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anks to all my colleagues for support, inspiration and material
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When Langmuir arrived at the
Laboratory, the director, Willis R.
Whitney, told him to look around and see
if there was anything he would like to
“play with.” Whitney would often ask
him, “Are you having any fun today?”

One day, after three years of apparently
unproductive research, Langmuir
answered, “I'm having a lot of fun, but I
really don’t know what good this is to the

General Electric Company.” Whitney _ _
replied. “That’s not your worry. Irving Langmuir (1881 - 1957)

That’s mine.” Chief Scientist, GE
noe? L/2 Nobel Prize, 1932, Surface Chemlstry
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6SG7 RF Amp, 6SA7 Converter, 6SG7 1st IF Amp, 6SK7 2nd IF
Amp, 6SC7 Audio Amp/BFO, 6K6GT Audio Output, 6H6
Detector/ANL/AVC and 5Y3GT Rectifier.
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D. T. Farley
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Haystack scientific /
technical disciplines
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Radio science research Technological innovation
across many disciplines on multiple fronts
« Radio astronomy » Very long baseline interferometry (VLBI):
+ Geodesy studying distant astronomical objects
. Atmospheric science » Radio arrays for multiple projects
— (the sun, the atmosphere, Jupiter, and others)

* Space science
 Polar science
» Data science (Al / machine learning)

» Geodetic VLBI: measuring the earth
 Polar science: studying glaciers
* Incoherent scatter radars (ISR):

» Education and public outreach: studying the ionosphere
bringing radio science to everyone! » Space science: Mars rover components
and CubeSat satellites

Eod MIT
1] HAYSTACK
~2 OBSERVATORY

~100 Staff Members: Science, Technical, Support roles




Radar backscatter, plasma physics

Plasma Line
(Very weak)

Plasma Line

(Very weal

pl —igr W
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THE EFFECT OF LANDAU DAMPING
ONTHE INCOHERENT SCATTER ION LINE SPECTRUM

>

Millstone Hill Geospace Facility

* Three pillars
 Millstone Hill UHF incoherent scatter radar
Example:  Global GNSS total electron content
Millstone Hill ISR « \adrigal distributed database system

» Key mid-latitude / sub auroral / community
facility for geospace research

Zenith - F region - Nel - last 24 hours

Lead: Goncharenko
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The BMEWS Prototype Decades-Long Technical
Advancements

Scientific Satellites

More exact determinations of the orbit are then
made with the aid of powerful telescopes which have
been built especially for this purpose.

Amateur astronomers have been organized into teams
in all parts of the United States to track the satellites
with small telescopes. This program has been named Op-

R .
X
%

- Among the powerful radar equipment which is being

Millstone Radar used to track the satellites is the big radar built by Massa-
1957 - | chusetts Institute of Technology on Millstone Hill near
Boston. This has a great steel bowl 84 feet in diameter
Firstin Space Surveillance mounted on top of a 90-foot tower.

The exact determination of the orbits of these satellites
will enable scientists to make better maps of the world
Transmitter and to calculate the exact shape of the earth.

We know that the earth is flattened at the poles and
that it bulges at the equator. This is the result of the
earth’s rotation on its axis. But we do not know the exact
amount of the bulge.

Maps of land areas, carefully made with surveying -
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©
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methods, are excellent. But these methods cannot be ap-
plied to the oceans, and it is believed that the location of
many 1slands as shown on maps may be wrong by as
much as a mile.

- 1958 »

A-Scope Trace




Remote Radar Sensing of lonospheric Plasma

600 Millstone Hill Vertical Profile 2013-04-17T16:00:32

— [e-] — Ti — Te

550 A - i i

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

1938.

Very different from coherent radar:

500 - 1 1 .

450 1 1 1 :

400 1 1 1+ —— Te/Ti

Altitude (km)

350 1 1 1 1

300 A - j i

250 1 1 1

200 -+ T T T T T T T T
0 2 4 1000 2000 3000 1000 2000 3000 1 2

m~™-3 lell K K Dimensionless

Soft radar target: beam filling (R? dependence
Free electron scatter, restrained by ions

Very low radar cross section (RCS): < -50 dBsm
Gaussian random process: statistical experiment

Very weak scatter . entire ionospheric profile
accessible - unlike ionosondes, which only
sense to F region density peak

MIT
HAYSTACK
OBSERVATORY




Incoherent Scatter: The lonosphere = A Box Of Thermal Electrons (“Soft” Radar
Target)

@ Scatter from targets spaced by the Bragg wavelength (A\/2) add E |
constructively lll Tl i Vie_

