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What is Space Weather?

ÅEuropean Space Agency: άthe environmental conditions in Earth's 
magnetosphere, ionosphere and thermosphere due to the Sun and the solar 
wind that can influence the functioning and reliability of spaceborneand 
ground-based systems and services or endanger property or human 
health.έ

Åbh!! ό¦{ύΥ  άthe variations in the space environment between the sun and 
Earth. In particular Space Weather describes the phenomena that impact 
systems and technologies in orbit and on Earth. Space weather can occur 
anywhere from the surface of the Sun to the surface of Earth.έ

ÅKey point is that it affects all regions, including the terrestrial surface.

ÅSo who should care?
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Canadians for a start!

ÅQuebec, 1989 - large geomagnetic storm strikes Earth on 
March 13th

ÅGeomagneticallyInduced Currents (GICs) cause violent 
ŦƭǳŎǘǳŀǘƛƻƴǎΣ ǘǊƛǇǇƛƴƎ ŀ άǇǊƻǘŜŎǘƛƻƴ ǎȅǎǘŜƳέ ƭŜŀŘƛƴƎ ǘƻ 
voltage collapse

ÅHydroelectric grid go from nominal operation to lights 
out in less than 90 seconds (outage lasted >9 hours)

ÅMore suitable protection measures now in place, but not 
invulnerable

Magnetic 
field 
strength
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¢ƘŜ ΨƻǘƘŜǊΩ мфуф ŜǾŜƴǘǎ
ÅPower grid effects during geomagnetic storms get the most attention (and 

funding!)

ÅEnergetic particlesfrom Coronal Mass Ejections (CMEs) and Solar Particle 
Events (SPEs) also pose a very significant threat, especially to satellites

ÅSeries of SPEs in late 1989 (still used by some as worst case)

September OctoberHigh energy proton channels

Fast rise time
(no warning!)
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Wider Picture 
Effects on 
Electronics

Manned 
Missions

Effects on Aviation
(including avionics)
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Halloween Storm, 2003
Solar and Heliospheric 
Observatory (SOHO) 
coronagraph CCDs 
affected by radiation 
storm in October 2003
(followed by largest 
recorded X-ray flare)
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Near Miss ς23rd July 2012

Large CME eruption observed by 
STEREO-A spacecraft

NB London 2012 Olympics commenced a few days later
(could have severely affected satellite TV coverage !!)
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Timing is Everything

Proton flux: Earth vs STEREO-A

>3 orders of 
magnitude higherGeostationary Orbit

SPE alert level triggered even though 
active region is not visible from Earth 8



Two Types of SPE
Particle Flux & Time Profile Depend On Event Location On Sun

Gradual SPE
Acceleration en route
(not much warning)

Impulsive SPE
Magnetically
Connected
(no warning!)

Important 
(and often 
ignored) 
contrast to 
other SW 
threats 

Parker Spiral
(magnetic field)
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Worst Case Scenarios

Å9ƴƎƛƴŜŜǊƛƴƎ ŘŜǎƛƎƴ ǎǇŜŎƛŦƛŎŀǘƛƻƴǎ ƻŦǘŜƴ ǊŜǉǳƛǊŜ ΨǿƻǊǎǘΩ 
case

ÅVery difficult to define - different effects have different 
worst case events

ÅMost famous general case ςCarrington Event:

ÅWas part of a sequence of events from an active region 
which was at 12o W on 1 Sept 1859. (non-optimum 
position for GLE) 

ÅThere was a preceding storm with aurora observed in 
Hawaii !

ÅTravel time to earth of Coronal Mass Ejection (CME) was 
a record breaking 17 hours.

ÅEstimates for proton fluence based on nitrates in Antarctic 
ice cores ïnow discredited (we have no idea how large 
an SPE this was!)

/ŀǊǊƛƴƎǘƻƴΩǎ ǎƪŜǘŎƘ ƻŦ ŀŎǘƛǾŜ ǊŜƎƛƻƴΥ
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February 1956 Event

ÅLargest directly measured SPE (by neutron monitors on the ground)

Å>4500% ground level increase at Leeds, UK (still a record)

ÅHighly Anisotropic (no simple latitude correlation)

ÅDƻƻŘ ŎŀƴŘƛŘŀǘŜ ŦƻǊ ΨǿƻǊǎǘ ƻōǎŜǊǾŜŘ ŎŀǎŜΩ

Sun spots ~ 1 week before:

Leeds (53.8 °N)

Ottawa (45.4 °N)

Neutron Monitors
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Large events from historical record
ÅMuch work has been done on cosmogenic isotope 

analysis to calculate large SPE fluences:
ÅBeryllium-10 in ice cores

ÅCarbon-14 in tree rings

(produced by GCR in upper atmosphere)

ÅE.g. 774/75 AD event

ÅProton fluence(not flux) can be inferred by 
modelling isotope production rates

ÅEstimated 25 ςрл Ȅ CŜō Ψрс fluence(!!)

