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Solar Flares
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Coronal Mass Ejections (CMEs)
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Space Weather

Space weather refers 1o the variable canditions on the Sun and in the space environment that can influence the
performance and rellability of space-based and ground-based technological systerns, 2 well as endanger life or

health. Just like weather on Earth, space weather has its seasons, with solar activity rising and fallking over an

appromate 11 year cycle,
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Earth

Earth's Magnetic Field
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Sun's Magnetic Field
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Solar Radiation Storms
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Geomagnetic Storms
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SWPC (Boulder, CO)

ﬂ https://www.facebook.com/NWSSWPC




Carrington Event - 1859
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 Church, 1865,
painting of
aurora from
South Seas.

* Electrical current
induced in
telegraph wires,
so strong that it
burned down a
few telegraph
offices.




...it was found utterly impossible to communicate...” — Quebec
...pieces of paper were set on fire by the sparks...” — Christiania, Norway
...intensity of current which gave a severe shock when testing...” — Philadelphia

..worked more steadily when the batteries were off than attached.” —

Pittshureh Y. i

TV

Estimated global economic impact: $300,000

[Green et al., 2006]
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Carrington Event — Most
extreme space weather
event on record

Estimated satellite revenue loss today: $S30 bin
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L5, Warld Palitics Tech Haalth Entarfairemant Living Travel Maney Sports

That was a close one! Study: Massive
solar storm barely missed us in 2012

By Carter Magulre, CNN
X Updated 4:16 PM ET, Fri July 25, 201

Science news

Star Trek legend became
MASA's 'secret weapon'
Michelle Michoks has spent
her whole life going where no
one has gone before, and at
B1 she's still az sassy and
siraight-talking as you'd
expact from an interstellar
explorer.

World's largest aguatic
insect specimean found in
China

The world's largest flying
aquahc mseat, with huge,
nightmarish pincers, has
besn discoveraed in China's
Sichuan province.
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Cheating death through
'suspended animation’

As fans of "Gray's Anatomy, *

"ER" and any ather haspital-



How Space Weather Impacts Earth

e Geomagnetic Storms
— Coronal Mass Ejections (CME)
— Coronal Holes

e Solar Radiation Storm

— Solar Energetic Particles

e Radio Blackouts (Solar Flares)

Relativistic Electrons



Drivers of Space Weather = . .

1. Solar flare X-rays - _
- Arrival time: 8
- Duration: hours

| 2. Solar energetl. ¢
| = Arrival time:
- Duration: hou

. Coronal mass ejections
- Arrival time: one to three
- Storm du ratlon hours toda

4. High speed solar wmd
- Persistent feature of the solar wmd
- Duration: days -




Impacts of Space Weather

Solar Flares

Computer Upsets AAsh f:i;:f_:'ﬂﬁ_.g;fﬂy
" and Failures Addow blocd codnt
Cosmic Rays Solar Cell Damage
ssoarwind llllll
SRy s mm
Micrometeorites ol

satellite in _J-"‘m

ionosphere

Radio Wave
Disturbance Signal
Scintillation

rapid, random changes H
in the intensity of radio waves Electric Grid

from outer space Disru ptiﬂl’l

7 %

=W
M C Telecommunication
\ Cable Disruption




Space Weather Scales

AT, PO

« 3 Categories
i Geomagnetic Storms

(CMEs)
i Solar Radiation Storms

(Particle Events)
i Radio Blackouts

(Solar Flares)

http://swpc.noaa.gov
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Geomagnetic Storms (G Scale)

» Coronal Mass Ejections (CMEs)
create geomagnetic storms
*Arrival: ~18 — 96 hours
 Duration: Hours to a day or two
 Creates ionospheric storms,
geomagnetically induced currents,

aurora
E ;E L : M"’M{-__ .
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Presenter
Presentation Notes
Bulldoze the Earth’s magnetic field (magnetosphere) and sparks turbulence in the ionosphere. GNSS errors dramatically increase and GNSS loss-of-lock occurs



Coronal Mass Ejection (CME)

2000/11/23 00:18



Coronal Mass Ejection (CME)

/02/27 01:54 i 2000,/02/27 07:42




RU rora

(viewed from ISS)

Formed by a complicated process involving collisions between energetic particles
carrying the field-aligned currents.





