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Rty What is Space Weather:

W "Space Weather" is a
&

generic term for how the

TR changing space

RN RS environment impacts our
technological systems. It
IS most commonly used to
describe the links where
processes which
start on the Sun drive
activity in and around the
Earth which can pose a
hazard to such systems.

There are multiple ways
that different systems can
be affected, through
different physical
processes.
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We normally view the Sun as being unchanging with a constant
output. And as far as Sun light, warming the surface of the Earth,
this i1s very close to be accurate.
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output. And as far as Sun light, warming the surface of the Earth,
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Sun-Earth connections

Artist Rendition of Solar Wind
Created by: K. Endo

Photo Courtesy of Prof. Yohsuke Kamide National Geophysical Data Center

The Sun "forces" the Earth-system in multiple ways.

Gravitationally (e.g., tides), electromagnetic radiation (e.g., heat)
but also through a near constant stream of particles we call the
“solar wind”.

This is the normal situation, when the Sun is quiet.



The Sun and the Solar Cycle

Sunspots are dark spots on the photosphere where
the temperatures are 2000 K cooler than the
surrounds. A small “pore” is only 2500 km across
and last for an hour, while the largest sunspots are
50,000km across and persist for many months.

Monthly Averaged Sunspot Numbers (V2.0)
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3% “Discovered” by Galileo Galilei in 1610.

3 Records have been kept since the mid - 17th
century (daily observations from Zurich
since 1749).

3k period Is ~ 11.4 years.
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http://solarscience.msfc.nasa.gov/images/Zurich_Color.pdf
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Total Solar Irradiance

Of course total solar irradiance (summed over all wavelengths)
hardly changes. This used to be know as the solar constant, but
satellite measurements show that it varies by ~0.08% over the
11-year sunspot cycle (less power during solar minimum).

ACRIM Composite TSI Time Series
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Solar Extreme UV

Note that the more energetic radiation (EUV and X-rays) changes

significantly over the solar cycle, even if they are not very
significant to the total energy present in the extraterrestrial beam.

EUV  ~300 A ~10 times more at solar max than min
(also more energetic, ~10 times more than the UV which does reach the ground)

The Sun Approaching Solar Maximum

‘J* Solar and Heliospheric Observatory, Extreme ultraviolet Imaging Telescope

Late 1999

Early 1997 Mid 1998
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Solar X-Rays

The most dramatic changes are seen when one looks at X-ray
wavelengths. At solar maximum (most sunspots) there is 100
times more X-ray energy at ~1-10 A than at solar minimum.
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"Changing Sun" mosaic were created by Greg Slater and Charlie Little (LMSAL) using
the Yohkoh Soft X-Ray Telescope. 10 images spaced ~9 months apart over 7.5 years.
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Cycle 24 Sunspot Number {V2_0) Prediction {2016/10)
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Hathaway NASA/ARC
But in December 2016 David Hathaway (NASA) retired.

http://solarscience.msfc.nasa.gov/images/ssn_predict_l.gif
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So, where are we now in the cycle?

I5ES Solar Cycle Sunapc-t MNumber F"r@greasioﬂ
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https://www.swpc.noaa.gov/products/solar-cycle-progression
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So, where are we now in the cycle?

I5ES Selar Cyele Sunspot Number Frogression

Ob=erved data through Jul 2013
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el \\When the Sun is active, as well as the background total energy output of
the Sun going up (a small amount), it is also more likely to “go bang” —
that is, the biggest explosions in the solar system occur on the surface of
the Sun. A number of processes can occur, all of which have effects on
the Earth’s environment — and can impact on human activity.

Lets look at each in turn:
= X-ray flare

= Solar Proton Event/

Solar Energetic Particle Event g F
= Coronal Mass Ejection T AR
. £ .':':."N‘: ¥ /V_i-";{";"' &%
= Geomagnetic Storms Qﬂ. TE AT A

et us examine each one In turn. S
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Jan 22 Jan 23 Jon 24
LUniversal Timse
Updoted 2012 Jan 24 05:20:12 UTC

A solar flare is a violent explosion in the Sun's atmosphere releasing up
to a total energy of 6x102° Joules (this is equivalent to a 14 billion mega
ton H-bomb).