ÅFlux depends on light curve assumption (impulsive 
event? CME driven? Series of events?)

ÅTime resolution of data inherently poor
Usoskin (2012)
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10,000 year timescale

ÅC-14 cosmogenic isotope analysis has been 
extended to 11,000 BC

Å(very) roughly these imply an event of 
similar magnitude to 774/75 AD occurs 
once every 1000 years

ÅCaution: still dealing in fluences, no idea 
what peak flux was for any of these events 
(very important for error rates in 
electronics)

Numbers in 
parentheses give 
estimated ratio to 
CŜō Ψрс

Usoskin (2012) 13



Other Estimates
ÅExtra-terrestrial cosmogenic 

analysis and astronomical 
observations of superflaring
Sun-like stars can also 
produce estimates / limits of 
extreme SPE fluences

ÅAll methods subject to 
various assumptions and 
large uncertainties

ÅToo speculative?

Lunar regolith: Flaring stars:

Schrijver2012
774AD 14



Back to Present Day - Solar Cycle 24

ÅLowest number of sun spots for a century:
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Solar Cycle 24

ÅHowever, solar modulation effect means record cosmic ray fluxes

Highest GCR of Space Age
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Proton Flux
ÅGOES data since 1976 (>10 MeV):

NOAA S-scale (SPE alerts)

Cycle 24 has had relatively 
few SPEs
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Ground Level Neutron Monitors

ÅKey ingredient to atmospheric radiation warnings & analysis

ÅLargest SPEs can cause significant increases in ground level neutron flux

ÅNeutron Monitors invented in late 1940s, but diminishing global network

9ŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ŀŎǘǎ ƭƛƪŜ ŀ ǎǇŜŎǘǊƻƳŜǘŜǊ
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Ground Level Enhancements (GLEs)

ÅGLEs recorded at Oulu GLNM, Finland

One GLE only (!)
(17th May 2012)

NB Large GLEs can 
occur away from 
solar maximum
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Atmospheric Radiation and Aviation 
ωPrimarily due to Galactic Cosmic Rays (GCR) - composition mainly 

protons and alpha particles with energies extending up to and 
beyond 1020 eV (cf. LHC ~1013 eV)

ωInteractions with the atmosphere produce various secondary 
particles including neutrons across a wide energy range

ωNeutron flux builds up to a maximum at 60,000 feet but is 
reduced by two or three orders of magnitude at sea level

ωAt aviation altitudes even GCR dose levels can cumulatively be 
significant for air crew or frequent flyers 

ωSolar Particle Events (SPEs) can result in doses above GCR levels, 
potentially exceeding legal annual maximum for pregnant aircrew 
in a single flight

ωSPEs also pose a significant threat to avionics via single event 
effects (SEE)

ωOther effects on aviation exist (largely due to ionospheric 
disturbances ςnot discussed here)
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History
ÅCosmic Radiation Effects and Activation Monitor (CREAM) designed in 1980s to 

actively monitor high energy cosmic ray particles in space

ÅTwo Shuttle Activation Monitor (SAM) units built

Å PIN diode array measures charge 
depositions from directly and 
indirectly ionising particles in 9 
channels

Å Shuttle flight delayed due to 
Challenger disaster

Å New CREAM unit developed to fly 
on Concorde

CREAM SAM-1
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Concorde Flights
ÅSpecial CREAM-C unit flown on trans-Atlantic routes

Å~1000 hours of observation

ÅAmoung the only in-flight observations of Solar Particle Events 
(and still the best)

Concorde 29 Sep '89
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CREAM in Space

On Space Shuttle

(1991-1998)

On MIR

Space

Station

(1995-

1997)
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New Monitor for Flight Dosimetry 
Å In-flight data are crucial to validate atmospheric models

Å RaySure®flight dose monitor developed at QinetiQ

(now used under licence by Surrey University)

Å Thousands of flight hours accumulated (including data during SPEs, 
but very few during measurement period) 

