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Agenda for the two sessions

* NASA Goddard Space Flight Center (GSFC).

* Overview of space weather effects.

» Geomagnetically induced currents (GICs).

* Orbital/atmospheric drag.

* Radiation effects on humans, including NASA Artemis Program shielding/mitigation approach.

* Gannon Super Storm of May 2024.
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NASA GSFC

NASA Goddard Space Flight
Center (GSFC), Greenbelt,
MD:

* 10,000 folks out of which
3,000 are “feds” and 7,000
contractors.

« Robotic mission design,
integration, launch,
operations.

» The largest NASA science
center.
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Space weather effects overview
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Space weather effects overview

» Spacecraft can be impacted in a number of different ways depending on the orbit of the vehicle.

-  Surface (auroral and ring current
electrons) and deep internal charging
(radiation belt electrons).

. Single event upsets (GCRs, SEPs, inner
radiation belt protons).

-  Drag effects (upper atmospheric
expansion).

-  Total dose effect (cumulative radiation in
any environment).
NASA’s ICESat-2 spacecraft _
-  Effects on the attitude control systems
(magnetic field fluctuations and SEPs). QQPHK
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Space weather effects overview

* Energetic charged particle radiation is a hazard for humans in space and at airline altitudes.
Especially less predictable SEPs are a concern.

ACREM Measurements during GLE60 on 15. April 2001
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Space weather effects overview

 Signals using ionosphere or “just” passing through ionosphere are affected by space
weather.

«  Global navigation satellite

lonospheric Effects on Radio Applications systems such as GPS (e.g., EUV,
’ - X-rays, SEPs, magnetospheric
| ""m‘" Broagasin communcatios """ (555" o activity)
: - High-frequency (HF) radio
communications (e.g., EUV, X-
' N - rays, SEPs, magnetospheric
Radio Absozgon NV _;,\LF«E g AN activity)

lonospheric Storm S X In terference -

- [

_—— %~_‘ 2= «  Other GHz range comms such as
AL rvruade "’“""‘°""""°"Io: cell phones (solar radio noise)

Credit: NICT
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Space weather effects overview

* Geomagnetic field fluctuations drive geomagnetically induced currents (GIC) that can be a hazard
to long conductor systems on the ground.

Transformer damage in
South Africa
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Brief history of the high-level US interest in GICs
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Why do we care?

GIC is related to
the line integral of
E(rt)

magnetically induced curre
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Why do we care?

GIC-driven half-cycle saturation of
power transformers can cause:

» Leakage magnetic fields.
- Transformer heating

» Harmonic currents.
-> Relay tripping

» Increased reactive power
consumption.

-> Voltage instability

Hydro-Québec March

1989 ;
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The GIC systems science
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Extreme GIC

 Current focus of the GIC work (at least in the U.S.) is to understand the Carrington storm-
like extreme events.

* Extreme events were the core in the U.S. Federal Energy Regulatory Commission and
National Space Weather Action Plan proceedings.
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Extreme GIC

While the impact is highly system dependent, | use
the following rule of thumb: “0.1 V/km - nobody cares,

IMAGE magnetometer chain 1 V/km - hey pay attention, 10 V/km - lights out.
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Extreme E-field scenarios
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More on GICs
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Key Points:

« We provide a broad overview of the
status of the GIC field

+ We utilize the Applications Readiness
Levels (ARL) concept to quantify the
maturity of our GIC-related modeling
and applications

« This paper is the high-level report of
the NASA Living With a Star GIC
Working Group findings
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Geomagnetically induced currents: Science, engineering,
and applications readiness
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Canada, *Munich-Re, Munich, Germany, ’South African National Space Agency, Pretoria, South Africa, “Department of
Atmospheric, Oceanic, and Space Sciences, University of Michigan, Ann Arbor, Michigan, USA, *Goddard Planetary
Heliophysics Institute, University of Maryland, Baltimore County, Baltimore, Maryland, USA, '°Department of Physics and
Astronomy, George Mason University, Fairfax, Virginia, USA, ' 'U.S. Geological Survey, Golden, Colorado, USA, '?NOAA Space
Weather Prediction Center, Boulder, Colorado, USA, *Institute for Astrophysics and Computational Sciences, Catholic
University of America, Washington, District of Columbia, USA, '*Atmospheric and Space Technology Research Associates,
LLC, Boulder, Colorado, USA, "*Institute for Energy Resources and Resilience, Oregon State University, Corvallis, Oregon,
USA, "®National Institute of Polar Research, Tokyo, Japan, '’The Johns Hopkins University Applied Physics Laboratory,
Laurel, Maryland, USA, "®Electric Research and Inc,, Cabot, Pennsylvania, USA, '°Electrical and Computer
Engineering Department, University of Utah, Salt Lake City, Utah, USA, *°Federal Emergency Management Agency,
Washington, District of Columbia, USA

