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Outline

• Ancient History

• Reasonable Conjectures  

• Limitations that have precluded confirming or 
refuting these conjectures

• Resolving open questions.
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Shelley, Sharp, and Johnson
first reported heavy ions in the magnetosphere during a 

geomagnetic storm (Kp ~7) on December 17, 1971.  

KP

Relative maximum
count rate
   M/Q~16 
    E/Q 0.7-12 keV

These and complementary observations as well as  those 
from an earlier, low resolution version of the same instrument,
were made at low altitude (800 km).  These observations convinced
the community that the ionosphere played an important, measurable,
part in magnetospheric processes. W.K. Peterson, ICS-6, Seattle, March, 2002



Young et al. reported  monthly average O+ 
densities from near geosynchronous orbit on 

GEOS 1-2

The data show a very
strong dependence on 
Solar EUV proxies
F10.7 and RZ

BUT
Little dependence on 
magnetic activity 
proxy AP

W.K. Peterson, ICS-6, Seattle, March, 2002



Data from other satellites soon 
demonstrated the extreme variation in the 

ionospheric content in the plasma sheet and 
on auroral and polar cap field lines 

ISEE -1 Lennartsson, Peterson,Sharp, S3-3, Shelley, 

Collin, SCATHA, Quinn, Shelley, 

PROGNOZ, Lundin, Hultqvist, DE -1 Yau, 

Collin, Peterson, AMPTE/CCE  Daglis, Kislter, 

Hamilton, CRRES Grande, Collin, Quinn  ,Geotail 
Hirahara, Seki

Akebono, VIKING, FREJA, 
InterBall, POLAR, FAST and 
Cluster....

W.K. Peterson, ICS-6, Seattle, March, 2002



Long term statistical studies of H+ and O+ 
outflow and plasma sheet density confirmed 

and quantified the dynamic nature of 
ionospheric plasma in the magnetosphere. 

Yau et al. from DE -1 Lennartsson from ISEE -1
W.K. Peterson, ICS-6, Seattle, March, 2002



Shelley [COSPAR, and AGU, 1986] combined these statistical 
studies and a simple, static, model of the plasma sheet 

volume to provide a first order estimate of the variation 
of the plasma sheet composition as a function of 

magnetic and solar activity

Estimated fraction 
of the Plasma sheet 
of Geogenic origin

Chappell used basically the same
DE outflow data and argued that the
ionosphere was more than adequate to 
populate the plasma sheet at all times. AE index

Two levels of solar activity

100%

10%

W.K. Peterson, ICS-6, Seattle, March, 2002



Following a ‘blob’ of ionospheric plasma through 
the magnetosphere still is is not practical.

The first attempt using data from 6 mass spectrometers 
obtained during the February 21-22, 1979 magnetic storm was 

reported by Balsiger et al. [1981]

Markers indicate position
at times of three Dst 
minima

O+ was dominant ion at
all locations except for 
one ISEE-1 observation 
where it accounted for
only 40% of the plasma 
sheet density

W.K. Peterson, ICS-6, Seattle, March, 2002



Grande developed a statistical technique to 
follow a blob of plasma through the substorm 

process using superposed epoch analysis

CRRES
  Energy Density/
    Number Density
    relative to 
    substorm onset
  70 < keV/e <400
  R/Re < 7
  DST < -30 (solid)
  DST  > -30 (dotted)

The fractional energization of ring current
particles during substorms is the same 
at storm and quiet times.

W.K. Peterson, ICS-6, Seattle, March, 2002



The initial series of mass composition observations 
lead to many reasonable speculations about the 
role of ionospheric plasma in substorm initiation

• O+ initiation of tearing mode instability in the 
plasma sheet, Baker et al.1982

• O+ pressure modifies the plasma sheet magnetic 
field and leads to instabilities near the flanks that 
eventually grow into a substorm. Cladis and Francis (1992)

• Seasonal variations in substorm intensity caused by 
variations in the ionospheric conductivity. Newell 

• Existence of a Hidden cold ion population in the PS

W.K. Peterson, ICS-6, Seattle, March, 2002



O+ Driven Plasma Sheet 
Instabilities

• Daglis and colleagues reported observations they 
said were consistent with O+ driven PS 
instabilities

• The mechanism and conditions for O+ driven 
instabilities are not well established

• Lennartsson, on the basis of statistical evidence, 
asserts O+ is a response to, not a driver of 
substorms

• Recent exchanges of published comments reveals 
the difficult nature of confirming or refuting this 
reasonable conjecture.

