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Key Points:
The magnitudes of field-aligned currents are strongest in the main phase, weaker in the recovery phase, and weakest in the quiet
period.
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Most of the field-aligned currents are carried by electrons, although ions can also be significant during a storm time.●
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Abstract: Geomagnetic storms can result in large magnetic field disturbances and intense currents in the magnetosphere and even on
the ground. As an important medium of momentum and energy transport among the solar wind, magnetosphere, and ionosphere, field-
aligned currents (FACs) can also be strengthened in storm times. This study shows the responses of FACs in the plasma sheet boundary
layer (PSBL) observed by the Magnetospheric Multiscale (MMS) spacecraft in different phases of a large storm that lasted from May 27,
2017, to May 29, 2017. Most of the FACs were carried by electrons, and several FACs in the storm time also contained sufficient ion FACs.
The FAC magnitudes were larger in the storm than in the quiet period, and those in the main phase were the strongest. In this case, the
direction of the FACs in the main phase showed no preference for tailward or earthward, whereas the direction of the FACs in the
recovery phase was mostly tailward. The results suggest that the FACs in the PSBL are closely related to the storm and could be driven by
activities in the tail region, where the energy transported from the solar wind to the magnetosphere is stored and released as the storm is
evolving. Thus, the FACs are an important medium of energy transport between the tail and the ionosphere, and the PSBL is a significant
magnetosphere–ionosphere coupling region in the nightside.
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 1.  Introduction
Considerable  momentum  and  energy  can  penetrate  into  the

magnetosphere  and  ionosphere  from  the  solar  wind  during

geomagnetic storms, which can then result in large magnetic field

disturbances  and  geomagnetic-induced  currents  on  the  ground

(Gonzalez  et  al.,  1994; Milan  et  al.,  2017; Zong  QG  and  Zhang  H,

2018; Ma X et al.,  2020; Otsuka et al.,  2021; Wang YB et al.,  2023).

One important medium for the momentum and energy transport

among  the  solar  wind,  magnetosphere,  and  ionosphere  is  field-

aligned  currents  (FACs),  which  can  become  very  intense  during

storms,  substorms,  or  both  (Milan  et  al.,  2017; McPherron  et  al.,

2018; Cowley, 2000; Balachandran et al.,  2021).  At an ionospheric

altitude, large-scale FAC systems have been termed Region 1 and

Region 2 current systems, which are generally around the auroral

region (Iijima and Potemra, 1978). Region 1 currents flow into the

ionosphere  on  the  dawnside  and  out  of  the  ionosphere  on  the

duskside, whereas  Region  2  currents  flow  in  the  opposite  direc-

tion. Magnetic reconnection at the subsolar magnetopause in the

dayside  can  drive  Region  1  currents  (Anderson  et  al.,  2016),  and

Region  2  currents  may  connect  to  ring  currents  (Le  et  al.,  2004;

Ganushkina  et  al.,  2018; Imajo  et  al.,  2018).  The  plasma  sheet

boundary layer (PSBL) is an important magnetosphere–ionosphere

coupling region in the nightside. It lies between the plasma sheet

and  the  lobe  and  is  characterized  by  field-aligned  distributed

particles.  Dominant  magnetic  field  components  align  the X‒Y
plane  in  the  geocentric  solar  magnetospheric  (GSM)  coordinate

system (Eastman et al., 1984; Baumjohann et al., 1989). The Region

1  and  Region  2  currents  could  connect  to  the  tail  region  via  the

FACs in the PSBL (Elphic et al., 1985; Ohtani et al., 1988; Shi JK et al.,

2010). These FACs could be a part of the substorm current wedge

and associate with various processes in the tail region, such as the

bursty  bulk  flow  and  dipolarization  fronts  in  the  plasma  sheet

(Angelopoulos  et  al.,  1994; Kepko  et  al.,  2015; Nakamura  et  al.,
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2017; Schmid et al., 2019; Wang GQ et al., 2021).

Recently, Chen  YQ  et  al.  (2019, 2021) analyzed  the  properties  of

FACs  in  the  PSBL  by  using  Magnetospheric  Multiscale  (MMS)

mission observations. They found that the occurrence rate of FACs

increased  when  the  magnetosphere  became  active  and  that  the

FAC  magnitudes  intensified.  Most  of  the  FACs  were  carried  by

thermal electrons,  although  during  the  active  period,  the  contri-

bution  to  FACs  from  cold  electrons  would  increase. Cheng  ZW

et  al.  (2016) used  Cluster  observations  to  demonstrate  that  ions

could also contribute to FACs in the PSBL during a substorm. Their

studies  suggest  that  FACs  in  the  PSBL  are  closely  related  to  the

level  of  magnetosphere  activity  (Ohtani  et  al.,  1988; Shi  JK  et  al.,

2010; Nakamura et al., 2017; McPherron et al., 2018; Chen YQ et al.,

2021).

