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Prime Drivers of Space Weather
* Sun, Solar Wind, Solar Eruptive Events
* The Sun Earth Connection

Space Weather Impacts

* Radiation Effects 2006!12/;5 1>0744:15 UTC PTHK  1500s @
* Power Grid Disruption Dec 5, 2006 solar flare --- solar radio burst

» Satellite Drag and Satellite Damage
 The lonosphere, GNSS and GNSS Applications

International Collaborations to forecast
and mitigate Space Weather
Summary

Dec 2, 2002 CME - NASA



Space Weather Begins at the Sun

Active Regions

Sunspots — Close-up _
Coronal Mass Ejections

Images from SOHO and TRACE



The Sun’s Surface Varies with Time in an ~11 year Cycle
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The amount of magnetic flux that rises up to the Sun's surface varies with time in a cycle called the
solar cycle. ... This cycle is referred to as the sunspot cycle. Near the minimum of the solar cycle, it
is rare to see sunspots on the Sun, and the spots that do appear are very small and short-lived.
Space Weather effects will be minimized. 4



Classic Case: Magnetic Storms

Associated with CME
Burst from the SUN at
great speed

Carries billions of tons of
plasma into the solar wind
Earth’s magnetic field
deflects the solar wind
Particles enter the
magnetic field where lines
reconnect

Result — aurora and
geomagnetic storm!

lono Storm Physics
Buonsanto, M. Space
Science Reviews (1999)
88: 563.
doi:10.1023/A:100510
7532631

Phenomena & Effects
http://www.swpc.noaa

.gov/phenomena

Degrades Satellite Instruments
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Disrupts GNSS and

Satellite Comms Possible Collisions in Space

Dangerous Particles to
Electronics and People



Aurorae

Aurora Borealis (Northern Alaska)

* Excited particles from the
magnetosphere collide with
particles in the Earth’s upper
atmosphere and electrically
excite them to emit light

e Usually appears between 60
and 80 degrees latitude

Image: Rolf Hicker

Aurora Australis (Victoria, Australia)
* Expands equator ward under

intense conditions

* The only visible sign that the
Earth’s magnetosphere has
been disturbed

Image: Laclan Manley



» Major source of radiation
during air travel comes from the
flight itself — cosmic rays

> Solar storms increase this risk
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» High flying jets, future space
travelers are at risk

» Astronauts, ISS at extreme risk

» Crews/passengers flying over the
poles

» Redirecting these flights can cost
more than $100,000

Jose Rate. |




PROBLEMS
Energetic ions can damage solar panels

Energized plasmas can cause electrical
charges that can damage the electronics

Increase satellite drag

Economic value of satellite enterprise
>S100Billion

RESULTS

More than 1500 satellites slowed during
March 89 event

2 Satellites shut down in 1994 during
magnetic storms

— Telephone services in Canada
disrupted for months

14 satellites disrupted due to solar storms
since 1996

— S2 billion in losses

2 Satellites severely damaged during Oct.
2003 storms

Loss of 38 Starlink Satellites — February
2022

Telstar 401 stopped operating on Jan 11, 1997 hours after a
CME struck the Earth’ s magnetosphere (www.suntrek.org)



Space Weather Effects — Electric Grids

Changes in the magnetic field can produce
surges in power lines and transformers.

13 MARCH 1989 0745 UT
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Transformer failure at Hydro Quebec:
6 million people lost power for 9+ hours




Space Weather Effects

Radio Signals and HF Communication

ACTUAL SATCOM MESSAGES
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particles, is large
enough to affect the
propagation of radio

— HF Communication can be degraded/interrupted (Ham
radios, AM radio).

waves. — Satellite Communication can be disrupted

— GPS signals can be degraded, disrupted and scintillated



* Global Navigation Satellite System (GNSS) -

GPS (Full civil access 2000)

GLONASS (FOC 2011) (GNSS
Galileo (2021) W ' ’
Beidou/Compass (regional 2012; global 2020) “S——
Regional — QZSS (Japan) and IRNSS (India)

* Designed to provide position and timing information

* Three Segments

24 hours/day, 7 days a week
L. User Segment:
under any weather conditions You and 200 Million other people

Anywhere in the world

Space — 24-30 satellites
3

Control — monitor and control stations T —
User — unlimited number of users .
<




lonospheric Effects on GNSS Navigation

@ Range Error

v
@ Due to a change in the speed of the signal An exampIeGEEC@aP from IGS
data coIIected/c)n Mgkc\h 17, 2015.
/ \ o

@ Group Delay of the signal modulation (absolute
range error)

