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Space Weather

“Just as weather can be expressed as a set of atmospheric
parameters that are important not only for our comfort but
also determine conditions for the operation of technological
systems on the ground and in the atmosphere, space weather
is expressed by the set parameters relating to the near Earth
environment that determine important conditions for many
modern technological systems operating on the terrestrial
surface (e.g. power grids), in the atmosphere (aviation) and
in the space (satellites, manned missions).”
From the application to PROGRESS project that is
coordinated by the University of Sheffield.
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Space weather effetcs
1. Geomagnetically Induced Current (Power
Grids, Pipelines etc
2. Radiation effects on modern technological
systems and human health
3. Satellite locations
4. Communication (propagation radio waves),in
particular Solar Flare Radio Blackouts
5. Navigation Space debris
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Effects of Space Weather Atmospheric Drag
Increased activity heats up the
atmosphere
scale-height increases
drag increases
Debris and low-altitude
spacecraft fall into
atmosphere

Deorbiting of the MIR station to
the Pacific Ocean in March 2001
”good” space weather
slowed down the natural
orbital decay and the proce
took longer than expected

Courtesy of Windows to the Universe,
http://www.windows.ucar.edu
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Effects of Magnetic storms Atmospheric Drag
Satellites at LEO experience friction due to
atmosphere.
During geomagnetic disturbances electric currents
increase heating and contribute to the expansion of
atmosphere.

Courtesy of Windows to the Universe, http://
www.windows.ucar.edu

“During medium storms density of upper atmosphere increases up to 20%. The figure
above illustrates such an increase. Red colour indicated area where density increase >20%.
During strong storms density increase can be as high as 100%. “ Windows to the Universe”
Therefore strong geomagnetic storm require re-locate the spacecraft position.
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Drag and space debris
•

amount of debris in space grows
– > 10 cm bodies: > 9000
– Hundreds of thousands smaller pieces

1957-2001 4400
successful
spacecraft
launches.
Reference and
Image from
Charles D. Brown
Elements of
Spacecraft design,
AIAA,2002; page 3,
Fig 1.3.

Space weather effects of particles in various
energy ranges
•

Dependent on:

–
–
–
–
•

particle energy
particle mass
particle flux
total dosage

Effects happen:

–
–
–
–

on the surface
deep within S/C
in electronics
in biological
matter

Courtesy of Dr. Ganushkina from her
lecture notes

Solar wind is a shield against
galactic cosmic rays

Courtesy of NASA
https://helios.gsfc.nasa.gov/
heliosphere.html

Space Weather history:1857
Dst: -850 nT [Baker, 2012] or -1760 nT [Tsurutani et al, 2003]

Published: September 5, 1859
Copyright © The New York Times

Image from http://science.nasa.gov/science-news/science-atnasa/2010/26oct_solarshield/
Permanent damage to the Salem New Jersey Nuclear Plant
GSU Transformer caused by the March 13, 1989
geomagnetic storm. Photos courtesy of PSE&G.

Space Weather history: May 1921
Dst: -900 [MacAlester, and Murtagh, 2014]

Published: May 16, 1921
Copyright © The New York Times

Image from http://science.nasa.gov/science-news/science-atnasa/2010/26oct_solarshield/
Permanent damage to the Salem New Jersey Nuclear Plant
GSU Transformer caused by thePublished:
March May
13, 17,
1989
1921
geomagnetic storm. Photos courtesy
PSE&G.
Copyright ©of
The
New York Times

Space Weather Effects on Critical
infrastructure

Figure From Figure (1) :
Knipp, D. J., et al. (2016),
Space Weather, 14, doi:
10.1002/2016SW001423.

Figure 1. (a) Notes on the dynamics of McMath Region 8818, extracted from McIntosh [1979, p. 84]; (b) May 23 1967,
1840:50 UT, H α wing image, 656.28 nm, Δλ = ±0.2 nm; (c) 1844:00 UT, H α emission 656.28 nm, line center. North is at
the top. West is to the right (Courtesy of National Solar Observatory).
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Table From : Knipp,
D. J., et al. (2016),
Space Weather, 14,
doi:
10.1002/2016SW001
423

“Cold War military commanders viewed full scale jamming of surveillance sensors
as a potential act of war” ( Knipp, D. J., et al. (2016), Space Weather, 14, doi:
13
10.1002/2016SW001423)

Figure 7. Number of active duty AWS Space Environment Support Positions.
These numbers are taken from historical reports and rosters as well as
the online AWS history. Values have an uncertainty of about 20% given
that military members were often reassigned on short notice and some
performed both SESS and non-SESS duties.
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(Note: The refe
is to NOAA AR 10030 and “multiple inbounds” relates to the NORAD radar produci
Figure From (Figure 7) : Knipp, D. J., et al. (2016), Space
14Weather,
incoming targets due to RFI.)
14, doi:10.1002/2016SW001423.

