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Abstract A comprehensive statistical study of detached plasmaspheric plumes is presented, based on THEMIS
observations from 2011 to 2022. Using electron densities derived from spacecraft potential measurements, we iden-
tify 488 detached plume crossings and investigate their spatial distribution, density characteristics, and morphologi-
cal properties across the magnetosphere. The results show that plasmaspheric plumes occur primarily within L =5
— 8.5, with the highest occurrence near L = 6 — 6.5. Additionally, plumes exhibit a pronounced dawn-dusk asymme-
try, with significantly more events observed in the dusk sector than in the dawn sector, a trend that remains consis-
tent even after accounting for the effects of orbital sampling, with the duskside showing the highest occurrence rate
of plume crossings. In contrast, plumes observed on the dayside tend to extend to larger L than those in other Mag-
netic Local Time (MLT) sectors, reflecting the sunward wrapping of the entire plume structure as it extends from
the duskside toward the dayside. The electron densities of plumes are typically concentrated in the range of 60 — 90
cm . Plume densities decrease outward from L =5 — 6, indicating that plume plasma becomes progressively dilut-
ed as it extends outward. Density gradients within plumes are also quantified for the first time in a statistical sense.
Both positive density gradients (Gpos) and negative density gradients (Greg) generally decrease with increasing L
and show clear dawn—dusk asymmetry, with stronger gradients on the dawnside and weaker gradients on the dusk-
side for L > 6. Morphologically, most plumes have radial widths of AL = 0.2 — 1.0, and plumes on the duskside ex-
hibit larger AL than those in other MLT sectors. In addition, plume electron density increases with AL, suggesting
that plumes with smaller AL are accompanied by a faster reduction in electron density. These results provide a
comprehensive statistical framework for understanding plume formation, evolution, and their potential roles in

magnetospheric dynamics.
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0 Introduction sphere“im]. It is the extension of the ionosphere, provid-

ing plasmasphere filling with ionospheric ions and elec-
The Earth’s plasmasphere, a corotating, torus-shaped re-  trons trapped on closed geomagnetic field lines'' "\,
gion of cold (< 10 eV) and dense (10 — 10" cm™) plas-  The outer boundary of the plasmasphere, the plasma-

ma, is an important component of the inner magneto-  pause, is dominated by the balance between convection
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electric field and corotation electric field. At the plasma-
pause, plasma density decreases sharply as field lines
transition from closed drift paths to open convective tra-
. . [16,17]
jectories .

The plasmaspheric plume is a stretch of the outer
region of the plasmasphere and is recognized as a dy-
namic feature of this region!” >'. When the magneto-
spheric convection electric field intensifies, the outer
plasmasphere is eroded, leading to a contraction of the
main plasmasphere. This erosion transports cold, dense
plasma outward and sunward, resulting in the formation

. [22-24]
of plasmaspheric plumes .
Plasmaspheric plumes play important roles in the

. [25-30]
magnetosphere, such as wave generation , wave-

33-35
[ ], and

particle interactions” ", particle precipitation
the dayside magnetic reconnection ™" For instance,
Zhou et al.”” demonstrate that significant plasma densi-
ty variations near the edge of the plumes could be one of
the major mechanisms that drive the dispersed precipita-
tion events in the dusk and postnoon sectors. Therefore,
characterizing the spatial structure and temporal evolu-
tion of plumes is essential.

The dynamics and morphology of plasmaspheric
plumes have been investigated using in-situ satellite ob-

[6,39-43]

servations , remote sensing from the Extreme Ul-

[3:44474) and ground-based instru-

traviolet (EUV) images
ments' ", Although EUV images provide global views
of plume morphology[8”49], its limited sensitivity to low-
density plasma makes it difficult to resolve plumes at
high L. Therefore, in-situ satellite measurements are em-
ployed in this study to characterize plume structures and
properties.

Observations of plasmaspheric plumes at different
locations in the magnetosphere have been made using
various spacecraft[6’40743’50’51]. For example, Cluster ob-
servations revealed that most of the plumes in the outer
magnetosphere have AL below 1.5. Besides, plumes at
lower L are observed in all MLT sectors, whereas those
at higher L appear only in the afternoon sector*"*,
Borovsky and Denton”” found that plumes at geosyn-
chronous orbit can persist for several days, with both AL
and the plasma density tend to decrease with the plume
age. Using density data from the THEMIS spacecraft,
Walsh ez al. showed that plumes at the magnetopause

are present 12.5% of the crossings and electron densities
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of plumes can be as large as 300 cm . Previous studies
consistently showed that plumes are more often found in

the dusk sector!***"

. However, no comprehensive
study has characterized plume properties across the en-
tire magnetosphere, particularly their electron density
and electron density gradients.

