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o ISR Pulses and Experiments
@ The Nature of the IS Target
@ f-Region Experiments
@ E-Region Experiments
@ D-Region Experiments

Q Level-0 Processing
@ General
@ Power Estimation
® ACF / Spectra Estimation

9 Level-1 Processing
@ N, Estimation
@ ACF / Spectral Fits

0 Level-2 Processing
@ Generalities
@ Vector Velocities / Electric Fields
@ E-Region Winds
@ Collision Fregs. / Conductivities / Currents / Joule Heating



ISR Pulses and Experiments The Nature of the IS Target
F-Region Experiments
E-Region Experiments
D-Region Experiments

Overspread Targets

(a.k.a, frequency and range aliased targets)

@ For a target with a bandwidth B, you must sample at a rate F; exceeding B (e.g.,
for IS at 450 MHz, B ~ 40 kHz).

@ For a target which could be as far away as Rnmax, radar pulses must be at least
2Rmax/c apart.

Thus, there is a competition between distance and bandwidth.
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(a.k.a, frequency and range aliased targets)
@ For a target with a bandwidth B, you must sample at a rate F; exceeding B (e.g.,
for IS at 450 MHz, B ~ 40 kHz).
@ For a target which could be as far away as Rnmax, radar pulses must be at least
2Rmax/c apart.
Thus, there is a competition between distance and bandwidth.

Is an ISR target (probed at 450 MHz, B ~ 40 kHz)
at a range R ~ 750 km overspread?
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Overspread Targets

(a.k.a, frequency and range aliased targets)

@ For a target with a bandwidth B, you must sample at a rate F; exceeding B (e.g.,
for IS at 450 MHz, B ~ 40 kHz).

@ For a target which could be as far away as Rnmax, radar pulses must be at least
2Rmax/c apart.

John Sahr

Thus, there is a competition between distance and be
Is an ISR target (probed at 450 MHz, B ~ 40 kHz)
at a range R ~ 750 km overspread?

@ B<Fs < gp—

@ or: BQR%<1

@ At 450 MHz, B ~ 40 kHz,
R ~ 750 km (5 ms) — highly overspread

Range

@ Do we get the range right or the spectrum
right??

T min = 1/F max
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Overspread Targets

Any ideas how to resolve this?

@ Use the fact that the random scattering process from non-overlapping range bins is
uncorrelated.

@ Construct autocorrelation function estimate, R(7) = F[P(f)]
Simplest scheme to measure correlation at a given lag - double pulse:

A Range Farley and Hagfors [2005]
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Overspread Targets

Any ideas how to resolve this?

@ Use the fact that the random scattering process from non-overlapping range bins is
uncorrelated.

@ Construct autocorrelation function estimate, R(7) = F[P(f)]

Simplest scheme to measure correlation at a given lag - double pulse:

A Range Farley and Hagfors [2005]

Time

»
>

0 T tg 1T

vi = Vh(ts) + vh_g(ts), Vo = Vh(ts +7’) + Vh+6(ts +7'). <V1V2*> =7
vivs = vi(ts) Vi (ts + 7) + Va(ts) Vs (ts + 7) + vi—s () vi (ts + 7) + vi—s (ts) vy 5(ts + 7)
(vivs') = (va(ts)vi (ts + 7))



Generalization - Multipulses

R“:ge Farley and Hagfors [2005]
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Generalization - Long pulses

A Range Farley and Hagfors [2005]




Measurement Statistics

vi =v(t), o =v(t+7) = vi =x1+ ix2, va = x3 + ixa where the
scattering process is represented by the 4-dimensional joint Gaussian
probability distribution, p(xi, x2, x3, xa).
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Measurement Statistics

vi =v(t), o =v(t+7) = vi =x1+ ix2, va = x3 + ixa where the
scattering process is represented by the 4-dimensional joint Gaussian
probability distribution, p(xi, x2, x3, xa).

Defining p is the normalized acf (complex) and S = 202 is the signal power.

(vivs) = Sp(T) = <(X1 + in)(X3 — iX4)> =ci3+ g+ i(C23 — C14)

Covariance matrix of p is then:



Measurement Statistics - Signal Power

Obvious estimator of S = (|v(t)|?) with K samples is

S= %Zvivi*



Measurement Statistics - Signal Power

Obvious estimator of S = (|v(t)|?) with K samples is

S= %Zv,-v,-*

This is an unbiased estimator of S:

R 1 & 1
(5) = <R2Vivi*> N RZ<|VI'|2> =(vi[’)=5

i



Measurement Statistics - Signal Power

Obvious estimator of S = (|v(t)|?) with K samples is

S= %Zv,-v,-*

This is an unbiased estimator of S:

K

/1 1 &
(5) = <R2Vivi*> N RZ<|VI'|2> =(vi[’)=5

With variance:
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Measurement Statistics - Signal Power

fourth-moment theorem: (vivavzva) = (viva)(v3va) + (viv3)(vava) + (viva)(vav3).
&2 1 * *
8 = (3w Yoy
i=1 j=1
There are K terms where i = j — (v;viv;v}) = 252
and K? — K terms where i # j — (Vivivivi)isj = 52
2 1
(§?) = P (K252 + (K? — K)S?]
= S*(1+1/K)
O‘% S?/K

How many samples to achieve 5% precision? 1% precision?

