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Abstract The influence of the interplanetary magnetic field (IMF) cone angle θ (the angle between the IMF
direction and the Sun-Earth line) on the invariant latitudes of the footprints of the field-aligned currents
(FACs) in the magnetotail has been investigated. We performed a statistical study of 542 FAC cases observed
by the four Cluster spacecraft in the Northern Hemisphere. The results show that there are almost no
FACs when the IMF cone angle is less than 10°, and there are indications of the FACs in the plasma sheet
boundary layers being weak under the radial IMF conditions. The footprints of the large FAC (>10 nA/m2)
cases are within invariant latitudes <71° and mainly within IMF cone angles θ > 60°, which implies that the
footprints of the large FACs mainly expand equatorward with large IMF cone angle. The equatorward
boundary of the FAC footprints in the polar region decreases with increasing IMF cone angle (and has a better
correlation for northward IMF), which shows that the IMF cone angle plays an important controlling
role in FAC distributions in the magnetosphere-ionosphere coupling system. There is almost no correlation
between the poleward boundary and the IMF cone angle for both northward and southward IMF. This is
because the poleward boundary movement is limited by an enhanced lobe magnetic flux. This is the first
time a correlation between FAC footprints in the polar region and IMF cone angles has been determined.

1. Introduction

Field-aligned currents (FACs) were detected by satellites for the first time in the 1960s (Cummings & Dessler,
1967; Zmuda et al., 1966), and they have been observed at both low (Iijima & Potemra, 1978) and high (Frank,
1981) altitudes in different regions in geospace. The large-scale (reaching from the magnetotail to the iono-
sphere) FACs are involved in many important physical processes, including field-aligned particle acceleration
(Choy et al., 1971; Morooka et al., 2004; Shi et al., 2014), magnetic reconnection in the magnetotail (Hones,
1979; Ma & Otto, 2013; Scholer & Otto, 1991), development of the substorm current wedge (Hesse & Birn,
1991; Pytte et al., 1976), and auroral activity (Elphic et al., 1998; Xiong et al., 2014).

In solar wind-magnetosphere-ionosphere interactions, the large-scale FAC plays a crucial role in transferring
the solar wind momentum and energy to magnetosphere and ionosphere. The interplanetary parameters
directly affect the energy transfer process and the associated FACs. In the polar region, the dependence of
FAC characteristics on the interplanetary magnetic field (IMF) components has been studied (Yamauchi &
Araki, 1989; Masakazu & Sofko, 2009). Iijima and Shibaji (1987) reported that the variation of IMF By can lead
to the dawn-dusk asymmetry of FACs. Taguchi et al. (1992) found that the FAC intensity is controlled by the
IMF and enhances with the IMF |By|. Some other authors reported that the IMF Bz is also an important control
factor (Gjerloev et al., 2011; Juusola et al., 2009). From above authors’ studies, we can conclude that the FACs
are affected by more than one IMF component. Li et al. (2011) showed that the IMF clock angle is a major
factor to control the FACs associated with Joule heating.

In the magnetosphere, the importance of the IMF cone angle is not controversial because it is closely related
to many important physical phenomena. Some studies show that the IMF cone angle affects geomagnetic
pulsations (Pc2–5 pulsations) (Takahashi et al., 1984). Kavosi and Raeder (2015) found that the occurrence
rate of Kelvin-Helmholtz waves in the magnetopause increases with the IMF cone angle. Also, the IMF
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cone angle can control the efficiency of reconnection at the subsolar point (Scurry et al., 1994). Some authors
have suggested that the IMF cone angle can even influence the magnetopause location (Dušík et al., 2010). In
the magnetotail, both the IMF cone angle and clock angle are important factors and have great influence on
the FACs. Cheng et al. (2013) found that the FAC occurrence in the magnetotail increases monotonically
with the IMF cone angle. The FAC is a large-scale phenomenon in the magnetosphere-ionosphere system.
The FACs in the plasma sheet boundary layers (PSBLs) are connected with those in the polar region through
the magnetic field lines (Wild et al., 2004), and they are important for the energy flows in the solar
wind-magnetosphere-ionosphere system. How the solar wind affects the large-scale FACs from the
magnetotail to the polar region is still an open question. Also, there is no study on the relationship between
the IMF cone angle and the polar region footprints of the FACs in the PSBLs in the magnetotail.

