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[1] The properties of plasmaspheric drainage plumes are examined using cold-plasma

measurements in geosynchronous orbit. During high-speed stream-driven storms, 210
plume crossings are collected and statistically analyzed. Plumes that persist for 4 days are
common, which was the duration of our search. Plumes weaken with age, becoming
narrower in local time with plasma that becomes less dense. Cold-plasma flow velocities are
sunward in the plumes, with flow speeds decreasing as the storms progress. Plumes transfer
typically 2  1026 ions/sec (1.2 ton/hr of protons) when they are young, and the rate of
transport decreases with plume age. A total of approximately 2  1031 ions (34 tons of
protons) are transported via plumes in the life of a storm. About half of the outer
plasmasphere is drained in the first 20 hours of a storm. Large density fluctuations in the
plumes indicate that the drainage plumes are lumpy, and large velocity fluctuations of the
plasma flow indicate that the drainage plumes may be turbulent. Because of their
persistence, drainage plumes are anticipated to be a regular feature of any ongoing
geomagnetic storm.
Citation: Borovsky, J. E., and M. H. Denton (2008), A statistical look at plasmaspheric drainage plumes, J. Geophys. Res., 113,
A09221, doi:10.1029/2007JA012994.

1. Introduction
[2] The plasmasphere is a cold (eV) dense plasma that
resides in the dipolar portions of the Earth’s magnetosphere [Lemaire and Gringauz, 1998]. The outer portions
of the plasmasphere build up and drain away with geomagnetic-activity changes [e.g., Chappell et al., 1971;
Carpenter et al., 1993; Elphic et al., 1997; Sandel and
Denton, 2007]. During recurrent high-speed-stream-driven
storms the outer plasmasphere goes through an episodic
cycle of slowly building up in density and then rapidly
draining (see Figure 1). The buildup of cold plasma to
form the outer plasmasphere is caused by the diffusion of
ionospheric plasma into magnetospheric flux tubes [e.g.,
Wilson et al., 1992; Bailey et al., 1997]. Building to a
substantial density in the magnetosphere requires two or
three days [Sojka and Wrenn, 1985; Lawrence et al., 1998;
Su et al., 2001a], during which times the flux tubes must
remain on closed drift orbits in the magnetosphere. Close
to the Earth, the flux tubes of the magnetosphere corotate
with the Earth’s ionosphere; here the E  B-drift paths of
cold plasma remain within the magnetosphere making
cyclic orbits around the Earth. Where the flux tubes remain
in the magnetosphere for days or more, cold plasma builds
up within them and they become plasmaspheric flux tubes.
Further from the Earth the cold-plasma drift orbits are not
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confined within the magnetosphere and cold plasma does
not build up to high densities since these flux tubes are
short-lived. During geomagnetic quiet times the boundary
between open and closed drift paths is farther from the
Earth than it is during active times [e.g., Ejiri, 1978; Spiro
et al., 1981]. Consequently, the quiet-time plasmasphere
extends out to larger radii (higher L shells) than does the
active-time plasmasphere [Carpenter and Park, 1973;
Horwitz et al., 1990]. If geomagnetic activity is quiet for
two or three days, the build up to high density will occur
to radii beyond geosynchronous orbit and a robust outer
plasmasphere will thus be formed (Figure 1b).
[3] When geomagnetic activity (i.e., magnetospheric
convection) increases substantially, the outer plasmasphere
will be ‘‘drained’’. A consistently occurring phenomenon
during a drainage event is the plasmaspheric drainage
plume, a swath of high-density (sometimes greater than
100 cm3) cold plasma that flows from the inner magnetosphere to the dayside reconnection site (Figure 1c).
Large drainage events occur when magnetospheric convection becomes strong after a long lull in geomagnetic
activity. The best examples of this are in the early phases
of geomagnetic storms that have been preceded by calm
intervals [Borovsky and Steinberg, 2006; Denton and
Borovsky, 2008]. About 66% of all high-speed-streamdriven (CIR-driven) storms and about 38% of all CMEdriven storms satisfy these conditions [Borovsky and
Denton, 2006a]. These drainage plumes, intercepted by
spacecraft at geosynchronous orbit (6.6 RE), are the subject
of this statistical study.
[4] Figure 2 contains two plots of the number density of
cold plasmaspheric plasma as functions of the radial distance from the Earth in the equatorial plane from a model of
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Figure 1. To demonstrate the gross behavior of plasmasphere as seen at geosynchronous orbit, the cut
of the equatorial plane of the magnetosphere is sketched during three different times: (a) when
geomagnetic activity is at normal levels, (b) when geomagnetic activity has been very low for a few days,
and (c) well into a geomagnetic storm. In each, the outer black curve is the magnetopause, the inner solid
circle is the Earth, and the larger dashed circle is geosynchronous orbit. The locations of the cool dense
plasmaspheric plasma are shaded. Note in Figure 1c that a plasmaspheric drainage plume flows from the
inner plasmasphere to the dayside reconnection site.
the plasmasphere by Gallagher et al. [1995]. The plot in the
left panel is for prolonged weak geomagnetic activity and
the plot in the right panel is for strong geomagnetic activity.
By integrating these density values over the volumes of the
dipolar flux tubes (assuming the plasmasphere fills the flux
tubes with constant density to high latitudes), one finds that
the hydrogen plasma of the ‘‘filled’’ plasmasphere during
prolonged low activity has a mass of about 7  107 g (about
70 metric tons) and the hydrogen plasma of the ‘‘drained’’
plasmasphere during high activity has a mass of about 4 
107 g (about 40 metric tons). Hence, when the outer
plasmasphere drains, about 40 tons of protons are transported via the drainage plume. (Note that the drainage
plume also conducts substantial amounts of He+ and O+
to the dayside neutral line.) This 40 tons of protons dwarfs

the mass of the hot plasmas of the magnetosphere, which
are a few tons of protons.
[5] There are two important consequences to the fact that
plasmaspheric plasma flows from the inner magnetosphere
to the dayside reconnection site. Because it is cold plasma
that moves only by E  B drift, the plasmaspheric plasma
goes where the magnetic-field lines go, which is to the
dayside reconnection site. Indeed, plasmaspheric-drainageplume plasma has been observed by spacecraft against the
magnetopause [Elphic et al., 1996] and in the dayside
reconnection site [Borovsky et al., 1997a; Su et al., 2000].
First, the fact that plumes cut across all L shells on the way
to the reconnection site means that during geomagnetic
storms there is some cold dense plasma on all L shells.
Hence during storms plasma waves that favor dense cold

