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Key Points:

e The negative perturbation response of space currents to the geomagnetic
field in the inner magnetosphere is analyzed

e Both the eastward ring current and westward ring current is asymmetric

e The vector distribution diagram of banana current density is obtained

Abstract

By using the magnetic field data from of Van Allen Probes, we analyzed the
distribution characteristics of the electromagnetic environment in the inner
magnetosphere on different Dst* index and magnetic local time (MLT). Our results
show that for the response of different current systems, the dawn-dusk and noon-
midnight asymmetry distribution of the residual magnetic field 0B increases with
Dst* index. When Dst* < -60 nT, a ‘banana’-shaped geomagnetic field negative
disturbance peak region appears in the sector from midnight to dusk. Then, we
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obtained the azimuthal current density and found the asymmetric internal eastward
and external westward ring current. Through the vector analysis of three-
dimensional current density, the current density vector distribution in the magnetic
equatorial plane (MEP) is completely displayed for the first time, which directly
proves the existence of banana current near » = 3.0 - 4.0 Rg during strong
geomagnetic storms.

1 Introduction

The current system in the Earth’s magnetosphere plays an essential role in the
transport of mass and energy in the space (Olson et al., 1984; Davenport et al.,
1997). The basic structure and dynamics of the primary electric current systems
(e.g., magnetopause current, magnetotail current, ring current, and fild-aligned
current) determine the coupling between different regions of the magnetosphere
(Yu, Liemohn & Dubyagin, 2018). The ring current flowing around the Earth is
one of the most important space currents in the inner magnetosphere and is usually
referred as the westward ring current since the ions drift westward and electrons
drift eastward. During geomagnetic storms, the ring current exhibits a significant
asymmetry at different magnetic local times (MLTs), mainly manifested by the
dawn-dusk asymmetry (Fukushima and Kamide, 1973; Weygand and McPherron,
2006; Chen et al., 2008; L1 et al.,2011; Liu et al., 2019).

The distribution of ring current is mainly controlled by magnetic gradient and
curvature radius. At the inner edge of the westward ring current, the plasma
pressure rapidly decreases inward, resulting in a eastward ring current (Lui et
al.,1987; 1992). Both numerical simulations (Lui et al.,1994; Ebihara et al.,2000;
Liu et al.,2006; Liemohn et al.,2013; Stephens et al.,2016) and satellite
observations (De Michelis et al.,1999; Le et al.,2004; Jorgensen et al.,2004; Shen
et al.,2014) have confirmed the existence of the eastward ring current. Liemohn et
al.(2013) also discovered asymmetry in the eastward ring current at the nightside
and discussed the closure options for the eastward asymmetric current. They
proposed that the current must be closed through an external westward ring current,
referred to as the ‘banana current’. The banana current is a current system within
the magnetosphere that is completely closed within the inner magnetosphere but
does not rotate around the Earth, becoming a member of the space current system
(Stephens et al.,2016; Liemohn et al.,2016; Ganushkina et al.,2018).

Due to the limited spacecraft data, most studies have not fully demonstrated the
distribution characteristics of the banana current. Additionally, there are few
studies on the electromagnetic response in the MEP in the inner magnetosphere.
The Van Allen Probes (VAP) are the first mission dedicated to the comprehensive
understanding of the radiation-belt dynamics (Kletzing et al., 2013; Zanetti et
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al.,2014). The twin VAP spacecrafts, VAP-A and VAP-B, have an orbital
inclination of ~10° and almost identical scientific instruments (Kessel et al., 2013;
Kirby et al.,2013a, 2013b; Morley et al.,2016; Spence et al.,2016; Boyd et al.,2018;
Lietal., 2019). The low inclination, large elliptical orbit, high temporal resolution,
and long detection period enable VAP to cover all MLT within the inner
magnetosphere, which is more conducive to revealing the response mechanism of
the space currents to the magnetic field disturbance in the inner magnetosphere
(Kurth et al., 2015; Ali et al.,2016; Boardsen et al.,2016; Sarno et al.,2016; Yu et
al.,2016; Lee et al.,2017; Yang et al.,2021). Therefore, this paper uses the VAP's
magnetic field data to characterize the banana current in the inner magnetosphere.