This study is focused on the influence of the IMF cone angle on the projection locations of the FACs observed
by Cluster in the northern PSBL in the magnetotail. The results show that the IMF cone angle has a controlling
role on the projection location of the FACs in the PSBLs in the magnetotail.

2. Data and Method

In this study, the magnetic field data from the Fluxgate Magnetometer (Balogh et al., 1997) on board the
Cluster spacecraft were used to calculate the current density. The ion and electron data, respectively, were
taken by the Cluster Ion Spectrometry (Rème et al., 2001) and the Plasma Electron And Current Experiment
(Johnstone et al., 1997) instruments on board the Cluster spacecraft. The corresponding IMF, the auroral elec-
trojet (AE) index, and the disturbance storm time (Dst) index were obtained from the OMNI database. The
apogee of the four Cluster spacecraft is about 19.6 Earth radii (RE), and the orbital period is about 57 hr. In
2001 (2004), the interspacecraft distance of Cluster in the magnetotail was ~2,000 km (~1,000 km).
According to the period and variations of its orbit, there were about 60 days with northern PSBL crossings
each year. During these crossings, the interspacecraft distances were suitable for calculating current density
by the “curlometer” method (Dunlop et al., 1988).

In this study, FAC cases with densities larger than 3 pT/km, that is, 2.38 nA/m2 (1 nA/m2 = 1.26 pT/km), have
been selected. This ensured that the background noise and the errors resulting from the current calculation
are low (Shi et al., 2010). The minimum interval between two neighboring FAC cases has been set to 5 min. If
there were two or more FACs densities over 3 pT/km within 5 min, the largest one was selected as a FAC case.
The current in units of pT/km has been obtained directly from the calculation with the “curlometer” techni-
que. Positive densities denote an earthward FAC.

We used plasma ß to identify the plasma sheet (PS), PSBL and the lobe region. In the PSBL, it satisfies
0.01 ≤ ß ≤ 1, while ß < 0.01 in the lobe region and ß > 1 in the PS (Ueno et al., 2002). The IMF cone angle
“θ” is defined as follows:

θ ¼ cos�1 IMFjBx j=IMFjBtjð Þ (1)

Here the “θ” varies from 0° to 90°.

The International Geomagnetic Reference Field model (internal) and the Tsyganenko 96 (T96) model (exter-
nal) (Tsyganenko & Stern, 1996) were used to trace all FAC cases along the magnetic field lines from the FAC
locations in themagnetotail to the polar region. We note that the T96model uses as input IMF By and Bz. Thus,
while there is no explicit dependence of the model on the cone angle, the mapping from the tail to the polar
region also changes under different IMF conditions. Thus, themapped invariant latitude depends both on the
location where the FAC was observed and on particular parameter inputs to the model for each event. The
invariant latitude and the magnetic local time (MLT) were used to show the footprints of the FAC cases.

Figure 1 illustrates an example of the selection of the FAC cases when Cluster crossed the northern PSBL in
the magnetotail on 12 September 2001. From top to bottom, the panels are the FAC density (a), magnetic
field components (Bx, By, and Bz) in geocentric solar magnetospheric (GSM) coordinates measured by Cluster
(solid lines) and from the model (dotted lines) (b), plasma ß (c), geomagnetic AE (d), and Dst indices (e). The
two vertical purple lines indicate the start (09:08 UT) and end (11:36 UT) times of the crossing of the northern
PSBL by Cluster. The red stars in panel (a) mark the FAC cases numbered from 1 to 14. Panel (b) shows that
both the measured and modeled Bx decreased from about 25 to 15 nT with the same trends during the
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crossing. Bx > 0 indicates that the case was taken in the Northern Hemisphere. The fact that the plasma ß
increased from about 0.01 to 1 (panel (c)) indicates that Cluster crossed the northern PSBL in the direction
from the lobe to the PS region. During the crossing, the value of AE was relatively small (less than 400 nT,
panel (d)). The minimum value of Dst was only about �37 nT, which shows that the crossing took place in
the recovery phase of a small storm (panel (e)). In cases 1 to 14, each footprint in the polar region also
depended on the spacecraft position in the PSBL. However, in this paper, which covers 117 Cluster crossings
of the PSBL, we just studied the inner and outer boundaries which are controlled by the IMF cone angle.

According to the selection criteria mentioned above, there were 880 FAC cases in the northern PSBL during
Cluster crossings from July 2001 to October 2004. We have set limits of 22:00 < MLT < 02:00 to choose the
FAC events around local midnight. With this restriction, 542 FAC cases remained.