W.K. Peterson, ICS-6, Seattle, March, 2002



Lopez identified dispersionless injection signatures 
at AMPTE/CCE and  which were systematically 

investigated by Daglis, et al.
Daglis et al  in a series of papers reported many dispersionless
injections where in the period immediately preceding:

O+ energy density above 1 keV increased
The magnetic field became more stretched
The H+ and O+ ion distributions became more field aligned 

Limitations of the Data sets:
   Energy >1keV with sensitivity issues
   Temporal Resolution  ~3min
    Sampling only inside ~9 Re

Conclusion: Observations consistent with O+ driving substorms

W.K. Peterson, ICS-6, Seattle, March, 2002



Tearing mode microphysics has 
problems

• Plasma Physics
– Electrons can stabilize the plasma

– Three dimensional analysis incomplete. 

• Kinematics
– The slower the O+ plasma the more dense

– 10 eV O+ has a velocity of 6 Re per hour

• Lennartsson and Grande have developed 
arguments against O+ driven instabilities as 
a primary cause of substorms 

W.K. Peterson, ICS-6, Seattle, March, 2002



The Daglis et al. analysis was based on absolute fluxes in 
the near-tail region from AMPTE/CCE and CRRES.   

Grande, using relative fluxes from the same region# concluded
that the ionospheric and solar wind components were similarly 

energized by both 
storm and quiet time
substorms and that
He++ and O+ densities
had similar spatial 
temporal distributions

# In dispersionless
injection events in 
the near-tail. 

70 < keV/e <400

W.K. Peterson, ICS-6, Seattle, March, 2002



Lennartsson approached the cause/effect 
problem using extensive statistical studies of 

ISEE and AMPTE 

Density
Energy
per 
Nucleon

Maximum AE in the previous 6 hours

Limitations of data:
100 eV < E/q < 17 keV  Temporal resolution  ~ 0.5 hr   10 < R/Re <20

W.K. Peterson, ICS-6, Seattle, March, 2002



On the basis of the statistical properties of O+, 
He++ and H+ as a function of F10.7, AE and local 
time in the tail region, Lennartsson concluded 

that O+ in the PS is a response to, not a 
driver of, substorms. 

In a recent published exchange of 
comments: Daglis countered that the 
Lennartsson analysis did not rule out O+ 
instability initiating substorms because:
– Spatial and/or temporal inhomogenieties in O+ 

distributions would have been missed in large 
scale studies

W.K. Peterson, ICS-6, Seattle, March, 2002



• Lennartsson’s counter to Daglis is: 
– A class of ion streams were 

commonly observed on ISEE, but 
there was no clear association 
between them and substorm onset.

– Is it probable that the O+ 
concentration at the point of onset 
is systematically different  than has 
been sampled elsewhere?   

– Lennartsson suggests the burden of 
proof is to demonstrate 
inhomogeniety and tie it physically 
to both an instability and  substorm 
onset.

W.K. Peterson, ICS-6, Seattle, March, 2002

Ion streams observed
in the tail from ISEE
Sharp et al., 1981.



• Geotail, Polar, and Cluster have 
rediscovered the O+ population Daglis 
(and earlier Chappell) postulated....the so 
called “Hidden cold ion population”
– Hidden because of temporal instrumental 

energy range limitations and spacecraft 
charging in the ISEE era.

• It is the population identified by Sharp et 
al., on ISEE 20 years ago.

W.K. Peterson, ICS-6, Seattle, March, 2002



High Resolution Evidence of “blobs” 
of O+ in the plasma sheet.

W.K. Peterson, ICS-6, Seattle, March, 2002

A significant fraction of O+ escapes
downtail

Most concentrations of O+

in the PS do not start substorms



What is needed to affirm or refute the 
assertion that localized concentrations of 

O+ in the plasma sheet initiate an 
instability that leads to a substorm?

• Clear predictions based on solid plasma theory 
that can be checked with data from Cluster, 
Polar, and the current fleet of spacecraft.
– How much O+ plasma
– How big a volume has to be covered

– What kinds of electron distributions are most 
compatible with O+ driven instabilities.

– Energy/Time of flight consistency checks
W.K. Peterson, ICS-6, Seattle, March, 2002



Seasonal variations in substorm intensity 
caused by variations in the ionospheric 

conductivity have been suggested by Newell 
and his colleagues.

• These variations have been independently confirmed by 
several investigators

W.K. Peterson, ICS-6, Seattle, March, 2002
Summer Winter

Ion Beams at 1 Re Polar (Collin et al.)



 Newell and his colleagues have recently  
argued that there is a solar zenith angle 
effect in substorm occurrence....Substorms 
are slightly more common when the 
midnight field line is dark in both 
hemispheres.   