@ Scatter from a large number of electrons samples the Fourier

transform of the electron density distribution at the Bragg

wavenumber Closeup: Very
weak scatter from

@ Thermal plasmas are naturally full of a whole spectrum of waves one electron

@ ISR is Bragg scatter from those thermal waves that match the Bragg
wavenumber oe = 107°°m?/e”

Stack of reflecting structures

> > > > > PFISR
Poker Flat, AK USA
) IRV DRV DR DR

Stack of electrons

T|T A2, A2, 0/2, 02, A2, \/2
' HAYSTACK
=547 OBSERVATORY
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Plasma Theory: Dressed Particles

Plasma Line Sy (k.w) lon Line 5/ (k. w)
Se(k,w)=Ne | 1 - \”[kk:\} | / dv fo(v)d(w — k- v)+ N \({(kk:'l' | / dv fi(v)d(w —k - v)
\ Scattering comes

= from electrons
(light mass), but
their fluctuations
contain 1on
information as
well!

electron with cloud ion with cloud

R. H. Varney (SRI) ISR Theory July, 2020 4/7




lon-Acoustic Mode (“lon Line”): Both Electron and lon Information
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~10 kHz @ UHF frequencies
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Power Spectral Example: Dependence on Plasma Temperature (Te=Ti Case)

Normalized

Wif
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Basic parameters:

Electron density  _ lo .'#}Iil. o 101
E 600 E 600 L | " I
Plasma temperature w2 [ n s PIUS
: © B i

LOS veloc.lt.y & 2 olius® 18
lon composition 21
200 _12200 -24
More exotic: -16 27
Field-aligned currents o -, S———

Frequency (kHz)

Frequency (kHz)

Photoelectron spectra
Unequal ion temperatures
Non-Maxwellian plasmas
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Millstone Hill 84"
tracking radar

(Had a UHF horn until late
1962; now at L band)

“Nights and weekends”
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=8m (5co0 EST. Some Characteristics of Ionospheric Backscatter
Observed at 440 Mc/s!

1960 JGR

V. C. Pinko, L. G. Krart, AND H. W. Briscon

Lincoln Laboratory2
Massachusetts Institute of Technology
Lezington 73, Massachusetts

Abstract. Incoherent ionospherically backscattered radar returns have been observed at
440 Mc/s over an approximate height range of 100 to 800 km. The results of experiments de-
signed to determine the variation with height of both the intensity and the frequency spectrum
of backscattered returns are presented. Backscatter signal-intensity measurements at radio fre-
quencies much greater than the F. critical frequency provide an independent means of esti-
mating electron densities. Height profiles of electron densities obtained from experimental data
are discussed. Experimentally determined values of the scattering cross section are approxi-
mately equal to the square of the classical electron radius. A typical result of the frequency
spectrum measurements at 440 Mc/s indicates a half-power spectrum width of about 11 ke/s
at a height of about 300 km during midafternoon of a March day. Spectrum widths observed at
several heights and at various times of day and night are discussed.



Synthesize knowledge across generations:

Haystack visit by Evans
March 2022
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Langmuir Mode ("Plasma Line”). Precise Electron Information, In the Debye Sphere

k2 A%}E { 1 szMI/WE B wze (1 . 3k2’\%e) \

*Weak! Rngrnd il
* Typically daytime only
(enhanced photoelectron
fluxes)
*Precise when visible:

. . - Freq. axis is Freq. axis is
p rl m a ry m eaS u re m e nt | S a T wfr' discontinuous discontinuous wr
here f here
requenc
frequency, not an area ‘ pamhic
. Width = ~10 kHz ~2 - 12+ MHz at
at UHF frequencies ionospheric densities
(controlled by Te) (9 MHz = ~10'2 m-3)

: _ ISR Spectrum
Thermal Motion _ Collective Effects
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Plasma Line Spectra: Millstone Hill (60 sec integration)
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Basic IS Radar Measured Parameters (lon Line)
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Millstone HI!| lonospheric Radar | Millstone Hill
Azimuth Scan

Incoherent Scatter Radar:

Space Weather:
Electron Density Structure | Measuring Space Weather

Over the Continental US
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A Highly Flexible Multi-Use Instrument: Not Just lonospheric Observations

WORKSHOP REPORT

A Strategic Vision
for Incoherent Scatter Radar

FACILITIES FOR THE 21ST CENTURY
April 26-28, 2021

http://landau.geo.cornell.edu/workshop. pdf
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ISSI Working Group: Incoherent scatter -
An invaluable tool in the field of space and
plasma physics

UL f f..‘:_.-li:i‘.::-:f.,"hk",:
ol g

A’11./,1;;";1‘;}?’11111111'111111:ulﬂj%ﬁﬁ{\&;\;\\\\\\:\x.\ A\ | ==
O utcome: EISCAT-3D, NorWay
 Textbook will be open access (downloadable pdf)

in the ISSI Scientific Report Series
e Supplementary computer code / exercises online

