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What?
• Plasma Physics
• Particle-in-Cell Simulations 
• Two Examples:

– Meteor Simulations
– 150 km Echo Simulations

Stampede	Supercomputer	at	TACC

CHAU AND KUDEKI: 150 KM ECHO TYPES
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Figure 2. Range-time SNR maps for 9 days in January 2009. The color scale is the same as the one used in Figure 1a. Note
that the very strong echoes (in red) present usually narrow features resembling layers (either ascending or descending).

The backscatter power detected in the ISR mode enables
an absolute calibration of the system for radar cross-
section (RCS) measurements of the MST echoes obtained
from mesospheric heights as described in Lehmacher et al.
[2009]. The MST mode also provides echo samples scat-
tered from the 150 km region, enabling 150 km Doppler
spectral estimation with the following properties: 64-point
fast Fourier transform-based periodograms at 2.56 s inter-
vals after 20 coherent integrations and an interpulse period
of 1.33 ms, 150 m range resolution, and 24-point incoher-
ent integration of the periodograms to obtain one spectral
estimate about every minute. Four antenna beams were
used pointing ! 2.5ı off vertical in each cardinal direc-
tion (E, W, S, N) but only the data collected with the north
beam pointed perpendicular to B will be discussed here
since the other three beams also contain perpendicular to
B contamination due to sidelobes. Finally, given that it is
not clear that 150 km echoes are volume filling, we will
make use of SNR values instead of the derived RCS val-
ues that require “volume filling scattering” in order to be
valid. Further details of the MST-ISR mode can be found in
Akgiray [2007].

[6] The observations reported in this paper come from the
longest run of the MST-ISR mode ever conducted at Jica-
marca during the 17–27 January 2009 interval monitoring
the strongest recorded sudden stratospheric warming (SSW)
event at Jicamarca. The E " B drifts measured from the
150 km echo Doppler shifts have been used to study this
SSW event in detail [e.g., Chau et al., 2010, 2012].

3. New Jicamarca Observations
[7] In Figure 1 we show a representative day of the

150 km observations in a range-time format for the fol-
lowing parameters: (a) signal-to-noise ratio (SNR) in dB,
(b) radial velocity in m/s (positive represent away from
the radar, in this case upward), and (c) full Doppler spec-
tral width in m/s. These parameters have been obtained
by fitting a Gaussian function to the spectra after consid-
ering the effect of a rectangular window, using a similar
procedure described in Kudeki et al. [1999]. A similar
plot was also reported by Chau and Kudeki [2006] but
using the JULIA system having less transmitted power,
poorer range resolution, and longer time integration as
compared to the data presented here. Echoes with SNR
less than –8 dB are shown in black, while vertical white
bands represent times of missing data, usually due to data
synchronization problems.

[8] The SNRs of 9 days of observations between 18 and
27 January 2009 are shown in Figure 2. The color scale is
the same as the one used in Figure 1a; i.e., the strongest
signals are shown in red variants. The general features of
all the days are consistent with previous Jicamarca obser-
vations, i.e., a necklace shape during the day, organized in
multiple layers, within the layers, there are modulations with
periods of between 5 and 9 min (difficult to observe in this
plotting format) [e.g., Kudeki and Fawcett, 1993]. How-
ever, it is important to notice that the strongest (red hued)
echoes do not present a well-defined pattern. For example,
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Who!
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Plasma Theory in 5 Minutes
1. Charged particles 

create fields: Maxwell’s 
Equations

2. Lorentz Force 
Accelerates Particles:

3. Equations of Motion

4. Collisions deflect particles (important in the lower  
ionosphere and other regimes)

Too	many	particles	– Need	simplifications!

