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Solar wind: 
Plasma= electrons and ions 
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Interplanetary space 

Earth 
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Modeled	
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  wind	
  speed	
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  isotherm	
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  (Parker	
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Hydrodynamic gas 
 
No viscosity 
No magnetic field 
 
Only: 
pressure,  
gravity 
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  wind	
  parameters:	
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Magnetopause,	
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  determinaBon	
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  al.,	
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Magnetopause,	
  empirical	
  determinaBon	
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  magnetotail	
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  paths	
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Gradient	
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Tail	
  current	
  

Tail	
  current	
  is	
  consistent	
  with	
  the	
  stretched	
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Polar	
  ionospheric	
  currents	
  

Hall	
  currents	
  –	
  east-­‐west,	
  below	
  130	
  km	
  
Pedersen	
  currents	
  –	
  north-­‐	
  south,	
  above	
  130	
  km	
  	
  

JP	
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Birkeland	
  currents	
  (Field-­‐aligned	
  currents)	
  

Field	
  aligned	
  currents	
  are	
  essenBal	
  for	
  	
  the	
  magnetosphere-­‐ionosphere	
  coupling	
  



Birkeland	
  currents	
  (Field-­‐aligned	
  currents)	
  

Field	
  aligned	
  currents	
  are	
  the	
  magnetosphere-­‐ionosphere	
  coupling	
  
North-­‐south	
  Pedersen	
  currents	
  will	
  close	
  these	
  currents	
  in	
  the	
  ionosphere	
  	
  



Birkeland	
  currents	
  (Field-­‐aligned	
  currents)	
  

Birkeland	
  region	
  1	
  current	
  connects	
  to	
  the	
  magnetpause	
  currents	
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RepeBBon:	
  Plasma	
  and	
  currents	
  in	
  the	
  system	
  

• Solar	
  wind	
  
• Magnetopause	
  (boundary	
  
and	
  current)	
  	
  
• Plasma	
  sheet	
  and	
  
magnetotail	
  

• Magnetopause	
  currents	
  
• Ring	
  current	
  
• Tail	
  currents	
  
• Ionospheric	
  currents:	
  
Pedersen	
  and	
  Hall	
  
• Field	
  aligned	
  currents,	
  
Birkeland	
  region	
  1	
  and	
  2	
  



The	
  source	
  of	
  energy:How	
  much	
  energy	
  is	
  available	
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Remember:	
  almost	
  efficient	
  shielding	
  –	
  only	
  1%	
  into	
  system	
  



Entry	
  of	
  energy	
  

Dungey	
  Cycle	
  –	
  reconnecBon,	
  day	
  and	
  night	
  



Solar	
  wind	
  dynamo	
  –	
  magneBc	
  flux	
  

On	
  dayside:	
  plasma	
  on	
  field	
  lines	
  is	
  accelerated:	
  	
  
	
  magneBc	
  to	
  kineBc	
  energy	
  

On	
  nightside	
  –	
  tail:	
  Plasma	
  on	
  field	
  lines	
  is	
  de-­‐accelerated	
  
	
  kineBc	
  to	
  magneBc	
  energy	
  –	
  and	
  stretched	
  tail	
  
	
  induces	
  a	
  tail	
  current	
  
	
  ReconnecBon	
  :	
  magneBc	
  and	
  kineBc	
  energy	
  into	
  the	
  closed	
  system	
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Solar	
  wind	
  energy	
  transfer	
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Two	
  main	
  system	
  processes	
  to	
  deposit	
  stored	
  energy	
  

	
  
	
  
Substorms	
  –	
  aurora	
  and	
  
increase	
  of	
  Aurolar	
  Electrojet	
  
index	
  –	
  typical	
  hour(s)	
  
	
  
	
  
	
  
	
  
	
  
Geomagne=c	
  storm	
  –	
  increase	
  
of	
  ring	
  current	
  and	
  Dst	
  index	
  
Typical	
  days	
  



The	
  three	
  main	
  energy	
  sinks	
  

1.  InjecBon	
  and	
  increase	
  of	
  RING	
  CURRENTS	
  

2.  PRECIPITATING	
  parBcles	
  into	
  the	
  upper	
  
atmosphere	
  

3.  JOULE	
  HEATING	
  –	
  Pedersen	
  currents	
  
(along	
  E-­‐field,	
  a	
  load)	
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  (UR)	
  –	
  Dst	
  index	
  
