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Abstract. The name “plume” has been given to a variety
of plasma structures in the Earth’s magnetosphere and iono-
sphere. Some plumes (such as the plasmasphere plume) rep-
resent elevated plasma density, while other plumes (such as
the equatorial F region plume) represent low-density regions.
Despite these differences these structures are either directly
related or connected in the causal chain of plasma redis-
tribution throughout the system. This short review defines
how plumes appear in different measurements in different
regions and describes how plumes can be used to under-
stand magnetosphere–ionosphere coupling. The story of the
plume family helps describe the emerging conceptual frame-
work of the flow of high-density–low-latitude ionospheric
plasma into the magnetosphere and clearly shows that strong
two-way coupling between ionospheric and magnetospheric
dynamics occurs not only in the high-latitude auroral zone
and polar cap but also through the plasmasphere. The paper
briefly reviews, highlights and synthesizes previous studies
that have contributed to this new understanding.

Keywords. Ionosphere (ionosphere–magnetosphere in-
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1 Introduction

There are three main classes of plumes that are described
in the literature: plasmaspheric plumes observed in the in-
ner magnetosphere, storm-enhanced density (SED) plumes
observed in the midlatitude ionosphere (primarily the top-
side ionosphere) and equatorial plumes (also called bubbles,
bite-outs or depletions) observed in the F region equatorial

ionosphere and associated with spread F. Plasmaspheric and
SED plumes are defined as high-density regions, while equa-
torial plumes are low-density regions. Each of these phe-
nomena was discovered by multiple diagnostic techniques
independently. However, over the last 15 or so years they
have been connected to each other by using multi-instrument
studies (primarily the NASA IMAGE EUV (Inner Mag-
netopause to Aurora Global Experiment Extreme Ultravio-
let Imager) instrument, global arrays of Global Positioning
System (GPS) dual-frequency receivers, incoherent scatter
radars and a suite of satellites able to measure the low-energy
plasma in the inner magnetosphere) and the first two-way
coupled magnetosphere–ionosphere global models. This pa-
per will first briefly describe each of the different plumes in-
dependently (starting from the largest scale and moving to
smallest scale and from the magnetosphere to the ionosphere)
and then will synthesize the literature that has led to a new
understanding of magnetosphere–ionosphere (MI) coupling.
What is now clear is that plumes connect the equatorial F re-
gion ionosphere to the dayside magnetopause and the night-
side magnetotail plasma sheet (e.g., Su et al., 2001a, b; Hor-
vath and Lovell, 2011; Walsh et al., 2014a, b; Foster et al.,
2014). Through the formation and evolution of the different
plumes, they impact wave generation and wave–particle in-
teractions (e.g., Summers et al., 2008; Chen et al., 2012; Hal-
ford et al., 2015), particle precipitation (Spasojević and Fuse-
lier, 2009; Yuan et al., 2011, 2013), ion outflow (e.g., Zeng
and Horowitz, 2008; Tu et al., 2007), local-time asymme-
tries in ULF wave field-line resonance (FLR) signatures (e.g.,
Archer et al., 2015; Ellington et al., 2016), satellite commu-
nication and navigation systems (Ledvina et al., 2004; Basu
et al., 2005; Datta-Barua et al., 2014), and even the coupling
efficiency of the solar wind to the magnetosphere (Borovsky
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and Denton, 2006; Borovsky et al., 2013; Ouellette et al.,
2016; Fuselier et al., 2016). Though we now have a new
appreciation and understanding of plumes, there are still
many unanswered questions on their formation (e.g., Kel-
ley et al., 2004; Horvath and Lovell, 2011; Zou et al., 2013,
2014; Borovsky et al., 2014) and impact on global magne-
tospheric dynamics (Borovsky et al., 1997; McFadden et al.
2008; Walsh et al., 2014, 2015). We propose that the shift
in our conceptual understanding of the plasmasphere (Car-
penter and Lemaire, 2004) now needs to extend down to the
ionosphere and include a framework that connects the three-
dimensional plasmasphere–ionosphere–magnetosphere sys-
tem. This short review highlights and synthesizes work per-
formed since the launch of the IMAGE spacecraft in 2000
that has enabled the development of the validation of our un-
derstanding of the flow of dense plasma from the equatorial
ionosphere into the Earth’s plasma sheet.

