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1. Introduction
Magnetic reconnection is a fundamental plasma process that governs the interaction and transfer of energy 
between plasma populations. On the dayside of an intrinsic planetary magnetosphere, magnetic reconnection 
between the interplanetary magnetic field (IMF) and the planetary field facilitates the transfer of energy between 
the Sun and the plasma environment of the planet, while changing magnetic topology and accelerating local 
plasma (e.g., Dungey, 1961; Slavin et al., 2010). The likelihood of reconnection to occur along a dayside magne-
topause depends on the orientation of the magnetic fields adjacent to the boundary, among other factors. That 
is, reconnection is more likely to occur when the two magnetic field regimes are antiparallel, or highly sheared, 
to one another. For example, Earth possesses a global, intrinsic magnetic dipole field which points northward at 
the magnetic equator, and therefore exhibits a preference for southward IMF orientation for dayside magneto-
pause reconnection to occur (e.g., Crooker, 1979; Dungey, 1963). However, given the complexity of the crustal 
magnetic field environment around Mars, a more extensive analysis is required to determine the preferred condi-
tions for reconnection to take place across the dayside magnetosphere.

The magnetosphere of Mars primarily differs from Earth's due to a lack of a global magnetic dynamo field. 
Instead, Mars possess crustal magnetic anomalies that are scattered across the surface of the planet (Acuña 
et al., 1999). These crustal fields protrude out into space creating many “minimagnetospheres” that comprise a 
dynamic and varied magnetic environment for the Mars-solar wind interaction (Brain et al., 2003). Variations in 
the crustal field location due to diurnal and seasonal changes constantly alter the planetary obstacle to the solar 
wind. These nonuniform planetary fields, coupled with the dynamics of the system, lead to a much different 
interaction than what has been observed at intrinsic magnetospheres. In regions where the crustal magnetic 
fields are weak, the Martian conducting ionosphere acts as the primary obstacle to the solar wind flow, lead-
ing to the IMF draping around the planet (e.g., Luhmann et al., 2004; Ma et al., 2002). Despite the lack of a 
global, intrinsic magnetic field at Mars, observations of magnetic reconnection have been reported throughout 
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the Martian magnetosphere (e.g., Brain et al., 2010; Cravens et al., 2020; Harada et al., 2018, 2020). Observa-
tions of flux ropes (Beharrell & Wild, 2012; Bowers et al., 2021; Brain et al., 2010; Briggs et al., 2011; Hara 
et al., 2014) and ion jets (Harada et al., 2020) at Mars are evidence of localized byproducts of magnetic recon-
nection between the crustal “minimagnetospheres” and a magnetic field external to Mars. Also, magnetic recon-
nection trends are thought to play a role in global phenomena such as the prevalence of open magnetic topology 
throughout the Martian magnetosphere (Brain et al., 2007, 2020; Dubinin et al., 2008; Lillis et al., 2011; Weber 
et al., 2017, 2020; Xu et al., 2014, 2019) and large-scale closed magnetic loops that extend up to thousands of 
kilometers in altitude (Xu et al., 2017). These large-scale phenomena suggest magnetic reconnection not only 
affects the plasma environment local to the reconnection region, but also may organize the cycling of open and 
closed magnetic fields on a more global scale.

Global dayside magnetic reconnection trends are also thought to play a role in the formation and structure of the 
Martian magnetotail. Recent studies using data from the Mars Atmosphere and Volatile EvolutioN (MAVEN) 
spacecraft (Jakosky et  al.,  2015) have revealed the magnetotail is twisted away from its expected location 
(DiBraccio et al., 2018, 2022) based on IMF draping expected of a purely induced magnetosphere, such as Venus 
(Luhmann et al., 2004). The terrestrial magnetotail also exhibits a twist based on the dawn-dusk component of 
the IMF (e.g., Cowley, 1981; Kaymaz et al., 1994; Sibeck et al., 1985; Xiao et al., 2016). While the exact cause 
of the twisted terrestrial magnetotail is still debated, Cowley (1981) posited that dayside magnetic reconnection 
produces open field lines that exert a torque on the magnetotail, resulting in a twisted magnetotail configuration. 
Considering that dayside magnetic reconnection between the IMF and the terrestrial magnetic field is ultimately 
responsible for the twisted terrestrial magnetotail, DiBraccio et al. (2018, 2022) suggested that dayside magnetic 
reconnection between the crustal fields and draped IMF may be responsible for the twisted Martian magnetotail. 
The impact of dayside reconnection on the twisted magnetotail of Mars is an open-ended question; however, 
similar investigations have been performed at Earth that provide tools to assess this possibility at Mars.

To analyze the draped IMF conditions favoring reconnection along the terrestrial magnetopause, Trattner 
et al. (2007a) developed the “maximum shear model.” This model calculates the magnetic shear angle between 
the draped IMF and the terrestrial field, both adjacent to the magnetopause boundary, to identify the location of 
reconnection X-lines where magnetic reconnection occurs. These X-line locations reveal regions that are likely 
to undergo “antiparallel reconnection,” where the magnetic fields internal and external to the magnetopause are 
highly sheared and pointed in opposite directions. Recent studies have demonstrated that X-lines form along the 
magnetopause where the shear angle between the draped IMF and the magnetospheric magnetic fields are at a 
maximum and near 180° (e.g., Fuselier et al., 2017; Petrinec et al., 2016; Trattner et al., 2017). This approach 
has been used to assess the effect of varying IMF orientation on the occurrence of magnetopause reconnection 
and, therefore magnetic field circulation, at Earth. Additionally, the “maximum shear model” has been applied to 
better understand the location of X-lines during flux transfer events (FTEs) (Petrinec et al., 2020) as well as multi-
ple X-line reconnection events along the terrestrial magnetopause (Fuselier et al., 2022). A similar shear angle 
argument has been applied to predict IMF conditions that favor reconnection along the magnetopause of Mercury 
(Slavin et al., 2012), Jupiter (Desroche et al., 2012), Saturn (Fuselier et al., 2020), Uranus (Masters, 2014), and 
Neptune (Masters, 2015) and Ganymede (Kaweeyanun et al., 2020). The utility of this analysis at Earth and other 
planetary objects has proven that the maximum shear model is a useful tool to assess conditions and predict 
locations of magnetic reconnection along a magnetopause. Although Mars presents a dynamic magnetic obstacle 
to the impinging IMF, a maximum shear model will help to better understand the conditions that drive the occur-
rence of reconnection as part of the Mars-solar wind interaction. To achieve this, we must develop a tool that 
considers the complex crustal field geometry at Mars, including their location and strength as well as variations in 
the magnetopause altitude due to the nonuniformity of the magnetic environment. This maximum shear model for 
Mars will be the first of its kind to explore a global understanding of conditions that favor magnetic reconnection, 
which directly impact the structure and dynamics of the Martian magnetosphere.

