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Motivation: Importance of kinetic effects in outflow 
New developments in PWOM 
Fast global kinetic outflow solution 
Results 
• Single field line: cusp 
• Multiple field lines: convection+cusp  
• Consequences for the magnetosphere

Overview
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• Dessler and Cloutier (1969): hydrodynamic models do not explain neutral 
exosphere well so why would it work for polar wind? 

• Marubashi (1970): fluxes from hydrodynamic model are comparable to 
kinetic models, but over estimate collisions 

• Other issues: non-Maxwellian distributions and WPI. 
• Extended hydrodynamic and kinetic models important for modeling 

outflow.

Going Beyond Hydrodynamics for 
Ionospheric Outflow
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Ion exobase or baropause (Spitzer (1949) and Jeans (1954)) where 
MFP = Scale-height

Where is the Hydro approach valid?
MFP and Scaleheight
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Appropriate Descriptions
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New model capability to enable global kinetic studies of ion outflow.

Similar in concept to DyFK & GPW models but with some advantages

Combined Fluid-Kinetic PWOM
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Fluid & Kinetic Ion Description
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Hydrodynamic Solution

• Gyrotropic multi-fluid + heat flux 

• O+, H+, and He+ 

• Chemistry and photoionization source terms 

• Ion-Ion, Ion-neutral collisions 

Kinetic Solution
• Gyroaveraged particle EoM (rk4) 

• O+, H+, and He+ 

• Ion-Ion non-linear collisions (Takizuka and Abe [1977]) 

• Resonant WPI (Barakat and Bargouthi, [1994]) 

• Particle splitting & joining (Lapenta, [2002])



Fast Global Solution
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Summary of modeling Approach

Combined Fluid-Kinetic Approach: Fluid at low alt & 
Hybrid PIC at high alt 
Includes 
• Collisions 
• Hot e- 
• Wave-Particle Interactions 
Multiple layers of parallelization for fast execution



• sunlit cusp field line 
• Multiple field lines: convection+cusp  
• Consequences for the magnetosphere

Results



After 25 minutes of 
resonant WPI. 

WPI yields higher n, v, 
and T at higher altitudes. 

“Classic” conic 
distribution function 
visible in the O+.

Sunlit Cusp 
Field line
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Multiple field lines: convection+cusp 

~4M particles per line x 900 lines =3.6B particles 
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Consequences for the Magnetosphere

Glocer et al., [2009,2013]
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Coupled BATS-R-US + Kinetic PWOM
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Summary
New PWOM features enable treatment of most major outflow 
mechanisms. 

•Expansion to kinetic ion treatment above 1000km 

• Inclusion of resonant wave-particle interactions 

Parallelization of PWOM results in global kinetic simulations of 
ionospheric outflow. 

Coupling with SWMF enables comprehensive treatment of 
magnetospheric composition. 

PWOM to CCMC, in progress  

Glocer A., G. Toth, and M.‐C.H. Fok (2018), Including Kinetic Ion Effects 
in the Coupled Global Ionospheric Outflow Solution, Journal of 
Geophysical Research, 123, doi:10.1002/2018JA025241.

https://doi.org/10.1002/2018JA025241
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Comparing Outflow in Each Hemisphere

  

  
 

 

 

 

 

0

5

10

 

uH

-0.5 0.0 0.5
Y

-0.5

0.0

0.5

X

nx=   126,   1, it=  286801, time=   3h59m00s

80

70

60

50

12

618

0

  

  
 

 

 

 

 

0

5

10

 

uH

-0.5 0.0 0.5
Y

-0.5

0.0

0.5

X

nx=   124,   1, it=  286801, time=   3h59m00s

80

70

60

50

12

618

0

Northern Hemisphere Southern Hemisphere

[k
m

/s
]

[k
m

/s
]



• Constant solar wind conditions:  
1. n=5/cc 
2. v=400km/s 
3. Bz=-5nT 

• Cusp/Auroral WPI is turned on based on precipitation 
threshold

Simulation Setup



CIMI Output (Ring Current P)
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Two sources of magnetospheric plasma

WINGLEE: THE GEOPAUSE 4443 
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Figure 2. The density geopauses corresponding to Figure 1, except the ordering is by B• IMF rather than by time. The 
top panels show views from the dawn side while the bottom shows views from the nightside with the surface being cut at 
x : -15 R•. 