2 Plasmaspheric plume

A dawn–dusk asymmetry in the shape of the plasmapause
was observed in the earliest investigations of the plasmas-
phere (e.g., Carpenter, 1966) and was referred to as the dusk-
side bulge (e.g., Chappell, 1974). Regions of high-density
plasma were also observed beyond the plasmapause in the
earliest high-inclination low-Earth orbit (e.g., Taylor et al.,
1970, 1971) and equatorial elliptical and geosynchronous or-
bit satellite missions (e.g., Chappell, 1974; Higel and Lei,
1984; McComas et al., 1993). These were called plasmas-
pheric “tails” (Chappell, 1975; Maynard and Chen, 1975)
or detached plasma or blobs (e.g., Chappell et al., 1970).
Ober et al. (1997) were the first to call these features plumes
in a paper’s title. Soon after their observation, there were a
number of modeling studies that suggested they were formed
by dynamic sunward convection electric fields peeling away
the outer layers of the plasmasphere forming the bulge and
long tails towards the dayside magnetosphere (e.g., Chen and
Wolf, 1972; Chen and Grewbowsky, 1978; Lemaire, 2000;
Nishida, 1966).

Figure 1 shows an observation of three successive orbits of
the Combined Release and Radiation Effects Satellite (CR-
RES) in the same local-time sector, showing the appearance
of density structure beyond the main plasmapause (Moldwin
et al., 2004). CRRES had a 10 h orbit, so significant differ-
ences in the high-density distribution are observed from one
orbit to the next as well as significant outward radial mo-
tion of the innermost plasmapause location. The launch of
the IMAGE EUV instrument enabled for the first time global
observations of the plasmasphere and the dynamic formation
and evolution of plasmaspheric plumes (e.g., Sandel et al.,
2003; Goldstein, 2004; Goldstein, 2006). Figure 2 shows a
sequence of IMAGE EUV-inferred plasmapause and plume
locations as a function of time (Spasojević et al., 2003). The
images are approximately an hour apart and show the west-

Figure 1. CRRES plasma-wave-inferred plasma density profiles of
three successive orbit legs passing through the same local-time sec-
tor. Note the innermost plasmapause moves from L of 3 to 3.4 to 4
and that dense plasma structure appears over the 30 h of the three
orbits (from Moldwin et al., 2004).

ward edge of the bulge co-rotate towards the dusk sector,
while the eastward edge of the plume stays nearly fixed in
the dusk sector, resulting in a narrowing and elongation into
a tail-like feature reminiscent of the initial magnetohydrody-
namic (MHD) modeling done in the 1970s.

Over the years, using a wide variety of measurement tech-
niques, the general properties and characteristics of plumes
have been determined. They are often long-lived, being ob-
served for days at geosynchronous orbit (e.g., Borovsky et
al., 2014), are usually narrow in longitude and appear at all
longitudes/MLT (e.g., Moldwin et al., 1994), can have signif-
icant structure (e.g., Moldwin et al., 1994, 1995; Darrouzet,
et al., 2008; Sibanda et al., 2012), and can exist at any level
of geomagnetic activity – though they are primarily associ-
ated with enhancements in activity (though not necessarily
storms) (Moldwin et al., 2004). Figure 3 shows the occur-
rence of plumes observed by CRRES as a function of the Kp
index compared to the distribution of Kp observed during
the CRRES mission lifetime. The figure shows that plumes
primarily occur for enhanced levels of Kp (> 3) but can be
observed at all levels of activity.

Many recent simple and sophisticated models of the inner-
magnetosphere plasma distribution have had success in ex-
plaining the formation, dynamics and complex structure of
plasmasphere plumes (e.g., Goldstein et al., 2005b, 2014;
He et al., 2013; Ridley et al., 2014; Nakano et al., 2014).
These models all show plume formation though they take
a variety of approaches by either modeling the ionosphere–
plasmasphere system or the inner magnetosphere. One ex-
ample of the outcome of the modeling studies is the demon-
stration of the clear role of MI coupling has on the formation
and evolution of plumes. Goldstein et al. (2003, 2005b) ex-
amined the role that sub-auroral polarization streams (SAPS)

Ann. Geophys., 34, 1243–1253, 2016 www.ann-geophys.net/34/1243/2016/



M. B. Moldwin et al.: The story of plumes 1245

Figure 2. Plasmapause locations inferred from IMAGE EUV observations from 26–27 June 2001, showing the formation of a plasmaspheric
plume and a morningside shoulder (from Spasojević et al., 2003).

