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The 11 Year Sunspot Cycle and Solar Variability 



Large Coronal Hole near 

the equatorial region of Sun: 

the source region for high  

solar wind streams near Earth 

Complex magnetic loop 

structure in active regions 

of the Corona 

Coronal Magnetic 

Field Structure 



Complex SW Outflow at Solar Maximum 

When the Sun is 
most active the 
magnetic 
structure in the 
corona is more 
complex and 
solar wind 
speed seen at 
Earth orbit is 
highly variable. 



Coronal Mass Ejections: CME’s 

Occasionally large loops of 

dense coronal gas are ejected 

into space. Some of these travel 

to Earth and cause intense 

geomagnetic storms. 



Drivers of Space Weather 
Solar X-Rays: 
• Arrive in 8 Minutes 

• Last minutes to hours 

• Increase ionosphere density 

• Systems Affected: 
• Radio Communications 

• Navigation 

Coronal Mass Ejections (CMEs): 

• Arrive 1- 4 Days later 

• Last a day or two 

• Produce Geomagnetic Storms  

• Modify Earth’s Radiation Belts 

• Systems Affected 
• Radio Communications 

• Navigations 

• Electric Power Grids 

• Pipelines 

Solar Energetic Particles: 
• Arrive in 30 Minutes to 24 hours 

• Last several days 

• Systems Affected: 
• Astronauts 

• Spacecraft 

• Airlines 

• Radio Communications 

High-Speed Solar Wind: 

• Common During Solar Minimum 

• Enhances Radiation Belts 

• Systems Affected 
• Satellite Charging 

• Astronauts 



Variability in the Van Allen Radiation Belts 
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SAMPEX MeV Electron Variability: Association with 

Solar Activity and the Plasmapause Location 

Li et al., GRL 2006  Strongest electron acceleration during fast SW 

streams rather than at solar maximum 



Radiation Belt Electrons Response to Solar Wind Velocity 

Paulikas and Blake, 1979 
Reeves et al., JGR 2011 

Early work P&B suggested 

a strong linear correlation 

between high energy 

electron flux and solar wind 

velocity, but a recent more 

detailed analysis shows 

that the correlation is not 

that simple.   



Does Solar Wind Density Affect Radiation Belt Response?  

Lyatsky and Khazanov, JGR 2008 

Kataoka & Miyoshi, GRL 2005 

Both solar wind velocity and Kp exhibit a correlation  

with outer belt electron flux, but the correlation 

coefficient with magnetic activity increases with 

lower solar wind density [L&K]. Is this a 

consequence of an inflated magnetosphere, which 

inhibits drift loss from the outer belt to allow more 

efficient internal acceleration [K&M]?   



Electron Variability over the Solar Cycle 

Fast SW induced  

events in 1994 

Solar maximum 

events in 1991 



Geomagnetic Activity Over the 27 day Solar  

Rotation Cycle in 2003 from Kyoto website 

Fast SW “CIR” Events 

CME 

Events 

Akebono RDM > 2.5 MeV 

CIR Events 
Extended periods of enhanced  

geomagnetic activity following  

CIR events leads to enhanced 

outer zone electron flux. 

 
CME’s can induce more intense  

electron acceleration at lower L 

but can also cause a net loss at L~4 

What are the Principal Drivers of Energetic Electron Variability?  



CIR and CME induced Electron Variability during 

events in October and November, 2003. 

Fast solar 

wind event 

CME event 



 

Ring Current and Radiation Belt 

Response  

to CME and CIR Driven Magnetic 

Storms  
Miyoshi & Kataoka, GRL 2005 

A superposed epoch analysis 

of all storms with Dst < 100 nT 

during cycle 23 indicates that 

CIR driven storms are far 

more effective at enhancing 

relativistic electron flux in the 

outer radiation belt compared 

to CME storms. 



Radial diffusion  

by ULF waves 

VLF waves cause 

scattering loss to 

atmosphere, and 

local acceleration 

Violation of  

adiabatic motion 

by wave-particle 

interactions require 

waves with periods 

comparable to the 

periodic motion.  

The Cause of Non-adiabatic Motion and RB Variability 



Excitation of ULF Waves by the Solar Wind 

Kelvin-Helmholtz instability from velocity shear 

along the dawn and dusk flanks. 

 

Pressure variations near the noon sector can  

generate compressional waves, which couple to toroidal  

and poloidal field line resonances in the inner magnetosphere. 

 

Changes in large-scale magnetospheric convection motion  

due to variations in the imposed convection electric field  

resulting from reconnection or changes in SW flow. 

Test particle simulation of the 

acceleration of plasma sheet 

electrons to relativistic 

energies during the main 

phase of a magnetic storm, 

using fluctuating electric field 

generated by an MHD code. 

Scott Elkington 



Electron Sudden Depletions During Storm Main Phase 

Green et al., JGR, 2004 Turner et al., Nature Phys 2012 

Turner et al. [2012] have shown that the 

electron depletion is NOT due to 

precipitation, but instead is a 

consequence of rapid outward diffusion 

and loss to the magnetopause during the 

period when latter is compressed into low 

L.  This suggests that the enhanced ULF 

waves present during the main phase of a 

storm  act as a sink rather than a source 

for the radiation belts. 



Phase Space Density from Multi-satellite Satellite Observations 

 

Chen et al., Nature Phys., 2008 
Radial diffusion leads 

to a monotonic radial 

profile of phase space 

density. 

 

Local peaks in  phase 

space density are 

indicative of an 

internal local 

acceleration source. 



 

Waves in the Magnetosphere Which Affect Electron Dynamics 



Energy Transfer to Relativistic Electrons by Chorus 

* Chorus is excited near the 

equator during cyclotron 

resonance with 10-100 keV 

electrons in the vicinity of the 

loss cone. 

During first order cyclotron resonance with a band of chorus, electrons diffuse along 

the red surfaces as prescribed by Summers, Thorne and Xiao [1998] 

* Waves can be absorbed by 

quasi-isotropic ~ MeV 

electrons at large pitch-

angles. Energy is transferred 

from low to high energy 

electrons, typically on time 

scales comparable to a day.  



Evolution of Electron PSD from Scattering by Chorus Alone 

 

Despite causing 

scattering loss to 

the atmosphere the 

net effect of chorus 

interactions leads 

to enhancements 

in the flux of 

relativistic 

electrons over the 

recovery phase of 

a storm. 



• Enhanced electron 

seed population and 

enhanced chorus 

activity following the 

Nov 3 storm due to 

continuous substorm 

activity in the 

recovery phase 

leading to efficient 

electron acceleration. 

Radiation Belt Response Following Two Storms Triggered  

by Stream Interfaces with Different Magnetic Polarity 

Miyoshi et al, JGR 2007 



Chorus Variability During CIR Storms 

Li et al., JGR 2012 



Modeling Chorus Excitation During HSS with RAM-SCB  

 

Jordanova et al., JGR 2012 

Notice the strong wave excitation in 

the dawn-noon sector during the 

extended storm recovery, consistent 

with observations.  This is mainly 

due to larger pitch-angle anisotropy. 



Recent Progress in 3D Modeling of Radiation Belt Dynamics 

Subbotin et al., JGR 2011 

 

The model is based on diffusion  

coefficients for pitch-angle scattering 

and  energy diffusion using statistical 

wave models obtained from 

observations, together with radial 

diffusion prescribed by Brautigam 

and Albert [2000]. 
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Schematic by Richard Horne 