Here, we present a maximum shear analysis of the Martian magnetosphere to assess which upstream IMF condi-
tions favor the onset of magnetic reconnection with crustal fields on the dayside of Mars. We produce magnetic 
shear maps that highlight high-shear regions between the Mars crustal fields and an external field, which are 
predicted to be more susceptible to antiparallel reconnection. We demonstrate the validity of this analysis by 
applying it to a previously reported reconnection event observed using in situ MAVEN data. We then apply the 
shear analysis technique more globally to determine the external field conditions that favor the onset of magnetic 
reconnection throughout the global magnetosphere of Mars. Our results provide a framework for understanding 
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global reconnection trends at Mars and provide insight into outstanding questions regarding nightside magneto-
spheric activity, namely how IMF orientation affects the twisting of the magnetotail.

2. Methodology
2.1. MAVEN Data

We investigate external field-crustal field reconnection through an analysis of data provided by the MAVEN 
Magnetometer (MAG) instrument (Connerney et al., 2015), which measures vector magnetic fields at a maxi-
mum sampling rate of 32 vectors/s. MAVEN's orbit precesses across a variety of local times (i.e., the time of a 
location with respect to the overhead position of the Sun), altitudes, and longitudes to provide a global cover-
age of the Martian space environment. This study generates crustal field maps utilized in the shear analysis by 
compiling MAG measurements collected on the nightside (solar zenith angle (SZA) > 90°), low-mid altitude 
(150–800 km) passes of the Martian magnetosphere. Our analysis considers the magnetic field data in two coor-
dinates systems: the spherical coordinate system [�̂ , �̂ , �̂ ] in which �̂ points radially outward from Mars, �̂ 
points to the east, and �̂ points to the north, and the Mars Solar Orbital (MSO) coordinate system [�̂MSO , �̂MSO , 
�̂MSO ], in which �̂MSO points from the center of Mars toward the Sun, �̂MSO points toward geographic north, and 
the �̂MSO points along the ecliptic.

MAVEN plasma data are also analyzed to complement MAG observations and assess conditions for magnetic 
reconnection at Mars. Superthermal (>1 eV) electron energy distributions available from the Solar Wind Electron 
Analyzer (SWEA; Mitchell et al., 2016) are used to estimate the source of the electrons measured by the space-
craft (Xu et al., 2017). SWEA measures electron fluxes at a 4 s cadence, and we use these fluxes to parameterize 
the pitch angle distribution (PAD) of the electrons as demonstrated by Weber et al. (2017). We also compute ion 
velocity moments via 4 s resolution measurements taken by the SupraThermal and Thermal Ion Composition 
(STATIC) instrument (McFadden et al., 2015) onboard MAVEN which operates over an ion energy range of 
0.1 eV–30 keV.

2.2. Martian Shear Analysis

The maximum shear model presented for the terrestrial case in Trattner et al. (2007a) calculates and plots the 
shear angle along the Earth's magnetopause between the Earth's intrinsic field and a draped IMF orientation to 
estimate the location of the X-line formed via reconnection. This technique has been validated via multipoint in 
situ observations of reconnection events from the Cluster spacecraft (Fuselier et al., 2011) and the more recent 
Magnetospheric Multiscale Mission (e.g., Fuselier et al., 2017; Petrinec et al., 2016). We perform a similar analy-
sis at Mars by first creating a data-derived map of the crustal magnetic fields based on low-midaltitude MAVEN 
MAG measurements of crustal anomalies on the nightside of the planet and then imposing an external field to 
calculate the shear angle between the two.

The formation of this Martian data-derived crustal field map is described in detail in Weber (2020) and has been 
updated for this study to include the most recent MAVEN measurements, spanning 2014–2021. This data set is 
averaged into 1° longitude by 1° latitude bins. The Martian magnetopause varies in altitude due to the nonuniform 
strength of the crustal anomalies (Brain et al., 2005), and so the crustal field map has been separated into three 
altitude ranges: 200–400, 400–600, and 600–800 km. Due to MAVEN's orbital inclination, the crustal map only 
extends from 70°S to 70°N latitude. Only observations taken when MAVEN was on the nightside (SZA > 90°) 
of Mars were included to reduce the perturbations of crustal fields by external interactions due to changes in 
solar wind dynamic pressure (de Oliveira et al., 2021). Following the generation of the crustal field map, we 
overlay an external magnetic field across the entire map of the crustal anomalies (Figure 1). This external field 
orientation can be changed to test various conditions at Mars. The orientation of the external field is given by the 

local magnetic field clock angle 𝐴𝐴 𝐴𝐴 , where 𝐴𝐴 𝐴𝐴 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

(

𝐵𝐵𝐸𝐸

𝐵𝐵𝑁𝑁

)

 and 𝐴𝐴 𝐴𝐴𝐸𝐸 , 𝐴𝐴 𝐴𝐴𝑁𝑁 are the eastward and northward compo-

nents of the external magnetic field, respectively. The value of 𝐴𝐴 𝐴𝐴 spans from 𝐴𝐴 − 180° to 180°, where 𝐴𝐴 𝐴𝐴  = 𝐴𝐴 ± 180°, 
𝐴𝐴 − 90°, 0°, 90° corresponds to southward-directed, westward-directed, northward-directed, and eastward-directed 

external magnetic fields. Then, the shear map is generated by calculating the shear angle (𝐴𝐴 𝐴𝐴𝑠𝑠) between the under-
lying transverse component of the crustal anomalies and the overlaid, external magnetic field. Specifically, 𝐴𝐴 𝐴𝐴𝑠𝑠 is 
calculated within each bin by taking the inverse cosine of the dot product of the external field with the underlying 
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normalized component of the crustal field, i.e., transverse to the planet. Since we are performing a 2D analysis, 
we do not consider the impact of the radial component of the external field or crustal anomalies when calculating 

𝐴𝐴 𝐴𝐴𝑠𝑠 . We note that the map of the underlying crustal anomalies may change for different altitude ranges but remains 
constant across shear maps within the same altitude range. This process determines the shear angle between 
the Martian crustal fields, at a selected altitude range from the three listed above, and the impinging external 
magnetic field for a given orientation (Figure 2). For example, the “shear maps” in Figure 2 are calculated by 
imposing a westward-directed (Figure 2a), eastward-directed (Figure 2b), northward-directed (Figure 2c), and 
southward-directed (Figure 2d) external magnetic field on top of the crustal field map generated from the 200 to 
400 km altitude data.