Figure 3. The distribution of Kp during the entire CRRES mission
(blue bars) and for intervals when CRRES observed plasmaspheric
plumes beyond the innermost plasmapause (from Moldwin et al.,
2004).

have on plume formation and structure. SAPS are regions in
which large ionospheric electric fields are observed and are
due to region 2 field-aligned current (FAC) through the low-
conductivity midlatitude trough region (e.g., Foster and Vo,
2002). Inclusion of a dusk-side SAPS feature in their model,
clearly helped reproduce the observed plume structure better
than the inclusion of only simple global convection electric
fields.

3 SED plume

An increase in ionospheric density in the aftermath of ge-
omagnetic disturbances at midlatitudes has been long ob-
served (see review by Mendillo, 2007). The earliest studies
identified the recurrent feature of a “positive phase” (den-
sity enhancement) routinely in the dusk sector (and hence
often called the positive-phase dusk effect and more recently
storm-enhanced density (SED)). This was initially observed
in single-station ionosondes, then radio beacons, then ISR
(e.g., Foster, 1993), then GPS networks (e.g., Coster and
Skone, 2009) and then sophisticated data assimilation mod-
els combining many different datasets (e.g., Garner et al.,
2005). As multipoint measurements became more common
(e.g., Su et al., 2001b), the name plumes began to appear,
and with the seminal work of Foster et al. (2002) connect-
ing the ionospheric SED signature with the plasmaspheric
plume feature, the term SED plume began to appear regu-
larly (e.g., Yizengaw et al., 2006; Foster, 2008). These SED
plumes are observed in all MLT sectors but are preferen-
tially observed in the American sector due to the tilt of the
dipole geomagnetic field (e.g., Foster et al., 2008; Yizengaw
et al., 2006; Coster et al., 2007; Thomas et al., 2016). The
largest values of TEC are also observed in the American sec-
tor (Coster et al., 2007). Like plasmaspheric plumes, SED
ionospheric plumes are associated with geomagnetic storms
and enhanced geomagnetic activity.

www.ann-geophys.net/34/1243/2016/ Ann. Geophys., 34, 1243–1253, 2016
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Figure 4. An IMAGE EUV plasmasphere image and the coincident GPS TEC map over North America showing that the boundary of the
SED plume (red lines) matches the boundary of the location of the plasmaspheric plume (from Foster et al., 2002).

Figure 4 shows the observational evidence showing that
plasmaspheric plumes and SED plumes are the ionospheric
and magnetospheric manifestations of the flow of low-L/low-
latitude high-density plasma to higher-L/latitudes and was
obtained by combining IMAGE EUV observations of the
plasmaspheric plume with TEC observations of the iono-
spheric SED plume (Foster et al., 2002). This paper unam-
biguously connected SED ionospheric plumes with plasma-
spheric plumes and showed that a new three-dimensional
topside ionosphere–plasmasphere–magnetosphere flux tube
conceptual framework is needed to understand plasma redis-
tribution within the MI system.

Further evidence connecting the two features was also
presented by combining the IMAGE EUV observation of
the plume with the in situ density observation taken dur-
ing the subsequent fly-through of the plume at a lower al-

titude (e.g., Garcia et al., 2003). Figure 5 shows a schematic
of the field-aligned flux tube high-density regions mapping
to the equatorial plane picture of the plasmaspheric plume
taken by IMAGE EUV. The high-density regions labeled A
and B are also indicated in the Radio Plasma Imager (RPI)
plasma wave spectrogram inset. In addition, Yizengaw and
Moldwin (2005) combined tomographic reconstructions of
ionospheric density profiles with the mapped location of the
plasmapause as determined by IMAGE EUV and showed
that the ionospheric midlatitude trough at F region and top-
side ionosphere altitudes is collocated with the plasmapause
(Fig. 6). Numerous subsequent observations of in situ plas-
maspheric plume density associated with ionospheric SED
plume enhancements have been made by satellites in low-
Earth orbit (e.g., Lin et al., 2007) and the Van Allen probes
(e.g., Foster et al., 2014). These studies found that the iono-
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Figure 5. A schematic of the flux tube mapping of the IMAGE EUV plasmasphere (a) and the plasmaspheric plume (b) overlaid on the
IMAGE EUV image projected onto the equatorial plane. After the image was taken, the IMAGE RPI instrument sampled this region during
its inbound orbit pass and observed the density structure shown in the inset. Note that there is a clear plume (b) at higher L than the main
plasmasphere (a) (from Garcia et al., 2003).