Abstract This paper is the primary deliverable of the very first NASA Living With a Star Institute Working
Group, Geomagnetically Induced Currents (GIC) Working Group. The paper provides a broad overview of the
current status and future challenges pertaining to the science, engineering, and applications of the GIC
problem. Science is understood here as the basic space and Earth sciences research that allows improved
understanding and physics-based modeling of the physical processes behind GIC. Engineering, in turn, is
understood here as the “impact” aspect of GIC. Applications are understood as the models, tools, and
activities that can provide actionable information to entities such as power systems operators for mitigating
the effects of GIC and government agencies for managing any potential consequences from GIC impact to
critical infrastructure. Applications can be considered the ultimate goal of our GIC work. In assessing the
status of the field, we quantify the readiness of various applications in the mitigation context. We use the
Applications Readiness Level (ARL) concept to carry out the quantification.

1. Introduction

Geomagnetic disturbances (GMD) cause geomagnetically induced currents (GIC) to flow in long engineered
conductor systems such as power grids, pipelines, and railway systems. GIC have become one of the main
space weather concerns, and the potential for widespread problems in operating high-voltage power
transmission systems during major geomagnetic storms has prompted increasing international policy,
science, industry, and public interest in the problem. In the US,, the latest high-level attention on GIC
and power grids is centered around regulatory action initiated by the Federal Energy Regulatory
Commission and GIC-related elements of the National Space Weather Strategy and National Space
Weather Action Plan [United States of America Federal Energy Regulatory C 2013; ional
Science and Technology Council, 2015a; National Science and Technology Council, 2015b]. In the UK, GIC
are part of the space weather element in the National Risk Registry [Cabinet Office, 2015]. In addition,
the power transmission industry is quickly elevating awareness to address the GIC issue, acknowledging
that the problem pertains to middle and low latitudes as well as high latitudes [e.g., Gaunt and Coetzee,
2007; Liu et al, 2009; Torta et al., 2012; Carter et al., 2015]. Consequently, power system operators in
nations such as the US, UK, Canada, Finland, Norway, Sweden, China, Japan, Brazil, Namibia, South
Africa, and Australia have launched GIC measurement and hazards assessment campaigns to understand
and mitigate the possible GIC impact on their systems. The field of GIC has evolved over the past several
years from a somewhat separate field of space science research into a full systems science addressing not
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Low-Earth Objects (LEO) objects
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Starlink incident — Feb 3, 2022

@he Washington Post

Democracy Dies in Darkness

How a rather mundane space storm
knocked out 40 SpaceX satellites

As the sun enters a more active phase, even minor geomagnetic activity could pose problems for smaller SpaceX
satellites.

a By Kasha Patel

February 12, 2022 at 9:00 a.m. EST

Kp index

GFZ German Research Centre for Geosciences (CC BY 4.0)

Kp index

=
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time (UTC)

An aurora appeared near Rogart in Sutherland, Scotland, as a minor geomagnetic storm struck Earth’s atmosphere on Feb. 4, 2022.
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Atmospheric drag (highly dynamic)

Atmospheric density

Thermosphere Heat Sources:

« Solar EUV
» Auroral particles and currents
q 1 (CDA) 2 « Upward propagating atmospheric
D >\ m P . waves | |
/ Total atmospheric velocity relative to the
Drag acceleration T satellite VGlOCity (inCI. neutral WindS)

Ballistic coefficient

« Poorly characterized atmospheric drag conditions are the single most significant source for LEO
orbit propagation uncertainty (both “live” space assets and debris)

« While empirical assimilative models such as High Accuracy Satellite Drag Model (HASDM) are
being used, first-principles understanding and real-time measurements in this domain are lacking.

« Due to potential major impact to all LEO space assets and exponentially worsening congestion of
the domain, this is in my personal opinion the most significant space weather growth area.
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Radiation effects on humans

* Energetic charged particle radiation in space and at high altitudes poses a problem for biological
systems such as humans.