5% : K = 1/(0.05)2 = 400;1% : K = 1/(0.01)? = 10*.



Measurement Statistics - Additive Noise

Power estimator is now our estimator of the total signal minus our estimate
of the noise power,



Measurement Statistics - Additive Noise

Power estimator is now our estimator of the total signal minus our estimate
of the noise power,
S=Psy—N

Variance:
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Measurement Statistics - Additive Noise

Power estimator is now our estimator of the total signal minus our estimate

of the noise power,
S=Psy—N

Variance:

2 2
= by TN

(S+ N)?/K 4+ N? /Ky
Assume Ky > K

(S+ N)?/K

o 1 N
~— |1+ —=
S K<+s>

Implications of this formula?

0N

Q




PFISR Data - Additive Noise Example

41 beam experiment, tri-frequency 240 us pulses, ~2500 pulses per beam in 5 minutes
Beam 19 - 64043
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Ambiguity Function

(Note possibly different than most standard radar treatments, following Nygren, 1996)



Ambiguity Function

(Note possibly different than most standard radar treatments, following Nygren, 1996)
After modulation with a pulse transmission envelope env(t),

v(t) = /renv(t - ?)Mt, )

where (dv(t,r)ov*(t',r")) = RPeoe(t — t/',r)o(r — r')drdr



Ambiguity Function

(Note possibly different than most standard radar treatments, following Nygren, 1996)
After modulation with a pulse transmission envelope env(t),

v(t) = /env(t - ?)cw(t, )

r

where (dv(t,r)ov*(t',r")) = RPeoe(t — t/',r)o(r — r')drdr
For any realizable measurement, must pass through a receiver filter with
impulse response h(t):

vh(t):v(t)*h(t):/oo h(t —7)v(T dT—/ [/WA ,1)ov(r, )}

—0o0

where WA(7,r) = h(t — 7)env(r — 28) is the amplitude ambiguity function.



Ambiguity Function

(Note possibly different than most standard radar treatments, following Nygren, 1996)
After modulation with a pulse transmission envelope env(t),

2R
v(t) = /env(t— 2Rysu(e,n)
. c
where (dv(t,r)ov*(t',r")) = RPeoe(t — t/',r)o(r — r')drdr

For any realizable measurement, must pass through a receiver filter with
impulse response h(t):

vh(t):v(t)*h(t):/oo h(t —7)v(T dT—/ [/WA ,1)ov(r, )}

—0o0

where WA(7,r) = h(t — 7)env(r — 28) is the amplitude ambiguity function.
The received signal is a weighted sum of elementary signals from all volume
elements times, and the weight in this sum is given by the amplitude
ambiguity function. (Nygren, 1996).



Ambiguity Function

Long-pulse of length 7, sampled at t and t’ with a box-car impulse response.

" F. S. Rodrigues, 2003

Range




Ambiguity Function

What we really care about is the ambiguity for a lagged product (estimate of the
autocorrelation function at a given lag).

a(t)VE(E)) = R / P.(r) [ / We o (v, F)oe(v, r)du} dr
r —00
where v = t — t’ and
Wi.e(v,r) = / WA, )W (r — v, r)dr

(cross-correlation of two amplitude ambiguity functions, in time direction)

The estimated lagged product is a weighted average of the plasma acf in
both space and time. These weights are given by W /.



To design an effective an experiment, we need to know our target. Why?

Model Autocorrelation Function Model Power Spectral Densities
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To design an effective an experiment, we need to know our target. Why?

Model Autocorrelation Function Model Power Spectral Densities

"200

400 e . b >
i 150
800 "
1000 Alitude (ke Alttude (km)

1200 100 10 10

Lag Time (usec) Frequency (KHz)

Much of what | present next will be specific to ISRs within a specific range
of frequencies (~VHF-UHF).
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D-Region Experiments

Standard F-region Experiment - Long Pulse

A Range Farlsy and Hagfors [2005]

Time

4 t 2t 48T

At high altitudes, use a single long pulse with mismatched filter (oversampled) to
measure all lags of the ACF at once

@ Sacrifice range resolution

@ E.g., 300-500 us pulse (F region) or even 1-2 ms (topside)
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L Pulse Ambiguity Function

Ambiguity function with a boxcar filter. 480 us long pulse, 30 ps sampling.

