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Introduction

* Space Weather Science and Observation Gap Analysis for
NASA. Compiled by APL 9/20-4/21

e Committee

— Angelos Vourlidas (chair), Drew Turner (co-chair), Doug
Biesecker, Anthea Coster, Alec Engell, George Ho, Tom Immel,
Catherine Keys, Lou Lanzerotti, Gang Lu, Noé Lugaz, Janet
Luhmann, Leila Mays, Paul O’Brien, Eddie Semones, Harlan
Spence, Lisa Upton, Stephen White

* Ex-officio:

— Jim Spann, Elsayed Talaat, Mike Wiltberger, James Favors,
Reiner Friedel

* Primarily focused on observation gaps, with emphasis on
near-real-time data
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> } Space Weather

Scienge and Observation Gap Analysis
for the National Aeronautics and

Space Administration (NASA)

w‘.{‘}
A Report to NASA’s Space Weather . i
Science Application Program .

https://science.nasa.gov/science-pink/s3fs-public/atoms/files/GapAnalysisReport full final.pdf
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Space Weather Effects Associated with GDC Science and Observations

* The ionosphere
and
thermosphere
affect many
technologies:

* Sat. Tracking
* Sat. Comm.
* Sat. Navigation

® Collision
avoidance

* Re-entry

* Power lines

* Undersea cables
* Rail lines




GDC'’s Role in Filling Space Weather Gaps

* GDC’s ionosphere /
thermosphere (IT) science is
expected to contribute
significantly to improving
models and forecasts of IT
space weather and its
impacts

— New understanding
— More “ground truth” data to
train and validate models

* GDC’s expected real-time
downlink was not defined at
the time the Gap Analysis
was performed, but it can be
expected to improve many of
the real-time gaps identified
in the analysis

Table 2-1. Top-ranked current SWx observation gap categories and corresponding research gaps

Rank ‘ Current Observation Gaps

Research Gaps

: Solar/solar wind observations, including off-SEL | SEP occurrence and properties at a given inner heliospheric location; interplanetary
(e.g., Sun-Earth L4 and L5) and beyond 1 AU (IP) propagation of solar transients (e.g., Bz, time of arrival [ToA])
Response to variable solar, solar wind, thermospheric, and magnetospheric
2 lonospheric key observables conditions; high resolution global state; cross-scale and -altitude dependencies and
variability; driving from lower atmosphere
3 Solar wind in peri-geospace (dayside, magnetic | Fine-scale structure of solar wind (SW)-transients; spatiotemporal evolution and
local time [MLT]~ 10-14) turbulence
Expansion, heating, and cooling processes over a range of scales (<100 km to
4 Thermospheric key observables global) and altitudes; response to variable solar, ionospheric, and magnetospheric
conditions; driving from lower atmosphere
Impacts of energetic particle, cusp, and auroral precipitation on ionosphere—
5 lonospheric D- and E-region EPP and E-and | thermosphere system; cross-scale (<100 km to global) and spatiotemporal nature
F-region cusp and auroral precipitation of precipitation and consequences on ionosphere-thermosphere system (e.g.,
conductivity, heating, chemistry and cooling)
Role of magnetospheric dynamics, mesoscale injections, and variety of
. - wave-particle interactions acting in concert to shape these trapped energetic
6 Ring current and radiation belt electrons : : . ) o
particle populations, driving geomagnetic storms and radiation belt enhancements
and depletions
Plasma sheet electrons and injections/bursts | Nature of kinetic- to mesoscale processes (e.g., reconnection, turbulence) affecting
from cislunar into GEO and MEO regions global-scale magnetospheric dynamics and magnetosphere—ionosphere coupling

GDC has much to contribute in the Space Weather observation and research gaps
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Observation Parameters and Gap Relationship