In contrast, the plasma of solar wind or magnetosheath 
origin shows much greater penetration into the LLBL and 
provides much of the density for the plasma sheet. The 
magnetosheath entry is via high-latitude reconnection dur- 
ing northward IMF where field lines loaded with solar wind 
plasma become attached to the dayside magnetosphere. The 
subsequent convection of these reconnected field lines into 
the nightside leads to the high densities at the LLBL and 
plasma sheet. The presence of a small negative B• IMF 
causes a fractional enhancement in the southern hemispheric 
densities relative to the northern hemisphere. 

During southward IMF (Figure lb), there is enhanced 
convection of ionospheric plasma out of the polar caps re- 
gions. As a result, the density in the lobes is substantially 
increased, leading to an enhanced ionospheric contribution 
to the plasma sheet. In addition, dayside plasmaspheric 
plasma is increasingly convected towards the magnetopause, 
then around the flanks along the LLBL, and into the night- 
side to produce an equatorial bulge in the plasma sheet con- 
tributions. 

At the same time the magnetosheath plasma is seen to 
become substantially depleted in density, particularly in the 
center of the current sheet, while there is increased penetra- 
tion into the lobes. This change in the contributions arises 
from the suppression of high latitude reconnection and en- 
try into the LLBL. Entry into the magnetosphere via the 
mantle is possible but the plasma has limited access to the 
plasma sheet. 

When the IMF is strongly northward (Figure lc), the 
ionospheric outflows are strongly suppressed due to the re- 
duction in cross-polar cap potential. The refilling of the 
magnetosphere is again via magnetosheath entry through 
the LLBL. 

The question of which of the two plasma sources actually 
dominates the dynamics can be answered by considering the 
geopause. The density geopauses for the cases in Figure 1 
are shown in Figure 2, with the ionospheric source being the 
primary contributor to the plasma inside the surface; and 
the solar wind plasma the dominant contributor outside the 

surface. The ordering has been changed to show that IMF 
B• provides a natural ordering of the results. 

For northward IMF the ionospheric source is the pri- 
mary contributor .to the plasmasphere and to the central 
lobe regions. While the ionospheric contributions to the 
lobe plasma can extend several tens of R• down the tail, 
its is highly restricted in extent being limited to between 
y _ +4 R•. The plasma sheet for these conditions is domi- 
nated by the solar wind source. 

As IMF B• is reduced to zero (Figures 2c and 2d), the 
corresponding enhancement in the convection of ionospheric 
plasma into the magnetosphere is seen as (1) an extension 
of the plasma on the dayside, (2) a broadening of the contri- 
butions to the lobe, and (3) convection of this plasma into 
the plasma sheet so that the ionospheric source can be the 
dominant contribution to the plasma sheet between 10 and 
50 R• in a restricted regio n across the tail for y _ +5 R•. 

For strongly southward IMF (Figures 2e and 20, the in- 
fluence of the ionospheric source is seen to further expand 
in y across the tail to about +10 R• which represents about 
a third to a half of the distance to the nightside magne- 
topause. At the same time, the geopause moves down the 
tail to about 65 R•. These results show that for at least 
some of the time, particularly for southward IMF, the iono- 
spheric source can be an important contributor to not only 
the lobe plasma but also to the plasma sheet. 