2 Data and Methods

In this study, we use the magnetic field (1 s resolution in SM coordinates) from the
fluxgate magnetometer of EMFISIS (Kletzing et al., 2013) onboard the VAP from
Septemper 2012 to July 2019. To match the OMNI solar wind dataset and the
geomagnetic activity index, we bined the magnetic field data to one minute. The
previous studies of the large-scale ring currents in the inner magnetosphere were
usually based on the solar magnetospheric (SM) cylindrical coordinate (¢, 1, z) (Le
et al., 2004; Jorgensen et al., 2004; Liemohn et al., 2013), where r refers to L-
shell , ¢ refers to azimuthal angle, and z denotes the distance to the MEP. For the
two VAP spacecraft, » ranges from 1.03 to 5.90 R, ¢ ranges from 0 to 2x, and z
ranges from -2.0 to 2.0 Rg. Such a spatial coverage enable us to calculate the
magnetic field perturbations and current densities in low-latitude region in the
inner magnetosphere.

The external geomagnetic field is mainly formed due to the space current system.
The perturbated magnetic field 6B can show the influence of the space current
system on the geomagnetic disturbance. The perturbated magnetic field B can be
calculated by:

6B = (6B, SB(p» 6B,) = Byap — Bigrr (D

where By,p 1s the magnetic field vector measured by the VAP in nT and B,gzr 1s

the magnetic field vector from the international geomagnetic reference field (IGRF)
in nT. Due to the curl of the ring current, the azimuthal current density, j,, is
usually used to represent the ring current distribution (e.g., Jorgensen et al.,2004;

Le et al.,2004; Liemohn et al.,2013; Stephens et al.,2016). According to the
Ampere's law, j, in nA/m’ is given by:

1 B _a)

@

)
U, or oz 2)
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where the positive value indicates westward current and negative value indicates
eastward current (Jorgensen et al., 2004; Vallat et al., 2005; Carbary et al., 2012;
Shen et al.,2014).

1
The Dst* index (Dst*=Dst — 13.5(P4yn)?, Where Py, is the solar wind dynamic

pressure in nPa) is the Dst index that removes the effect of magnetopause current,
fully reflecting the negative disturbance relationship of the space current system on
the geomagnetic field (Russell et al., 1994a,1994b; Le et al., 2004). We used the
Dst* index to divide the geomagnetic disturbance into five levels (0 > Ds¢*> -20
nT, -20 > Dst*> -40 nT, -40 > Dst* > -60 nT, -60 > Dst* > -80 nT, Dst* < -80 nT)
to study the distribution characteristics of the perturbated magnetic field and
current density.

3 Results
3.1 Statistical Patterns of /B and j,

Figure 1 shows the data volume, average patterns of magnetic field disturbance and
current density in the MEP with a grid size of 0.5 h by 0.2 Rg in azimuthal and
radial dimensions, respectively. To ensure data coverage, the radial range was
limited from 2.0 to 6.0 Rg. As shown in Figure 1a, the data can cover all MLT.
With the increase of disturbance level, the data coverage of non-zero value data
volume can still reflect the distribution characteristics, and the single-track effect is
not obvious. The main features in Figures 2b and 2¢ can be summarized as follows.

(1) At different levels of Dst*, the magnetic field disturbances 6B (Figure 1b) in
most region of the inner magnetosphere are negative and decrease with the
decline of Dst*. As the decline of Ds¢*, the distribution of 6B changes from
azimuthally symmetric to asymmetric, with the significant negative
disturbances occur in the dusk to post-midnight sector around L-shell of 4.0. It
can also be seen that as the decrease of Dsr*, the dawn-dusk and the noon-
midnight asymmetry of B become more significant.

(2) The westward ring current is mainly distributed in the region with » > 4.0 and
the eastward ring current is distributed in the region with » = 2.0 - 3.5 (Figure
1¢). Also, as the decline of Dst*, the westward ring current changes from
symmetric to asymmetric, and expands radially to regions closer to the Earth, in
agreement with previous results (e.g., Le et al., 2004; Maltsev et al., 2004). The
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strong partial ring current distributed in the dusk-midnight sector in Figure Ic
results in the dawn-dusk asymmetry displayed in Figure 1b. Meanwhile, the
distribution of symmetric ring currents with Ds¢* < -40 nT demonstrates that
the noon-midnight asymmetry of dB is caused by the cross-tail current.

(3) When Dst* is larger than -60 nT, it is shown that the eastward ring currents
located between L-shell of 2.0 - 3.5 are almost unchanged. At the levels of
strong disturbance (e.g., Dst*<-60 nT in Figure 1), however, the east ring
current in the afternoon to post-midnight sector becomes significant, the
geomagnetic field disturbances 0B also exhibit a banana-shape in the dusk-
midnight sector. This special phenomenon may be resulted from the banana
current starting to appear near the nightside (Liemohn et al., 2013, 2016;
Stephens et al., 2016).

OnT>Dst*>-20nT -20nT>Dst*>-40nT  -40nT>Dst*>-60nT  -60nT>Dst*>-§0nT Dst*<-80nT

06

3
Data Number

(®) -

MAG chenge(nT)

(© =

current density (nA/m?)