The next step is to quantify the results of these shear maps by calculating a “shear index,” 𝐴𝐴 𝐴𝐴 , that determines the 
susceptibility of a given region to undergo reconnection based on the 𝐴𝐴 𝐴𝐴𝑠𝑠 values within each bin in this region. 
Because we are aiming to identify regions that are likely to experience high-shear, antiparallel magnetic reconnec-
tion, we consider bins with 150° < 𝐴𝐴 𝐴𝐴𝑠𝑠  < 180° as high-shear reconnection regions on the shear maps, which is the 
same definition of “high-shear” described for the terrestrial maximum shear model (Trattner et al., 2007b, 2012). 
For a shear map generated with a given, 𝐴𝐴 𝐴𝐴 is defined within a region 𝐴𝐴 𝐴𝐴 as:

𝑆𝑆 =

𝑛𝑛𝑖𝑖

𝑁𝑁
 

Here, 𝐴𝐴 𝐴𝐴𝑖𝑖 is the number of bins in which 150° 𝐴𝐴 𝐴 𝐴𝐴𝑠𝑠 𝐴 180° and 𝐴𝐴 𝐴𝐴 is the total number of bins. Thus, 𝐴𝐴 𝐴𝐴 represents 
a normalized value determined from the relative number of bins within a region 𝐴𝐴 𝐴𝐴 in which 𝐴𝐴 𝐴𝐴𝑠𝑠 is large. 𝐴𝐴 𝐴𝐴 ranges 
from 0 to 1, with 0 indicating there are no high-shear bins within 𝐴𝐴 𝐴𝐴 , and 1 indicating every bin within 𝐴𝐴 𝐴𝐴 is within 
the high-shear range (150° 𝐴𝐴 𝐴 𝐴𝐴𝑠𝑠 𝐴 180°). Figure 3 is a “shear index plot,” which plots 𝐴𝐴 𝐴𝐴 versus 𝐴𝐴 𝐴𝐴 , for the three 
altitude ranges across the region 𝐴𝐴 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 , where 𝐴𝐴 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 covers the entire crustal field map data set from 0 to 360° 
longitude and 70°S–70°N latitude (50,400 total bins). In short, the shear maps shown in Figures 2a–2d visualize 
magnetic shear variations across the crustal field map data set for a single 𝐴𝐴 𝐴𝐴 , whereas the shear index plot shown 
in Figure 3 highlights trends in 𝐴𝐴 𝐴𝐴 across all values of 𝐴𝐴 𝐴𝐴 within the region 𝐴𝐴 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 , to determine which 𝐴𝐴 𝐴𝐴 direction 
is likely to generate a larger occurrence of reconnection. This shear index plot will be discussed in more detail  in 
Section 3.2.

In comparison to the Trattner et al. (2007a) maximum shear model for the terrestrial case with the analysis for the 
Martian crustal fields presented here, Trattner et al. (2007a) used two models to estimate the orientation of the 

Figure 1. Map of crustal magnetic fields at Mars generated from Mars Atmosphere and Volatile EvolutioN (MAVEN) passes 
at altitudes ranging from 200 to 400 km colored by the radial magnetic field strength. The large, black arrows represent the 
direction of an example external field that is used to generate a shear map (westward in this case).



Journal of Geophysical Research: Space Physics

BOWERS ET AL.

10.1029/2022JA030989

5 of 17

Figure 2. Shear maps of full data-derived crustal field map for (a) westward (𝐴𝐴 𝐴𝐴  = −90°), (b) eastward (𝐴𝐴 𝐴𝐴  = +90°), (c) southward (𝐴𝐴 𝐴𝐴  = 𝐴𝐴 ± 180°), and (d) northward 
(𝐴𝐴 𝐴𝐴  = 0°) external magnetic field orientation. The maps represent the crustal magnetic anomalies colored by the shear angle (𝐴𝐴 𝐴𝐴𝑠𝑠 ) calculated for the given external field 
direction, (c).

Figure 3. The magnetic shear index (S) within Rfull across a variety of local draping clock angles, from crustal magnetic field 
data taken from three different altitude ranges: 200–400 km (diamonds), 400–600 km (triangles), and 600–800 km (squares).
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magnetic field lines in the terrestrial environment: (a) the Tsyganenko and Stern (1996) model, which estimates 
the orientation of Earth's magnetospheric field along the magnetopause and (b) the Cooling et al. (2001) model, 
which estimates the orientation of the draped IMF. In contrast, our study creates and utilizes a data-derived map 
to determine the strength and orientation of the crustal fields, and then overlays a single external magnetic field 
orientation across the map to calculate the local shear angles. We note that unlike the terrestrial maximum shear 
model, draping effects are not taken into consideration for our study because the draping interaction at Mars is 
not straightforward due to the nonuniform crustal magnetic fields. Also, the crustal magnetic fields may inter-
act with external fields that are not the draped IMF, including open magnetic fields. As a result, our analysis is 
two-dimensional and provides an understanding of the local interaction between a given crustal field region with 
an overlaid, external field orientation, so we can elucidate which orientations are more susceptible for high-shear 
magnetic reconnection to occur.

The terrestrial analysis is comprised of two models and must be performed in different coordinate systems. The 
modeled IMF draping around Earth's magnetopause ensures that the Geocentric Solar Magnetospheric (GSM) 
coordinate system (�̂GSM points sunward, �̂GSM , points along the dipole axis, and �̂GSM completes the right-hand 
coordinate system) is the best option for the terrestrial maximum shear model. However, no sophisticated model 
of the draped IMF around Mars across all local times and possible crustal field configurations currently exists. As 
a result, our shear analysis focuses on the local interaction between crustal fields and external fields and is there-
fore performed in the spherical coordinate system defined in Section 2.1. Future studies are needed to incorporate 
a model of the complex draping of the IMF around Mars to better understand the upstream IMF conditions in the 
MSO frame that would favor reconnection with the crustal anomalies.