There is a second geopause, the pressure geopause (Fig- 
ure 3), which is crucial to understanding which of the two 
populations supplies hot plasma that provides pressure bal- 
ance. It can extend much further down the tail. This dif- 

ference between the density and pressure geopauses is very 
important. The region inside the density geopause but out- 
side the pressure geopause indicates regions where the iono- 
spheric source is primarily supplying cold plasma. This re- 
gion in the present cases primarily corresponds to the lobe 
regions. Conversely, if the region is outside the density 
geopause, but inside the pressure geopause, then the iono- 
spheric source is primarily supplying the hot plasma. In 
Figure 3 this region appears as the central current sheet in 

Winglee, [1998]

Ionosphere and Solar Wind

Geopause: Boundary Between Sources



Polar Wind Outflow Model (PWOM)

Determines transport of plasma from ionosphere to magnetosphere

• The lower boundary is at 200km, and the upper boundary is at a 

few Re

• Multiple convecting field-lines solutions are obtained 

• NEW: 3 treatments of super thermal electron population

• NEW: Transition to kinetic ion description above 1000km based 

on Macro-PIC approach with Monte Carlo collisions

• NEW: Expansion of model to Jupiter and exoplanet problems



Sunlit Polar Field Line

Comparing hydrodynamic and kinetic solutions
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Ionospheric Plasma has System Wide Effects

Nose et al. [2005] Strength of Ring Current
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Verifying The Particle Collision Operator

Hot Population Cool Population+

Equilibration of Temperature: Tracking temperature difference over time

• Compare with analytical theory and previously published work 
• Verify collision operator for variably weighted particles 
• Two cases: Variably weighted and equally weighted particles.



Model Verification: Equilibration of Temperature
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Fig. 1. Typical DE-1 electric and magnetic field spectrograms showing the low-frequency electric and magnetic field 

noise observed at low altitudes over the auroral zones. Note that the low-frequency noise occurs over both the evening 
and morning auroral regions but is almost completely absent over the polar cap. 

For a recent review of field-aligned currents in the auroral 
regions, see Poternra [1983]. Using data from the Hawkeye 1 
spacecraft, Kintner [1976] showed that the electric field noise 
and the magnetic field noise occur in the same region and that 
both types of noise have similar spectrums, varying approxi- 
mately as f-2.8 for the electric field and as f-,•.o for the mag- 
netic field. The noise also occurs in regions with large shears 
in the east-west convection velocity. These observations led 
Kintner to suggest that the noise is two-dimensional mag- 
netohydrodynamic (MHD) turbulence excited by a shear- 
driven instability. For a further discussion of two-dimensional 
MHD turbulence processes in the auroral regions, see Kelley 
and Kintner [1978]. 

In this paper we describe the DE-1 observations of the 
low-frequency auroral zone noise and discuss the relationship 
of these observations to low-energy plasma measurements on 
the same spacecraft. Compared with previous observations, 
the DE-1 plasma wave measurements provide a new capabil- 
ity for determining the correlation between various compo- 
nents of the electric and magnetic field, thereby giving new 
information on the character of the noise. The DE-1 data also 
provide measurements over a range of altitudes along the au- 
roral field lines that have not been previously surveyed. For a 
description of the plasma wave instrument on DE-I, see Sha- 
whan et al. [1981], and for a description of the plasma instru- 
ment, see Burch et al. [1981]. 

2. BASIC CHARACTERISTICS AND 
REGION OF OCCURRENCE 

To illustrate the general characteristics of the low-frequency 
electric and magnetic field noise, we will now describe some 
representative events and discuss the region of occurrence of 
the noise. A typical example is shown in Figure 1. The top 
panel of this illustration shows a frequency-time spectrogram 
of the electric field detected by DE-1 during a low-altitude 
pass over the southern polar region on October 23, 1981. The 
bottom panel shows the corresponding magnetic field spec- 
trogram. To interpret these spectrograms, it is necessary to 
understand the geometry of the orbit. DE-1 is in a highly 
eccentric polar orbit with an apogee geocentric radial distance 
of 4.65 RE and a perigee geocentric radial distance of 1.1 R E. 
At the time of the pass shown in Figure 1 the perigee was 
located over the southern polar region. Because of the high 
spacecraft velocity near perigee, the spacecraft passes over the 
southern polar region very quickly. The spacecraft crosses 
through the evening auroral zone from about 0428 to 0433 
UT, passes over the polar cap from about 0433 to 0440 UT, 
and crosses through the morning auroral zone from about 
0440 to 0444 UT. The dark portions of the spectrogram indi- 
cate regions of higher intensity. The low-frequency electric and 
magnetic field noise is clearly evident over the evening and 
morning auroral zones at frequencies extending up to about 
50 Hz. 

