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Recent Advances in Incoherent Scatter Theory

Incoherent scatter theory in a nutshell - since the early 1960s

_ 11+ xiP(Ine (k@) ) + Deel*{In] (k, w)I?)
11+ xe +xil?

{Ine(k, w)P*)

@ n%(k,w) - Density fluctuation spectra for non-interacting particles

@ X« - Longitudinal susceptibility functions

@ These functions involve complicated Gordeyev integrals, , which depend on
physics of plasma of interest
— include formalisms for dealing with B, Coulomb collisions, and ion-neutral
collisions - recent progress in all of these areas

@ Sulzer and Gonzdlez, 1999; Woodman, 2004; Kudeki and Milla, 2006; Milla and
Kudeki, 2006; Rodrigues et al., 2007 (see also Kudeki CEDAR lecture, 2006) -
recent progress in understanding collisional incoherent scatter spectral theory
— Applicable especially to IS spectral and power measurements close to
geomagnetic equator



Measurements of the full ISR spectrum

Arecibo Observatory
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z

?

Ion Lme

FREQUENCY (MHz)

Bhatt et al., GRL, 2006

]
*]

)

lon Line
Most IS measurements rely on central portion
Sensitive to Ne, Te, Ti, Vies, Vin, Vother, Ni/Ne

Enhanced by photoelectrons to detectable
levels in daytime

Sensitive measure of N,

Used by most ISRs for calibration purposes,
but numerous other applicationss

Gyro Line

“Theoretical” resonance discovered by Salpeter
[1960]

Only one unambiguous detection prior to this
[Behnke and Hagan, 1978]

High frequency end of whistler mode,
approaches lower hybrid mode for oscillations
1B

Probably numerous, unexploited applications
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Plasma Line “Splitting”

Plasma line appears to “split” or “jump” at first harmonic of the electron gyrofrequency
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High Resolution Plasma Line and Asymmetr

Using the asymmetry of the up- and down-shifted plasma lines, we can obtain an
independent, high resolution measurement of T,
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Some Applications of HR Plasma Line and Asymm
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Some Applications of HR Plasma Line and Asymm

a=45°

Dependence
of assymetry on
Te, Ne, and angle

Independent measures of N, T allow for derivation of other unknowns, e.g., M™ fractions
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Gravity wave studies are
another exciting new
application of high resolution
plasma line measurements
(Djuth et al., 1997,2004)



resonance Measurements at Jicamarca
Rodrigues, Nicolls, et al. GRL, 2007
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@ Predicted H" gyroresonance for probing angles close to | B
@ First measurements since Farley [1967]
@ Potential to supply additional information on HY fractions, T., T;, v+



© Incoherent Scatter from the D Region: Observations with PFISR
@ Past Results and Motivation
@ Collision-Dominated Incoherent Scatter
@ D-Region Experiments
@ Observational Results



Motivation - Dynamics

10 [J 10
. . . . . N Radial Velocity (m/s)
@ D region / MLT is an incredibly dynamical pookng Bt il
environment Observations of a ducted wave in
85 horizontal wind measuisments

@ ISRs are one of the only systems for probing
this region with the ability to resolve the
dynamics
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@ Arecibo measurements of vertical and 10 o ime 1

horizontal winds and momentum fluxes Faure!
Fritts and Janches, JGR, 2008



Motivation - Chemist

Detection of meteoric smoke

210 @ Above 90 km NO*, O3 are the main constituents
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Collision-Dominated Incoherent Scatter

@ Plasma will be collisional if distance travelled between collisions < Aradar /47
@ lon random walk with characteristic correlation time ~ time to travel \/4x
@ Different ways to deal with collisions in theory, all somewhat ad hoc
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D-Region lonization

@ Lyman-« - ionization of NO, daytime
@ Solar x-rays and cosmic rays - ionization of all atmospheric constituents [<60 km]

@ Primary auroral electrons - important above 60 km [10 keV electron beam produces
ionization rate of ~ 10° m™3s™! at 70 km]

@ Auroral bremsstrahlung x-rays can produce significant ionization from 50-70 km

proton and electron (dashed) ionization at 55N-60N
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The Poker Flat ISR

@ 128-panel AMISR system (upgraded
from 96 in Sep. 07)

Pulse-to-pulse steering capability
~1.6 MW peak Tx

~10% max duty cycle

4 reception channels

Tx band 449-450 MHz

3.5 MHz max Rx bandwidth

4 ps min pulsewidth (freq. allocation
limitation)