Thermal Plasma Density

Thermal Electron Temperature Te 2,5
AETHER
Density Fluctuations ANe 2,5
E-field fluctuations AE 2,5
Energy Range (0.01-30keV) 2,5 ] ] )
Table 2-1. Top-ranked current SWx observation gap categories and corresponding research gaps
CAPE Electron Spectra 2,5
Rank ‘ Current Observation Gaps ‘ Research Gaps
lon Spectra (25eV - 40keV) 2,5 ; : : :
Response to variable solar, solar wind, thermospheric, and magnetospheric
Neutral Wind Vector U 4 2 lonospheric key observables conditions; high resolution global state; cross-scale and -altitude dependencies and
_ variability; driving from lower atmosphere
Neutral Density Nn 4 Expansion, heating, and cooling processes over a range of scales (<100 km to
4 Thermospheric key observables global) and altitudes; response to variable solar, ionospheric, and magnetospheric
Neutral Temperature Tn 4 conditions; driving from lower atmosphere
Neutral Composition 4 Impacts of energetic particle, cusp, and auroral precipitation on ionosphere—
MOSAIC } ) 5 lonospheric D- and E-region EPP and E-and | thermosphere system; cross-scale (<100 km to global) and spatiotemporal nature
lon Drift Velocity \% 2,5 F-region cusp and auroral precipitation of precipitation and consequences on ionosphere-thermosphere system (e.g.,
. . conductivity, heating, chemistry and cooling)
lon Density Ni 2,5
lon Temperature Ti 2,5
lon Composition 2,5
Slant TEC STEC 2,5
ProFile o
Scintillation S4, gy 2,5
lon Drift Vector Vv 2,5
lon Density Ni
TPS
lon Temperature Ti
lon Composition (major constituents)
NEMISIS Magnetometer B 2,5
Dosimeter Energetic Particle Flux 5



Conclusion

* GDC provides valuable multi-point, globally distributed data to help close ITM gaps
— 2+ altitudes, 4 orbit planes
* All sensors besides ProFile will provide data only at s/c altitude (in-situ)
* ProFile (GPS RO) provides altitude profiles
— Lead-trail vehicle observations to resolve spatial vs temporal ambiguities
— Cross-track orbit separation to resolve longitude / local time spatial structures
— Various configurations over mission

* Gaps that will remain:

— Continuous global real time coverage of the ITM system (there will presumably be a real-time beacon with some
coverage, TBD)

— Measurement of locally precipitating energetic particles >~40 keV that can affect D and E region ionosphere
(dosimeters are not able to resolve this most of the time)
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GDC Baseline Science Objectives

GDC Mission Goals

The GDC Threshold mission is Goal 1,

GDC Baseline Science Objectives ety

GDC Goal 1:

(high latitude forcing)

Understand how the high-latitude
ionosphere-thermosphere system
responds to variable solar
wind/magnetosphere forcing.

Objective 1.1 (High-latitude neutral wind formation and evolution)
Determine how high-latitude plasma convection and auroral precipitation drive thermospheric neutral winds.

Objective 1.2 (High-latitude plasma density structure formation)
Determine how localized, coherent plasma density features arise and evolve.

Objective 1.3 (High-latitude neutral density structure formation)
Determine how neutral winds, auroral precipitation, and collisional heating drive high-latitude neutral density structures.

GDC Goal 2:

(global processes)

Understand how internal processes
in the global ionosphere-
thermosphere system redistribute
mass, momentum, and energy.

Objective 2.1 (Pathways for magnetospheric driving of low- and mid-latitude

electrodynamics)
Determine the relative importance of penetration electric fields and disturbance winds in driving plasma density variations at
mid- and low-latitude during geomagnetically active conditions.

Objective 2.2 (Formation and evolution of propagating atmospheric disturbances)
Identify the processes that create and dissipate propagating structures within the ionosphere and thermosphere during
geomagnetically quiet and active conditions.

Objective 2.3 (Drivers of low- and mid-latitude chemical composition changes)
Determine the connections between winds and neutral density / composition variations at mid- and low-latitudes during
geomagnetically quiet and active conditions.

