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1.  Introduction
A flux transfer event (FTE) is a transient phenomenon generated at magnetospheric magnetopauses, and 
has been most studied at the Earth. It is recognized in spacecraft data as a bipolar magnetic field variation 
in the direction normal to the magnetopause (BN), with enhanced core field (C. Russell & Elphic, 1978). This 
magnetic field profile suggests a magnetic flux rope structure with helicoidal field. Various formation mech-
anisms have been proposed for FTEs, such as transient and patchy dayside reconnection (C. Russell & El-
phic, 1978), single X-line with unsteady reconnection rate (Scholer, 1988; D. J. Southwood et al., 1988), and 
multiple X-line reconnection (Lee & Fu, 1985; Raeder, 2006). In recent years, there are growing evidence 
supporting multiple X-line reconnection mechanisms (e.g., Hasegawa et al., 2010; Øieroset et al., 2011). In 
the Lee & Fu's model, three reconnection X-lines are assumed to simultaneously exist in the presence of 
non-zero BY, leading to production of two helical flux tubes (with the same helical sense). In the Raeder's 
model, FTEs only develop when the dipole tilt is large; they are formed as a result of non-stationary, sequen-
tial generation of new X-lines.

Abstract Flux transfer events (FTEs) are transient phenomena produced by magnetic reconnection 
at the dayside magnetopause typically under southward interplanetary magnetic field (IMF) conditions. 
They are usually thought of as magnetic flux ropes with helical structures forming through patchy, 
unsteady or multiple X-line reconnection. While the IMF often has a non-zero BY component, its 
impacts on the FTE flux rope helicity remain unknown. We survey Magnetospheric Multiscale (MMS) 
observations of FTE flux ropes during years 2015–2017 and investigate the solar wind conditions prior to 
the events. By fitting a force-free flux rope model, we select 84 events with good fits and obtain the helicity 
sign (i.e., handedness) of the flux ropes. We find that positive (negative) helicity flux ropes are mainly 
preceded by positive (negative) BY component. This finding is compatible with flux ropes formed through 
a multiple X-lines mechanism.

Plain Language Summary The Earth's near-space environment is very dynamic with 
transient phenomena triggered by interaction between the solar wind and the Earth's magnetopause. 
The solar wind carries along an interplanetary magnetic field (IMF) whose orientation determines the 
dynamics of the interaction. When the IMF is southward, magnetic reconnection can be triggered at 
the Earth's magnetopause on the dayside. A flux transfer event (FTE) is a transient portal that allows 
the bursty transfer of solar wind into the Earth's magnetosphere. An FTE is envisaged as a twisted 
magnetic field structure with helical field that looks like a rope. We study the relationship between the 
IMF orientations and the twist direction of an ensemble of FTEs observed by NASA's Magnetospheric 
Multiscale mission, by modeling FTEs as magnetic flux ropes. We found that the flux rope twist direction 
is controlled by the IMF orientation, such that the rope is twisted in the left-handed or right-handed 
sense depending on the east-west component of the IMF. This result supports the formation of FTEs by a 
multiple reconnection mechanism.
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Since solar wind conditions control magnetic reconnection at the Earth's magnetopause, they should con-
trol the nature and properties of FTEs. Early spacecraft surveys revealed that FTEs are strongly associated 
with southward IMF conditions (Berchem & Russell, 1984; C. Russell et al., 1996) consistent with genera-
tion from reconnection at low latitudes (e.g., Paschmann et al., 1982). There is no strong control from other 
solar wind parameters such as plasma beta, dynamic pressure, and Mach number on the FTE occurrence 
(Kuo et al., 1995; Wang et al., 2006). The occurrence of FTEs is found to depend on on the IMF orientation 
but not on its magnitude (Wang et al., 2006). The effect of the IMF BY component was studied in relation 
to the spatial distribution and motion of FTEs (e.g., Fear et al., 2012; Karlson et al., 1996). In particular, 
Karlson et al. (1996) study dayside aurorae as ionospheric signatures of FTEs; they found that there are 
preferences for auroral events to occur toward dawn for positive BY and toward dusk for negative BY. The 
FTE locations are found to correspond to IMF clock angle when taking into account the seasonal bias (e.g., 
the change in geomagnetic dipole tilt), though there is no clear control of the effective dipole tilt (e.g., 
combining the dipole tilt with the IMF cone angle) on the location of FTE signatures (Fear et al., 2012). 
However, direct studies on relationships between the IMF BY and FTE topologies themselves are limited to 
event studies (Eastwood et al., 2012).