Solar flares take place in the solar atmosphere, heating plasma to 10's of
millions of degrees. Most flares occur in active regions around sunspots.
Flares are powered by the sudden release of magnetic energy stored in
the corona on the timescales of minutes to 10's of minutes.
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Jan 24 Jan 25 Jan 26
Universal Time

NO&A SSWES Boulder, COUSAI

The highest energy component of proton population which comes
from the Sun is at relativistic levels. They have kinetic energies
so high that they reach the Earth within minutes.

As these are charged particles, they are funneled into the polar
atmosphere by the magnetic field of the Earth.
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Ea- Coronal Mass Ejections

Te Whare Wananga o Otago : 3 SOHO Satellite View on
NEW ZEALAND : e 23 January 2012.

o J CME launched by the X-ray flare event.

2012/01/23 04:06

O Mercury @ Venus B June

NASA Goddard Space
Flight Centre
Modelling.

This work showed the CME was
likely to strike the Earth
late afternoon (~14:18UT)
on 24 Jan 2012.
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The space around the Earth 1s dominated by the Earth’s magnetic field,
which protects our atmosphere from the solar wind. This forms the
magnetosphere.

When a CME hits the magnetosphere, it is squashed, changing the field
shape, setting up currents in space and on the ground, and triggering a
geomagnetic storm.
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enhancement in aurora seen in the atmosphere
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W 7B AT AND, above the north and south poles.

Auroral Oval seen from space.

Example of aurora seen over Dunedin
(New Zealand) in November 2004.

Example of Aurora Australis seen from the
International Space Station (17 Sept 2011)




UNIVERSITY

OTAGO

Te Whare Wananga o Otago

NEW ZEALAND

Geomagnetic Storms

The Goddard modelling suggested that the CME launched on

23 January 2012 would hit the Earth at 14:18 UT on 24 Jan 2012, with
an uncertainty of £7 hours. It was actually seen to arrive at 15:09 UT!

It also triggered a geomagnetic storm shortly afterwage

AURORA ALERTS SUBMIT YOUR PHOTOS! CONTACT US SOLAR TELESCOPES SUBSCRIBE NIGHT-SKY CAMERAS
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% The Goddard modelling suggested that the CME launched on
2 23 January 2012 would hit the Earth at 14:18 UT on 24 Jan 2012, with
an uncertainty of £7 hours. It was actually seen to arrive at 15:09 UT!
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www. lightsoverlapland.com Abisko, Sweden (24 Jan 2012)
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During the peak period of the X-ray flare (which lasts tens of minutes
to an hour), the sunlit side of the Earth is being “zapped” by the waves.
This will degrade HF radio communications and low-frequency
navigation signals.
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Why should you care?
X-Rays

Attenuotion
[Maximum Absorption)

) B

100

05 101520 25 50 35

dB
10 18 20 25
Degroded Frequency (MHz)

falid At @ 2011—11-03 20:23 UTC

During the peak period of the X-ray flare (which lasts tens of minutes
to an hour), the sunlit side of the Earth is being “zapped” by the waves.
This will degrade HF radio communications and low-frequency
navigation signals.
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BRI /\s these are charged particles, they are funneled into the polar
Gl atmosphere by the magnetic field of the Earth. Here they will
degrade HF radio communications for several days.

The example below is for 23-24 January 2012
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Gl atmosphere by the magnetic field of the Earth. Here they will
degrade HF radio communications for several days.

The example below is for 23-24 January 2012
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Solar Proton Events

>36 MeV SPE access to NOAA-15 on 20Jan2012 [SUBSAT COORDS
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SATCOM limit
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— HF blackout limit
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Why should you care?
Solar Proton Events

International rules require
flights to maintain
communications with Air
Traffic Control and their
company over the entire
route of flight.

Many airlines rely upon
SATCOM, which uses
geosynchronous
communication satellites.
This is impossible above
82° latitude.

Beyond this HF radio
links are needed.

For safety's sake, airlines sometimes need to move their flight paths away

from the pole — making longer routes, burning more fuel, and hence costing
more money!
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ot High Latitude GCP in Southern Hemisphere
NEW ZEALAND Many airlines rely upon

SATCOM, which uses
geosynchronous
communication satellites.
This is impossible above
82° latitude.

Beyond this High
Frequency (HF) radio links
are needed.