Å E.g: Trans-polar flight data:

 Toronto-HKG 8 Aug 09
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Typical Dose 50 - 60 µSv
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Much larger during 
major SPE !
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Beware False Alarms

ÅVery easy to overestimate effect 
ƻƴ ŀǾƛŀǘƛƻƴ ŘǳǊƛƴƎ άǎƳŀƭƭέ ŜǾŜƴǘǎ

ÅThree quick examples:

Å1. March 2012
ÅMid-longitude solar active region

ÅS3 on NOAA scale (nearly S4)

Å[ŀǊƎŜǎǘ ǎƛƴŎŜ нлло άIŀƭƭƻǿŜŜƴέ ŜǾŜƴǘ

ÅLarge increase in >100 MeV proton flux
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March 2012 Event: Dose Predictions / Now-
casting
ωb!{!Ωǎ b!Lw!{ ƳƻŘŜƭ ǇǊƻǾƛŘŜŘ ŘƻǎŜ ǊŀǘŜ ǇǊŜŘƛŎǘƛƻƴǎ ŘǳǊƛƴƎ ŜǾŜƴǘ

Doses of >20 uSv/hr predicted at high latitude

(2 or 3 times background dose rates)
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March 2012 Event

ωIƻǿŜǾŜǊΧ  ƭƛǘǘƭŜ ŎƘŀƴƎŜ ƛƴ 
GOES >700 MeV proton flux

(hence no enhancement 
anticipated at aircraft 
altitude)

ω!ƴŘΧForbushdecrease 
apparent in ground level 
neutron monitor data

(hence could expect decrease 
in dose rate)
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March 2012 Event ςRaySuredata

ωThree RaySureunits recorded data during March SPE 

ωNo evidence of dose enhancement (hint of dose reduction ς38 µSvtrans-polar cf. 
average of 52 µSv)

Trans-polar flight data
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2. April 2013 Event

ÅSmall S2 event on 11th April 2013

ÅHigher than average dose rates measured with Geiger counter on 
balloon flight over UK

IƻǿŜǾŜǊΧ

Nicoll et al. (2014)

11th April
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April 2013 Event
ÅΧǊŜƭŀǘƛǾŜƭȅ ǎƻŦǘ ǎǇŜŎǘǊǳƳ -> no 

enhancement in higher energy GOES 
channels:

Å(and no increase in GLNM count rates)

Cf. geomagnetic cut-off energy of measurement location (~2 GeV)
-> dose rates cannothave been due to SPE (rather elevated GCR)

GOES

~350 MeV

But it was observed on Mars!...
(better connection with event and zero cut-off rigidity)

Hassler et al. (2014)

MSL-RAD
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3. September/October 2013 Event
ÅS2 event on 30th September 2013

ÅSo-ŎŀƭƭŜŘ άDƻǾŜǊƴƳŜƴǘ {ƘǳǘŘƻǿƴ ŜǾŜƴǘέ

ÅTobiskaet al. (2013) claimed additional dose from 
event might cause several deaths due to increased 
exposure for flyers and subsequent cancer risk :

IƻǿŜǾŜǊΧ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ ŜƴƘŀƴŎŜƳŜƴǘ ƛƴ 
high E protons or GLNM count rates
(therefore zeroadditional dose)

GOES

GLNM

NAIRAS predicted 
>20 µSv/hr:
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²ƘŜǊŜŀǎΧ aŀȅ нлмн 9ǾŜƴǘ

ωΨ{ƳŀƭƭŜǊΩ ǘƘŀƴ aŀǊŎƘ ŜǾŜƴǘ ƛƴ Ҕмл aŜ± ǇǊƻǘƻƴ ŦƭǳȄ ό{²t/ {н ŎŦΦ {оύ

ωLimb event ςfast rising, well connected, harder spectrum

ωMore significant to aviation than March event (but received little press)

ωUnfortunately, no RaySurein-flight data

GLE 71
(first since 2006)
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High Altitude Experiments

ÅNASA Radiation Dosimetry Experiment 
(RaD-X)

ÅHigh-altitude balloon carrying four radiation 
detectors

ÅLaunched September 2015 from Columbia 
Scientific Balloon Facility, Fort Sumner, NM

ÅPeak altitude 38 km (125 kft) 
[depth range:  >1000 ς~3 g/cm2]

ÅDuration ~22 hours
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RaD-X Payload
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RaD-X Launch
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