In this study, we utilize extensive measurements
from the THEMIS spacecraft to statistically investigate
the spatial distribution, densities, and morphological
properties of plasmaspheric plumes across the magneto-
sphere, including the first systematic analysis of plume

density gradients.

1 Data and Method

1.1 Data

The dataset used in this study is obtained from the
THEMIS mission. The THEMIS mission"’! comprises
five satellites, launched on 17 February 2007, each pos-
sessing an orbital inclination of approximately 11° with
perigees of ~ 1.5 R, and apogees of ~ 12 R.. After
THEMIS-B and THEMIS-C commenced lunar orbit in-
on 20July 2009, THEMIS-A,
THEMIS-D, and THEMIS-E were still in their orbits to
observe the Earth’s magnetosphere. The spacecraft pass

sertion maneuvers

through the plasmapause twice in each orbit period of
about one day and cover all MLT sectors of the inner
magnetosphere approximately once per year. THEMIS-
D and THEMIS-E are operated in close trajectories and
are likely to observe the same plume structure. There-
fore, we selectively utilize datasets from THEMIS-A and
THEMIS-E.

We use the spacecraft potential measurements from
the Electric Field Instrument (EFI)[54], as well as ion and
electron measurements from the Electrostatic Analyzer
(ESA)[SS]. Since the cold plasmaspheric plasma is pri-
marily below the lower energy threshold of ESA
(~5¢eV), the electron densities must be inferred from
the spacecraft potential and electron thermal velocity

measured by the EFI and ESA
[56-59]

instruments,
respectively
1.2 Identification of the Plume Events

Figure 1 illustrates a representative plasmaspheric plume
crossing event observed by THEMIS-A on 29 Decem-
ber 2011. Figure 1(a) shows the spacecraft potential
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Example of plasmaspheric plume observed by THEMIS-A spacecraft on 29 December 2011 in GSE coordinates.

(a) Spacecraft potential measured by EFI instrument. (b) Electron density derived from spacecraft potential. (c) L. (d) Spacecraft

trajectory. The solid red line represents orbit during the plume. (¢) Electron density as a function of L. The red line and dots

represent the plume. The red shadows in (a) —(c) indicate the time interval of the detected plasmaspheric plume

measured by EFI. The electron density derived from the
spacecraft potential is plotted in Figure 1(b). At
09:53 UT, the electron density increases from 42.1 to
100.8 cm ™ following a sharp decrease near 09:40 UT
which indicates the plasmapause crossing. This enhance-
ment, highlighted by the red shading in Figures 1(a) —
(c), suggests a detached plume structure. The spacecraft
trajectory in Geocentric Solar Ecliptic (GSE) coordi-
nates is shown in Figure 1(d), with the red segment de-
noting the portion of the orbit during which the plume
was encountered.

To examine the spatial variation of this event, the
electron density is binned as a function of L from L =
4 to 10, with a bin width of 0.1. The variation of elec-
tron density with L is derived for each inbound or out-
bound crossing, with the result for the outbound cross-
ing illustrated in Figure 1(e). As THEMIS-A moves out-
ward across the plasmapause, the electron density
sharply decreases to a minimum of 42.1 cm”at L =53,
After that, it increases to a peak of 100.8 cmCatl = 5.6,
and finally decreases to a low value of 17.5 cm”’ atL =
5.8. This characteristic profile provides clear evidence
for a plasmaspheric plume detached from the main plas-
masphere[éo].