This is_probably less of an
‘ Issue in the Southern
SATCOM limit ¢, Hemisphere, except for

HF blackout limit

flights to and from the
Antarctic.
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Te Whare Wananga o Otago NOI'ma| Delta Flight paths = 24 Jan 2012
NEW ZEALAND —

--------- SATCOM limit

HF blackout limit

The Wall Street Journal 24 Jan 2012

And this happened in January 2012 too — the US carrier Delta Airlines re-
routed flights from Detroit to Seoul, Shanghai and Hong Kong onto routes
that took them away from the poles! That costs money!
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NEW ZEALARD Alas, aurora over Dunedin is not very common, but it is possible.
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Why should you care?
CME & Geomagnetic Storms

Alas, aurora over Dunedin is not very common, but it is possible.
NEW ZEALAND Aurora is much more common 1000km South of Dunedin.

* NE

100LE

This auroral event
was probably
overhead close to
the Auckland
Islands

&
Auckland Is.

3
Campbell Is.

)

i % 1000 km south —a—wf_“u_,r—“u_h_ﬁ_ﬂ_,xvl.-____\____ﬁ_x
Macquarie Is. B
q d_\r-jﬂ_h
% 1175 km south . anywhere on map to ::
Geomagnetic Latitude .
at location '

180°W NOAA/SEC BouldefTO, US
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Alas, aurora over Dunedin is not very common, but it is possible.
N REASAED Aurora is much more common 1000km South of Dunedin.

This auroral event
was probably
overhead close to
the Auckland

Islands
Hoopers Inlet

&
Auckland Is.

3
Campbell Is.

Macqularie Is. 3% 1000 km south

% 1175 km south Taken by Taichi Nakamura on
10 August 2016 (8:06UT) from
Second Beach, St. Clair
(Kp=4).
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% now online thanks to the MBIE funding!
D R

BN A\s of early 2017 we started running a aurora alert system, which
NEW ZEALAND provides "nowcasting" of auroral activity (particularly for the lower
South Island). And it seems to work quite well!

Dunedin Nowcast system

http://auroraalert.otago.ac.nz/aurora/index.html 1 7 Au g u St 2 O 1 7
: ) ) ) >Cu g: 0. ) 7 7 )

OTAGOMuseum

auroraalert.otago.ac.nz

lan Griffin
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S However, the geomagnetic storm kicked off by a CME can
have two important “space weather” effects:

= Boosting the hot electron content in the belts which surround the
Earth (which are a threat to satellites and also increases the
radiation dose to astronauts).

= The changing magnetic field drives currents in the Earth which
can damage the electrical power grid!!!

In my remaining time will concentrate on the second of these.

Flux [e/cm?s] | S, \

Energy > 1MeV
electrons
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Faraday's Law of Induction

A moving

magnet
will produce
a changing
magnetic
field.

Famous physicist Michael Faraday demonstrated the law of
Induction, where a changing magnetic field induces a current
In a conductor (like a wire, or the ground).
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% These can be local to a specific transformer in a given
Dl substation, potentially destroying a transformer.

New Jersey, March 1989.
USA

Te Whare Wananga o Otago
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courtesy Metatech

South Africa, Oct 2003

GIC = Geomagnetically induced currents
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e Effect on power systems - NZ

On 6 November 2001 at 2:53pm a large geomagnetic storm started.
At this time a transformer in Dunedin failed!

NEW ZEALAND Alarms occurred at multiple locations across the South Island and a
transformer in Christchurch went offline.

S The transf Dunedin / Halfway Bush (HWB T4) suffered
magnetically e transformer at Dunedin / Halfway Bush ( ) suffered a

Induced major internal flashover - it was subsequently written off.
Currents

Halfwaybush Substation,
Dunedin.

¢ , o = Alarms
P /A '
"l - ./ ‘

ISL (tripped)

- e ’W* L}

g M‘L‘ b ' i \’ {
4 | W,
| ot gl R b
7 e - .
i TR G D
|

e 1l [ 1‘.\\‘\‘.,,“\ . VAl - "“,:, HWB T4
(destroyed)

TRANSPOWER
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Effect on power systems - regional scale

Most dramatic to date "great magnetic storm™ of March 1989.

Hydro-Québec’s (TransEnergie) electric transmission system
collapsed in 92 seconds.

= ~ 9 million people were left without electricity
= blackout lasted around nine hours for most places
= some locations were in the dark for days

Over 200 significant power grid problems across the continent.

