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Abstract Flux transfer events (FTEs) are a type of magnetospheric phenomena that exhibit distinctive
observational signatures from the in situ spacecraft measurements. They are generally believed to possess a
magnetic field configuration of a magnetic flux rope and formed through magnetic reconnection at the dayside
magnetopause, sometimes accompanied with enhanced plasma convection in the ionosphere. We examine two
FTE intervals under the condition of southward interplanetary magnetic field (IMF) with a dawn‐dusk
component. We apply the Grad‐Shafranov (GS) reconstruction method to the in situ measurements by the
Magnetospheric Multiscale (MMS) spacecraft to derive the magnetic flux contents associated with the FTE flux
ropes. In particular, given a cylindrical magnetic flux rope configuration derived from the GS reconstruction, the
magnetic flux content can be characterized by both the toroidal (axial) and poloidal fluxes. We then estimate the
amount of magnetic flux (i.e., the reconnection flux) encompassed by the area “opened” in the ionosphere, based
on the ground‐based Super Dual Auroral Radar Network (SuperDARN) observations. We find that for event 1,
the FTE flux rope is oriented in the approximate dawn‐dusk direction, and the amount of its total poloidal
magnetic flux falls within the range of the corresponding reconnection flux. For event 2, the FTE flux rope is
oriented in the north‐south direction. Both the FTE flux and the reconnection flux have greater uncertainty. We
provide a detailed description about a formation scenario of sequential magnetic reconnection between adjacent
field lines based on the FTE flux rope configurations from our results.

Plain Language Summary The outer boundary of the Earth's own magnetic field extends into space
and is shaped by the constant outflow of ionized particles from the Sun, that is, the so‐called solar wind, into a
bullet shape. The blunt side facing the Sun is called the dayside magnetopause where the Sun's magnetic field
carried along by the solar wind interacts with the Earth's magnetic field. Under the condition of the Sun's
magnetic field possessing a southward component, the interaction becomes more intense and energetic, often
leading to a continuous change of topology/connectivity between the two fields. Such a process, dubbed
magnetic reconnection, is also accompanied with enhanced particle motion, of which signatures can manifest in
the in situ spacecraft measurements. Correspondingly such enhanced disturbances may map nearly
simultaneously along the Earth's magnetic field lines onto the Earth's upper atmosphere and observed by the
ground‐based radars. By analyzing and correlating these observations at different but inter‐connected sites, we
carry out a study to characterize and relate the physical quantity of magnetic flux accumulated through the
reconnection process. We also illustrate in detail the formation of one type of commonly associated magnetic
field structure at the dayside magnetopause.

1. Introduction

Flux transfer events (FTEs) are recognized as signatures of intermittent magnetic reconnection from in situ
spacecraft measurements during the crossings of the Earth's magnetopause (Elphic, 1990; Russell & Elphic, 1978;
Zhang et al., 2022). The FTEs generally possess the signatures of bipolar magnetic field component in the di-
rection normal to the local plane of the magnetopause current sheet. The polarity of this normal field component
follows certain pattern with respect to the locations of their occurrence, owing to the nominal field directions
across the magnetopause. They have typical duration around 1 min and occur most often and sometimes
repeatedly under the southward interplanetary magnetic field (IMF) or magnetosheath magnetic field (shocked
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IMF) conditions. Additional plasma and particle signatures support the generation mechanism of magnetic
reconnection and the magnetic field topology of a magnetic flux rope (Elphic, 1990; Guo et al., 2021; Hase-
gawa, 2012; Raeder, 2006) for FTEs. Interestingly, in Elphic (1990), it was indicated that “What Russell and
Elphic (1978) suggested, in effect, was a magnetopause analog to solar flares.” For solar flares, magnetic
reconnection always plays a critical role, often leading to the formation of magnetic flux ropes on the Sun
(Chen, 2011; Forbes & Lin, 2000; Forbes et al., 2006; Longcope & Beveridge, 2007). We will further digress on
this aspect and offer our view on this analogy with greater details in Section 3.4. In this aspect for FTEs at the
Earth's magnetopause, a flux rope topology is conceived to be formed through the process of single or multiple X
line reconnection (Fear et al., 2017; Hasegawa et al., 2010; Lee & Fu, 1985). For the latter, the flux rope may
possess a more pronounced non‐vanishing axial field component, thus exhibiting a configuration of helical
magnetic field lines (e.g., Fu et al., 1990).

Magnetic flux ropes are a common and important type of structures occurring across space plasma re-
gimes and magnetic reconnection is believed to play a major role in the formation of flux ropes (Russell
et al., 1990). They are observed on the Sun, in the interplanetary space, at the Earth's magnetopause, as well
as in the magnetotail, from both in situ and remote‐sensing observations. In particular, for the in situ
spacecraft measurements, the Grad‐Shafranov (GS) reconstruction method has been widely applied to derive
the configuration of magnetic flux ropes in various space plasma regimes and with a wide range of scale
sizes, including FTEs at the Earth's magnetopause (Hasegawa, 2012; Hu, 2017). In these applications to FTEs,
the method has been validated by using multi‐spacecraft measurements and the results were interpreted in the

context of approximately two and a half dimensional (212‐D) flux ropes formed through magnetic reconnection