As to themethod of this study, we first calculated the FAC and determined its position in the northern PSBL in
the magnetotail. Thereafter, we mapped the position along the field line to the polar region at altitude of
100 km and studied the IMF cone angle influence on the footprints.

3. Statistical Results
3.1. Distribution of the FAC Cases and Their Footprints

Figure 2a provides a schematic illustration showing how the FACs in themagnetotail map to the polar region.
The FACs flow from the magnetotail into the polar ionosphere along the magnetic field lines, and the outer
(inner) boundary in the magnetotail connects with the poleward (equatorward) boundary in the
polar ionosphere.

Figure 2b indicates the locations of the FAC cases in the magnetotail in the X-Y plane in the GSM system and
the distribution of the footprints in the northern polar region. The red points denote the earthward FAC cases,
and the blue points denote the tailward FAC cases. The left two panels show the 542 FAC cases in 2001 (top)
and 2004 (bottom), respectively. The lines show the Cluster orbits. The green lines denote that the Cluster
data are available, and the yellow lines denote that the Cluster data are not available. The right two panels
show the mapping footprints of the FACs in the polar ionosphere in 2001 and 2004, respectively.

Figure 1. An example of the selection of the field-aligned current (FAC) cases when the Cluster spacecraft were crossing the northern plasma sheet boundary
layer (PSBL) in the magnetotail on 12 September 2001. The panels from top to bottom are the FAC density (a), Cluster measured (solid lines) and modeled
(dotted lines) magnetic field components Bx, By, and Bz (b), plasma ß (c), and AE indices (d) and Dst (e). The two vertical purple lines indicate the start (09:08 UT) and
end (11:36 UT) times of the crossing. The red stars mark the FAC cases shown with numbers from 1 to 14.
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From Figure 2b, we can see that the footprints of the FACs are distributed mainly from 60° to 75° invariant
latitude (ILAT), and from 22:00 to 02:00 MLT which corresponds to FAC positions from about YGSM = �10
to 8 RE in themagnetotail in the Northern Hemisphere. We found that the ILAT of the FAC footprints is related
to the IMF cone angle as described in the following section.

3.2. Relationship Between FAC Footprints and IMF Cone Angle

Figure 3 shows the scatter plot of the FAC footprint (ILAT) as a function of the IMF cone angle. Each circle
corresponds to an individual FAC case, and the area of the circle represents its density. The red circles denote
the large FAC cases with density > 10 nA/m2. The shaded area shows the IMF cone angle range in which the
large FAC cases often occurred.

From Figure 3, we can see that there are almost no FAC cases when the IMF cone angle is less than 10°. With
the IMF cone angle increasing, the density of the FACs also increased. This is consistent with the result
obtained by Cheng et al. (2013). The large FAC cases occur at lower ILATs (below 71°), and they mainly occur
when θ > 60°. There are 35 large FAC cases in total, and 33 of them occur when θ > 60°. The maximum FAC
density is 20 nA/m2 about 1 order of magnitude higher than 2.38 nA/m2, and it occurs when θ = 84° at 56°
ILAT. This indicates that an increasing IMF cone angle can enhance the disturbance of FAC densities in the
magnetotail, and the FAC cases with large densities occur more often under large IMF cone angles.

Figure 2. (a) A schematic to show how the field-aligned current (FAC) location in the magnetotail maps into the polar region. (b) The locations of FAC cases in the
geocentric solar magnetospheric (GSM) X-Y plane (left column) and the footprints in the polar region (right column) in 2001 and 2004; the red color denotes the
earthward, and the blue color denotes the tailward ones. The lines show the Cluster orbits, whereby the green color denotes that data are available and the yellow
color indicates that the data are not available.
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More importantly, from Figure 3 we can see that the ILAT of the equa-
torward boundary (the bottom edge of the FAC footprints) decreases
with increasing IMF cone angle. However, the ILAT of the poleward
boundary (the top edge of the FAC footprints) does not
change visibly.

