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Outline
 Atmosphere

 Ionosphere 
 acts as a natural plasma laboratory
 Important for communications 
 Vertical and latitudinal structure

 How is ionosphere formed

 Tools to probe ionosphere
 Radio Techniques
 Radio wave propagation

 Examples of scientific investigations



Atmosphere: Pressure Vertical Structure

Forces on an air-parcel 
at rest

Ideal Gas Law: P = nK
B
T



Atmospheric Layers



Neutral atmosphere



Ionosphere: Part of Earth’s Atmosphere





Ionosphere
Magnetic Field: Implications













Ionosphere
Collision Frequencies



What is the 
consequence 
of altitude 
dependence of 
collision 
frequencies?







Ionosphere
Collision Frequencies

Charged particles are subjected to 
different forces

Gyrofrequency, ω
c
 = qB/m



Ionosphere
Conductivity

Direct or Longitudinal 
Conductivity: Parallel 
to B

Pederson 
Conductivity: 
Perpendicular to B and 
Parallel to E

Hall Conductivity:
Perpendicular to both E 
and B





Equatorial and Auroral 
Electrojets



Ionosphere
Debye Length

 Debye length is a measure of plasma’s ability 
to shield out electric potential that are applied 
to it

 It marks the division between the different 
regimes of plasma’s behavior i.e. collective 
relative to individual particle motion

 At distances > Debye length:
 Plasma motion needs to be described in terms of 

collective plasma 
  Plasma will not support large potential variations 

(i.e. will seek to maintain charge neutrality) 



Q: If we want to measure the bulk plasma parameters 
with Incoherent Scatter Radar, how will Delye length 
affect our choice of radar frequency?





Summary
Part 1
 Structure of the Earth’s Atmosphere and Ionosphere

 Hydrostatic Equilibrium
 Composition, Temperature

 Formation of Ionosphere
 Chapman Production Function
 Electron/proton contributions in ionization

 Dynamics
 Ion-neutral collision frequencies, conductivity, and Debye Length

 Part 2 : Radio Techniques



Radio Measurements





Simplified Case: Y
L
 = Y

T
 = 0

n2 = 1 – X = 1 - ω
N

2/ω2





An Example of Ionogram





Otsuka et al., EPS, 2021Tsugawa et al., GRL, 2007

Dense Network 
of GNSS 
receivers in 
North America 
and Japan

TEC Data Examples



Radar Concept
ISR: Scatters from electrons
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Incoherent Scatter Radar









An Example of ISR Data
CLPRTIPICFILE0.png (PNG Image, 812 × 612 pixels) http://www.naic.edu/aisr/olmon2005/images/CLPRTIPICFILE0.png
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 Mid-Latitude Spread-F: Space Weather Phenomena

Arecibo: ISR data; 30 July 2016

Numerical simulations 
suggested that the topside 
irregularities could be 
driven by the combined 
effect of  lower atmosphere 
and plasma dynamics.

Hysell et al, Nature Comm., 2018



Sub-auroral and auroral Observations

Foster et al., GRL, 2004 Akbari et al., GRL, 2012







Koustov et al., JGR, 2019

SuperDARN Data: Convection maps



Climatology inferred using ISRs in US

Zhang and Holton,JGR,  2007

Long Term data sets are useful for investigating the trends, delineating 
the influence of anthropogenic sources, and other factors.



Concluding Remarks

 ISR is the most powerful instrument for ionospheric studies
 Provides high temporal and range resolution data
 Infer electron density, drift velocities, electron and ion temperatures

 Ionosphere is highly variable, and many space weather phenomena cannot 
be accurately predicted

 Long-term data sets are useful to understand the influences of solar-cycle, 
develop empirical models.

 Combining different techniques allow us to investigate different processes. 
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