* Aimed at a broad audience, including plasma physicists, radio scientists,
space physicists, and engineers.

e Suitable for Masters/PhD students and above.
* Publication expected ~2027/2028

" “licamarca, Perul

Baddeley / Goodwin / Perry / Rexer /
Lorentzen / Chau / Vierinen / Laundal /
Lamarche / Erickson / Bhatt / Stramme /
Kaeppler / Longley / Pepper / Milla

+ many others

EQ:E:EE:;Z First meeting at ISSI: April 2025




The Book Overview

* Masters/ PhD level
* Bookwill concentrate on |
aspects of ISR not covered in:
| | depth coherently, elsewhere
s b R |  Paralleltheory chaptersto
provide students with a choide
* Dressed test particle (Hagfors
Pecséli)
* Fluctuation — Dissipation
(Farley, Kudeki, Milla)
* Plasma kinetic
N (Salpeter, Sheffield)
» Discussion of different
approaches also included :
* Aimtoinclude full theoretlcal
derivations |
 Additional website with GUIS/
computer code
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Let’s Add More: GNSS Space Weather Diagnostics - Total Electron Content

. . ' August 2017 Eclipse Differential TEC https://youtu.be/8vivMEVBwys
This i1s a Meta-Instrument! S

v i</

» Differential delay on GNSS oy BEN N o
transmissions ,
. . 35°N 35°N
* Line of sight
+ Global TEC maps s Y
 Vertically binned (1 x 1 deg x 5 min) 2= e SRR K
: : : : . A R A R T iR
* Line of sight (rich information content) .o\ : -k N —
* Regional, global ionospheric 5 A el e s | w ot
dynamICS 120°W 110°W 100°W 90°W 80°W 70°W 120°W 110°W 100°W 90°W 80°W 70°W
e Critical multi-scale ionospheric e
structure
« Example: >450,000 LOS values in <5
minutes
Measurements: Pseudoranges {R;}
. Given: Satellite Positions {(x;, y;, Z;)}

Radio occultation paths add unique
observing geometries [not shown]

R;= | (= X)? + (y; - y)** (- 2)% - b,
i=1,2,..,N

Unknown: User Position (X, y, Z)
Receiver Clock Bias b

2 MIT Zhang et al, EPP 2017

aiet HAYSTACK
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d More: Madrigal distributed database

Geodetic median vertical TEC from 2007-01-02 03:00:00 to 2007-01-02 04:00:00 TECU
— = : : P : 15
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30°N — SAT, : i ' e bt y . L - ST . E : . 110

06

i,v.ﬁbg“’.“)
CTX XL
Atk g

2
A\

60°S

o ‘ ' GNSS TEC © 2008 MIT Haystack Observatory
240 Diverse Instruments in Madrigal
J. M. Holt
Incoherent scatter radars (ISR): 20 Magnetometers: 16
Lidars: 10 Photometers: 7
Meteor radars: 18 Fabry Perot Interferometers: 38

Also GNSS Total Electron Content (TEC), Defense Meteorological Satellite Program
(DMSP), HamSCI, All-Sky Imagers, and more

MIT
HAYSTACK
N7 OBSERVATORY




HamSC]I More: Ham radio Science Citizen Investigation

A collective that allows university
researchers to collaborate with the amateur
radio community in scientific investigations.

Objectives:

1. Advance scientific research and
understanding through amateur radio

activities.

2. Encourage the development of new
technologies to support this research.

A a Ny N 3. Provide educational opportunities for the
e g amateur radio community and the general
Founder/Lead HamSCI Organizer: p U b I | C .

Dr. Nathaniel A. Frissell, W2NAF
The University of Scranton

nathaniel.frissell@scranton.edu

http://hamsci.org



Amateur Radio Observation Networks

® © ® /Bl main page - Reverse Beacon | X |

< C [ @ reversebeacon.net/main.php

REVERSE BEACON NETWORK

welcome main | dx spots | nodes downloads about contactus

Check cut RBN's blog at: hitp://reversebeacon.blogspot.com, stay tuned! options:
Check out your signal compared to others, with the "Spots Analysis Tool™. show'hide
You can compare signals between up to 10 stations heard by a single reverse beacon on a given date.

Donate news

RBN blog: stay tuned!