Figure 2. The cool-ion density of the plasmasphere is plotted as a function of L shell (after Gallagher et
al. [1995] and see also Borovsky and Steinberg [2006]). The left is for a fully filled plasmasphere during
an interval of weak geomagnetic activity; the right is for strong geomagnetic activity where the outer
plasmasphere has been drained off.
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plasma can reside at all L shells. These plasma waves can
impact the scattering and energization of radiation-belt
particles. Three candidate plasmaspheric waves that can
pitch-angle scatter relativistic electrons are plasmaspheric
hiss [Horne et al., 2003; Meredith et al., 2004], whistlermode chorus [Tsurutani and Smith, 1974, 1977; Smith et al.,
2004; Summers et al., 2004], and electromagnetic ioncyclotron (EMIC) waves [Summers and Thorne, 2003;
Meredith et al., 2003]. Plasmaspheric hiss has been observed
within plasmaspheric drainage plumes [Chan and Holzer,
1976; Hayakawa et al., 1986], whistler-mode chorus is
theoretically expected to grow within plumes [Pasmanik et
al., 1998], and EMIC waves are theoretically expected to
grow within plumes [Kovalevskiy, 1980, 1981] and there is
indirect evidence for them within plumes [Spasojevic et al.,
2004]. Suspecting that plasma waves residing within the
multitude of density gradients in clumpy drainage plumes
will pitch-angle scatter relativistic electrons each time the
electrons drift through the plume, Borovsky and Steinberg
[2006] found that dropouts of the number density of relativistic electrons at geosynchronous orbit (with median durations of 11 hours) often coincided with confirmed spacecraft
sightings of plasmaspheric drainage plumes.
[6] Second, the fact that the drainage plumes flow into the
dayside reconnection site means that the dense plasmaspheric plasma can mass load dayside reconnection, reducing solar wind/magnetosphere coupling. This reduction of
the coupling by drainage plumes was statistically observed
in solar wind/magnetosphere data comparisons [Borovsky
and Denton, 2006b] and was observed in 3D MHD simulations of the solar-wind-driven magnetosphere [Borovsky et
al., 2008].
[7] A still outstanding question is where does the plasmaspheric-plume plasma go after the flux tubes are opened by
dayside reconnection [Freeman et al., 1977; Elphic et al.,
1997; Su et al., 2001b] and does this drained plasma impact
the mechanics of the magnetosphere [Borovsky et al., 2008;
Borovsky and Steinberg, 2006].
[8] Plasmaspheric drainage plumes are of interest for
their roles in ring-current evolution [Thorne et al., 2006;
Jordanova et al., 2007] and radiation-belt dynamics
[Borovsky and Steinberg, 2006; Thorne et al., 2006;
Borovsky and Denton, 2008, 2006b] and for their effect
on solar wind/magnetosphere coupling [Borovsky and
Denton, 2006b; Borovsky, 2008; Borovsky et al., 2008].
There is also substantial interest in the ionospheric
signatures of drainage plumes [Su et al., 2001c; Foster
et al., 2002, 2007; Spasojevic et al., 2004].
[9] Certainly, some things are known about plasmaspheric drainage plumes. They occur during elevated magnetospheric convection [Spiro et al., 1981], during both
high-speed-stream-driven storms [Borovsky et al., 1998]
and CME-driven storms [Thomsen et al., 1998], and their
local-time positions can be predicted with simple magnetospheric-convection models [Weiss et al., 1997]. The cold
plasma in the plumes flows sunward [Borovsky et al., 1998;
Matsui et al., 1999; Goldstein et al., 2004; Denton and
Borovsky, 2008], the plumes reach the dayside magnetopause [Elphic et al., 1996] and cold plasma flows into the
magnetopause reconnection site [Borovsky et al., 1997a; Su
et al., 2000]. Drainage plumes are wider and have higher
plasma densities in storms with calms before the storms than
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they are in storms without prior calms [Denton and Borovsky,
2008]. The plasmas in plumes are strongly clumped
[Spasojevic et al., 2003; Moldwin et al., 2004; Goldstein et
al., 2004]. Plasmaspheric drainage plumes are spatially
associated with plasma waves [Chan and Holzer, 1976;
Hayakawa et al., 1986] and are temporally associated with
radiation-belt dropouts [Borovsky and Steinberg, 2006]. Still,
very little is known quantitatively about the properties of
plasmaspheric drainage plumes.
[10] In this report plasmaspheric drainage plumes measured by the MPA plasma analyzers in geosynchronous
orbit will be statistically analyzed to gain a baseline knowledge about the properties of the drainage plumes. Information about the densities, widths, plasma flow velocities,
mass fluxes, and lumpiness of plumes will be obtained;
measurements of the amount of plasma transport in the
plumes will be made; and information about the temporal
evolution and durations of the plumes will be obtained.
[11] This manuscript is organized as follows. In section 2
the plasma instrumentation used to measure drainage
plumes and the selection of events is discussed. Section 3
contains the main findings of the statistical survey of 210
satellite crossings of plasmaspheric drainage plumes. Section 4 contains a discussion of turbulent flow in drainage
plumes and contains suggestions for future research. The
findings are summarized in section 4.

2. Drainage Plumes as Observed at
Geosynchronous Orbit
[12] Plasmaspheric drainage plumes are analyzed using
the multispacecraft MPA instruments [Bame et al., 1993]
in circular geosynchronous orbits (6.6 RE) at the geographic equator. The MPA instruments measure three-dimensional ion and electron distribution functions every
86 seconds over the energy range 1 eV to 40 keV. Each
distribution function is acquired in 10 seconds. The
geosynchronous spacecraft charge negatively with respect
to the ambient plasma enabling efficient analysis of the
cool-ion populations of the magnetosphere. For a detailed
analysis of this negative spacecraft charging, see Borovsky
et al. [1998] and Thomsen et al. [1999]. In this study,
moments of the distributions of plasmaspheric ions will be
used, specifically the number density n, the east – west
flow velocity vew, and the radial flow velocity vr. The MPA
instruments are energy analyzers and cannot discern the
ionic composition of the plasmasphere, which varies with
F10.7 and with the solar cycle [Brace et al., 1968; Newberry
et al., 1989; Craven et al., 1997]; moments of the measured
distributions are produced by assuming all ions collected are
protons [Thomsen et al., 1999]. If the ionic composition of
the plasmasphere is 70% H+, 20% He+, and 10% O+ [e.g.,
Figure 4.8 of Lemaire and Gringauz, 1998], then the actual
plasma number density is 1.21 times the value produced by
MPA. Also, for the same ionic composition, the actual flow
velocities would be 0.825 times the MPA-produced flow
velocities.
[13] Decades of observations of the cold plasma at
geosynchronous orbit have produced a systematic picture
of the gross behavior of the plasmasphere as a function of
geomagnetic activity, a picture that largely agrees with
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Figure 4. For 1.5 days prior to a storm onset and for 3 days afterward, the cold-plasma number density
measured by one satellite in geosynchronous orbit is plotted as a (top) function of time, and the (bottom)
Kp index is plotted. Drainage-plume crossings 37, 38, and 39 from the plume-crossing collection are seen
in the top.
models and simulations [e.g., Lambour et al., 1997; Weiss et
al., 1997; Liemohn et al., 2006; Jordanova, 2006]. That
picture is described as follows, with a caution to the reader
that details of the behavior are left out. (For examples of
deviations from the gross behavior described below see
Carpenter et al. [1993], Moldwin et al. [1994], Hoogeveen
and Jacobson [1997], Dent et al. [2003], Goldstein et al.
[2003], and Sandel and Denton [2007].) When geomagnetic
activity is at normal levels, a satellite in geosynchronous
orbit encounters the plasmasphere once per day for a few
hours of local time near dusk [e.g., Chappell et al., 1970;
Higel and Lei, 1984]. This is sketched in Figure 1a and is
shown in the 24-hour (one-orbit) MPA energy spectrogram
in the top panel of Figure 3. In the spectrogram, ion energy
fluxes are plotted in color as function of the ion energy
(vertical axis) and time (horizontal axis). The spacecraft is at
local midnight at 2.7 hrs UT and is at local noon at 14.7 hrs