In order to investigate the relationship between footprint boundary
and IMF cone angle, we used plasma beta to identify the footprints
of the FACs in different regions of the PSBL in the magnetotail.
Under the condition 0.01 ≤ β < 0.03, that is, the FAC is in the outer
boundary layer of the PSBL, its polar footprint should be in the pole-
ward boundary layer. If the FAC location lies within 0.7 < β ≤ 1, that
is, the FAC is in the inner boundary layer of the PSBL, its polar footprint
should be in the equatorward boundary layer. Finally, if 0.03 ≤ β ≤ 0.7,
that is, the FAC is in the middle of the PSBL, its polar footprint should
be in the middle. As shown in Figure 4, the blue circles indicate the
poleward boundary layer of the footprints, and the red circles indicate
the equatorward one. This was the basis for studying the influence of
the cone angle on the FAC footprints boundary.

The blue (red) line in Figure 4 is the result of a linear fitting for the
poleward (equatorward) boundary. The best fit equation is
y = 0.024x + 73.67, the correlation coefficient R is 0.19, and the P value
is 0.1. With this slope, the poleward boundary moves poleward by

0.24° ILAT with every 10° increase of the IMF cone angle. The small R indicates the almost complete absence
of correlation between the IMF cone angle and the poleward boundary. For the equatorward boundary, the
fitting equation is y = �0. 074x + 66.18, with R = 0.72, and a P value of 0.01. The slope of �0.074 means an
equatorward movement of the equatorward boundary by 0.74° ILAT with every 10° increase of the IMF cone
angle. There is a close correlation between the IMF cone angle and the equatorward boundary.

As the magnetospheric response is evidently different for southward and northward IMF, we also performed
statistics for southward and northward IMF, respectively. In Figure 5, the left panel is for northward IMF (IMF

Bz > 0) and the right one for southward IMF (IMF Bz < 0). The proces-
sing steps are the same as for Figure 4. From Figure 5, we can clearly
see that there is almost no correlation between the IMF cone angle
and the poleward boundary for both northward and southward IMF.
However, for the equatorward boundary and northward IMF there is
a strong correlation (R = 0.88) with the IMF cone angle. For southward
IMF, the correlation coefficient between IMF cone angle and the
equatorward boundary becomes small (R = 0.57).

From Figure 5, we can see that there is a pronounced gap between
the main population of footprints (around 72° ILAT) and the most
poleward footprints (around 78° ILAT) for northward IMF only. Iijima
et al. (1984) studied the FAC in the dayside auroral region at low alti-
tude and found that when the northward IMF Bz is strong enough, a
new FAC called NBZ (Northward IMF Bz) current can form outside
the poleward boundary of the Region 1 FAC. A subsequent study
found that the NBZ FAC was present not only in the dayside auroral
region but also on the nightside and with a complex structure
(Iijima & Shibaji, 1987). Our result indicates that the gap in Figure 5
is associated with the NBZ FAC at low altitude. This needs to be
studied further. On both sides of the gap, both the main population
of footprints and the most poleward footprints respectively have
been used to obtain linear fits. The results showed that there is no
correlation with IMF cone angle in both cases.

Figure 3. The scatter plot of the FAC footprint (invariant latitude, ILAT) as a func-
tion of the interplanetary magnetic field (IMF) cone angle. The circle location
indicates the footprint and the area of the circle represents the density of FAC. The
red color denotes the large FAC cases with density > 10 nA/m2. The shaded area
shows the IMF cone angle range in which the large field-aligned current cases
often occurred. MLT = magnetic local time.

Figure 4. The boundary layers of the footprints of the field-aligned currents in the
magnetotail in the invariant latitude (ILAT)-interplanetary magnetic field (IMF)
cone angle plane. The blue color indicates the footprint of the field-aligned
current in the outer boundary layer (0.01 ≤ β < 0.03), and the red color indicates
the one in the inner boundary layer (0.7 < β ≤ 1) of the plasma sheet boundary
layer. The lines are the linear fitting results. Only the equatorward boundary has a
good correlation with IMF cone angle. MLT = magnetic local time.
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Figure 5 shows the boundaries together with the fitting lines. There is a strong negative correlation between
the equatorward boundary and IMF cone angle, while there is almost no correlation between the poleward
boundary and IMF cone angle. In this research, we have also analyzed the other factors possibly affecting the
footprints, such as effects of IMF By and Bz. The results show that the IMF cone angle is the dominant influence.