Gurnett et al., [1984]
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are consistent with a height-integrated ICR heating of ions,
the ion heating rate following a power law versus geocentric
distance as r

3.3±1.8. This study confirmed that only a small
fraction (less than a few %) of the wave power typically ob-
served in the BBELF spectrum is needed to reproduce high-
altitude ion observations. On the other hand, it was found
that the effect of parallel electric field is of minor importance,
except in the pre-noon cleft region.
Understanding the global development in altitude of non-

thermal, dayside, outflow of ionospheric origin is also needed
to determine the ability of this latter component to supply in
plasma the outer magnetospheric regions such as the mag-
netotail. Indeed, cold O+ beams have been observed in
the distant lobe/mantle region over a broad altitude range
up to 210R

E

by the Geotail satellite (Hirahara et al., 1996;
Seki et al., 1998, 2002). However, when comparing ion en-
ergies with those observed by low-altitude satellites in the
cusp/cleft, it turns out that there is a need for extra energiza-
tion of about 2.7 keV in between, for these ions to reach such
large distances. As mentioned in Seki et al. (2002), O+ ob-
servations in the high-altitude cusp region are needed to clar-
ify this issue.
The present paper is an extension of the study by Bouhram

et al. (2003a, b), gathering ion data in the cusp/cleft from
Akebono, Interball-2 and Cluster satellites. The aim of this
statistical study is to follow the altitude development of oxy-
gen ion conics over a broad and complete altitude range, from
the topside ionosphere up to about 5.5R

E

. Hence, we discuss
the evolution of ion conics as a function of altitude at the
poleward edge of the cusp/cleft and the possibility of find-
ing out the altitude peak of the height-integrated heating of
ions. Two-dimensional Monte Carlo simulations are used to
explain qualitatively the statistical results.

2 Instrumentation and data analysis

In the present study, we utilized data from several satellites:
Akebono, Interball-2, and three of Cluster spacecraft. In

Sect. 2.1, we describe the instruments we used aboard those
spacecraft. In Sect. 2.2, we present examples of ion distri-
butions measured by such instruments. Finally, Sect. 2.3 de-
scribes how to select ion data at high-altitude for our purpose.

2.1 Instrumentation

The Akebono satellite was launched in 1989 into a polar orbit
with an initial apogee of 10.482 km (1.6R

E

) and a perigee of
272 km. The low-energy particle (LEP) instrument (Mukai et
al., 1990) aboard Akebono was designed to observe energy-
pitch-angle distributions of auroral ions and electrons. It car-
ries two sets of electrostatic (E/Q) analyzers separated at the
symmetric position with respect to the satellite spin axis. The
E/Q analyzers have 10 detectors, which were combined over
a satellite spin period (7.5 s) to measure three-dimensional
(3-D) distributions of ions and electrons, at energies ranging
from 13 eV up to 20 keV for ions. In the present study, we
only use ion data obtained by Akebono/LEP between April
1989 and March 1990, at solar maximum, and previously
published by Miyake et al. (1993).
The Interball-2 satellite was launched in August 1996, into

a 19.200⇥750 km orbit with 62.5� inclination. The ion in-
strument aboard Interball-2 has two detectors, i.e. two mass
spectrometers, which use Wien filters to measure energy
spectra of H+, O+ ions at higher energies (30 eV–15 keV)
over two view directions rotating in the spin plane along with
the satellite (Sauvaud et al, 1998). From Interball-2/Ion, 2-
D ion distribution functions and moments are then recorded
every spin period (120 s). Note also that Interball-2/Ion has
two cylindrical spectrometers to measure electron distribu-
tions (see Sauvaud et al., 1998, for details). However, we
only use in our study ion measurements by Interball-2/Ion
in the cusp/cleft between January 1997 and April 1998, for
solar minimum conditions, covering altitudes between 9000
and 19 200 km (e.g. 1.4 and 3.0R

