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Key Points:
Seven transient enhancement events of relativistic electrons are identified from Galileo’s observations, and an average recurrence
time scale of a few days is resolved.

●

Transient events mainly occur at 20 ± 5RJ with a remarkable feature of dawn-dusk asymmetry.●

Transient events may result from a synergy between the convective transport due to a dawn-dusk electric field and injections in the
middle magnetosphere.

●
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> 9RJ 40RJ RJ = 71492 km

Abstract: Previous studies indicate that, in the Jovian magnetosphere, the long-term trend of the radial profile of relativistic electron
intensities is primarily shaped by slow radial diffusion. However, measurements by the Galileo spacecraft reveal the existence of transient
increases in MeV electron intensities well above the ambient distribution. It is unclear how common such transient enhancements are,
and to which dynamic processes in Jupiter's magnetosphere their occurrence is linked. We investigate the radial distributions of 11 MeV
and 1 MeV electron intensities from  to  (  denotes the Jovian radius), measured by the Galileo spacecraft from 1996
to 2002. We find transient enhancements of MeV electrons during seven Galileo crossings, mostly occurring around ~20RJ. An apparent
dawn-dusk asymmetry of their occurrence is resolved, with a majority of events discovered at dawn. This dawn-dusk asymmetry, as well
as the average recurrence time scale of a few days, implies a potential relationship between the MeV electron transients and the storm-
like dynamics in the middle and outer magnetosphere detected using a variety of Galileo, Juno and remote sensing aurora observations.
We suggest that the observations of some of these transients in the inner magnetosphere may result from a synergy between the
convective transport by a large-scale dawn-dusk electric field and the sources provided by injections in the middle magnetosphere.

Keywords: radiation belt; Jupiter; relativistic electrons; magnetosphere

 
 

1.  Introduction
< 5RJ

RJ = 71492 km
The  inner  radiation  belt  of  relativistic  electrons  trapped  at 

(  denotes the  Jovian  radius)  in  Jovian  magneto-

sphere was  discovered  through  the  remote  sensing  of  synchro-

tron  emissions  in  the  decimetric  wavelength  band  (Drake  &

Hvatum,  1959; Bolton  et  al.,  2002).  In-situ  measurements  during

the flybys by the Pioneer spacecraft revealed that strong relativist-

ic  electron  intensities  extend  to  the  middle  magnetosphere

(Simpson et al., 1974; Fillius & McIlwain, 1974). Then came the era

of Galileo mission, in which the orbiter facilitated the first investig-

ation of the evolution and dynamics of the radiation environment

of subrelativistic to ultrarelativistic electrons around the magnetic

equatorial plane.

> >

RJ

Sorensen et al. (2005) and Jun et al. (2005) investigated long-term

trends  in  the  radial  distributions  of  multi-MeV  electrons  in  the

Jovian magnetosphere observed by Galileo. The long-term medi-

an of the radial profiles of 1 MeV and 11 MeV electron intensit-

ies  at  9−40RJ displayed a  decreasing  monotonic  trend  with  in-

creasing radial distance, with a change in the decreasing slope to

be less steep beyond ~20RJ (Sorensen et al., 2005). Kollmann et al.

(2018) analyzed variations in the key parameters of electron spec-

tra  with L (L denotes L-shell, which  is  defined  as  the  radial  dis-

tance of the equatorial crossing of magnetic field lines in units of

).  The  authors  determined  that  the  evolution  of  mission-aver-

aged  spectra  parameters  from  the  outer  Jovian  magnetosphere

down to at least L = 20 matches the prediction of adiabatic heat-

ing  theory. Garrett  and  Jun  (2021) calculated  the  phase  space

densities (PSD) of multi-MeV electrons. Through the radial profiles
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of PSD at L = 8−25, the authors demonstrated that radial diffusion

acts as the major process shaping the equilibrium structure of re-

lativistic electron radiation.

> 1RJ

>

However,  inspection  of  individual  Galileo  orbits  reveals  that  the

MeV  electron  radial  profiles  are  highly  variable  (Sorensen  et  al.,

2005).  Of  particular  interest  is  the  enhancement  of  extended

( ) relativistic electron intensities standing out from the ambi-

ent radiation belt distribution. Roussos et al. (2018) discussed one

such  typical  enhancement  case  of 11  MeV  electron  intensities

during orbit C22, previously reported by several studies (Russell et

al., 2001; Sorensen et al., 2005). The C22 event is morphologically

similar to the enhancement of MeV electrons, i.e., transient exten-

sions,  frequently  observed  in  the  Kronian  electron  radiation  belt

(Roussos et al.,  2018; Yuan et al.,  2020). Roussos et al. (2018), Hao

et al. (2020), Sun et al. (2019) and Yuan et al. (2020) proposed that

a  potential  mechanism  for  the  transient  extensions  is  an  energy

dependent  adiabatic  acceleration  associated  with  convective

transport, due to large-scale  noon-midnight  electric  fields  in  Sat-

urn's magnetosphere (Paranicas et al., 2010; Thomsen et al., 2012;

Andriopoulou et al.,  2012, 2014).  The existence of a similar large-

scale electric field in Jupiter's magnetosphere, albeit in the dawn-

dusk direction,  has  been  inferred  from  the  local  time  (LT)  asym-

metry of extreme ultraviolet (EUV) emissions of the Io plasma tor-

us (IPT) (Barbosa & Kivelson, 1983; Ip & Goertz, 1983; Murakami et

al., 2016). Hao et al. (2020) reconstructed several key characterist-

ics of the C22 event in the Jovian radiation belt based on the scen-

ario  of  convective transport  due to a  variable  dawn-dusk electric

field (Murakami et al., 2016).

Considering the findings in Saturn's  radiation belts  and those for

Jupiter by Hao et al. (2020), it seems peculiar that only one event

like  C22  was  captured  by  Galileo.  For  this  reason,  we  perform  a

fresh survey of Galileo's seven years of observations to explore the

dynamic processes that may generate the Jovian counterparts of

transient  extensions.  In  Section  2,  we  introduce  the  instrument

and dataset employed in this study. Then we present case studies

of transient extension events, as well as statistical analyses in Sec-

tion 3. Extended discussion and conclusions are given in Sections

4 and 5, respectively. 