®© © ¢ ¢ ¢ ¢ ¢

@ Fully programmable, remotely
operable/ted

@ Graceful degradation - reliable
operations




Innovative Aspects and D-Region Measurables

@ Spectral resolutions of ~1 Hz

@ Unambiguous, simultaneous zonal, meridional
vertical winds at ~few mins, <1 km res

@ Observational capability during non-PCA

conditions
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Inertia-Gravity Wave Event - Densities
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See also Janches et al., JASTP, 2009



Inertia-Gravity Wave Eve

04/23/2008 16.15-16.32 UT
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@ Lorentzian fits to spectra give LOS speeds
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widths with errors <1-2 Hz
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Inertia-Gravity Wave Event - Resolved Winds

4-23-2008 0.013 UT - 4-24-2008 0.005 UT
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@ Periods of sufficient ionization are marked

@ Radial slpeeds are r.eszlved into by clear long-period (10+ hr) wave
extremely robust winds activity, 5-10 km vertical wavelength
@ Correlation analysis indicates ® Wind amplitudes of +50 m/s

stationary wave field (large horizontal

wavelength) @ 90° phase difference between U and V

@ Anticyclonic (clockwise) rotation with

@ Vertical speeds extremely small
altitude



Spectral Width Information
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@ (Top) LoglO of spectral width; average
(black), MSIS (gray)
- Above 75 km, same scale height as MSIS;
below 75 km, spectral “hump” indicates
presence of negative ions - A ~ 1

@ (Middle) Derived T, assuming MSIS v;,
- 75-85 km, excellent agreement with MSIS
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@ (Bottom) Derived turbulence energy
dissipation rate, ¢, from velocity variance of
scatterers
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Altitude

Altitude

Background Winds and Wave Amplitude
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@ Background wind

dominated by westward
wind above 75 km

@ Winds accelerate by ~15

m/s northward after 20
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@ Wave amplitudes

increasing with altitude,
~ +30 m/s

@ Wave amplitude

decreases by ~ 15 m/s
after 20 UT
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Direction of Propagation

Plasma Line Densities Pover Spectra
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Direction of Propagation
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Evidence for Saturation, Dynamic Instability
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Inertial Gravity Wave Event - Source?
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@ Reverse ray tracing can yield source information

@ Extremely sensitive to winds (e.g., HWMO7, black)

o and initial wave conditions

" @ This wave likely took several days to reach 60 km
* altitude

N @ Potential source 5 days earlier - significant

geostrophic adjustment to the south of Alaska,
should radiate large-period IGWs
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© Polar Mesosphere Summer Echoes (PMSE): Turbulent Source?
@ PMSE Review
@ PFISR Observations
@ Comparison to Theory



PMSE: What Are They?

@ Peculiar irregularities discovered in the late 1970s, strongest in vertical direction

HEIGHT (km)

1o

@ Enhanced returns in cold summer mesopause region

@ Associated with ice particles and neutral turbulence

@ Strongly frequency-dependent in occurrence statistics and reflectivity
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Fig. 1. Height of occurrence of mesospheric echoes on a daily basis from February 1979 to December 1980,

Ecklund and Balsley, JGR, 1981
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Link to ice and NLCs/PMCs, Basic Phenomenology

Ice particle nucleation on existing ice nuclei (e.g., meteoric smoke)

Sedimentation and growth 87-89 km (mesopause), transport (winds, waves,
turbulence)

@ ~85 km (~30 nm), ice particles are large enough to be seen optically
Particles are immersed in D region - electron attachment

Turbulence leads to electron density fluctuations

> 85 km:
- Turbulent .
o ienpssEiies - Small Particles Hence, strong, general correlation
jce number density N : t dggay of plasma between NLC and PMSE
on: metsor smoke, Irregulal S

E

sodium bicarbonato , T T
cluster ions , else 7

égree of \

PMSE

-3
a

altitude [km]

80 +

oltitude ([kml

ce existence region < 85 km:

- Less turbulent

- Larger particles
- Slower decay of

observed PMSE/NLC
occurrence probability X1

75 o
irregularities
lidar nacksgcaner ratio month of year
- radar signal strength [dB]
Lubken, JGR, 1999

Rapp and Thomas, JASTP, 2006



N, Biteouts / Negatively Charged Particles

Electron density biteouts within PMSE Evidence for negatively charged particles
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Turbulence as the Source of PMSE

@ Extremely high turbulent energy
dissipation rate would be required to
explain observations at sub-meter
wavelengths

@ Max value implies that only HF radars
could see PMSE

wavelength [m]

radarBragguale- B
-:E_ e sl ‘]
= '
E '
k= ¥
‘I% Turbulent energy dissipation rate’ .
o 10° inertial subrange 'viscous -

