Brain et al., 2007] while Venus has a negligible intrinsic dipole magnetic field42

at the current epoch [e.g. Phillips and Russell, 1987]. As a result, Venus’ induced magne-43

totail consists of two magnetic lobes with oppositely directed magnetic fields formed by44

draped IMF, separated by a current sheet perpendicular to the plane of the IMF and the45

solar wind flow [e.g. Saunders and Russell, 1986; Luhmann, 1986; McComas et al., 1986;46

Zhang et al., 2010], as illustrated in the left column of Figure 1.47

In contrast, Mars’ magnetotail departs from this canonical induced-tail picture, hav-58

ing an apparent inter-lobe current sheet twist away from the expected +/−Econv location,59

as reported by DiBraccio et al. [2018], also shown in the right column of Figure 1. This60

twist also varies depending on the IMF sector (hereafter referred as east and west, corre-61

sponding to Parker spiral fields pointing away from and toward the sun, as well as By > 062
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Venus Mars

MAVEN/EIMF
MSO FRAME

VEX/ALL IMFs
VSE FRAME

current sheet

current
sheet

Topside View Topside View

IMF

Figure 1. The comparison of the Venus’ (the left column) and Mars’ magnetotails (the right column). The

top two panels are schematics of the tail configuration and magnetic topologies and the bottom two panels

are the averaged Bx in the tail from measurements by Venus Express and MAVEN, (adopted from Figure 2

of Zhang et al. [2010] and Figure 2 of DiBraccio et al. [2018]), respectively. The dotted black lines in the

bottom panels indicate the current sheet that separates the two lobes. The lower left panel is for all IMF direc-

tions under the Venus Solar Electric coordinates (VSE) such that the X-axis is antiparallel to the solar wind

flow, the Z-axis aligned with the convection electric field (Econv = −V × B), and the Y-axis completing the

right-handed system. The lower right panel is in the Mars-centered Solar Orbital (MSO) frame for east IMFs

only. In the MSO frame, the X axis points from the center of Mars to the Sun, the Z axis points to the north

pole of Mars’ elliptical orbit plane, and the Y axis completes the right-handed system.

48
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52

53

54

55

56

57

and By < 0, respectively), suggesting Mars’ crustal magnetic fields play a role. DiBrac-63

cio et al. [2018] further compared the tail configuration from MHD with or without crustal64

magnetic fields included and revealed that the tail twist was indeed attributed to the in-65

clusion of crustal magnetic fields. They proposed that Mars’ magnetotail is part of a hy-66

brid magnetosphere, consisting of a global intrinsic dipole field (from the low-order dipole67
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term of the crustal magnetism) contribution surrounded by induced/draped fields [Dubinin68

et al., 1980, 1994].69

Mars’ crustal magnetic fields can magnetically reconnect with the IMF [e.g. Harada70

et al., 2017, 2018], giving rise to complex and dynamic magnetic topologies [e.g. Brain71

et al., 2007; Lillis and Brain, 2013; Xu et al., 2018a, 2019a; Weber et al., 2019]. Magnetic72

topology consists of closed (both of the footpoints of a magnetic field line connected to73

the planet), open (one footpoint of a field line connected to the planet and the other to the74

solar wind), and draped (both of the footpoints of a field line connected back to the so-75

lar wind). Mars’ magnetotail consists of various magnetic topologies, instead of simply76

draped like Venus, as reported by previous studies. Nightside tail topology at low altitudes77

has been studied in detail with Mars Global Surveyor (MGS) data [Brain et al., 2007] and78

MAVEN data [Weber et al., 2017]. Photoelectrons have been observed in the tail by both79

the Mars Express (MEx) spacecraft [Frahm et al., 2006, 2010; Coates et al., 2011] and80

MAVEN [Xu et al., 2016a, 2017a,b], interpreted as magnetic connectivity to the dayside81

ionosphere through open field lines [Liemohn et al., 2006] or closed field lines [Xu et al.,82

2016a, 2017b]. Luhmann et al. [2015a] analyzed magnetic topology from MHD simu-83

lations and found that a significant portion of Mars’ magnetotail is populated with open84

field lines.85

The magnetotail topology is also important for characterizing electron precipita-86

tion [e.g. Fillingim et al., 2007; Němec et al., 2010; Lillis et al., 2011; Shane et al., 2016;87