13 MARCH 1989 0745 UT

T

kout g

GIC = Geomagnetically induced currents
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Modelling for the USA for a May 1921-like "severe" storm
% predicted destruction of >300 primary transformers (out of 2,100
total): * Replacements might take a year or more

* Cost in the first year as high as USS$2 trillion

NEW ZEALAND

Areas of Probable

Power System ; . _ -
Collapse population of >130 Million

Impacted Regions involve

Source: Baker, D. N., et al. (2008), Severe Space Weather Events: Understanding Societal and
Economic Impacts, 144 pp., National Academies Press, Washington, D. C., USA.

Much action stimulated in the USA. In October 2015, the National Space
Weather Strategy & National Space Weather Action Plan released.




GIC risk mitigation research in NZ

| Solar Tsunamis:
76 % MINISTRY OF BUSINESS, S : :
10l INNOVATION & EMPLOYMENT Mitigating Emerging _RlSkS to
Ko’ HIKINA WHAKATUTUKI New Zealand's Electrical
Network

New Zealand Team

UNIVERSITY

OTAGO
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I R A N S P o w E R TE WHARE WANANGA O TE UPOKO O TE IKA A MAUI

B VICTORIA

(D) MetService

United Kingdom Team

Projected
@2 \ British nominally started
B83) Geological Survey 1 October 2015 &

NATURAL ENVIRONMENT RESEARCH COUNCIL

finished on 30

British September 2018
Antarctic Survey

NATURAL ENVIRONMENT RESEARCH COUNCIL
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OTAGO
% 1. Understand the occurrence of GIC In
the New Zealand electrical
e transmission network.

- what is happening in space?
- could this be used to provide better forecasting?

GIC =

Geomagnetically
Induced
Currents

2. Test Transpower's existing mitigation protocols
- how well will these work?

- would other approaches work better?

3. Predict the likely impact of severe/extreme geomagnetic
storms in the New Zealand grid.
- identify likely hotspots, changes with solar conditions.

UNIVERSITY

of TE WHARE WANANGA O TE OPOKO O TE IKA A MAUI
O GO TRANSPOWER 5 s
[A 308 VICTORIA
m UNIVERSITY OF WELLINGTON
/] N\ Te Whare Wananga o Otago .
ERE AUDE NEW ZEALAND




e Possibly the best GIC data in the world!

OTAGO
Step One was to use the GIC measurements which have made by
N, Transpower. These have been continuously archived from more than
4 s

Te Whare Wananga o Otago
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(4.}
o

AAAAAAAAA 14 years, from many different South Island locations!

This is an internationally important dataset.

Halfwaybush T4

] o) w w B B
o [} o (4} o w
T T T T

HWB T4 GIC current [A]
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0 R Y VR it
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St. Patricks Day
Storm 2015

NZ Transpower time

TRANSPOWER
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% = GIC measuring e
location

Islington
-~ Ashburton

Ohau A, B, C%
Benmof’ N

Cromw __eﬂi\\(

Man;gouri Clyde..... .

/..A.{gqlialfwaybush
A hSM:;TJth Dunedin
mm’*l/ni/e:rcargill

GIC = Geomagnetically induced currents




e Possibly the best GIC data in the world!

OTAGO
Step Two has been to build a numerical model of the New Zealand
electrical network, simulate GIC, and validate 1t with the
Y% N

SAPERE_AUDE
Te Whare Wananga o Otago

NEW ZEALAND

(4.}
o

Transpower GIC data.
Then we can examine protocols and severe storms.

Halfwaybush T4
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Sl But don't worry too much!

Il | as visiting South Africa in late January 2012 when the solar-
NI triggered activity occurredl have often been using as an example
In this talk. A line on a local news webpage seems to have
triggered a lot of panic:

The CME is scheduled to hit at about 16:18 on
Tuesday and South Africans should take care

e (0 avOid being exposed directly to the Sun.
: http://www.news24.com

uuuuuuuuuuu

.........

At that time was at the SANSA Space Science in
w8 Hermanus for a small meeting. This place is the
4l home of Africa’s Space Weather HQ.
B After the story South African social media
(facebook, twitter, etc) & talk radio went crazy.
SANSA were deluged with calls about whether it

was safe to be outside, if the world would end, etc.
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My groups primary support has come from:
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Craig Rodger above Tautuku
Bay, about 2 hours drive south of
Dunedin in the scenic Catlins

Th a n kyou! | - area [28 December 2013].
Are there any questions?