Range Ambiguity Function
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Long Pulse Ambiguity Function

Range Ambiguity Function

L L L oo
- Ambiguity function including filter
effects. ocors
- 480 us long pulse, 30 us sampling. -
- With filter effects. ’
ostes
Full 2d Ambiguity Function 0.000056
o
0.000048
0 800
0.000040
0
0.000032
0o
0.000024
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0.000016 0015
0.000008 oo
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0.000000
000365 200 g 200 w0 500 500

T(us)



Long Pulse Gating

The different lags of the long pulse have very different range ambiguity functions. Is this
a problem?



Long Pulse Gating

The different lags of the long pulse have very different range ambiguity functions. Is this
a problem?

“Simple solution” - Gating using elements of the so-called lag-profile matrix.
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Long Pulse Gating

The different lags of the long pulse have very different range ambiguity functions. Is this
a problem?

“Simple solution” - Gating using elements of the so-called lag-profile matrix.

123456 7 8 910111213 14151617 18

1234567 8 91011121314151617 18
1 1

2 2

3 3

4 4

5 5

6 6

7 i—7

8 8

9 9 .

10 10 \@\-_

1 1 < |
12 12 ';»)
13 13 @\
14 14 O‘Tr

15 15

16 16

17 17

18 18

Nygren, 1996

A better method - treat as an inverse problem: deconvolution or full profile
methodologies. These are active areas of research.
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D-Region Experiments

Standard E-region Experiment - Coded Pulse

@ At lower altitudes, we require better range

) Range N
resolution.

@ For this, we utilize binary coded pulse
nf ACF measurements (do not compress
pulse or eliminate clutter like BC -
eliminate correlation of clutter)

@ Random (CLP) or alternating (cyclic
— — N »  codes)

@ E.g., for AMISR standard experiment is
480 ps, 16-baud (4.5 km), randomized
strong code (32 pulses) with an uncoded
30 us pulse for zero-lag normalization.

Farley and Hagfors [2005]
E.g., consider lag estimate using v(to) and
v*(t1) - choose a, such that clutter terms
cancel.
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ISR Pulses and Experiments The Nature of the IS Target

F-Region Experiments
E-Region Experiments

-Region Experiments
D-Region E: t:

Exercise - 2-baud Alternating Code

Range

a0/ a

Time

0t
Lag estimate using v(tp) and v*(t1) - choose ag
and a; such that clutter terms cancel.

hint: ag and ay binary [+1,-1]
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F-Region Experiments
E-Region Experiments

-Region Experiments
D-Region E: t:

Exercise - 2-baud Alternating Code

Range

1. How many pulses do you need?

a0/ a Time

0t
Lag estimate using v(tp) and v*(t1) - choose ag
and a; such that clutter terms cancel.

hint: ag and ay binary [+1,-1]
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ISR Pulses and Experiments The Nature of the IS Target

F-Region Experiments
E-Region Experiments

-Region Experiments
D-Region E: t:

Exercise - 2-baud Alternating Code

Range
1. How many pulses do you need?
2. Fill out the following table:
ap a1
Pulsel | 7 7
YA Time Pulse2 | 77

0t
Lag estimate using v(tp) and v*(t1) - choose ag
and a; such that clutter terms cancel.

hint: ag and ay binary [+1,-1]
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Exercise - 2-baud Alternating Code

Range
1. How many pulses do you need?
2. Fill out the following table:

ap a1

Pulsel | 7 7?

YA Time Pulse2 | 77

0 t1
Lag estimate using v(tp) and v*(t1) - choose ag <30V031 Vi"> = ...

and a; such that clutter terms cancel.

hint: ag and ay binary [+1,-1]
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Standard E-region Experiment - Ambiguity Function

Ambiguity function including filter effects. 480 us (16-baud, 30 us baud, 32 pulse).

Range Ambiguity Function
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g
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H 00003 B
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ISR Pulses and Experiments The Nature of the IS Target
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D-Region Experiments

Standard E/F-region Power Measurement

Range

Farley and Hagfors [2005]

@ Pulse compression code allow for high sensitivity, high range resolution power
measurements.

@ Plasma must remain correlated over pulse length (limits range of use for most
systems).
@ Typical code is 13-baud Barker code, 130 us.

ISR Experiments, Data Reduction, and Analysis ISR Summer School, July 2014
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F-region Power Measurement - Ambiguity Function

Range Ambiguity Function

0.020
Ambiguity function including filter effects.
. 0015
130 ps (13-baud, 10 pus baud, 5 ps sampling). 2
]
Full 2d Ambiguity Function DOoo0EE | ootol
0.000030
0.005
0.000024
0.000018 o % Too B0 200 30 300 o
B )
L 0.000012 Lag Ambiguity Function
% 150 o
é 0.000006
0.020
0.000000
0.015]
-0.000006
E
-0.000012 £ °°
0.005
0.000
0 0 150 100 50 0 50 100 150 200




ISR Pulses and Experiments The Nature of the IS Target
F-Region Experiments
E-Region Experiments
D-Region Experiments

Standard D-region Experiments

John Sabr, CEDAR, 2005

Range @ Long correlation times (narrow spectral
widths) in the D region require pulse-to-pulse
techniques

@ E.g., PFISR employs coded double-pulse
techniques that give range resolutions up to
600 m and spectral resolutions up to 1 Hz.

