
The Carrington Event
or

How the Sun Can Make Civilized 
Life Miserable



Why is the Sun Important

• Earth is in equilibrium with the Sun on long 
time scales

• The Sun is a variable star
– This variability affects the Earth

• Life has evolved to deal with Solar 
variability
– Our technology has not



You’ve seen the spectacle…

• Are solar flares dangerous?
• Are Coronal Mass Ejections dangerous?

• Life has survived until now 

The terrestrial atmosphere protects us   



• .

When Solar Energetic Particles Reach Earth



• 9/1: R.C.Carrington observed white-light flare
– Reference: Carrington, R.C. 1859, MNRAS, 20, 13

• 9/2: Brilliant auroras seen
(as far south as the Caribbean)

– Telegraphs functioned w/o batteries
– Telegraph operators shocked

• First solar flare ever recorded
• Telegraphs functioned w/o batteries
• Telegraph operators shocked
• Strongest in ~500 years
• Today it would

– Bring down the electrical grid
– Fry satellites

The 1 Sept 1859 Flare



• At least as energetic as the 1859 Carrington event
• 2 CMEs recorded
• Missed Earth by 

about 1 week

The 23 July 2012 Flare



• At least as energetic as the 1859 Carrington event
• Missed by about 1 week

The 23 July 2012 Flare



Venus in the 
crosshairs



And if it had hit?
Charged particles generate electric and magnetic fields



And if it had hit?



And if it had hit?
Geomagnetically-induced currents (GIC):
• Drive DC currents in power lines 

– Potentials up to 20V/km;  Currents >106 amperes



Geomagnetically Induced Currents 
(GIC)

• Charged particles in upper atmosphere cause varying 
magnetic fields

• Ampere’s law: changing B -> induces electric fields

• Electric potentials drive currents in ground

• DC current flow in power lines can overload the grid 
(DC currents saturate AC systems)



• Over 130 million in North America lose power
• Over 350 million heavy-duty transformers threatened
• $2 trillion – 20 x greater than Katrina
• Full recovery: 4-10 years

Estimated Economic Impact 
of a 23 July 2012 Strength Flare

Transformer damage
13 March 1989 storm
Salem NJ nuclear plant

See: 
http://science.nasa.gov/
science-news/science-
at-
nasa/2014/23jul_supers
torm/

http://science.nasa.gov/science-news/science-at-nasa/2014/23jul_superstorm/
http://science.nasa.gov/science-news/science-at-nasa/2014/23jul_superstorm/
http://science.nasa.gov/science-news/science-at-nasa/2014/23jul_superstorm/
http://science.nasa.gov/science-news/science-at-nasa/2014/23jul_superstorm/
http://science.nasa.gov/science-news/science-at-nasa/2014/23jul_superstorm/
http://science.nasa.gov/science-news/science-at-nasa/2014/23jul_superstorm/


The 13 March 1989 Hydro Quebec 
Collapse

See http://www.spaceweather.gc.ca/tech/se-pow-en.php

Strongest geo-magnetic storm since 1932 (~500 
nT/min)
• Hydro-Quebec grid down for 9 hours
• Affected 6 million people
• Two transformers damaged (+1 in NJ)
• Cost: CDN $ 13.2 billion
• Strongest 7 hours later, over northern Europe
Nearly brought down North American grid (~200 
“anomalies”)

http://www.spaceweather.gc.ca/tech/se-pow-en.php




The Odds

12% in the next decade…

And in any decade following

Riley, P. 2012, Space Weather, 10, s0212



Estimated Recurrence times

Carrington-level event: 100-200 years
Quebec 1989 event: 35-70 years

Methodology: historical auroral records
 

Lloyd’s/AER report, 2013



Known Solar Super Storms. I.
• 660 BCE: large proton event
• 567 BCE: intense red aurora (Babylon)
• 774/5 CE: 14C, 10Be enhancements. X285±140
• 993/994 CE: 14C, 10Be enhancements
• 1582, 1730, 1770, 1872: strong equatorial 

aurorae 
• Sept 1859: Carrington event. X45 (estimated)
– 17.1 hours travel time from Sun to Earth (2500 km/s)
– Dst ~ -1000 nT

• May 1921: New York Railroad Superstorm
– Maximum Dst -901 ± 132 nT, comparable to 

Carrington event
• March 1940:

https://spaceweatherarchive.com/2020/05/12/the-great-geomagnetic-storm-of-may-1921/


Known Solar Super Storms. II.
• May 1967. Geomagnetic storms coincident with mideast 7 

Day War spur DoD investment in Space Weather
• August 1972: Geomagnetic storm sets off >4000 mines in 

Haiphong harbor (dB/dt=150 nT/s)
– Fast CME: 14.6 hours to Earth
– NORAD loses track of ~1000 satellites

• March 1989: X15+. strongest storm to date since IGY
– Maximum Dst -589 nT
– Hydro Quebec collapse; red aurorae in Mexico City
– Magnetosphere within GEO for 7 hours
– TDRS anomalies; effects still classified by DoD