FTEs are known to have twisted interior field (e.g., Cowley, 1982; Saunders et al., 1984) with a field-aligned 
core field and an azimuthal field increasing away from the core. Twisting features of FTEs have been theo-
retically evaluated in terms of magnetic helicity (Song & Lysak, 1989; Wright & Berger, 1989, 1990). Mag-
netic helicity is a measure that can quantify magnetic field topology into twist, shear, linking, and kinking 
of magnetic fields. It is defined as H = ∫V A⋅B d3r, where H is the total helicity of the entire magnetic field 
in a volume V, B is the magnetic field, A is the vector potential of B (i.e., B = ∇ × A), and d3r is the differ-
ential volume element. Here we use the definition of magnetic helicity to describe the twist of an FTE flux 
rope and we will only consider its sign. The twist direction around the core field can be characterized as 
the “handedness” or “sense/sign of the helicity” of the flux rope. The sign of flux rope helicity was studied 
mostly in magnetic clouds (e.g., Bothmer & Schwenn, 1998) and in flux ropes at Venus, Mars, and Titan (e.g. 
Martin et al., 2020; C. Russell, 1990; Wei et al., 2010) to understand their formation mechanisms. At Earth, 
magnetic helicity was studied in magnetotail flux ropes (Zhang et al., 2010). A few FTE flux ropes were ob-
served in the magnetotail flank with the positive sign of helicity under southward and duskward IMF con-
ditions, indicating that they originated on the dayside and survived far downstream (Eastwood et al., 2012). 
Here we present a first dedicated study of the sign of helicity of FTEs at the Earth's dayside magnetopause.

Based on topological consideration, the helicity sign of FTEs should be controlled by the IMF. Figure 1 
shows a schematic illustration of FTE formation by the multiple X-line reconnection mechanism under 
southward IMF with a non-zero BY component. In 2-D (Figures 1a and 1c), as viewed from the dusk side, 
multiple reconnection between the magnetospheric and magnetosheath fields would produce a magnetic 
island (shown in purple) with an anti-clockwise field rotation. In 3-D, depending on the BY (out-of-plane) 
component, the magnetic island becomes a magnetic flux rope with an axial component pointing outward 
(Figure 1a) or inward (Figure 1c) from the plane. The magnetic field rotation (tangential component) with 
respect to the axial direction of the flux rope determines its handedness or helicity sign. In this picture, the 
southward IMF with positive BY would produce right-handed (RH) flux ropes (Figures 1a and 1b) while 
the southward IMF with negative BY would produce left-handed (LH) flux ropes (Figures 1c and 1d). Such 
topological consideration has yet to be statistically tested.

We present a statistical study of FTEs observed by NASA's Magnetospheric Multiscale mission (MMS, 
Burch et al., 2015) and characterize the twist profiles of FTEs by fitting into a flux-rope model with sys-
tematic effort. We first introduce selections of FTEs, instrumentations, and illustration of events. We then 
present statistical analyses of the solar wind conditions. Finally, discussion and conclusions are presented.

2.  Data and Methods
2.1.  Event Selections and Instrumentations

We first obtain a list of FTEs as observed by MMS. Fargette et al. (2020) published a list of MMS1 obser-
vations of 229 FTEs consisting of 186 flux-rope-type structures and 43 flux-rope-type with reconnection at 
a central current sheet (e.g., interlinked flux tubes). An FTE is selected based on visual inspection of data 
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plots in the Geocentric Solar Ecliptic (GSE) coordinates characterized by (1) a bipolar signature in one of the 
magnetic field components, and (2) an increase in the total (plasma and magnetic) pressure. We use Flux 
Gate Magnetometer (Russell et al., 2016) and Fast Plasma Instrument (Pollock et al., 2016) data in burst 
mode for the FTE intervals, and we only focus on events without reconnection (at a central current sheet) 
for our analyses (events with such sharp central current sheets typically do not fit a coherent flux rope struc-
ture). To analyze solar wind conditions preceding the FTEs, we obtain magnetic and velocity fields in GSE 
coordinates, IMF clock and cone angles in Geocentric Solar Magnetospheric (GSM) coordinates, plasma 
number density, dynamic pressure, Mach number, and plasma beta from the High-Resolution OMNI data-
base (King & Papitashvili, 2005). The IMF clock and cone angles are defined as arctan (By/Bz) ∈ [0°, ±180°] 
and arccos (Bx/|B|) ∈ [0°, 180°], respectively.