Nevertheless,  how  the  FACs  in  the  PSBL  respond  to  a  storm  has

scarcely been demonstrated (Ohtani et al.,  1988), although statis-

tical  analyses  have  indicated  stronger  FACs  during  the  active

period  (Chen  YQ  et  al.,  2021).  Owing  to  the  high  accuracy  and

high sampling  rate  of  magnetic  field  data  and  plasma  measure-

ments from the four MMS spacecraft (Burch et al., 2016), we were

able to obtain more reliable FAC densities and their  carriers than

in the observations made by earlier  spacecraft  (Phan et  al.,  2016;

Chen  YQ  et  al.,  2019, 2021).  In  this  study,  we  present  the  MMS

observations  in  the  PSBL  in  different  phases  of  a  geomagnetic

storm to demonstrate the responses of the FACs to the storm and

to  illustrate  that  the  FACs  in  the  PSBL  are  important  media  of

magnetosphere–ionosphere energy coupling in the nightside.

 2.  Observations
Four identical MMS spacecraft were launched on March 12, 2015,

and  the  distances  between  them  are  ~10–400  km  (Burch  et  al.,

2016).  Their  orbital  inclination is  ~28°  and their  orbital  apogee is

~12  or  ~25 RE (Earth  radius)  depending  on  their  scientific  phase.

The fluxgate magnetometer (Russell et al., 2016) is able to provide

magnetic field vectors up to 128 Hz. The Fast Plasma Investigation
(FPI; Pollock  et  al.,  2016)  can  provide  plasma  measurements  at  a
high  sampling  rate  (30  ms  for  electrons  and  150  ms  for  ions).  In
this  study,  magnetic  field  data  at  16  Hz  and  plasma  moments  at
4.5 s were used. The geomagnetic storm or substorm was indicated
by the magnetic indices from SuperMAG (https://supermag.jhuapl.
edu).

The  top  panel  of Figure  1 shows  the  SuperMag  symmetric  ring
current  (SMR)  index,  which  illustrates  that  a  large  geomagnetic
storm began at approximately 15:00 on May 27, 2017, and lasted
for several  days.  The  SMR  index  was  derived  from  the  magne-
tometer  data  provided  by  the  SuperMAG  collaborators  and  is
analogous  to  the Dst (disturbance  storm  time)  index  (Gjerloev,
2012; Newell  and  Gjerloev,  2012).  The  main  phase  of  the  storm
lasted from ~21:00 on May 27,  2017,  to  ~07:00 on May 28,  2017,
and during this time interval, a severe substorm occurred, as indi-
cated by the auroral electrojet indices (i.e., SuperMag auroral elec-
trojet upper envelopes (SMU) [black] and SuperMag auroral elec-
trojet  lower envelopes (SML) [red]  shown in the bottom panel  of
Figure 1).  The SMU and SML were also obtained from SuperMAG
and are analogous to the auroral electrojet upper envelopes (AU)
and  auroral  electrojet  lower  envelopes  (AL)  indices,  respectively
(Newell  and  Gjerloev,  2011).  The  SMR  reached  almost  −150  nT,
and  the  SML  reached  almost  −1800  nT.  After  ~07:00  on  May  28,
2017,  the  storm  evolved  into  its  recovery  phase  and  lasted  until
~09:00  on  May  29,  2017.  Two  relatively  smaller  substorms  then
occurred  at  ~13:00  on  May  29,  2017,  and  at  ~04:00  on  May  30,
2017.  After  12:00  on  May  30,  2017,  the  magnetosphere  was
returned to the quiet period.

Considering  the  availability  of  the  MMS  observations  in  the  tail
region, we chose four time intervals:

(I)  From 22:25 on May 27,  2017,  to 00:05 on May 28,  2017,  which
was  in  the  main  phase  of  the  storm  and  is  marked  by  the  red
shaded region in Figure 1. The spacecraft in this time interval were
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Figure 1.   Geomagnetic storm and substorms indicated by SuperMAG indices: (top) SuperMag symmetric ring current (SMR); (bottom) SuperMag

auroral electrojet upper envelopes (SMU, black) and SuperMag auroral electrojet lower envelopes (SML, red). The red shaded region indicates the

time interval (I) in the main phase, the blue shaded regions indicate the time intervals (II-1, II-2) in the recovery phase, and the gray shaded region

indicates the time interval (III) in the quiet period.