© Carrier Phase advance (relative range error)
& Proportional to Total Electron Content
© Range Error =, 40.3 TEC

JQ

@ Varies from 1 to ~100m
Scintillation

I~
W

l
© Due to rapid fluctuations in the amplitude and phase -

of the signal
© May induce loss of lock
© Rare at mid-latitudes

@ Can be severe after local sunset in the equatorial JL A L T

Total electron content (TECU)
regions, especially near the peak of solar cycle Varies with location. local
’

& Other Effects time, season, geomagnetic

@ Faraday Rotation, Absorption, Doppler Shift, and solar activity.
Waveform Distortion and Refraction, Diffraction

A
b

All result in poor GNSS positioning performance.
Errors become even more intense when flares, CMEs result in magnetic storms - more chaos! 12



95th-percentile (m)

Quiet versus Disturbed Ionosphere:
Enhanced Mid-Latitude Density Gradients

WAAS Reference Station Measurements

Horizontal DGPS and WAAS Acquracies 10/29/2003, 21:40:12 UT
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Figures Courtesy of S. Datta-Barua and S. Skone



Fading of GPS Satellite Signals and
Positioning Accuracy

Ascension Island (7.98S, 345.59E) - 16 Mar 2002
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Figure Courtesy of C. Carrano, BC



Effects on GNSS: Solar Radio Bursts

Intense radio emission from the Sun — associated with solar flares

» Strong solar radio bursts impact GPS receivers (Cerruti, et al., 2006, 2008, Carrano, 2009)
* X6 Flare of Dec 6, 2006 - largest SRB in history, 500,000 to 1,000,000 SFU at GPS Frequencies

* Significant effects on GPS receivers all over the sunlit hemisphere

2
N
T
GOES-13  SXI CS Raw Ox471202ff Q ‘
NOAAISEC 12BIT .
Boulder, CO 1x1 g
o

(il

18 | 19 20
061206 ZHU1-WAAS L1

55

L1 C/No (dB—Hz)
+a w
i S

o+
(=]

Quiet
— (161206

3 185 19 195 20
UT Hours

2006/12/05 10:44:15 UTC PTHK 1500s SSI

SRB power spectrum (1-2Ghz) vs

C/No on GPS PRN 4 15



Space Weather Effects on GNSS Applications

e Wireless Technology e Natural Resource Monitoring
e Cell Phones e All modes of transportation
e Pipelines e Agriculture

e Geologic Exploration ¢ Aviation Augmentation Systems

° Surveying e Satellite Based Augmentation Systems (SBAS)

. e Ground Based Augmentation Systems (GBAS)
e Continental Cables

e FiberOptic Cable
e Surveillance

e Banking

e Remote Sensing

¢ Emel‘genCV Location https://youtu.be/1XBwjQsOEeg 16



Important roles in aviation safety to ensure
accuracy, availability and integrity of
navigation information

Broadcast routine correction messages,
allowing navigation/control systems to correct
for the ionosphere and provide precise
positioning calculations

CMEs can induce errors — limiting availability
of the system

GPS Satellites -

- GEO Satellite
_ Wide-area Reference Station (WRS) @ International WRS's .

& Wide-area Master Station (WMS) 5 Ground Uplink Station l

GEO Sate‘llite

SBAS — Wide-area or regional scale
GBAS - Local area & airport service
* Precision and Non-Precision Approach =<
« For all aircraft in all phases of flight

Reference
& Receivers

Differential Corrections,
Integrity Data and
Path Definition

Omnidirectional VHF Data
Broadcast (VDB) Signal

(Figures: www.faa.gov)
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http://www.nstb.tc.faa.gov/24Hr_Waaslpv200.htm

Sunspot Number

Sunspot Number

Sunspot Number

The Solar Cycle

SC 24 Lowest solar cycle in over 100 years
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HISTORICAL SOLAR STORMS
September 1859 — Carrington Event
May 1921 —electrical disturbances
August 1972 —long distance phone communications
March 1989 — electrical power systems in Quebec
June 2000 — Bastille Day — satellite damage, radio blackouts
October 2003 — Halloween Storms — satellite damage, elevated
levels of radiation, communication/navigation
December 2006 — communication and GPS navigation

BUT SOLAR STORMS CAN HAPPEN ANYTJME



Huge CME left the Sun at 3000 km/s
Narrowly missed the Earth
1 week earlier, it would have hit Earth directly

Much like the 1859 Carrington Event that
e Hit Earth directly
e Sparked northern lights as far south as Tahiti
e Caused telegraph lines to spark setting fire to
telegraph offices
* Asimilar storm today could be catastrophic

National Academy of Science has estimated that a
Carrington event today would cause 2 trillion dollars of
damage in North America alone — and it would take years to
make the repairs. Why?