UT. On this day, the Kp index varies from 2 to 4. As can
be seen in Figure 3, the cold ions of the plasmaspheric bulge
are encountered from about 15.5 – 22 UT (which is, about
13 – 19 LT). (Note in the spectrograms of Figure 1 that the
negative spacecraft potential pulls the cold ions in to an
energy >10 eV.) In a previous study of the cold plasma
detected by MPA during elevated convection intervals
Denton et al. [2005] found that the local-time width of
the bulge is a function of Kp, decreasing as convection
levels increased. When geomagnetic activity has been very
low for a day or so, the outer plasmasphere builds up and a
satellite at geosynchronous orbit spends most of the day
within the plasmasphere [e.g., Sojka and Wrenn, 1985; Su et
al., 2001a]. This is sketched in Figure 1b and is shown in
the middle ion spectrogram of Figure 3. During storm times
the outer plasmasphere is stripped away by convection and
drains via a plume across the dayside magnetosphere, as

Figure 3. Ion energy spectrograms for the MPA instrument onboard the spacecraft 1990-095 are shown for 3 days: in the
top for a day with an ordinary level of geomagnetic activity (bulge); in the middle, for a day with very low geomagnetic
activity (filled outer plasmasphere); and in the bottom, for a day during a storm (drainage plume).
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Figure 5. Four drainage plumes of various ages are shown.
sketched in Figure 1c. During these times a satellite in
geosynchronous orbit crosses through the drainage plume
once a day in the noon-to-dusk sector. This is shown in the
bottom spectrogram of Figure 3. Note that drainage plumes
(bottom spectrogram) are lumpier than bulge regions (top
spectrograms), i.e., the density is very variable. The drainage plume plasma is also convecting sunward.
[14] In Figure 4 the number density of cold plasma as
measured by MPA on one spacecraft in geosynchronous

orbit is plotted for 4.5 days: 1.5 days prior to the onset of a
high-speed-stream-driven storm and 3 days into the storm.
The times at which the satellite is at local noon and local
midnight are indicated at the top of the plot. In the bottom of
Figure 4 the Kp index is plotted. As can be seen in the top
panel, prior to the storm when Kp is very low (a ‘‘calm
before the storm’’) the outer plasmasphere is seen at all local
times. Afterward, during the storm the satellite crosses the
drainage plume once per day, typically just after local noon.

Table 1. Properties of Plasmaspheric Drainage Plumesa
Local-time position
Width
Number density
Corrected number density
Lumpiness
Radial flow velocity
East – West flow velocity
Corrected radial flow velocity
Corrected east – west flow velocity
Ion flux
Total ion number flux
Total ion mass flux

Symbol

Young Plume

Change With Increasing Age

LT
W
n
n*
dn/n
vr
vew
v*r
v*ew
hnvri
dN/dt
dM/dt

15 hr
4 hr
33 cm3
40 cm3
0.57
outward 6 km/sec
westward 10 km/sec
outward 6 km/sec
westward 10 km/sec
2.3  105 cm2 sec1
2.0  1026 ions/sec
1.2 tons/hr

moves duskward
narrows
less dense
less dense
no change
slower
slower
slower
slower
lessens
lessens
lessens

a

In the fit formulas, the age of the plume t is in hours.
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Fit Formula
15 + 0.019t
4.0  0.024t
33 et/78 hr
40 et/78 hr
5.9  0.059t
9.6 + 0.039t
4.9  0.049t
7.9 + 0.032t
2.3  107  2.6  105 t
2.0  1026 et/29 hr
1.2 et/29 hr
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Figure 6. For 210 drainage-plume crossings, the mean value of Kp during each crossing is plotted as a
function of the plume age t. The linear correlation coefficient is Rcorr = 0.32. A linear regression fit to
the t > 0 data is shown as dashed curve.

The numbers on the top-panel plot indicate the number of the
plume crossing in the catalog of crossings (see section 3.1).
The drainage plumes are spotted by their high densities
(tens of cm3) and low temperatures (eV) with strong
sunward flow. With higher resolution, four plumes of
various ages are shown in the four plots of Figure 5: for
easier comparison each plot has the same temporal extent
(6 hours) and the same vertical scale. The drainage plumes
are typically surrounded by broad regions of lower-density
(typically 1 – 5 cm3) warm (tens of eV) plasma. Note in
Figures 4 and 5 that the plumes are ‘‘lumpy’’.

3. Statistics of Drainage Plumes
[15] In this section 210 satellite crossings of plasmaspheric drainage plumes are used to statistically analyze
the properties of drainage plumes at geosynchronous orbit.
The results of the statistical analyses are collected into
Table 1.
3.1. Collection of Plume Crossings
[16] Plasmaspheric drainage plumes during high-speedstream-driven storms are spotted using seven satellites
carrying MPA plasma instruments. The plumes are easily
discerned in the data set (see Figures 4 and 5): they are
characterized by high-density flowing cold plasma. Typically the edges of a plume (entry and exit) are sharp.
Drainage plumes are surrounded by lower-density warm
(tens of eV) plasma. These ‘‘halo’’ regions can be seen in
the logarithmic plot of density in Figure 4. The halo regions
of warm plasma are not included as plumes. A brief
discussion of the halo plasmas is deferred to section 4.
[17] The data set examined to collect drainage plumes is
the data set used for the superposed epoch study of highspeed-stream-driven storms of Denton and Borovsky [2008].
The storms were found by using the McPherron list of solar-

wind stream interfaces [Robert McPherron, personal communication, 2007; McPherron and Weygand, 2006] and
then examining temporal plots of the Kp index for storms
following the stream interfaces. Then, for each storm in the
collection, the onset time of convection (storm onset) is
determined from a drop in MBI (midnight boundary index)
[Gussenhoven and Madden, 1990]. MBI is an excellent
indicator of magnetospheric convection, as is Kp [Thomsen,
2004], but MBI has higher time resolution than the 3-hour
Kp index. The storm onset times were determined to about
30-minute accuracy. For every storm onset, 6 days of MPA
data were extracted from the large MPA data set; the 6 days
are extracted in a manner to guarantee that the data extends
to at least 48 hours prior to the onset (a requirement for
Denton and Borovsky [2008]) and at least 72 hours after the
onset. Beyond 72 hours, a fraction of a day of data exists for
each storm, with the size of that fraction depending on the
UT of the convection onset. Hence the size of the data set
(amount of coverage) is uniform for 2 days prior to the
storm onsets and for 3 days after the onset. The size of the
data set ramps down over the fourth day after onset.
[18] The search for plasmaspheric drainage plumes
resulted in 210 plume crossings (one plume crossed by
one satellite). The plumes are from the years 1993, 1994,
1995, 1996, 2003, and 2004.
[19] The properties of the plumes will be studied chiefly
as functions of the age of the plumes (time since convection
onset of the storm). Since the Kp index typically declines
through the age of a storm, there is a Kp bias versus the age
of the plume. This is noted in Figure 6, where the mean
value of Kp during each plume crossing is plotted as a
function of the mean value of the time since convection
onset for each plume crossing. A linear fit to the data is
shown as the dashed line. The linear correlation coefficient
of the data is Rcorr = 0.37, which is at the 2.8-sigma level
of correlation as compared with random, which is 2/N1/2 =
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Figure 7. The number of drainage plumes found in the data set is binned as a function of the age of the
plumes (bars). The size of the t > 0 portion of the data set searched (in units of percent) is plotted as solid
curve.
0.13 for N = 210 measurements [cf. Hald, 1952]. Figure 6
clearly shows the trend of lower Kp for the crossings of
older plumes.