Mode | Pulse | Baud oR T IPP of Nyquist ot

0 130 us | 10 pus | 1.5 km | 5 us (0.75 km) | 2ms | 2 Hz 250 Hz 1ls
260 us | 10 us | 1.5 km | 5 us (0.75 km) | 4 ms | 1Hz 125 Hz | 25 s
130 us | 10 pus | 1.5 km | 5 us (0.75 km) | 2ms | 2 Hz 250 Hz | 1.8s
280 us | 10 us | 1.5km | 5 us (0.75km) | 3ms | 1.3 Hz | 167 Hz | 2.7 s
112 us | 4pus | 06 km | 2 us (0.3km) [ 3ms | 1.3Hz | 167 Hz | 2.7 s

Time

AW
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General
Power Estimation
ACF / Spectra Estimation

Level-0 Processing

A typical experiment consists of:

@ Data samples
@ Noise samples

@ Cal pulse samples
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General
Power Estimation
ACF / Spectra Estimation

Level-0 Processing

Given experiment is complicated by:
A typical experiment consists of: @ Interleaving of pulses (possibly on different frequencies)
Clutter considerations, Noise & Cal sample placement

*]
@ Data samples @ Maximization of duty cycle
*]

® Noise samples Beam pointing, Distribution of pulses, Integration time
@ Cal pulse samples considerations

@ All this can be very complicated
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General
Power Estimation
ACF / Spectra Estimation

Level-0 Processing

Given experiment is complicated by:
A typical experiment consists of: @ Interleaving of pulses (possibly on different frequencies)
Clutter considerations, Noise & Cal sample placement

*]
@ Data samples @ Maximization of duty cycle
*]

® Noise samples Beam pointing, Distribution of pulses, Integration time
@ Cal pulse samples considerations

@ All this can be very complicated
Noise subtraction

and Calibration Eewar
Decoding | )

Process

Raw Decoded
Samples Samples
Lag Profile
Matrix
Noise subtraction

and Calibration
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General
Power Estimation
ACF / Spectra Estimation

Level-0 Processing

Power Estimation

Received power can be written as

P, Ne
P, = %T"K Watts

T+ KAL) (1 + k23 + T,)
where
P, - received power (Watts)
P; - transmit power (Watts)
7p - pulse length (seconds)
r - range (meters)
Ne - electron density (m™3)
k - Bragg scattering wavenumber (rad/m)
Ap - Debye length (m)
T, - electron to ion temperature ratio
Ksys - system constant (m®/s)
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General
Power Estimation
ACF / Spectra Estimation

Level-0 Processing

Power Estimation

Received signal power needs to be calibrated to absolute units of Watts. To do this, we in
general (a) take noise samples and (b) inject a calibration pulse (at each AEU for
AMISR), which is then summed in the same way as the signal. The absolute calibration
power in Watts is:

Pca/ = kB Tca/B Watts

where

kg - Boltzmann constant (J/kg K)

Tea - temperature of calibration source (K)
B - receiver bandwidth (Hz)
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General
Power Estimation
ACF / Spectra Estimation

Level-0 Processing

Power Estimation

Received signal power needs to be calibrated to absolute units of Watts. To do this, we in
general (a) take noise samples and (b) inject a calibration pulse (at each AEU for
AMISR), which is then summed in the same way as the signal. The absolute calibration

power in Watts is:
Pea = kg TecaB Watts

where

kg - Boltzmann constant (J/kg K)

Tea - temperature of calibration source (K)
B - receiver bandwidth (Hz)

The measurement of the calibration power (after noise subtraction) can then be used as a
yardstick to convert the received power to Watts. This is done as,

P = P x (Signal — Noise)/(Cal — Noise) Watts
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General
Power Estimation
ACF / Spectra Estimation

Level-0 Processing

ACF / Spectra Estimation - E/F region

(154 a, 775 &) (34T 2, 6617 o)) (75.0° a, 65.6° o)

AN 3

¥
g
T b g =
Zs
<P =

+

e

B s e e s
= e

Altitude (km)

00
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General
Power Estimation
ACF / Spectra Estimation

Level-0 Processing

ACF / Spectra Estimation - E/F region

(154 a, 775 &) (347 a2, 66.1° <)) (~154 a2, 7757 &) (~347 az, 66.1° o)

oo M.QE

Altitude (km)

Altitude (km)