Adams et al., 2018] and low-energy ion escape [e.g. Fränz et al., 2015; Dubinin et al.,88

2017; Inui et al., 2018]. Solar wind electrons can precipitate along open field lines, and89

ionospheric photoelectrons along cross-terminator closed field lines onto the (nightside)90

atmosphere, causing ionization and auroral emission. Meanwhile, low-energy ions can es-91

cape along open field lines [e.g. Ergun et al., 2015; Jakosky et al., 2018], partly driven by92

ambipolar electric fields [e.g. Collinson et al., 2015; Ergun et al., 2016; Xu et al., 2018b;93

Akbari et al., 2019], and on draped field lines, mainly accelerated by the J × B force94

and/or the convection electric field [e.g. Fang et al., 2008; Dong et al., 2014; Halekas95

et al., 2017a; Cravens et al., 2017]. More general properties of the Martian magnetotail96

are discussed in several review papers [Nagy et al., 2004; Bertucci et al., 2011; Dubinin97

and Fraenz, 2015; Liemohn and Xu, 2018].98
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DiBraccio et al. [2018] advocated for the key role of the crustal fields in introducing99

the twist to Mars’ magnetotail with MAVEN magnetic field data and modeling efforts. To100

further validate the picture of a hybrid Martian magnetotail, we compare the actual tail101

topology determined from the MHD simulations with topology inferred from the MAVEN102

superthermal electron data, in particular, how each magnetic topology varies with respect103

to the upstream IMF polarity. The results of this study on the detailed characterization of104

the tail topology are also important for understanding the energy and particle exchange105

between Mars’ ionosphere and the solar wind.106

2 Methodology107

To infer magnetic topology from the MAVEN data, we utilize a new technique de-108

veloped by Xu et al. [2019b] that combines superthermal electrons’ energy and pitch angle109

distributions. This technique mainly relies on three basic principals: (1) the presence of110

photoelectrons in one or both field-aligned directions indicates the magnetic field line has111

one or both footpoint(s) embedded in the dayside ionosphere at the superthermal elec-112

tron exobase (∼160 km, [Xu et al., 2016b]); (2) the presence of loss cones in one or both113

field-aligned directions indicates the magnetic field line has one or both footpoint(s) em-114

bedded in the collisional atmosphere; (3) the presence of superthermal electron voids indi-115

cates both footpoints of the magnetic field line are connected to the nightside atmosphere116

[Mitchell et al., 2001; Steckiewicz et al., 2015]. Magnetic topology is determined based on117

where each end of the field line is inferred to connect. One caveat of inferring magnetic118

topology from electrons is that we can only determine field lines’ connectivity to the iono-119

sphere but not to the planet’s surface so that deeply draped field lines can be identified as120

“open" topology. Photoelectrons can be identified automatically with a shape parameter121

[Xu et al., 2017a], loss cones with a PAD score [Weber et al., 2017], and electron voids by122

the electron flux level. The detailed description of how to combine all these aspects to in-123

fer magnetic topology is provided in Xu et al. [2019b]. In this study, we analyze magnetic124

topology from December 2014 to September 2018, based on the superthermal electron125

measurements by the Solar Wind Electron Analyzer (SWEA) instrument [Mitchell et al.,126

2016] and magnetic field vector measurements by the magnetometer (MAG) instrument127

[Connerney et al., 2015] onboard MAVEN .128

When the MAVEN orbit samples the upstream solar wind, we obtain the IMF clock129

angle, tan−1(Bz/By) in the MSO frame, directly from MAG measurements in that region130

–5–



Confidential manuscript submitted to Geophysical Research Letters

[Halekas et al., 2015, 2017b]. Otherwise, we use a proxy based on MAG measurements in131

the sheath [Dong et al., 2019]. Thus, each pass through the tail has IMF clock angle es-132

timates both before and after. We then assign each inferred magnetic topology within the133

magnetosphere with an upstream IMF clock angle by interpolating between the inbound134

and outbound values.135

We determine the occurrence rate of the model magnetic topology from 16 steady-136

state simulations with the multi-species 3-D MHD model [Ma et al., 2002, 2004]. Nomi-137

nal Parker spiral IMFs and a nominal solar wind proton density (4 cm−3) and speed (400138

km/s) with the fall equinox condition are used. Eight simulations are generated for the139

east IMF (By > 0) and eight for the west IMF (By < 0) in the MSO frame. For each140