18 18 18 -10

Figure 1. The data distribution with MLT X r under different geomagnetic
disturbance levels, the solid black line indicates that » = 4.0 Rg. (a) The non-zero
value data volume. (b) The residual magnetic field 0B. (c) The azimuthal current

density j, (the positive value represents westward current, the negative value

represents eastward current).
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3.2 Analysis of Statistical Results of Current Density Vector

To determine whether the banana currents are always present in space or form a
closure due to the radially inward movement of the westward currents in contact
with the eastward currents as the magnetic storms intensify, we needed to analyze
the vector distribution of the space current density. Similar to the calculation
method of j,, the finite difference method is used to calculate the other two

components of the current density, namely the radial current density j, and the
current density along the z direction j,. Figure 2 shows the distributions of the total

current density in the MEP (_|j& + j#) overlaid with current density vector (j,, ji)

in three phases, namely the symmetric ring current phase (0 > Ds¢* > -40 nT), the
partial ring current phase (-40 > Dst* > -60 nT), and the banana current phase
(Dst* <-60 nT).

Figure 2a shows the expected symmetric ring current phase, and the eastward and
westward ring currents are disconnected in the MEP. Both are weak and almost
without radial current distribution. For -40 > Dst* > -60 nT, clear partial ring
currents appear in 18-24 h MLT and expands radially inward in Figure 2b, while
the eastward ring currents intensify and expands radially outward around midnight
sector. The intermingling of the two types of currents results in weak radial
currents near 14 h MLT and 1 h MLT, forming a weak closed annular similar to
the banana current. This indicates that there should be mass transport between the
two types of currents. However, unlike the banana current, the closed annular
current has approximately uniform azimuthal currents on the inner side, possibly
because the mass transport is not strong enough to make the eastward ring currents
asymmetric.

When Dst* < -60 nT, both the partial ring current and the eastward ring current
simultaneously strengthen and expand radially. The two currents merge together,
making the eastward ring current on the night side asymmetric. At the same time,
the radial currents at both ends are also significantly stronger, leading to the
formation of the banana current in the region from 18 h to 1 h MLT (Figure 2c¢).
The current density in the inner region of the banana current is significantly weaker
than the surrounding area. According to the Ampere's law, this region generates a
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190  magnetic field opposite to the Earth's dipole magnetic field, which is the reason for
191  the negative perturbation peak region of the magnetic field located at L-shell of 3 -
192 4 during the period of the strong geomagnetic storms.

(a) 0 nT> Dst* > -40 nT

-l |

4
() -40 nT> Dst* > 60 nT

-l SnA/mz

5

o O

current density (nA/m?)
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193
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2

s (c) Dst* <-60 nT

12 18 0 6 12
MLT

194  Figure 2. Current density vector distribution in the MLT X 7 plane. The magnetic
195 disturbance intensity has (a) 0 > Dst* > -40 nT; (b) -40 > Dst* > -60 nT; (c) Dst* <
196 -60 nT. The vertical coordinate is the radial distance from the Earth in Rg. The
197 horizontal coordinate is the MLT; the white bar below indicates the day side, and
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the black color indicates the night side. The right color bar and the contour
background map indicate the current density intensity, whose magnitude is kept in
line with the length of the vector arrow. Where the vector direction to the right is
east and to the left is west.

Figures 3a-3c show the distrubutions of current density vector in the z—r plane with

the color shown the strength of the current density (/jZ + j2). At each disturbance
level, we plot the distributions on the meridian planes with central hours of O h, 6 h,
12 h, and 18 h MLT, respectively. On each meridian plane, the data of 3 hours
before and after the central hours are averaged. All the data are also divided into
three phase as those in Figure 2. In the symmetric ring current phase in Figure 3a,
Both j, and j, are very weak in the vast majority of regions, except for and the
region at » = 2.5 - 4.5 in the souther hemisphere on the midnight-side, where a
closed annular current is shown. This annular current around the midnight becomes
more apprarent when the strength of the storms enhance (Figures 3b - 3c). The
annular current is weaker in other meridian planes throughout the three phases.

