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The	  Mid-‐Latitude	  Ionosphere	  

Plasma	  Production	  by	  Photoionisation	  

	  

q	  is	  the	  ion	  production	  rate	  (in	  s-‐1)	  
C	  is	  the	  ionisation	  efficiency	  (approx.	  1	  ion	  pair	  per	  35	  eV	  lost)	  
n	  is	  the	  number	  density	  of	  the	  neutral	  atmosphere	  (in	  m-‐3)	  
σ	  is	  the	  scattering	  cross	  section	  (in	  m2)	  
I	  is	  the	  intensity	  of	  the	  incoming	  radiation	  (in	  eV	  m-‐2	  s-‐1)	  

	  
n	  decreases	  exponentially	  with	  increasing	  
altitude	  
I	  decreases	  exponentially	  as	  sunlight	  
enters	  the	  atmosphere	  
Some	  location	  where	  production	  
maximises	  
Around	  250	  km;	  even	  at	  the	  peak	  only	  
~1%	  of	  the	  atmosphere	  is	  ionised	  
Varies	  with	  solar	  cycle	  

Assumptions:	  

• Atmosphere	  is	  comprised	  of	  a	  
single	  species,	  exponentially	  
distributed	  with	  altitude	  

• Plane	  stratified	  atmosphere	  
• Absorption	  co-‐efficient	  is	  

constant	  

Image	  Credit:	  Hargreaves,	  (1997)	  after	  W.	  
Swider,	  Wallchart,	  Aerospace	  
Environment,	  US	  Air	  Force	  Geophysics	  
Laboratory.	  
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Ionosondes	  

Transmit	  at	  a	  range	  of	  frequencies	  

The	  refractive	  index	  of	  the	  ionosphere	  is	  proportional	  to	  the	  electron	  concentration	  and	  
inversely	  proportional	  to	  the	  frequency	  of	  the	  wave	  

Different	  frequencies	  reflected	  at	  different	  altitudes;	  gives	  information	  on	  the	  structure	  and	  
density	  of	  the	  ionosphere	  

Chilton	  Ionosonde:	  Data	  goes	  back	  to	  1931	  

UKSSDC	  

Click	  on	  “World	  Data	  Centre	  for	  Solar-‐Terrestrial	  Physics”	  

“Ionospheric”	  

“Prompt	  Data”	  (not	  “Ionosphere	  Data	  Catalogue”)	  

“Go	  to	  the	  database”	  

Other	  useful	  data	  (such	  as	  Kp,	  F10.7cm	  Solar	  Flux)	  in	  “World	  Data	  Centre	  for	  Solar-‐Terrestrial	  
Physics”,	  “Geophysical”	  

Anomalies	  

Seasonal	  Anomaly:	  Electron	  densities	  are	  greater	  in	  winter,	  due	  to	  changes	  in	  the	  chemical	  
composition	  of	  the	  atmosphere.	  Upwelling	  in	  summer	  makes	  the	  atmosphere	  more	  
molecular	  at	  a	  given	  altitude	  

Plasma	  production	  depends	  on	  the	  number	  density	  of	  atomic	  oxygen	  

Plasma	  loss	  depends	  on	  the	  the	  number	  density	  of	  molecular	  species	  

Semiannual	  anomaly:	  Global	  electron	  density	  is	  larger	  at	  the	  equniox	  than	  at	  solstice.	  At	  
solstice	  a	  greater	  temperature	  gradient	  between	  poles,	  drives	  a	  summer-‐to-‐winter	  flow	  
transporting	  molecular	  rich	  air	  



Annual	  Anomaly:	  The	  global	  averaged	  plasma	  density	  is	  greater	  in	  December	  than	  in	  June.	  
Sun-‐Earth	  distance	  varies.	  Resulting	  EUV	  incident	  on	  the	  Earth	  varies	  by	  6%.	  Variation	  
observed	  is	  ~20%	  

Prediction	  of	  bulk	  properties:	  A	  non-‐trivial	  task,	  some	  successes,	  i.e.	  Ünal	  et	  al.	  (2011)	  used	  
neutral	  networks	  to	  predict	  foF2	  

Structures	  at	  Mid	  Latitudes:	  Travelling	  Ionospheric	  Disturbances	  (TIDs)	  

Gravity	  waves	  cause	  oscillations	  in	  the	  neutral	  atmosphere	  

These	  can	  be	  communicated	  to	  the	  ionised	  atmosphere	  through	  collisions	  and	  cause	  TIDs	  

• Small	  scale	  (λ	  ~	  150	  km):	   Severe	  weather	  in	  troposphere	  
• Medium	  scale	  (λ	  ~	  300	  km):	   Thunderstorms?	  	  Jet	  streams?	  
• Large	  scale	  (λ	  >	  1000	  km):	   Auroral	  activity?	  