IMF direction, the eight simulations consist of the neutral atmospheres and ionization fre-141

quencies for the solar maximum and minimum conditions as well as four subsolar longi-142

tudes (SSL) for when the southern strong crustal magnetic fields are located on the day-143

side (SSL = 180◦), dawn (SSL = 90◦), dusk (SSL = 270◦), and nightside (SSL = 0◦). For144

each simulation, magnetic field line tracing starts from a grid of points in the Y − Z plane145

at X = −2 RM . Magnetic topology for each field line is determined from its connectiv-146

ity to at 150 km altitude and/or a radial distance of 3 RM , where RM is the Mars radius.147

The occurrence rate is calculated as the fraction of each magnetic topology type in the148

respective tail grid for the eight simulations in each IMF sector, i.e. each grid point has149

eight samples of topology. We note that the models provide steady state “snapshots” of150

the Mars field topology, which in reality is constantly changing as Mars rotates [Ma et al.,151

2014].152

3 Results153

3.1 Data-Model Comparison154

As illustrated in the lower right panel of Figure 1, as well as Figure 2 of DiBrac-155

cio et al. [2018], Mars’ magneotail has a twist in its lobes and current sheet. MHD results156

show that this twist also has topological signatures. We take the tail topology from MHD157

at XMSO = −2 RM under the east IMF condition as an example, shown in Figure 2a. The158

tail field topology from MHD consists of draped field lines (blue) in the outmost layer,159

surrounding mostly open field lines connected to the dayside (green with black dots over-160

plotted), and then open field lines connected to the nightside (green). There is also a161
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central region of closed field lines (red) whose size varies with down-tail distance. This162

topology ordering is the same for the other 15 MHD simulations, but varying in exact lo-163

cations. A case for the west IMF is shown in Figure S1b in the supplementary material.164

MHD/Max Eimf Bday, X=-2.0Rm

2 1 0 -1 -2
Y [Rm]

-2

-1

0

1

2

Z
 [R

m
]

MAVEN/ALL IMF; X=[-3,-1.5] Rm

0.0 0.5 1.0 1.5 2.0 2.5
rho_mso [Rm]

1

10

100

%

DRAPED

OPN-DAY

OPN-NIGHT

CLOSED

(b) MAVEN/ALL IMF

(a) MHD Topo/EIMF

IMF

DRAPED
OPEN
CLOSED

Phe-

Figure 2. (a) Magnetic topology from MHD at XMSO = −2 RM for an east upstream IMF and strong

crustal fields located on the dayside (SSL=180◦), blue for draped, green for open, and red for closed, with

black dots indicating field lines connected back to dayside. Circles are for Bx < 0 and ‘+’ for Bx > 0.

(b) The cylindrical averaged occurrence rates of magnetic topologies in the tail (XMSO = [−1.5,−3] RM )

from MAVEN data for all IMFs as a function of ρMSO =

√

Y2
MSO

+ Z2
MSO

, blue for draped, black for

open-to-day, green for open-to-night, and red for closed.

165

166

167

168

169

170

The magnetic topology inferred from MAVEN data shows a similar ordering, in171

the sense of the dominant spatial location for each topology. Figure 2b shows the cylin-172

drically averaged occurrence rates of magnetic topologies for all IMFs against ρMSO =173

√

Y2
MSO

+ Z2
MSO

. We take a cylindrical averaging because the occurrence rates are roughly174

cylindrical symmetric (as shown in Figures S1c-S1f in the supplementary material). The175

data results show that draped fields occur over 80% of the time for ρ > 1.5 RM , open-to-176

day fields are mostly concentrated at 1 < ρ < 1.5 RM , open-to-night fields occur most177

frequently within the optical shadow, and the occurrence rates for closed fields peak at178

10% at the center. This ordering of where each topology occurs most frequently agree179

with MHD results.180
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To examine how the IMF polarity affects the tail topology for both MHD and the181

data, we compare occurrence rates for the east and west IMF separately. The occurrence182

rates from the data have been averaged over all planetary rotations, and over a range of183