2.  Instruments and Dataset
The Galileo spacecraft orbited Jupiter at low-inclination trajector-

ies  for  approximately  seven  years  from  1995–2002.  The  orbiter

carried  an  Energetic  Particle  Detector  (EPD)  which  consisted  of

two  double-headed  detectors:  the  Low  Energy  Magnetospheric

Measurement System  (LEMMS)  and  the  Composition  Measure-

ment System (CMS). The EPD measured the intensity of energetic

charged particles  from tens of  keV to several  MeV,  as  well  as  de-

termining particle  species.  A  detailed  description  of  the  instru-

ment can be found in Williams et al. (1992), and a more up-to-date

User  Manual  is  provided  by Kollmann  et  al.  (2020).  Due  to  the

failed deployment of Galileo's high-gain antenna, most data could

only be obtained in the real-time mode with low time resolution

(minutes for MeV electrons), except during close moon flybys and

other periods when EPD operated in record mode with high time

resolution (seconds).

>
>

We mainly utilized LEMMS measurements of the intensities of en-
ergetic and relativistic electrons. For energies ranging higher than
1 MeV, LEMMS was not able to directly infer differential intensities,
only  measuring  integral  count-rates.  We  use  the  omnidirectional
integral  count-rates  from  two  integral  channels,  DC3  ( 11  MeV)
and DC2 ( 1  MeV),  of  LEMMS's  High Energy Telescope (HET).  We
note that differential flux intensities of MeV electrons may be ob-
tained,  but  it  requires  assumptions  on  electron  energy  spectra
and  further  processing  through  simulations.  Thus  we  choose  to
keep  the  raw  count-rates  for  the  analyses  of  MeV  electrons,  so
that our conclusions are less dependent on the spectral shape as-
sumptions (Kollmann et al., 2020).

For electrons with energies less than 1 MeV, the LEMMS's Low En-
ergy Telescope  (LET)  provides  measurements  of  differential  in-
tensities.  The  differential  channels  investigated  in  this  study  are
F0,  F1,  F2,  and  F3,  of  which  the  energy  passbands  are  93−188,
174−304, 304−527, and 527−884 keV, respectively. These F chan-
nels  are  subject  to  contamination  by  penetrating  MeV  electrons,
but  the  differential  fluxes  provided  in  the  dataset  have  been
cleaned,  calibrated,  and  adjusted  for  other  effects  such  as  dead
time (Kollmann et al., 2020). Thus, we base our analysis on the dif-
ferential  fluxes of  the F channels  (instead of  the raw count-rates)
since their estimation is less ambiguous. 

3.  Observations
>

> 9RJ

40RJ

25RJ

We  systematically  investigated  the  distributions  of 11  and
1  MeV  electron  count-rates  between  the  radial  distances  of 

to .  We  consider  here  the  Jovicentric  radial  distance  rather
than L-shell, as precise magnetic mapping offers no advantage for
the present  study.  On the one hand,  the magnetic  field  lines  be-
come increasingly stretched outward of ~20RJ;  consequently, the
L-shell derived  from  a  magnetic  field  model  becomes  less  accur-
ate,  even  at  magnetic  latitudes  with  only  a  small  offset  from  the
magnetic equator. On the other hand, the distance range of tran-
sient  extensions  eventually  revealed  by  measurements  is  inward
of  ~ ,  where  the  magnetic  equatorial  crossings  of  Galileo  are
approximately indicative of the L-shell range involved.

>
>

Figure 1 presents the typical case of 11 MeV transient extension
during  orbit  C22.  A  strong  increase  in  the 11  MeV  count-rates
can be found outward of ~13RJ during the inbound crossing (red
profile), constituting  the  C22  event  mentioned  in  the  introduct-
ory  section.  The  black  profile  shows  the  long-term  averaged
count-rate at each radial distance, representing the average envir-
onment  along  Jupiter's  equatorial  plane,  or  the  quiet-time  state.
The  relativistic  electron  count-rates  monotonically  decrease  with
increasing radial  distance.  The  monotonic  outbound  profile  dur-
ing orbit C22 (blue line) is more typical of the average radial distri-
bution  (Kollmann  et  al.,  2018),  with  the  superimposed  sinusoidal
variations  from  the  few-degree  excursions  of  Galileo  above  and
below  the  magnetic  equator  due  to  the  rotational  wobbling  of
Jupiter's magnetic field. 

3.1  Event Definition and Identification
We survey each Galileo orbit separately to obtain an average pro-
file, which  is  constructed  by  combining  the  inbound  and  out-
bound segments of the current orbit. For a case to be considered
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≳ 1

10% > 1RJ

10%

10%

a  transient  extension  event,  the  peak  enhancement  in  its  radial

profile should be  order of magnitude greater than the average

profile,  and the full  width at  maximum should span  in

the radial distance.  maximum is used so as to capture the full

breadth of the transient. Below , the boundaries between the

transient and the quiet magnetosphere are less precisely defined.

>
>

Table 1 shows all  seven Galileo crossings during which we found

transient extension  events.  Note  that  when  we  identify  a  transi-

ent event, we consider not only the Galileo crossing during which

the event  occurred,  but  also  the  electron  energy  channel  in-

volved.  Thus,  if  during  a  single  crossing,  both  the 1  MeV  and

11  MeV  channels  fulfill  our  event  definition,  we  consider  that

γ

γ

> > γ
> >

there  are  two  transient  events.  For  each  crossing,  we  have  listed

the details  about  the  location  and  intensity  of  the  transient,  to-

gether with the energy channel dominating the event.  The latter

is decided by a parameter  shown in the last column of Table 1,

which  is  the  ratio  of  DC3  to  DC2  rates  at  the  radial  distance  of

peak  count-rate  for  the  transient  event,  normalized  by  the  long-

term average ratio at the same radial distance. The normalization

is  applied  because  we  want  to  remove  the  trend  resulting  from

spatial  variation,  in  order  to  show  only  the  temporal  changes. 

much larger  (smaller)  than 1  indicates  that  the  transient  event  is

dominated by 11 MeV ( 1  MeV)  electrons,  whereas  close to 1

indicates  that  the contributions from 11 MeV and from 1 MeV

electrons are the same.