(Hasegawa et al., 2004, 2006). In Hasegawa et al. (2006), two groups of possibly recurring FTEs were
examined by the optimal GS reconstruction technique by employing multiple Cluster spacecraft data sets,
which enabled the most accurate characterization of the FTE flux rope configurations. It was found that the
cross section size of an FTE flux rope can reach the order of ∼1 Earth radius (RE), and the FTE flux ropes
generally possess a strong core (axial) field. The results indicated consistency with the usual single‐spacecraft
based GS reconstruction results. In addition, the flux contents of the FTE flux ropes were also quantified, in
terms of the axial flux and the “total transverse magnetic flux” (equivalent to the poloidal flux as we refer
later). Most noteworthily, those authors were able to derive the reconnection rate (in the order of <0.1 in
normalized unit) for the FTE formation based on the realization that the “total reconnected flux” is equal to
the poloidal flux of the flux rope. Part of their analysis result is to be cited in Section 3 for reference. Another
inspiration is the recent works by Zou et al. (2022) and Zou et al. (2021, 2018), albeit not directly addressing
FTEs. Those authors have carried out detailed and correlated analysis of both in situ spacecraft measurements
and ground‐based observations under the “space‐ground conjunction.” The dayside magnetopause reconnec-
tion processes were studied especially in terms of the reconnection rates at the conjugate sites of recon-
nected field lines with one end connecting to the ionosphere. A recent comprehensive analysis by Wang
et al. (2021) also used both radar and in situ spacecraft observations to show the one‐to‐one correspondences
between the sunward ionospheric flow bursts and the sudden increases of the IMF Bz component. A cusp
auroral spot together with an inverse ion energy dispersion was observed in association with one of the flow
bursts. In the present study, we also seek out events of such conjunctions with correlated in situ and ground‐
based observations, but focus on the utilization of single‐spacecraft data set to derive the critical parameters
for FTE flux ropes in order to correlate with the associated physical quantities derived from the corresponding
radar observations in the ionosphere. We intend to further elucidate in detail the process of magnetic
reconnection at the magnetopause, leading to the formation of FTE flux ropes, from a topological point of
view.

FTEs have also been studied by using optical/radar observations in addition to in situ spacecraft measurements.
Poleward Moving Auroral Forms (PMAFs) are a type of auroral structure that is observed remotely and occurs in
the ionosphere (Sandholt et al., 1986; Vorobev et al., 1975). PMAFs are caused by the reconnection of magnetic
field lines in the magnetosphere and the magnetosheath or the boundary layers across the magnetopause, which
process forms FTEs. The ionospheric signatures of FTEs through mapped field lines from the magnetopause to
the ionosphere can be observed optically as PMAFs. There are corresponding signatures occurring at the foot-
prints of newly opened magnetic field lines and are characterized by a poleward motion of the associated plasma
structures (Hwang et al., 2020). Such a connection was made by using both in situ spacecraft measurements of an
FTE at the magnetopause and the corresponding radar and camera observations in the ionosphere with enhanced
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plasma convection and auroral structures near the conjugate sites that map to the FTE location (Elphic et al., 1990;
Wild et al., 2003). The Super Dual Auroral Radar Network (SuperDARN) observations (Chisham et al., 2007;
Greenwald et al., 1995; Nishitani et al., 2019) have been used to analyze the motion and estimate the area
“opened” by such a magnetic reconnection process. For example, some previous studies (Lockwood et al., 1990;
Milan et al., 2000) inferred the latitudinal and longitudinal extents of “opened” magnetic field region using radar
and auroral observations. In turn, a connection can be made between the FTE formation at the magnetopause and
the corresponding signatures in the ionosphere. In particular, certain amount of magnetic flux for the reconnected
field (hence the reconnection flux) can be estimated by using the radar observations to provide a quantitative
characterization that can be compared with the corresponding FTE fluxes (Fear et al., 2017; Marchaudon, Cer-
isier, Bosqued, et al., 2004; Marchaudon, Cerisier, Greenwald, & Sofko, 2004; Oksavik et al., 2005). It was
summarized by Fear et al. (2017) that the range of magnetic flux contents for the conjugate FTE events is
approximately between 1 and 77 MWb.

In this study, we follow the overall approach of Fear et al. (2017), especially for analyzing the radar ob-
servations (see Section 2 for a brief description). But instead we apply the GS reconstruction method to the in
situ spacecraft measurements of FTEs, in order to estimate the magnetic flux contents associated with FTE
flux ropes. We describe the data source and methods employed in Section 2. The results for two events from
the analysis of both in situ spacecraft measurements and the associated radar observations are presented in
Section 3. We provide in Section 3.4 an interpretation for the FTE formation process at the
magnetopause, solely from the viewpoint of topological change of magnetic fields. Finally we conclude and
discuss the implications and uncertainties associated with this analysis.

2. Data and Methods

Following Fear et al. (2017), we utilize both in situ spacecraft measurements, primarily from the Magneto-
spheric Multiscale (MMS) spacecraft, at the magnetopause and the corresponding SuperDARN observations
in the ionosphere to carry out the quantitative analysis of the magnetic flux contents associated with the FTE
flux ropes and the reconnection flux “opened” in the polar region of the ionosphere. The MMS mission is
a constellation of four spacecraft to study the Earth's magnetosphere and the important process of mag-
netic reconnection through in situ measurements of magnetic field and particle populations. The magnetic
field data are gathered through the use of a fluxgate magnetometer (Russell et al., 2016), with a sampling rate
of 128 Hz. The Fast Plasma Investigation (FPI) instrument (Pollock et al., 2016) is used to obtain the ion and
electron distribution functions and to derive their associated moments. Only data obtained in burst mode are
utilized in this study and are in the Geocentric Solar Magnetospheric (GSM) coordinate system from the
MMS1 spacecraft.

SuperDARN is a global network of scientific radars located in both the Northern and Southern Hemispheres.
The SuperDARN radar data are used to map high‐latitude plasma convection and to display back scatter power
and Doppler velocity for a selected beam along a particular line of sight in this study. The convection map is
generated from the improved model of Thomas and Shepherd (2018) (TS18 model). The technique uses data
from all the SuperDARN stations in one hemisphere and data from a statistical model for regions without real‐
time radar observations. We follow closely the procedures given by Fear et al. (2017) for quantifying the
amount of flux in the polar cap region “opened” by the magnetic reconnection associated with the corre-
sponding FTE formation at the magnetopause. Namely, the longitudinal and latitudinal extents of the area
“opened” are estimated by the extents of the enhanced plasma convection velocities and the poleward prop-
agation of the enhanced back scatter power, respectively. The expansion of the enhanced radar scatter power is
considered equivalent to the signatures of PMAFs in our analysis.