Much of our infrastructure and technology is dependent
on satellite and space technology — GNSS,
communication systems, aviation systems, the internet,
precision agriculture, and so much more... 20




Motivation

Recognition that our reliance on advanced technology

vulnerable to space weather. Thus, we needed an awareness [T mmm—"—
. . STRATEGY AND ACTION PLAN

extreme space weather and its potential effects

Product of the

SPACE WEATHER OPERATIONS, RESEARCH, and MITIGATION
'WORKING GROUP

SPACE WEATHER, SECURITY, and HAZARDS SUBCOMMITTEE

National Space Weather Action and Strategy Plans P

+ Cohesive all-of-government strategy and action plan "™ "
delivered to mitigate, respond to and recover from a
major space weather storm. mf*

PROSWIFT Act — Public Law 116 181 (Oct 2020)

e mproves the ability of the US to forecast space
weather events and mitigate its effects.

HAPTER 606—SPACE WEATHER

Nations around the world have embarked on
space weather programs and plans.



ISES

; Welcome to the International Space Environment Service

ISES

The International Space Environment Service (ISES) is a collaborative
network of space weather service-providing organizations around the globe.
Our mission is to improve, to coordinate, and to deliver operational space
weather services. ISES is organized and operated for the benefit of the
international space weather user community.

ISES currently includes 20 Regional Warning Centers, four Associate Warning
Centers, and one Collaborative Expert Center. ISES is a Network Member of
the World Data System (WDS) of the International Science Council(ISC;
formerly ICSU) and collaborates with the World Meteorological Organization
(WMO) and other international organizations.

ISES has been the primary organization engaged in the international
coordination of space weather services since 1962. ISES members share
data and forecasts and provide space weather services to users in their
regions. ISES provides a broad range of services, including: forecasts,
warnings, and alerts of solar, magnetospheric, and ionospheric conditions;
space environment data; customer-focused event analyses; and long-range
predictions of the solar cycle.

NEws see more

New ISES Member - Regional Warning Center FMI

Indonesia Becomes Newest ISES Regional Warning
Center

Members

i - 11 I+l A -
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South African National Space Agency (SANSA)

(USA/World Warning Agency)
The Space Weather Prediction Center (SWPC) is part
of the U.S. National Weather Service. It is...

22
http://www.spaceweather.org



http://www.spaceweather.org/

HELIOPHYSICS SYSTEM OBSERVATORY

w7

» 20 Operating Missions with 27 Spacecraft

« 1 Under Study

* 14 Missions in Formulation or Implementation

Il FORMULATION

B IMPLEMENTATION
B PRIMARY OPS

B EXTENDED OPS

TF

sSDo

ACE Solar e

ﬁ” Cruiser
SOHO AP

(ESA) / &)

'-
/ 3 wmc} H-{hSmm (9 ]
ot

I

STEREQ
- "i‘l

N -

.

CubeSats Hosted Payloads

In Development. On Orbit
AEPEX Dione CubIXSS SunCET  ELFIN
AERO / VISTA GTOSat petitSat DYNAGLO SORTIE
CIRBE ICOVEX REAL  WindCube CuPID
CURIE LAICE  SPORT DAILI
Cusp LUTED PADRE

In Development.
CODEX

LARADO
MinXxss-3'

OWLS

STORIE

OPERATING & FUTURE

GUDE *

+ SunRISE ()
%

AIM
MUSE s =

TRACERS (2)

ICON
-
i

oz

GOLD LSES)

-

LA

N W

_—

EZIE (3)
PUNCH (4)

.f

EUVST
(JAXA)

*

AWE (1SS)

MMS (4)

ESCAPADE (2)

o7

i’.'l

-

&
THEMIS-
ARTEMIS (2)

ﬁ 2

THEMIS (3)




Summary

Discussed most disruptive solar eruptions

Observed space weather effects on society

* Power grid damage, satellite damage, radiation exposure, HF
communication

GNSS Response to Space Weather
* Large gradients, Scintillation, SRB Effects

GNSS Applications Affected by Space Weather

Near Carrington like event of 1859 — missed Earth in July 2012
Solar activity for SC24 was low - but space weather can happen
at any time

International government level efforts are in place for
forecasting and mitigation of Space Weather

24



Patricia H. Doherty
Patricia.Doherty@bc.edu
Phone: 617-552-8767
http://www.bc.edu/isr

Bapst Library, Boston College, Chestnut Hill, MA
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