High shear between the crustal fields and the external field is a necessary but not sufficient condition for magnetic 
reconnection at Mars. Dayside reconnection along the terrestrial magnetopause occurs tens of thousands of kilo-
meters away from Earth where the plasma is collisionless. On the other hand, an external field and the Martian 
crustal fields may interact within the Martian ionosphere where collisional effects may take place. In this regime, 
ion-neutral collisions affect the onset of reconnection by limiting the flow into and out of the diffusion region 
and by decreasing the magnetic Reynold's number. Cravens et al. (2020) explored the implication of ion-neutral 
collisions on the onset magnetic reconnection within the Martian ionosphere by considering a current sheet of 
the typical length scale of a crustal anomaly (𝐴𝐴 𝐴𝐴 ≈ 300 km) and the average dayside Martian atmospheric density 
profile provided by Cravens et al. (2017). They concluded that collisional effects should slow the dayside rate of 
reconnection at altitudes below ∼300 km, above which the effects of ion-neutral collisions on reconnection rates 
are negligible. Moreover, Harada et al.  (2020) surveyed low-altitude current sheets in the Martian ionosphere 
to identify reconnection signatures, including accelerated ion jets and Hall magnetic fields. Ion jets accelerated 
away from the reconnection X-line are a primary biproduct of magnetic reconnection and are a clear example of 
the transfer from magnetic energy to kinetic energy of the surrounding particles (Paschmann et al., 1979, 2013). 
Harada et al. (2020) identified ion jets associated with magnetic reconnection within current sheets were iden-
tified down to 200 km in altitude. Results from both Cravens et al. (2020) and Harada et al. (2020) suggest the 
plasma conditions for magnetic reconnection are frequently met within the altitude ranges analyzed in Figure 3. 
As a result, in this study we assess the shear angle condition responsible for the onset of magnetic reconnection 
on the dayside of Mars.

3. Results
3.1. Local Crustal Field Reconnection

We apply the shear analysis described in Section 2 to a local region surrounding a magnetic reconnection event 
observed as part of a statistical analysis performed by Harada et al. (2020). Figure 4 shows MAVEN particle and 
fields data from a current sheet crossing included in the Harada et al. (2020) study from 19 September 2019, when 
the spacecraft was positioned ∼1,600 local time and near the equatorial crustal magnetic fields (Figures 5a–5c). 
The current sheet crossing is denoted by a reversal in 𝐴𝐴 𝐴𝐴𝑁𝑁 at 01:07:45 UT when the field component changed 
from 𝐴𝐴 − 30 nT to 𝐴𝐴 + 30 nT (Figure 4a). This reversal can also be observed in the minimum variance analysis (MVA; 
Sonnerup & Scheible, 1998) coordinate system (Figure 4b) in which the maximum variance direction (�̂ ) points 
along the antiparallel field direction that defines the two lobes of the current sheet. Figure 4c shows the ∼180° 
rotation in 𝐴𝐴 𝐴𝐴 defined above. We calculate the ion mass flow by averaging the velocities of the H +, O +, and O2 + 
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ions measured by STATIC and weighted by their mass densities. The enhancement in this averaged ion velocity 
along the �̂ direction (𝐴𝐴 𝐴𝐴𝐿𝐿 ) near the current sheet structure is a characteristic sign of an ion jet accelerated away 
from a reconnection X-line (Figure 4d; Harada et al., 2020). Figure 4e plots the ratio between | 𝐴𝐴 𝐴𝐴𝐿𝐿 | and the average 
Alfvén velocity within the inflow regions of the current sheet denoted by the gray lines, which shows the ion jet 
reaches speeds up to around 40% of the Alfvén velocity.

By determining the magnetic topology of the fields within and surrounding the current sheet crossing, it is 
possible to confirm that reconnection occurred between an underlying crustal anomaly and an external magnetic 
field, rather than some other combination of magnetic field line topologies that might result in reconnection 
(i.e., induced magnetopause reconnection; Wang et al., 2021). The pitch angle distribution score (PAD score; 
Figure 4g) and the shape parameter (Figure 4h) are quantities that aim to parameterize the distribution (loss cone, 
isotropic or beam-like) and origins (solar wind electrons or photoelectrons) of the electrons measured by SWEA. 
These parameters combine to estimate magnetic topology (Weber et al., 2017; Xu et al., 2017, 2019; Figure 4i), 
which distinguishes among closed (both ends connected to the planet), open (one end connected to the planet 
and the other connected to the IMF) and draped (both ends connected to the IMF) field lines. As the spacecraft 
increased in altitude (Figure 4f), MAVEN exited a plasma regime dominated by photoelectrons, with an isotropic 
PAD and closed-dayside magnetic topology (∼01:05:30–01:12:40) and entered a plasma regime populated by 
a mixture of solar wind and photoelectrons, with a beam-like distribution and open-dayside magnetic topology 
(01:12:40–01:14:00). This transition was detected ∼6 min after the magnetic field reversal and accelerated ion 
jet. This change in field topology with the reconnection signatures identified by Harada et al. (2020) suggests that 
MAVEN observed a reconnection event between a closed crustal anomaly and an external magnetic field. This 

Figure 4. Mars Atmosphere and Volatile EvolutioN (MAVEN) observations on 19 September 2019 from 01:05:40 to 01:14:00 UT of the magnetic field in Mars Solar 
Orbital (MSO) frame (nT) (a), magnetic field in spherical frame (nT) (b), magnetic field in minimum variance analysis (MVA) frame (nT) (c), field local clock angle 

𝐴𝐴 𝐴𝐴 (d), 𝐴𝐴 𝐴𝐴 component of the averaged ion velocity (km/s) (e), ratio of averaged ion velocity magnitude in L direction to local Alfvén velocity (f), altitude (g), pitch angle 
distribution (PAD) score (h), shape parameter (i), and magnetic topology score (j).
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idea is also supported by the orbital position of the spacecraft, where MAVEN was near the nominal location of 
the induced magnetopause between the magnetosheath and the ionosphere (Figures 5a–5c) on the dayside. The 
schematic shown in Figure 5d illustrates the likely scenario of this reconnection event, including the direction 
of the ion jet and the sampling of different magnetic topologies along the spacecraft's trajectory. We note that 
reconnection accelerates electrons, and may disrupt their energy distributions or PADs, leading to an error in the 
topology score. However, the details of this process would likely lead to a topology score of “draped” when the 
field line was actually open. Both open and draped magnetic field lines are classified as external to the underlying 
crustal anomalies, so distinguishing between the two is unimportant for this shear analysis.