To characterize the magnetic flux contents of an FTE flux rope, we take a different and unique approach by
employing the Grad‐Shafranov (GS) reconstruction method based on in situ data. The GS method has been
applied to examine the magnetic field structures of FTEs at the Earth's magnetopause (Hasegawa, 2012; Hase-
gawa et al., 2004, 2006; Hu, 2017; Sonnerup et al., 2004), in the form of a cylindrical flux rope configuration
composed of nested flux surfaces with arbitrary (2D) cross sections. Through this approach, the critical pa-
rameters characterizing a flux rope structure can be derived quantitatively, including the magnetic flux contents.

The GS reconstruction method employs the GS equation in a Cartesian coordinates which governs the magnetic
flux function A(x, y) in a 2D geometry (i.e., ∂/∂z = 0),
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∂2A

∂x2
+

∂2A

∂y2
= −μ0

dPt(A)

dA
. (1)

Here, due to the invariance along the z dimension (z being the cylindrical axis), the magnetic field components
are determined by the scalar magnetic flux function, via, Bx = ∂A/∂y, By = −∂A/∂x, and Bz = Bz(A) ≠ 0.
On the right‐hand side, the total derivative with respect to A involves the so‐called transverse pressure

Pt(A) = p(A) + B2
z (A)/2μ0, which is a single‐variable function of A and the sum of the plasma pressure and the

axial magnetic pressure. Therefore a solution A(x, y) to the GS equation fully characterizes a cylindrical magnetic
field configuration with all three field components including the non‐vanishing axial component known over the
cross‐section plane perpendicular to the z axis. In practice, the GS reconstruction returns a local 2D approximation
to the static structure in the vicinity of a single‐spacecraft path. The quality of the static 2D configuration and the
time independence are judged by the qualify of the Pt(A) fitting and the determination of a deHoffmann‐Teller
(HT) frame (Hu, 2017).

The GS reconstruction procedures proceed by integrating the flux function from the initial spacecraft
path at y = 0 where the initial values are known from the spacecraft measurements once an optimal z axis
orientation is determined (Hu & Sonnerup, 2002) together with a proper frame of reference in which
the structure is in approximate magnetohydrostatic equilibrium. The reference frame is chosen as the
deHoffmann‐Teller (HT) frame with the frame velocity VHT which is determined from the magnetic field
and plasma velocity measurements (Khrabrov & Sonnerup, 1998; Paschmann & Sonnerup, 2008). The quality
of the HT frame is assessed by a correlation coefficient ccHT (1 being ideal) and the Walén test slope. The
latter is defined as the slope of the linear regression relation between the remaining plasma flow velocity
assessed in the HT frame and the local Alfvén velocity. The inertia force vanishes in the HT frame when such
a slope is zero. One essential step involves an analytic function fitting to the quantities Pt versus A in order to
make the right‐hand side of the GS Equation 1 explicitly known, that is, by obtaining an analytic functional
form Pt(A) through curve fitting. The same procedure is applied for obtaining Bz(A). The end result is a 2D
array of A(x, y) over a rectangular domain, together with the distribution of Bz. Thus all three components of
the magnetic field are obtained as functions of (x, y). In addition to a number of standard output quantities, the
solution can be specifically utilized to calculate the axial (toroidal) magnetic flux Φz and the poloidal magnetic
flux Φp of a flux rope configuration in a precise way (Hu et al., 2014; Qiu et al., 2007):

Φz = ∫
S

BzdS, (2)

and

Φp = |Am − Ab| ⋅ L = ϕp ⋅ L. (3)

Here an area S is chosen over the cross section plane, within which the axial flux can be summed up for the central
region of a magnetic flux rope. A physical choice of the boundary for such an area is A = Ab based on the Pt(A) or
Bz(A) fitting, which indicates that the solution within this boundary (as highlighted by the white contour in
Figure 3a) is judged to satisfy the GS equation under certain threshold conditions (e.g., for a fitting residue of
Pt(A), Rf ≪ 1, the 2D geometry is considered valid). In this way, a boundary is specified by a flux surface that has
an arbitrary cross section shape resulting in a truly 2D structure, as we will illustrate in the following event studies,
based on in situ spacecraft data.

More straightforwardly, owing to the definition of the flux function for a 2D geometry, the flux function A

itself directly characterizes distinct flux surfaces. The difference in A between a pair of such distinct sur-
faces represents the amount of unit poloidal flux ϕp enclosed by a rectangular area intercepting and bounded
by these two surfaces with a unit axial length in the z dimension. Therefore for a flux rope of axial length L and
a boundary at A = Ab, the amount of total poloidal flux Φp is given by Equation 3 where the flux function
value at the center of the flux rope (corresponding to the extremum in A inside the flux rope boundary) is
denoted Am.
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3. Analysis Results

3.1. Event 1: 27 November 2016

Figure 1 shows an overview plot of the in situ measurements from MMS1 over a ∼12 hr time period on 27
November 2016. It shows mostly typical magnetosheath conditions but with a final transition into the magne-
tosphere around 16:00 UT. The FTE interval, based on the event list provided by Fargette et al. (2020), is marked
in the top panel, which has a duration∼1 min. The zoomed‐in FTE interval is shown in Figure 2 with the same set
of panels, but for a much shorter time period surrounding the interval selected for the GS reconstruction. Such an
interval, as marked, shows clear signatures for a possible magnetic flux rope structure. The magnetic field
magnitude is relatively stronger than the surrounding field, and two field components, BZ and BX, show gradual
rotations, while the BY component is unipolar and is significant in magnitude. The plasma β value decreases below
1.0 near the central portion of the interval. These magnetic field signatures hint at a magnetic flux rope
configuration. The structure is likely oriented horizontally in the dawn‐dusk direction at the magnetopause, given
the spacecraft location and the relative spacecraft path across such a structure along the −VHT direction, as listed
in Table 1. Figure 2 shows southward and duskward enhancements of the ion velocity (signature of reconnection
jets, the second panel). The HT velocity is southward and duskward (consistent with the expected motion of an
FTE flux rope), and the electron temperatures are higher than in the surrounding magnetosheath region. In the
pristine magnetosheath, the electron perpendicular temperature tends to be higher than the parallel temperature
(not always though; Phan et al., 1994), but for the event 1 interval, the parallel temperature tends to be higher,
which is a signature of reconnected field lines. The ePAD plot also shows enhanced bi‐directional field‐aligned
streaming magnetosheath electrons heated by the magnetopause reconnection (Hasegawa et al., 2010).