3.2. Duration of Drainage Plumes
[20] The duration (lifetimes) of the drainage plumes is
examined by looking at the number of drainage plumes
found as a function of the age of the plumes. In Figure 7

Figure 8. For 210 drainage-plume crossings, the mean local-time position of each plume (solid points)
and the local-time width of each plume (hollow points) are plotted as functions of the plume age t. Linear
regression fits to the t > 0 data are shown as dashed curves.
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Figure 9. For 210 drainage-plume crossings, the mean local-time position of each plume (solid points)
and the local-time width of each plume (hollow points) are plotted as functions of the mean value of Kp
during each plume crossing. Linear regression fits to the t > 0 data are shown as dashed curves.

the number of plume crossings in the data set is binned
as a function of the age of the plumes (time since the onset of
convection in the storms). As can be seen, for 72 hours after
onset there is no noticeable falloff in the number of plumes
found. The falloff in the number of plumes seen beyond
72 hours reflects a falloff in the size of the data set searched
for plumes, as noted by the black curve.
[21] It is clear from Figure 7 that drainage plumes can last
for several days if convection in the magnetosphere is
sustained, as it is for high-speed-stream storms. We will
find in later sections that the plumes become weaker
(narrower and less dense) with age, but at the age of 84
hours they are not too weak to be found.
3.3. Plume Local-Time Positions
[22] In Figure 8 the mean local-time position (local-time
location of the center of the plume) of the 210 plume crossings are plotted (solid points) as a function of the mean time
after convection onset. As can be seen, the plumes cross
geosynchronous orbit at 15 LT when they are young, and
move duskward as they age. A linear regression fit (shown as
the dashed curve in Figure 8) for the age > 0 plumes for the
local-time position (in hr) versus age is
LT ¼ 15 hr þ t=53;

ð1Þ

where t is the plume age in hours. This expression is entered
into Table 1.
[23] A Kp bias may explain the local-time trend duskward
as the plumes age. In Figure 9 the local-time position of the
210 plumes is plotted (solid points) as a function of the
mean value of Kp during each plume crossing. A linear

regression fit to the data for the local-time position versus
Kp is
LT ¼ 19 hr þ 1:1 hr Kp

ð2Þ

As can be seen the plumes are closer to noon when Kp is
high and closer to dusk when Kp is low. As demonstrated in
Figure 6, there is a trend of Kp being lower later in the
storms when the plumes are older; hence the duskward shift
with plume age may be caused by a lowering of Kp.
3.4. Plume Widths
[24] The width is defined as the distance in local time
between the entry into the plume and the exit from the
plume. As will be discussed later, the plume plasma is
lumpy and the plume flow appears to the turbulent. Hence
the plume is probably billowy. When measuring the width
as the point of first entry to the point of last exit, we are
really measuring the width of an envelope that contains the
plume material [cf. Corriveau and Baines, 1993; Anderson
and Spall, 2001; Webster et al., 2003]. A complication to
the measurement of plume widths is that magnetospheric
convection may be episodic and plume plasma may, for
instance, stop flowing and corotate while the spacecraft is
crossing the plume, yielding an incorrect measurement of its
width. This effect can lead to plume measurements that are
either too wide or too narrow. In a statistical sense, since the
entry edge of the plume has similar behavior to the exit edge
of the plume, the average width of many plumes is fairly
insensitive to such effects. However, the reader must be
aware (1) that the widths measured here are the widths of
the envelopes containing plume material and (2) that the
individual plume-width measurements can be in error.
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Figure 10. For 210 drainage-plume crossings, the mean value of the cold-plasma number density
measured by MPA in each plume is plotted as a function of the plume age t. An exponential fit to the t > 0
data is plotted as dashed curve.
[25] In Figure 8 the ‘‘widths’’ of the drainage plumes (in
hours of local time) are plotted (hollow points) as a function
of the age of the plume. As can be seen in Figure 8 there is a
considerable spread to the widths. A linear regression fit to
the age > 0 data for the plume width (in hours) versus plume
age yields
W ¼ 4:0 hr  t=41;

ð3Þ

where t is the plume age (in hours). At geosynchronous
orbit, one hour of local time is equivalent to 10,950 km of
travel along the orbit. Using this, expression (3) is rewritten
for the width in km as

[28] In Figure 10 the average value of the measured coldplasma number density of each plume crossing is plotted
(logarithmically) as a function of the age of the plume. This
average density is calculated by summing all of the density
measurements during one plume crossing and dividing the
sum by the number of measurements in that crossing. The
linear correlation coefficient between the plasma number
density n and the plume age is Rcorr = 0.40. As can be seen
in the plot, there is a large spread in the average of the
plasma densities of the plumes and the plume plasma
density tends to decrease with the age of the plume. An
exponential fit to the age > 0 data is
n ¼ 33 cm3 et=78hr ;

W ¼ 4:4  104 km  2:7  102 kmðt=1hrÞ

ð5Þ

ð4Þ

(Note that expression (4) is not a straight-line distance, it is
the distance along the arc of the circular orbit.) The values of
the widths vary about a mean of about 4 hr (44,000 km) for
young plumes, with the width decreasing with plume age.
[26] The decrease in the widths of plumes with plume age
is probably not caused by the reduction of Kp with plume
age. In Figure 9 the widths obtained in the 210 plume
crossings are plotted as a function of the mean value of Kp
in each crossing. As noted in the figure, the linear correlation coefficient between width and Kp is 0.
3.5. Plume Number Densities
[27] As noted in section 2, the MPA instrument underestimates the density n of plasma owing to the assumption
that all ions collected are protons: for a 70% H+, 20% He+,
and 10% O+ plasma, a more-accurate value is obtained by
multiplying by 1.21. Whenever the MPA measured value of
n is ‘‘corrected’’ by multiplying by 1.21, the corrected
density will be denoted as n*.

where t is the age of the plume. Multiplying the measured
density by 1.21, the fit for the corrected density is
n* ¼ 40 cm3 et=78hr