This is in addition to the well known Russell-
McPherron effect.

The relationship between the ionosphere and 
substorms is postulated by Newell to 
involve lower conductivity of the 
ionosphere, not the O+ content.

W.K. Peterson, ICS-6, Seattle, March, 2002



Progress in investigating the relationship, 
if any, between O+ outflow and substorms 
can come only from:  

Identifying large scale, Coherent 
features in ion outflow 

Incorporating them into large scale 
models and 

Testing the models with realistic 
instability criteria

W.K. Peterson, ICS-6, Seattle, March, 2002



What do we know about spatial and temporal 
variations of ion outflow?

• Temporal Variation

– Clearly resolved seasonal variation in He+ outflow

– Clearly resolved variation in 18 month average global outflow 
rates with magnetic and solar activity dependence captured in the 
DE 1 empirical models

• Spatial Variation

– Outflow is closely associated with the Auroral Zone.

– There are clearly defined maxima in outflow for Cusp/Cleft and 
Midnight MLT Regions 

• Almost no information is available on temporal variations on 
time scales less than a season.

• Some information is available on the simultaneous spatial and 
temporal variations (coherence) of ion outflow.

W.K. Peterson, ICS-6, Seattle, March, 2002



Yau et al. [1988]  quantification of ion outflow
in Modeling Magnetospheric Plasma AGU Monograph #44

W.K. Peterson GEM/CEDAR ‘99

Ion outflow has some large spatial and temporal
coherence.  These data are 18 month global averages

W.K. Peterson, ICS-6, Seattle, March, 2002



From  Winglee, 1999

The region to which O+ 
is transported 
depends on:
– The amount of energy 

transferred 

– The Location of energy 
transfer(s)

– The convection electric field

– The magnetospheric 
topology

We still don’t understand all of the details!
W.K. Peterson, Yellowstone, ‘99 W.K. Peterson, ICS-6, Seattle, March, 2002



• Observations of the the coherence of ion outflow 
(i.e. simultaneous spatial and temporal variations) 
require data from more than one satellite.

• Data sets with information that could be used to 
observe the coherence of ion outflow are:
– DE -1 (1981-1991)

– POLAR (1996-1998)

– Akebono (1989- )

–  FAST (1996- )

• A preliminary study of data from three of these 
satellites for a limited period has shown that ion 
outflow is not globally coherent on geomagnetic 
storm time scales.

W.K. Peterson, ICS-6, Seattle, March, 2002



• Is ion outflow proportional to solar wind power 
input over extensive or limited spatial scales?

– Can global ion outflow be 
characterized instantaneously by a 
single parameter?

Question: 

There are currently six operating satellites
with mass spectrometers capable of monitoring
ion outflow

Akebono/SMS (1989-), Polar/TIMAS(1996-), and
FAST/TEAMS (1996-), 3 Cluster satellites (2000-)

W.K. Peterson, ICS-6, Seattle, March, 2002



Table 1: Orbit, Instrument, and Data parameters

Akebono Polar FAST
Energy
   Range

0-70 eV 15 eV -
33 keV

1 eV -
12 keV

Altitude
   Range

275 -
10,500 km

2 -
9 Re/R

400 -
4000 km

Inclination 75 o 90  o 83  o

Data interval 8-16 s 192 sa

12 sb
5 - 20 s

Data samples
 Total 916 1725 7306
  Cuspc 0% 8% 31%
 Polar Capd 37% 63% 34%
Upward
  O+ 85% 71% 48%
  H+ 50% 71% 16%

aApogee
bPerigee
c09-15 MLT
bInvl > 75o; outside of cusp MLT range

The first time three 
satellites were operating 
during a geomagnetic 
event, and subsequent
quiet interval, 
was in January, 1997

Peterson et al. (2002) report a null result---
a lack of spatial or temporal  coherence of H+ and O+ 

outflow during the period January 9-12, 1997.
W.K. Peterson, ICS-6, Seattle, March, 2002



Conclusions (1):

• The composition of the magnetotail changes in 
response to changes in solar and geomagnetic 
activity

• Composition changes may be involved in the 
increased rate of substorms during large 
geomagnetic storms

• There is no proof that ionospheric plasma 
initiates or even modifies the substorm 
process.

W.K. Peterson, ICS-6, Seattle, March, 2002



Conclusions (2):

• Clear predictions based on solid plasma 
physics are needed to guide future 
investigations

• The coherence properties of outflowing 
ionospheric plasmas need to be determined 
and incorporated into large scale models. 

W.K. Peterson, ICS-6, Seattle, March, 2002