Presenter
Presentation Notes
energetic particles from the sun are deflected by the earth's magnetic field. These particles follow the magnetic lines to the poles where they are diverted toward the earth. Here they interact with the uppermost levels of the atmosphere, exciting the molecules there and causing them to glo... This is the mechanism behind the northern and southern lights. 
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Solar Radiation Storms (S Scale)

T6—3% e Proton Flus
Ocbober 28, 100% 03 UT

200310428 11:12

* Arrival: 10’s of minutes to
several hours

* Duration: hours to days

« Short-term warnings pre-onset
* Alert for threshold crossing

* Summary post-event


Presenter
Presentation Notes
Occasionally generates extraordinary RHCP radio noise at GNSS frequencies (i.e. complete blackout of GNSS signal)



Proton Event

2003/10/28 00:18



Solar Flares (Radio Blackouts - R Scale)
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* Arrival: 8 minutes, photons

* Duration: Minutes to 3 hours
 Daylight-side impacts

* Probabilistic 1, 2, 3-day forecasts

* Alerts for exceeding R2 (only) J ©

* Summary messages post-event w12 dlis S Jui15
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Classified according to their x-ray brightness in the wavelength range 1 to 8 Angstroms

e X-Class: major events that trigger planet-wide radio blackouts, long lasting radiation storms
 M-Class: medium size, brief radio blackouts affecting polar regions, minor radiation storms
e (C-Class: small with few noticeable consequences on Earth.



Radio Blackout!

. Attenu
(Maximurm

Highest Frequency Affected by 1dB Abscrption
— ) : g

B 10 15 20 25 30
Degraded Frequency (MHz)

Estimated Recovery Time

‘ong X—ray flux Norrnal Proton Background
asduct Valid At @ 2014—-10-27 14:28 UTC NOAL/SWPC Boulder, CO USA


Presenter
Presentation Notes
Ionospheric scintillation is the rapid modification of radio waves caused by small scale structures in the ionosphere. Severe scintillation conditions can prevent a GPS receiver from locking on to the signal and can make it impossible to calculate a position. Less severe scintillation conditions can reduce the accuracy and the confidence of positioning results.
Scintillation of radio waves impacts the power and phase of the radio signal. Scintillation is caused by small-scale (tens of meters to tens of km) structure in the ionospheric electron density along the signal path and is the result of interference of refracted and/or diffracted (scattered) waves. Scintillation is usually quantified by two indexes: S4 for amplitude scintillation and σφ (sigma-phi) for phase scintillation. The indexes reflect the variability of the signal over a period of time, usually one minute. Scintillation is more prevalent at low and high latitudes, but mid-latitudes, such as the United States, experience scintillation much less frequently. Scintillation is a strong function of local time, season, geomagnetic activity, and solar cycle but it also influenced by waves propagating from the lower atmosphere.


State of Forecasting Today

3

2003/10/28 0018

BORE 2AT

Conditions are
Favorable for Activity
(Probabilistic Forecasts)

Event — Coronal
Occurs Observations



Geomagnetic Storm Warning issued
upon detection of CME at L1 on ACE

* 15-45 MIN forecast =

Geomagnetic Storm Alert
issued upon onset of
geomagnetic storm using
B | USGS magnetometers

-~ | | * Current condition

Geomagnetic Storm Watch issued upon Rt

detection of Earth-directed coronal mass
ejection (CME) on SOHO LASCO and
STEREO coronagraphs

* 1-3 day forecast

CME measurements from SOHO
and STEREO drive the Enlil model
which predicts arrival time



Modeling at NOAA — A Sun to Earth Continuum

Partnerships with the Space Weather Research Community

_ Magnetosphere/
Solar /Solar Wind lonosphere

lonosphere/

Location of 1D Earth Resi slivity Models
with respect to Physiographic Regions of the USA
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GPS/GNSS System Impacts

* There are several ways in which space weather impacts GPS function. GPS radio signals travel from
the satellite to the receiver on the ground, passing through the Earth’s ionosphere. The charged
plasma of the ionosphere bends the path of the GPS radio signal similar to the way a lens bends the
path of light. In the absence of space weather, GPS systems compensate for the “average” or
“guiet” ionosphere, using a model to calculate its effect on the accuracy of the positioning
information. But when the ionosphere is disturbed by a space weather event, the models are no
longer accurate and the receivers are unable to calculate an accurate position based on the
satellites overhead.