* The key problem is ionizing radiation — radiation (typically > 10 MeV ions) with sufficient energy to
ionize atoms and molecules along the path of penetration.

* Primary sources for energetic ions contributing to possible problems include galactic cosmic rays,
SEPs and inner radiation belt.
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Radiation effects on humans

* The radiation exposure connecting to radiobiological data is commonly
measured in terms of Gray (Gy) and Sievert (Sv).

» Gy absorbed dose or energy dose is the amount of absorbed energy divided
by the mass of the body (J/kg). 3 Gy homogenous whole-body exposure
would typically be lethal.

 To account for different effects of different types of radiation one defines
relative biological effectiveness (RBE) as:

RBE = D,(E)/D,(E)

where E is the biological effect (e.g. mortality), D absorbed dose, r
reference type of radiation (usually X-rays) and q radiation type.
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Radiation effects on humans

* One obtains biologically weighted equivalent dose by multiplying absorbed dose by
RBE. Equivalent dose has Sl unit of Sievert (Sv).

* Note that although absorbed dose Gy and equivalent dose Sv both have dimension
J/kg they represent different things. Equivalent dose takes into account radiobiological
effects and the radiation type and scales things into “universal” radiation units.

* Whole body exposures are quantified as effective dose (also in Sv), which is a (tissue
factor) weighted sum of equivalent dose over different types of tissue.

=> | know, this is a bit confusing.

* Dose rates of 50 mSv/a and equivalent doses 200 mSyv in the realm of stochastic
effects, i.e. likelihood of effect increases as a function of dose. The primary late effect is
cancer.

* High end dose rates of 3 Sv/h and equivalent doses 3 Sv implying likely lethal dose in
the realm of acute deterministic effects, i.e. severity of the damage increases as a
function of dose.
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Radiation effects on humans - NASA

* For NASA, all crewmember radiation exposures are to be minimized using As Low as Reasonably
Achievable (ALARA) principle.

* NASA has used U.S. National Council on Radiation Protection and Measurements (NCRP)
guidance for setting the exposure limits for astronauts.

Organ Exposure  Apollod NAS/NRC 1970  NCRP 1989  NCRP 2000 Re_COT_n mended radiation exposure
e R&7] i [R89] limits in mSv for astronauts (Credit:
BFO * career . 4,000 100040000  400-4000° | Facius and Reitz et al., 2004)
annual - 750 500 500
30d 2,000 250 250 250
Skin career - 12,000 6,000 6,000
annual - 2,250 3,000 3,000
30d 7,000 750 1,500 1,500
Ocular lens career - 2,000 4,000 4,000
annual - 380 2,000 2,000
30d 2,000 130 1,000 1,000
Extremities 9,800 = % =
§  maximum permissible single acute emergency exposure
$  depending on gender and age
* BFO, blood forming organs
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Radiation effects on humans - NASA

» Both geomagnetic field and spacecraft provide shielding (increase in secondary radiation products
possible). Consequently, doses at LEO are quite low.

Typical exposures in mSv measured during human
spaceflight missions (Credit: Facius and Reitz et al., 2004)

Mercury®  Gemini® Apollo® Skylab$ Shuttlet MIR#* ISS#

[R82] [R83] [R84] [R85] [R86] [1] [1]
min 0.17 <0.15 6.8 24 0.17 1 0.5

MA-8 Gem.-VIII  Apollo 8 Skylab2  STS-2 Solar max.
max 0.42 12 33 116 24 1.5

MA-9 Gem.-X Apollo 12 Skylab4  STS-61 Solar min.

S absorbed dose converted to equivalent dose by average quality factor of 1.5
§ absorbed dose converted to equivalent dose by average quality factor of 4.5

# dose rate, mSVd~!
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Radiation effects on humans - NASA

 Outside the magnetosphere we will have no geomagnetic shielding. GCR component for
extended 2-3 year interplanetary missions 10-1000 mSv depending on the shielding.
However, major SEPs pose a problem:

Worst-case SEP scenario exposure in Sv. Parenthesis in equivalent g/cm? aluminum
and BFO = blood forming organs (Credit: Facius and Reitz et al., 2004)

Mission phase Concluding

Space suit (0.3)

Pressure vessel (1)

Equipment room (5)