The GS reconstruction is carried out, yielding a z axis orientation mostly along the GSM‐Y direction. A cross‐
section map of the magnetic field configuration is presented in Figure 3a, together with the corresponding
Pt(A) plot in (b). The flux rope configuration is seen as represented by the closed contours of the flux function A(x,
y) (i.e., equivalent to nested flux surfaces in this view down the z axis), bounded by the white contour at which

A = Ab. Such a boundary as highlighted indicates that within this cylindrical (2
1
2 D) flux surface, the cylindrical

flux rope configuration with nested flux surfaces is more reliably reconstructed because those surfaces are crossed
by the spacecraft along its path with actual measurements returned as the data points given in Figure 3b. Therefore
the reconstruction result obtained within this flux rope boundary is mostly consistent with the spacecraft mea-
surements for this event, as judged in part by an acceptable fitting residue value Rf = 0.15 (for the corresponding
fitting of Bz(A), Rf = 0.08). The flux rope possesses right‐handed chirality (positive sign of magnetic helicity). The
magnetic flux contents are estimated based on the GS reconstruction result and are given in Table 1. The axial flux
is a summation of the axial flux element over an area enclosed by the flux rope boundary, within which A > Ab for
this event. The unit and total poloidal fluxes are calculated by Equation 3, while the latter is subject to the
determination of the axial length, L, of the flux rope along the z dimension. It is determined in coordination with
the corresponding radar observations in the ionosphere as to be described below.

The analysis of the corresponding radar observations is carried out following the general procedures described in
Fear et al. (2017). During the process of the FTE formation through magnetic reconnection at the magnetopause,
the reconnected field lines map to the polar cap region and their footpoints exhibit a sweeping motion nearly
simultaneously in the ionosphere. Such a timing coincidence between the FTE interval and the enhanced pole-
ward ionospheric convection, together with a spatial conjunction through field‐line mapping, forms the basis of
the current analysis, although the reconnection at the magnetopause can be a non‐FTE type (e.g., Phan
et al., 2001). Figure 4 shows the corresponding convection map in the Southern Hemisphere above the 65°
magnetic latitude in its usual format. Ionospheric flows between 08:38 and 08:40 UT on 27 November 2016 are
plotted on the altitude adjusted corrected geomagnetic (AACGM) coordinates (Shepherd, 2014). The plasma
convection pattern with two cells in the Earth's ionosphere is consistent with the southward IMF. The footprint of
MMS1 is traced along the magnetic field line according to the Tsyganenko (1996) model down to the ionosphere
and is marked by the red dot which is at (13.0 MLT, −76.2° MLAT). Nearby a region with enhanced flow on the
dayside is observed in the post‐noon sector at a latitude around−80° and is within the ZHO coverage. The dashed
black curve marks the longitudinal range of the enhanced flow region at this latitude. To determine the longi-
tudinal extent of the “opened” flux region, we plot in Figure 5a the magnitudes of the flow velocity and its
gradient along this particular latitude. The extent is taken as the range between the two vertical lines, about 38° in
longitude, and is marked by the red dashed curve at the same latitude as the red dot in Figure 4.
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Figure 1. Times‐series measurements from the MMS1 spacecraft for event 1 on 27 November 2016. From the top to the bottom panels are the GSM components of the
magnetic field and the field magnitude, the ion velocity from the dual ion spectrometers (DIS), the ion energy spectrogram, the number density from DIS and the dual
electron spectrometers (DES), the electron energy spectrogram, the plasma β, the electron pitch angle distribution (ePAD) for the 0.2–2 keV electrons, and the
perpendicular and parallel temperature for ions and electrons. See the legends and labels for details. The MMS1 spacecraft locations in the GSM coordinates are also
listed beneath the time tick labels. The light green vertical lines in the top panel mark the time interval of the FTE flux rope, 08:39:08–08:40:05 UT, for event 1.
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The back scatter power and line‐of‐sight velocity measured by beam 15 of ZHO are displayed in Figure 5b. The
latitudinal expansion equivalent to the PMAFs is shown by the dashed line. There is a time difference of 4 min
between the FTE flux rope interval and the onset of PMAFs. Depending on the propagation time between the FTE
location at the magnetopause and the conjugate field‐line footpoints in the ionosphere, it is possible to have a time
difference of a few minutes (Wild et al., 2003). The PMAFs start at −76° latitude, and move poleward to −81°
latitude. The line‐of‐sight velocities of the PMAFs reach about 900 m/s away from the ZHO station. The PMAFs
are thus observed to have propagated by 5° of magnetic latitudes into the polar cap, corresponding to a poleward

Figure 2. The same time‐series stack plot as Figure 1 but for a much shorter time period surrounding the FTE interval, which is marked in the top panel by the light green
shaded area.
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distance of ∼500 km. The area of the polar cap opened by the corresponding FTE formation via magnetic
reconnection is the product of the linear lengths of the above estimated latitudinal and longitudinal extents, which
is approximately 0.56 Mm2. The radial ionospheric magnetic field strength is 5 × 10−5 T. Following Fear
et al. (2017), we assume that the uncertainties in theMLT extent and in the latitudinal direction are±1 hr and±2°,
respectively. The reconnection flux ΦR calculated using the radar data is 28 ± 16 MWb for this event.