L B o o i B o B i B A AN R

00 a00 200
200 200
ol 1 100}
T4 6 b5 10 2 1 T4 s 6 10 1z 1@ o 5w s o 0 595 10 s o 10 5 5
P Lig Frequency Frequency

ISR Experiments, Data Reduction, and Analysis ISR Summer School, July 2014 29 / 59



General
Power Estimation
ACF / Spectra Estimation

Level-0 Processing

ACF / Spectra Estimation - D region

9152007 19,966 UT - 9-15. 2

140 n, 000 6)
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N, Estimation
Level-1 Processing ACF / Spectral Fits

Electron Density

Recall,
. PtTp Ne

P, =
r2 A+ KAL) (14 KNG+ T))

Watts
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N, Estimation
Level-1 Processing ACF / Spectral Fits

Electron Density

Recall,
. PtTp Ne

P, = Watts
r2 A+ KAL) (14 KNG+ T))

Calibrated received power can easily be inverted to determine N, (if one
makes assumptions about T,), but what about Kyys?
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N, Estimation
Level-1 Processing ACF / Spectral Fits

Electron Density

Recall,
. PtTp N,

P — e

T2 TR (1 + KL+ T,

Calibrated received power can easily be inverted to determine N, (if one
makes assumptions about T,), but what about Kyys?

Watts

Within K5 is embedded information on the gain, which might vary with
look-angle [e.g., AMISR] or change with time [hopefully slowly].
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N, Estimation
Level-1 Processing ACF / Spectral Fits
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Te - electron temperature (K)
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N, Estimation
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Electron Density

Kys = Acos® (0 5
4 cos”(0es) m’/s 0gs - angle off boresight

A,B - constants
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Fitting Spectra

Power Spectral Density Autocorrelation Function
Plasma 7 12

Parameters
N T

0
FREQUENCY (kHz) 12 LAG TIME (ps)

Inverse | Radar
Problem i Instrument
| LeIse (pulse coding)
300

0 0 300

LAG TIME (us) LAG TIME (ps)
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Level-1 Processing ACF / Spectral Fits

Fitting Spectra

General Complicating Factors:

Range smearing

Lag smearing

Pulse coding effects / " Self’-clutter

Clutter (geophysical and not - e.g., mountains,
irregularities, turbulence, non-Maxwellian)

Signal strength / statistics

e 060660

Time stationarity
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Level-1 Processing

Fitting Spectra

General Complicating Factors:

Range smearing

Lag smearing

Pulse coding effects / " Self’-clutter

Clutter (geophysical and not - e.g., mountains,
irregularities, turbulence, non-Maxwellian)

Signal strength / statistics

e 060660

Time stationarity
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Ne Estimation
ACF / Spectral Fits

Specific Based on Altitude:

o
(]
]

F-region/Topside - Light ion composition
Bottomside - Molecular ion composition
E-region - Collision frequency, Temperature

D-region - Complete ambiguity
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Level-1 Processing

Fitting Spectra

General Complicating Factors:

Range smearing

Lag smearing

Pulse coding effects / " Self’-clutter

Clutter (geophysical and not - e.g., mountains,
irregularities, turbulence, non-Maxwellian)

Signal strength / statistics

e 060660

Time stationarity

ISR Experiments, Data Reduction, and Analysis

Ne Estimation
ACF / Spectral Fits

Specific Based on Altitude:

*] F-region/Topside - Light ion composition
@ Bottomside - Molecular ion composition
*] E-region - Collision frequency, Temperature
@ D-region - Complete ambiguity
Approach:
@ F-region - Te, Ti, Vios, Ne
@ Bottomside - Assume a composition profile
@  E-region - <~ 105km, assume T = T;
@ D-region - Fit a Lorentzian (width, Doppler, Ng)
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Ne Estimation
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Fitting Spectra - Example

/
/‘

Vies {
{
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Fitting Spectra - Example

PFISR 05-20-2007 PFISR 05-24-2007

Altitude (km)

i L
12 14 16 18 20 2

1200

*1000

Alttude (k)
8
T (K)

100
10012 14 16 18 20 2 24 12 14 16 18 20 2

500

11500

Alttude (km)
@
2
Te (K]

1000

12 14 16

Alttude (km)
)
Vap (mls)

L EE. - el 250 e p N gy - e S
02 04 06 08 10 12 14 16 18 20 2 24 02 04 06 0B 10 12 14 16 18 20 22
Time (UT Hours) Time (UT Hours)




Generalities
Vector Velocities / Electric Fields
E-Region Winds
Level-2 Processing Collision Fregs. / Conductivities / Currents / Joule Heating

lons: Magnetized or Unmagnetized?

Depends on ratio of gyrofrequency (gB/m;) to collision
frequency (vin)

@ Both winds and electric fields matter for the ions.
Simple steady-state ion-momentum eqn:

0 =e(E+vi X B) — mjvjy(vi — u)
A+&H —ki(l+ D!

