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• The Sun/Solar Cycle 
• Significant Event History
• Sequence of Events
• Space Weather Phenomena/Impacts 
 Solar Flares
 Radiation Storms
 Geomagnetic Storms

• GNSS Impacts and Products

Outline
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Magnetosphere

Energetic 
Charged Particles

Electromagnetic
Radiation

What is Space Weather?
Space weather refers to the variable conditions on the Sun and in 

the space environment that can influence the performance and 
reliability of space and groundbased technological systems, as 

well as endanger human health.

Ionosphere

3
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Presenter
Presentation Notes
At the Earth’s surface, the atmosphere and the geomagnetic field provide ample protection from most of the solar electromagnetic radiation and charged particles.  The protective boundary of the Earth’s magnetic field is highly reactive to the onslaught of energy and pressure originating from the sun.  However, while the sun’s harmful radiation and particles don’t generally reach the surface in sufficient quantities to have direct harmful effects, their secondary effects are often felt.  The Earth’s magnetosphere redistributes its particle populations, often sending a rush of energetic particles along magnetic field lines into the atmosphere over the polar caps and creating the swirling red, green, and white auroras.  Other particles pour into the Van Allen radiation belts and encircle the Earth in a ring of electric current.  The Earth’s magnetic field itself can distort to such an extent that compasses at the surface swing 10 degrees away from the magnetic pole.  The ionosphere (80-1000 km above the Earth’s surface) changes in ways that affect radio transmissions, absorbing some radio frequencies, distorting others, and creating electric currents that affect systems on the ground.    
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The Sun at Solar Maximum

Sunspots and the Solar Cycle
The Sun Today

~27 day full rotation
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Solar Cycle 24 Predictions

Many of the world’s premier solar physicists gather….
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Solar Cycle 24 Predictions

Many of the world’s premier solar physicists gather….
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Solar Cycle Update
• Cycle 23 began in May 1996    
• Peak in April 2000 with SSN = 120
• Solar Minimum in December 2008
• Solar Cycle 24 Underway 
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1859 Storm 1921 Storm

• Large geomagnetic storms can occur with smaller cycles

• Some of the largest geomagnetic storms on record occurred 
during smaller than average cycles (no causality implied)



99http://www.sciencedirect.com/science/article/pii/S027311779701096X
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http://www.swpc.noaa.gov/NOAAscales/

Radio Blackouts

Radiation Storms

Geomagnetic Storms

NOAA Space Weather Scales
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Sequence of Events

Conditions are 
Favorable for Activity 

(Probabilistic Forecasts)

Event
Occurs

Coronal 
Observations
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Analysis and 
Prediction

ACE 
Observation

Event Onset/
Ground-Based 
Observation

Sequence of Events
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Practical Challenges

Issued: 2015 Mar 17 0030 UTC 
Geophysical Activity Forecast: G1 (Minor) or greater geomagnetic storms are 
Expected on 18 Mar associated with a combination of the recurrent southern
Pole connected coronal hole high speed stream (CH HSS) and CME arrival
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Event-Driven Product Definitions

– Watches;  The conditions are favorable for occurrence
– Warnings; disturbances that are imminent, expected in the near 

future with high probability
– Alerts; observed conditions meeting or exceeding thresholds
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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)
• Summary messages post-event

Solar Flares (Radio Blackouts – R Scale)

21
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Effect of intense December 2006 solar radio bursts on GPS receivers

Cerruti, A. P., P. M. Kintner Jr., D. E. Gary, A. J. Mannucci, R. F. Meyer, P. Doherty, and A. J. Coster (2008), Effect of intense December 
2006 solar radio bursts on GPS receivers, Space Weather, 6, S10D07, doi:10.1029/2007SW000375.