E

, respectively), and previ-
ously discussed in Bouhram et al. (2003b).
Finally, the four identical Cluster satellites were launched

in 2000 with an elliptical orbit (4.0⇥19.6R

E

) and an

Bouhram et al., [2004]



3D View of Outflow

Majority of the O+ outflow is driven from the dayside, not the aurora

Fix Alt = ~7000km
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Particle EOM + Collisions

Gyrotropic Fluid Transport
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Calculation Flow
Sample Ghost Cell

Push Particles (rk4)

Sort Particles

Apply Coulomb Collisions 
(Takizuka and Abe [1977])

Apply Wave-Particle Interactions (WPI )
(Barakat and Bargouthi, [1994])

Calculate Moments

Fill Ghost Cell

Calculate Efield

Calculate SE solution

Set source terms 
(collisions and chemistry)

Advance Hydrodynamic Solution

Apply Heatflux

Hybrid-DSMCHydrodynamic

Split & Join Particles
(Lapenta, [2002])



Superthermal Electrons (SEs)

Mechanisms by which SEs affect outflow

• E||

• Coulomb collisions

i+#
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Three Treatments of SE population

Journal of Geophysical Research: Space Physics 10.1002/2014JA020641

Figure 1. Illustration of I-M exchange processes included in our model: WPI (orange) from ECH and whistler waves causes
primary precipitation (large red and yellow arrows), which can ionize the neutral atmosphere and produce the secondary
electrons. Secondary electron fluxes can also escape (blue) and precipitate into the conjugate region.

we kept this precipitated flux at 800 km (above 600 eV) as fixed boundary conditions, which were identical
for both magnetically conjugated ionospheric regions. Figure 1 also shows the secondary electron flux
(E < 600 eV) caused by this primary precipitation with blue arrows labeled Escaping Secondary Flux. This
flux was calculated in both magnetically conjugated regions and in the magnetosphere in according to the
method presented by KH2014 and includes the cascading of high-energy precipitated electrons from the
magnetosphere toward small energies (energies only below 500–600 eV) and the production of secondary,
tertiary, and further such electrons based on the solution of a single electron kinetic equation. Blue spirals
show the escaping particles that move along the magnetic field, some portion of which become trapped, as
illustrated by a blue cloud.

The nonsteady state SuperThermal Electron Transport (STET) code that will be used in this paper was
initially developed by Khazanov et al. [1992, 1993] for the plasmasphere and further generalized for the
ionosphere-magnetosphere coupling studies [Khazanov and Liemohn, 1995] and global transport of SE
[Khazanov et al., 1996] and to study the relativistic beam injection in space plasma [Khazanov et al., 1999].
This STET model includes the full solution of the Boltzmann-Landau kinetic equation for the superthermal
electron ionosphere-magnetosphere (I-M) coupling problem that was derived by Khazanov et al. [2011] and
discussed in our recent study KH2014.

The starting point of our superthermal electron I-M coupling problem, for energies E> 1–2 eV, is the
Boltzmann-Landau kinetic equation derived and discussed by Khazanov et al. [2011]. As we mentioned
above, the dissipation processes of magnetospheric electrons in the diffuse aurora are affiliated with the
cascading of high-energy electrons toward smaller energies and the production of secondary, tertiary, and
further resultant electrons. Such ionization cascades can be handled by just one single kinetic equation that
takes all of the aforementioned processes into account [Khazanov et al., 1994]. Following Khazanov et al.
[2011], this equation can be written as

1
v
!Φ
!t

+ " !Φ
!s

− 1 − "2

2

(1
B
!B
!s

− F
E

) !Φ
!"