0
C=| m(l+r)™  (A+s)"" 0
0 0 1

where k; = eB/mivin = Qi /Vin.
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lons: Magnetized or Unmagnetized?

Depends on ratio of gyrofrequency (gB/m;) to collision 150 —
frequency (vin) Electrons
140} [ 1
@ Both winds and electric fields matter for the ions. X
Simple steady-state ion-momentum eqn: 130+ y 1
4
0 = e(E + v; X B) — mjvip(v; — u) 120} \ ]
1
A+sH —ki(l+&HT 0 210} : 1
C=| ri(l+r3)7? (1+ k271 0 < |
0 0 1 ;é 100 [ : 1
< 1
where k; = eB/mjvj, = Q;/vi». The vector velocity ool ! |
can then be solved for vi = b;CE 4+ Cu where I
1
b,-:e/m,-u,-n:n,-/B 80+ | 4
1
@ Whereas electrons are collisionless ve = E x B/B2 - X |
@ Currents flow even in the absence of winds: |
% 10"4 16’2 1(IJ° 162 16“
J=nce(vi—ve) =0-(E+uxB) KL K
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Generalities
Vector Velocities / Electric Fields
E-Region Winds
Level-2 Processing Collision Fregs. / Conductivities / Currents / Joule Heating

Vector Velocities - Preliminaries

LOS Velocity measurement can be represented as:

Vies = kyVx + kyvy + kyvz
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Vector Velocities - Preliminaries

LOS Velocity measurement can be represented as:
Vie = kive + k}’;vy +kiv,

where the radar k vector in geographic coordinates is:

ke cos o X
k=| ko | =|cosB | =]y |R?
k, Cos 7y z
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Vector Velocities - Preliminaries

LOS Velocity measurement can be represented as:
Vie = kive + k}’;vy +kiv,

where the radar k vector in geographic coordinates is:

ke cos o X
k=| ko | =|cosB | =]y |R?
k, Cos 7y z

If we can neglect Earth curvature ( “high enough” elevation angles),

ke cos@sin ¢
k= | k, | = | cosfcos¢
k, sinf

where 0, ¢ are elevation and azimuth angles, respectively.
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Generalities
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Vector Velocities - Preliminaries

For a local geomagnetic coordinate system we can use the rotation matrix,

cos —sind 0
Rgeo—sgmag = sin/sind cosdsinl  cosl
—coslsind —coslcosd sinl

where ¢ (~ 22° for PFISR) and / (~ 77.5° for PFISR) are the declination and dip
angles, respectively.
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Vector Velocities - Preliminaries

For a local geomagnetic coordinate system we can use the rotation matrix,

cos —sind 0
Rgeo—sgmag = sin/sind cosdsinl  cosl
—coslsind —coslcosd sinl

where ¢ (~ 22° for PFISR) and / (~ 77.5° for PFISR) are the declination and dip
angles, respectively. Then,

Kpe ke cosd — k,sind
k= kpn | = | kycosl+sinl(k,cosd + kesind)
Kap k, sin | — cos I(k, cos & + ke sin d)
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Generalities
Vector Velocities / Electric Fields
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Vector Velocities - Two Point

Two LOS velocity measurements can be written as,
1 41 41 7
kpe Kpn Kap ] Pe

1
{V/fs]—[2 2 42 Vn
Vios kpe kpn kap v
ap
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Vector Velocities - Two Point

Two LOS velocity measurements can be written as,

1 1 4,1 41 Vpe
Vios _ kpe kpn kap v
V2 - k2 k2 k2 pn

los pe "“pn Map

Can be solved for v,, and vpe assuming vy, = 0,

1 ke 2 1 2 K 1 ke o
— _Pe — — pe _ _Ppe
VYies kge Vios Vap (kap kap kge) Vios kge Vios

K2 Kkl ~ K2 k1
1 _ Zpn pe 1 _ Zpn “pe
o (1-33%) o (1-33%)

Vpn =
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Vector Velocities - Two Point

Two LOS velocity measurements can be written as,

1 1 4,1 41 Vpe
Vios _ kpe kpn kap v
V2 - k2 k2 k2 pn

los pe "“pn Map

Vap

Can be solved for v,, and vpe assuming vy, = 0,

1 ke 2 1 2 K 1 ke o

— _Pe — — pe _ _Ppe

VYies kge Vios Vap (kap kap kge) Vios kge Vios
Kkl (1 — kgnk_;e ki 1_k_3nk;e
pn ki, k2. pn k1 k2

Implies that you need look directions with different k vectors.