4. Discussion

The magnetic field plays a controlling role in the physical processes in the magnetosphere. Thus, researchers
generally use the mapping along the magnetic field lines to study connected phenomena in different mag-

netospheric regions. (Antonova et al., 2006; Lu et al., 1997; Østgaard
et al., 2005; Shevchenko et al., 2010; Trattner et al., 2005; Trattner
et al., 2012). Magnetic field lines are also important for the
magnetosphere-ionosphere coupling. In order to study the FACs in
the magnetotail and its footprints in the polar region, the
Tsyganenko 96 (T96) model was used to perform the mapping along
the magnetic field lines.

The T96 model can be used to study different process of space phy-
sics (Fenrich et al., 2001; Ni et al., 2011; Zhou et al., 1999). We have
made a comparison of the magnetic field component Bx between
the Cluster observations and the modeling results (with the
International Geomagnetic Reference Field and T96). Table 1 shows
the Bx (BxC) observed by Cluster and the one from the model Bx
(BxM), and the relative errors of the model to the observation

(i.e., BxC�BxM
BxC

�
�
�

�
�
��100%) for the 14 FAC cases in panel (a). The relative

errors are less than 30% (maximum is 29.77%, minimum is 0.53%, and
the mean value is 15.95%). In this study, we also analyzed the
relative errors for all selected FAC cases, and the mean value of

Figure 5. Same as Figure 4 but for different interplanetary magnetic field (IMF) orientations. The poleward boundaries show almost no correlation with IMF cone
angle for both northward and southward IMFs. The equatorward boundary has a close correlation with IMF cone angle for southward IMF and a strong correla-
tion with IMF cone angle for northward IMF. ILAT = invariant latitude; MLT = magnetic local time.

Table 1
The Magnetic Field Component Bx of T96 Model in Comparison With
Cluster Observations

Case BxC (nT) BxM (nT) Relative Error (%)

1 23.03 20.65 10.32
2 22.19 22.31 0.53
3 20.39 22.08 8.29
4 22.84 21.28 6.85
5 23.74 20.05 15.54
6 23.08 20.50 11.21
7 25.55 18.31 28.33
8 26.19 18.78 28.26
9 22.10 17.25 21.96
10 22.87 16.06 29.77
11 24.85 17.50 29.57
12 16.41 15.26 6.99
13 16.58 14.49 12.61
14 16.16 14.04 13.12

Note. BxC denotes the Bx of Cluster observations. BxM denotes the Bx of the
modeling results.
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the relative errors was 19.58%, which showed the T96 model was well consistent with the observation
during the FAC cases.

The simulation is also a way to study connected phenomena in different magnetospheric regions. Some
recent MHD simulations indicate that current lines and field lines sometimes deviate significantly because
of the finite diamagnetic currents flowing perpendicular to the magnetic field (Ebihara & Tanaka, 2015;
Watanabe et al., 2014). In this paper, we only studied the FAC footprints in the polar region.

Our results show that there is almost no FACs when the IMF cone angle is less than 10°. This indicates that the
FAC is weak in the PSBL under the radial IMF condition. H. Wang et al. (2014) reported that, in the nightside
ionosphere, the intensity of FACs becomes quite weak in the Northern Hemisphere during the radial IMF
period. Their study and ours showed that the same FAC changes existed in the nightside ionosphere and
magnetotail under the radial IMF condition, and there might be a connection.

Our result shows that the large FAC cases (density > 10 nA/m2) occur at low ILATs (below 71°) and mainly
occur when the IMF cone angle θ > 60°. It indicates that the footprints of the large FACs mainly extend
equatorward when θ > 60°. Our result is consistent with previous work (Ohtani et al., 1988; H. Wang, Lhür,
et al., 2006). In this condition, the IMFs By and Bz are much bigger than the IMF Bx component and can result
in strong disturbances of the geomagnetic field in the magnetotail. Then there will be a higher chance to
detect the large FACs at lower ILATs.

Our results show the equatorward boundary of the FAC footprints in the polar region decreases with increas-
ing IMF cone angle. This means if the IMFs By and Bz are gradually increasing (relative to the IMF Bx), they can
gradually result in stronger and stronger disturbances of the geomagnetic field both in the magnetotail and
the polar region. Therefore, the equatorward boundary of the footprints decreases with the IMF cone angle.
For the poleward boundary, there is almost no correlation with IMF cone angle. This can be understood such
that its movement is limited by an enhanced lobe magnetic flux. A previous study has suggested that the
boundaries of the FACs in the polar region are associated with auroral oval boundaries. Xiong et al. (2014)
used the FACs in the polar region to determine the auroral oval boundaries. They found that the equatorward
boundary of the auroral oval spreads equatorward everywhere (in MLT), while the poleward boundary shows
no dependence on geomagnetic activity around midnight. In this study, the boundaries of the footprints of
the FACs in the magnetotail seemed consistent with a variation of the boundaries of the auroral oval. The IMF
cone angle can control the efficiency of magnetic reconnection both at the magnetopause and in the
magnetotail (Cheng et al., 2013; Scurry et al., 1994; Y. Wang, Elphic, et al., 2006). The observed dependence
of geomagnetic activity on the orientation of the IMF is expected as a consequence of magnetic reconnection.
From the above, we can understand how the IMF cone angle controls the FAC footprints in the polar region.