γ

>

γ
>

γ
> >

As  shown  in Table  1,  is  17.6  and  15.0  for  the  transients  during

the outbound crossing of  orbit  E6  and inbound crossing of  orbit

C22, respectively, indicating that these two events are dominated

by 11 MeV  electrons.  For  the  transient  events  during  the  in-

bound crossings of orbits E4 and E6 and for the outbound cross-

ing of orbit I24,  is 0.4, 0.2 and 0.3, respectively. Thus, these tran-

sients are dominated by 1 MeV electrons. For the inbound cross-

ings  of  orbits  C9  and  E17,  is  0.9  and  1.7,  respectively,  which

means that for these two events, 11 MeV and 1 MeV electrons

are about equally important. 

3.2  Case Studies 

>
>

3.2.1  Orbit E6: from inbound crossing with enhancement at 1 MeV
to outbound crossing with enhancement at 11 MeV

>

>
2RJ

γ

Figure 2a shows the transient extension at 1 MeV during the in-

bound crossing of orbit  E6 at the dawn sector with LT ~7 h from

4:21 to 9:33 in day 50 of 1997. The peak enhancement of 1 MeV

rates  occurs  at  ~22RJ,  spanning  about  in  radial  distance

(bounded  by  the  two  vertical  dashed  lines  marked  with  L2  and

L3). The peak count-rate of this event is about 34 times above the

average rate at the same radial distance. The parameter  is about
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>Figure 1.   The radial distributions of 11 MeV electron count-rates

during the inbound and outbound crossings of orbit C22, represented

by the red and blue profiles, respectively. The black profile shows the

long-term averaged count-rate at each radial distance, representing

the average environment along Jupiter's equatorial plane.

Table 1.   The transient extensions: Galileo orbit, time, energy, location and count-rate intensity.

Orbit Time1 Energy LCmax2 10%

Full Width
Maximum3 LTCmax4 Cmax5 Cmax6

Cavg γ7

E4 inbound 1996-352 08:24-12:23 >1 MeV 23.47 1.57 7.96 32942.42 12.60 0.4

E6 inbound 1997-050 04:21-09:33 >1 MeV 22.33 2.00 7.30 107007.30 33.66 0.2

E6 outbound 1997-053 00:56-11:57 >11 MeV 18.95 4.51 21.05 4363.99 50.82 17.6

C9 inbound 1997-176 09:38 to 1997-177 03:14 >11 MeV 27.02 7.00 5.43 971.15 44.87 0.9

1997-176 09:38 to 1997-177 03:14 >1 MeV 22.95 7.00 6.02 120651.10 37.15 0.9

E17 inbound 1998-268 05:04-07:33 >11 MeV 18.01 1.11 5.34 4375.73 43.40 1.7

1998-268 05:20-08:11 >1 MeV 18.21 1.28 5.29 352651.90 24.16 1.7

C22 inbound 1999-223 14:05-19:52 >11 MeV 15.34 3.18 3.29 40370.54 74.84 15.0

I24 outbound 1999-285 01:44-05:50 >1 MeV 18.47 2.10 16.81 110605.90 7.88 0.3

10% LCmax RJ
10% RJ 10% LTCmax

Cmax s−1 Cmax
Cavg

Cmax

LCmax γ > > LCmax LCmax

1 Time: The UT time of the detection of the transient event, decided according to the transient's peak count-rate location and its width (refer to
Full Width Maximum in this table) in radial distance. The time format is yyyy-doy hh:mm. 2  ( ): the location of transient's peak count-
rate in the radial distance. 3 Full Width Maximum ( ): Full width of  peak count-rate in radial distance. 4  (Hour): the location of
transient's peak count-rate in local time. 5  ( ): the peak count-rate of transient extension. 6 :  normalized by the long-term

average rate at . 7 : the ratio of 11 MeV to 1 MeV count-rates at  normalized by the long-term average ratio at .
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>
>

0.2,  which  means  this  event  is  dominated  by 1  MeV  electrons.

Meanwhile,  a  much  reduced  increase  of 11 MeV  electrons  ap-

pears at  the  same  radial  distance,  indicating  that  the  enhance-

ment  is  not  narrowly  confined  in  energy.  Beyond  ~25RJ, the  re-

lativistic and energetic electron intensities present periodic oscil-

lations, with a period of approximately 10 hours. The oscillation in

rates results from the few degree excursions of Galileo above and

below  the  magnetic  equator  due  to  the  rotational  wobbling  of

Jupiter's magnetic field (Northrop et al., 1974; Khurana, 1992), and

do not  correspond  to  transients.  The  oscillations  reflect  the  latit-

udinal distribution  of  relativistic  elections,  not  the  result  of  per-

turbations  due  to  dynamic  processes.  We  find  that  the  envelope

of the peaks still  presents the trend of monotonic decrease,  con-

sistent with the quiet-time state indicated by the long-term aver-

age profile (solid black lines).

>

Figure  2b shows  the  corresponding  radial  profiles  of  energetic

electron  differential  fluxes  from  channels  F0,  F1,  F2,  and  F3

(93−188,  174−304,  304−527  and  527−884  keV),  as  indicated  by

the red,  orange,  green,  and blue colors,  respectively.  We present

the  measurements  of  sub-MeV  electrons  in  order  to  explore  the

possible sources of the transient events. As demonstrated in Koll-

mann et al. (2018), the sub-MeV electrons in the middle magneto-

sphere are dominated by adiabatic  acceleration coupled with in-

jections associated with reconnection and interchange processes,

or radial diffusion. These sub-MeV electrons may be further accel-

erated  to  MeV  energies  and  serve  as  the  seed  population  of  the

transients. Figure 2b shows that at ~22RJ where the 1 MeV transi-

(a) Transient extension case of  orbit E6

during inbound crossing

(c) Transient extension case of  orbit E6

during outbound crossing

L1     L2   L3

(b) Radial profiles of four energetic electron rates

during inbound crossing of orbit E6

(d) Radial profiles of four energetic electron rates

during outbound crossing of orbit E6
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> >

Figure 2.   The transient extensions during orbit E6. (a) and (b): The radial distribution of the electron intensities from day 48 to 51 in 1997 during

the inbound crossing. (c) and (d): The radial distribution of electron intensities from day 51 to 55 in 1997 during the outbound crossing. For panels

(a) and (c), the red profiles indicate count-rates from channel DC2 ( 1 MeV), while the blue ones are count-rates from channel DC3 ( 11 MeV). The

upper and lower black profiles in each panel indicate the long-term average rates of channels DC2 and DC3, respectively. For panels (b) and (d):

The red, orange, green, and blue lines depict the differential flux intensities of channels F0, F1, F2, and F3 (93−188, 174−304, 304−527, and

527−884 keV), respectively. The three vertical dashed lines marked L1, L2, and L3 denote the radial distance of transient extensions.
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ent exists, there are simultaneous enhancements in these four en-

ergetic electron channels.