One unique advantage of combining the two sets of observations at the magnetopause and in the ionosphere is to
help refine the analysis of the flux rope configuration by addressing the uncertainty associated with determining
the axial length of a cylindrical flux rope for the FTE event. Similar to Fear et al. (2017), by establishing a

Figure 3. The GS reconstruction result for the event 1 FTE interval based on MMS1 spacecraft measurements. (a) The cross section of the magnetic field structure on a
plane perpendicular to the z axis reconstructed from the spacecraft measurements along its path (y = 0). The black contours are the contours of the flux function A (also
the transverse field lines on the plane), and the color represents the Bz distribution as indicated by the color bar. The red dot marks the location of the maximum Bz value
and is also where A = Am. The white (green) arrows along y = 0 indicate the measured transverse magnetic field (remaining plasma flow velocity in the HT frame).
Reference vectors are given near the bottom and top right corners, as denoted by a magnitude of 10 nT for the magnetic field and the average local Alfvén speed VA for
the velocity, respectively. The length of the reference vector for the magnetic field is equivalent to 0.20VA. (b) The corresponding Pt versus A measurements along the
spacecraft path (the circle and asterisk symbols) and the associated fitting curve Pt(A) in black. A fitting residue, Rf, is calculated to indicate the quality of fitting as
denoted. The vertical line marks the choice of a particular flux function value Ab which defines a boundary of the flux rope structure as highlighted by the white thick
contour where A = Ab in (a).

Table 1

Event Parameters for the Two FTEs and the Corresponding GS Reconstructions

Event 1 2

Date 27 November 2016 19 December 2016

Time interval (UT) 08:39:08–08:40:05 09:15:40–09:17:46

MMS1 location (GSM) (RE) (10.3, 3.6, −1.4) (11.8, 1.8, 0.3)

Optimal z axis (GSM) (−0.161, 0.825, 0.542) (0.057, 0.064, −0.996)

HT frame velocity (km/s) (−93, 212, −114) (−22, 92, −48)

Walén test slope −0.19 −0.28

ccHT 0.89 0.72

Chirality Right‐handed Left‐handed

Axial flux Φz (MWb) 3.4 5.3

Unit poloridal flux ϕp (MWb/RE) 0.684 0.763
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mapping between the extent of the “opened” region in the ionosphere to the magnetopause, a finite axial length
can be determined. However our approach is different in that we start the mapping from the magnetopause based
on the GS reconstruction result by selecting a series of points, separated by 1 RE in this case, extending along the
flux rope axial direction from the locations on the spacecraft path corresponding to the beginning and ending
times of the interval, respectively. These points along the straight lines are then projected onto the magnetopause
interface given by the Shue et al. (1998) model by simply propagating them along the ‐GSM‐X direction. They are
then traced along the magnetic field lines based on the Tsyganenko (1996) model to the ionosphere. The series of
stars (and nearly overlapping crosses) plotted in Figure 4 represent these mapped points. They locate around the
mapped MMS1 spacecraft position and are also near the region with enhanced poleward flow. There are a total of
20 points confined within the range of the longitudinal extent of the “opened” flux region spanned by the red
dashed curve (see also Figure 5a). Therefore for this event, the axial length of the flux rope at the magnetopause is
estimated to be 19 RE.

Figure 4. Convection map for event 1 over a set of regular magnetic longitudinal (in magnetic local time, MLT: 00–24 hr) and
latitudinal (in degrees, MLAT: 65°–90°) grids of the Southern Hemisphere centered around the pole derived from the
SuperDARN observations. Short vectors are velocities as measured by the ground‐based radar network. All point away from
the dots at one end and their magnitudes are color coded according to the colorbar to the right. The field of view of the
Zhongshan station (ZHO) is shown as a light blue fan‐shaped sector, with one beam position marked by a dashed blue line
across a region of enhanced poleward flow. The red dot, as denoted, represents the conjugate footpoint of the magnetic field
line connected to the MMS1 spacecraft position at the magnetopause. The Heppnar‐Maynard Boundary is plotted as a black
solid contour. Two sets of points along the axial direction of the reconstructed FTE flux rope structure at the magnetopause
are mapped to the ionosphere as marked by the blue stars and the orange crosses near the red dot. Each point along the axis of
the reconstructed flux rope is 1 RE apart from its neighboring points. The end point marked by the blue plus sign corresponds
to the most dusk‐ward end point (toward the +GSM‐Y direction) along the axis of the flux rope at the magnetopause. The
black dashed curve denotes the range of longitudes across the enhanced flow region along which the velocity measurements
are taken for determining a longitudinal extent of the “opened” magnetic flux region. The nominal IMF condition at the
instant of the radar observation is shown as a projection down the +X direction in the top‐left corner by the red line with the
radius of the circle indicating a field magnitude of 5 nT.
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3.2. Event 2: 19 December 2016

For event 2 on 19 December 2016, the same analysis is carried out. The time series plots are shown in Figures 6
and 7. The flux rope interval marked in Figure 7 shows the magnetic field components with less pronounced
rotations in direction, although the field magnitude is elevated. The plasma flow and particle signatures comply
with a typical background condition on the magnetosheath side of the magnetopause. The GS reconstruction
result for the FTE interval is summarized in Table 1 and the cross section map is given in Figure 8a. The results
show a flux rope configuration with the z axis mostly pointing southward (i.e., being vertical) in the GSM
coordinates. The cross section map consists of closed loops of the contours of the flux function with the
increasing Bz value toward the center. The spacecraft path is crossing the edge of the flux rope, corresponding
to the insignificant rotation in the field direction. The corresponding Pt versus A curve is shown in Figure 8b,
where the fitted functional curve Pt(A) extends significantly beyond both limits of the range of measurements
(i.e., beyond the data points represented by the symbols). The part extrapolated toward the more negative values
of A corresponds to the central portion of the flux rope structure enclosed within the white contour shown in
Figure 8a.

In contrast to event 1, the ion velocity and spectrum in Figure 7 show no signature of reconnection, the HT
velocity in Table 1 is too slow to be an encounter with a flux rope part of the FTE, and the electron
perpendicular temperature is higher than the parallel temperature. The ePAD lacks clear indication of bi‐
directional streaming of electrons along the field lines. All these features suggest that MMS1 detected only
the magnetosheath field lines draping around the FTE flux rope or tube (thus a remote or grazing encounter).
The GS reconstruction result of a flux rope configuration is also deemed highly uncertain because the cross
section solution in Figure 8a shows a spacecraft path (y = 0) far away from the center of the flux rope (red dot).
Such a flux rope configuration is mostly obtained by a significant extrapolation of the in situ data, as described
above. Furthermore, the relatively poorer quality of the HT frame as indicated by the ccHT value in Table 1 adds
to the uncertainty of the GS reconstruction result for event 2.

