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How does a Doppler radar work?

How many cycles are in a typical pulse?  
   PFISR frequency:  449 MHz
   Typical long-pulse length: 480 µs 

A Doppler radar measures backscattered power as a function range and velocity.
Velocity is manifested as a Doppler frequency shift in the received signal.
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If there is a distribution of targets moving at different velocities (e.g., electrons in the 
ionosphere) then there is no single Doppler shift but, rather, a Doppler spectrum.

λWhat is the Doppler spectrum of the ionosphere at UHF (    of 10 to 30 cm)?



Plasma simulation
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2.4 The Particle-in-Cell Method

The simulator uses a particle-in-cell (PIC) method for both the ions and electrons. This

accurately models all dynamics, including thermal effects, at the cost of substantial com-

puter time. The idea of the PIC method, described in detail in books by Birdsall and

Langdon (1985), Hockney and Eastwood (1988) or Tajima (1988), is simple: The code

simulates the motion of plasmas particles in continuous phase space, whereas moments of

the distribution such as densities and currents are computed on discrete points (or cells)

from the position and velocity of the particles. The macro-force acting on the particles is

calculated from the field equations. The name “Particle-in-Cell” comes from the way of

assigning macro-quantities to the simulation particles.

In general PIC codes solve the equation of motion of particles with the Newton-Lorentz

force

dxi

d t
= vi and

dvi

d t
=

qi

mi
(E(xi) + vi ×B(xi)) for i = 1, . . . , N (2.49)

and the Maxwell’s equations (Equations 2.4 and 2.7) together with the prescribed rule of

calculation of ρ and J

ρ = ρ(x1,v1, . . . ,xN ,vN ), (2.50)

J = J(x1,v1, . . . ,xN ,vN ). (2.51)

ρ and J are the charge and current density of the medium at certain iteration. A

simplified scheme of the PIC simulation is given in Figure 2·8.

PIC codes usually are classified depending on dimensionality of the code and on the

set of Maxwell’s equations used. The codes solving a whole set of Maxwell’s equations are

called electromagnetic codes; electrostatic ones solve just the Poisson equation.

Specifically the code used in this work can perform two and three dimensional simu-
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When the plasma is warm, which means that the thermal velocity of the particles is

important, it can be described as previously with a force-balance motion equation but this

time with a term that accounts for the thermal velocity of the particles, a pressure term

(γpTj∇nj). Thus, the equation becomes

mjnj
∂v
∂t

= qjnj(E + v×B)− γpTj∇nj , (2.2)

where γp is a proportionality constant and Tj the temperature of the species j.

Even though the main modes present in a warm plasma can be obtained with Equation

2.2, part of the physics of those modes is lost in the over simplification of the motion

equation. When the temperature of a plasma is finite and the thermal velocity of the

particles is comparable to the phase velocity of the propagating wave, the interaction of

the particles and the wave becomes important. Some of the typical interactions are Landau

damping and microinstabilities. Those phenomena can be explained only through a motion

equation that takes into account the space-velocity distribution of the particles forming the

plasma. This equation is the Boltzman equation, which becomes Vlasov equation (Equation

2.3) in absence of collisions.

Landau damping and microinstabilities are important in determining the shape of the

incoherent scatter radar spectrum at high latitudes, therefore a kinetic approach, which

uses a Vlasov equation as motion equation, has to be used. The system of equations formed

by Equations 2.3 to 2.9, which includes the Vlasov equation plus Maxwell’s equations, has

to be solved self-consistently to obtain the wave modes propagating along the plasma.

∂fj(t,x,v)
∂t

+ v · ∂fj(t,x,v)
∂x

+
qj

mj
(E + v×B) · ∂fj(t,x,v)

∂v
= 0 (2.3)

∇×E =
−∂B
∂t

(2.4)

∇×B = µ0J +
1
c2

∂E
∂t

(2.5)

19

When the plasma is warm, which means that the thermal velocity of the particles is

important, it can be described as previously with a force-balance motion equation but this

time with a term that accounts for the thermal velocity of the particles, a pressure term

(γpTj∇nj). Thus, the equation becomes

mjnj
∂v
∂t

= qjnj(E + v×B)− γpTj∇nj , (2.2)

where γp is a proportionality constant and Tj the temperature of the species j.