>

>
22RJ

>
>

>

> 11

γ
>

>

Figure 2c shows the transient event of 11 MeV electrons during

the outbound crossing of the same orbit. After ~2.6 days from the

detection  of  the  transient  extension  at 1 MeV,  when  Galileo  re-

turns to the same radial distance (near ) albeit at the pre-mid-

night sector (LT ~21–22 h), the 1 MeV enhancement disappears.

However,  the  previously  weak  enhancement  of 11 MeV  elec-

trons becomes  much  greater,  and  just  inward  of  this  enhance-

ment,  what  is  even  more  noticeable  is  the  emergence  of  a  new

peak  of 11  MeV  rates  at  ~19RJ as  denoted  by  the  two  vertical

dashed  lines  marked  with  L1  and  L2.  The  peak  count-rate  of

 MeV  transients  is  about  50  times  above  the  average  value.

The  parameter is 17.6, indicating that this event is dominated by

11 MeV electrons. Nevertheless, there is little response or even a

slight decrease in the flux intensities of the four 100 s of keV chan-

nels, as shown in Figure 2d. Some of the missing F0–F3 measure-

ments near  L1  are  due  to  contamination  of  the  respective  chan-

nels by the same electrons that form the 11 MeV transient. 

> >3.2.2  Orbit C9: enhancements at both 1 and 11 MeV

>
>

7RJ

Figure 3a presents  two transient extensions observed during the

inbound crossing of orbit C9: one at the 11 MeV channel and the

other  at  the 1  MeV  channel.  Both  events  were  detected  at  the

dawn sector  with  LT  ~5–6 h,  from 9:38  in  day  176 to  3:14  in  day

177 of 1997. There are two peaks in the radial profile at ~27RJ and

~23RJ, respectively, for both events, with a sharp drop in intensity

at L ~24–25RJ.  Taking  into  account  both  peaks,  the  two  events

during orbit C9 span as wide as  in the radial direction, making

them the broadest in spatial range across all transient events.

>
> γ

> >

The  peak  count-rate  is  ~45  times  above  the  average  for  the

11  MeV  transient  and  is  ~37  times  above  the  average  for  the

1  MeV  transient.  The  parameter  of  ~0.9  further  confirms  that

the enhancements of both 11 and 1 MeV electrons are compar-

able in importance during the orbit C9 event. Figure 3b shows the

>
>

corresponding radial  distributions  of  channels  F0,  F1,  F2,  and F3.

Prominent enhancements  of  these  100s  of  keV  electron  intensit-

ies can be found at ~22–27RJ, the same radial distance as the 11

and 1 MeV transients. 

>3.2.3  Orbit E4: enhancement at 1 MeV
>

>

> >
γ

>

Figure 4a shows the transient extension of 1 MeV electrons ob-

served  during  the  E4  orbit  inbound  crossing  at  the  dawn  sector

with LT ~8 h, from 8:24 to 12:23 on day 352 of 1996. We see that

while the 11 MeV rates follow the long-term average trend of de-

creasing toward  larger  radial  distance,  there  is  a  clear  enhance-

ment in the 1 MeV count-rates.  Such dominance of 1 MeV en-

hancement is confirmed by the parameter  of ~0.4. The transient

event spans ~1.6RJ in radial distance, with its maximum at ~23.5RJ.

The  peak  count-rate  is  ~13  times  above  the  average,  rendering

this  event  a  relatively  weak  one  among  all  transient  extensions.

Accompanied  by  the 1 MeV  electron  enhancement  are  signific-

ant increases in the flux intensities of 100 s of keV electrons at the

same radial distance, as shown in Figure 4b. 

3.3  Statistical Analyses 

3.3.1  The distribution of the occurrence of transient extensions with
radial distance, LT, and epoch

> 20 ± 5RJ

> 20RJ

15RJ

>

>

Figure 5 shows the distribution of the occurrence of transient ex-

tensions with radial distance and LT, based on information about

the  location  of  transient  events  shown  in Table  1. Figure  5a re-

veals  that  the 11  MeV  transients  mainly  occur  at  ~ . An-

other important feature is a clear LT asymmetry, with three transi-

ent events appearing in the dawn sector at LT ~6 h, and one event

in  the  post-dusk  sector  at  LT  ~21  h. Figure  5b shows  that  the

1 MeV transients are also mostly located around ~ , but they

have  never  been  found  at  a  radial  distance  as  small  as  ~ ,

where  Galileo  detected  one 11  MeV  transient  during  orbit  C22.

Figure 5) reveals a clear dawn-dusk asymmetry of the occurrence

of 1 MeV transients. There are four events detected in the dawn

(a) Transient extension case of  orbit C9
during inbound crossing

(b) Radial profiles of four energetic electron rates
during inbound crossing of orbit C9

105

104

103

102

101

100

R
a

te
 (

C
o

u
n

ts
/S

e
co

n
d

)

10 15 20 25 30
Radial distance (RJ)

106

35 40

105

104

103

102

101

100

10 15 20 25 30
Radial distance (RJ)

106

35 40

>1 MeV

>11 MeV

Average

93-188 keV

527-884 keV

174-304 keV
304-527 keV

D
iff

e
re

n
ti

a
l fl

u
x 

(1
/c

m
2
/s

/s
r/

e
V

)

 
> >Figure 3.   The transient extensions of both 11 MeV and 1 MeV electrons discovered during the inbound crossing of orbit C9. The radial profiles

are from day 174 to 178 in 1997. The format is the same as Figure 2.
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sector around LT ~6 h, yet only one event in the dusk sector at LT

~17  h.  It  is  notable  that  all  the  transients  occur  before  the  year

2000.  While  all  these  hints  of  spatial  asymmetries  and  temporal

variations rely on only a few events, they are still noteworthy and

will be further discussed in Section 4.
 