𝛻 ⋅ 𝐸 =
𝑒
𝜖'

𝑛) − 𝑛+
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Plasma Simplifications
1. Fundamental Laws

2. Kinetic Theory

3. Multi-Fluid Theory

4. Magnetohydrodynamics (MHD) Theory

PIC	Simulations



Particle Simulations

• Particles move within a box:
– Position: xi

– Velocity: vi

• Particles interact  through 
fields

• Fields accelerate particles
• Too Slow! 𝐹)< =

𝑞)𝑞<
4𝜋𝜖'|𝑥) − 𝑥<|A



Electrostatic Particle-In-Cell

1. Gather to determine charge density, r

2. Calculate Electric field:
3. Update velocities:

4. Collide particles with neutrals 
5. Update Positions:
6. Go to Step 1 
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Modern PIC Simulations 
Require Supercomputers
• Up to 8,000 

processors 
simultaneously

• 2048x1024x1024 
grid

• 8x109 PIC particles

Stampede	Supercomputer	at	TACC



Specular Meteor Radar Raises a Question

Kim,	J.-H.,	Y.	H.	Kim,	G.	Jee,	and	C.	Lee	(2012),	



First Meteor Paper:



Modern HPLA Observations
ALTAIR	 (VHF/UHF)



• Antenna: 
– 300m x 300m
– 18,432  dipoles

• A High-Power Large-
Aperture Radar (HPLA)

Jicamarca Meteor Measurements

80 km

130 km
Typical HPLA meteor Observation 
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Importance of Small Meteors
• Upper Atmospheric Science:

– Source of metals in the upper atmosphere
• Modifies chemistry
• Dust source (Noctilucent clouds & PMSEs++)
• Long lived E-region ions - affects nighttime 

conductivity
• Metal layers responsible for Sporadic E

– Radars measure atmospheric winds (and winds)
• Solar System studies:

– The Earth is a giant debris detector
– How much is out there?
– Where is it coming from?
– What is it made from?

• Communication: Meteor burst communication
• Spacecraft Threats:

Leonids 1966



Simulated Meteor Plasma Density Evolution

B

M
eteor path

3 nplasma isocontours

nplasma cross-sectional plane

100 m/s wind



Meteor Fields: Theory

Meteor cross-section

B0 – can be at almost any angle

e- || mobility high

e-^mobility low

ion mobility low
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Meteor Research at BU

• Meteor Papers + Abstracts: 
– 2000-2015
– 52 total from NASA ADS 
– 28 Refereed papers
– 2.5 Theses

Jicamarca Radio Observatory Meteor



150-km Echoes

CHAU AND KUDEKI: 150 KM ECHO TYPES

Table 1. Observations of 150 km With VHF Radarsa

Geographic Magnetic Sensitivity to Frequency
Name Coordinates Latitude JRO ISR (MHz) Seasons Reference

%midrule JULIA 11.95ıS, 76.8ıW !0.5ıS –17˙ 3 dB 50 All Chau and Kudeki [2006]
Pohnpei 6.96ıN, 158.2ıW !0.3ıN –25˙ 3 dB 50 Summer Kudeki et al. [1998]
Sao Luis 2.59ıS, 44.2ıW 2.3ıS –28˙ 3 dB 30 All de Paula and Hysell [2004]
Christmas Island 2.0ıN, 202.6ıE 3.0ıN –25˙ 3 dB 50 ? Tsunoda and Ecklund [2008]
Gadanki 13.5ıN, 79.2ıE 6.3ıN –12˙ 3 dB 53 All Choudhary et al. [2004]
EAR 0.2ıN, 100.3ıE 10.3ıS –22˙ 3 dB 47 ? Patra et al. [2008]

aList of sites that have observed 150 km echoes, including their geographic and magnetic information, sensitivity with respect to the Jicamarca ISR,
frequency of operation, season of occurrence of the echoes, and a representative reference. Note that the magnetic latitude changes with time and different
rates depending on the location.

2. Experimental Description
[5] Data to be presented here were acquired at the

Jicamarca Radio Observatory (JRO) using an MST-ISR
mode described in Akgiray [2007] and Lehmacher et al.