2.2.  Flux Rope Fitting

We perform a model fitting onto the data using a model first introduced by Burlaga (1988) to describe the 
magnetic flux rope structure of magnetic clouds in the solar wind (see also Lepping et al., 1990). The model 
assumes a cylindrically symmetric and force-free (∇ × B = αB) configuration with a constant α in which the 
solution satisfying ∇2B = −α2B was found by Lundquist (1950). The solution is in terms of the zeroth- and 
first-order Bessel functions; the axial component is modeled as BA = B0J0(αR), the tangential (azimuthal) 
component as BT = B0HJ1(αR), and the radial component as BR = 0, where H = ±1 is the helicity sign, B0 is 
the maximum field strength within the flux rope interval, and R is the radial distance from the axis. From 
this model, we obtain a set of fit parameters (θ0, ϕ0, Y0, H) for each flux rope in the local observation frame 
(xv, yv, zv) coordinates (i.e., the flux rope's frame). To aid understanding, we reproduced an illustration 
from Burlaga (1988) in Figure S1. The xv is defined to be opposite to the flux rope motion direction such 
that xv = −VAV/|VAV|, where VAV is the average velocity vector across the flux rope. The zv is calculated 
from ±xv × n, where n is the normal to the model magnetopause obtained from Shue et al. (1997), the pos-
itive (negative) sign is applied when the Y-component of VAV is positive (negative) to keep the zv pointing 
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Figure 1.  Schematic illustration of the generation of an FTE flux rope through the multiple X-line reconnection 
mechanism at the dayside magnetopause when the southward IMF has a significant (a), (b) positive BY component and 
(c), (d) negative BY component. The flux rope is shown in purple with arrows indicating the sense of twist when viewed 
from the dusk (a), (c) and the Sun (b), (d). When the flux rope is generated under southward IMF with positive BY, it 
has a right-handed sense of twist corresponding to a positive helicity. In contrast, when the flux rope is generated under 
southward IMF with negative BY, it has a left-handed sense of twist corresponding to a negative helicity. FTE, flux 
transfer event; IMF, interplanetary magnetic field.
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northward (see Figure S1). Finally, yv = zv × xv completes the orthonormal system. The angle θ0 ∈ [−90°, 
90°] is the angle of the flux rope axis from the ecliptic plane where θ0 = −90° is southward and θ0 = 90° is 
northward. The angle ϕ0 ∈ [0, ±180°] is the angle of the flux rope axis from the Sun-Earth line where the 
positive angle is duskward and negative angle is dawnward, and Y0 is the impact parameter that is the Y 
distance from the spacecraft to the flux rope model axis (see Figure S1), which is set to range from −1RE to 
1RE. Note that the range of impact parameter is motivated by a typical cross-section of FTEs of 1 RE (e.g., 
Sonnerup et al., 2004). The sense of helicity H is +1 for RH or −1 for LH flux ropes. This handedness cor-
responds to the sense of rotation of the azimuthal (tangential) field around the flux rope axis: the rotation 
is anti-clockwise for RH flux ropes and it is clockwise for LH flux ropes when viewed from the direction 
where the axial field is pointing toward you. The four parameters are fitted onto the data by trial and error. 

An optimized set of parameters yield the minimum value of χ2 defined as    2 2
, ,(| | ) /N

i data i model i NB B  
where N is the number of vectors of magnetic field measurements. Examples of the model fitting results 
are shown in Figure 2.

Each flux rope is fitted for both helicity signs. The sign of helicity is then manually chosen based on visual 
inspection and comparison of the χ2 values of the two cases. Among the 186 flux ropes, we found that not all 
of them can be fitted well to the model, plausibly due to the fact that those flux ropes are not totally force-
free. Also, since we will investigate the solar wind conditions preceding these events, we exclude events 
for which OMNI data are missing. We select 84 flux ropes that are well fitted to the model based on visual 
inspection (i.e., low χ2 value). Note that all events are in the northern winter hemisphere (September–Feb-
ruary) due to the MMS orbit that samples data near the subsolar region during this time of year. Table S1 
lists the time intervals of these flux ropes along with their fit parameters (θ0, ϕ0, Y0, H) and χ2.