Earth and Planetary Physics       doi: 10.26464/epp2023075 559

 

 
Chen YQ, Wu MY and Zhang TL et al.: FACs during a geomagnetic storm

 

https://supermag.jhuapl.edu
https://supermag.jhuapl.edu


around [−18.0, −9.4, −0.8] RE in GSM.

(II-1, II-2) From 09:00 to 09:40 and from 13:05 to 13:45 on May 28,

2017,  which  were  in  the  recovery  phase  of  the  storm  and  are

marked by the blue shaded regions in Figure 1. The spacecraft in

these time intervals were around [−19.9, −14.0, 4.0] RE in GSM.

(III)  From 13:50 to 14:40 on May 30, 2017, which was in the quiet

period and is  marked by the gray shaded region in Figure 1.  The

spacecraft in this time interval were around [−16.3, −6.0, 1.4] RE in

GSM.

Figure 2 then shows the MMS1 observations of the magnetic field

and plasma during these four time intervals. Figure 2-Ia shows the

magnitude (Bt)  and three components (Bx,  By,  Bz)  of the magnetic

field in GSM coordinates; Figure 2-Ib shows the ion omnidirectional

energy flux; Figure 2-Ic shows the electron omnidirectional energy

flux; Figure  2-Id shows  the  plasma β,  which  is  the  ratio  of  the

plasma  thermal  pressure  to  the  magnetic  pressure;  and

Figure  2-Ie shows  the  magnitude  of  the  FACs,  in  which JB (cyan

line) represents the FACs obtained by the curlometer method and

the magnetic field data from the four spacecraft, and JP (black line)

represents the FACs obtained by the plasma number density and

bulk velocity (Dunlop et al., 2002; Chen YQ et al., 2019, 2021). The

other  time  intervals  (II-1, II-2,  and III)  are  shown  in  the  same

format.

During  the  four  time  intervals,  the  plasma β were  mainly  in  the

range of 0.01 to 1.0 and the magnetic field was dominant by the

Bx component,  suggesting  that  the  MMS  spacecraft  were  in  the

PSBL (Cheng ZW et al.,  2016; Chen YQ et al.,  2019, 2021).  Overall,

the  profiles  of JB and JP matched  each  other  well.  The  FACs  in

those time intervals were analyzed by Chen YQ et al. (2021). They

assumed the FAC events were reliable by requiring the results of

JB and JP to be similar to each other. Details can be found in Chen

YQ  et  al.  (2019, 2021).  Therefore,  we  can  speculate  on  the  main

FAC carriers for those FAC events because their plasma measure-

ments  are  reliable.  The  spectra  of  the  ion  and  electron  energy

fluxes  also  suggest  that  the  FPI  measurements  covered  most  of

the energy channels of the particles well.  Here, we have adopted

the FAC events found by Chen YQ et al. (2021) in these four time

intervals,  and  the  times  of  those  FAC  events  are  marked  by  the

vertical red lines in Figure 2. We observed 55 FACs in time interval

I, 46 FACs in time intervals II-1 and II-2, and 12 FACs in time interval

III.

The high sampling rate and high accuracy of plasma measurements

obtained by the MMS enabled us to recognize the species of the

FAC carriers (Phan et al., 2016; Chen YQ et al., 2019). Chen YQ et al.

(2021) concluded  that  ~90%  of  FACs  in  the  PSBL  are  mainly

contributed by electrons.  Most  of  the electrons are  thermal  elec-

trons,  although the contribution to FACs from cold electrons will

increase  when  the  magnetosphere  becomes  active.  The  authors

illustrated  that  the  occurrence  rate  of  FACs  is  also  larger  during

the  active  period  than  the  quiet  period. Figure  3 shows  scatter

plots  of  the  magnitude  of  the  observed  FAC  events  marked  in

Figure  2.  In  the  following  discussion,  we  consider  the  ambient

magnetic  field  direction  of  each  FAC  event.  Accordingly,  FACs

with  a  negative  magnitude  mean  the  FACs  propagate  tailward,

whereas  FACs  with  a  positive  magnitude  mean  the  FACs
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Figure 2.   Magnetospheric multiscale observations of the magnetic field and plasma during the four time intervals (I, II-1, II-2, and III). All the time

intervals are shown separately in the same format: (a) magnetic field magnitude and components in geocentric solar magnetospheric (GSM)

coordinates; (b) ion omnidirectional energy flux (ion E); (c) electron omnidirectional energy flux (electron E); (d) plasma β; (e) field-aligned currents