£ £

; k) we have 142 skimmers online
Map Satellite 4

skimmers online:

3B8CW - 20m

: 3 b gy TL410U - no spot last 15min
“ﬂ%ﬁn{ﬂ - ’ : gy GMZCMC - 20m
¢ -_V‘:-";”‘ P vi27 . 9VIRM - 40m, 30m

Afrantta (A AALVY - 40m, 20m, 17m
- ACOC - no spot last 15min
BD2FW - no spot last 15min
BGOARE - 20m
i - =" BGENUD - 30m, 20m

AMERICA = - BH4RRG - no spot last 15min

17m

DF4XX - BOm, 40m, 20m
DJ3AK - no spot last 15min
DJSIE - 40m, 30m, 20m, 17m
DKOTE - 40m, 20m

DK3UA - 40m, 30m

Map data @2017 | Terms of Use DKSNE - Bm
! 1 80m / 130m f20m / 17m / 15m / ! i ] DKSIP - 40m, 30m, 20m
world wide / zoom to US / zoom to Europe / zoom to North Atlantic DL3KR - 40m, 20m
. DL4RCK - 20m
showlhide my last filters DLEZE - 10m
. DLBLAS - 80m, 40m, 30m, 20m
no filter selected, showing all spots e KR DLOGTE - 80m, 40m, 30m,
search spot by callsign 20m, 17m
de dx freq cgldx snr speed  time 1E5le LIS o b
EASWU DJMYFK 21025.2 CW CQ [LoTwW] 11dB 27 wpm 1549z 22 Jun EASWU - 40m, 30m, 20m,
KOIMM = WOERE/B 10129.1 CW BCN 2d8  19wpm 1549z 22 Jun 17m, 15m, 1em

EABVQ - no sﬁ last 15min

Reverse Beacon Network (RBN)
reversebeacon.net

* Quasi-Global
* QOrganic/Community Run

SSN:35 SF1:74 A:4 K:1 calisign lookup: [

DF4UE - 80m, 40m, 30m, 20m,

® © ® Bl Map | WSPRnet

X

C | ® Not Secure wsprnet.org/drupal/wsprnet/map

Welcome to the Weak Signal Propagation Reporter Network

User login

Username *

Password *

Create new account
Request new password

_Login |

Frequencies

USB dial (MHz): 0.136, 0.4742,

1.8366, 3.5926, 5.2872, 7.0386,

10.1387, 14.0956, 18.1045,
21.0946, 24.9246, 28.1246,
50.293, 70.091, 144 489,
432.300, 1296.500

Spot Count

595,865,353 total spots
928,573 in the last 24 hours
35,721 in the last hour

Navigation

» Forums

Who's online

There are currently 113 users
online.

Activity | Map | Database | Stats | Forum | Downloads

Map Satelite

WSPRNet
wsprnet.org

* Unique & Quasi-random geospatial sampling

60 EROEmS o0

HamSCI

http://hamsci.org

DL2Xi e -

FSyFSPD-('ﬂVOBO(BSWL
T T

® © ® ¥ Display Reception Reports X \ ‘ Guest

- C | 8 Secure https://pskreporter.info/pskmap.html|

On all bands , show signals sent/rcvd by the callsign E
12 hours Go! Display options

Automatic refresh in 5 minutes. Large markers are monitors.

There are 1763 active monitors: , 510 on 6m, 167 on 40m, , 76 o

unknown, 6 on 12m, 5 on 80m, 4 on 60m, 3 on 2200m, 3 on 2m, 2 on 70cm, 2 on 23cm

using all modes & over the last

30m, 22 on 10m, 15 on 11m, Son

,1.on 600m. Legend

Map Satellite

- —— - - -
- - - - -

Atlantic
Ocesn

Monitor: WAOWHE Loc EN16pu
in United States

Receiving: PSK31,JT65 on 14.070 MHz (20m)

Using: Digital Master 780 6.4.0.647/Rptr V0.6

Antenna: (hitp://myantennas.comiwp/) 80-10m OCF dipole or Comtek 40m ver
Show all seen by WAOWHE

Map data ©2017 | Terms of Use

System statistics. Comments, problems etc to Philip Gladstone. Online discussion of problem *s2i¢ . Fizc .ot erers 1 23 7 5€,7 35

PSKReporter
pskreporter.info

Data back to 2008 (A whole solar cycle!
Available in real-time!

nathaniel.frissell@scranton.edu




2017 Nov 03 1200 UT - 2017 Nov 04 0000 UT

(b) 14 MHz RBN, PSKReporter, and WSPRNet Bin Size:

2 min x 25.0 km
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(g) GNSS dTEC Magnitude Spectrum Time [UT]

Mid-latitude Large Scale Traveling lonospheric = 500
Disturbances are seen for the first time k5 400
simultaneously in amateur radio, SuperDARN, and
GNSS TEC data

EC}

w
o
o

|[FFT{Median
N
o
=

-
o
o

o

SuperMAG SME index, PFISR (not shown) - ’ i i period thr "‘ : .
indicates driven by auroral electrojet, Joule heating Frissell+ 2022 https://doi.ora/10.1029/2022GL097879



https://doi.org/10.1029/2022GL097879
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3
Citizen Science: 10 & 15 MHz HF Propagation during 2017 Eclipse

Shortwave Signal Propagation 2017 Eclipse ‘ o ———

== WWYV 10.0 MH2z
=== WWV 15.0 MHz

.