Objective 2.4 (Hemispheric asymmetries)
Determine how hemispheric asymmetries in the Earth’s magnetic field, seasonal variations, and magnetospheric input affect
the ionosphere-thermosphere system.




Economic Impacts:

Societal Scale
~31T

National Scale
~$10B

Industry Scale GICs:
~$100M Pipelines,
Railways

Local Scale
~$1M

Consequence: Societal Impact and Cost

Component
Scale
~$10k

1/100 yrs 1/10 yrs 1/yr 10/yr 100/yr

Likelihood: Frequency and Probability of Occurrence



Geomagnetically Induced Currents

Space Weather Uzer Needs
(system of output datasets
and model results)

Data Ingestive and/or Asgimilative  Environmental Hazard
Prediction Models Specifications

Ground and Geospace
Obzervables

gnISREERER

Solar disk and n R

corona

Solar and Heliozpheric
Obszervables

Surface B-field {LatLon)
DOEpower

GOES, SWFO-L1)

Surface impedance
m (USGS surveys) o {LatLom}
eREEEEEEEE |05

lonospherlc currents - -
lonospheric CUfren
and conductivity {LatTonam)
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Pleaze Note: All prioritizations are only for currently existing obzervational gaps az of March 2021

{Gurrenta: AMPERE, Swarm, W | cucomm ang Key:
DMSF, GBM-EICs Do¥NSS Sat Ops.
FUV emisgion=: GOLD, SSUSD —— Ralevant to NASA Gap Analysis
_ — _ . Not relevant to NASA
lonospherkc comnductivily Gap Analysis
EPP {LatT onaA)
:PﬂES’ m' CubsSata: e Aﬁﬂ“ym: -

ELFIN, FIREBIRD, AG10,
CIRBE, REAL}

FACs from LEOQ
(AMPERE, GEM-EIC=)

Dol¥NES Sat Ops.

Magnetosphere-lonosphene

cotpiing currents
Che'Cormm and

Do¥NES Sat Ops.

Redevant

current systems (MP. AC, PAC, SCW)

CleComm and

GIC: Geomagnetically Induced currents

CEBE: Current best estimate

MED: Medlum-eartn Orpit

GTO: GED Transter Ot Gap Prioritization:
GED: Geosynchronous earth Orbit I High
SIR: Stream Interaction region m Medium
HSS: High speed stream (Solar wing)y — —]ow
CME: Coronal mass ejectlon

FUV: Far ulfraviolet

EPP: Energetic parficle precipitation Model inputs
FACs: Fleld-allgned currents

GBMS: Ground-based magnetometers
EICs: EqQuivalent lonospheric currents

Partlal Gaps:

Part. Avallable
{whara)

Beneficiary user Commnities
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Selar and Heliospheric
Obzervables

Ground and Geospace
Cbzervables

Neutral denslty
{In sltu and remote obs.
and Infterred/derived)
{In =situ density: Swarm, GRACE-FO;
Darivad danssty:- POO

lonospherc E-leld
and lon velocities
{COSMIC-Z, ICON, DMSP,

lonosphere currents (Incl. FACS)
and conductivity

- AMPERE, Swarm, DMSF, GEM-EICo

WFLIV amizsione: GOLD,
EPP: POES, WatOp, CubaSata:
ELFIN, FIRERIRD, ACA0, CIRBE, REAL]

precipitation and
MOx concentration

Thermospheric Expansion

Data Ingestive and/or Azsimilative
Prediction Models

NOTE: DMEP and POES are discontinusd and there is ng
plan to replace their relevant data services

Pleasc Note: All prioritizations are only for currently existing obscrvational gaps as of March 2021

Envirenmental Hazard
Specitications

Space Weather User Needs
(system of outpul datasels
and maodel resuns)

Key:

— Relavant to NASA Gap Analysis
— — — - Mot mlevant to NASA

Gap Analysiz
Acronyms:

TBD: To be determined

SIR: Stream interaction region

HSS: High spesd stream (solar wind)