spheric and plasmaspheric plumes have similar behavior in
their density variability and location of the steep density gra-
dients indicating that the SED ionospheric plumes maps into
the ionosphere. Coster et al. (2003) and Yuan et al. (2009)
determined the vertical altitude density profile within a SED
plume and found that about half of the total TEC is above
800 km (Fig. 7), showing that SED plumes contain redis-
tributed plasma (not just enhanced F region peak densities)
and are clearly connected to the dense plasmaspheric plasma
in the magnetosphere. The topside “heavy” distribution of
the SED plume shows that the plasma is due to the redistribu-
tion of uplifted F region plasma and also downflowing plas-
maspheric plasma (e.g., Bailey and Sellek, 1992). A mod-
eling study showed the complex interplay of plasma flows
in the generation of super-fountain effect equatorial dynam-
ics (Lu et al., 2013) that can create enhanced and higher-
latitude equatorial anomaly features that can connect to SED
features. Recent studies by Zou et al. (2013, 2014) using mul-
tiple instruments, in particular the Poker Flat incoherent scat-
ter radar (PFISR), as well as Zou and Ridley (2016), using

the Global Ionosphere–Thermosphere Model (GITM), high-
lighted the importance of the interplay among the convection
flows, thermospheric winds and ambipolar diffusion within
the SED plume in determining the density structures within
the plume and the fate of the plume. Downward plasma flows
within the plumes were reported on the dayside ionosphere
due to a combination of enhanced poleward thermospheric
winds and enhanced ambipolar diffusion (Zou et al., 2014,
2016).

As the SED density convects poleward towards the cusp
(in the ionosphere) and sunward towards the dayside magne-
topause (in the magnetosphere), a plume of high density is
observed in the polar cap ionosphere (e.g., Steele and Cog-
ger, 1996; Foster et al., 2005) and at high altitudes on open
field lines over the polar cap (e.g., Tu et al., 2007). This so-
called tongue of ionization (TOI) connects the plume with
cusp ion outflow (e.g., Zeng and Horowitz, 2008; Walsh et
al., 2014b) and dense ionospheric density contributions to
the plasma sheet (e.g., Elphic et al., 1997; Borovsky et al.,
1997).
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Figure 6. The GPS TEC tomographic reconstruction of a merid-
ional cross section of the midlatitude to polar cap ionosphere
showing the main F region ionosphere, midlatitude trough region
and auroral precipitation-enhanced densities. The dotted line la-
beled plasmapause was extracted from the concurrent plasmapause
location from IMAGE EUV. The top panel shows the topside
ionosphere–plasmasphere transition height (with different color
bar) (from Yizengaw and Moldwin, 2005).

There has been considerable modeling of the ionospheric
SED plume (e.g., Lin et al., 2005) and of the plasmas-
pheric plume (e.g., Huba and Krall, 2013), but recently
the first self-consistent model of the ionosphere and mag-
netosphere electric field drivers has been done with the
SAMI3-RCM simulation of the 31 March 2001 geomag-
netic storm (Huba and Sazykin, 2014). Figure 8 shows the
projection of electron density in the equatorial plane and a
synthetic global TEC map showing how the plasmaspheric
plume maps to the ionospheric SED plume. The model
used inner-magnetospheric electric fields from the Rice Con-
vection Model (RCM) to drive the SAMI3 (another model
of the ionosphere) ionosphere–plasmasphere system self-
consistently and found that the penetration electric fields cre-
ated the SED at low and midlatitudes and this ionospheric

Figure 7. A vertical density profile in a SED plume at 17:45 UT
(solid line) observed with the Millstone Hill incoherent scatter radar
on 20 November 2003 compared with a quiet-time reference profile
taken on 19 November 2003 (dashed line). Note that the topside
ionosphere is greatly enhanced (from Yuan et al., 2009).

structure mapped to the plasmaspheric plume in the equato-
rial magnetosphere.