=
o0

Relative Power (dB)
=
U

“Even shortwave listeners got into the
act. Using the S meter on his Panasonic RF-

12-
: | 4900 shortwave receiver, 88 year old John S.
foslleé::;islf:)vn . Eglcl.!:lse Erickson of Schenectady, NY ... recorded the
L henadtady, NY : Max signal strength he heard from time signals
[

WWYV at 10 and 15 MHz every 10 minutes
during eclipse passage.”

9 | | | |
13:00 13:30 14:00 14:30 15:00 15:30
Time, EDT August 21, 2017

(Erickson / Frissell / Liles+)

http://hamsci.org



Let's add More:
Distributed instruments for geospace remote sensing

Advanced meteor radar networks: Sensing | ow-cost ionosonde networks:
~ upper atmosphere neutral winds 3D volumetric electron density
Divergence, vorticity, momentum flux (e.g.) remote sensing from the ground

Mesoscale structure!

alt: 96 km  t: 2018-11-05 08:00:00Z alt: 96 km  t: 2018-11-05 11:00:00Z

120

reflection point ;?‘“ - 0
52°N |} , / 40 Eé
T Ml 1 | =
(Chau / IAP, Volz / Haystack) (Swoboda, Haystack)
MIT - - -
HAYSTACK Signal processing, software radio advanced developments

' OBSERVATORY = 3D understanding of upper atmospheric dynamics 25




Geospace Dynamics
Constellation

6 satellite mission to study the fransition
between Earth's atmosphere and the space
environment in the ionosphere and
thermosphere

The first comprehensive measurements in

this region, including energy inputs from the
space environment above and the variable
upper atmosphere response

Interdisciplinary study of fundamental
processes of planetary upper atmospheres, to

understand the space environment role in
planetary habitability

Provides critically-needed space weather

observations of the Low Earth Orbit region,
enabling characterization of the orbital drag
environment and understanding of space
weather processes.



DYNAMIC Mission: Essential Observations to Study Important
~100-300 km Altitude Region (VLEO)

Very few observations of complex wind, temperature, composition and density in this region
Very sensitive to poorly characterized forcings:

From below: Tidal, Gravity and Planetary From above: Auroral Heating and Joule Heating
Atmospheric Waves Originating from Solar Storms

- —

80 km i _\\,‘ﬁ}gsosphem
= Gravity wave ..
ﬁeaking and mixing
Vortex and ': ‘éL"z"’F

siratosnherie  Planetary waves

y 4 ."_—_,i’.?if‘_""':- \ . - Stratosphere
i } ;3.,.- c::f',.;‘_‘b ] 2 : \
| &y | r”avity waves \ ﬁrawty wavgs
. : : e
Po
“,9 - " Rause
- Troposphere

Volcanoes Cyclones Thunderstorms

Paole Equator Polé
Winter Summer




GDC-G (ground)

27 Mags (fluxgate)
27 Riometers =

23 RGB ASI _ sgg §§

8 Spectrographs =" T

16 Red ASI | 1{ ==

27 GNSS %, 3 B =

o FPI 8 =-

e O

134 instruments across -=
27 sites

Pl: Emma i | A
‘ N |
Spanswick  1.Eureka,NU 10. Gillam, MB 19.Fort Smith, N\WT |~
2. Resolute Bay, NU  11. Churchill, MB 20. Prince George,BC | 2 5 =
3.Clyde River, NU  12.Rankin Inlet, NU 21. Fort Simpson, MWT g 2
_ _ 4. |qaluit, NU 13. Taloyoak, NU 22.Normal Wells, N\WT | @ o[ [
U nivers |ty Of 5. Kuujjuag, QC 14. Cambridge Bay, NU 23. Sachs Harbour, NWT : = 23
6. Labrador City, NL  15. Contwoyto, NU 24. Inuvik, YK : l
C alg ary 7. Sanikiluag, NU 16. Rabbit Lake, SK 25. Whitehorse, N\WT | @ 55
8.Kapuskasing, ON _ 17. Lucky Lake, 5K _ 26. Poker Flat, AK " 2 26
9.Pinawa, MB 18. Athabasca, AB 27.Toolik, AK "3 27
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The Event Horizon Telescope

 The EHT: Planet-scale interferometer for humanity’s very first
images of the environment around a black hole

« VLBI connects multiple distant radio antennas to function as one
much larger, more powertul telescope

« Result CANNOT EXIST until data is synthesized collectively

Sgr A* black hole

(mMm-wave emissions) s
MIT Angular size:
G HAYSTACK 50 micro-arc sec
— 2. OBSERVATORY

39

https://xkcd.com/2135/



SCIENCE is GLOBAL: The Event Horizon Telescope Collaboration
300+ Members
59+ Institutes
18+ Countries
Without the international open collaboration, no result!
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Assimilating Heterogeneous Electron density data

SOources.