Even though the main modes present in a warm plasma can be obtained with Equation

2.2, part of the physics of those modes is lost in the over simplification of the motion

equation. When the temperature of a plasma is finite and the thermal velocity of the

particles is comparable to the phase velocity of the propagating wave, the interaction of

the particles and the wave becomes important. Some of the typical interactions are Landau

damping and microinstabilities. Those phenomena can be explained only through a motion

equation that takes into account the space-velocity distribution of the particles forming the

plasma. This equation is the Boltzman equation, which becomes Vlasov equation (Equation

2.3) in absence of collisions.

Landau damping and microinstabilities are important in determining the shape of the

incoherent scatter radar spectrum at high latitudes, therefore a kinetic approach, which

uses a Vlasov equation as motion equation, has to be used. The system of equations formed

by Equations 2.3 to 2.9, which includes the Vlasov equation plus Maxwell’s equations, has

to be solved self-consistently to obtain the wave modes propagating along the plasma.

∂fj(t,x,v)
∂t

+ v · ∂fj(t,x,v)
∂x

+
qj

mj
(E + v×B) · ∂fj(t,x,v)

∂v
= 0 (2.3)

∇×E =
−∂B
∂t

(2.4)

∇×B = µ0J +
1
c2

∂E
∂t

(2.5)

20

∇ · E =
ρ

�0
(2.6)

∇ · B = 0 (2.7)

Coupling is complete via charge and current densities.

ρ =
�

j

qj nj =
�

j

qj

�
fj d3v (2.8)

J =
�

j

qj nj vj =
�

j

qj

�
fj v d3v, (2.9)

where fj(x,v) represents the space-velocity distribution function of the species j, �0 and

µ0 are the permitivity and permeability of the air respectively, and c is the speed of light.

The complexity of this system of equations is evident and the quasi-linear approach is

used to obtain an approximated solution. The traditional development of the quasi-linear

theory of waves in plasmas follows a well established procedure (Krall, 1974; Nicholson,

1983): First, electromagnetic fields, and in the case of warm plasmas the space-velocity

distribution of the particles, are linearized; then the linear Vlasov equation is subjected

to a Fourier/Laplace analysis in space/time, yielding fluctuating particles distributions

which are used to settle the current density (J) and electric field (E) relation. Usually

the conductivity tensor (σ) is obtained from this relation; Fourier analyzed in both space

and time, Faraday’s and Ampere’s equations are combined to yield a dispersion equation.

The solution of this dispersion equation relates frequency ω and wavevector k and thereby

determines the normal modes of the plasma; thus the final step is to insert the conductivity

tensor (which brings the plasma properties) into the dispersion relation (which states waves

main features) to obtain the plasma waves. This is the path that is followed in this section.

Following this path, the linearization of the fields and space-velocity distribution func-

tion comes first and is used together with a Fourier/Laplace space/time transform of the
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Particle-in-cell (PIC):

Simple rules yield 
complex behavior
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(a)

(b)

(c) (d)

Figure 4·5: Simulated incoherent scatter spectrum (for periodic boundary
conditions), obtained integrating 120 angular independent spectra,(a) as a
function of the frequency and the wavenumber. (b) As a function of fre-
quency for the wavenumber k ∼54 m−1(or radar frequency of ∼ 1300 MHz),
which is similar to the wavenumber of Sondrestrom. (c) and (d) are close
ups of the negative and positive Langmuir modes, respectively.
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ISR measures a cut through this 
surface at a particular wave number
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Figure 3·6: Simulated ISR spectra for many scatter wave numbers with
105 macroparticles (top plot). Simulated and theoretical ISR spectrum for
three different scatter wave numbers with 105 macroparticles (bottom plot).
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Figure 2·5: The top figure shows an Incoherent Scattering Spectrum,
including the three lines. The middle figure shows a zoom to the ion acoustic
line, which is the focus of this research. The bottom figure shows the
autocorrelation function ρ(τ) of the ion acoustic line. f+ is the Doppler
frequency associated with the ion acoustic phase velocity.