EUV flux and solar wind conditions. To better capture the twist, we limit our analysis to184

data with an upstream IMF clock angle less than 30◦ or greater than 150◦ so that the IMF185

is mostly in the XMSO − YMSO plane. In addition, we rotate the frame such that the Y-axis186

is parallel or antiparallel to the Y component of the upstream IMF for east and west IMF187

sectors, respectively, with X still pointing at the Sun and Z completing the right-handed188

system. To approximate this with the MHD simulations, we average the topology in two189

groups of eight models (4 SSLs × 2 solar conditions for east and west IMF separately).190

The comparison is shown in Figure 3. The color range is 0 to 1 for MHD results (left col-191

umn) but 0 to 0.5 for MAVEN results (right column), as the occurrence rates from MHD192

are roughly twice that of MAVEN data. We use different color ranges to highlight relative193

variations in the occurrence rates. Because the sampling of the model averages is different194

from the sampling of the data, and because of some limitations of the MHD model (dis-195

cussed later), we do not expect detailed agreement. Instead, we use the models to guide196

our interpretation.197

Although the overall occurrence rates from the model and data differ significantly,198

the patterns of the occurrence rates and their variation with respect to IMF polarities share199

similarities. For east IMF (the top row), the open topology occurs most frequently in the200

+Z/−Y and −Z/+Y quadrants in both simulations and data, in agreement with the orienta-201

tion of the current sheet for this IMF direction as shown in Figure 2 of DiBraccio et al.202

[2018]. Some differences between the model and data are expected since the model is203

from a thin slice at X = −2 RM whereas the data are averaged over slice with a thick-204

ness of 1.5 RM . For west IMF (bottom row), open topology occurs most frequently in205

the +Z/+Y quadrant in both simulations and data but only simulations show a significant206

region of open topology in the −Z/−Y quadrant. Again, these topological results are in207

agreement with a ∼ 90◦ rotation of the current sheet about the X axis when the IMF po-208

larity changes from east to westDiBraccio et al. [2018].209

The occurrence rates for draped topology from MHD and data are shown in Fig-215

ure 4, separated for east and west upstream IMFs. The occurrence rate for draped topol-216

ogy in the data is mostly above 50% whereas the open topology shown in Figure 3 has an217

occurrence rate below 50%. In contrast, the probability for draped topology from MHD218
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Figure 3. Model-data comparison for open topology for east (top row) and west IMF (bottom row). The

left column shows the occurrence rates from MHD at XMSO = −2 RM , calculated from eight simulations

(four SSLs and two solar conditions) separately for each and west IMFs, and right from MAVEN data for

XMSO = [−1.5,−3] RM . Note that the color ranges for the occurrence rates from MHD (the left column) and

data (the right column) are different to highlight features.

210

211

212

213

214

reaches down to nearly 0 within the two tail lobes, where open topology prevails instead.219

Furthermore, MHD predicts a higher occurrence rate of closed field lines near the current220

sheet, which is not present in the data (not shown).221

In summary, the discrepancies between results from the MAVEN data and MHD225

modeling include: (a) a factor of two difference in the maximum occurrence rates for226

the open topology, (b) occurrence rates in the −Y/−Z quadrant and (c) occurrence rates227

for closed field lines. We can identify three possible causes for these differences. First,228

the multi-species MHD model relies on numerical diffusion, as a substitute for magnetic229

diffusion, to enable magnetic reconnection. It is not known how well this approach ap-230

proximates the actual rate of magnetic reconnection. An artificially high reconnection rate231
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Figure 4. Model-data comparison for draped topology for east (top row) and west IMF (bottom row). The

same format as Figure 3 but for draped topology. The left column shows the occurrence rates from MHD at

XMSO = −2 RM and right from MAVEN data XMSO = [−1.5,−3] RM .