The convectionmap again from the ZHO station is shown in Figure 9,where the poleward enhanced plasmamotion
is seen near the mappedMMS1 spacecraft position on the ionosphere (12.2 MLT,−76.1° MLAT) at the time. The
mapped footpoints originating along the flux rope axis from the magnetopause to the ionosphere span a relatively
narrow range in longitudes, but extend over ∼7° in latitudes. The analysis based on the radar observations of the
back scatter power and the gradient in the convection velocity, shown in Figure 10, yields a longitudinal extent of
36° and a latitudinal extent of only 2° for the “opened” area in the polar cap region. Correspondingly, the estimate
for the “opened” flux with uncertainty is 11 ± 12 MWb, following the same analysis approach as event 1.

Figure 5. Analysis of the longitudinal and latitudinal extents of the opened flux region in the ionosphere for event 1. (a) Upper panel: the magnitude of velocities along
the dashed black curve in Figure 4. Lower panel: the absolute value of the gradient of the velocities. Vertical lines mark the peaks in the magnitude of the gradient. The
range between the vertical lines is taken as the longitudinal extent of the “opened” flux region. Blue stars belong to the same set of symbols marked in Figure 4, but are
lined up within the marked range of longitudes only. (b) Radar observation from Beam 15 of the Zhongshan station (ZHO) as a function of time and magnetic latitudes.
Upper panel: the radar back scatter power. Dashed black line shows a guideline for the propagating feature with enhanced scattering around the time of the FTE interval.
Lower panel: the line‐of‐sight velocity. The vertical blue lines mark the beginning time of the FTE interval observed by the MMS1 spacecraft.
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3.3. Summary of GS Reconstruction Results

We summarize the GS reconstruction results, mainly the magnetic flux estimates in Table 2 for event 1 only,
because those results are judged to be reliable based on the analysis results presented in Section 3.1. The ranges of
the unit polodial flux and the axial flux for five FTE intervals examined by Hasegawa et al. (2006) are also shown
for comparison, where the maximum values for both fluxes are from one FTE interval. The axial flux of event 1 is

Figure 6. Time‐series measurements from the MMS1 spacecraft for event 2 on 19 December 2016. Format is the same as Figure 1. The FTE interval is 09:15:40–
09:17:46 UT.
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within the range of those estimates, although closer to the upper limit. The unit poloidal flux is about 50% larger
than the upper limit of the range of the corresponding estimates from Hasegawa et al. (2006).

The largest uncertainty in the estimate of the total poloidal flux Φp is generally believed to lie in the uncertainty of
the axial length, L, of a cylindrical flux rope model (Hu et al., 2014, 2015). In this analysis, we lack a feasible
means to provide an estimate of the uncertainty associated with L. If we adopt the same assumption as we made
for the similar analysis of the interplanetary magnetic flux ropes (Hu et al., 2014, 2015), the uncertainty in Φp

could amount to 100% toward the estimate of the upper limit of the total poloidal flux.

Figure 7. Same as Figure 6, but zoomed in to show the details of the FTE interval, which is marked by the green shaded area in the top panel.
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To further put our GS reconstruction result in the context of a better characterization of the magnetic field
configuration of an FTE flux rope from a quasi‐3D point of view, we show in Figure 11 a rendering of the 3D field
line plot for event 1. It is the solution to the GS equation within the solution domain of a cylinder (or a cuboid)
with the axial length L = 19RE. The cylinder is oriented along the z axis direction as viewed toward the Earth with
the dawn‐dusk direction pointing horizontally to the right. The MMS1 spacecraft is traversing the structure along
the blue arrow at the time with the velocity, −VHT, given in Table 1. In other words, the structure is moving with
the velocityVHT relative to the spacecraft in the opposite direction of the blue arrow. Three selected field lines are
drawn. The straight line in red originates from the red dot in Figure 3a, where Bz reaches the maximum. The
magenta and blue lines are spiraling along the z axis around the central line with varying degrees of twist. On
average, the unit field line twist can be estimated by taking the ratio between ϕp and Φz (Hu et al., 2014), which
yields about 0.2 turns/RE for event 1. Therefore for the flux rope configuration shown in Figure 11 with L = 19RE,
the average total number of twist or turns of the field lines for the FTE flux rope is approximately 4.

3.4. Interpretation of the Field‐Line Topology for Event 1

Based on these analysis results, we would like to describe in detail our view on the FTE flux rope formation,
mainly for event 1. We stress that the main focus of this study is to examine the field‐line topology of FTE flux
ropes and the relationship between the fluxes with the basic assumption of magnetic flux conservation, but not the
multiple changes of field line connectivity due to possible additional processes of reconnection and/or “re‐
reconnection” (Lee et al., 1993; Pu et al., 2013; Tan et al., 2011). We also provide below an explanation for
the handedness rule of the FTE flux rope and the correspondence between the total poloidal flux and the
reconnection flux.

Figure 12 shows schematic illustrations of the possible scenario of FTE formation through a sequential recon-
nection process at the magnetopause under a southward IMF (or magnetosheath field) condition with BY > 0. A
similar set can be generated for the similar IMF condition but with BY < 0. Such a process, especially as illustrated
in panel (c), in terms of field‐line topology, has a direct analogy to the formation of a flux rope with quasi‐3D
geometry in solar flares (Hu et al., 2014; Longcope & Beveridge, 2007; Longcope et al., 2007; Qiu
et al., 2007). Figure 12a shows the relative orientations of the fields in the magnetosheath (red lines) and the
magnetosphere (black lines). In general magnetic reconnection may proceed between any pair of the red and black
field lines, forming an arbitrary primary X line. Figure 12b shows a typical case with an approximately dawn‐dusk

Figure 8. The GS reconstruction result for event 2 based on the MMS1 measurements at the magnetopause. Format is the same as Figure 3. The length of the reference
vector for the magnetic field is equivalent to 0.25VA.
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(horizontally) oriented primary X line along which two sets of reconnected field lines are aligned in a crisscross
pattern approximately in the same horizontal direction. Subsequently, as illustrated in (c), additional reconnection
may ensue for either or both sets of field lines separated by the primary X line, especially in a sequence that
happens between adjacent field lines and proceeds either from dawn toward dusk direction or vice versa.

