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Remote Radar Sensing of Ionospheric Plasma

Sufficiently large systems can use incoherent 
(Thomson) scatter to measure basic ionospheric 
physical properties.  First done in 1958.

Free electron scatter, restrained by ions

Very low radar cross section (RCS): < -50 dBsm

Gaussian random process: statistical experiment

Very weak scatter : Challenge.

Benefit: entire ionospheric profile accessible - unlike 
ground based ionosondes, which only sense to 
F region density peak.
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Each scatter event happens 
only once (no multiple 

scattering to worry about; 
not a thick/opaque medium)
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Remote sensing a plasma: The experimental (radar) view
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Suppose we transmit a wave towards a plasma and measure the scattered wave:

(Solid angle)

Measurable experimentally

(ionosphere is a beam 
filling target)

The physics lies here..

Random 
fluctuations of
electrons 
(function of 
wavelength)

radar

ionosphere
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Scattering Model
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Plasmas (ionosphere) are thermal gases and                     is a Gaussian 
random variable, so the Central Limit Theorem applies:

It’s much more useful to look at second order products – in other 
words, examine temporal correlations in the scattered field:

statistical average

power spectral version:
set by your transmitter wavelength

spectral shape:
thermal plasma parameters
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Oscilloscope view of incoherently scattered voltage signal
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Gaussian random noise
V(t)

Incoherent scatter signal
V(t)
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Spectral view of incoherently scattered voltage signal
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Gaussian random noise Incoherent scatter signal
(real thing would have some variable fluctuations)
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Detectability of scatter from ionospheric plasma
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Assume a beam filling plasma at F region altitudes (300 km) with very high 
electron density (1E12 electrons per m3):

Classical electron scattering cross-section

Assume a pulse length of 10 km.
Assume a cross-beam width of 1 km (~ Arecibo).

NB: Born approximation is very valid (single scatter), since total amount of 
scattered power in the volume ~ 1E-12
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Detectability of scatter from ionospheric plasma

For fraction of scattered power actually received, assume isotropic scatter 
and a BIG 100 meter diameter antenna:

About -80 dB (1E-8): not much.  So:

So a radar with 1 MW transmitted signal receives 10 femtowatts of 
incoherently scattered power from free electrons in the ionosphere.

REALLY not very much.
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Detectability of scatter from ionospheric plasma

Workable!

But you need a megawatt class transmitter and a huge antenna.

1950s: technology makes this possible (radio astronomy + construction = 
large antennas, military needs = high power transmitters)

What matters, though, is the signal to noise ratio:

(100-200 K Tsys)
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Incoherent Scatter Concepts Are Older Than You Think
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Remarques sur la diffusion de la 
lumière et des ondes hertziennes 
par les electrons libres

C. Fabry
1928

Electron scattering cross section 
(fundamental)

Charles Fabry  
1867-1945
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First Incoherent Scatter Radar
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• W. E. Gordon of Cornell is credited with the idea for ISR.
• “Gordon (1958) has recently pointed out that scattering of radio 

waves from an ionized gas in thermal equilibrium may be detected 
by a powerful radar.” (Fejer, 1960) 

• Gordon proposed the construction of the Arecibo Ionospheric 
Observatory for this very purpose (NOT for radio astronomy as the 
primary application)

• 1000’ Diameter Spherical Reflector
– 62 dB Gain

• 430 MHz line feed 500’ above dish
• Gregorian feed
• Steerable by moving feed. 

~40 megawatt-acres
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Proceedings of the 
IRE, November 1958
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First Incoherent-Scatter Radar
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• K.L. Bowles [Cornell PhD 1955], Observations of vertical incidence 
scatter from the ionosphere at 41 Mc/sec. Physical Review Letters 
1958: 

  “The possibility that incoherent scattering from electrons in the 
ionosphere, vibrating independently, might be observed by radar 
techniques has apparently been considered by many workers 
although seldom seriously because of the enormous sensitivity 
required…”
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First Incoherent-Scatter Radar
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…Gordon (W.E. Gordon from Cornell) recalled this possibility to the writer 
[spring 1958; D. T. Farley] while remarking that he hoped soon to have a 
radar sensitive enough to observe electron scatter in addition to various 
astronomical objects…”  

Bowles executed the idea - hooked up a large transmitter to a dipole antenna 
array in Long Branch Ill., took a few measurements. 

Gordon presenting on same day at October 21, 1958 Penn State URSI 
meeting:

“…And then I want to tell you about a telephone call that I just had.” 

Oscilloscope + camera + ~4 sec exposure
 (10 dB integration)

~6 week setup time
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Incoherent Scattering Detectability

Bowles’ results found approximately the expected amount of 
power scattered from the electrons (scattering is proportional to 
charge to mass ratio - electrons scatter the energy).

BUT: his detection with a 20 megawatt-acre system at 41 MHz 
(high cosmic noise background; should be marginal) implies a 
spectral width 100x narrower than expected – almost as if the 
much heavier (and slower) ions were controlling the scattering 
spectral width.

In fact, they do.

If this intrigues you..
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ISR Summer Schools: Find Out More
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IS Spectral Shape Demonstration

(IS Spectrum Java applet)



Example:
“Ion Line”

Sensitivity to
Plasma 

Temperatures

Parameters sensed:

Basic
• Electron density
• Electron temperature
• Ion temperature
• Ion composition
• LOS Velocity

Derived
• Neutral winds
• Neutral temperature
• Vector velocity

More limited
• Ion-neutral collisions (E region)
• Background mag field (equator)
• Unequal Ti (Arecibo)
• Faraday rotation (Jicamarca)
• Non-Maxwellian plasma
• Etc....