KIEOKAEW ET AL.

10.1029/2020GL091257

4 of 9

Figure 2.  Overview of FTEs with (a)–(f) LH and (a'–f') RH flux rope structures. (a, a') Magnetic fields in GSE coordinates; (b, b') ion velocity in GSE 
coordinates with the transformations in text for the local frame coordinates; (c, c') magnetic fields in the local frame coordinates with the model parameters (θ0, 
ϕ0, Y0, H) and flux rope model; (d, d') ion number density; (e, e') ion temperature; and (f, f ') magnetic pressure, plasma pressure, and the total pressure. FTE, 
flux transfer event; GSE, Geocentric Solar Ecliptic; LH, left-handed; RH, right-handed.



Geophysical Research Letters

3.  Event Illustrations and Statistical Analyses
3.1.  Event Illustrations

Figure 2 shows examples of LH (left) and RH (right) flux ropes, observed by MMS1 on January 23, 2016 at 
23:45 UT and January 29, 2017 at 1:57 UT, respectively. MMS1 was located at [7.3, −9.4, −1.1]GSE RE for the 
first event and [9.9, −5.5, 1.2]GSE RE for the second event. The average IMF clock angles during an interval of 
15 min before the first and second events are −162° ± 3 and 114° ± 4, respectively (i.e., southward). The bi-
polar magnetic variations are seen in the BX component (as expected for a magnetopause normal orientation 
near the sub-solar point) while the enhanced core field is seen in BY component for both events (Figures 1a 
and 1a′) in the GSE coordinates. However, the senses of rotation of BX are opposite in each case. To move to 
the flux rope's frame, we obtain the (xv, yv, zv) coordinates as described in Section 2.2 (see also Figure S1) 
from the average ion bulk velocity during the intervals in Figures 2b and 2b′, bounded by the vertical dotted 
lines. The magnetic fields are then transformed to this local observation frame and normalized with the 
maximum magnetic field strength, called (Bxv, Byv, Bzv), in Figures 1c and 1c′ for the purpose of fitting into 
the model. The fitting results to the Burlaga model are plotted as dashed lines in Figures 1c and 1c′, along 
with the fit parameters in text in the same panels. The model fitting in Figure 2c shows that it has a negative 
helicity (LH) while in Figure 1c′ it has a positive helicity (RH); the opposite sense of twist is seen in Byv 
component. Figures 2d (2d′), 2e (2e′), and 2f (2f′) show variations in ion number density, ion temperature, 
and plasma, magnetic, and total pressure across the two flux rope intervals, respectively.

3.2.  Spatial Distribution of FTEs

Among the 84 FTE flux ropes, we found that there are 59 (70%) RH flux ropes and 25 (30%) LH flux ropes. 
Figure 3 shows the spatial distribution of FTE locations in the Y-Z and X-Y planes in the GSE coordinates 
for the RH (blue cross) and LH (orange triangle) flux ropes. As seen in Figure 3, the positive (RH) and 
negative (LH) helicity flux ropes uniformly distribute on the dayside magnetopause with their positions 
being at low-latitudes. In other words, there is no spatial preference for FTE flux rope's handedness. This 
suggests that the sense of twist is not related to these local properties but should be associated with remote 
or upstream parameters.

It is important to note that the handedness is different from the sequence of polarity of the bipolar variation 
of FTEs that is observed dependent on the hemisphere (e.g., Rijnbeek et al., 1984; Southwood et al., 1986). 
The bipolar variation is observed to be outward followed by inward to the magnetopause for spacecraft 

KIEOKAEW ET AL.

10.1029/2020GL091257

5 of 9

Figure 3.  Spatial distribution of the FTE flux ropes in the (a) Y-Z and (b) X-Y planes with data points color-coded 
by the helicity signs H = 1 (RH) represented by blue cross and H = −1 (LH) represented by orange triangle. Both 
types of flux rope uniformly distribute on the dayside magnetopause. FTE, flux transfer event; LH, left-handed; RH, 
right-handed.
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located in the northern hemisphere; this order is reversed for spacecraft located in the southern hemi-
sphere. Both sequences can have the same helicity sign as the order of sequence depends on the relative 
spacecraft trajectory; the direction of the core field with respect to the bipolar variation is what determines 
the helicity sign of the flux rope.