                                                  

Ion-acoustic “lines” 
are broadened by 
Landau damping

Langmuir (“Plasma Line”)

Ion-acoustic (“Ion Line”)



Exact expression for the radar cross 
section of the ionosphere at UHF

where:

From Evans, IEEE Transactions, 1969
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Incoherent averaging
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Figure 3·2: Simulated IS spectra for different number of independent spec-

tra integrated at an operation frequency of 1289 MHz. Top plot shows an

average of one spectrum. The middle plot shows an average of 30 inde-

pendent spectra. The bottom plot shows an average of 600 independent

spectra.

Normalized ISR spectrum for different integration times at 1290 MHz

Uncertainties ∝
1

Number of Samples

We are seeking to estimate the
power spectrum of a Gaussian
random process.  This requires
that we sample and average many
independent “realizations” of the
process.

1 sample

30 samples

600 samples



The auroral ionosphere
00:58 UT

01:00 UT

01:02 UT

Ne

Ti

Te

Vi

Semeter et al., jgra 2005 

Sondrestrom
ISR



Dish Versus Phased-array

-FOV:  Entire sky
-Integration at each position before
 moving
-Power concentrated at Klystron
-Significant mechanical complexity

-FOV:  +/- 15 degrees from boresight
-Integration over all positions 
 simultaneously
-Power distributed
-No moving parts



 

CIR heating of the auroral ionosphere

Sojka et al., GRL 2009. 

Corotating 
Interaction
Region



3-D imaging of auroral ionization
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Multi-Instrument Measurements of 
Polar Mesospheric Clouds NSF ATM-0608577  and NSF REU and PARS programs

Panoramic image of NLC display on 10-11, August, 2007.

Taylor et al., JASTP 2009

LIDAR

PFISR



2D Imaging of Convective Flows
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The Harang Reversal Region and 
Substorm Onset
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Based on Weimer, [1995]

Bz< -7.25 nT
By=0

Ionospheric Equipotentials

 Discovered by Harang [1946]
 Characteristics: 

 Electric fields reverse 
 Flow shear
 Eastward and westward electrojets overlap

Harang 
reversal

Electric field
E x B drift

 Zou et al., JGRA 2009; Lyons et al., JASTP 2009



Dynamic 2D flow fields and auroral 
forms

Courtesy Emma Spanswick and Eric Donovan

Butler et al., RS 2010 Zou et al., JGRA 2009; Lyons et al., JASTP 2009



BUTLER ET AL.: ISR IMAGING OF F-REGION DRIFTS 35

Figure 12. Another example similar to Figure 11.
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Figure 12. Another example similar to Figure 11.
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Figure 13. A longer sequence illustrating the relationship between flows and auroral

forms.

36 BUTLER ET AL.: ISR IMAGING OF F-REGION DRIFTS
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Dynamic 2D flow fields and auroral 
forms

Plasma flow field 
confirms optical 
signature of 
Harang reversal

Rapid (~30-sec) 
coherent variations 
in flow also 
observed along 
“quiet” arc

Similar dynamic observed by Bristow et al. (JGRA 2008) with SuperDARN 

Semeter et al. (JGRA 2010), Butler et al. (RS 2010, in press)



PFISR Measurements of Winds and 
Waves in the D region

Frequency (Hz)

Wave 
Amplitude

Increase in wind speed, 
decrease in wave amp.

Nicolls et al., JGRA, 2010
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Low altitude ionospheric turbulence

Semeter et al., GRL 2006, JGRA 2009

11 km50 km

Oxygen 630 nm, ~1eV Prompt emission



Non-thermal plasma
  2007-03-23      AZ=-154.3    EL=77.5

Stromme et al., AGU Fall Meeting, 2007
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RISR: Resolute Bay ISR
EISCAT

Sondrestro
Poker Flat

Millstone Hill

Resolute Bay



RISR: An initial look at the polar cap 
ionosphere
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What has yet to be done
✤ Radar mode development

✤ Assimilation with ancillary diagnostics

✤ Conjugate studies with satellites and rockets

Lynch et al. 2010 (in press) Hysell et al, Ann. Geophys. 2008



THE END