ð6Þ

Younger plumes have measured average densities of 33 cm3
(n* = 40 cm3 ) and the average densities decrease with
age. Note in Figure 8 that the plume widths also decrease
with age.
[29] In Figure 10 the average of the plasma density varies
from plume to plume. As can be seen in the plumes
displayed in Figure 5, the plasma density within each single
plume also varies considerably. These variations in the
density within the plumes will be examined in section 3.8.
3.6. Plume Plasma Flow Velocities
[30] As noted in section 2, owing to the assumption made
that all ions collected by the MPA detectors are protons, ion
flow velocities are overestimated. For a 70% H+, 20% He+,
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Figure 11. For 210 drainage-plume crossings, the mean value of the radial cold-plasma flow velocity vr
for each crossing (solid points) and the mean value of the east – west cold-plasma flow velocity vew for
each crossing (hollow points) are plotted as functions of the (top) plume age t and the (bottom) mean
value of Kp in each crossing. The eastward velocity of the spacecraft was removed. Linear regression fits
to the t > 0 data are shown as dashed curves.
and 10% O+ plasma, a more-accurate flow velocity is
obtained by multiplying the measured flow velocities by
0.825. Whenever the measured flow velocity v is ‘‘corrected’’ by multiplying by 0.825, the corrected velocity will
be denoted as v*.
[31] In Figure 11 the average cold-plasma flow velocity
of each plume crossing is plotted as a function of the age of
the plume (top panel) and as a function of the average value
of Kp for each plume crossing (bottom panel). The radial

component of the flow velocity is vr is plotted as the solid
points and the east – west azimuthal component of the flow
velocity vew is plotted as the hollow points. Positive vr is a
flow that is radially outward and positive vew is a flow that
is eastward along the direction of the spacecraft orbit. To
change from the spacecraft measurement frame to the
Earth’s reference frame, the spacecraft’s orbital velocity of
3 km/sec is subtracted from the vew measurements. Linear
regression fits for vr and vew are shown as the dashed lines

11 of 23

A09221

BOROVSKY AND DENTON: PLASMASPHERIC DRAINAGE PLUMES

A09221

plume flow velocities tend to decrease with decreasing Kp,
so the decrease in the plume plasma flow speed with age
could be owed to the decreasing of Kp as the storm
progresses.
[33] In Figure 12 the average-flow-velocity vectors for
the 210 plume crossings are displayed along geosynchronous orbit. Each vector in the figure represents the mean
flow vector for one plume crossing by one spacecraft. The
base of each vector is located on the spacecraft orbit where
the mean local-time position of the plume was, the length of
the vector is proportional to the measured mean flow speed
(v2r + v2ew)1/2, and the direction of the vector is in the
direction of the measured mean flow speed, where the
length and direction are constructed from the mean value
vr and the mean value vew. As can be seen, the plasma flows
in the plumes are chiefly sunward. The flow pattern of the
210 plumes shown in Figure 12 is consistent with the
measured flows within individual plumes in the literature
[cf. Figure 3 of Borovsky et al., 1998 and Figures 2 and 5 of
Matsui et al., 1999].
[34] More information about the plasma flow velocities in
plumes will be found in sections 3.8 and 4.1.
Figure 12. For the 210 plume crossings, the mean coldplasma flow velocities are depicted on the geosynchronous
orbit where the plumes were measured.
in Figure 11. The linear regression fits for vr, vew, v*r, and v*ew
versus plume age are collected into Table 1.
[32] As can be seen in the top of Figure 11, the mean
flows are radially outward (ver > 0) and westward (vew < 0).
The flow speeds are larger when the plume is young (early
in the storm) and the flow speeds tend to decrease with
plume age. In the bottom of Figure 11 it can be seen that the

3.7. Mass Transport in Drainage Plumes
[35] In ‘‘correcting’’ the number density n and flow
velocity v for the protons-only assumption made in the
MPA data analysis, the two correction factors cancel so that
the corrected number flux n*v* is equal to the measured
number flux nv. Hence no corrections of ion fluxes need be
made.
[36] In Figure 13 the average value hnvri of the radial ion
flux nvr for each plume crossing is plotted as a function of
the age of the plume. The average hnvri for a plume
crossing is obtained by summing the individual nvr measurements in the plume crossing and dividing by the number

Figure 13. For 210 drainage-plume crossings, the mean radial ion flux for each crossing is plotted as a
function of the plume age t. A linear regression fit to the t > 0 data is shown as dashed curve.
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Figure 14. For 210 drainage-plume crossings, the total ion flux in the plume is plotted as a function of
the plume age t. In the top, the units of the total ion flux are ions per second, and in the bottom, the units
are tons of protons per hour. The linear correlation coefficient of the data is Rcorr = 0.54. Exponential
fits to the t > 0 data are shown as dashed curves.

of measurements in the crossing. The linear correlation
coefficient between hnvri and the plume age is Rcorr =
0.40. A linear regression fit to the age >0 data is plotted
as the dashed curve: that fit is
hnvr i ¼ 2:3  107 cm1 sec1  2:6  105 cm2 sec1 hr1 t; ð7Þ

where t is the age of the plume (in hours). As can be seen,
the ion radial flux in the plumes is typically outward

(positive) and the ion flux in the plumes decreases as the
plumes age.
[37] From the measured radial ion fluxes in the plume
crossing, estimates of the total transport of ions in the
plumes can be made as follows. The radial ion flux nvr
measured every 86 seconds by MPA is integrated across
the plume by summing the individual values of nvr and
multiplying by 2.62  107 cm, which is the distance
traveled by a geosynchronous satellite along its orbit
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Figure 15. Time integrals of the exponential fits to the measured total ion fluxes are plotted as functions
of time. In the top, the units are ions, and in the bottom, the units are tons of protons.

every 86 seconds. Multiplying the resulting number by
the effective north-south height of the plume will yield a
total ion flux in the plume. The effective height is
obtained by integrating the volume of a L = 6.6 dipole
flux tube from one ionosphere to the other, which yields
3.80  109 cm3 per unit area of the flux tube at the
equator. This yields an effective height of 3.80  109 cm,
which is about 6 RE. (Note that the ionosphere-to-ionosphere length of a field line in that flux tube is 16.2 RE,
which is much larger than the effective height; the
effective height accounts for the convergence of the flux
tube in calculating the flux-tube volume.) Assuming that

the plume plasma has a uniform number density in the
north – south direction [cf. Garcia et al., 2003], this is the
effective height of the column of radially outward moving
plume material. (Note that assuming the plasma density is
uniform with height from the equator in a flux tube will
suffice for making estimates, but may not be valid for
detailed calculations.) Multiplying the summed nvr values
by 9.96  1016 cm2 yields the total ion transport of the
plume crossed. The total ion transport-rate values dN/dt
are plotted in the top of Figure 14 as a function of the
plume age. The linear correlation coefficient between the
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Figure 16. The fractional change in the measured cold-plasma number density over 86 seconds is
binned to produce the occurrence distribution plotted as solid curve with hollow points. For comparison,
the fractional change of a sequence of random numbers is binned as dashed curve.
transport-rate values dN/dt and the plume age is Rcorr =
0.54. An exponential fit to the t > 0 data is
dN=dt ¼ 1:98  1026 ions=sec et=28:7 hr

ð8Þ

Converting these ion-transport-rate values from ions/sec to
tons/hr of protons (where 1 ton = 103 kg), the data is
replotted in the bottom of Figure 14. An exponential fit to
the data yields
dM=dt ¼ 1:2 ton=hr et=28:7 hr :

ð9Þ

for the proton transport rate. At early times the plumes
transport 1.2 tons/hr (or 1.98  1026 ions/sec) radially
outward past geosynchronous orbit. As can be seen in
Figure 14, the transport rate of plasmaspheric plasma
decreases with time as the storms progress.
[38] Earlier estimates of plume flow were consistent with
the range of values seen in Figure 14: Elphic et al. [1997]
estimated 3.7  1026 ions/sec for typical drainage plumes
and Foster et al. [2004] estimated 1.5  1027 ions/sec for an
extremely large geomagnetic storm.
[39] To obtain an estimate of the total amount of plasma
transported by a plume during a storm, expressions (38) and
(39) can be integrated over time to yield the integrated
transport as a function of plume age (time after onset of
storm)