3.3.  Solar Wind IMF Conditions

We studied solar wind conditions using their averages during an interval of 15 minutes before the events, 
for all FTE flux ropes. We also analyzed the average solar wind conditions during intervals of 5, 10, 20, and 
25 minutes; the qualitative results remained unchanged. Figures 4a and 4b show histograms of the averaged 
IMF clock angle during an interval of 15 minutes before the two types of events (RH and LH). It is found 
that the RH flux ropes are mainly preceded by IMF clock angles from 90° to 180°, which is the duskward 
and southward direction. In contrast, the LH flux ropes are mainly preceded by IMF clock angles of −90° to 
−180°, which is dawnward and southward. We do not find any clear correlation between other solar wind 
parameters and the helicity sign of flux ropes (see Figure S2). This suggests that the helicity sign of FTE 
flux ropes is mainly controlled by the IMF clock angle (e.g., the IMF BY component). Nevertheless, there are 
clearly some LH flux ropes (9 out of 25 cases) that are preceded by duskward IMF (IMF BY > 0) and some 
RH flux ropes (5 out of 59 cases) that are preceded by dawnward IMF (IMF BY < 0), henceforth referred to 
as outliers. The smaller outlier population for the RH flux ropes may relate to the seasonal (i.e., the dipole 
tilt) effects because all events are observed during September–February which are near the winter solstice 
(December). Note that not all of the outlier events are preceded by southward IMF; a significant population 
of the outlier RH (4 out of 5) and LH (3 out of 9) flux ropes are preceded by northward IMF. Excluding the 

KIEOKAEW ET AL.

10.1029/2020GL091257

6 of 9

Figure 4.  (top) Distribution of the averaged IMF clock angle during an interval of 15 minutes before the FTE 
observations obtained from the OMNI database for (a) RH and (b) LH flux ropes. The IMF clock angle is mainly in 
the 90° to 180° clock angle range (duskward-southward) before the RH flux ropes and in the −90° to −180° range 
(dawnward-southward) before the LH flux ropes. (bottom) Distribution of the averaged IMF cone angle during an 
interval of 15 minutes before LH flux ropes for (c) regular group and (d) outlier group. The regular LH flux ropes are 
mostly preceded by sunward-tilted IMF Bx while the outlier LH flux ropes are mainly preceded by antisunward-tilted 
IMF Bx. FTE, flux transfer event; GSE, Geocentric Solar Ecliptic; IMF, interplanetary magnetic field; LH, left-handed; 
RH, right-handed.
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northward IMF events, it is still unclear whether this outlier group is due to statistical uncertainties, such 
as IMF propagation errors, or to some unknown physical mechanism controlling the helicity in addition to 
the IMF BY.

For the purpose of discussion and further analyses, we define two groups of LH flux ropes to be (1) “regular” 
for LH flux ropes that are preceded by dawnward IMF and (2) “outlier” for LH flux ropes that are preceded 
by duskward IMF. Note that we study only the LH flux group due to the significant outlier population. Com-
paring the solar wind conditions between the two groups, we found that they have different IMF cone angle 
as shown in Figures 4c and 4d. The regular group is mostly preceded by IMF cone angle <90° (sunward) 
while the outlier group is mainly preceded by IMF cone angle >90° (anti-sunward). The magnitudes of IMF 
Bx/|B| are also different (see panel (c) of Figure S3). The outlier group has mostly negative IMF Bx/|B| values 
and large magnitude. However, the regular group has a weak, positive IMF Bx/|B|. There is no significant 
difference in other solar wind parameters between these groups.

4.  Discussion
We have analyzed the helicity sign of 84 FTE flux ropes observed by MMS1 (from a list by Fargette 
et al., 2020) at the dayside magnetopause through model fitting. We found that there are 59 RH (70%) and 
25 (30%) LH flux ropes. We also analyzed the solar wind conditions preceding the events. We found a cor-
relation between the IMF BY sign and the helicity sign: RH flux ropes (H = 1) are mainly preceded by IMF 
BY > 0 while LH flux ropes (H = −1) are mostly preceded by IMF BY < 0. This shows that the twist direction 
of the FTE flux ropes is controlled by the IMF BY component.