[2009]. In this mode both the mesosphere and the over-
lying ionosphere are probed in a tightly interleaved man-
ner using MST (mesosphere-stratosphere-troposphere) and
ISR (incoherent scatter radar) type pulse waveforms.
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Figure 1. Range-time parameters from 150 km echoes obtained at Jicamarca using the MST-ISR mode on 22 January
2009: (a) signal-to-noise ratio (SNR), (b) radial velocity, and (c) spectral width. Data with SNR less than –8 dB are shown
in black, while data gaps are shown in white.
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Figure 1. Range-time parameters from 150 km echoes obtained at Jicamarca using the MST-ISR mode on 22 January
2009: (a) signal-to-noise ratio (SNR), (b) radial velocity, and (c) spectral width. Data with SNR less than –8 dB are shown
in black, while data gaps are shown in white.
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Who cares about 150 km echoes?

26

33

Chau	and	Woodman	 [2004]



Our Hypothesis…
• Photoelectrons
• Create a shell of energetic 

electrons in velocity space.
• Energetic Electrons Create 

Electron Waves
• Electron Waves Create Ion 

Waves

Ambient photoelectron spectrum below 300 km 951 

L I 8 I I I I I 
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FIG. 3. PHOTOELECTRON SPECTRA FROM 0 TO 32eV AT 
140-16Okm (DISPLACED UPWARD AS SHOWN FOR 

CLARITY). 

From top to bottom: L.T.= 11.X, 9.4, 8.6; SZA=4.4O, 
52”, 65”; N,,= 1.5x lo’, 9.1x IO”, 5.4x104. 

analysis method described by Lee et al. (lY78) by 
which the spectrum between 10 and 32 eV was 
measured with an energy resolution equal to the 
full 2.5% instrument resolution using the vXB in- 
duced potential in the body of the spinning space- 
craft as a fine sweep of the energy. This method is 
useful only for the AE-E instrument in the energy 
region 10-32 eV on the lowest energy (O-32 eV) 
range scan. Below lOeV, the energy channels are 
closely enough spaced to provide good coverage of 
the spectrum. On the O-100 eV range scan, the 
energy channels are spaced too widely to give high 
resolution in any case. 

Figures o-14 show the behavior of the 20-30 eV 
photoelectron line structure in great detail. At the 
lowest altitudes of 140-160 km, a line spectrum is 
obtained which is characteristic of an atmosphere 
containing mostly N, with some atomic oxygen. 
This situation changes gradually as the altitude is 

l40-160km t 

EWCIY. ev 

FIG. 4. F%OTOELECI'RON SPECTRA FROM 0 TO 32eV 
AT 60-180km (DISPLACED UPWARD AS SHOWN FOR 

CLARITY). 

From top to bottom: L.T. = 11 .Y, 10.1, 9.4, 8.1; SZA= 
8.5”, 31”, 56’. ‘72”; N,= 1.7x 105, 1.6x 105, 1.2~ lo’, 

7.7 x lo*. 

increased (Figs. 15 and 16). The ratio of the 
25.5 eV peak to 27.2 eV peak decreases sharply 
with increasing altitude due to the decreasing frac- 
tional abundance of molecular nitrogen. Ratios for 
the four prominent peaks observed in Figs. 9-14 
are shown in Figs. 15 and 16 for 7 and 12 h L.T. 
respectively. For these figures. the peak values 
were measured above the smooth continuum flux. 

Figures 17-10 show average fluxes in three 
energy ranges, 2-3 eV, 7-9 eV, and 25-30 eV as a 
function of altitude, solar zenith angle and LT. In 
Figs. 17-19 the flux is plotted on a log scale vs local 
time. For each energy range, three altitude ranges, 
140-I 60 km, 160-180 km, and 260-300 km are 
shown. Each data point on the plots represents the 
average flux obtained over the indicated altitude 
range for one upleg or downleg pass. Because the 
satellite orbit was elliptical, the number of spectra 
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Model: Photoelectrons Create 
Energetic Shell of Electrons
3D	shell	of	electrons	around	a	cold	core