NðtÞ ¼ 2:05  1031 ions 1  et=28:7 hr

ð10aÞ



MðtÞ ¼ 34:4 tons 1  et=28:7 hr :

ð10bÞ

These integrals appear in Figure 15. As can be seen the total
amount of plasma transported increases steadily early in a
storm and then asymptotes to a final value. According to
expressions (10), about half of the outer plasmasphere is
drained in the first 20 hours of a storms. For the fit to the
measurements of the drainage-plume crossings, the asymptotic value for the total amount of drainage in a long storms
is 2.0  1031 ions or 34.4 tons of protons. This value agrees
with the 40 ton mass of the missing outer plasmasphere
obtained in section 1 with the use of the Gallagher model.
Borovsky and Steinberg [2006] had a similar estimate and
Borovsky et al. [1997a] estimated 1  1031 ions are drained.
3.8. Lumpiness of Drainage Plumes
[40] As can be seen by examining the plumes at 86second-time resolution in Figures 4 and 5, the plasma
density varies considerably in 86 seconds of motion. The
spacecraft velocity of 3 km/sec across the plume is dwarfed
by the plasma flow velocity which is 15 km/sec. It is
likely that the temporal variations of the density seen are
lumps swept past the spacecraft in the plume flow. In that
case the 86-sec cadence corresponds to 1300-km spatial
sampling of the plume plasma. (Also, the 10-second snapshot time to make a distribution function corresponds to
150 km of flow of the plasma past the spacecraft.)
[41] Using the MPA measurements of cold-plasma density, which are 10-second snapshots of the plasma made
every 86 seconds, the fractional variance dn/n is calculated
and analyzed. Here, dn/n = 2(n2n1)/(n1 + n2), where n1 and
n2 are two sequential measurements of the density separated
by 86 seconds. In Figure 16 the occurrence distribution of
dn/n for 19,655 measurements of plume density is binned
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Figure 17. In the top, the fractional change in the measured cold-plasma number density in plumes is
plotted as a function of the plume age (gray points), and a 100-point running average is plotted (black
points). In the bottom, the plasma flow speed is plotted (not shown), and a 100-point running average is
plotted (black points).
(solid curve). The mean of the dn/n values is 0.57. For
comparison the fractional variance of sequential random
numbers evenly distributed between 0 and 1 is binned
(dashed curve); the mean value of the resulting fractional
variances is 0.77. As can be seen by comparing the two
distributions in Figure 16, the variance of the plasma
density is large, but not as large as random numbers.
[42] In the top of Figure 17 the individual dn/n values for
plume plasma are plotted (gray points) as a function of the

age of the plume (the time since convection onset of the
storms). A 100-point running average is plotted as the black
points in the top panel. As can be seen by examining the
running average, the mean value of dn/n increases dramatically as magnetospheric convection onsets at the beginning
of the storm, and then is fairly constant with plume age. The
increase in lumpiness of the cold plasma with the onset of
convection is seen further by comparing the top and bottom
of Figure 17. In the bottom panel the measured flow speed
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Figure 18. Four hodograms are constructed each from 1 hour of 86-second MPA measurements of the
cold-plasma flow velocity. Each 1 hour of data is chosen from a high-density portion of a young drainage
plume.
(v2r + v2ew)1/2 of the cold plasma (in the spacecraft frame) is
plotted as a function of the time since onset of convection:
only a 100-point running average is plotted and the data
used in this panel includes the outer plasmasphere prior to
the storm onset. The dramatic increase in the cold-plasma
flow speed at the onset of the storms is clearly seen. When
the plasmaspheric plasma begins to flow it becomes lumpy.

4. Discussion
[43] In this section three items are discussed: the possibility that the flows in the drainage plumes are turbulent,
some possibilities as to why the plumes are lumpy, and
future research that is called for.
4.1. Is the Drainage-Plume Flow Turbulent?
[44] As will be seen, the measured flow velocities of the
drainage-plume plasma show large fluctuations. The question arises: Where do these fluctuations come from? Two
possible answers are turbulence in a high-Reynolds-number

flow or magnetospheric oscillations. The fact that the
drainage plumes are very lumpy (cf. sections 3.8 and 3.2)
would support the former, with the plumes being broken up
by the flow turbulence.
[45] The fluctuating plasma flows can be examined via
the four velocity hodograms in Figure 18. Each hodogram is
constructed from 1 hour of MPA cold-plasma flow measurements from high-density portions of four young drainage
plumes. Each hodogram is made from a 1-hour sequence of
10-second snapshots of the flow velocity separated by
86 seconds. Each of the four plots has the same horizontal
and vertical scales and vr = 0 and vew = 0 are shown as the
dashed lines. As the four panels show, the flow fluctuations
are substantial. As noted in each panel, the standard
deviation of the flow velocity is about half of the mean
flow velocity. It is clear in the hodograms of Figure 18 that
the 86-sec sampling of the MPA instrument under-resolves
the flow velocity. Via Figure 19 these drainage-plume
hodograms can be compared with hodograms of two other
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Figure 19. A 1-hour-long velocity hodogram of the (left) solar-wind flow and of the (right) plasmasheet flow are shown. In the left, ISEE-1 SWE measurements from 2100 to 2200 UT on 8 August 1978 in
the solar wind were used, and in the right, ISEE-2 FPE measurements from 1245 to 1345 UT on 7 March
1979 near the center of the plasma sheet at X =  22 RE and Y = 11 RE were used.
plasmas well known to be turbulent: the solar wind [Tu and
Marsch, 1995; Goldstein et al., 1995] and the Earth’s
plasma sheet [Borovsky and Funsten, 2003; Weygand et
al., 2005]. The hodograms of Figure 19 are also each made
using 1 hour of measurement with similar time resolution to
the hodograms of Figure 18; the solar-wind hodogram uses
96-second resolution and the plasma-sheet hodogram uses
90-second resolution. The scales of the plots in Figure 19
are not the same as those of Figure 18. As can be seen by
comparing the hodograms of these two figures, at a similar

time resolution the nature of the flow-velocity fluctuations
of the drainage plumes look similar to the nature of the
flow-velocity fluctuations of turbulent plasmas.
[46] In Figure 20, the measured amplitude of the velocity
fluctuations in plume plasma is plotted as a function of
plume age. The magnitude of the change in the vector
velocity over 86 seconds dv is taken to be dv = ((vr1vr2)2 +
(vew2vew1)2)1/2, where the 1 and 2 subscripts represent
velocities measured at time 1 and time 2 separated by
86 seconds. The dv values for all of the plumes are then

Figure 20. The amplitude of the fluctuations of the cold-plasma flow velocity in plumes is sorted as a
function of the age of the plumes, and a 300-point running average is plotted as a function of the age of
the plume. The flow fluctuation amplitude is calculated using 86-second measurements.
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Table 2. Timescales for Drainage-Plume Flow and for Plume-Ionosphere Coupling, Along With Characteristic Spatial Scales Assuming
a 15 km/sec Plasma Flow Velocity
t conv
t transit
t coupl
t disch

Estimate (sec)