Ionospheric Parameters * GNSS total electron content
(slant/line of sight)

a) Ground-based TEC b) COSMIC RO . _
800,y T T il g 100 T g3 * Millstone Hill IS Radar
7 2\ i iy jﬂ 1” ivdy ;"jﬁ 116 I l "
6& Wl . ) profiles
g R I3 * COSMIC, 1l radio
3 300f. e - | fng occultation profiles
< 200} U T "2 2 :
-y o 8 * JASON vertical TEC (up to
i 1336 km altitude)

* NeQuick electron density
model: 6 semi-Epstein
functions anchored at

800 : .
7005 g available E/F1/F2 peaks
600F..
E 500} E
- 3§ Data assimilation methods:
(3 ) * Ensemble-based background
: error covariance estimation
* 3DVAR Data assimilation
e * Sparse matrix storage (<0.3%
MIT LA non-zero values)

41

TIDAS details: Aa+ 2022 https://doi.org/10.1029/20225W003055



Subauroral / M-l Coupling Dynamic Topics: A Rich Source of Frontier Science

(from 2021 Facilities workshop report)

Synoptic electric field mapping between the ionosphere and
magnetosphere

Heavy, cold ion outflows providing significant mass loading of
the magnetosphere

Storm enhanced density (SED) formation, severe electron
density gradients, and thermodynamics

iInteractions between plasma flows and thermospheric winds
(intensification, vortices, ion drag/Coriolis forcing)

Ring current electrodynamic feedback (Region 2 coupling)
Sub-auroral polarization streams (SAPS)

Intense narrow subauroral ion drifts (SAID) with rapid
temporal lifetimes (STEVE)

MSTID/LSTIDs initiation mechanisms and electrodynamic
coupling/drivers

Scale-dependent magnetic conjugacy

Inter hemispheric asymmetries

Mesoscale (<1 - 100 km) ionospheric variability and turbulent
cascade

Direct probing of the plasmasphere boundary layer and inner
magnetospheric coupling

~—
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Q
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>
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2|/

/" Milistone Hill ISR ‘

GPS TEC / RBSP-A Equatorial Projection

log10 TEC (TECu)

17-Mar-2015 16:00:00 to 17-Mar-2015 16:20:00
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Foster et al., 2019, AGU Monograph
Example: Cold Plasma Lifecycle in

the Geospace System
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Synthesis Application: The Geospace Plume

* SED base/plume formation
* Roles of SAPS, convection,
PEF, and winds
* Global M-I-T Coupling context: »_.. saesgr. "
Subauroral plasma influences 4 RO

A Log10 g

on high latitude (polar) ‘
ionosphere via SED :

* Polar cap patches

* Tongues of lonization ~ *'= 1:: - : L’

* Delivery of cold heavy O+ to e

cusp outflow regions, inner
magnetosphere

* GDC upcoming: multi-plane

lon, neutral sampling of crucial

dynamic structures
G5l HAYSTACK
&6 OBSERVATORY "

Dawn-Dusk Direction
Dawn-Dusk Distance (Re)

He+ 30.4 nm

Sunward Direction

Magnetosphere / lonosphere / Plasma
Cold Plasma Flows

17 Jan 2013 19:20 UTC

Log10(TEC,
TECu)

1.6

1.4

11.2

| TEC Plume ‘
' | Snapshot | .-

TECu)

-2

0

Sunward Distance (Re)

Foster et al 2020

1 Log10(TEC,

SED Passage through
Multiple Ground-Based Diagnostics:
More sampling needed!