3.3.2  Correlation between the variations of MeV and 100 s of keV

electrons

>
>

In  each panel  of Figure 6, we plot  F0–F3 fluxes against  simultan-

eous  measurements  by  the  LEMMS  channels  DC2  ( 1  MeV)  and

DC3 ( 11 MeV). In all panels, black dots show quiescent time peri-

ods  (Galileo  crossings  with  no  transients),  and  colored  crosses

(dots)  denote  periods  with  transients,  within  (outside)  the  full

10%

>
>

10%

>

>

width at  maximum of the transients. Figure 6a, c, e, and g re-

veal  that  the  intensities  sampled  during  the  crossings  with

1  MeV  transient  events  (in  red)  approximately  follow  the  linear

trend  of  the  Galileo  crossings  without  the 1  MeV  transients

(black dots fitted by the green line). However, Figure 6b, d, f, and

h show notable deviations during transient periods, compared to

a linear trend that is indicative of quiet times. The intensities with-

in the full  width at  maximum of transients (blue crosses) ex-

hibit a tendency toward much greater enhancements of 11 MeV

intensities than for 100 s of keV intensities. Note that in Figure 6h,

the  data  points  corresponding  to  the 11 MeV  transient  are  ab-

sent during orbit C22, because the 527–884 keV count-rates were

contaminated by penetrating electrons.
 

(a) Transient extension case of  orbit E4

during inbound crossing

(b) Radial profiles of four energetic electron rates

during inbound crossing of orbit E4
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>Figure 4.   The transient extension of 1 MeV electrons discovered during the inbound crossing of orbit E4. The radial profiles are from day 350 to

354 in 1996. The format is the same as Figure 2.
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Figure 5.   The distribution of the occurrence of transient extensions with radial distance and LT. We set each spatial grid as  in radial

distance and  in LT. Grids within which Galileo spacecraft detected transient extensions are filled in red, while grey indicates the regions

covered by Galileo's trajectories with EPD on, but with no transient events discovered. White regions indicate that there is no measurement

throughout the mission.
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Data within (   ) /outside (   ) full width

at 10% maximum of transients

Data during quiescent periods without 

 transient (   )  and the linear fit (       )
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(b) Distribution of electrons rates

from channels F0 and DC3
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(c) Distribution of electrons rates

from channels F1 and DC2
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(f ) Distribution of electrons rates

from channels F2 and DC2
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Figure 6.   The scatter plots of 1 and 11 MeV electron count-rates versus the 100s of keV electron differential fluxes. Panel (a): The scatter plot

of 1 MeV count-rates versus 93–188 keV differential fluxes. Red represents data from the Galileo crossings with 1 MeV transient extensions. For

each case, we select the measurements from the radial distance at the inner boundary of the full width at  maximum of the transient event, to

. Red crosses denote the measurements within the full width at  maximum of the transients, and red solid dots represent the other

measurements. Black dots are from the Galileo crossings without 1 MeV transients, for the radial distance range from  to . The green

straight line shows the linear fit of the black dots. Panels (c), (e), and (g) show the scatter plots of 1 MeV count-rates versus 174–304 keV,

304−527 keV, and 527−884 keV differential fluxes, respectively. The format is the same as panel (a). Panel (b): The scatter plot of 11 MeV count-

rates versus 93–188 keV differential fluxes. The format is the same as panel (a), except that blue (black) represents the data from crossings with

(without) the 11 MeV transients. Panels (d), (f), and (h) show the scatter plots of 11 MeV count-rates versus 174−304 keV, 304−527 keV, and

527−884 keV differential fluxes, respectively. The format is the same as panel (b).
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4.  Discussion

> >
In this study, we investigated the radial distributions of intensities
for 11 MeV and 1 MeV relativistic electrons observed by Galileo
and compared  them  with  those  of  100  s  of  keV  energetic  elec-
trons.  The  long-term  average  distribution  of  relativistic  electrons
presents a trend of monotonic decrease with increasing radial dis-
tance.  However,  our  detailed  orbit-by-orbit  survey  reveals  that
pronounced  enhancements  of  relativistic  electron  intensities,
namely  transient  extensions,  could  significantly  distort  the  long-
term  trend.  Transient  extensions  have  been  discovered  during
seven  Galileo  crossings,  demonstrating  that  the  C22  event  was
not a single extreme transient and should not be studied in isola-
tion.

10RJ 30RJ

3 ≤ LT ≤ 8

10RJ 30RJ

We note  that  the  relatively  small  number  of  transient  extensions
does  not  necessarily  mean  that  their  occurrence  is  rare;  rather,
there are only a total of 34 orbits (68 inbound or outbound cross-
ings)  with EPD on during the entire  mission.  The total  spacecraft
dwell time between  and  is about 57 days. Given that we
found transients during seven Galileo crossings, a rough estimate
of  the  occurrence  frequency  is  about  one  transient  every  eight
days.  This  limitation  due  to  incomplete  orbital  coverage  is  even
more important if  we consider  that  the detection probability  de-
pends on the local time of Galileo, because certain orbits did not
sample  either  dawn  or  dusk  to  where  the  seven  events  map.  An
estimate of occurrence frequency at dawn is once per three days,
considering  the  dwell  time  of  Galileo  at  and  between

 and . This time scale is similar to that of periodic energet-
ic  particle  bursts  and  plasma  sheet  thinning  (Krupp  et  al.,  1998;
Woch et al., 1998, 2002).

20 ± 5RJ

Our statistical analyses show that transient extensions mainly oc-
cur  at  a  radial  distance  of  ~ .  There  is  a  noticeable  dawn-
dusk  asymmetry  of  the  occurrence  of  transient  extensions,  with
the  majority  of  events  appearing  in  the  dawn  sector,  which  may
also be subject to time variability. In the following subsections, we
will  discuss  possible  mechanisms  for  transient  extensions  and
their dawn-dusk asymmetry. 