+ EF" !Φ
!E

= Q + ⟨S⟩ (1)

where Φ = 2Ef∕m2 is the SE flux; v is SE velocity, t is time; s is the distance along the field line; E is the particle
energy; and " is the cosine of the pitch angle. The inhomogeneity of the geomagnetic field, B, is included,
as well as other forces, such as electric fields, in F, which is expressed here through the total gradient of the
thermal electron pressure. Q is the SE source term, and ⟨S⟩, which includes all collision integrals, represents
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Externally imposed fluxes (Glocer et al., [2012])


Two-Stream electrons from adapted GLOW model 
(Solomon et al.,[1988], Banks and Nagy [1970])


Kinetic Model: STET (Khazanov et al., [1997], Liemohn 
and Khazanov, [1997]) 

PHoTOELECTRON TRANSPORT AND ESCAPE 
Nisbet [1968], the effects of elastic and inelastic 
collisions were taken into account. Other calcu- 
lations related to photoelectron energy spectra 
have neglected the effects of elastic scattering 
altogether and, as discussed in this paper, over- 
estimate the actual rate of photoelectron escape. 

The purpose of this paper is to present a 
theory of photoelectron transport that can 
directly take into account both elastic and 
inelastic collisions. In particular, by formulat- 
ing the problem of photoelectron transfer in 
terms of upgoing and downcoming photoelec- 
tron fluxes (relative to magnetic field lines), 
it is possible to derive specific results for simple 
models giving the daytime escape flux, the 
altitude variation of the isotropy of the photo- 
electron flux, and the predawn photoelectron 
backscattering ratio (albedo). 

TI-IEORY OF PI-IOTOELECTRON TRANSPORT 

A simple model of photoelectron transport 
that takes into account both elastic and in- 
elastic collisions between photoelectrons and 
the neutral and ionized particles of the upper 
atmosphere is outlined in this section. To treat 
this problem, it is assumed that the photoelec- 
tron flux in the energy range •, e + de along 
a geomagnetic field line (coordinate s) consists 
of two components; one component •+(•, s) di- 
rected upward along the field line (or away 
from the earth) and the other, •-(•, s) directed 
downward along the field line (or toward the 
earth). Photoelectrons are assumed to be 
created within the atmosphere by photoioniza- 
tion or other processes at a rate q(•, s) per unit 
energy and volume, such that q/2 contributes 
to •+ and to q•- [Mariani, 1964]. 

In traveling along magnetic field lines, it is 
assumed that the photoelectrons interact with 
the neutral and charged particles of the atmos- 
phere through elastic collisions of cross section 
a,(•) and inelastic collisions of cross section 
a, (•). An elastic collision can convert a down- 
ward moving photoelectron into one moving 
upward and vice versa; the fraction of elec- 
trons that are backscattered by the kth atmos- 
pheric species in an elastic collision of cross 
section a,(•) is taken as pfi(•). Due to the 
mass factor involved in the photoelectron- 
neutral or ion elastic energy transfer rate, it is 
assumed that elastic collisions do not result in 
appreciable photoelectron energy degradation. 

1903 

Inelastic collisions, in contrast, cause cascading 
between the various photoelectron energy 
groups, with the photoelectrons absorbed at 
higher energies reappearing at appropriate 
lower energies. The fraction of backscattered 
electrons resulting from an inelastic collision 
leading to the jth excitation level of a kth 
species particle is taken as p•j•(e• --• e,). 