By establishing that this reconnection event likely occurred between closed crustal fields and an external field, 
we are able to test the validity of the shear analysis. Figure  6a shows MAVEN's orbital trajectory over the 
data-derived crustal field map, within the altitude range of 400–600  km. The current sheet crossing (green 
diamond) took place near the equator. Figure  6b shows a zoomed-in subset of Figure  6a: a 40° by 40° box 
centered on the equator near the location of the current sheet. The arrows plotted along the trajectory align with 
the measured magnetic field direction in the spherical coordinate system and are colored by the magnetic topol-
ogy score. We determine the external field orientation of this current sheet (𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 ) by averaging the orientation of 
the open/draped field lines detected by MAVEN around this region along its orbit (𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐  = 153°) and produce a 
shear map of a region 𝐴𝐴 𝐴𝐴𝐶𝐶𝐶𝐶 , defined as the 20° by 20° box centered on the current sheet, for the overlaid external 
field orientation 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 condition (Figure 6c). This shear map illustrates the large range in 𝐴𝐴 𝐴𝐴𝑠𝑠 within this region, with 
the highest shear occurring when the crustal anomalies point northward. We also project the direction of the ion 

Figure 5. Mars Atmosphere and Volatile EvolutioN (MAVEN) orbit as viewed from the ZMSO plane (a), YMSO plane (b), and XMSO (c) plane. The green diamond in 
panels (a–c) represent the location of the current sheet. The dashed lines in panels (a–c) show the nominal locations of the bowshock and magnetic pileup boundary 
from Trotignon et al. (2006). Schematic of reconnection region and ion jet outflow with colored arrows representing the ion jet (green), crustal magnetic field 
orientation (purple), external field orientation (red), and the trajectory of the spacecraft (black) (d).
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jet onto the shear map shown in orange. Note that the ion jet points away from the reconnection X-line and in this 
case, points north and slightly west which suggests the X-line lies somewhere just southeast of the current sheet 
detection location. This is reflected in the shear map with the highest shear bins located southward of the current 
sheet detection location.

We perform the shear index analysis within 𝐴𝐴 𝐴𝐴𝐶𝐶𝐶𝐶 and plot the results in Figure 6d. The peak values of 𝐴𝐴 𝐴𝐴 within 
this region are at 𝐴𝐴 𝐴𝐴 ∼ ± 180° across the 200–400, 400–600, and 600–800 km altitude ranges. These results are in 
good agreement with the measured value of 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐  = 153°, particularly for the midaltitude range in which this event 
is observed (∼500 km, Figure 4f). This small-scale study shows the shear analysis predictions provide context for 
the interaction of an external field and the crustal anomalies to augment single-point measurements taken by the 
spacecraft. Furthermore, this study suggests the shear analysis technique can provide insights into the location 
and preferred external field orientation for magnetic reconnection with the crustal anomalies throughout the 
magnetosphere.

3.2. Global Magnetospheric Reconnection

We apply this shear analysis methodology more globally to explore the external field conditions that favor the 
onset of magnetic reconnection throughout the Martian magnetosphere. Figures 2 and 3 demonstrate the shear 
analysis results for the entire data-derived crustal field map, 𝐴𝐴 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 . The shear index results in Figure 3 vary across 

Figure 6. Shear analysis of the region surrounding the current sheet presented in Figure 4: Mars Atmosphere and Volatile EvolutioN (MAVEN) orbital trajectory 
of projected onto data-derived map of crustal magnetic fields at 400–600 km altitude (a), projection of MAVEN trajectory through zoomed-in crustal magnetic field 
region with colored arrows representing the topology of the magnetic field (closed-purple, open-red, unknown-white, draped-green), a green diamond representing the 
current sheet and yellow oval representing the open/draped magnetic field measurements (b). Shear map of 𝐴𝐴 𝐴𝐴𝐶𝐶𝐶𝐶 for an external draped field orientation of 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐  = 153° 
and red diamond indicating current sheet location and orange arrow representing the projected ion jet direction (c). Shear index plot for this region with 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 indicated by 
a red dashed line (d).
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the three altitude ranges: For the two higher altitude ranges, 𝐴𝐴 𝐴𝐴 peaks (𝐴𝐴 𝐴𝐴 ≈ 0.17) at 𝐴𝐴 𝐴𝐴 values close to −90° (west-
ward) and +90° (eastward), while 𝐴𝐴 𝐴𝐴 values for 𝐴𝐴 𝐴𝐴 close to 0° (northward) reach ∼70% (𝐴𝐴 𝐴𝐴 ≈ 0 .12) of eastward 
and westward 𝐴𝐴 𝐴𝐴 values. We also see that 𝐴𝐴 𝐴𝐴 values for northward fields reach only ∼80% of those for southward 
(𝐴𝐴 𝐴𝐴  = 𝐴𝐴 ± 180°) fields (𝐴𝐴 𝐴𝐴 ≈ 0.15) for the higher two altitude ranges. At the lowest altitude range 𝐴𝐴 𝐴𝐴 does not show 
as much variation with 𝐴𝐴 𝐴𝐴 , but does exhibit a small peak (𝐴𝐴 𝐴𝐴 ≈  0.16) for southward external fields. These results 
provide a global perspective of the external conditions under which high shear, antiparallel magnetic reconnec-
tion is likely to occur.

It should be noted that while the shear index analysis assesses the relative orientations of the external field and 
the crustal anomalies, it does not consider any effects due variations in crustal field distribution or strength. To 
determine any dependencies on these parameters, we perform the shear analysis as a function of geographic 
location (Figure 7) and crustal field magnitude (Figure 8). Figure 7a shows the results of a shear map with an 
imposed westward external field with the map separated into three latitudinal regions: −70°S 𝐴𝐴 ≤ 𝑅𝑅𝑆𝑆 ≤ − 20°S 
(green region), 20°S 𝐴𝐴 𝐴 𝐴𝐴𝐸𝐸 ≤ 20°N (purple region), and 20°N 𝐴𝐴 𝐴 𝐴𝐴𝑁𝑁 ≤ 70°N (red region). The corresponding 
S plots for each latitudinal region over a range of 𝐴𝐴 𝐴𝐴 are displayed in Figures 7b–7d. Within 𝐴𝐴 𝐴𝐴𝑆𝑆 , 𝐴𝐴 𝐴𝐴 values do 
not show a clear dependence on 𝐴𝐴 𝐴𝐴 . This region includes the strongest crustal sources and, therefore, the largest 
variation in magnetic field sources compared to the other latitudinal regions (Figure 7b). When comparing S 
for the three regions, the 𝐴𝐴 𝐴𝐴 index plot for 𝐴𝐴 𝐴𝐴𝐸𝐸 (Figure 7c) shows the most variability with altitude. Within 𝐴𝐴 𝐴𝐴𝐸𝐸 , a 
strong enhancement is observed in 𝐴𝐴 𝐴𝐴 for a southward external field (𝐴𝐴 𝐴𝐴 = ± 180°) at low altitudes, maximizing at 

𝐴𝐴 𝐴𝐴 ∼ 0.25. The 𝐴𝐴 𝐴𝐴 values reach a local minimum for northward external fields (𝐴𝐴 𝐴𝐴 = 0
◦ ) across all altitudes, with 𝐴𝐴 𝐴𝐴 