4.1  The Combined Effect of Injections and Convective

Transport
>

EEE × BBB

EEECDR

EEECDR

The  case  of 11  MeV  transient  extension  during  orbit  C22  was
postulated to be the result of enhanced radial diffusion due to the
intense  but  rare  volcanic  activity  of  Io  (Russell  et  al.,  2001).
However, our finding of a number of other transient events indic-
ates  that  this  is  not  likely  the  cause.  Recently, Hao  et  al.  (2020)
studied the C22 event by simulating the motion of electrons as a
result  of  magnetic  drifts,  corotation,  and an  drift  attributed
to a  uniform  yet  temporally  variable  large-scale  dawn-dusk  elec-
tric  field.  The  simulation  suggested  that  electrons  with  energies
close to the corotation-drift-resonant energy ( ) can be effect-
ively  transported  and  accelerated  by  the  changes  of  large-scale
electric  field.  This  is  because  the  magnetic  drifts  of  electrons
around  to  a  large  extent  cancel  out  the  corotation,  so  they
drift  very  slowly  in  LT  (Birmingham,  1982; Guio  et  al.,  2020).  As  a
result, these electrons can be easily  transported by the enhance-
ments  of  a  large-scale  electric  field  which  impose  radial  flows  at
fixed LT sectors, and accelerate the electrons adiabatically. Hao et

>
>

>
>

>
EEECDR EEECDR

>

al.  (2020) also  modeled  the  radial  distributions  of 11  MeV  and
1 MeV intensities (from DC3 and DC2 channels, respectively) dur-

ing orbit  C22.  The  simulation  successfully  reconstructed  the  ob-
served key features of the 11 MeV transient extension, most im-
portantly  the  stronger  enhancement  of  the 11  MeV  electron
channel of EPD compared to the 1 MeV one. The former receives
larger fractional contribution from near-  electrons, since 
at the location of the C22 transient is near 10 MeV. Therefore, the
simulation  appears  consistent  with  the  inference  that 11  MeV
transient extension during orbit  C22 essentially  results  from con-
vective  transport  due  to  a  large-scale  electric  field.  It  should  be
noted  that  for  the  development  of  the  transients,  the  variability,
the  magnitude  of  the  electric  field  are  the  most  determinant,
rather than its orientation, as suggested by similar simulations for
Saturn (Roussos et al., 2018; Hao et al., 2020).

μ

≤

μ

What Hao et al. (2020) did not discuss is whether this electric field
can also drive strong LT asymmetries in the distribution of transi-
ents  by  modifying  the  otherwise  circular,  circumplanetary
bounce-averaged  drift  trajectory  of  their  electrons.  To  illustrate
how  the  electric  field  may  affect  the  drift  trajectories,  we  have
simulated the contours of constant first adiabatic invariant ( ) for
the drifts of equatorially mirroring electrons, as shown in Figure 7.
The electric field is set as constant and uniform in the dawn-dusk
direction, and the magnetic field is set as a dipole field. Since we
aim to qualitatively assess the drifts of electrons at radial distance

 ~20RJ,  the dipole approximation generally fulfills  our needs.  As
electrons  undergo  adiabatic  drifts,  their  trajectories  follow  the
constant-  contours.  Thus, Figure  7 is  representative  of  the  drift

Econvective

40

20

0

-40

-20

X
 (
R
J
)

40200-40 -20

Y (RJ)

280000.0 MeV/G electron

 

μ

μ

Figure 7.   The simulation result of the bounce-averaged drift

trajectory in the X-Y plane of JSE coordinate, of electrons with the first

adiabatic invariant ( ) of 280000 MeV/G marked by the red curve with

arrows. The simulation assumes a dipole magnetic field. The grey

curves indicate the contours of constant . The red arrow at the upper

right corner denotes the direction of the Jovian convective electric

field. The black arrow at the center shows the direction of

magnetospheric corotation.
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EEECDR 20RJ

20RJ 20RJ

trajectories of electrons. We set the first adiabatic invariant of the
electrons as 280000 MeV/G, corresponding to  at  ~ ,  and
launch the electrons at ~ . We take the radial distance of ~
based on our observations. An additional reason is that at this dis-
tance  range  (20–30RJ),  there  exist  acceleration  sites  of  MeV  ions
(Selesnick  et  al.,  2001) and  possibly  lower-energy  ions  and  ener-
getic  electrons  (Krupp  et  al.,  1998; Woch  et  al.,  1998, 2002).  The
drift trajectory varies depending on the LT at which the electrons
are  launched.  The  red  curve  in Figure  7 marks  the  trajectory  of
electrons launched at LT ~6 h. These electrons would be trapped
along a closed trajectory and are not able to execute circumplan-
etary drift. While there is both inward and outward electron trans-
port along such closed trajectories, the net effect is that of an in-
ward  transport  and  acceleration,  since Garrett  and  Jun  (2021)
showed falling PSD profiles towards Jupiter on average.

EEECDR

EEECDR

Thus, even  if  the  acceleration  that  triggers  the  injection  of  elec-
trons develops uniformly in LT, the dawn-dusk electric field would
force the dawn-side injected electrons with energies around 
to reside for longer around dawn and contribute to the observed
LT asymmetry.  A similar  explanation has been offered for the LT-
restricted location of a micro-radiation belt component observed
near  Saturn's  main  rings  (Roussos  et  al.,  2019).  This  explanation
would be applicable for a range of radial  distances and energies,
since  is L-shell dependent.

6RJ

>
>

A caveat of the aforementioned explanation is that the dawn-dusk
electric field has only been indirectly observed near the orbit of Io
at ~  (Barbosa & Kivelson, 1983; Ip & Goertz, 1983; Murakami et
al.,  2016).  Therefore, it  remains unclear to what extent the dawn-
dusk electric  field alone could lead to the dawn-dusk asymmetry
of the transient extensions. Furthermore, the occurrences of tran-
sients  with  comparable  enhancements  at  both 1  MeV  and

11 MeV channels suggest that their generation and distribution
are also controlled by other processes with a propensity at dawn.