Typical	  variation	  in	  plasma	  density	  of	  ~	  1%.	  	  Can	  be	  up	  to	  ~	  5%.	  

The	  Low	  Latitude	  Ionosphere	  

Plasma	  production	  by	  photoionisation	  

Plasma	  loss	  through	  reactions	  with	  the	  neutral	  atmosphere	  

	  

	  



Space	  Weather	  Effects	  

Plasma	  Structures:	  Disruption	  to	  trans-‐ionospheric	  radio	  signals	  

Global	  Navigation	  Satellite	  Systems	  (GNSS)	  

Examples	  include	  GPS,	  Galileo	  &	  Glonass	  

GNSS	  satellites	  are	  effectively	  atomic	  clocks	  in	  orbit,	  broadcasting	  a	  code	  giving	  the	  time	  and	  
their	  position	  

If	  a	  device	  can	  ‘see’	  at	  least	  four	  of	  these	  satellites	  and	  measure	  the	  time	  between	  
transmission	  and	  reception	  of	  the	  code,	  can	  get	  the	  position	  to	  +/-‐	  5	  m	  

Higher	  precision:	  Track	  the	  carrier	  wave.	  Two	  frequencies;	  go	  out	  of	  phase	  in	  proportion	  to	  
the	  electron	  density.	  With	  a	  sufficiently	  large	  number	  of	  satellites	  the	  position	  error	  can	  be	  
reduced	  to	  1mm	  

The	  electron	  density	  in	  the	  ionosphere	  varies	  throughout	  the	  day	  

Also	  get	  positioning	  and	  timing	  errors	  due	  to	  plasma	  structures	  

These	  structures	  can	  also	  cause	  loss	  of	  lock	  

Satellite	  Based	  Augmentation	  System	  (SBAS	  For	  aircraft	  navigation)	  

Data	  from	  numerous	  stations	  allow	  a	  grid	  to	  be	  formed	  (say	  5o	  x	  5o)	  giving	  the	  ionospheric	  
correction	  at	  each	  point	  

At	  equator	  plasma	  bubbles	  can	  give	  an	  error	  of	  850	  mm	  /	  km	  

	  

The	  Aurora:	  	  Historical	  Observations	  

30,000	  BC:	  	   Cave	  paintings,	  France	  

2,600	  BC:	  	   Possibly	  mentioned	  in	  Chinese	  writings	  

450	  BC:	  	   Observed	  in	  Greece	  

1230	  AD:	  	  	   The	  King’s	  Mirror,	  Norway	  

1400s:	  	  	  	   Noticed	  that	  compasses	  did	  not	  point	  to	  true	  north.	  

1635:	  	  	   	   Saw	  that	  this	  changed	  with	  time	  (Gellibrand,	  London).	  

1724:	  	  	   Saw	  that	  variations	  in	  the	  magnetic	  field	  were	  associated	  with	  the	  northern	  
lights	  (Graham,	  London).	  

1750:	  	  	   	   See	  variations	  in	  the	  magnetic	  field,	  predicted	  aurora	  (Wargentin,	  Sweden).	  

	  



	  

	  

	  



	  

	  

The	  weak	  B	  field	  near	  the	  centre	  of	  the	  current	  sheet	  lets	  the	  E	  field	  accelerate	  particles.	  

Particle	  models	  look	  at	  the	  behaviour	  of	  individual	  particles;	  fluid	  models	  look	  at	  the	  
behaviour	  of	  ensembles	  of	  particles	  based	  on	  the	  statistical	  properties	  of	  that	  ensemble.	  

Often	  treat	  reconnection	  as	  black	  box.	  Don’t	  yet	  know	  how	  fast	  reconnection	  is	  and	  why.	  	  