Presenter
Presentation Notes
Receivers in the Global GPS Network that were analyzed during the solar radio burst. Green indicates the normal number of satellites being tracked. (fourth panel) During the burst (power at 1.6 GHz), several sunlit receivers tracked fewer than the four satellites needed for a full positioning solution (marked in red). (Image of Earth from the The Living Earth, 1996 and is used here by permission of the publisher. Day/night overlay created using Earth Viewer by J. Walker.)IF THIS IMAGE HAS BEEN PROVIDED BY OR IS OWNED BY A THIRD PARTY, AS INDICATED IN THE CAPTION LINE, THEN FURTHER PERMISSION MAY BE NEEDED BEFORE ANY FURTHER USE. PLEASE CONTACT WILEY'S PERMISSIONS DEPARTMENT ON PERMISSIONS@WILEY.COM OR USE THE RIGHTSLINK SERVICE BY CLICKING ON THE 'REQUEST PERMISSIONS' LINK ACCOMPANYING THIS ARTICLE. WILEY OR AUTHOR OWNED IMAGES MAY BE USED FOR NON-COMMERCIAL PURPOSES, SUBJECT TO PROPER CITATION OF THE ARTICLE, AUTHOR, AND PUBLISHER.

http://dx.doi.org/10.1029/2007SW000375
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Solar Radiation Storms (S Scale)

• Arrival: 10’s of minutes to 
several hours
• Duration: hours to days
• Short-term warnings pre-onset
• Alert for threshold crossing
• Summary post-event
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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

• 1-3 Day watch products based 
on coronagraph observations 
and modeling
• Short-term (~15-60 min) 
warnings based on 
measurement at ACE spacecraft

24

24



2525

Impacts on Electric Power Grid 

• CME impacts Earth’s magnetic field

• Fluctuations generate electric fields on  
Earth. These geomagnetically induced
currents (GIC) can flow into power lines
and transformers

• Leads to transformer 
saturation and
over-heating, voltage
drops, transformer
damage, or protective 
device trips

Transformer exit-lead overheating

Transformer winding failure
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High Impact/Low Frequency Threat…

…but is it a 100 year storm…200 year…? 

Media Release: 
Loss of Reactive Power, Voltage Instability Most 
Likely Outcome from GMD, NERC Report 
Finds 
February 29, 2012 
ATLANTA – Loss of reactive power is the 
most likely outcome from a severe solar storm 
centered over North America, a report 
released by the North American Electric 
Reliability Corporation (NERC) finds. 
Significant losses of reactive power could lead 
to voltage instability and, if not identified and 
managed appropriately, power system voltage 
collapse could occur…..
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Forecasting Space Weather Conditions for GPS

• High to Mid Latitudes
– Primary driver is geomagnetic activity and the 

aurora
• Mid to Low Latitudes

– A major driver is the lower atmosphere
• Requires forecast modeling of the whole atmosphere 

from the ground to space 

27
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Current Products: Regional Specification

Current:
US-TEC:  Provides real-time 
specification of Total Electron 
Content over the US

Upgrade:
North America-TEC:  Provide 
real-time specification of Total 
Electron Content over the 
North America
(Operational ~2016)
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Data Limitations for Current Nowcast Products

• Current products limited by lack of global data coverage
– Need more data in the arctic
– Need data over oceans

Air Force SBIR:  Partner with USAF 
and ASTRA to develop a ground GPS 
receiver and data processing system 
that will work on ocean buoys

• NOAA Data Buoy Center  will assist 
with design and deploy test models on 
the TAO Buoys in the mid Pacific

– Working to get more real-time GPS 
data from high latitude/arctic regions

– Use of NTRIP to access more data
– Plate Boundary Observatory 

Developing data assimilation 
techniques to use COSMIC II data

29
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Impact of a Moderate Geomagnetic Storm

2000 UT 2215 UT

“An Ionospheric Storm began on 2/27/14. The Satellite Operations Specialists were alerted at the WAAS O&M by a 
Significant Event 757 at 2120 Zulu. So far, LPV and LPV200 service has not been available in Eastern Alaska and 
Northeastern CONUS. At times, North Central CONUS and all of Alaska have lost LPV and LPV200 Service.”