Vparallel

Vp
er
p

• Includes	
photoelectron	
regeneration

• collisions



Geophysical Research Letters

Photoelectron-induced waves: A likely source of 150 km radar
echoes and enhanced electron modes

Meers M. Oppenheim1 and Yakov S. Dimant1

1Center for Space Physics, Boston University, Boston, Massachusetts, USA

Abstract VHF radars near the geomagnetic equator receive coherent reflections from plasma density
irregularities between 130 and 160 km in altitude during the daytime. Though researchers first discovered
these 150 km echoes over 50 years ago and use them to monitor vertical plasma drifts, the underlying
mechanism that creates them remains a mystery. This paper uses large-scale kinetic simulations to show
that photoelectrons can drive electron waves, which then enhance ion density irregularities that radars
could observe as 150 km echoes. This model explains why 150 km echoes exist only during the day and why
they appear at their lowest altitudes near noon. It predicts the spectral structure observed by Chau (2004)
and suggests observations that can further evaluate this mechanism. It also shows the types and strength of
electron modes that photoelectron-wave interactions generate in a magnetized plasma.

1. Introduction

Shortly after the large VHF radar at the Jicamarca Radio Observatory (JRO) was deployed in 1962, it detected
unexpected echoes at around 150 km altitude [Balsley, 1964]. Figure 1 shows two modern examples of these
“150 km echoes.” Despite decades of investigation, the origin of these reflections remains a mystery. This
paper introduces a novel model to explain many aspects of these echoes and presents a series of simulations
to show its plausibility.

This paper proposes that 150 km echoes originate due to a multistep process that exists at around 150 km
altitude. At these altitudes, UV photons ionize the O2 or N2 molecules, creating electrons with energies greatly
exceeding the ambient plasma thermal energy of ∼ 0.03 eV. These photoelectrons will form a bump-on-tail
population, but since the distribution is isotropic in 3-D, the bump takes the form of a phase space shell. In
an unmagnetized plasma, such a shell should not produce an instability, but the magnetic field breaks the
symmetry of the system and leads to energetic particle-driven wave growth. In particular, the shell interacts
with the background electrons to generate upper hybrid, electron Bernstein, and Langmuir waves. These elec-
tron waves then couple to oblique ion-acoustic waves, perpendicular ! = 0 modes, and lower hybrid modes,
generating irregularities that radars detect as 150 km echoes.

This model explains many features of 150 km echoes. It easily explains why they exist only in daylight. It
explains the necklace shape because EUV photons penetrate most deeply at noon and less so at other times
of the day as the photons have to travel through more atmosphere before encountering the same depth. It
also explains why the echoes disappeared during the partial solar eclipse observed over the Gadanki radar
site [Patra et al., 2011] and why they were enhanced during a solar flare [Reyes, 2012]. It may explain why they
show the vertical structuring seen in Figure 1 by invoking resonances which optimize this process at some
altitudes and not others. It further explains why the most intense 150 km echoes have a narrow spectral width
and are strongly field aligned while they also produce less strongly field-aligned waves with far broader spec-
tral widths [Chau, 2004]. This model does not explain why the waves do not appear at higher latitudes. One
can speculate that the rapidly changing conductivity along geomagnetic field lines shorts out the process.
Also, a lack of highly sensitive radars capable of measuring field-aligned waves at these latitudes may preclude
our ability to observe these low-amplitude waves.

1.1. Background
A number of large radars observe 150 km echoes or plasma modes, though none currently does both simul-
taneously. The most thorough observations of 150 km echoes come from the 50 MHz radar at JRO Chau and
Kudeki [2013]. However, these echoes have also been observed at other equatorial sites with radars having
different characteristics [Patra et al., 2011; Rodrigues et al., 2013; Yokoyama et al., 2009]. The Arecibo Radar
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Key Points:
• Origin of 150 km echoes
• Simulations of photoelectron-induced

irregularities in the ionosphere
• Answers a long-standing mystery

about a geophysical observation
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150 km Conclusions
• Simulations show that photoelectrons may create 150-km echoes:

– exist only in daylight; 
– Show the necklace shape because EUV photons penetrate most deeply at noon;
– disappeared during a partial solar eclipse;
– Narrow spectral width
– Most energy perpendicular to B
– Some energy off-B; and 
– appear at a range of latitudes [Chau and Kudeki, 2013].