167 3ubranga

0.01 0.10 1.00
wavenumber [1/m]

Kolmogorov microscale, 1 - where turbulent
and molecular diffusion are equal



Turbulence as the Source of PMSE
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. . s
explain observations at sub-meter 3
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. . than ener, velocity squared
and molecular diffusion are equal &y (velocity squared)
@ First proposed as the explanation for PMSE by Kelley
et al., 1987; Cho et al., 1992



Neutral Turbulence and PM

Cho et al. [1992] theory did not agree with
measurements in two significant ways:

@ Evidence for direct link to neutral
turbulence is dubious (right)

© Theory predicted that
|Z|Na/Ne > 1 — 1.2 for diffusion to
be slowed (below)

Fractional charge ~1.2

1.000

Electron

- 0100 stryctures

Electron diffusion
reduced

DJD
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0.001

0.0

Adapted from Cho et al. [1992] by Rapp and Lubken [2004].
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Vicinity of Cha

Diffusion in

Multi-component plasma (electrons, positive ions, aerosol particles)
AN;
Each satistifies a continuity equation (')_tj +V.r;=0
Two diffusion modes - one (Dj) due to electrons + positive ions, the other (D;) due to electrons + charged aerosols
N = |Z4|Np/ Ne is the abundance ratio and is critically important
D; - fast diffusion mode, varies strongly with A but independent of aerosol properties

D5 - slow diffusion mode (~ D4 for A small): Large Schmidt numbers are associated with long diffusion times - Fossils

Real case is some combination - Simulations (Rapp and Lubken, 2003) show decay at D; to amplitude of around ~0.5

Z,=-1 2,=-5
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Nicolls et al., JASTP, 2009 - see also La Hoz et al., JGR, 2006



PMSE Layer “Imaging” with PFISR

Patches of PMSE during daytime conditions over entire FOV (~65 km at 85 km altitude)
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PMSE Layer “Imaging” with PFISR

Coherent PMSE patches “drift” in - strongly implies fossilization of structures
Tlme 23:27:51-23:30:02 UT 23:30:02-23:32:15 UT 23:32:15-23:34:27 UT 23:34:27-23:36:39 UT 23:36:39-23:38:51 UT

y -18 -17.5 -17 -16.5 -16
Iogm(Reflec(ivi(y)
11 June 2007

Nicolls et al.,
GRL, 2007
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C-PMSE Comparions

Similar structure/motions in PMSE/NLC observations - further evidence for fossilization

PMSE

times of small-scale billows /

ucturss in NLCs
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PMSE layer above Lidar NLC layer

. . - Smaller particles in PMSE
@ First common volume comparisons of
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Why a higher frequency ISR is useful

Gibson-Wilde et al., RS, 2000
© Beam/Shear broadening effects reduced

895

© Measurement of background parameters

© Scatter may better represent index of
refraction variations due to energy
dissipation

890

[Turbulence energy
dissipation rate - maximizes in
rcenter of turbulent region b

Height (km)

%]

Aspect-insensitive scatter suggests well
into the dissipation range
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Pushing boundary of turbulence theories
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Turbulence from ISRs

Vertical wavenumber spectrum

(Fritts and van Zandt, JAS, 1993) Vertical velocity variance

_ N —
Eo = 15,7 - Kinetic energy (directly or from spectral width
Energy dissipation rate: measurements)
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Potential for high resolution turbulence
studies with these methods.
e.g., see Hocking, RS, 1985




PFISR Observations - Absolute Reflectivity

1 (1.8 a7, 70.6"ol)

3 (14.0° az, 90.0° &) Zoomed

Altitude (km)

Time (UT)

11516

2(~88.8° az 80.7°el) 3(14.0° az 90.0° o) 4(96.4° am RB.F o)
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15 16 17 2 13 a4 1516 1718

m
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fi50 1475

137 T
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@ Absolute reflectivity
in line with
expectations

12

1515 16
Time (UT)

Nicolls et al., JASTP, 2009

@ Aspect insensitive
(down to at least
~ 55°)



Spectral Observations - Vertical Beam

~———— ~20 min ——>

Frequency (Hz)

@ b5-second, single altitude spectra
from vertical beam

Frequency (Hz)

85 .38
e
——
——]

W

@ 5 consecutive 20-minute windows

o 8

@ + ~10 m/s vertical velocities

@ Transition from extremely narrow
spectra (well-behaved) to
extremely broad spectra (more
dynamic)

Frequency (Hz)
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@ Perhaps several regions of active
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servatio All Beams

Time Period 1 Time Period 2

(Hz)

@ Echoes from all beams during two
20-minute windows

@

@ Spectra during “non-turbulent” and
“turbulent” time periods show
dramatically different characteristics

(Hz)

@ Non-turbulent echoes show
consistency from beam-to-beam
and with motion with a background
wind field; turbulent echoes do not

y (Hz)

q

@ Non-turbulent echoes show a period
of enhanced power and spectral
width which decays into narrow
returns - fossilization of echoes?