Figure 9. Convection map on the Southern Hemisphere for event 2 (MLAT: 60°–90°). Format is the same as Figure 4. Points
along the axial direction of the reconstructed flux rope projected to the ionosphere are marked as blue stars and orange
crosses near the mapped MMS1 position. Each point along the reconstructed flux rope axial direction is 2 RE apart from its
neighboring points. The end point marked by the blue plus sign corresponds to the end point along the flux rope axis in the
southward direction at the magnetopause.

Figure 10. Analysis of the longitudinal and latitudinal extents of the “opened” flux region for event 2, based on radar observations from the Zhongshan (ZHO) station.
The format is the same as Figure 5.

Journal of Geophysical Research: Space Physics 10.1029/2023JA032088

WANG ET AL. 14 of 20

 2
1

6
9

9
4

0
2

, 2
0

2
4

, 2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u

p
u

b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o

i/1
0

.1
0

2
9

/2
0

2
3

JA
0

3
2

0
8

8
 b

y
 V

irg
in

ia T
ech

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

0
/0

5
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



For example, for the set of field lines north of the primary X line illustrated in Figure 12b, assume that recon-
nection proceeds from dawn to dusk (left to right), the black end of the first field line may approach the red end of
the adjacent field line and reconnect, forming a twisted field line. If a “guide field” can be assumed to be
determined by the BY component, dictating the formation of an axial field near the center of such a flux rope
configuration, the handedness (the sign of magnetic helility, or chirality) of the magnetic flux rope topology can
be inferred as right‐handed (being positive in chirality, “+”) for either set of field lines separated by the primary X
line in Figure 12c and for either direction of the reconnection sequence. It can also be shown that for the other
condition BY < 0, a left‐handed magnetic flux rope (negative chirality, “−”) may form in a similar manner with an
approximately horizontal orientation. These findings about handedness rules of FTE flux ropes are consistent
with the recent studies of the sign of helicity of FTEs (Dahani et al., 2022; Kieokaew et al., 2021). They concluded
that “Right‐handed (left‐handed) FTE flux ropes are mostly preceded by positive (negative) interplanetary
magnetic field (IMF) BY” as one of their key points (Kieokaew et al., 2021). Furthermore, it was pointed out by
Dahani et al. (2022) that a weaker BY component corresponding to the lack of a “guide field” may lead to greater
uncertainty in the aforementioned chirality rule, although those authors attributed such uncertainty to microscopic

Table 2

Analysis Results Based on the GS Reconstruction of the FTE Flux Rope Interval at the Magnetopause and the Corresponding

Radar Observations in the Ionosphere for Event 1a

Φz (MWb) ϕp (T·m) L (RE) Φp (MWb) ΦR (MWb) ϕ̃p (T·m) Φ̃z (MWb)

3.4 0.107 19 13 28 ± 16 0.0268–0.0621 1.05–3.59

aThe last two columns are the ranges of fluxes cited from Hasegawa et al. (2006) for 5 FTEs at the magnetopause by applying
the optimal GS reconstruction method to the Cluster spacecraft data.

Figure 11. A 3D rendering of the field‐line configuration for event 1 in a view angle toward Earth, that is, down the GSM‐X
axis. The GSM‐Z axis is straight up and the GSM‐Y axis is horizontally to the right. The blue dot and arrow denote the
location of MMS1 spacecraft at the beginning of the FTE interval and the direction of −VHT, respectively. The tickmark
labels are in RE. Three field lines are drawn in red, magenta and blue colors within the cylindrical volume of axial length
L = 19RE based on our analysis results for event 1. The cross section map is shown on the bottom plane where the field lines
are rooted and the optimal z axis orientation in the GSM coordinates is denoted on top.
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(Hall) effect (see, also, Eriksson et al., 2020). However we would argue that the complexity in a more general 3D
magnetic field topology may disrupt the chirality rule when the field configuration becomes complex and deviates
from a 2D geometry.

To recap, as a consequence of such a reconnection sequence in a quasi‐3D geometry, it was found that for solar
flares, the amount of magnetic flux enclosed by regions swept by the flare ribbons (so‐called the reconnection
flux) usually matches the total poloidal flux of thus formed magnetic flux rope (Hu et al., 2014; Qiu et al., 2007).
For event 1, the same applies for the connection between the FTE flux rope and the region in the ionosphere where
the reconnected field lines sweep through. Specifically, from Figure 12c, it can be understood that one unit of
magnetic flux injected into the coiled loop structures adding one turn of the ensuing flux rope is equal to the
amount of flux closed down into the reconnected “short” loop with one end tracing to the ionosphere. Therefore,
for event 1, the amount of total poloidal flux Φp of thus formed FTE flux rope corresponds to the amount of flux
“opened,” that is, Φp ≈ ΦR (the reconnection flux), in the corresponding polar cap region where the reconnected
field line footpoints are rooted.