	  

	  



	  

Drives	  ionospheric	  plasma	  from	  day	  to	  night	  across	  the	  pole	  for	  IMF	  Bz	  negative	  or	  when	  IMF	  
By	  dominates	  

Variation	  in	  IMF	  By	  displaces	  the	  cross	  polar	  antisunward	  flow	  towards	  dawn	  (dusk)	  for	  
positive	  (negative)	  values	  in	  the	  northern	  hemisphere	  

	  

Patches	  

Variations	  in	  the	  transport	  process	  break	  this	  plasma	  into	  a	  series	  of	  discrete	  polar	  cap	  
patches	  

Buchau	  et	  al.	  (1983)	  observed	  patches	  of	  enhanced	  ionisation	  in	  the	  central	  region	  of	  the	  
polar	  cap	  at	  Thule,	  Greenland	  	  

Weber	  et	  al.,	  (1986)	  observed	  an	  individual	  patch	  for	  over	  3000	  km	  

Defined	  by	  Crowley	  (1996)	  as	  having	  a	  plasma	  density	  of	  at	  least	  twice	  the	  surrounding	  
background	  value	  and	  a	  minimum	  horizontal	  spatial	  extent	  of	  100	  km	  

Numerous	  formation	  mechanisms,	  for	  example:	  

• Transient	  bursts	  of	  reconnection	  (Lockwood	  and	  Carlson,	  1992)	  
• Variation	  in	  IMF	  By	  (Sojka	  et	  al.,	  1993)	  
• Variation	  in	  IMF	  Bz	  (Valladares	  et	  al.,	  1998)	  
• Flow	  channel	  event	  (Rodger	  et	  al.,	  1994)	  
• Modulation	  of	  plasma	  densities	  by	  precipitation	  (Walker	  et	  al.,	  1999)	  

Day	  to	  night	  transport	  

Electron	  temperature	  falls.	  

Electron	  density	  falls	  as	  plasma	  decays	  due	  to	  chemical	  reactions	  with	  the	  atmosphere.	  

Electron	  density	  falls	  faster	  at	  lower	  altitudes.	  	  So	  the	  altitude	  of	  the	  peak	  electron	  density	  
increases.	  



	  

Auroral	  Oval	  

	  

Image	  Credit:	  Brekke	  (1997)	  

	  

	  

	  



The	  Aurora:	  	  Currents	  

	  

Image	  credit:	  Lyons	  (1992)	  

Antiparallel	  magentic	  field	  lines	  associated	  with	  a	  current.	  Flows	  westwards	  (duskwards)	  in	  
the	  magnetotail.	  

	  

Image	  credit:	  Hess	  (1967)	  
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Image	  credit:	  Svalgaard	  (1975)	  

Plasma	  moves	  Earthward;	  conductivity	  is	  enhanced	  on	  field	  lines	  

Cross-‐tail	  current	  diverted	  

E-‐region	  conductivity	  is	  enhanced	  

Cross-‐tail	  current	  diverted	  

	  

Look	  at	  variations	  from	  quiet	  conditions	  

Numerous	  auroral	  /	  high-‐latitude	  indices,	  for	  example	  AE	  (auroral	  electrojet	  index)	  and	  Kp	  
(planetary	  K	  index)	  use	  different	  networks	  of	  magnetometers	  

Process	  depends	  upon	  the	  solar	  wind	  conditions;	  the	  bulk	  properties	  of	  the	  solar	  wind	  and	  
the	  strength	  &	  orientation	  of	  the	  Interplanetary	  Magnetic	  Field	  

Auroral	  Substorm	  

Growth	  phase:	  IMF	  Bz	  becomes	  negative;	  magnetotail	  becomes	  stretched;	  polar	  cap	  
expands	  

!



Expansion	  phase:	  Reconnection	  occurs;	  polar	  cap	  contracts,	  spectacular	  auroral	  displays	  
move	  poleward	  

Recovery	  phase	  

	  

Space	  Weather	  Effects	  

Geomagnetically	  Induced	  Currents	  (GICs)	  

Damage	  to	  power	  lines	  and	  transformers	  

For	  power	  grids	  it	  is	  dB/dt	  which	  is	  important.	  	  This	  was	  1000	  nT/min	  for	  the	  Quebec	  event	  
(although	  it	  is	  thought	  that	  435nT/min	  would	  have	  been	  enough	  to	  cause	  the	  failure)	  

500	  nT/min	  gives	  ‘recoverable	  problems’	  on	  the	  grid	  

Would	  want	  to	  know	  GIC	  4-‐5	  days	  in	  advance,	  as	  this	  is	  how	  long	  it	  takes	  to	  shut	  down	  the	  
network	  in	  a	  controlled	  manner	  

Statnett	  (Norway)	  say	  they	  would	  want	  to	  know	  GIC	  4-‐5	  days	  in	  advance,	  as	  this	  is	  how	  long	  
it	  takes	  to	  shut	  down	  the	  network	  in	  a	  controlled	  manner.	  