• October 2003: X35±5. Halloween storm.
– >2000 km/s CME
– Dst: -400 nT
– 4th largest known proton storm
– NORAD loses track of half of satellites
– Solar storms recognized as national security concern

https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2019SW002278


Dodging a Bullet – May 2024



Dodging a Bullet – May 8-10 2024
• 3 strong X-class flares with Earth-directed CMEs

– Strongest >X8.7

• G5 solar storm
• Auroras visible in Florida, Mexico, Puerto Rico
• Half as strong as March 1989 event

– Potential up to 4.3 V/km

• Perturbed satellite orbits



The Odds

12% per decade (Carrington-level)

Carrington event: 0.7%/yr (DST~-850)
Extreme storm: 4% /yr (DST>-500)
Severe storm: 28% /yr (DST>-250)
 Chapman, S.C. et al. 2020, GRL, accepted doi: 10.1029GRL086524

Riley, P. 2012, Space Weather, 10, s0212



Current Economic Impact

Insurance claims, 2000-2010
• Claims increase with geomagnetic activity
• ~4% of US power grid disturbances due to 

geomagnetic storms and GICs
– 59% caused by “electrical surges”
– Implies about 500 disturbances/year

• Estimated losses $118-188 Billion/year

Reference: Schrijver, C.J. et al., Space Weather, 12, 487 (2014)



Insurers are Concerned
• From Lloyds “Solar storm risk to the north American electric 

grid” (2013)
• The total U.S. population at risk of extended power outage 

from a Carrington-level storm is between 20-40 million, with 
durations of 16 days to 1-2 years. The duration of outages will 
depend largely on the availability of spare replacement 
transformers. If new transformers need to be ordered, the lead-
time is likely to be a minimum of five months. The total 
economic cost for such a scenario is estimated at $0.6-2.6 
trillion USD. 

• Storms weaker than Carrington-level could result in a small 
number of damaged transformers (around 10-20), but the 
potential damage to densely populated regions along the 
Atlantic coast is significant. The total number of damaged 
transformers is less relevant for prolonged power outage than 
their concentration. The failure of a small number of 
transformers serving a highly populated area is enough to 
create a situation of prolonged outage. 



Revisited Economic Impact

Costs of a full blackout:
• Economic cost in North America $20B-

$40B/day
• Cost to New York economy >$3B/day
• Time to recover >6 months

Reference: Oughton, E.J. et al., Space Weather, 15, 65 (2017)



     

 

 

 

 

   
    

 

 

 

 

   

 
  

   

    

 

 

 

NATIONAL SPACE WEATHER 
STRATEGY AND ACTION PLAN 

Product of the 

SPACE WEATHER OPERATIONS, RESEARCH, and MITIGATION 
WORKING GROUP 

SPACE WEATHER, SECURITY, and HAZARDS SUBCOMMITTEE 

COMMITTEE ON HOMELAND and NATIONAL SECURITY 

of the 

NATIONAL SCIENCE & TECHNOLOGY COUNCIL 

March 2019 

• Objectives:
• I. Enhance the Protection of 

National Security, Homeland 
Security, and Commercial Assets 
and Operations against the 
Effects of Space Weather 

• II. Develop and Disseminate 
Accurate and Timely Space 
Weather Characterization and 
Forecasts 

• III. Establish Plans and 
Procedures for Responding to 
and Recovering from Space 
Weather Events 

• Conclusion: Space weather
poses a constant threat to 
the Nation’s critical
infrastructure, our satellites
in orbit, and our crewed and 
uncrewed space activities. 
Extreme space weather
events can cause substantial
harm to our Nation’s security
and economic vitality.



Cost of Protecting Against EMP & CME 
Events

l EMP Commission estimated cost to harden 2000 critical 
nodes (large and medium sized transformers) against EMP 
and CME:  ~ $2 Billion



Cost of Not Protecting Against EMP & 
CME Events

l EMP Commission estimated loss of life from EMP event that 
would drop electrical grid for 1 year: 

                           60 to 90% of US population 
Note: CMEs can have a similar effect



Superflares
• Solar flares:

– dN/dE ~ E-1.7+/- 0.2

– Brightest observed ~ 1032 erg

• Schaefer et al. (2000) reported larger 
flares on 9 solar-like stars

• Maehara et al. (2012) analyzed Kepler 
database for superflares (E>1033 erg)



Superflares

Okamoto et al. 2021 ApJ 906, 72
• Analysis of full Kepler primary mission data
• 265 Solar-like stars: 2341 superflares

– 5600-6000K; 5d<Prot<20d

– Energies to 1036 erg

• 15 Sun-like stars: 26 superflares
– 5600-6000K; Prot>20d; age~4.6 Gyr
– Energies to 4 x 1034 erg



Superflares
• Brightest ¤ flare observed ~ 1032 erg
• Maehara et al. (2012) conclude a 1035 erg 

flare can be expected every 5000 years



Superflares



Superflares

Okamoto et al. predictions:
• Sun can produce

– X700 (7 x 1033 ergs) flare every 3000 years
– X1000 (1034 ergs) flare every 6000 years

• Empirical predictions are consistent with solar 
flare power law distribution



Be Afraid.
Be Very Afraid.