Mlllstone Hill Iog10 Density [10.35, 12 35] (m—3)

= e — T
‘ = m —

A 1 | | L i e —
16.5 17 17.5 18 18.5 19 19.5 20

Sondrestrom log10 Density [10.35,12.35] (m-3)

17.5

16.5 17 175 18 18.5 19 195 20
UT hour November 20, 2003

Foster et al 2005




GEM Cold Plasma Questionnaire: Past, current future (2025; very partial list)

WHERE WE WERE 5-10 YEARS |WHAT HAVE WE LEARNED IN THE LAST 5-10 REMAINING GAPS

How the cold electrons and cold ions can  The cold particle populations have a strong impacton  The complete dynamics and effects of cold plasma is

impact the magnetosphere-ionosphere the magnetosphere-ionosphere system in a variety of  still a long way from being fully understood. Until the

system and how they can couple to other ways, both locally and globally (more details in the rest cold ions and cold electrons are fully understood, along

particle populations were of the table) with their controlling factors and their impacts, the

underappreciated magnetosphere—ionosphere system will not be fully
understood

ldeas of substructuring around the Measurements by missions like the Van Allen Probes How cold plasma structuring works and what controls

plasmapause were hypothesized and have shown with unprecedented detail that the cold it is still a mystery. Requires both in-situ and remote

supported by some measurements but plasma density is indeed highly structured inside and sensing measurements

were not settled outside the plasmasphere. It has become clear that this

is very important for waves, wave-particle interactions
and magnetosphere-ionosphere coupling

The effect of cold plasma density on wave Cold plasma heating and energization by waves and A lot of nonlinear processes and couplings are still
properties was already well established nonlinear wave-wave processes mediated by cold plasma completely unexplored. The global impact of these
are beginning to be appreciated processes is unknown

Gian Luca Delzanno, Joe Borovsky, Roger Varney, Natalia Buzulukova,
Barbara Giles, Jeremy Dargent, Mei-Yun Lin

See Cold Plasma FG sessions: today - 1330-1530, 1600-1800 CT N -
Tuesday 1000-1200 CT S
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Multiscale Atmosphere-Geospace Environment (MAGE)
See Workshop: Thursday 1000-1200 CT

1S07d G-REMIX P

PR Ring current Global lonospheric Electrodynamics lonosphere/Generalized polar wind
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http://cgs.jhuapl.edu/Models%5B

CEDAR: The New Dimension (2011 NSF strategic vision)

“In this document, no specific questions are
posed, that is left to the research community to
formulate and propose. Instead, a new
paradigm in CEDAR research is presented...”

Heliosphere

[ Ma an etos P here

STRATEGIC VISION
for the Nat ional Science Foun dation Program on

lonosphere/
thermosphere/
mesosphere

» Motivated the proactive development of
a systems science perspective to study =
the upper atmosphere e

« Expanded the CEDAR program scope
beyond the traditional focus on
coupling (between regions,
constituents, and processes) to include
system complexity

2025 NSF CEDAR Workshop 47



Overarching Goal of ITM Science in the next decade

Embrace a “systems” perspective as an enabling paradigm
for understanding complexity in the ITM and
In the geospace system in which it is embedded

ITM priOrity SCience goaIS are fOCUSGd on: CROSS-REGIME / SYSTEM SCIENCE: SOME CRITICAL

KNOWLEDGE GAPS
1) processes that cross regions G i pes s -
(altitude and latitude/longitude) ffm_":m":"“”“ |
2) processes that cross scales R i
(distance and time) o ;;::Z?:ﬁgg";:: ' Gl I
3) quantification of the relative 0 e & PR
significance of key driver/response @ g "4 \ -
relationships z......... ‘ T I
4) the origin and impacts of persistent _ VY X \,
changes in the ITM state (slow ~ @l
evolution and state transitions) s /A v

Rowland WP 347: “Cross-Scale and Cross-Regime Coupling in the ITM:
Studying Weather, not just Climate, in the Middle and Upper Atmosphere

2025 NSF CEDAR Workshop 48



Impulsive events are opportunities to study complexity

 Geomagnetic storms

* Sudden stratospheric warmings

* Volcanic eruptions (e.g.,
Hunga-Tonga): Large
atmospheric chemistry change
+ jonospheric depletions

A NASA satellite captured the explosive eruption of Hunga Tonga—Hunga Ha‘apai in the South Pacific. Credit: Joshua Stevens/NASA Earth Observatory,
using GOES-17 imagery courtesy of NOAA and NESDIS

4
Field-aligned plasma transport
due to Interhemispheric winds —
: ok ospheric hole - —— ) -
Sate“'te sesssesese ....R.......... _ -f“ o~ , -7 ‘;U
| ‘ S
asma transport due to >
al wind perturbation

Volcano explosi

. . 140 160 180 1 0 Choi et
Magnetic North Magnetic South Longitude al., 2023

2025 NSF CEDAR Workshop 49



Geospace evolution is still poorly understood

» Detection of long-term variations in geospace system dynamics requires
knowledge of the baseline state and continuous observational monitoring