Figure 7. Shear analysis plots for 𝐴𝐴 𝐴𝐴𝑁𝑁 , 𝐴𝐴 𝐴𝐴𝐸𝐸 , 𝐴𝐴 𝐴𝐴𝑆𝑆 for the data-derived crustal field map. (a) Shear map of crustal magnetic fields for a westward draped field orientation 
measured from 400 to 600 km altitude split into three latitude ranges (𝐴𝐴 𝐴𝐴𝑁𝑁 : +20° to +70°, 𝐴𝐴 𝐴𝐴𝐸𝐸 : −20° to +20°, 𝐴𝐴 𝐴𝐴𝑆𝑆 : −70° to +70° with 𝐴𝐴 𝐴𝐴𝑁𝑁 , 𝐴𝐴 𝐴𝐴𝐸𝐸 , 𝐴𝐴 𝐴𝐴𝑆𝑆 colored red, purple, 
and green, respectively). Shear index plots for 𝐴𝐴 𝐴𝐴𝑁𝑁 (b), 𝐴𝐴 𝐴𝐴𝐸𝐸 (c), 𝐴𝐴 𝐴𝐴𝑆𝑆 from crustal magnetic field data measured within three different altitude ranges: 200–400 km 
(diamonds), 400–600 km (triangles), and 600–800 km (squares).
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calculated to be ∼0.08 or ∼30% of that for southward draped fields. For 𝐴𝐴 𝐴𝐴𝑁𝑁 (Figure 7d), 𝑆 values are larger for
eastward/westward external magnetic fields compared to northward/southward external magnetic fields for high 
altitudes, similar to the shear index plot for the global magnetosphere (Figure 3). However, at the lowest altitude 
range, 𝐴𝐴 𝐴𝐴 peaks at 𝐴𝐴 𝐴𝐴 ≈ 0.17 for northward external fields, with 𝐴𝐴 𝐴𝐴 for southward external fields reaching only 0.10 
or ∼58% of that for a northward external field.

To explore the effects of crustal field strength on magnetic reconnection occurrence, we divide the magnetosphere 
into regions of crustal magnetic field amplitude (| 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐𝑐 |) derived from the crustal field map data set measured at 
the lowest altitudes (<200 km): 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝐴𝐴 150 nT < |𝐵𝐵𝑐𝑐𝑐𝑐 | ), 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 (𝐴𝐴 20 nT < |𝐵𝐵𝑐𝑐𝑐𝑐 | < 150 nT ), 𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 (|𝐵𝐵𝑐𝑐𝑐𝑐 | < 20 nT ), 
shown in Figure 8a. The corresponding shear index plots are shown in Figures 8b–8d. The S plot for 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 , 
shown in Figure 8b is highly variable across the three altitude ranges. The 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 shear index plot shows 𝐴𝐴 𝐴𝐴 values 
that are larger for northward/southward external field lines (𝐴𝐴 𝐴𝐴 ≈ 0.2) compared to eastward/westward external 
field lines (𝐴𝐴 𝐴𝐴 ≈ 0.12). Figure  8c shows the shear index for region defined by the moderate strength crustal 
magnetic fields (𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 ). At lower altitudes, strong peak in 𝐴𝐴 𝐴𝐴 is observed for southward fields (𝐴𝐴 𝐴𝐴 ≈ 0.22) with 𝐴𝐴 𝐴𝐴 for 
northward fields (𝐴𝐴 𝐴𝐴 ≈ 0.09) only reaching 40% of that for southward fields at all altitudes. The S plot for 𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 
(Figure 8d) reveals a bimodal trend at high altitudes, with a larger 𝐴𝐴 𝐴𝐴 measured for eastward/westward external 
fields compared to northward/southward external fields across all altitudes with a preference for westward exter-
nal fields (𝐴𝐴 𝐴𝐴 ≈ 0.19) compared to eastward (𝐴𝐴 𝐴𝐴 ≈ 0.15). At the lowest altitude range, however, we see a peak in 𝐴𝐴 𝐴𝐴 
for northward external fields (𝐴𝐴 𝐴𝐴 ≈ 0.17).

Figure 8. Shear analysis plots for 𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤, 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚, 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 for the data-derived crustal field map. (a) Shear map of crustal magnetic fields for a westward draped field 
orientation measured from 200 to 400 km altitude split into three regions based on crustal magnetic field strength measured at altitudes <250 km (𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤: 𝐴𝐴 |𝐵𝐵𝑐𝑐𝑐𝑐 | < 20 nT, 

𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 : 20 nT < 𝐴𝐴 |𝐵𝐵𝑐𝑐𝑐𝑐 | < 150 nT, 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 :150 nT < 𝐴𝐴 |𝐵𝐵𝑐𝑐𝑐𝑐 | ) with 𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤, 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚, 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 colored red, purple and green respectively. Shear index plots for 𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 (b), 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 (c), and 
𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (d) from crustal magnetic field data measured within three different altitude ranges: 200–400 km (diamonds), 400–600 km (triangles), and 600–800 km (squares).
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3.3. The Spherical Harmonic Model

We further explore our findings by implementing the shear analysis technique with the Langlais et al. (2019) 
spherical harmonic crustal field model (Langlais19) in place of the MAVEN data-derived map. In this case, the 
methodology for producing the shear maps and 𝐴𝐴 𝐴𝐴 remains the same, but the crustal field strength and orientation 
is instead determined by Langlais19 rather than the data-derived map. Figures 9a–9d shows the shear map and 

𝐴𝐴 𝐴𝐴 plots for the 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 , 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 , and 𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 regions of crustal magnetism based on Langlais19. For 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 , 𝐴𝐴 𝐴𝐴 peaks 
(𝐴𝐴 𝐴𝐴 ≈ 0 .2–0.24) for northward/southward fields across all altitudes (Figure 9b), with eastward fields (𝐴𝐴 𝐴𝐴 ≈ 0.1) 
only reaching ∼40%–50% of northward/southward fields. For 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 , we see a peak in 𝐴𝐴 𝐴𝐴 for southward fields 
across all altitudes (Figure 9c). At the highest altitude range, 𝐴𝐴 𝐴𝐴 reaches values of 0.26. The shear index plot for 
the modeled crustal fields within 𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 (Figure 9d) shows a major peak in 𝐴𝐴 𝐴𝐴 for southward draped fields (𝐴𝐴 𝐴𝐴 ≈ 
0.45) across all altitudes, with 𝐴𝐴 𝐴𝐴 for northward fields (𝐴𝐴 𝐴𝐴 ≈ 0.05) reaching only 12% of that for southward fields.