Significance

Characteristic Scale (km)

2700
280
4200
180

plume width divided by flow speed
transit time to ionosphere and back
timescale for full coupling to ionosphere
dielectric discharge time of plasmasphere via resistive ionosphere

4  104
4200
6  104
2700

ordered according to plume age and a 300-point running
average is applied to produce the curve in Figure 20. As can
be seen, the large velocity fluctuations (8 km/sec) onset
when the convection in the magnetosphere onsets, i.e., when
the plasmaspheric plasma moves.
[47] To gain information about whether the plume-flowvelocity fluctuations could be turbulence, an important
indicator is checked. In fluid dynamics, all high-Reynoldsnumber flows are turbulent [Schlichtng, 1979; Novopashin
and Muriel, 2002; Ben-Dov and Cohen, 2007]. Determining
the Reynolds number of a plasma flow in the magnetosphere is complicated owing to electrodynamic coupling of
the plasma to the ionosphere, which can act at a distance on
magnetospheric flows in addition to internal ‘‘fluid’’ processes [Borovsky and Funsten, 2003; Borovsky, 2004].
Treating the internal fluid processes first, the Reynolds
number of the drainage-plume flow is estimated as follows.
The Reynolds of a flow is defined as [e.g., Tritton, 1977;
Nakayama and Boucher, 1999]
R ¼ Lv=n kin

ð11Þ

where L is a length scale in the flow, v is a characteristic flow
velocity for that length scale, and n kin is the kinematic
viscosity of the fluid. (Note that expression (11) can be
rewritten as R = t dissip/t conv, where the dissipation timescale
t dissip is t dissip = L2/n kin and the convective timescale t conv is
t conv = L/v.) Depending on the choice of L and v, the
meaning of the Reynolds number changes. To estimate
whether a flow should be turbulent, the mean flow velocity
and the scale size of the flowing fluid should be chosen for
v and L. Here we will choose v = 15 km/sec to be a typical
flow velocity for the plasma of the plume (e.g., Figure 17)
and L = 4  108 km as a width of the plume flow (e.g.,
section 3.4). The kinematic viscosity of the plume plasma
can be calculated using expression (2.33) of Braginskii
[1965] [see also Borovsky et al., 1997b]: n kin = 3kBTi/
10w2cimit ii, where Ti is the ion temperature of the plasma, wci
is the ion-cyclotron period, mi is the mass of an ion, and t ii is
the ion-ion momentum-exchange collision time. The ion-ion
momentum-exchange time for proton-proton Coulomb
scattering in the plume plasma can be calculated from
expressions (6.2.7) and (6.4.7) of Krall and Trivelpiece
[1973]: for a plasma density of 50 cm3 and temperature Ti =
2 eV the collision time t ii = 8.3  104 sec is obtained. Using
this value, along with wci = 9.6 sec1, the kinematic viscosity
is n kin = 7.6  104 cm2sec1. Using this kinematic-viscosity
value in expression (11) along with L = 4  104 km and v =
15 km/sec yields a flow Reynolds number of the plume of
R = 8  109. Such a high Reynolds number makes nonturbulent flow unlikely [e.g., Montgomery, 1987].

[48] Electrodynamic coupling to the ionosphere can also
act as a viscosity which dissipates plasma flows in the
magnetosphere [cf. Borovsky and Bonnell, 2001]. A significant difference from ordinary viscous effects is owed to the
time delay of the coupling. The electrodynamic coupling of
the plume to the ionosphere can be viewed as a transmission-line problem [cf. Goertz and Boswell, 1979] with two
timescales which must be estimated: (1) the Alfven-speed
transit time between the plume and the ionosphere to which
it is magnetically connected and (2) the time to reach full
coupling between the generator and the load in the transmission line. These two timescales are derived below and
collected into Table 2.
[49] The first timescale is the round-trip Alfven-speed
transit time t transit for an electrical signal in the plume to
contact the ionosphere and for the resultant perturbation of
the signal to reach back to the plume. For a 70% H+, 20%
He+, and 10% O + plasma with a number density of
100 cm3 at L = 6.6 in a dipole magnetic field, the
Alfven-speed travel time from the equator to the ionosphere
is 140 sec, so the round-trip transmission-line transit time
t transit is 280 sec. This timescale is noted in Table 2.
[50] The second timescale stems from the fact that there
is an impedance mismatch between the magnetosphere
and the ionosphere and so electrical signals must make
several transits between the drainage plume and the
ionosphere [Goertz and Boswell, 1979; Goertz et al.,
1993]. The timescale t coupl to reach full electrodynamic
coupling between plasmaspheric and ionospheric motions
is t coupl = N t transit, where N is the number of transits
required. The number of transits is governed by the
reflection coefficient r of the propagating electrical signal
off of the resistive ionosphere; the number required is
N = 1/(1-r). This reflection coefficient r is given by Scholer
[1970] or Maltsev et al. [1974] to be r = j(SA  SP)/( SA +
SP)j, where SP is the height integrated Pedersen conductivity of the ionosphere and SA = c2/4pvA is the Alfven wave
admittance of the magnetosphere (evaluated locally in the
high-altitude ionosphere) [Scholer, 1970; see also Ramo et
al., 1984]. To evaluate r for the drainage plumes, SP =
8 mho is taken (from Figure 8 of Rasmussen et al. [1988]
with a 60° solar inclination angle) and the International
Reference Ionosphere [Lincoln and Conkright, 1981] is
run at SPDF/Modelweb for 14 hours local time and L =
6.6 to obtain vA = 2.8  104 cm/sec in the topside
ionosphere, which yields SA = 2.5  1011 cm/sec =
0.28 mho. These SP and SA values yield a reflection
coefficient r = 0.932. The number of bounces required to
attain full coupling is then N = 15. So, the coupling time
t coupl = N t transit with t transit = 280 sec and N = 15 is
t coupl = 4200 sec. This timescale is noted in Table 2.
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[51] For this time-delayed coupling between the flow and
the ionosphere, there is a time delay between a flow
commencing and the dissipation commencing. The relevant
fluid parameter to gauge the properties of such a nonNewtonian flow is the Deborah number D [Harris, 1977;
Larson, 1992], which is the ratio of the dissipation-delay
timescale to the convective timescale. This is defined
D ¼ t coupl =t conv:

ð12Þ

Flows with a Deborah number of unity or greater can
behave as high-Reynolds-number flows [e.g., Oztekin et al.,
1997; Boffetta et al., 2005], i.e., the delayed dissipation
does not inhibit turbulence from growing in intensity. Using
t coupl = 4200 sec and t flow = L/v = 2700 sec (for the plume
width L = 4  104 km and the flow speed v = 15 km/sec) in
expression (12) yields D = 2 for the drainage-plume flow
electrodynamically coupled to the dayside ionosphere. This
value of the Deborah number indicates that the time delay of
magnetosphere-ionosphere coupling may be sufficiently
large to allow turbulent flow in the magnetosphere.
[52] In conclusion, with the observations and knowledge
at hand, there is no reason to believe that the drainage plume
flows are not turbulent.
4.2. Why Are the Plasmaspheric Drainage Plumes
Clumped?
[53] The fact that plasmaspheric drainage plumes are
lumpy has been noted in the literature [Spasojevic et al.,
2003; Moldwin et al., 2004; Goldstein et al., 2004]. The
lumpy drainage plumes may provide an optimal site for
plasma waves that either grow on or are ducted by density
gradients [e.g., Thorne et al., 1979; Kozyra et al., 1994;
Streltsov et al., 2006].
[54] The reason why the plumes are lumpy is not known.
(Other E  B-drifting dense plasmas are also observed to be
structured [e.g., Davis, 1979; Simons et al., 1981].) Four
suggestions as to the origin of the lumpiness of the
drainage-plume plasma are discussed in the following four
paragraphs.
[55] E-cross-B-drifting dense plasma clouds can have
mass-density gradients that are unstable to perturbations
that fragment the cloud into multiple cloudlets. Often cited
is the ‘‘E-cross-B gradient-drift instability’’ [Linson and
Workman, 1970; Borovsky and Hansen, 1998].
[56] Velocity shear along the side of E  B-drifting
plasmas can have charge-sheet and current-sheet instabilities
that cause the stream edges to roll up and structure [Hallinan
and Davis, 1970; Hallinan, 1976, 1981; Partamies et al.,
2001].
[57] There are three plasmasphere-ionosphere coupling
timescales that can lead to favored spatial scales in a
flowing plasma (see Table 2). Two of these timescales were
derived in section 4.1 and the third is derived below. The
first timescale is the round-trip Alfven-speed transit time
t transit for an electrical signal in the drainage plume to
contact the ionosphere and for the resultant perturbation
of the signal to reach back to the plume. In section 4.1 the
value t transit = 280 sec was obtained. With a flow speed of
15 km/sec, this leads to a transverse scale size of 4200 km in
the plume wherein a load’s response can be mismatched
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back to a generator. The second timescale t coupl is the time
required to reach full electrodynamic coupling between
drainage-plume and ionospheric motions. In section 4.1
the value t coupl = 4200 sec was obtained. With a flow
speed of 15 km/sec, this leads to a transverse scale size
6.3  104 km (which is 10 RE) in the plume wherein a
load’s response can be mismatched back to a generator.
The third plasmasphere-ionosphere timescale is the dielectric-discharge timescale t disch for drainage-plume
motions. This is the time required for the resistive ionosphere
(with height-integrated Pedersen conductivity SP) to discharge polarization charge layers on moving magnetospheric
plasmas. Using equation (A9) of Borovsky and Steinberg
[2006] for n = 100 cm3, m = 3.1 (for 70% H+, 20% He+, and
10% O+), SP = 8 mho, and L = 6.6, the expression for the
discharge time t disch = 8.5  106 sec mnL7/SP yields t disch =
180 sec. If Alfven transit-time effects were ignored, t disch
would be the equilibration time for magnetospheric and
ionospheric motions. A flow speed of 15 km/sec combined
with a 180-sec characteristic timescale yields a characteristic
spatial scale of 2700 km in the plume.
[58] Finally, if the plasmaspheric drainage plumes are
high-Reynolds-number turbulent flows, then large fluctuations in the concentration (plasma density) of the plume
will result [cf. Fackrell and Robins, 1982; Dahm and
Dimotakis, 1990]. In particular compare Figure 1 of
Crooks and Ramsay [1993] or Figure 2 of Yee et al.
[1993] with Figure 5.
4.3. Future Research
[59] Higher-resolution density measurements of plasmaspheric drainage plumes are needed to resolve the lumpiness
of the plumes and to characterize the distribution of structure scale sizes within the plumes. In particular, a characterization of the evolution of the lumpiness at the onset of
convection would provide valuable information to determine the cause of the lumpiness.
[60] Higher-resolution velocity measurements are needed
to resolve the plasma-flow-velocity fluctuations observed in
the drainage plumes. To discern whether the fluctuations are
owed to flow turbulence, sufficient time resolution to permit
spectral analysis of the velocity time series is needed, and to
rule out magnetospheric oscillations as the source of the
velocity fluctuations, multisatellite high-resolution velocity
measurements are needed. In particular, a characterization
of the evolution of the velocity fluctuations at the onset of
magnetospheric convection would greatly aid in determining the cause of the fluctuations.
[61] Sorting the collection of drainage plumes into two
categories – (1) plumes in storms that had calms before
the storms and (2) plumes in storms that did not have
calms before the storms – and separately analyzing the
two sets of plumes would be useful [cf. Denton and
Borovsky, 2008]. Because the plasmasphere is filled to a
greater level in storms with calms, the drainage plumes in
those storms are more robust, at least in terms of plasma
density and total ion flow. To fully quantify drainage
plumes, this separated analysis should be done.
[62] An examination of the warmer-ion populations that
are geographically adjacent to the plumes in the dayside
magnetosphere during storms is warranted. Prior to crossing
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geosynchronous orbit on the dayside, the flux tubes containing these warm ions passed through the dipolar regions
of the magnetosphere at radii larger than the plasmapause;
this corresponds to auroral latitudes in the ionosphere.
These warm-ion populations may be auroral ion outflows
during storms that are convected across the dayside
magnetosphere on their way to the magnetopause reconnection line. If these populations are oxygen rich then they
may provide a large mass density to support plasma waves
that could interact with the radiation-belt and ring-current
populations. Also, if they are oxygen rich then these
populations may provide a substantial mass flux into the
dayside neutral line wherein they may reduce the
reconnection rate are hence reduce solar wind/magnetosphere coupling.
[63] Finally, a theoretical examination into the dynamics
of flowing plume plasma magnetically connected to the
resistive ionosphere is needed to discern the stability of
plume flow, the nature and cause of the observed velocity
fluctuations, and the nature and cause of the plasma
clumping.

5. Summary
[64] The findings of this report are summarized as follows
(see also Table 1).
[65 ] Drainage plumes are a persistent feature of
storms. In the data set used to study drainage plumes,
plumes as long as the 4-day data set were readily found.
For the first 4 days of high-speed-stream-driven storms,
no falloff in the occurrence rate of plumes was found. It
may be that plumes last as long a magnetospheric
convection is sustained.
[66] Plasma flow velocities in drainage plumes are sunward. Typical flow velocities are 15 km/sec early in storms,
decreasing slowly with time as the storms progress.
[67] Drainage plumes weaken with age. The plume
plasma density, the plume plasma flow velocity, plume
width, and plume mass flux all decrease with the age of
the plume.
[68] The amount of mass flux makes sense for draining
the outer plasmasphere. The integrated mass fluxes seen in
drainage plumes are about 2  1026 ions/sec early in storms
and decrease as the storms progress. The integrated mass
flux asymptotes to about 2  1031 ions (or 34 tons of
protons) after a few days. About 20 hours is required to
drain about half of the mass of the outer plasmasphere.
[69] Drainage plumes are lumpy. Very large variations of
the plasma density are seen, clearly under-resolved with
86-second time resolution. The lumpiness onsets with the
onset of magnetospheric convection.
[70] Drainage plumes may be turbulent. Plumes exhibit
large velocity fluctuations that are under-resolved with
86-second time resolution. The large fluctuations commence
at the onset of magnetospheric convection. An estimate of the
Reynolds number of plume plasma flow yields R = 8  109, a
Reynolds number at which any flow is expected to be
turbulent, and magnetosphere-ionosphere coupling may
not be fast enough to suppress turbulence.
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