Vpn =
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Generalities
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Vector Velocities - Generalization

Multiple measurements can be written as,

Vl};s kfl)e kflm k;p e/los
Vl2os kge kgn kazp Vpe elzos
= . Vpn
) R B )
Vies kpe kpn kap €los

or
Vios = AVi + €jos
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Vector Velocities - Generalization

Multiple measurements can be written as,

Vl};s kfl)e kflm k;p e/los
Vl2os kge kgn kazp Vpe elzos
= . Vpn
) R B )
Vies kpe kpn kap €los

or
Vios = AVi + €jos

Treat v; as a Gaussian random variable (Bayesian), use linear theory to derive a
least-squares estimator.
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Vector Velocities - Generalization

Multiple measurements can be written as,

Vl};s kfl)e kflm k;p e/los
Vl2os kge kgn kazp Vpe elzos
= . Vpn
) R B )
Vies kpe kpn kap €los

or
Vios = AVi + €jos

Treat v; as a Gaussian random variable (Bayesian), use linear theory to derive a
least-squares estimator. v; zero mean, ¥, (a priori). Measurements zero mean,
covariance 2.
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Vector Velocities - Generalization

Multiple measurements can be written as,

Vl};s kfl)e kflm k;p e/los
Vl2os kge kgn kazp Vpe elzos
= . Vpn
) R B )
Vies kpe kpn kap €los

or
Vios = AVi + €jos

Treat v; as a Gaussian random variable (Bayesian), use linear theory to derive a
least-squares estimator. v; zero mean, ¥, (a priori). Measurements zero mean,
covariance X.. Solution,

Vi = ZVAT(AZVAT + ze)_lvlos
Error covariance,
Yo=Y, - LAT(AL AT + 5.) 1AL, = (ATETA+ 5 )
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Electric Fields

@ While above approach can be used to resolve vectors as a function of altitude
(or anything else), we often want to resolve vectors as a function of invariant
latitude.
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Electric Fields

@ While above approach can be used to resolve vectors as a function of altitude

(or anything else), we often want to resolve vectors as a function of invariant
latitude.

@ In the F region (above ~ 150 — 175 km), plasma is E x B drifting.
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Electric Fields

@ While above approach can be used to resolve vectors as a function of altitude
(or anything else), we often want to resolve vectors as a function of invariant
latitude.

@ In the F region (above ~ 150 — 175 km), plasma is E x B drifting.

272 T T T T T T T

4 5
270 |- 6
268 |- /
w
4
9 266 |-
& /
< 4
= %
=
£ 262}
A \
o 260 | ~
=
=
258 |- \
3
256 - 2
254 . . . . . . . .
65 66 67 o8 69 70 71 72 73 74

Mag. Lat. (degrees)

ISR Experiments, Data Reduction, and Analysis ISR Summer School, July 2014 43 / 59



Electric Fields - Example
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Electric Fields

Vector Velocities 2-13.2007
V perp east (im's)

Example

Resolved Vectors
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Electric Fields - Example

Comparison to rocket-measured E-fields.

Zonal Flow (mis)

Meridional Flow (m/s)

A.

JOULE 2 - 19 January 2007
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Generalities
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E-Region Winds

At lower altitudes, the ions become collisional and transition from E x B drifting at
high altitudes to drifting with the neutral winds at low altitudes.
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E-Region Winds

At lower altitudes, the ions become collisional and transition from E x B drifting at
high altitudes to drifting with the neutral winds at low altitudes.

The steady state ion momentum equations relate the vector velocities (as a
function of altitude) to electric fields and neutral winds

0=e(E+v; x B)— mivjs(v; — u)
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E-Region Winds

At lower altitudes, the ions become collisional and transition from E x B drifting at
high altitudes to drifting with the neutral winds at low altitudes.

The steady state ion momentum equations relate the vector velocities (as a
function of altitude) to electric fields and neutral winds

0=e(E+v; x B)— mivjs(v; — u)
Defining the matrix C as,
(+r5)7 —m(l+s7)7T 0
C=| wi(l+xH)7? (14 &%)t 0
0 0 1

where k; = eB/mjvj, = Q;/Vin.
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E-Region Winds

At lower altitudes, the ions become collisional and transition from E x B drifting at
high altitudes to drifting with the neutral winds at low altitudes.

The steady state ion momentum equations relate the vector velocities (as a
function of altitude) to electric fields and neutral winds

0=e(E+v; x B)— mivjs(v; — u)
Defining the matrix C as,
(L+r7)7 —ri(l+k7)7 0
C=| wi(l+xH)7? (14 &%)t 0
0 0 1
where k; = eB/mjvj, = Q;/vin. The vector velocity can then be solved for
v; = b;CE + Cu

where b; = e/m;v;, = k;/B
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E-Region Winds

v, = b;CE + Cu
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E-Region Winds

v, = b;CE + Cu

Defining a new matrix as
D =[bC (]
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E-Region Winds

v, = b;CE + Cu

Defining a new matrix as
D =[bC (]

we can write the forward model

Vios = (A : D)X + €/os-
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E-Region Winds

v, = b;CE + Cu

Defining a new matrix as

D =[bC (]
we can write the forward model
Vios = (A : D)X + €/os-

An obvious problem is the ambiguity in terms of E and u. Solution is to invert all
measurements from all altitudes at once, allowing winds to vary with altitude but
the electric field to map along field lines.
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E-Region Winds

v, = b;CE + Cu
Defining a new matrix as
D =[bC (]
we can write the forward model

Vios = (A : D)X + €/os-

An obvious problem is the ambiguity in terms of E and u. Solution is to invert all
measurements from all altitudes at once, allowing winds to vary with altitude but
the electric field to map along field lines. Forward model becomes,