Note: LPV is Localizer Performance with Vertical Guidance which takes the aircraft down to 250 ft altitude

FAA Msg to SWPC:

Moderate Geomagnetic Storm:  
Kp of 6 on a scale of 0-9, or 

NOAA Category G2

31



3232

• Intense geomagnetic and ionosphere storms occur on 29 and 30 Oct, 2003
• Acceptable vertical error limits were exceeded for 15 and 11-hour periods

GPS IMPACT – U.S. Federal Aviation Administration (FAA)
Wide Area Augmentation System (WAAS)
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Presenter
Presentation Notes
For a 15 and 11-hour periods in Oct 2003, the ionosphere was so disturbed that the vertical error limit, as defined by the FAA to be no more that 50 meters, was exceeded.  
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Products for Precision Applications of GPS

Specification of ionosphere/thermosphere conditions  that lead to 
GPS/GNSS errors and outages

– Rate Of TEC Index (ROTI) provides dual-frequency GPS users with estimates of 
scintillation

– NOAA SBIR:  Partner with Propagation Research Associates to develop maps of 
scintillation for dual-frequency GPS error based on ground-based GPS receivers

– Test Product in 2016

ROTI:  A Real-time Map of GPS Scintillation Likelihood

33
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Developing Global Specification Product

GAIM:  Air Force Data Assimilation Model

SWACI:  German DLR Data Assimilation Model

CTIPe:  NOAA’s Physics Based Model

NOAA is testing global TEC models:
– Air Force GAIM
– DLR SWACI
– NOAA CTIPe available at 

http://helios.swpc.noaa.gov/ctipe/
34



3535

Solar/Solar Wind

Modeling at NOAA – A Sun to Earth Continuum
Partnerships with the Space Weather Research Community 

Magnetosphere/
Ionosphere

Ionosphere/
Atmosphere 

Earth’s surface

Currently in 
Operations

2016

2018
2016

22
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• In partnership with Community Coordinated Modeling Center, 
Geospace models identified for transition to operations:

- U. of Michigan Space Weather Modeling 
Framework  - Full physics-based
magnetohydrodynamic (MHD) model

• Provide regional specification and 
short-term forecasts of geomagnetic 
conditions

Transition complete in 2016

Magnetosphere/Ionosphere 

Presenter
Presentation Notes
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Example Geospace Model Output

23
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Ionosphere/Atmosphere

 Couples ionosphere/plasmasphere
prediction capabilities, with current 
weather prediction model

 Predicts lower atmosphere impact on 
ionospheric (and vice versa)

Expected benefits:
 Improved forecasts/lead times for 

ionospheric conditions that can 
disrupt GPS & communications

 Improved terrestrial forecasts from 
upper atmosphere coupling

Transition complete by 2017

 Implementing the Integrated Dynamics in Earth’s Atmosphere   
(IDEA)/Whole Model (WAM) with University of Colorado

Multiyear project to raise the top of operational GFS to 600km

Presenter
Presentation Notes
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Information Dissemination
• Phone Contact for Critical Stakeholders: 

NASA, Commercial Airlines, Power 
Generation and Distribution, FEMA, etc.

• Product Subscription Service: Email-
based, no cost subscription service open to 
all

• Website: Data, products, and models all 
available there.  Tops News heading that 
will provide updates for elevated space 
weather

• Facebook:  Active updates and education, 
secondary to official product 
dissemination means.  Twitter in work.

• Active Media Support during significant 
events 39
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NOAA Space Weather Prediction Center
Boulder, Colorado

www.spaceweather.gov
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Backup Slides
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DSCOVR

GOES-R

Satellite Observations
DSCOVR
Operationally dedicated – Ensure continuity of 
solar wind measurements: Launch January, 2015

GOES-R
NOAA’s next-generation of Geostationary
Operational Environmental Satellites: Continuity of 

existing measurements, updated imager, inclusion 
of heavy ion measurements: Launch 2016

Operational Coronagraph 
• High priority to replace ESA-NASA SOHO/LASCO 

Coronagraph
• RFI issued in Feb 2014 for DSCOVR follow-on…

Combines coronograph and in situ mag/plasma

L5 observation would improve forecasting 

Coronagraph

24
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