4. Discussion
By developing a magnetic shear tool to investigate favorable conditions for magnetic reconnection between an 
external field and the Martian crustal fields occur, we can better understand how the IMF-crustal field interac-
tion drives overall magnetospheric structure and dynamics at Mars. The localized reconnection study detailed 
in Section  3.1 demonstrates how this Mars shear analysis augments single-point measurements of magnetic 

Figure 9. Shear analysis plots for 𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 , 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 , 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 for the crustal field spherical harmonic model described in Langlais et al. (2019). (a) Shear map of modeled 
crustal magnetic fields for a westward draped field orientation at 300 km altitude split into three regions based on crustal magnetic field strength measured at altitudes 
<250 km (𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 : 𝐴𝐴 |𝐵𝐵𝑐𝑐𝑐𝑐 | < 20 nT, 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 : 20 nT< 𝐴𝐴 |𝐵𝐵𝑐𝑐𝑐𝑐 | < 150 nT, 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 :150 nT <  𝐴𝐴 |𝐵𝐵𝑐𝑐𝑐𝑐 | ) with 𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 , 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 , 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 colored red, purple, and green, respectively. Shear index 
plots for 𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 (b), 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 (c), and 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (d) from crustal magnetic field data measured within three different altitude ranges: 300 km (diamonds), 500 km (triangles), and 
700 km (squares).
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reconnection by identifying crustal field regions where X-lines are more likely to be located. A future appli-
cation of the shear analysis on more localized scales includes analyzing the occurrence of other byproducts of 
magnetic reconnection such as magnetic flux ropes. The global application of the shear analysis in Section 3.2 
serves to demonstrate where and under what conditions magnetic reconnection may occur across the dayside of 
the Martian magnetosphere. These results provide implications regarding the global magnetospheric interaction 
between the crustal anomalies of Mars and an external magnetic field to determine which conditions may drive 
periods of enhanced reconnection activity. Section 3.3 shows the 𝐴𝐴 𝐴𝐴 plots generated by utilizing the Langlais19 
spherical harmonics crustal field to identify differences in trends between MAVEN observations and a commonly 
used crustal field modeling technique. Notable similarities and differences arise when comparing the S plot 
results of the data-derived crustal field map versus the Langlais19 spherical harmonics map.

In comparison to the 𝐴𝐴 𝐴𝐴 plots generated utilizing the data-derived crustal map (Figure 8), those generated utilizing 
Langlais19 are similar for 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 (Figure 8b/9b and Figure 8c/9c). The main difference between the two 
approaches is observed in regions of weak crustal fields. The data-derived 𝐴𝐴 𝐴𝐴 plot peaks for northward external 
field orientations at low altitudes, and eastward/westward draped fields at higher altitudes for 𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 (Figure 8d), 
whereas the Langlais19 𝐴𝐴 𝐴𝐴 plot peaks majorly for southward fields (Figure 9d) across all altitudes. This discrep-
ancy between the predictions of weak crustal magnetic field orientations from the model and those derived from 
MAVEN MAG measurements is likely due to a combination of three possibilities:

1.  The lower order spherical harmonic terms in Langlais19 predict a more structured magnetic field orientation 
over the weak crustal anomalies than is actually present at Mars.

2.  The regions of the weakest anomalies are heavily influenced by draped and induced magnetic fields, resulting 
from the lower magnetic pressure present in these regions. These draped and induced fields then affect the 
results based on the data-derived maps.

3.  Spacecraft data do not yet exist at low altitudes in these weak regions. MAVEN offers the lowest altitude 
magnetic field measurements of any Mars orbital mission to date and, therefore, the strength and direction of 
any weak crustal fields in this region may still be unexplored. This lack of data also affects the ability to model 
crustal fields in these weak regions.

Due to these considerations and the disagreement between the model and observations, we cannot make any 
strong conclusions regarding the external field conditions that favor reconnection with the weakest crustal anom-
alies within 𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 . Furthermore, because the weakest crustal anomalies are likely suppressed to such low alti-
tudes, well within the Martian upper atmosphere, the moderate-to-strong anomalies play a larger role in global 
solar wind and magnetic reconnection trends at Mars. Further work is required to better understand the true 
orientation of the weakest crustal anomalies and their role, if any, in global trends of magnetic reconnection.

Based on these results, we combine 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (the purple and green regions of Figure 8a) for the data-derived 
crustal field map to define 𝐴𝐴 𝐴𝐴𝑚𝑚+𝑠𝑠 , the crustal field region in which the crustal magnetic field strength exceeds 
20 nT at the lowest altitude range (20 nT 𝐴𝐴 𝐴 |𝐵𝐵𝑐𝑐𝑐𝑐 | ). Figure 10 shows a shear map and 𝐴𝐴 𝐴𝐴 plot for 𝐴𝐴 𝐴𝐴𝑚𝑚+𝑠𝑠 . The 𝐴𝐴 𝐴𝐴 plot 
(Figure 10b), shows similar trends in 𝐴𝐴 𝐴𝐴 to those presented earlier for the equatorial (Figure 7c) and moderate 
(Figure 8c) crustal fields. One such trend is the tendency for the shear index, 𝐴𝐴 𝐴𝐴 , to maximize (𝐴𝐴 𝐴𝐴 ≈ 0 .19–0.21) 
for southward external field orientations at low-midaltitude ranges. At the highest altitude range (600–800 km), 
we still see a preference in 𝐴𝐴 𝐴𝐴 for southward fields (𝐴𝐴 𝐴𝐴 ≈ 0 .15) compared to northward (𝐴𝐴 𝐴𝐴 ≈ 0 .1) fields, but we 
also see local maxima in 𝐴𝐴 𝐴𝐴 for eastward and westward fields (𝐴𝐴 𝐴𝐴 ≈ 0 .17) as well. These results suggest southward 
external fields are the most likely to globally affect the magnetosphere and result in magnetic reconnection with 
the moderate-to-strong crustal fields.

This result also relates to the dayside interaction between the moderate-to-strong crustal magnetic fields and the 
IMF in the MSO coordinate system. We note that our results provide a framework for understanding the preferred 
external field geometry in the magnetosheath that is adjacent to the magnetopause. However, caution must be 
taken when drawing connections between the upstream IMF orientation in the MSO frame and the local, external 
magnetic field orientation analyzed in our study because the IMF rotates as it crosses the bow shock and drapes 
around the planet (Chai et al., 2019; Dubinin et al., 2019; Fang et al., 2018). For this application of our analysis 
to the IMF-Mars interaction, we assume that a southward-directed field corresponds to a 𝐴𝐴 −ZMSO-draped IMF that 
is adjacent to the magnetopause and directly interacting with the crustal fields. This implies that a 𝐴𝐴 −ZMSO-directed 
IMF located in the magnetosheath, interacting with the crustal fields would create the largest area of high shear 
with the moderate-strong crustal magnetic fields on the dayside (Figure 10b). Therefore, we suggest that dayside 
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magnetic reconnection between the draped IMF and the underlying crustal anomalies is most likely to occur when 
the IMF is oriented in the 𝐴𝐴 −ZMSO direction. This preference is similar to that at Earth, where 𝐴𝐴 −ZGSM conditions 
favor the onset of magnetic reconnection along the terrestrial magnetopause. The 𝐴𝐴 −ZMSO IMF preference for 
reconnection at Mars is not obvious due to the nonuniform nature of the crustal anomalies. Our results suggest 
the orientations of scattered crustal anomalies at Mars demonstrate global preferences despite their variations 
over small scales.