* Evolution of complex dynamical systems is not always gradual, due to
nonlinearity and feedbacks; physics-based modeling is needed to assess

causality

Global 2m Surface Temperature Anomalies: 1940 - 2024
vs. Pre-Industrial Baseline

Data: https://sites.ecmwf.int/data/climatepulse/data/series/eraS_daily_series_2t_global.csv
older newer

2023 =——2024 through Aug. 25
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ITM ground-based network - notional concept: DASHI

e Implement a networked facility across the

Americas

o Observatories would host a baseline suite of
heterogeneous, facility-supported sensors as well
as accommodate hosted, Pl-led instrumentation.

o Use customized 8'x20’ shipping containers
(standardized, easily deployed, and relocatable).

o Low risk, shovel ready construction.

e Dedicated science support and management
lead: streamline technical, logistical, and
regulatory tasks, including systematic data
archiving

Figure 5: Fields of view (FoV) of the proposed
observatories & instruments. Pink and green cir-
cles (projection distorted) indicate ground-based
cameras imaging at 630 nm and 558 nm; four red
dots indicate narrow-field FPI sampling; lilac cir-
See cles denote SDI FoV; blue wedges show Super-
ITM Decadal workshop this afternoon DARN FoV; orange/green shadings denote the

Monday 1330-1530 multistatic meteor radars FoV; and dashed con-
tours show magnetic latitude.

2025 NSF CEDAR Workshop 51



Community is Essential to Our Future
As Geospace Scientists...

And Heliophysics is Fundamental to Society



CEDAR:

OBSERVATIONS OF THE COUPLED
ATMOSPHERIC REGIONS
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Total Electron Content (TEC) Maps

Future Work
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Heliophysics is not just about studying the Sun.
It is about safeguarding the technological, economic, and
exploratory frontiers that are vital to the future of the U.S.

Proposed FY26 cuts to NASA and NSF would be DEVASTATING to heliophysics research

and cede our leadership in this critial area to China.
FY26 funding required: NASA: $25.5B (SMD: $7.5B, Heliophysics: $850M)
NSF: $9.9B

Space Weather Prediction
Heliophysics research is crucial for understanding and predicting space weather events such
as solar flares and coronal mass ejections (CMEs). These events can disrupt satellite operations,
GPS navigation, power grids, and even pose risks to astronauts in space.

National Security
The U.S. military relies on space-based technologies for communication, navigation, and
surveillance. Accurate space weather forecasts help protect these systems from disruptions
caused by solar storms.

Protection of Infrastructure
Solar storms have the potential to cause large-scale power outages by damaging transformers
and electrical grids. Investing in heliophysics helps develop early warning systems to mitigate
such risks.

Advancing Space Exploration
As the U.S. prepares for missions to the Moon, Mars, and beyond, understanding the space
environment is critical to ensure the safety of astronauts and the success of deep space
missions.
Technological Advancements
Heliophysics research drives innovation in satellite technology, sensors, and communication
systems, fostering scientific and technological advancements with broader applications. 30 MAY 2025

Future Modeling and Planning

Studying the Sun’s behavior helps researchers better understand how it influences weather SCie ntIfIC SOC | etieS |SS ue Letter to CO Nng resSs (See

patterns and long-term trends on Earth, leading to more accurate

forecasting and planning. Heliophysics is the study Regarding National SCience Foundation Friday

Why Heliophysics Matters ™% '.

e
ooooo

of the Sun and its interactions with the Earth and the rest of the solar . :
system, including the solar wind, magnetic fields, and space weather. It combines aspects of solar Re O rg anizations an d C uts town hal I
physics, space physics, and geophysics to understand how solar activity affects the space environment 1 2 1 5'1 3 1 5

around our planet and beyond. It is funded by both NASA and the NSF. A coalition of professional societies and organizations whose members conduct research in CT
A P _d l ADVANCING A|A AMERICAN fields supported by the National Science Foundation (NSF) today issued a letter to the United )
nuu EARTHAND ~+S— ASTRONOMICAL States Congress. The letter expresses support for the NSF and concern about recent
SPACE SCIENCE SOCIETY organizational and financial developments at the agency.




Example: The societal challenge of low Earth Orbit

AR RSN LN Low Earth orbit is becoming very crowded with commercial
SR T LT, satellites alongside traditional government ones

Risk of debris belt from collisions is growing fast!

Debris moves ~km/sec (> 3000 mi/hr): destructive potentials
from even <cm size particles

Understand the space environment: space weather!

Constellation size over time

529: Aug 2020
3,223: Apr 2025
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Final thoughts:

We are just getting started with an exciting system scale
understanding of geospace

This takes every tool we have to unlock insight

Community is fundamental: we will persevere - together

GEM

Geospace Environment Modeling

Thanks for listening
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