* In calm conditions, single frequency GPS systems can provide position information with an accuracy
of a meter or less. During a severe space weather storm, these errors can increase to tens of meters
or more. Dual frequency GPS systems can provide position information accurate to a few
centimeters. In this case the two different GPS signals are used to better characterize the
ionosphere and remove its impact on the position calculation. But when the ionosphere becomes
highly disturbed, the GPS receiver cannot lock on the satellite signal and position information
becomes inaccurate.

* Geomagnetic storms create large disturbances in the ionosphere. The currents and energy
introduced by a geomagnetic storm enhance the ionosphere and increase the total height-
integrated number of ionospheric electrons, or the Total Electron Count (TEC). GPS systems cannot
correctly model this dynamic enhancement and errors are introduced into the position calculations.
This usually occurs at high latitudes, though major storms can produce large TEC enhancements at
mid-latitudes as well.



Consequences of Space Weather

Aviation
» Disruption of communication and radiation risk

* The Next Generation Air Transportation System
will depend on GNSS

GNSS
» Degradation of accuracy or availability
« Strong growth in applications — surveying,
drilling, precision agriculture, navigation, aviation

Space Systems
» Degradation or loss of satellite capabilities
» Commercial space and astronaut safety

Electric Utilities
» Potential for significant disruption of service with
$Billion consequences




e area augmentatlon systern
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_ Wide-area Reference Station (WRS) @ MNew WRS's .
GEO Satellite o FEQ Satellite
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Presenter
Presentation Notes
Very severe magnetic storms can also introduce ionospheric scintillation activity in the mid-latitude CONUS region.  Scintillation is a rapid variation in the intensity of the satellite signal that can cause a GPS receiver to lose lock on the signal.  If many satellite signals are affected by scintillation, it can cause GPS to lose the capability to provide positioning information.


HISTORICAL PERSPECTIVE

e 1999-UNITED OPERATED 12 POLAR DEMO FLIGHTS
e 2000-UNITED OPERATED 253 POLAR FLIGHTS

e 2001-UNITED OPERATED 466 POLAR FLIGHTS

e 2002-UNITED OPERATED 471 POLAR FLIGHTS

e 2003-UNITED OPERATED 578 POLAR FLIGHTS

e 2004-UNITED OPERATED 1096 POLAR FLIGHTS

e 2005-UNITED OPERATED 1402 POLAR FLIGHTS

e 2006-UNITED OPERATED 1484 POLAR FLIGHTS

e 2007-UNITED OPERATED 1832 POLAR FLIGHTS

f#@¥ UNITED | Mike Stills, UAL
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SOLAR EVENTS and RESPONSE

January 2005

26 FLIGHTS OPERATED ON LESS THAN OPTIMUM POLAR ROUTES DUE TO
SOLAR ACTIVITY

CHICAGO TO HONG KONG
STOP IN ANCHORAGE ON 4 CONSECUTIVE DAYS
PENALTY 180 TO 210 MINUTES

CHICAGO TO BELIJING
PENALTIES 18 TO 55 MINUTES

BEIJING TO CHICAGO
PENALTIES 55 MINUTES TO 80 MINUTES

#¥ UNITED
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——— Magnetic Field from elecirojet
e “s_ induces voltage potential on
v the surface of the earth

e Rapid geomagnetic field variation lead to induction ‘ i e
of electric currents in Earth’s Crust kit
e Ex. March 1989 — Hydro-Quebec power grid \
* Loss of power to 6 million people =0 gt
GIC enters power system

through ground connections


Presenter
Presentation Notes
An extreme example of this type of occurrence was the great magnetic storm of March 1989, which was one of the largest geomagnetic disturbances of the twentieth century. Rapid geomagnetic field variation during this storm led to the induction of electric currents in the Earth's crust. These currents caused wide-spread blackouts across the Canadian Hydro-Quebec power grid, resulting in the loss of electric power to more than 6 million people


Ref: Oldenwald, 2012

YEAR Event

1940

1946

1957 - 1972

1989

2001

2003

2003

2004

Power distribution disturbances in US and Canada

Transformers trip in Ontario, Canada

Numerous disturbances in trans-Atlantic submarine
cables

Transformer failure in Quebec, Canada results in
blackout affecting 6m people, lasting up to 9 hours

Transformer failure in New Zealand
Several transformers damaged in South Africa

Power outage in Malmo, Sweden

Geomagnetically induced currents affect power
distribution networks in Europe, Africa, North America
China

Power distribution problems due to space weat

Electricity transformer damage
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Questions?