There are a number of studies suggesting a preferential accelera-
tion of  energetic  particles  in  the  dawnside  magnetosphere  com-
pared to the duskside. Krupp et al. (1998), Woch et al. (1998), and
Woch et  al.  (2002) investigated bursts  of  energetic  electrons and
ions with  a  period  of  2−3  days  in  the  mid-  to  outer  magneto-
sphere. In particular, Woch et al. (2002) found that bursts in the ra-
dial  direction  mainly  occur  at  the  dawn  sector,  and  the  inward
bursts  tend  to  appear  at  a  smaller  radial  distance,  whereas  the
outward ones tend to be further away from the planet.  This sug-
gests that  the  bursts  could  be  related  to  near-Jupiter  reconnec-
tion (Vasyliunas, 1983; Kronberg et al., 2005). Vogt et al. (2010) and
Vogt et al. (2020) identified reconnection events in the middle and
outer  magnetosphere  observed  by  Galileo  and  Juno,  revealing
that  a  similar  LT  asymmetry  of  predominant  occurrence  at  dawn
also  exists  for  the  reconnection  sites.  Recently, Yao  et  al.  (2020)
and Swithenbank-Harris et al.  (2021) analyzed the storm-time dy-
namics  at  dawn  in  the  context  of  auroral  emissions,  suggesting
that  inward bursts  of  energetic  electrons and protons associated
with reconnection could be linked to common occurrences of au-
roral dawn storms in Jovian magnetosphere (Grodent et al., 2018).
Similar local time asymmetries of storm-time dynamics and asso-
ciated injections  have  also  been  observed  in  Saturn's  magneto-
sphere. Mitchell  et  al.  (2009) investigated the  recurrent  ring  cur-

rent  enhancements  revealed  by  Cassini  ENA  measurements  and

found that they occur preferentially at dawn. Mitchell et al. (2009)

further showed  that  ring  current  enhancements  are  closely  re-

lated  to  Saturn  Kilometric  Radiation  (SKR)  enhancements  and

dawnward auroral UV emissions. Mitchell et al. (2009) accordingly

proposed that reconnection in the plasma sheet of Saturn's mag-

netosphere  may  be  responsible  for  these  recurrent  events  at

dawn.

All  of  the above research indicates  that  there is  a  broad charged

particle acceleration region in Jupiter's middle magnetosphere (or

fast  rotating,  mass  loaded  magnetospheres  in  general)  with  a

preferential  dawnward extension.  The topology of  the relativistic

electron transients and the characteristic few day time scale asso-

ciated with their appearance could hint that their origin is connec-

ted to this region, as well as to the storm-time dynamics at dawn

and  the  energetic  particle  bursts  associated  with  dipolarizations

reported  by  other  Galileo  observations.  Contributions  to  the

dawn-dusk  asymmetry  may  further  originate  from  convective

flows  associated  with  the  dawn-dusk  electric  field  at  Jupiter,  if

that extends to greater distances than Io's torus. This, or any oth-

er  convective  electric  field,  may  nevertheless  be  responsible  for

transporting the transient electron enhancements from their gen-

eration at  20–25RJ towards  the  inner  magnetosphere,  giving rise

to extreme events like C22.

L < 20

L > 20

Furthermore,  energy  diffusion  due  to  interaction  with  whistler

waves  may  also  lead  to  electron  acceleration  at  MeV  energies

(Woodfield  et  al.,  2014),  but  such  wave-particle  interactions  may

only  play  a  major  role  at  a  smaller  radial  distance ( ),  where

the wave intensities become significant (Menietti et al., 2016). Fur-

thermore, Kollmann et al. (2018) found that at  the MeV elec-

trons  are  dominated  by  adiabatic  heating  coupled  with  radial

transport,  whereas  acceleration  due  to  wave-particle  interaction

may be a minor effect. Thus, in the middle magnetosphere where

most of  the transient  events  occurred,  we suggest  that  adiabatic

acceleration associated with convective radial transport and injec-

tions  is  primarily  responsible  for  the  transients  at  MeV  energies.

The non-adiabatic acceleration due to the interaction of electrons

with plasma  waves  may  contribute  to  the  observed  MeV  elec-

trons, but may not the dominant process. 

4.2  Temporal Variations of Upstream Solar Wind and

Interplanetary Magnetic Field
In  this  subsection,  we  discuss  the  possibility  that  the  dawn-dusk

asymmetry could be a misleading characteristic due to long-term

temporal variations  of  the  upstream  solar  wind  and  interplanet-

ary magnetic  field (IMF)  conditions. Table 1 shows that  all  transi-

ent events were detected before the year 2000, which falls mostly

within the ascending phase of  Solar  Cycle 23 towards solar  max-

imum. Thus,  if  the  solar  wind  and  IMF  conditions  varied  signific-

antly  after  2000,  there  would  be  a  question  as  to  whether  such

changes could affect the occurrence of transient extensions.

To assess the potential influence of solar wind variations, we need

to  acquire  upstream  solar  wind  and  IMF  conditions.  Since  there

are no continuous solar wind and IMF measurements throughout

the  entire  Galileo  mission,  we  utilized  two  MHD  models  which

322 Earth and Planetary Physics       doi: 10.26464/epp2021037

 

 
Yuan CJ and Roussos E et al.: Transient enhancements in Jupiter's electron radiation belt

 



≤ ±90◦

propagate  solar  wind  conditions  from  Earth's  orbit  at  1  AU  to

Jupiter's orbit at 5.2 AU: the Michigan Solar Wind Model (mSWiM)

(Zieger  and  Hansen,  2008)  and  the  Tao  model  (Tao  et  al.,  2005).

The latter restricts the simulation to only periods of alignment or

opposition between  Earth  and  Jupiter  (the  difference  in  helioec-

liptic longitude ), whereas the former provides solutions for

the non-optimal alignment of Jupiter and Earth.

We present  histograms of  solar  wind and IMF parameters  before

Pdyn

Pdyn

and  after  the  year  of  2000  in Figure  8.  The  total  magnetic  field
strength  and  the  tangential  component  of  IMF  arederived  from
the  mSWiM  model,  while  the  solar  wind  dynamic  pressure  ( ),
proton density,  and velocity are used from both the mSWiM and
Tao  models.  Other  parameters  such  as  solar  wind  temperature
and  the  normal  component  of  IMF  with  reference  to  the  ecliptic
plane are not plotted, as their prediction efficiencies are relatively
low  (Zieger  and  Hansen,  2008). Figure  8 reveals  that  there  is  no
obvious  difference  between  before  and  after  2000,  whereas
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(h) IMF B
t
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Figure 8.   Histograms of the modeled upstream IMF and solar wind conditions of the Jovian magnetosphere. Red represents results before the

year 2000, and blue represents those after 2000. (a), (c), (e), (g), and (h): The mSWiM model results for solar wind velocity, proton density, dynamic

pressure, total magnetic field, and the tangential component of IMF in Radial-Tangential-Normal coordinates, respectively. (b), (d), and (f): the Tao

model results for solar wind velocity, proton density, dynamic pressure, respectively.
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after  2000,  the solar  wind velocities systematically  shift  to higher
values and proton densities shift to lower values. One possibility is
that  the  corotation  interaction  regions  (CIRs)  and  high  speed
streams of solar wind may gradually become significant when Sol-
ar Cycle 23 evolves into its descending phase. However, since the
transition to the descending phase occurred around and after the
end  of  the  Galileo  mission,  variations  in  solar  wind  velocity  and
density  would  likely  not  influence  the  observation  of  transient
events.