_ 1 1 1 2 2 2 n n mT
x = [Epe Epn E|| Upe Upy Uj| Upe Upy U[j - Upe Up, U]
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E-Region Winds

v, = b;CE + Cu

Defining a new matrix as
D =[bC (]

we can write the forward model
Vios = (A : D)X + €/os-

An obvious problem is the ambiguity in terms of E and u. Solution is to invert all
measurements from all altitudes at once, allowing winds to vary with altitude but

the electric field to map along field lines. Forward model becomes,
2 2 mT
il

_ 1 1 1 2 n n
x = [Epe Epn E|| Upe Upy Uj| Upe Upy Ufj - Upe Upy

This allows for direct constraint of both the vertical wind and the parallel electric
field, both of which we expect to be small.

gmag __ geo | T
Zv - -/geo—>gmagzv Jgeoagmag
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E-Region Winds - Example
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E-Region Winds - Example
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Collision Frequency

Two approaches (that | know of) for assessing collision frequency:
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Collision Frequency

Two approaches (that | know of) for assessing collision frequency:
© Direct fits at lower altitudes (spectral width ~oc T, /v;p)
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Collision Frequency

Two approaches (that | know of) for assessing collision frequency:
© Direct fits at lower altitudes (spectral width ~oc T, /v;p)

© Examination of variation of LOS velocity with altitude
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Collision Frequency - Method 1

Altitude profile and
extrapolation.

Semi-diurnal variation over
several days.
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Collision Frequency - Method 2 - Example

The rotation of the LOS velocity with altitude is a good indicator of collision
frequency effects.
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Collision Frequency - Method 2 - Example

The rotation of the LOS velocity with altitude is a good indicator of collision
frequency effects.
E.g., take the vertical beam,

vz = vipcosl + vsinl
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Collision Frequency - Method 2 - Example

The rotation of the LOS velocity with altitude is a good indicator of collision
frequency effects.
E.g., take the vertical beam,

vz = vipcosl + vsinl
Perp-north and parallel components given by,
Vin =ki(1+K7) T (biEle + ute) + (L4 &7) 7 (biELn + uyn)

v =u + biEH
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Define a new variable,
v, =v; —ysin/
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The rotation of the LOS velocity with altitude is a good indicator of collision
frequency effects.
E.g., take the vertical beam,

vz = vipcosl + vsinl
Perp-north and parallel components given by,
Vin =ki(1+K7) T (biEle + ute) + (L4 &7) 7 (biELn + uyn)

v =u + biEH

Define a new variable,
v, =v; —ysin/

Under strong convection (electric field) conditions, neglect winds

vl ~ bi(1+ lﬂ,?)_l [KiEle + ELn]cos!
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v, ~ bi(1+ /i,g)*1 [KiEle + ELn]cos!
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v, ~ bi(1+ /i,g)*1 [KiEle + ELn]cos!
If ki(z) = roel@=%)/H vertical ion velocity will maximize at
cosa + 1]

Zinax v! _zo—|—H|n/£01—|—H|n{ -
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Profiles of v. during high convection conditions.
Dashed - with MSIS; Solid - scaled by a factor of 2.
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Conductivities / Currents / Joule Heating Rates

P ¥ @ Supplied eleclr(?magnelic energy is converted to
} heat (Joule heating} or momentum (Lorentz forcing)
150 km -
sesomiie | 45 =] B =j- (E4+UxB) =cp|E+ U x B
- energy tmnsler -
W | doute heating G = - (.] % B)
e | ® g negative - neutral gas is a sink (load)
T > G positive - neutral gas is a source (generator)
B Dl x T
ENERGY TRANSFER RATES/ Dawn-Dusk Electric Field |
VOLUME (W)

aligned
current

—— Curent system, |
Thayer [2000] L i

ISR Experiments, Data Reduction, and Anal

ISR Summer School, July 2014 57 / 59



Conductivities / Currents / Joule Heating Rates
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Full profile / deconvolution techniques for IS fitting

Taking advantage of space and time information;
Optimal inference of parameters

Optimization and standardization of approaches

Additional parameters: molecular ion composition,
height-resolved plasma lines, topside parameters, etc.

Additional parameters ++: D-region momentum fluxes,
higher altitude winds, etc.

etc.
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