• It does not explain 
– why the waves do not appear at higher latitudes. 
– Explain structuring;

CHAU AND KUDEKI: 150 KM ECHO TYPES
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Figure 2. Range-time SNR maps for 9 days in January 2009. The color scale is the same as the one used in Figure 1a. Note
that the very strong echoes (in red) present usually narrow features resembling layers (either ascending or descending).

The backscatter power detected in the ISR mode enables
an absolute calibration of the system for radar cross-
section (RCS) measurements of the MST echoes obtained
from mesospheric heights as described in Lehmacher et al.
[2009]. The MST mode also provides echo samples scat-
tered from the 150 km region, enabling 150 km Doppler
spectral estimation with the following properties: 64-point
fast Fourier transform-based periodograms at 2.56 s inter-
vals after 20 coherent integrations and an interpulse period
of 1.33 ms, 150 m range resolution, and 24-point incoher-
ent integration of the periodograms to obtain one spectral
estimate about every minute. Four antenna beams were
used pointing ! 2.5ı off vertical in each cardinal direc-
tion (E, W, S, N) but only the data collected with the north
beam pointed perpendicular to B will be discussed here
since the other three beams also contain perpendicular to
B contamination due to sidelobes. Finally, given that it is
not clear that 150 km echoes are volume filling, we will
make use of SNR values instead of the derived RCS val-
ues that require “volume filling scattering” in order to be
valid. Further details of the MST-ISR mode can be found in
Akgiray [2007].

[6] The observations reported in this paper come from the
longest run of the MST-ISR mode ever conducted at Jica-
marca during the 17–27 January 2009 interval monitoring
the strongest recorded sudden stratospheric warming (SSW)
event at Jicamarca. The E " B drifts measured from the
150 km echo Doppler shifts have been used to study this
SSW event in detail [e.g., Chau et al., 2010, 2012].

3. New Jicamarca Observations
[7] In Figure 1 we show a representative day of the

150 km observations in a range-time format for the fol-
lowing parameters: (a) signal-to-noise ratio (SNR) in dB,
(b) radial velocity in m/s (positive represent away from
the radar, in this case upward), and (c) full Doppler spec-
tral width in m/s. These parameters have been obtained
by fitting a Gaussian function to the spectra after consid-
ering the effect of a rectangular window, using a similar
procedure described in Kudeki et al. [1999]. A similar
plot was also reported by Chau and Kudeki [2006] but
using the JULIA system having less transmitted power,
poorer range resolution, and longer time integration as
compared to the data presented here. Echoes with SNR
less than –8 dB are shown in black, while vertical white
bands represent times of missing data, usually due to data
synchronization problems.

[8] The SNRs of 9 days of observations between 18 and
27 January 2009 are shown in Figure 2. The color scale is
the same as the one used in Figure 1a; i.e., the strongest
signals are shown in red variants. The general features of
all the days are consistent with previous Jicamarca obser-
vations, i.e., a necklace shape during the day, organized in
multiple layers, within the layers, there are modulations with
periods of between 5 and 9 min (difficult to observe in this
plotting format) [e.g., Kudeki and Fawcett, 1993]. How-
ever, it is important to notice that the strongest (red hued)
echoes do not present a well-defined pattern. For example,
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Lessons Learned

• PIC simulations allow numerical experiments to 
test ideas

• Scientific Breadth is Essential
– E-region Turbulence
– Bow Shock Turbulence
– Auroral Acceleration Region Physics
– Meteor Theory, Simulations, and Observations
– Spread-F Simulations
– Global Ionosphere-Magnetosphere-SW Simulations
– Solar Chromosphere Physics

• Embrace the Minutia and the People!