(FACs) obtained by the curlometer method (JB, cyan line) and plasma moments (JP, black line). The vertical red lines mark the times of the FAC

events analyzed in this study.
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propagate earthward. Figure 3-Ia shows the FAC magnitude of JB,

and Figure  3-Ib shows  the  FAC  magnitude  of JP.  The  symbol  is

plotted in red if the electron FAC is larger than the ion FAC, and it

is  plotted  in  blue  if  not. Figures  3-Ic and 3-Id show  the  ion  FACs

(blue) and electron FACs (red), respectively. The other time intervals

are shown in the same format. As illustrated by panels Ib, IIb, and

IIIb, the FACs in the PSBL were mainly carried by electrons. During

time  interval I,  5  (~9.1%)  ion  FACs  had  a  magnitude  larger  than

5  nA·m−2,  and  3  ion  FACs  were  stronger  than  the  electron  FACs.

During the time interval in panels II-1 and II-2, 6 (~13.0%) ion FACs

had  a  magnitude  larger  than  5  nA·m−2,  and  5  ion  FACs  were

stronger than the electron FACs. However, in the quiet period (III),
all  the  FACs  were  electron  FACs,  and  none  of  the  ion  FACs  was

larger than 5 nA·m−2. The occurrence rate of FACs was also smaller

in  the  quiet  period  than  in  the  storm  time,  indicating  a  strong,

dynamic PSBL during the storm.

These  FACs  were  observed  in  the  different  phases  of  the  storm.

Figure  4 shows the  distribution  of  their  magnitudes.  The  occur-

rence represents the normalized counts in each bin,  and a larger

occurrence means more FACs were observed in that bin. The left

panel  shows the distribution of  the absolute  value of JB,  and the

right panel shows the distribution of JB. The red histograms repre-

sent  the  FACs  observed  in  the  main  phase  of  the  storm  (I),  the

blue  histograms  represent  the  FACs  observed  in  the  recovery

phase  (II-1, II-2),  and  the  gray  histograms  represent  the  FACs

observed in the quiet period (III).  As shown by the left  panel,  the

magnitudes  of  the  FACs  observed during the  storm were  mainly

in the bin of  ~5–10 nA·m−2,  whereas those of  the FACs observed

in the quiet time were mainly in the bin of ~0–5 nA·m−2, suggesting

that the FACs in the PSBL were strengthened when the magneto-

sphere was active. Likewise, the FACs in the main phase were the

strongest because some of their magnitudes exceeded 10 nA·m−2,

and  the  FACs  in  the  recovery  phase  were  relatively  weaker.  The

right panel shows that the FAC densities in the main phase gener-

ally had an even distribution from −10 to 10 nA·m−2 but that the

FAC  densities  in  the  recovery  phase  were  mostly  in  the  bin  of

~−10 to −5 nA·m−2. The negative FACs were tailward, whereas the

positive  FACs were earthward.  Thus,  in  this  case,  the FACs in  the

recovery phase (time intervals II-1  and II-2)  were mostly  tailward,

suggesting  the  electrons  as  the  FAC  carriers  were  generally

moving toward the Earth.

 3.  Discussion
In this study, we presented the responses of the FACs observed by
MMS  in  the  PSBL  to  a  large  geomagnetic  storm.  The  FACs
observed  in  the  main  phase  of  the  storm,  the  recovery  phase  of
the storm, and the quiet period showed different properties.  The
magnitudes  of  the  FACs  in  the  main  phase  were  the  strongest,
and those in the recovery phase were relatively weaker. However,
the  FAC  magnitudes  were  larger  in  the  storm  time  than  in  the
quiet period, which is consistent with the statistical results (Chen
YQ et al., 2021), as is the occurrence rate of the FACs. The stronger
FACs could be the result of a compressed magnetosphere resulting
from  the  large  dynamic  pressure  of  the  incoming  solar  wind,
which might have caused the large storm, or the energy released
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Figure 3.   Magnitude of the field-aligned current (FAC) events during the four time intervals (I, II-1, II-2, and III). All the time intervals are shown

separately in the same format: (a) JB, FAC magnitude obtained by the curlometer method; (b) JP, FAC magnitude obtained from the ion FACs and

electron FACs, with red circles indicating that the electron FAC is larger than the ion FAC and blue circles representing that the ion FAC is larger; (c)

Ji, ion FAC magnitude obtained from the ion number density and bulk velocity; (d) Je, electron FAC magnitude obtained from the electron

number density and bulk velocity. A negative value means the FAC is tailward, and a positive value means the FAC is earthward.
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by activities  in the tail  region,  such as magnetic  reconnection,  as
the  storm  was  evolving  (Lu  S  et  al.,  2018; Nakamura  et  al.,  2018;
Wang GQ et al., 2021).