•  Joule	
  heaBng	
  of	
  the	
  ionosphere	
  (UJ)	
  –	
  AE	
  index	
  
•  ParBcle	
  precipitaBon	
  (UA)	
  –	
  AL	
  index	
  
Energy	
  budget	
  
•  Short	
  intervals	
  
•  For12	
  years	
  
•  New	
  energy	
  coupling	
  funcBon	
  



1.	
  Energy	
  sink:	
  Ring	
  Current	
  and	
  Dst	
  

dB	
   J	
  

Dst	
  is	
  the	
  average	
  of	
  magneBc	
  dB	
  	
  
at	
  4	
  staBons	
  located	
  close	
  to	
  magneBc	
  equator	
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MagneBc	
  index:	
  Dst,	
  magneBc	
  storm	
  

dB	
  
J	
  

Magnetopause	
  current	
  

InjecBon	
  to	
  ring	
  current	
  

Loss	
  of	
  ring	
  current,	
  recovery	
  



First	
  Energy	
  sink:	
  
RING	
  CURRENT	
  energy	
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  equator	
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Loss	
  of	
  ring	
  current	
  

1.  Convection 
2.  Charge exchange 
3.  Wave-particle interaction 



2.	
  Energy	
  sink:	
  Joule	
  heaBng	
  

Pedersen	
  currents	
  –	
  north-­‐	
  south,	
  above	
  130	
  km	
  in	
  same	
  direcBon	
  as	
  electric	
  field	
  	
  

JP	
  

JH	
  

EJUj ⋅=



Auroral	
  Electrojet	
  (AE)	
  index	
  



JOULE	
  HEATING	
  rate	
  	
  	
  
	
  

8.154.0 += AEJU

	
  2.	
  energy	
  sink:	
  Joule	
  heaBng	
  (Uj)	
  using	
  AE	
  index	
  

EJUj ⋅=

AE	
  is	
  an	
  index	
  for	
  westward	
  and	
  eastward	
  currents	
  in	
  the	
  auroral	
  oval.	
  	
  
Many	
  studies	
  have	
  established	
  relaBons	
  between	
  Uj	
  and	
  AE.	
  

Both	
  hemispheres	
  –	
  solsBce:	
  



            

	
  3.	
  energy	
  sink:	
  ParBcle	
  precipitaBon	
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Stations for AE, AU, AL 

UA = 4.4 AL − 7.6
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  3.	
  energy	
  sink:	
  ParBcle	
  precipitaBon	
  



Outline	
  

54	
  

	
  
Plasma	
  regions	
  in	
  the	
  magnetosphere	
  
•  Overview	
  of	
  the	
  plasma	
  regions	
  in	
  the	
  Earth’s	
  magnetosphere	
  
•  Magnetopause	
  –	
  magneBc	
  shielding	
  and	
  pressure	
  balance	
  
•  Plasma	
  sheet	
  and	
  magnetotail	
  
Currents	
  in	
  the	
  magnetosphere	
  and	
  ionosphere	
  
•  Magnetopause	
  currents	
  
•  Ring	
  current	
  
•  Tail	
  currents	
  
•  Ionospheric	
  currents:	
  Pedersen	
  and	
  Hall	
  
•  Field	
  aligned	
  currents,	
  Birkeland	
  region	
  1	
  and	
  2	
  
	
  
	
  
The	
  Energy	
  flow	
  the	
  Earth’s	
  magnetosphere/ionosphere,	
  
•  Available	
  energy	
  in	
  the	
  solar	
  wind	
  
•  ReconnecBon,	
  the	
  solar	
  wind	
  dynamo	
  and	
  the	
  epsilon	
  parameter	
  
The	
  energy	
  sinks	
  in	
  the	
  system	
  
•  Ring	
  current	
  increase	
  (UR)	
  –	
  Dst	
  index	
  
•  Joule	
  heaBng	
  of	
  the	
  ionosphere	
  (UJ)	
  –	
  AE	
  index	
  
•  ParBcle	
  precipitaBon	
  (UA)	
  –	
  AL	
  index	
  
Energy	
  budget	
  
•  Short	
  intervals	
  
•  For12	
  years	
  
•  New	
  energy	
  coupling	
  funcBon	
  



The	
  energy	
  transfer	
  rates	
  -­‐	
  summarize	
  	
  

1)	
  Available	
  SOLAR	
  WIND	
  kineBc	
  energy	
  
	
  
	
  
2) The	
  energy	
  transfer	
  funcBon (ε-­‐parameter)	
  :	
  	
  
	
  
	
  
The	
  three	
  main	
  energy	
  sinks:	
  
	
  
3)	
  RING	
  CURRENT	
  energy	
  increase	
  
	
  