Under these conditions and neglecting gravity, 
external electric fields, and the diverging nature 
of the geomagnetic field, the steady state con- 
tinuity equations for the upward and downward 
moving photoelectron fluxes in the range e, 
e '3- deare 

k k k = _ • -•(•)[• + p• • ]•*½, •) 

nk(s)p, o'• q) (e, s) -]- + q+(e, s) 
k 

(1) 

d•-(•, •) -- -- • nk(s)[o-• • q- p,•er,•]q)-(e, s) ds • 

_• • •' k •'•+ q___(•_• n•,s)p, o', q, (•, s) q- q- q-(•, s) 
k 

(2) 
where 

O'a -- O'ai 
,. 

q•½, •) - • n•(•) •/p•(•)•(• -• •) 
:k 

ß •-(•, •) + [1 - p•(•)]•(•-• •)• •(•, •) I 

k 

ß •(•, •) + [1 - p•(•)]•(•-•)•-(•, •)1 
and 

s -- distance along a magnetic field line 
(positive outwards) 

•+(e, s) = photoelectron flux outwards along s 
ß -(e, s) = photoelectron flux inwards along s 

n•(s) - kth species number density 
p.•(e) - photoelectron backscatter proba- 

bility for elastic collisions with the 
kth specie s 
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O+ as a marker of outflow
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SHELLEY, JOHNSON, AND SHARP 
ctcr. The earlier data and a more detaiied 
analysis o[ the data presented here will be re- 
ported in future publications. 

In Figures 2 and 3 the fluxes of helium ions 
were below the sensitivity threshold of the spec- 
trometers. Helium ions have been observed with 
these instruments [Shook et al., 1970; and 
R. D. Sharp, G. B. Shook, R. G. Johnson, and 
T. C. Sanders, unpublished manuscript, 1972], 
and the proton-to-helium ratio is quite variable. 

SUMiV[ARY AND CONCLUSIONS 

In summary, energetic heavy ions with a 
mass per unit charge of approximately 16 and 
with energies of 0.7-12 kcv have been observed 
in the inner magnetosphere from approximately 
L = 2.4 to L = 9. The heavy-ion fluxes have 
been observed to exceed the proton fluxes during 
magnetically disturbed times, particularly at 
low latitudes. The peak integral energy fluxes 
of these ions were approxima.tely 0.4 erg/cm • 
sec ster, which is substantial in terms of ex- 
pected observable ionospheric effects. It should 
also be noted that the heavy ions may make 
a substantial contribution to the storm-time 
magnetic-field depression (Dst), since at the 

, , same flux they represent an energy density 
greater by a factor of 4 than that of the pro- 

I tons. Previous measurements with electrostatic analysis only could not distinguish between ion 
species, and thus any such fluxes would have 
been reported as protons. 

The relatively large fluxes observed for the 
heavy ions, i.e., at times comparable to or 
larger than the key proton fluxes, suggest an 
ionospheric source, since the ratio of •60 and 
other ions in this mass range to hydrogen ob- 

flux served in the solar wind by the Vela satellites 
is typically about 10-:' [Bame et al., 1970]. When 
singly charged ions of ionospheric origin are 
assumed, our heavy ions are inferred to be •60 +, 
although •'N + cannot be ruled out on the basis 
of the present status of the data analysis. Since 
the ionosphere appears to be the source of the 
heavy ions, one must also consider the possi- 
bility that the observed protons of comparable 
energies, presumably the storm-time ring cur- 
rent protons [Franck, 1967], are also of iono- 
spheric origin. The alternative possibility of a 
solar-wind origin for these particles has re- 
cently been discussed by Frank [1970]. Another 
population of charged particles in this region 

i i i i I i ! i i i i 
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ENERGY PER UNIT CHARGE (key) 

Fig. 7. Differential heavy-ion number 
spectrums averaged over three selected time in- 
tervals during the southern night zone crossing 
on revolution 876 on December 17, 1971. The 
time interval for each spectrum is indicated, and 
error bars represent counting statistics only. The 
significant variability of the spectrum is typical, 
but the systematic hardening at higher latitude 
is not characteristic of all passes. 

the spectrometer on polar-orbiting OVl-18. The 
mass sweep on the OVl-18 spectrometer did not 
cover the entire mass 16 peak, and so the data 
were less definitive than those shown here. The 
earlier data had not previously been reported, 
pending verification by the improved spectrom- 

Shelley et al., [1972]
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“Polar wind” outflow first postulated by Axford [1968] and Banks 
and Holtzer [1968]

First in-situ measurements by the Explorer 31 satellite showing H+ 
parallel velocities > 10km/s (Hoffman, 1970; Brinton et al., 1971)

Outflows of H+, O+, He+  frequently observed since (see one of 
many reviews by Yau et al., [2007], Welling et al., [2016], …)

the F10.7 index spans a wide range within a solar
rotation. This implies that the level of solar EUV
flux varies significantly over a solar rotation.