Pdyn
Pdyn

Pdyn

R 3h ≤ LT ≤ 8h 15RJ ≤ R ≤ 30RJ

16h ≤ LT ≤ 22h 15RJ ≤ R ≤ 30RJ

t1

t2

t1

Pdyn
t2

Pdyn
Pdyn

t1 t2 Pdyn

Pdyn

Pdyn

We  also  examined  the  variations  of  during all  34  Galileo  or-
bits throughout the mission, as  has been shown to be particu-
larly effective in triggering the responses in the mid- to outer Jovi-
an magnetosphere (Ebert et al., 2014; Vogt et al., 2019, and refer-
ences  therein).  The  enhancement  events  are  from  the  event
list in Vogt et al.  (2019). We define the range in LT and radial dis-
tance ( ) for the dawn region as  and ,
and  for  the  dusk  region  as  and .
For each dawn or dusk crossing, we set  as 5 days prior to enter-
ing the dawn/dusk region, and  as 1 day after exiting the region.
We assume the time scale of  is five days, because the transient
extension may  have  already  existed  for  hours  or  a  few  days  be-
fore  being  detected  by  Galileo,  so  there  could  be  a  time  lag
between  the  perturbation  and  the  responses  in  the  middle
and inner magnetosphere.  We assume the time scale of  is  one
day,  because  the  uncertainty  of  the  model's  prediction  could  be
one  day  at  the  exact  time  of  the  arrival  of  perturbation  at
Jupiter's magnetosphere. If there is a  enhancement occurring
during the time period from  to , then we associate the  en-
hancement with the crossing. Next, we collectively review our res-
ults  to  explore  whether  such  associations  may  be  meaningful  or
coincidental.  The time sequence plots of the modeled solar wind
proton density, velocity, and  during each of the 34 Galileo or-
bits are provided as supplementary materials. In the supplement-
ary  plots,  the  enhancements  are  shaded  blue,  and  the  time
period  corresponding  to  the  dawn  (dusk)  region  is  marked  with
vertical dashed  light  blue  (black)  lines.  The  occurrence  of  transi-
ent events is indicated by vertical solid blue lines.

Pdyn

Pdyn

Pdyn

Orbits G2 to C22 (September 1996 to August 1999) crossed both
the  dawn  and  dusk  regions  during  one  perijove  approach.  For
each  of  these  orbits,  we  group  two  successive  crossings  as  one
pair. We then find that there are 12 such crossing pairs associated
with  enhancements. Among these 12 crossing pairs, we found
transient  extensions  during  the  dawn  crossings  of  orbits  E4,  C9,
and  C22,  but  no  transient  events  during  the  dusk  counterparts.
For those orbits not associated with  enhancement, there is a
transient extension during orbit E17, but it was detected only dur-
ing  the  dawn  crossing.  These  results  are  supportive  of  the  view
that the dawn-dusk asymmetry is not caused by variations of .

15RJ 30RJ

Pdyn

Pdyn

During orbit G1 (June 1996) and orbits C23 to A34 (from Septem-
ber  1999  to  November  2002),  Galileo  did  not  travel  through  the
dawn  region  between  and ,  and  only  the  dusk  region
was visited. For orbit G1, the dusk crossing is associated with 
enhancements,  but  not  with  transient  extensions.  Orbits  C23  to
A34 coincided  with  the  transition  of  Solar  Cycle  23  from  maxim-
um to the descending phase.  For  these orbits,  we find nine dusk
crossings  associated  with  enhancements (only  the  one  dur-

Pdyn

Pdyn

Pdyn

ing orbit I24 had a transient extension). The total number of nine
is less than that of thirteen for orbits G1 to C22, although this dif-
ference may not be the result of changes in . Instead, it may be
due  to  the  fact  that  the  final  few  orbits  had  longer  periods,  and
thus spent less time in the regions of interest. Figure 8e and f also
suggest that there is no pronounced difference in  conditions
before and  after  2000.  These  results  suggest  that  after  2000,  al-
though the dawn region could not be sampled by Galileo, the lack
of  transient  extensions  at  dusk  is  not  the  temporal  effect  of
changes in .

Therefore,  although  we  cannot  exclude  the  possibility  that  solar
wind conditions may affect the dynamics of Jupiter's  electron ra-
diation belts  (Han et al.,  2018; Hao et al.,  2020),  it  seems that the
temporal effects of solar wind and IMF conditions are not likely to
be the root cause behind the lack of transients after 2000; rather,
the combined  effects  of  local  time  asymmetry  and  orbital  cover-
age effects by Galileo serve as the most probable explanation for
the observed distribution of transients in space and time. 

5.  Conclusion

20 ± 5RJ

Through  an  orbit-by-orbit  inspection  of  observations  by  Galileo
from  1996  to  2002,  we  found  transient  enhancements  of  MeV
electron  intensities  during  seven  crossings,  all  before  the  year
2000. Transient events mainly occurred at ~ . A remarkable
feature  of  their  spatial  distribution  is  the  dawn-dusk  asymmetry,
with most of the events occurring at dawn. The dawn-dusk asym-
metry  of  MeV electron transients  and their  recurrence time scale
of  a  few  days  imply  their  potential  relationship  to  energetic
particle  bursts  in  the  mid-  and  outer  magnetosphere.  We  posit
that transient  enhancements,  as  well  as  the  dawn-dusk  asym-
metry,  may  result  from  a  synergy  between  convective  transport
due to the large-scale dawn-dusk electric field and injections at a
broad region  in  the  middle,  dawnside  magnetosphere.  The  tem-
poral effect of variations in solar wind conditions is also discussed,
and is considered unlikely to be responsible for the distribution of
transient events in the Jovian electron radiation belt. 
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