4 Equatorial plasma plumes

The equatorial ionosphere is often considered disconnected
from the rest of the magnetosphere since the geomagnetic
field threads the ionosphere horizontally. However, it has
been well known that storm time electric fields can pene-
trate to the equatorial region, enhancing the equatorial elec-
trojet driving a vertical uplift of the plasma and through the
fountain effect creating the equatorial anomalies (e.g., Abdu,
1997; Tsurutani et al., 2004) (Fig. 9). The term anomaly was
given to these regions as it was originally expected that the
peak ionospheric density should be at the subsolar point, but
instead it was observed that there was a minima at the equator
and two peaks of enhanced density at about ±15◦ off the ge-
omagnetic equator (Appleton, 1946). The equatorial anoma-
lies are regions of enhanced ionospheric density that are of-
ten observed in the dayside through the dusk sector and are
modulated by geomagnetic activity and neutral winds (e.g.,
Abdu et al., 1991). The anomalies arise due to an E×B up-
lift of the F region plasma due to an equatorial horizontal
electric field. The lifted plasma then settles gravitationally
along the magnetic field at higher latitudes. In addition, the
uplift of the equatorial ionosphere due to enhanced E fields
at dusk often sets off plasma instabilities (e.g., Basu et al.,
1980; Kelley et al., 2011) that gives rise to low-density bub-
bles or plumes. Note that in this context the terms bubble
and plumes are used to describe low-density regions and the

Ann. Geophys., 34, 1243–1253, 2016 www.ann-geophys.net/34/1243/2016/



M. B. Moldwin et al.: The story of plumes 1249

Figure 8. The storm time (top) plasmasphere showing color contours of density and black line contours of electric potential. The red triangles
show where the TEC = 50 TECU maps to the equatorial plane. The (bottom panel) ionosphere shows color contours of the TEC, and the
black contour line is where TEC= 50 TECU (from Huba and Sazykin, 2014).

plasma motion associated with these regions (e.g., Bernhardt,
2007; Krall et al., 2010). Some of the small-scale density
structures have been suggested to be convected to midlati-
tudes in the SED plumes, giving rise to midlatitude irregular-
ity as well (e.g., Horvath and Lovell, 2011).

During large storms, the F region ionosphere can be lifted
to very high altitudes, giving rise to the so-called super-
fountain effect (e.g., Lu et al., 2013) and extreme values of
TEC at midlatitudes by moving the equatorial anomaly fur-
ther poleward (e.g., Mannucci et al., 2005). During super-
storms, this redistribution of dense equatorial plasma to mid-
latitudes (and from the inner plasmasphere to the outer plas-
masphere) enables this plasma to be caught up in the sunward
convection flow forming the midlatitude SED and plasmas-
pheric plume. The common sunward convection trajectories
of these two dense plasma regions further demonstrate their

connection (e.g., Foster et al., 2007). The mapping of iono-
spheric SAPS electric fields to the outer edge of the plasmas-
pheric plume also demonstrate the connection (e.g., Foster et
al., 2007; Goldstein et al., 2005b; Lin et al., 2007). Since the
equatorial dense plasma reaches the midlatitudes through the
fountain effect, it is distributed along the flux tube at a higher
altitude than the “normal” F region peak, giving rise to the
heavy topside density distribution. The enhanced density in
the plasmaspheric plumes and SEDs continue to E×B drift
sunward impacting the dayside magnetopause (e.g., Walsh et
al., 2014) and forming the so-called TOI over the polar cap
(e.g., Thomas et al., 2013).
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Figure 9. The equatorial ionosphere showing the flow pattern as-
sociated with the fountain effect of moving low-altitude equatorial
plasma to a higher altitude (from Blitza, 2016).

5 Conclusions

The story of the plume family developed over the last
15 years or so is the story of more fully understanding
magnetosphere–ionosphere coupling. We now have evidence
(both observational and modeling) to show that there is a re-
distribution of plasma from the equatorial ionosphere into the
outer plasmasphere that participates in inner-magnetospheric
convection to the dayside magnetopause and cusp region.
This cold, dense plasma modulates dayside reconnection,
plasma and ULF wave generation and propagation, and truly
connects the topside ionosphere and magnetosphere through
ion outflow, contributing to the mass density of the magne-
totail plasma sheet. As reviewed above, a significant number
of studies published over the last 15 years demonstrate that
plumes tell us that there is strong two-way coupling between
the magnetosphere and ionosphere during geomagnetic ac-
tivity – not only does the ionosphere respond to magneto-
spheric forcing during storms, but through its impact on wave
generation, wave–particle interactions, ion outflow and mass
loading at the dayside magnetopause and in the magneto-
tail, dense plasma plumes modulate the subsequent magne-
tospheric dynamics.

6 Data availability

No original data are described in this review paper. All data
presented have been published previously.
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