Radiation shelter (10)

charges
Skin Lens BFO Skin Lens BFO Skin Lens BFO  Skin Lens BFO
Free space Z =1 173.80 66.80 3.78 5540 31.80 3.14 577  5.01 1.68 2.26 2.13 1.06
Z =2 11490 13.30 0.40 8.20 3.30 0.35 0.66  0.49 0.24 0.35 0.29 0.19
3<Z<10 5.30 0.90 0.01 0.50 0.20 0.01 002 0.0 . ] ]
I1<z<2 09 02 o001 02 ol oo oo oof | FOQO human spaceflight missions mostly safe. For
21<Z<28 020  0.10 001  0.10 0.10 0.01 0.02 o0.01f . L . ) .
Total 20510 8130 421 440 3550 352 648 ssd interplanetary missions while galactic cosmic rays also
Lunar surface Z=1 86.90 3340 1.89 27.70 15.90 1.57 2.89 2.51 1 :
Z = 57.45 6.65 0.20 4.10 1.65 0.18 0.33 0.25 pose a prOblem the rISk may be manageable' Major
3<Z<10 265 045 <001 025 0l <00i  oo0r ool SEP events in free space pose a possible problem.
11<Z2<20 0.45 0.10 <0.01 0.10 0.05 <001 <0.01 <o0.01
21<Z <28 0.10 0.05 <0.01 0.05 0.05 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Total 147.55 40.65 211 3220 1775 1.76 324 277 097 131 122 0.63
Martian surface Total 045 044 032 044 042 031 038 037 028 033 032 0.25

§ 23 February 1956 event (GLE 5) as approximated by 10X flux of 29 September 1989 event (GLE 42).
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* Given the new challenges with deep space
exploration missions, additional support is
needed in analyzing the space weather
environment especially beyond the Sun-Earth
line.

* The M2M Office will support the JSC SRAG
console operators by providing the necessary

state-of the-art tailored space weather
information.

=> Artemis 1 support was a major success for the
M2M team!
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Aviation radiation impact

* At airline altitudes ionizing radiation is composed of “showering” particles.

* In Europe and US airline crew considered as radiation workers and the corresponding
dose limits apply.

ACREM Measurements during GLE60 on 15. April 2001
.. . . 10 h 25 min
This is still fairly -
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above ~ S ®p . AGREM (308) I H#(10): 42,0 ySv; E: 49,4 psv | | 20000
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£8 20/ o\ 1 40.000
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F % 15 /'—J | \\ \ +30000 ¢
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Aviation radiation impact

* Due to atmospheric and geomagnetic shielding radiation not necessarily a major problem for
commercial airlines at this time.

* Only in worst-case SEP scenarios equivalent dose may approach 1 mSv limit for pregnant crew
members.

* Significant impact on HF radio communications the primary concern causing rerouting from the
polar paths.
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Gannon superstorm of May 10-13, 2024

iISWA layout
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https://iswa.ccmc.gsfc.nasa.gov/IswaSystemWebApp/index.jsp?i_1=15&l_1=868&t_1=26&w_1=698&h_1=692&s_1=2024-05-11%2004:30:00.0_1_100_3&i_2=702&l_2=804&t_2=393&w_2=610&h_2=695&s_2=2024-05-10%2014:36:00.0_1_150_3_0_0&i_3=524&l_3=121&t_3=900&w_3=732&h_3=778&s_3=0_0_0_1_1_1_10_1111111&i_4=675&l_4=873&t_4=365&w_4=784&h_4=808&s_4=2024-05-11%2003:13:05.0_1_200_5_3&i_5=690&l_5=146&t_5=1216&w_5=1195&h_5=503&s_5=0!3!1001!&i_6=689&l_6=360&t_6=308&w_6=957&h_6=452&s_6=2024-05-14%2014:28:00!5!1001!&i_7=26&l_7=447&t_7=807&w_7=805&h_7=856&s_7=0_0_10_3&i_8=693&l_8=361&t_8=760&w_8=949&h_8=412&s_8=2024-05-14%2014:29:00!5!0001!&i_9=694&l_9=60&t_9=812&w_9=900&h_9=400&s_9=0!3!0001!&i_10=681&l_10=355&t_10=1178&w_10=940&h_10=452&s_10=2024-05-14%2014:11:00!6!0111!
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Blue Ridge Parkway in Virginia Fri May 10, 2024
(Washington Post)
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