Most of the FACs were carried by electrons, meaning the electron

dynamics  were  more  significant  in  the  PSBL.  These  electrons

could  be  accelerated  locally  by  parallel  electric  fields  during  the

tail  current  sheet  thinning,  or  they  could  be  accelerated  by

magnetic reconnection occurring elsewhere and then move along

the magnetic field line to the PSBL (Wang RS et al., 2014; Lu S et al.,

2017).  Moreover,  we  were  able  to  observe  several  FAC  events  in

which  the  ion  FACs  were  significant.  All  these  ion  FACs  were

observed  in  the  main  phase  or  the  recovery  phase  of  the  storm.

This  result  suggests  a  more  dynamic  PSBL  during  the  active

period  and  that  the  ions  could  be  transported  via  the  PSBL

between  the  ionosphere  and  the  tail  region  (Cheng  ZW  et  al.,

2016; Nakamura  et  al.,  2017, 2018; Shi  JK  et  al.,  2019).  However,

during  the  quiet  period,  the  FACs  were  all  carried  by  electrons.

The driver of  those electrons could be the potential  drop caused

by  the  solar  wind  motional  electric  field  or  local  processes,

although we could not yet determine the driver here (Ueno et al.,

2002; Keiling et al., 2005; Liang J et al., 2016; Wang GQ et al., 2021).

All the FACs were observed on the dawnside by MMS. In this case,
the  FAC  densities  in  the  main  phase  generally  showed  an  even
distribution of  negative  and positive  values,  which suggests  that
these  FACs  had no preference  for  flowing earthward or  tailward,
although the FACs could indicate a rapid momentum and energy
exchange between the tail  region and ionosphere.  The strength-
ened FACs could be the result of the thinning process of the tail or
burst energy release in the tail in the main phase, or both (Dungey,
1961; Gonzalez et al., 1994; Lu S et al., 2017). In the recovery phase,
the  FAC  densities  were  also  intense,  whereas  they  were  mostly
tailward; thus, the electrons that carried these FACs were flowing
earthward.  These  high-speed  earthward  electrons  were  possibly
driven  by  the  tail  magnetic  reconnection  (Lu  QM  et  al.,  2010;
Wang RS et al., 2014), which could transport sufficient energy into
the  inner  magnetosphere  or  ionosphere.  The  direction  of  the
FACs  in  the  recovery  phase  showed  the  Region  2  current  sense,

namely,  flow  out  of  the  ionosphere  (tailward)  in  the  dawnside
(Elphic et al., 1985). Therefore, these FACs could also represent the
current  circuit  that  connects  the  ionospheric  currents  to  the
current  system  in  the  tail  region,  probably  the  substorm  current
wedge (Kepko et al., 2015; Nakamura et al., 2017).

 4.  Conclusions
This  work  shows  the  FACs  in  the  PSBL  observed  by  the  MMS
spacecraft  in  different  phases  of  a  large geomagnetic  storm.  The
FACs were mostly carried by electrons, except for several FACs in
the  storm  time  that  had  significant  contributions  from  ions.  The
FAC magnitudes in the main phase were the strongest and could
exceed  10  nA·m−2.  The  FAC  magnitudes  in  the  recovery  phase
were  slightly  weaker  and  mostly  in  the  range  of  ~5–10  nA·m−2.
And  the  FAC  magnitudes  in  the  quiet  period  were  the  weakest
and were mostly smaller than 5 nA·m−2. These results indicate that
the  FACs  were  strengthened  in  the  storm  time,  especially  in  the
main phase, possibly because of the energy transported from the
solar  wind  into  the  magnetosphere.  All  the  FACs  were  observed
on the dawnside. In this case, we found that the FAC densities in
the main phase showed no preference for tailward or earthward,
whereas  the  FAC  densities  in  the  recovery  phase  mostly  flowed
tailward. This result suggests that the FACs in different phases of
the storm could be driven by different activities in the tail region.
The  results  shown  in  this  work  indicate  FACs  in  the  PSBL  are  an
important  medium of  energy  transport  between the  tail  and the
inner magnetosphere or ionosphere during a storm.
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