222

223

224

would result in more open/closed field lines. Second, the occurrence rate from MHD is232

calculated based on only eight steady-state simulations for each IMF polarity, which might233

not accurately reflect the actual sampling of data over different seasons and continuously234

rotating crustal field orientations. Third, SWEA has an angular resolution of ∼ 20◦, which235

might be insufficient to resolve small loss/source cones, expected to be smaller than < 10◦236

over strongly magnetized regions of the crust. This might result in an underestimation of237

open field lines associated with strong crustal fields in the south.238

3.2 Open Topology in the Tail239

The results above suggest that the presence of a high occurrence rate of open topol-240

ogy significantly impacts the Martian magnetotail configuration. It also has important im-241

plications for characterizing cold ion outflow and electron precipitation. In Figure 5, we242
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show the occurrence rates for the open topology in the XMSO − RMSO projection, where243
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Figure 5. Occurrence rates of open topology in the XMSO − RMSO projection for all MAVEN data

(left), east (middle), and west IMF (right), respectively. The white dashed lines are conic fits of the induced

magnetic boundary from Vignes et al. [2000].

245

246

247

Overall, the occurrence rate of the open topology mostly ranges from 20% to 50%248

on the nightside, decreasing further down the tail. There is a north-south asymmetry in249

Figure 5, with a higher occurrence rate in the north, regardless of the upstream IMF polar-250

ity, as the twist in the tail topology is averaged out for each hemisphere. This north-south251

asymmetry probably occurs because: (1) cusps of open field lines consist of a small spa-252

tial area/solid angle over the southern strong crustal fields; (2) more deeply draped field253

lines (into the collisional atmosphere) in the north hemisphere identified as open field254

lines by our technique; and (3) we underestimate the occurrence rate over strong crustal255

fields due to SWEA’s angular resolution. One noticeable difference is that the occurrence256

rate for RMSO < 0 and X < −1.5 RM is higher for east IMFs (middle) than west IMFs257

(right). Two possible explanations are: (1) the strong crustal fields in the south magneti-258

cally reconnect more with the east IMF; (2) the solar wind flow in the tail has a compo-259

nent preferentially in the opposite direction from the convection electric field, to conserve260

momentum after picking up planetary ions, and might push magnetic field lines towards261

−Econv, which is −ZMSO for east IMFs but +ZMSO for west IMFs, an effect suggested by262

Chai et al. [2019].263
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4 Discussion and Conclusions264

Motivated by the evidence that the apparent twist of the Martian magnetotail is265

caused by reconnection between the IMF and the crustal fields [DiBraccio et al., 2018],266

we compare magnetic topology inferred from the MAVEN data with that from MHD sim-267

ulations. From both the model and data, Mars’ magnetotail is found to be dominated by268

combinations of draped and open magnetic topologies, and not merely draped IMFs as at269

Venus. In addition, the pattern of open field lines in the tail at X =∼ −2 RM downstream270

varies significantly with the dominant IMF sectors in both data and simulations, in agree-271

ment with the tail polarity pattern (e.g. cross-tail current sheet) twisting in opposite direc-272

tions in response to the different IMFs. These results are consistent with the interpretation273

that the large portion of open field lines populating the tail produces the twist.274

One might argue that magnetic topology inferred from superthermal electrons can-275

not distinguish deeply draped IMF below the electron exobase from field lines connected276

to the surface, so that some field lines identified as open by our technique may in fact be277

deeply draped. However, the variation in occurrence rates of open field lines in response278

to changes in the IMF polarity supports the interpretation that Mars’ crustal magnetic279

fields cause the tail twist, because the conditions for magnetic reconnection between IMF280

and crustal magnetic fields depend on IMF polarity. These same conditions also affect281

where the draped IMF can penetrate deeply into the ionosphere.282

This tail topology variation with the IMF polarity also echoes draped field distor-283

tions revealed by Brain et al. [2006] with MGS observations: the magnetic field at 400-284

km altitude over a northern weak crustal region is more consistent with a draping pattern285

under the west IMF but more scattered in directions under the east IMF. Luhmann et al.286

[2015b] showed from MHD simulations that this distortion is likely due to different recon-287

nection geometries for different IMF polarities. While the results from Brain et al. [2006]288

are for dayside, open field lines from dayside magnetic reconnection will populate part289

of the tail lobes, forming at least part of the open-to-day topology seen in the tail. In all,290

previous studies and our results suggest that the Martian crustal magnetic fields have a291

global effect on the magnetosphere configuration, supporting the picture of a hybrid mag-292

netotail at Mars.293
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Figure 3.
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Figure 4.
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Figure 5.
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