4. Conclusions and Discussion

In conclusion, we have presented two event studies of the FTE flux ropes at the Earth's magnetopause based on the
MMS1 in situ measurements and the corresponding mapped field‐line footpoint motion in the high‐latitude

Figure 12. Schematics for the formation of magnetic flux ropes at the Earth's magnetopause based on the results from event 1.
(a) The magnetic field lines in the magnetosheath (red lines) and the magnetosphere (black lines) as viewed toward Earth
(along ‐X) at the magnetopause for a general IMF condition of BZ < 0 and BY > 0 where the X, Y, and Z denote the unit
directional vectors of the GSM coordinates. This view can also be considered equivalent to an LMN coordinate system, for
example, with L ≡ Z, M ≡ −Y, and N ≡ X. (b) One scenario of magnetic reconnection between the field lines in the
magnetosheath and in the magnetosphere, forming a primary X line as denoted by the thick dotted line. (c) The subsequent
reconnection between adjacent field lines along the secondary X lines (thin dotted lines) forming twisted magnetic flux rope
structures which are right‐handed as denoted by the “+” sign. The other sets of reconnected field lines as represented by
shorter loops may connect to the ionosphere as denoted.
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ionosphere in the Southern Hemisphere based on the simultaneous SuperDARN radar observations. The GS
reconstruction method is applied to the in situ measurements of FTE flux ropes to derive the magnetic field
configuration in a cylindrical geometry, which yields the quantitative characterizations of the magnetic flux
contents of the flux rope structure, in terms of the toroidal (axial) and poloidal magnetic fluxes. In turn, the
corresponding reconnection flux in an area mapped along the magnetospheric field lines to the polar cap region is
estimated by examining the correlated enhanced plasma convection pattern, following the approach of Fear
et al. (2017). The area “opened” through the magnetic reconnection at the dayside magnetopause, forming the
FTE, and mapped to the ionosphere is estimated by calculating the longitudinal and latitudinal extents based on
the SuperDARN observations of nearly concurrent enhancement of poleward plasma convection motion during
the FTE interval.

We find that for event 1, the FTE flux rope configuration is well reconstructed with the spacecraft path cutting
across the center of a helical magnetic field structure. It possesses right‐handed chirality and is oriented largely in
the dawn‐dusk direction at the magnetopause. The flux rope length is estimated to be about 19 RE. The GS
reconstruction results yield the corresponding magnetic flux contents as listed in Table 2. The total poloidal flux
of the FTE flux rope, Φp = 13 MWb, falls within the range of the estimated reconnection flux,
ΦR = 28 ± 16 MWb, from the SuperDARN radar observations, but the toroidal (axial) flux is significantly lower.
Considering the possible uncertainty in the estimation of the flux rope length, L, and its variability (e.g., in Fear
et al. (2017), such a length for one event was estimated to be as large as 38 RE), the agreement between the total

poloidal flux of the FTE flux rope and the reconnection flux for this event is likely supported by these analysis
results.

For event 2, as indicated in Table 1, the FTE flux rope possesses an axial orientation that is in the North‐South
direction and left‐handed chirality, despite the fact that the spacecraft path is near the edge of the flux rope cross
section, as shown in Figure 8a. Both the axial and the poloidal fluxes are comparable to the values for event 1.
However, they are considered less reliable due to the fact that the flux rope configuration is derived mainly by
extrapolations to the in situ spacecraft data. There also exists significant uncertainty in the estimate of the
reconnection flux from radar observations. Additional source of uncertainty is associated with the estimate of the
axial length of the flux rope. Since the flux rope is mostly oriented vertically at the magnetopause from a
viewpoint toward the Earth in the GSM coordinates, the mapped field line footpoints from the flux rope to the
ionosphere, as shown in Figure 9, tend to congregate around the same longitude, resulting in a much uncertain
determination of the flux rope length, L, as we would expect. Therefore, all these aforementioned uncertainties for
event 2 prohibit a quantitative comparison among the various flux estimates.

Based on the analysis results from event 1, we provide a more detailed explanation for the chirality rule of FTE
flux ropes (e.g., Dahani et al., 2022; Kieokaew et al., 2021) and the relationship between the magnetic fluxes
based on the field‐line topology of FTE flux ropes formed through magnetic reconnection. The distinction of this
scenario from the others (e.g., Lee & Fu, 1985, and others) is perhaps the emphasis on the intermediate process (i.
e., that generating the shorter loops denoted by “To ionosphere” as illustrated in Figure 12c), corresponding to the
reconnection sequence between adjacent reconnecting field lines from one end of the X‐line(s) to the other. The
entire sequence may generate the corresponding signatures in the ionosphere, not just at the two ends, resulting in
a correspondence between the total poloidal flux and the reconnection flux. Therefore we conclude that the flux
rope formation at the magnetopause may proceed in a quasi‐3D manner via a sequential magnetic reconnection
process between adjacent field‐line loops. Such a sequence may dictate the topological properties of the thus
formed magnetic flux rope, governed by the IMF condition and other spatial features, such as the orientations of
the multiple X‐lines (see Figure 12). The results from event 1, especially in terms of the agreement between the
total poloidal flux and the reconnection flux and the correct handedness, support this conclusion, while for event
2, it is much uncertain. It indicates the importance of detailed investigation of magnetic field topology into two or
three dimensions that has to go beyond a relatively simple time‐series analysis often limited to one spatial
dimension.

To further elucidate these points, we will extend the current study which is limited by the small number of event
studies. A survey of additional FTE events with conjugate signatures in the ionosphere by employing the ap-
proaches described here (or the ones with refined analysis to reduce uncertainties) can be carried out in the future.
In addition, it has been increasingly realized that in a more general 3D topology, the reconnection sequence may
indicate a correlation between the axial flux of the flux rope and the reconnection flux (see, e.g., He et al., 2022;
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Hu et al., 2022). Therefore it is worth investigating further the correlation between the reconnection flux and the
flux encompassed in FTE events, as this study and other previous studies have attempted to do, through multiple
observational and theoretical approaches.

Data Availability Statement

SuperDARN data can be found at https://www.frdr‐dfdr.ca/repo/collection/superdarn. SuperDARN data has been
processed using the Radar Software Toolkit developed by the SuperDARN Data Analysis Working Group
(Burrell et al., 2022) and visualized by the pyDARN package developed by the SuperDARN Data Visualization
Working Group (Martin et al., 2023; Shi et al., 2022). The MMS spacecraft data are accessed via the MMS
Science Data Center (https://lasp.colorado.edu/mms/sdc/public/about/browse‐wrapper/). A Python package,
pyGS, developed by Dr. Yu Chen for performing the GS reconstruction, is publicly available at https://github.
com/PyGSDR/PyGS/.
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