Our main results place constraints on the FTE generation mechanism. Indeed, as we illustrate in Figure 1, 
the helicity sign of an FTE can be predicted as a function of the IMF BY in the context of a multiple, sequen-
tial X-line formation mechanism. The sense of rotation of the azimuthal field of the flux ropes from our 
statistical analyses can be explained by this picture where the FTEs are generated by multiple component 
reconnection X-lines on the dayside magnetopause as predicted by Lee and Fu (1985). Additionally, most 
events are observed near the winter solstice, that is, when the dipole tilt is large, consistent with the FTE 
production due to sequential, multiple X-line mechanism proposed by Raeder (2006). As in the Raeder's 
model, with a positive dipole tilt (toward the Sun), the stagnation point of the flow shifts northward away 
from the subsolar point. Consequently, a reconnection X-line is formed one after the other while an FTE is 
generated between these sequential reconnection X-lines. This is not the same as the bursty single X-line 
model (Scholer, 1988; Southwood et al., 1988) where an FTE is generated as a consequence of the unsteady 
reconnection rate. Indeed, the Maximum Magnetic Shear Model (Trattner et al., 2007) predicted that the 
component reconnection should be dominant on the dayside when the southward IMF has a significant BY 
component because the draped IMF in the magnetosheath region makes a first contact with the subsolar 
region. The FTEs should be generated from this region through multiple X-line reconnection where the 
sign of IMF BY across the neutral line controls the sense of twist and core field as depicted in Figure 1. Even 
though our finding does not rule out other FTE formation mechanisms, it is consistent and compatible with 
the multiple X-line mechanism.

Statistical analyses on the solar wind conditions prior to the LH flux ropes preceded by IMF BY > 0 (outli-
er) and those preceded by IMF BY < 0 (regular) show that the outlier group has a strong, negative IMF BX 
while the regular group has a small, positive IMF BX. It is unclear whether the magnitude and polarity of 
IMF BX should control the helicity sign of FTE flux ropes. When the IMF is due south and BX is negative, 
the magnetic merging line is found to shift southward at the dayside (Peng et al., 2010). In addition, with 
all our events being in the winter hemisphere, there is plausibly a combined effect between the IMF BX 
and the dipole tilt (e.g., Hoilijoki et al., 2014; Palmroth et al., 2012) that can complicate reconnection at the 
dayside and thus the FTE formation. The IMF BX component was found to impact the north-south hemi-
spheric asymmetry of FTE occurrence, properties, sizes, and motions (Hoilijoki et al., 2019) as a result of a 
reduction of the reconnection rate at the dayside due to the smaller tangential magnetic field to the magnet-
opause. The FTE generation may also be complicated by processes downstream of bow shock when the IMF 
cone angle is small. We leave this as an open question that should be addressed in future work.
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5.  Conclusions
We have surveyed the helicity sign of 84 FTE flux ropes observed by MMS near the winter solstice during 
years 2015–2017 that can be fitted well to a cylindrically force-free flux rope model with a constant α (Bur-
laga, 1988). We found that 59 (70%) flux ropes are RH and 25 (30%) of them are LH. Investigations of the 
IMF conditions show that the RH flux ropes are mainly preceded by southward IMF with positive BY while 
the LH flux ropes are mostly preceded by southward IMF with negative BY. This control of FTE flux rope 
helicity sign by the IMF BY component is consistent with its formation through sequential, multiple X-line 
reconnection. We also found an outlier group of flux ropes whose helicity sign is opposite to that of IMF 
By, which is unexpected. There are 14 out of 84 flux ropes that are preceded by unexpected IMF BY polarity. 
Investigation of the solar wind conditions preceding LH flux ropes show that the outlier group is associated 
with strong and negative IMF BX. This shows that the presence of IMF BX further complicates the formation 
of FTE flux ropes at the dayside magnetopause. Future work would be desirable for a fuller understanding 
of FTE helicity generation of this outlier group.

Data Availability Statement
Data are handled using SpacePy (Morley et al., 2011) and Pandas (McKinney, 2010) packages and plotted 
using Matplotlib (Hunter, 2007) and Seaborn (Waskom et al., 2017) packages with Python 3.
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