Our results also show that the equatorward boundary of the FAC footprints in the polar region and IMF cone
angle have a bigger correlation coefficient when IMF Bz is northward. We checked the data and found the
footprints of FACs could reach lower ILATs and the FAC densities grew large especially during geomagnetic
storms or substorms under IMF is southward. When IMF Bz is southward, the reconnection in the magneto-
pause and magnetotail is most efficient, and the magnetospheric configuration is converted from the nearly
closed one into an open one. Maybe it can be understood that the geomagnetic disturbance is strong and
continuous, which can influence not only the FAC density but also its projection location, and the footprints
can reach lower ILATs while the range of the disturbance increases. However, it needs to be further studied. In
fact, for southward IMF Bz, the geomagnetic disturbances can become strong; thus, the correlation coefficient
between IMF cone angle and the equatorward boundary becomes small.

In the initial study, we also wanted to study the FACs in the two PSBLs and the asymmetry between north
and south. But the FAC cases in the southern PSBL were insufficient, it was mainly because Cluster did not
observe FAC cases in inner and outer PSBL (outer boundary 0.01 < β < 0.03 and the inner boundary as
0.7 < β < 1) every crossing, especially in Southern Hemisphere. And there were no inner or outer PSBL
FAC cases in some IMF cone angel bin in the Southern Hemisphere. So we could not get enough bound-
ary data to do the same analysis. And the projection locations of the FACs are different for southern PSBL
and northern PSBL. So we did not mix the southern data and only studied the FACs in the northern PSBL.
If adding Southern Hemisphere measurements, the study could be used to exclude seasonal effects, such
as the fact that when one hemisphere was in darkness the other was illuminated. At present the lack of
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the data is a major obstacle to the further study of magnetotail FACs, although four Cluster spacecraft can
detect more FACs cases in the magnetotail than previous satellites (such as ISEE1/2 and Geotail). In this
study, we could only use the existing data to study the FACs in the northern PSBL. We believe this study
might lay a foundation for further research.

5. Summary

In this study, we used Cluster spacecraft data to study the influence of the IMF cone angle on the footprints of
the observed FACs in the northern PSBL in the magnetotail. The FAC was calculated by the “curlometer”
method, and 542 FAC cases have been selected for the present study. We obtained the distribution of the
FAC cases in the magnetotail. Thereafter, the T96 model was used to trace the FAC cases along the magnetic
field lines to the polar region, and their footprint distribution was obtained.

Our results show that (1) there is almost no FACs when the IMF cone angle is less than 10°, which indicates
that the FAC is weak in the PSBLs under the radial IMF condition. (2) The large FAC cases (density > 10 nA/
m2) occur at low ILATs (no more than 71°) and mainly occur when the IMF cone angle θ > 60°. This implies
that strong IMFs By and Bz (relative to the IMF Bx) can result in a strong disturbance of the geomagnetic field
in the magnetosphere, both in the magnetotail and the polar region. (3) The equatorward boundary of the
FAC footprints in the polar region decreases with the IMF cone angle for both northward and southward
IMF Bz, while there is almost no change of the poleward boundary with IMF cone angle. This shows that
the IMF cone angle plays an important controlling role in FAC distributions in themagnetosphere-ionosphere
coupling system. The equatorward boundary of the FAC footprints is more responsive to IMF cone angle. This
is due to themagnetospheric structure and the response of magnetic field disturbances to the solar wind and
IMF. The poleward boundary movement is limited by an enhanced lobe magnetic flux; thus, the poleward
boundary of the footprints remains almost unchanged with IMF cone angle.

These results are important for understanding the solar wind-magnetosphere-ionosphere coupling.
However, the multiple control mechanisms whichmight be involved in the process of the boundaries change
and need to be studied further.
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