In this study, plasmaspheric plumes are identified
based on the following criteria. (i) We identify a plasma-
pause crossing if the electron density changes by a fac-
tor = 5 within 0.5 L. Such a criterion has been widely

used in previous studies!”'**". (i1) If the spacecraft is lo-
cated outside the plasmapause and the electron density
typically decreases to a value below 50 cm° with in-
creasing L, then rises to a value above 70 cm ~ and sub-
sequently decreases again, the structure is identified as a
plasmaspheric plume. (iii) AL is defined as difference
between the L of the entrance and exit of the plume. Ref-
erencing the criterion of plasmaspheric plume identifica-
tion by Darrouzet et al. ™ and Zhang et al. 1 we con-
sider that the case with 0.2 < AL < 2 can be identified as
a plasmaspheric plume by satellite. (iv) Events occur-
ring in the magnetosheath are excluded, since transient
density enhancements in this region may arise from
magnetosheath turbulence rather than actual plume
structures. (v) The lower threshold for plume identifica-
tion is set based on the plasmaspheric density model giv-

en in Eq. (1) by Sheeley et al. [eo1,

n. =10 x (GLG>4 (1)

where 7, is the electron density in cm .

Key plume parameters are determined, such as the
maximum electron density (V. max), the average elec-
tron density (N mean), AL and AMLT. AMLT is defined
as difference between the MLT of the entrance and exit
of the plume. N, 1,y is defined as the peak value of elec-
tron density during a plume crossing, while N mean
refers to the mean value of electron density over the en-



tire crossing interval. For the event shown in Figure 1,
Ne max is 100.8 cm >, Ny mean is 59.2 cm >, AL is 0.5 and
AMLT is 0.19.

2 Statistical Analysis

2.1 Spatial Distribution

We analyze data from THEMIS-A and THEMIS-E
spacecraft over the period from 1 January 2011 to
31 December 2022, during which full coverage in both
MLT and L across the entire magnetosphere was
achieved. Based on the identification criteria of plume
events described above, a total of 488 detached plume
events is identified, including 159 events observed by
THEMIS-A and 329 events by THEMIS-E.

Figure 2 shows the locations of the spacecraft tra-
jectories associated with all identified plume events, pro-
jected onto the GSE XY plane. Each short line segment
represents the portion of the spacecraft trajectory during
a plume crossing. The color of each segment indicates
the electron density of the plume. The geosynchronous
orbit is marked by a dotted line for reference. The spa-
tial distribution of plume crossings exhibits a pro-
nounced dawn-dusk asymmetry that more events occur
in the dusk sector, while only a few are observed in the
dawn sector. Some plumes are observed at high L, espe-
cially near the dusk sector.

To further reveal the statistical characteristics of
plume events, Figure 3 provides a quantitative analysis
of the plume distribution shown in Figure 2. Figure 3(a)
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(b) summarize the number of plume events versus L and
MLT, respectively. Plume events are concentrated be-
tween L = 5 and 8.5, peaking at L = 6 — 6.5, with a mean
L of 6.56. Besides, events concentrate in 14 — 22 MLT,
with the highest occurrence in 16 — 18 MLT, which also
shows that plumes preferentially occur in the dusk sec-
tor of the magnetosphere.

To investigate whether plume characteristics exhib-
it systematic variations across different MLT sectors, we
group the events into four commonly used MLT sectors:
dawnside (3 — 9 MLT), dayside (9 — 15 MLT), duskside
(15 = 21 MLT), and nightside (21 — 3 MLT). Figure 4
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Fig. 2 Locations of plasmaspheric plume events observed
by the THEMIS-A and THEMIS-E spacecraft from 2011 to
2022, projected onto the GSE XY plane. Each short line
segment represents a portion of the spacecraft orbit during a
plume crossing. Electron density is indicated by color. The

geosynchronous orbit is indicated by a dashed circle
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Fig.4 Occurrence rate of plume events in the four MLT sectors (a). Median values of L, No max, Ne mean, AL, AMLT for plume

events in each MLT sector

Table 1 Characteristics of plasmaspheric plumes

Name Symbol Mean value Median value
Magnetic Local Time MLT 15.34 16.84
Radial distance L 6.56 6.45
Radial width AL 0.56 0.40
Peak electron density Ne_max 14426 cm ™ 120.32 cm ™
Mean electron density 8134 cm™ 70.95 cm

e_mean

compares plume properties across these four sectors. To
mitigate orbital sampling bias, we record each MLT sec-
tor in which the spacecraft crossed outward through L =
7. The occurrence rate for each sector (Figure 4a) is
computed as the number of plume crossings normalized
by the number of corresponding orbital segments. The
results shown in Figure 2, 3(b) and 4(a) consistently in-
dicate that plume occurrence is significantly higher on
the duskside than that on the dawnside, in agreement
with previous observations!®** #6704,

Figure 4(b) shows that plumes on the dayside reach
larger L than those in other sectors, while plumes on the
nightside have the lowest L. This distribution is consis-
tent with the expected rotation and outward transport of
plume structures. Plumes originating near the duskside
move radially outward under enhanced convection and
progressively wrap sunward toward the noon sector. As
a result, plume crossings on the dayside are observed at

larger L, in agreement with particle-tracing simula-

tions'®”).

