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Solar Radiation
HINODE/XRT
(0.6nm～20nm)  EUV: Extreme UltraViolet
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Photochemistry in the Upper Atmosphere
Electron-Ion Recombination  
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Photoionization by EUV  
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Radiative Recombination  Ion-Molecule reactions  

++

++

++

++

++

++

+→+

+→+

+→+

+→+

+→+

+→+

OHOH

ONON

NNOON

NOONOO

OOOO

NNONO

2222

2

22

22

2



Ionosphere and Thermosphere

F-layer

E-layer

Ionosphere              Thermosphere
*Ionization rate is <10-4 in F-region.

*Coupling between Atmosphere and Plasma is important for
the dynamics and photochemistry in the ionosphere/thermosphere.  



Planetary Ionosphere
Venus Mars 

Jupiter  Io  



Plasmasphere

The Earth’s plasmasphere is a torus of 
cold (~1eV) and dense (~103cm-3) plasma 
in the region of the inner magnetosphere.
H+ is the principal ion with ~20% He+. 

plasmasphere

cusp

From dusk                                                     From north  

IMAGE     He+ (30.4 nm)  plasmapause



Plasmaspheric erosion (plasma tail) is the result of 
enhanced magnetospheric convection.

Magnetospheric Convection

Plasmasphere
corotates with
the Earth.

Plasmapause

Solar wind

Magnetospheric
convection



Corcuff et al., 1972

ppp KL 47.07.5 −=
Carpenter and Park, 1973

Plasmapause

Plasmasphere Plasmapause

Ne (cm-3)

The location of the 
plasmapause
depends on the 
magnetospheric
disturbance.

Wave-like irregularity
in the plasmapause
results from transient, 
localized processes 
associated with 
substorms.

Plasma is supplied 
continuously from 
ionosphere.
(Refilling)



Banks et al., 1976

Topside Ionosphere

Low latitude

Middle latitude

High latitude
(outside plasmasphere) 

Why is low H+ density 
at high latitudes?
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Momentum Equation in Ionosphere
Momentum Equation for Ion and Electron 

Charge Neutrality     Ambipolar Electric Field 

Force along Open Magnetic Field Line
or Closed Magnetic Field Line during Refilling. 

•Pressure Gradient
•Ambipolar Electric Field  



Modeling of Topside Ionosphere

H+

H+

O+

Boundary Condition: H+ density at 3000km altitude.

Collisional
Coupling

H+ - O+
H+ - e

Te:  1000k at 200km
4650k at 3000km

Raitt et al., 1975



Banks, 1972

Axford [1968] pointed out that the lighter ions must escape 
from the earth by the flux of escaping photo-electrons with 
energies greater than 2.4 eV, and suggested the ion escape 
speed of ~10 km/sec. 
This phenomenon is called ‘Polar Wind’.
The polar wind is important as a source of magnetospheric
plasma [Shelley et al., 1982; Moore et al., 1986; Chappell et 
al., 1987]. 

Polar Wind

Ambipolar Electric Field 

N 

Z 

O+ 

H+, He+ flow Polar Wind

Refilling   
electron 



Topside Polar Ionosphere
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Thermal Ion Outflow

Akebono/SMS Near magnetic pole,
all ionospheric ions are flowing to Magnetosphere. 



Thermal Ion Heating

O+
H+
e

E

B

n
B
j

In Cusp/Aurora regions,
ions are heated perpendicular 
to the local magnetic field line.

This is called TAI.
(Transversely Accelerated Ion)  

There is good correlation 
between TAI and 
Electric/Magnetic field 
variations.
(Low frequency waves)

Freja



Thermal    H+
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Velocity
H+

He+

O+

Kp <2+    3- ~ 4+      >5-

Akebono (EXOS-D)

Outflow and Plasma wave

Broadband Noise
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Kasahara et al., 2000 



POLAR / Toroidal Imaging Mass-Angle Spectrograph 

Amount of Outflow

Lennartsson et al., 2004   

m-2s-1  

~1026 ions/s per hemisphere 
20 GW   energy flow rate   

at 300km altitude
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Ion Motion

Ion Energy

Magnetic Moment (conserved)
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●Acceleration by Cyclotron Resonance 
Transversely Acceleration
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Heating Wall

Refilling of Plasmasphere Ion Escape 

Ion heating wall
Ion conics

~30km Convection

Polar wind
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Correlation between Transversely Accelerated Ion and 
Broadband Extremely Low Frequency (BBELF) Turbulence.
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N２+ Occurrence 

Akebono (EXOS-D) 

Molecular Ion Heating

In the polar ionosphere, all ions are heated and 
flow to the magnetosphere. 



N2
+ Ion Heating in Cusp

Optical observation of N2
+ by MSX satellite

(Romic et al. 1999)



Ion Outflow from Topside Ionosphere

T. Abe



Oxygen Ion in Magnetosphere

O+ in plasma sheet.

O+ density is larger than H+.

O+ energy >10keV

larger than TAI energy

Unknown acceleration process!

CLUSTER 

Kistler et al., 2006 



Oxygen Ion in Magnetosphere

O+



O+ Flow in Magnetosphere



Ion Outflow Model

How much ions are escaping from 
ionosphere?

To investigate the ion escape flux, an empirical 
model of topside polar ionosphere is made 
from Akebono/SMS data

( >1 solar cycle from 1989 ~
>1,000,000 datasets )

The model provides Density, Velocity, Flux for 
H+, He+, O+ with functions of MLT, LAT, ALT, 
Season, F10.7 and Kp.



Ion Outflow Model
Base Functions
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2003/1/25
Kp:         3
F10.7:       125
Altitude: 6000km

H+

He+

O+

Ne

Day Night

Dusk

Dawn

North Pole

Ion Outflow Model

Density    Velocity      Flux



Ion Flux from Ion Outflow Model

Escape Flux at 6000 km altitude
in the northern hemisphere

H+

He+
O+



Mass Loss from Topside Polar Ionosphere

Total Oxygen Mass in Thermosphere 
tonHnmrMt
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Summary
(1)Ionospheric ion is flowing to magnetosphere as a polar 

wind.
(2)In the cusp and aurora regions, all ionospheric ions are 

accelerated by waves, as TAI (transversely accelerated 
ion) and conics, and the ions are escaping to 
magnetosphere.

(3)Ion escape from topside ionosphere is one of the source 
mechanisms of magnetospheric plasma.

(4)Ion escape flux depends on solar activity, magnetic 
activity, magnetic local time, latitude and season. 

(5)Mass loss from ionosphere is >10tons/day depending on 
ionosphere, thermosphere and solar wind conditions.

~0.26x108 el/cm2/s (Saxton and Smith, 1989)
~3x108 el/cm2/s (Park, 1970)
~108 el/cm2/s (Akebono, 1993)
~108 el/cm2/s (Polar, 2004)

Refilling of plasmasphere requires several days.



Questions for Future Work
(1)Ion energy is ~1eV in topside ionosphere, but ~10keV in 

magnetosphere.
Where is the ion heated?
What is the heating mechanism?

(2)How is the formation and dynamics of magnetosphere 
affected by ion injection from ionosphere?

(3)How about ring current and radiation belt?
(4)Is it possible to visualize the magnetosphere with O+?
(5)How does ion escape affect the Earth’s atmospheric 

evolution?
(6)How is ion escape during low geomagnetic field 

intensity?
(7)How about other planets?
…

http://www.ep.sci.hokudai.ac.jp/~shw/WinterSchool.pdf
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