Ion Line Plasma Line
(weak)

Plasma Line
(weak)IS Radar

Remote Sensing 
Capabilities



Incoherent Scatter Radars of the World 



Millstone Hill

Arecibo

Jicamarca

NSF Geospace Facilities: IS Radar Chain

US National Science Foundation 
Geospace Facilities

AGS Directorate

Millstone Hill Observatory:

Incoherent Scatter Radar (ISR):
440 MHz @ 2.5 MW Peak

68 m Zenith Antenna
46 m Steerable Antenna (MISA)

Wide Field of Coverage
Full Span of Mid-Latitude, Subauroral Processes

12 FTE Staff (16 Individuals)
Senior, Research, 

Professional, Support 
Undergrad, Grad Student Collaborations

 Radar Operations:  1000 – 2000 hours per year of ionospheric observations
  Primary support via NSF Geospace Facilities program

   Many community PIs - fully flexible for special dedicated experiments
  Coordinated International Observations (~750 hours per year)
  Separately funded research projects : NASA, NRL, AFOSR, MIT Lincoln Lab
   Typically less than 10% of nominal operating hours
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Jicamarca Radio Observatory (Peru)
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300 m x 300 m
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Arecibo Observatory (Puerto Rico)
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IEEE 20th Century
Milestone

Dedicated 1964

300 m Reflector
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(Nadia Drake / WIRED)

Arecibo Feed Structure
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Millstone Hill Observatory (Westford, MA)
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68 meter zenith 
antenna

46 meter steerable 
antenna

2.5 MW UHF 
transmitter

Operational since 
1960
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Sondrestrom ISR (Kellyville, Greenland)
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32 meter antenna

2.5 MW L band 
transmitter

(C. Heinselman)
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EISCAT Mainland
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Tromsø, Norway
Kiruna, Sweden
Sødankyla, Finland

UHF, VHF
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Advanced Modular Incoherent Scatter Radar (AMISR)
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4096 element phased 
array

Electronically steered

2 MW effective peak 
power

449 MHz UHF 
frequency

Poker Flat, AK
(PFISR)

(C. Heinselman)
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Advanced Modular Incoherent Scatter Radar (AMISR)

28

4096 element phased 
array

2 MW effective peak 
power

449 MHz UHF 
frequency

Resolute Bay, 
Nunavut, Canada
RISR-N, RISR-C

(C. Heinselman)
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EISCAT 3D
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Ionospheric Vertical Profiles

Electron 
Density

Electron,
Ion
Temperature

Vertical
Velocity

Millstone Hill
Zenith pointing
Daytime
2 minute integration

30
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Equatorial Ionospheric Profiles: E, F Region, Topside
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(Hysell et al, 2008)
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Kp = 6 event
F10.7 = 233
DsT -100 nT

Millstone Hill UHF Radar
Azimuth Scan (4 deg El)
Log Electron Density m^-3 [10, 12.5]
1980-10-11 03:47:27 UTC

Millstone Hill
Incoherent Scatter Radar:
Wide-Field Access To The 
Full Plasma State

42.6 N, 288.5 E
54 MLAT
L ~ 2 to 4

Plasmasphere Boundary Layer

Mid Latitude

High Latitude
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May 31, 2010
2220 UTC
GPS TEC [0,20]

PFISR Sonde
RISR-N

MHO

SuperDARN

System Level Responses Require System Level Observations and Science
(A Philosophy At The Heart of CEDAR)

(AO, JRO)

DMSP

RISR-C

American Sector ISR Coverage During DMSP 
Overflight [840 km]



Ground track of s/c -A, -B
with Millstone Hill,

Mid-latitude SuperDARN network
plus GPS TEC

2013-02-02
0500 - 0600 UTC

Part of a regularly scheduled
Van Allen Probes conjunction experiment

(Virginia Tech)
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Whole Atmosphere Coupling
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(Conde and Nicolls, 2010)
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Whole Atmosphere Coupling
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(Goncharenko et al, 2010)
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3D Volumetric Ionospheric Measurements
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Optical aurora Radar-optical
comparison

(Semeter et al 2009)



Plasma Redistribution TEC/
Plasmasphere Plume March 

31, 2001

Direct Observation of Velocity and 
Flux by Millstone Hill ISR

Ground-Based GPS Maps TEC 
Plume

[Foster et al., GRL 2002]

GPS 
TEC

Radar 
Flux

Magnetosphere-Ionosphere Coupling
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Long-Term Ionospheric Observations

Community data sets for ionospheric variability

Excellent source of long term climate trend data

39
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Easy Data Access: Madrigal/CEDAR System
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• Upper atmospheric science 
database

• Distributed, web-based
• Multiple data types [radar, optical, 

etc.]
• CEDAR database format
• Data locally controlled
• Shared inter-site metadata
• Derived parameters [e.g. Mag field]
• Global search
• Full programming interface
• Open source development 

[www.openmadrigal.org]
• Site support for Madrigal nodes
• Hosting of community data sets

http://www.openmadrigal.org
http://www.openmadrigal.org
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Summary
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Incoherent Scatter Radar: the most powerful ground based technique for 
remotely sensing Earth’s geospace plasma environment

Facility staff are available to the entire community for 
collaborations, experiments, data reduction,  

interpretation

Come do some science with us!

For more details:

pje@haystack.mit.edu

mailto:pje@haystack.mit.edu
mailto:pje@haystack.mit.edu