CME: Coronal mass ejection o
TEC: Total electron contznt Gap Prioritization:
EUV: Extrame ultraviolet I High
FUV: Far ultraviolet M2 dium
R1/A2: Region-1, -2 currents —

TAD«e: Traveling Atmospheric Disturbances
EFPP: Energetic Particle Precipitation

ASI: All-eky imagers (multiple wavalengths)
FPi: Fabry-Parct Interierometer

EDI1: Scanning Dopplar Imager

POD: Precision Orbit Detormination

GBMs: Ground-based magnociomeoters
ElCs: Equivalent ionospheric currents

MNOx: Nitrows Oxide, in parficular NO

Beneficiary

Partlal Gaps:
Part. Avaliable
{whereh

Model Inpurs
user communities
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lonoepheric Disturbances: D-Region Absorption

Solar and Heliospheric Ground and Geospacse Data Ingestive and/or Assimilative Environmental Hazard Space Weather User Neads

Observables Observables Pradiction Modsls Specifications (system of cutput datasets
and model results)

Solar disk and e lonosphenc condiions
corona: ' D-region plazma density
(500, STERED, ' {in gitu and remote obg)

BIEL R IGNSS-RO: COSMIC-2, Spire-GPS,
ISR, ionogonda?
Riomeatars via imverzion}

D-region EPP (incl.
rad beltz and SEP=!
(POES, MatOP. CubaSats:
ELFIM. FIREBIRD, AG10,

DolvMNSE Sat. Ops.

Solar wind drivers:
IMF {B-vec and mag) > Latd oniAlt dep )

Solar wind
atl shock . DelVNSS Sat. Ops

Koy:
— Helevant to MASA Gap Analysis
= = = . Notrelevant to NASA

(THEMIS, ARTEMIS,

Acronyms:
TBD: To be determined
SIR: Stream Interaclon reglon

HSS: High spaed stream (solar wind . ]
CME: Coronal mass ejection P‘"': G:’:I
TEC: Total electron content Gap Prioritization: e
EUV: Extreme ultraviolet  High
FUV: Far ultraviolet s M edlum
EPP: Energetlc particle precipitation — LW

NOTE: DM3F, FOES are discontinued and R1/R2: Reglon-1, -2 currents

there IS no plan 1o replace heir relevant ASl: All sky Imagers

data services GbMs: Ground-based magnetometers

Spire GPS-TEC data are avallable for data buy EICs: Equivalent lonospherc currents Wodel Inputs
GNSS RO: GNSS Radlo ocoultations P
ISR: Incoherent scatter radar Beneficlary user communities

Please Note: All prioritizations are only for currently existing observational gaps as of March 2021




lonospheric Disturbances: E-Region Sporadic E-Layer and Scintillation

Solar and Hellospheric Ground and Geospace Data Ingestive and/or Assimilative  Environmental Hazard Space Weather User Needs
Observables Observables Prediction Models Speclfications (system of output datasets

and model recults)
Solar diivers:

trradiance of U¥
Solar diskand W:wough sy

mmna_ Ciw'Camm and
(SD0Q, STEREQ,
GOES, 5WFCO-L1)»

Tonospheric condiions
Cheilomm and
DoDMNSS Sat. Ops

E-reglon plasma denslty
(In sltu and remote obs)
{Ground and sat-based TEC,

GNSS-RO: COSMIC-2, Spire-GPS,
JASON, ISR, ionosondes (E-region)

ChsComm and
DolVNSS Sai Ops

Solar wind drivers

CiwComm and E-reglon E-fleld
DoONSS Sal. Ops.
“ s and lon velocitles
) . (COSMIC-2, 1CON, DMSP,
'S:La;-and' dn:er:;._;: SuperDARN, ISF, ionosonde)
-Ves arm
Solar wind Velocity

Density
HHJED“DSWIA?:PI-[E,G-RS CivCournm and E-regll‘.hn neutral winds
il * B DoD/NES Sat. Ops. {100 ~ 150 km altitude:
S Aftecting sporadic E-layer?
(IGON)

Key:

Relevant to HASA Gap Analyaie
- = = . Hot relevant to HNASA

e _

TBD: Te be determined
SIR: Stream Interaction reglon .
E-reglon EPP (Incl. ring HES: High speed stream (sclar wind) Partlal Gaps:
CME: Coronal mass ejectlon . Part. Avallable
current and rad belts) : 1 Gap Prioritizatlon: {where)
[DMSE, POES, MetOP, CubeSats: TEC: Total clectron content mmm High
ELFIN, FIREBIRD, AG10, CIFEE, REA EUV; Extreme ultraviolet

 edium
FUV: Far ullraviclel — W

E-reglon

auroral precipltation
{DMSF, POES, MetOR, REALY

EPF: Energetic particle precipitation
E-reglon plasma R1/R2: Reglon-1, -2 currents
temperaturc ASI: All sky Imagers
(In sIu and remote obs.} GEMs: Ground-based magnefometers
{lon Temp: ISR, ElCs: Equivalent lonospharlc currents Mode! Inputs
Elec. Temp: I5R) GNSS RO: GNES Radlo Occultations Beneflclary user communliiles
NOTE: DMSP, POES are discontinued and there SA: Incoherent scatter radar
E-reglon Is no plan to replace thelr relevant daia services
lon C?.T]ﬁ;s"'n" Splre GPS-TEC data ara avallable ior data buy

Please Note: All prioritizations are only for currently existing observatlonal gaps as of March 2021



Solar and Hellospherle
Obscrvables

Solar disk and
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lonospheric Disturbances: F-Region Structure and Variability

Ground and Geospace
Cbscrvables

Solar drivers:

hTasiance of UV
I eugn A-iays
CIWA-OUnrn i
DofvV3S Sal. Ops.

F-reglon plasma density
(In sitv and remote obs)

(Ground and sit-based TEC,
GNSS-RO: COSMIC-2, Spire-GPS
ISR, DWS2, JASON, SWARM)

F-reglon E-fleld
and lon velocliles

(COSMIC-2, ICOM, DISP,
SuperDARN, ISR, lonosonde)

DolVNSS Sat. Ops.

F-reglon
neutral winds
(ICOM, FFL, 500

Solar wind divers.

F-reglon lon and newiral
composition
{Remote Sensing Composition:
ICON, GOLD, TIMEDVSABER,
DMSPSSUSH

F-reglon cusp and
awroral preciphation
(DMSF, FOES, MSIOF,
INETED: ASIS, 1SHD

F-reglon plasma
temperature
{In situ and remote oba.)
(lon Temp: DMSF, ISR,
COSMIC-2TVM, ICONIVM
Elec. Temp: ISR

Data Ingestlve and/or Assimlilative

Predictlon Models

Tonospheric conditions
CiwComm and
DoDvNES 5al. Ops.

MNOTE: DMSP, POES are diecontinued and there
iz no plan to replace their relevant data services
Jpire GP3-TEG dala are available for data buy

Please Note: All prioritizatlons are only for currently exlsting chservational gaps as of March 2021

Environmental Hazard

Speclficatlons

Space Weather User Needs
(zystem of output datasets
and model resulis)

Key:
—— Relevant to NASA Gap Analysis

— — — . Mot relevant o HASA

Acromyms:

TBD: To be determined

SIR: Stream interaction region

HE8: High speed siream (solar wind)

CME: Coronal mass ejection

TEG: Total eleciron content Gap Prioritization:
EUV: Extreme uitraviolet mm High
FUV: Far ultraviolzt I Medium
EPP: Energetic particle precipitation | ow
R1/R2: Region-1, -2 currents

AGl: All sky imagers

GBMs: Cround-bascd magnctometers
ElCs;: Equivalent ionospheric currents
GMNES5 RO: GNSS Radio Occultations
FPI: Fabry-Perct Interferometer
SD1: Scanning Doppler Imager
I5R: Incoherent scatter radar

Partlal Gaps:
Part. Avallable
{where

Model Inputs

Beanafiziary usar communitias