This	  kind	  of	  warning	  is	  not	  really	  possible.	  So:	  

• Set	  trip	  levels	  to	  protect	  transformers	  

• Build	  transformers	  that	  are	  more	  robust	  (but	  still	  can’t	  deal	  with	  a	  Carrington	  event)	  

• Neutral	  line	  blocking	  system,	  but	  this	  is	  expensive	  and	  we	  don’t	  know	  if	  it	  will	  work,	  
so	  it	  is	  rarely	  done	  

• Neutral	  capacitor	  blocking	  device,	  but	  this	  is	  expensive	  and	  we	  don’t	  know	  if	  it	  will	  
work,	  so	  it	  is	  rarely	  done	  

Disrupt	  technological	  systems	  

Low	  Latitudes:	  Ring	  Current	  

Occurs	  as	  ions	  and	  electrons	  as	  approach	  the	  Earth	  

	  

	  

Magnetic	  reconnection	  gives	  rise	  to	  the	  ring	  current	  

Ring	  current	  causes	  disturbances	  to	  the	  Earth’s	  magnetic	  field	  



A	  network	  of	  magnetometers	  produces	  the	  DST	  (Equatorial	  Disturbance	  Storm	  Time	  Index)	  	  

More	  negative,	  more	  disturbed	  

	  

Multi-‐instrument	  case	  studies	  

For	  example:	  

• EISCAT:	  Time	  series	  at	  a	  point	  
• Ionospheric	  radiotomography:	  Spatial	  snapshot	  
• SuperDARN:	  Convection	  pattern	  

	  

	  

	  



	  
Plasma	  Transport	  Case	  Study	  

	  



	  

	  



	   	  
Wood	  et	  al.,	  Ann.	  Geophys.,	  2008.	  

Space	  Weather	  Effects:	  Scintillation	  

Low	  latitudes:	  Amplitude	  scintillation	  dominates	  

High	  latitudes:	  Phase	  scintillation	  dominates	  

• A	  direct	  connection	  between	  gradients	  in	  the	  Total	  Electron	  Content	  (TEC)	  and	  
scintillation	  has	  been	  observed	  (Mitchell	  et	  al.,	  2005)	  	  

• Plasma	  structuring	  caused	  by	  auroral	  precipitation	  has	  been	  linked	  to	  the	  loss	  of	  
signal	  lock	  by	  a	  GNSS	  receiver	  (Elmas	  et	  al.,	  2011;	  Smith	  et	  al.,	  2008).	  	  

• Statistical	  studies	  have	  shown	  an	  agreement	  between	  scintillation	  and	  the	  
asymmetric	  distribution	  of	  polar	  cap	  patches	  around	  magnetic	  midnight	  (Spogli	  et	  
al.,	  2009)	  and	  that	  auroral	  emissions	  correlate	  with	  GNSS	  signal	  scintillation	  (Kinrade	  
et	  al.,	  2013).	  	  



	  

	  

EISCAT	  Svalbard	  Radar	  observations	  

• Around	  solar	  maximum	  
• IMF	  Bz	  predominantly	  negative	  
• ESR	  in	  antisunward	  cross	  polar	  flow	  
• ESR	  poleward	  of	  Harang	  discontinuity	  
• No	  evidence	  of	  precipitation	  



	  

Relatively	  little	  variation	  between	  solar	  maximum	  &	  solar	  minimum	  

Enhancements	  weaker	  in	  summer	  

PLASLIFE:	  A	  code	  to	  calculate	  plasma	  decay	  rates	  

	  

Change	  was	  primarily	  due	  to	  variation	  in	  the	  chemical	  composition	  of	  the	  atmosphere.	  
Maintenance	  of	  the	  background	  ionosphere	  by	  photoionisation	  in	  summer	  was	  a	  secondary	  
effect	  (Wood	  and	  Pryse,	  2010).	  