	
  
	
  4)	
  Global	
  AURORAL	
  PRECIPITATION	
  	
  
(both	
  hemispheres)	
  	
  
	
  
5)	
  JOULE	
  HEATING	
  rate	
  	
  
(both	
  hemispheres	
  at	
  solsBce)	
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Solar	
  wind	
  -­‐	
  magnetosphere	
  -­‐	
  ionosphere	
  	
  system:	
  



Energy	
  input/output	
  for	
  July	
  24,	
  1997	
  

USW	



U"

UR	



UJ	



UA	



ε

56	
  



Energy	
  sinks	
  -­‐	
  distribuBon	
  

	
  
	
  
•  Typically	
  -­‐	
  The	
  ionospheric	
  energy	
  sinks	
  dominate:	
  

	
   	
   	
  	
  	
  	
  	
   	
  	
  
UJ:	
  55%	
  	
  	
  	
  	
  	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
   	
  	
  
UA:	
  30%	
   	
   	
  	
  	
  	
   	
   	
   	
   	
  	
  
UR:	
  15%	
  	
  	
  	
  	
   	
   	
   	
   	
   	
   	
  	
  

•  The	
  coupling	
  efficiency:	
  	
  0.3-­‐0.9%	
  of	
  the	
  total	
  available	
  solar	
  wind	
  kineBc	
  
energy	
  is	
  deposited	
  to	
  the	
  MI	
  system	
  

Eff = URC+UJ+UA
USW
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Substorms	
  and	
  geomagneBc	
  storms	
  



Energy	
  coupling	
  funcBon	
  

W (t) = [ε(t)−UT
t1

t

∫ (t)]dt

12 year of data, red is epsilon	
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Improved	
  energy	
  coupling	
  funcBon	
  

Tenfjord and Østgaard, 2013 - JGR	
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Summary	
  
	
  
Plasma	
  regions	
  and	
  currents	
  in	
  the	
  Earth’s	
  magnetosphere	
  
•  Overview	
  of	
  the	
  plasma	
  regions	
  in	
  the	
  Earth’s	
  magnetosphere	
  
•  Magnetopause	
  –	
  magneBc	
  shielding	
  and	
  pressure	
  balance	
  
•  Plasma	
  sheet	
  and	
  magnetotail	
  
Overview	
  of	
  currents	
  in	
  the	
  magnetosphere	
  and	
  ionosphere	
  
•  Magnetopause	
  currents	
  
•  Ring	
  current	
  
•  Tail	
  currents	
  
•  Ionospheric	
  currents:	
  Pedersen	
  and	
  Hall	
  
•  Field	
  aligned	
  currents,	
  Birkeland	
  region	
  1	
  and	
  2	
  
	
  
	
  
The	
  Energy	
  system	
  of	
  the	
  Earth’s	
  magnetosphere/ionosphere,	
  
•  Available	
  energy	
  in	
  the	
  solar	
  wind	
  
•  ReconnecBon,	
  the	
  solar	
  wind	
  dynamo	
  and	
  the	
  epsilon	
  parameter	
  
The	
  energy	
  sinks	
  in	
  the	
  system	
  
•  Ring	
  current	
  increase	
  (UR)	
  –	
  Dst	
  index	
  
•  Joule	
  heaBng	
  of	
  the	
  ionosphere	
  (UJ)	
  –	
  AE	
  index	
  
•  ParBcle	
  precipitaBon	
  (UA)	
  –	
  AL	
  index	
  
Energy	
  budget	
  
•  Short	
  intervals	
  
•  For12	
  years	
  
•  New	
  energy	
  coupling	
  funcBon	
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Asymmetries	
  between	
  hemispheres	
  

Substorm	
  onsets	
  have	
  asymmetric	
  locaBon	
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Asymmetries	
  substorm	
  locaBon	
  

IMF 
Penetrate 
The closed 
magnetosphere 
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Complete	
  asymmetric	
  aurora	
  

Three candidates for asymmetric  
Aurora/currents 
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Transient	
  Luminous	
  Events	
  -­‐	
  TLE	
  

•  Red	
  sprites	
  
•  Blue	
  Jets	
  
•  Elves	
  
FORMOSAT:7.6	
  TLEs	
  pr	
  dag	
  
ASIM:	
  8	
  TLE	
  pr	
  dag	
  

•  Occurence	
  rate	
  of	
  lightening:	
  	
  
45	
  per	
  sec	
  



Terrestrial	
  Gamma	
  Flashes	
  -­‐	
  TGF	
  