Next, we interpret this preference for IMF direction to enable magnetic reconnection to provide context for global 
open topology observations at Mars (Brain et al., 2020; Weber et al., 2020; Xu et al., 2019, 2020). If we assume 
dayside magnetic reconnection between the crustal anomalies and IMF produces the majority of open magnetic 
fields, then our study predicts open topology around Mars should be observed most frequently under southward 
(𝐴𝐴 − ZMSO) IMF conditions. Xu et al. (2018) demonstrated that dayside open topology rates increased during the 
2017 September interplanetary coronal mass ejection (ICME) impact at Mars. Our study suggests this enhance-
ment in open topology is in part due to enhanced magnetic reconnection rates between the crustal anomalies and 
the prominent southward IMF associated with ICME impacts. Recent studies using the Mars Global Surveyor 
(MGS) spacecraft and MAVEN have revealed variations in nightside, open topology measurements with the  

𝐴𝐴 ±YMSO component of the draped IMF (Brain et  al.,  2020; Weber et  al.,  2020). These studies were limited to 
nightside open magnetic topology rates over magnetic cusps, and thus focused on the interaction between the 
draped IMF and the radial component of the crustal anomalies on the nightside. In contrast our study focuses on 
the global trends in dayside magnetic reconnection between an external field and the transverse component of the 
crustal anomalies. The nightside interaction analyzed in Brain et al. (2020) and Weber et al. (2020) is different 
than the dayside interaction analyzed in our shear analysis, and this difference likely explains the discrepancy 
between our results.

The relationship between upstream IMF orientation and global dayside magnetic reconnection also directly 
impacts the twisted magnetotail. Field line tracings of 3D multispecies magnetohydrodynamic (MHD) simu-
lations (DiBraccio et al., 2018) and magnetic topology estimates using MAVEN particle and field observations 
(Xu et al., 2020) suggest that the twisted tail is mostly composed of open magnetic field lines. The direction of 
this twist has been observed to depend heavily on the 𝐴𝐴 ±YMSO component of the IMF, but the reasoning behind 
this dependency is still being explored. When assessing the influence of the strong crustal fields on tail twisting, 
DiBraccio et al. (2022) found that the degree of twisting varies with the IMF YMSO component, and the largest tail 
twist of nearly 60° occurs for +YMSO when the strongest crustal sources are located on the nightside. Additionally, 
DiBraccio et al. (2022) found that the tail twist was at a minimum, of ∼5°–10°, for both 𝐴𝐴 ±YMSO IMF conditions 
when the strong crustal fields were at dusk (18:00 LT). These results further suggest that the twisted tail is a result 
of a more global IMF-planetary interaction that is an aggregation of localized interactions between IMF and the 
strongest crustal fields.

Figure 10. Shear analysis plots for 𝐴𝐴 𝐴𝐴𝑚𝑚+𝑠𝑠 for the data-derived crustal field map. (a) Shear map of crustal magnetic fields for a westward draped field orientation 
measured from 200 to 400 km altitude for 𝐴𝐴 𝐴𝐴𝑚𝑚+𝑠𝑠 : 20 nT < 𝐴𝐴 |𝐵𝐵𝑐𝑐𝑐𝑐 | . Shear index plot (b) from crustal magnetic field data measured within three different altitude ranges: 
200–400 km (diamonds), 400–600 km (triangles), and 600–800 km (squares).
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At Earth, the magnetotail is twisted by roughly 10° or less, and is controlled by the 𝐴𝐴 ±YGSM component of the 
IMF (e.g., Cowley, 1981; Kaymaz et al., 1994; Sibeck & Lin, 2014; Sibeck et al., 1985; Xiao et al., 2016). The 
magnetospheres of Mars and Earth both appear to be most susceptible to dayside magnetic reconnection under 

𝐴𝐴 −ZMSO/GSM IMF conditions. Also, they both exhibit a twisted magnetotail that depends on the 𝐴𝐴 ±YMSO/GSM compo-
nent of the IMF. Despite the differences between the two magnetospheres, a comparison between the properties 
of twisted magnetotail of Mars and Earth may shed light onto the physical mechanisms responsible. Sibeck and 
Lin  (2014) suggested the twisted terrestrial magnetotail results from open magnetic field lines generated via 
reconnection on the dayside. As these newly generated open field lines propagate to the nightside, they will be 
pulled in the direction of the IMF and will be asymmetrically added to the duskside/dawnside lobe of the magne-
totail depending on the 𝐴𝐴 ±YGSM component of the IMF and the magnetic pole in which the open field is connected. 
The combined influence of the global dipole field and the open magnetic field lines in the terrestrial tail result 
in a twisted structure. Our results suggest the same processes that twist the terrestrial magnetotail may also be 
responsible for the twisted Martian magnetotail. In the Martian case, the open field lines within the magnetotail 
are not connected to a strong global dipole field but are instead connected to much weaker crustal anomalies. In 
comparison to the global dipole field at Earth, the crustal anomalies at Mars do not exert as strong an influence 
on the magnetotail, and the open field lines generated on the dayside therefore produce a more extreme twisted 
magnetotail on the nightside that varies with the location of the crustal anomalies, as reported by DiBraccio 
et al. (2022). However, future studies dedicated to connecting the nature of the twisted magnetotail with dayside 
reconnection between the IMF and the dayside magnetosphere is required to fully understand the processes 
responsible for shaping the magnetotail of both Earth and Mars.

In this shear analysis investigation, we have presented a tool that assesses the likelihood of magnetic reconnec-
tion to occur across localized regions of the Martian crustal fields, and then provided a method for interpreting 
this on a global scale. The global assessment has suggested that high shear, antiparallel magnetic reconnection 
between the IMF and moderate-to-strong crustal magnetic anomalies on the dayside occur most frequently for 

𝐴𝐴 − ZMSO IMF conditions. These results hold implications for trends in reconnection-related phenomena including 
open topology measurements and the twisted configuration of the Martian magnetotail. Moreover, the shear 
analysis provides important insights to understanding the complex nature of the solar wind-Mars interaction as 
we continue to explore the processes driving its hybrid structure.

Data Availability Statement
In accordance with the AGU data policy, MAVEN data are publicly available through the Planetary Plasma Inter-
actions Node of the Planetary Data System (https://pds-ppi.igpp.ucla.edu/mission/MAVEN).
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