2.2 Electron Density Characteristics
Figure 3(c) shows the distribution of plume events as a
function of N, yax. Most events have Ny yax < 180 cm >,
with a peak in the 60 — 90 cm” range. The average val-
ue of N max across all identified events is 144.26 cm .
Figure 3d presents the distribution of plume events as a
function of N; mean, Which also peaks at 60 — 90 cm >,
with most values below 120 cm . The overall mean
Ne mean 1s 81.34 cm . These results indicate that the ma-
jority of plume events typically concentrated in the 60 —
90 cm> range. Moreover, plume electron densities ex-
hibit clear MLT dependence. From Figure 4(c) (d), we
find that duskside plumes have the highest electron den-
sities, with N . around 122 cm ° and N mean n€Ar
72 cm”.

Having described the statistical distributions of
plume electron densities across MLT sectors, further in-

sight into their spatial characteristics as a function of L is



provided in Figure 5. Figure 5(a)(c) show scatter plots of
individual plume events for N max and N mean, TESpPEC-
tively. The corresponding median distributions of Fig-
ure 5(a) (c) are shown in Figure 5(b)(d), providing a
more robust representation of the underlying trends.
Both N, mean and Ne may peak around L = 5 — 6 and de-
crease toward larger L, suggesting that the densest
plumes occur near Earth and become progressively dilut-
ed as they extend outward.

The density variation within the plumes is an im-
portant factor influencing wave generation and particle
precipitation[35]. We quantify the density gradients of
each plasmaspheric plume. For a given plume, L, and

Chin. J. Space Sci. =AFFFIR 2026, 46(5)
Lo denote the minimum and maximum L sampled,
with corresponding electron densities N, (Lp,;,) and N,
(Lmax) respectively. Lycai represents the L at which the
electron density reaches its maximum. The positive gra-

dient is defined as

Neima,x - Ne (Lmin)

Ghos = (2)

chak - Lmin
The negative gradient is defined as
Ne (Lmax) - Ne max
Gne = = 3
¢ Lmax - chak ( )

Figure 6 shows the distributions of G, (Figure 6a)

and G, (Figure 6b) associated with plasmaspheric
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plumes in MLT-L coordinates. Each dot marks a single
plume event, and the color of each bin encodes the mean
magnitude of the density gradient. Bins containing few-
er than five events are removed to avoid low-sample
bias. Both G, and G, generally decrease with in-
creasing L and exhibit a clear dawn-dusk asymmetry,
with steeper gradients on the dawnside and weaker gra-
dients on the duskside for L > 6.

The systematic decrease of both positive and nega-
tive density gradients with increasing L suggests that
plume structures become progressively more diffuse as
they extend outward, consistent with plasma dilution
during sunward transport. In addition, the pronounced
dawn-dusk asymmetry indicates that plume boundary
sharpness depends on MLT. This asymmetry may re-
flect differences in plume age, convection strength, and
transport history across MLT sectors. Notably, G,,.; also
appear large in the 12 — 18 MLT sector at L =4 — 5.

These results are relevant to the mechanisms sug-

1.5 who

gested by previous studies, such as Zhou et a
proposed that sharp plasma density variations near
plume edges could drive dispersed precipitation events,
and numerical simulations showing that three-dimen-
sional field line resonances preferentially develop at
duskside plume boundaries where gradients are
strongest[66]. The distribution presented here may help
guide future efforts to assess the roles of plume gradi-
ents in broader magnetospheric dynamics.
2.3 Morphological Properties

of Plasmaspheric Plumes

The morphological characteristics of plasmaspheric

1000

(2)
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N, ¢ _max /em™

250

-3

Ne mean/ cm™
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S
S

plumes are crucial for understanding the mechanisms
underlying plume formation and evolution. Figure 3(e)
shows the distribution of plume events as a function of
AL. Most plumes exhibit AL between 0.2 and 1.0, with
the highest number of events occurring within the 0.25 —
0.5. Figure 3(f) shows the distribution of plume events
as a function of AMLT. Most plumes exhibit AMLT <
0.4, with the highest number of events occurring within
the range of 0.1 — 0.2 MLT. These distributions suggest
that the majority of plumes are relatively narrow both in
AL and AMLT.