Occasionally on days of large solar flare events,
the daily F10.7 value exceeds 350 and sometimes
reaches 600 or greater; we have excluded daily
values exceeding 350 in determining the maximum
F10.7 value in a solar rotation.

The polar wind observations from the different
satellites in Fig. 5b span a wide range of altitudes,
from about 1000 km to !50,500 km (8RE) altitude.
In particular, the Explorer-31, ISIS-2 and low-
altitude DE-1 observations were below 4000 km.
The Akebono observations spanned the range from
1000 km to 10,000 km. The POLAR observations
were primarily near its perigee (5000 km) and
apogee (!50,500 km) but included data down to
!22,000 km. For convenience, we refer to observa-
tions below 4000 km as low-altitude observations,
those above 10,000 km as high-altitude observa-
tions, and those in between as mid-altitude observa-
tions, recognizing that both the ion-exosphere upper
boundary (o3000 km) and the source region of
upwelling ions (!2500–3500 km) lie within our
‘‘low-altitude’’ region and that the so-called auroral
‘‘parallel acceleration’’ region (!5000–10,000 km)
falls within our ‘‘mid-altitude’’ region.
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rotation near solar maximum.

Fig. 4. Schematic diagram of polar wind flow in the polar
ionosphere: As the polar wind ions flow upward along ‘‘open’’
geomagnetic field lines and undergo anti-sunward convection in the
polar cap and dayside cusp poleward of the plasmasphere, they
generally increase in both drift speed and temperature. The direction,
length, width, and color of the arrows denote the polar wind ion flow
direction, speed, temperature, and mass species, respectively.
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the F10.7 index spans a wide range within a solar
rotation. This implies that the level of solar EUV
flux varies significantly over a solar rotation.

Occasionally on days of large solar flare events,
the daily F10.7 value exceeds 350 and sometimes
reaches 600 or greater; we have excluded daily
values exceeding 350 in determining the maximum
F10.7 value in a solar rotation.

The polar wind observations from the different
satellites in Fig. 5b span a wide range of altitudes,
from about 1000 km to !50,500 km (8RE) altitude.
In particular, the Explorer-31, ISIS-2 and low-
altitude DE-1 observations were below 4000 km.
The Akebono observations spanned the range from
1000 km to 10,000 km. The POLAR observations
were primarily near its perigee (5000 km) and
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!22,000 km. For convenience, we refer to observa-
tions below 4000 km as low-altitude observations,
those above 10,000 km as high-altitude observa-
tions, and those in between as mid-altitude observa-
tions, recognizing that both the ion-exosphere upper
boundary (o3000 km) and the source region of
upwelling ions (!2500–3500 km) lie within our
‘‘low-altitude’’ region and that the so-called auroral
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falls within our ‘‘mid-altitude’’ region.
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Fig. 4. Schematic diagram of polar wind flow in the polar
ionosphere: As the polar wind ions flow upward along ‘‘open’’
geomagnetic field lines and undergo anti-sunward convection in the
polar cap and dayside cusp poleward of the plasmasphere, they
generally increase in both drift speed and temperature. The direction,
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direction, speed, temperature, and mass species, respectively.

A.W. Yau et al. / Journal of Atmospheric and Solar-Terrestrial Physics 69 (2007) 1936–1983 1949

Yau et al., [2007]

History of Outflow Missions

Background & importance of outflow 



Parallel Performance
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Representing the Ionospheric Source

Strangeway et al. [2005]

Poynting Flux Electron Precipitation

Ion Outflow
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Fluid and Kinetic models are both valid descriptions while 
collisions are important
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