Statistical	  Study	  

Generalised	  Linear	  Modelling:	  (1192	  observations)	  

Dependant	  Variable:	  

• Amount	  of	  plasma	  structuring	  

Independent	  Variables:	   	  

drawn into the polar cap, the initial plasma density was
changed. The plasma densities drawn into the polar cap were
higher in winter than in summer by a factor of ∼2, and when
the lower initial plasma density from the June simulation was
used, the patch‐to‐background ratio in the nightside iono-
sphere fell substantially, to 1.7 ± 0.5. The underlying cause
for change in the initial plasma density is naturally the ther-
mosphere [Hargreaves, 1992], although this is not explicitly
accommodated in the thermospheric composition in the code.
[24] Variation in other driving parameters also influenced

the patch‐to‐background ratio, although these effects were
less significant than the changes already discussed. The
background plasma density had a significant effect on the
patch‐to‐background ratio, and when the June value was used
in the December simulation this ratio was reduced to 2.3 ±
0.7. The greater background plasma density in the June
simulation was due to the maintenance of the plasma in the
summer polar cap by photoionization. The solar zenith angle
also affected the patch‐to‐background ratio by altering the
position of the solar terminator, which determined whether
sunlight was present to cause photoionization within the
patch. However, when using the June value in the December
simulation it transpired that there was no significant effect on
either the plasma density or the patch‐to‐background ratio
in the nightside ionosphere. In this instance the increased
photoionization obtained with the June solar zenith angle
increased the plasma density, but this greater density also
enhanced the plasma loss rate. The greater ion and neutral
temperatures that occurred in June enhanced the plasma loss
rate when used in the December simulation, although this
only reduced the patch‐to‐background ratio to values of 2.9 ±
0.9 and 2.8 ± 0.9, respectively. The optical depth of the
atmosphere altered the intensity of the solar EUV radiation at

an altitude of 350 km and hence influenced plasma produc-
tion by photoionization. The seasonal variation in this param-
eter had only a small influence on the patch‐to‐background
ratio, and when the June optical depth was used in the winter
simulation the ratio was reduced to 2.7 ± 0.9.

6. Conclusions

[25] The influence of the season on the patch‐to‐back-
ground density ratio of polar cap patches in the nightside
ionosphere was observed above northern Scandinavia around
solar maximum. This is the first time that the seasonal
influence on the plasma has been investigated in this region.

Table 1. The Influence of Seasonal Changes in Thermospheric
Composition, Initial Plasma Density, Background Plasma Density,
Solar Zenith Angle, Ion Temperature, Neutral Temperature and
Optical Depth on the Patch‐to‐Background Ratio Simulated Using
the PLASLIFE Code

Simulation Patch‐to‐Nightside Ratio

21 Dec 3.0 ± 0.9
21 Dec, thermospheric composition

from 21 Jun
1.4 ± 0.4

21 Dec, initial plasma density from
21 Jun

1.7 ± 0.5

21 Dec, background plasma density
from 21 Jun

2.3 ± 0.7

21 Dec, solar zenith angle from 21 Jun 3.0 ± 0.9
21 Dec, ion temperatures from 21 Jun 2.9 ± 0.9
21 Dec, neutral temperatures from

21 Jun
2.8 ± 0.9

21 Dec, optical depth from 21 Jun 2.7 ± 0.9
21 Jun 1.1 ± 0.4

Figure 4. Simulated patch‐to‐background ratios from the PLASLIFE (PLASma LIFEtime) code for the
location of the EISCAT Svalbard Radar at magnetic midnight at monthly intervals between 21 December
1999 and 21 December 2000.
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• Solar	  activity	  (F10.7	  Solar	  Flux	  &	  SSN)	  
• Solar	  wind	  (IMF:	  Bx,	  By	  &	  Bz)	  
• Geomagnetic	  activity	  (Kp,	  AE)	  
• Plasma	  convection	  (Polar	  cap	  index)	  
• Season	  (days	  from	  midwinter)	  

Modelling	  Method	  

• Test	  statistical	  significance	  of	  all	  parameters	  
• Find	  the	  relative	  importance	  of	  the	  independent	  variables	  and	  which	  combination	  

best	  represents	  the	  data	  

	  

Results	  differ	  with:	  

• Location	  
• Altitude	  range	  
• Scale	  size	  of	  structure	  
• Time	  of	  day	  
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