The morphological characteristics of plasmaspher-
ic plumes vary with MLT. From Figure 4(e), the AL of
plasmaspheric plumes is larger on the duskside com-
pared to the other MLT sectors. In Figure 4(f), AMLT
progressively decreases from the nightside through the
duskside and dayside to the dawnside sector, indicating a
gradual narrowing of plume structures toward the dawn-
side. This feature is consistent with plume structures ex-
tending and trailing sunward from the duskside under the
combined effects of corotation and convection !'*****%7)

To better understand the structure of a plasmaspher-
ic plume, we examine how electron density of plume
varies with AL in Figure 7. Both N, . (Figure 7a) and
Ne¢ mean (Figure 7b) exhibit a positive correlation with
AL, which can be explained by the fact that regions clos-
er to the tip of the plume are narrower and have lower
density. Besides, Goldstein and Sandel'®” found that the
plume narrows after plasma is steadily eroded via sun-
ward motion driven by the enhanced convection.

Borovsky and Denton"” found that plume plasma densi-

(b)

300

100

Fig. 7 Distributions of plume electron densities. (a) Ne max and (b) N mean are as a function of AL.

Each dot represents a single plume event



ty and AL tends to decrease with the age of the plume.
Based on their observations, our results further suggest
that plume electron density decreases more rapidly than
AL during plume evolution.

We compare the mean MLT of the plume crossings
identified in this study with previous observations at
geosynchronous orbit (~ 15 h) reported by Borovsky
and Denton "”. The average MLT obtained in this study
(15.34 h) is very close to their reported value, providing
an independent consistency check and supporting the re-
liability of our statistical results. In order to distinguish
events occurring near geosynchronous orbit from those
near the magnetosphere, we divide the events into two
groups based on L: those located inside and outside L=7,
as shown in Figure 8a and 8b, respectively. The most
probable MLT position of plumes shifts from 17.5h at L
< 7to 15.3 hat L > 7, exhibiting a dusk-to-prenoon dis-
placement similar to that a displacement toward the
prenoon sector reported by Walsh ef al. tel,

3  Conclusions

A comprehensive survey of 488 detached plasmaspheric
plumes based on THEMIS measurements shows that
plumes occur predominantly at L = 5 — 8.5, with a peak
at L = 6 — 6.5. The highest occurrence is found in 14 —
22 MLT, with rates reaching ~13% in 16 — 18 MLT. In
addition, plumes on the dayside reach higher L values
than those in other sectors, indicating a sunward-wrap-
ping outward extension from the duskside.

The electron densities of plumes typically concen-
trate in the range of 60 — 90 cm . Both Ne mean and
Ne max peak near L = 5 — 6 and decrease outward, indi-
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Fig. 8 MLT distribution of plasmaspheric plumes at L<7
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cating that plumes become progressively diluted as they
extend outward. Among the four MLT sectors, plumes
on the duskside exhibit the largest occurrence rates, elec-
tron densities, and AL. Both G|, and G, generally de-
crease with increasing L and exhibit a clear dawn-dusk
asymmetry, with steeper gradients on the dawnside and
weaker gradients on the duskside for L > 6.

Morphologically, most plumes have AL between
0.2 and 1.0. Plume density increases with AL, implying
that the electron density of plumes decreases more rapid-
ly than AL during plume evolution. In addition, the most
probable MLT of plume exhibits a dusk-to-prenoon dis-
placement.

These results provide a comprehensive characteri-
zation of the spatial, density, and morphological proper-
ties of detached plasmaspheric plumes across the magne-
tosphere, offering quantitative constraints that can guide
future investigations of plume formation, transport, and
their influence on magnetospheric dynamics. The results
may also provide essential inputs for improving global
magnetospheric models, particularly those involving
mass loading, convection dynamics, and wave-particle
interactions.
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