Frequency (Hz)

@ Non turbulent echoes - spectral
widths of ~3 m/s (~ 100 mW/kg)
, decay to widths of ~1-2 m/s
(~ 10 W/kg)

@ Turbulent echoes - spectral widths
of ~5-7 m/s (~ 500 mW/kg)

165.0°,85.0°) 82.6 kmW (—88.8°,80.7°) 82.6 km E(96.4°,83.) 825km N(-1.8°79.6)823km V (14.0°90.0°) 82.2km
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Time (UT) Time (UT)

Nicolls et al., JASTP, 2009



Schmidt Numbers

Schmidt number as a function of
spectral width, assuming Batchelor

3 \1/4
shape, 15 = (Scae> @ Spectral widths of ~1-2 m/s
imply Schmidt numbers of
3000-8000 (but, it is unlikely
that this is active
turbulence)

@ Spectral widths of 5-7 m/s
imply Schmidt numbers of
500-1200

@ Are these numbers reasonable
for particle sizes and charge
numbers in the mesopause?

Mg, =0.33m

Schmidt Number
>

:{ Regioh wh
.. active'turbulence:

10 10° 10" 10°
RMS Velocity Fluctuation (m/s)

Nicolls et al., JASTP, 2009



Diffusion in Vicinity of Charged Ice

Conclusions from the diffusion analysis
@ Schmidt numbers of several thousand can be obtained for all values of A
@ PMSE at higher frequencies is likely associated with large particles > 20 — 30 nm (D> goes
as particle radius squared)
@ Large Schmidt numbers are associated with long diffusion times
@ If narrow echoes are associated with weak turbulence, but exist in the presence of strongly
enhanced Schmidt numbers, they will persist for longer times - explains their predominance
Z,=-1 Z,=5
Fast diffusion /4000

‘Sarng ‘except for. multiply charged asrosols

r\ Stow diffusion Saatts fo Diffusion Coefficient reduced -

Diffusion Coefficient (m? s™")
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Nicolls et al., JASTP, 2009 - see also La Hoz et al., JGR, 2006



ravity Wave and Vertical Velocity

Clear evidence of a ~20-minute wave

Spectral widths larger during upward phase of wave - larger turbulence dissipation rate
GWs are more convectively/dynamically unstable during their upward phase

Enhanced turbulent region logically due to breaking of wave
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© Incoherent Scatter theory and observations are still evolving.
@ Understanding of IS theory in different regimes still being investigated.
@ Observational capabilities are always being improved.
@ Improved coding and analysis techniques are solving major observational
limitations.



© Incoherent Scatter theory and observations are still evolving.

@ Understanding of IS theory in different regimes still being investigated.

@ Observational capabilities are always being improved.

@ Improved coding and analysis techniques are solving major observational
limitations.

© Studies of the D region and MLT is unchartered territory for ISRs

@ Ability to extract wind and waves with high temporal and altitudinal
resolution, much like lidars.

o Ability to identify lower atmospheric sources and propagation paths -
understanding the sources and effects of atmospheric waves observed in
the mesosphere and thermosphere is now of major scientific importance.

@ Ability to identify turbulent regions, momentum fluxes, wave saturation.



© Incoherent Scatter theory and observations are still evolving.

@ Understanding of IS theory in different regimes still being investigated.

@ Observational capabilities are always being improved.

@ Improved coding and analysis techniques are solving major observational
limitations.

© Studies of the D region and MLT is unchartered territory for ISRs

@ Ability to extract wind and waves with high temporal and altitudinal
resolution, much like lidars.

o Ability to identify lower atmospheric sources and propagation paths -
understanding the sources and effects of atmospheric waves observed in
the mesosphere and thermosphere is now of major scientific importance.

@ Ability to identify turbulent regions, momentum fluxes, wave saturation.

© Measurements with ISRs are showing that causal mechanisms for
PMSE are understood.

@ Allows for interpretation of PMSE in terms of turbulence theories.

@ Can use PMSE to study the microphysics and charging of mesospheric
ice particles.

o Investigations of variability, plasma instabilities, electric field structures

@ Spatially resolved, coordinated measurements will help us understand
anthropogenic influences on the mesospheric environment.
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