From Figure 3c, it can be seen that the annular current continues to enhance in the
southern hemisphere. However, due to the appearance of the banana current, the
radial outward current density is significantly stronger than the radial inward
current density on the midnight side. Thus, this becomes a radially outward part of
the banana current. In contrast, the mainly radial inward current appears on the
dusk side, becoming the radially inward part of the banana current. Meanwhile,
vertical inward (towards the Earth) and vertical outward (away from the Earth)
currents appear in the regions located at » > 4.0 and |z| > 1.5 on the dawn and dusk
sides. This is due to the appearance of the partial ring current, dawn-out, and dusk-
in region-2 field-aligned current from the Earth's ionosphere. Thus, the current
vector behaves as dawn in and dusk out to the partial ring current.
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(a) 0 nT < Dst*<-40 nT

current density (nA/m?)

z(Rg)

= ONnT>Dst*>-40nT
= -40nT>Dst*>-60nT
(d) = Dst*<-60nT

20 20 20 20
MLT=0 MLT=3 MLT=6 MLT=9

10 10 10

of o == dé orS=u -
o -10 -10 -10
=
T)/ =20 =20 -20
) 2 3 4 5 6 2 3 4 5 6 2 3 4 5 6
S 2 20 20 - 20
S MLT=12) MLT=15 MLT=18 MLT=21
>
m 10 10 10 10

-20 -20 -20 -20

Figure 3. (a-c) Current density vector distribution in the (z,7) plane. The vertical
coordinate is the z-axis, and the horizontal coordinate is the r-axis, both in Rg. (d)
The disturbance variation of the geomagnetic B, component with » at different
MLT intervals. Shadows are the area of focus. The horizontal axis is the r-axis in
Rg, and the vertical axis is the disturbance variation of the geomagnetic B,
component in nT.
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Throughout the three phases, it can be seen that there is always an annular current
on the midnight side of the z—r plane, this will make the y-component of disturbed
geomagnetic field on the night side significantly weaker according to the Ampere's
rule. To verify this, we plotted the distribution of the y-component of disturbed
geomagnetic field at different MLT intervals. As shown in Figure 3d, the negative
perturbation region of the y-component is located only in the region of » =2.8 - 4.5
on the midnight side (0 h MLT). The magnitude of the negative disturbance in this
region also increases with the enhancement of the geomagnetic disturbance. In
contrast, the y-component of disturbed geomagnetic field in other MLT intervals
do not have much changes with the enhancement of magnetic storms. This result
further confirms the existence of the annular current around the midnight.

To show more graphically the location and characteristics of the connection
between the partial ring current and the region-2 field-aligned current, we drew the
distribution of the current density j, and j,, in the MLT-z plane for the L-shell
range of 4-6 with Dst* <-40 nT (Figure 4). There are apparent region-2 field-
aligned currents in both the northern and southern hemispheres, and their ends are
exactly at the beginning and end of the partial ring current. However, the region-2
field-aligned current and the partial ring current are stronger in the southern
hemisphere than in the northern hemisphere. This indicates the phenomenon that
the ring current have a weaker tilt or latitudinal shift, but does not conflict with the
previous statistical results (Chen et al.,2008; Liu et al.,2019).
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Figure 4. The current density vector distribution in the MLT X z plane. The
statistical interval is » = 4.0 - 6.0 Rg, and the geomagnetic disturbance intensity is
Dst* <-40 nT. The vertical coordinate is the z-axis in Rg. The horizontal
coordinate is MLT.

Conclusion

In this letter, using large amount of magnetic field data from the VAP spacecraft, a
complete picture of the relationship between the space current system and
geomagnetic field disturbances in the inner magnetosphere region (2.0 - 6.0 Rg) are
investigated. Our main findings are summarized as follows.

1) The symmetric ring currents make the perturbated magnetic field 4B in most
region of the inner magnetosphere negative. In contrast, the cross-tail currents
make the distribution of B always noon-midnight asymmetry, and the partial ring
currents makes 0B exhibit significant dawn-dusk asymmetry.

2) A banana-shaped geomagnetic field negative perturbation peak area is observed
in the dusk-midnight sector at » = 3.2 - 4.2 R only at Ds¢* <-60 nT. This directly
confirms the existence of the banana currents.

3) The banana current is due to the enhancement of the geomagnetic storm, and the
eastward and westward ring currents are enhanced and expanded simultaneously.
Thus, this makes the two currents couple together, resulting in the eastward
asymmetric loop current, or the banana current.

4) We found an annular current located only around midnight, which causes a
significant weakening of the y-component of the disturbed geomagnetic field on
the midnight side.

The statistical results in this paper will help us further understand the circulation
and distribution characteristics of the current systems in the inner magnetosphere
and help us improve the inner magnetospheric geomagnetic model.

Data Availability Statement

The geomagnetic activity index data is available at: https://wdc.kugi.kyoto-
u.ac.jp/wdc/Sec3.html. The VAP geomagnetic observations are available at:
https://spdf.gsfc.nasa.gov/pub/data/rbsp/. The OMNI dataset is available at:
https://spdf.gsfc.nasa.gov/pub/data/omni/omni_cdaweb/hro 1min/.
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