Sun

From : Kivelson, M. and C. T. Russell eds, Introduction
to Space Physics, Cambridge University Press, 1995.
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Solar Cycle

Figure : Kivelson, M. and C. T. Russell eds, Introduction
to Space Physics, Cambridge University Press, 1995.
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Solar wind
Solar Wind parameters
In the vicinity of the Earth
Electron density
7 cm-3
Solar Wind speed
450km/s
Proton temperature 120,000
degrees. 11eV
Electron temperature 135,000
degrees. 12eV
Magnetic Field
7x10-9 T=7nT

Figure From : Kivelson, M. and C. T. Russell eds,
Introduction to Space Physics, Cambridge University
Press, 1995.
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Terrestrial environment
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Effects of Space Weather :

Induced Currents (GIC)

Image credit: Lanzeroti LJ Bell laboratories, Lucent Technologies
incorporation
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Effects of Space Weather :
Ground Induced Currents (GIC)
Fluctuating
Electro-jet
(Millions of
Amps)

GIC enters power systems
through ground
connections

Magnetic field from electro-jet
induces voltage potential on
surface of the Earth

Electric potential induced on Earth’s
Voltage Gradient
surface
(up to 6 volts per km) causes
Geomagnetically-induced Current
(GIC)
20
Image from https://earthchangesmedia.wordpress.com/2015/08/24/new-study-findsearths-equatorial-regions-prone-to-disruptive-space-weather/

+
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Effects of Space Weather :
Ground Induced Currents (GIC)
Power Grids
Effect:
Superposition of DC
GIC and AC current
leads under extreme
space weather
conditions to failures
of transformers
Pipelines
Transoceanic cables
Image from http://science.nasa.gov/science-news/science-at-nasa/2010/26oct_solarshield/
Permanent damage to the Salem New Jersey Nuclear Plant GSU Transformer caused by the
21
March 13, 1989 geomagnetic storm. Photos courtesy of PSE&G.

Effects of Space Weather :
Ground Induced Currents (GIC)

Power Grids
Effect:
Superposition of DC
GIC and AC current
leads under extreme
space weather
conditions to failures
of transformers
(Quebec Blackout)
Pipelines
Transoceanic cables
Courtesy of Windows to the Universe, http://
www.windows.ucar.edu
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Effects of Space Weather: Radiation
Damage to solar cell

Energetic particles damage solar arrays.
Courtesy of Windows to the Universe, http://
www.windows.ucar.edu
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Radiation Belts

Image credit: NASA
http://www.nasa.gov/sites/default/files/images/730056main_20130228-radiationbelts-orig_full.jpg

Effects of energetic electrons in
The outer radiation belt
1.
2.
3.
4.

Internal charging (high energy electrons)
Surface charging (low energy electrons)
Damage to solar panels
Single events upsets
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Image courtesy ESA
Copyright ESA – C. Carreau
http://www.esa.int/spaceinimages/
Images/2013/03/
Planck_history_of_Universe_zoom

t2

Homogeneous time

S (q) =

∫ L(q(t ), q! (t ), t )dt
t1

c = constant

………

System Identification Approach
Analytical Approach
S=

Black box System
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?
Effect of large amplitude chorus on
101-102 Kev electrons
(Papers by Artemiev, Mozer,
Agapitov, Mourenas and
Krasnoselskikh 2014-2015)
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Whenever a theory appears to you
as the only possible one, take this as
a sign that you have neither
understood the theory nor the
problem which it was intended to
solve.
Karl Raimund Popper

System Identification Approach
Analytical Approach
S=

Black box System
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Forecasting of Space Weather
1.
2.
3.
4.

Physical models
Neural Networks
Local Filtering
NARMAX model

The main idea of PROGRESS is to combine
first principles based models with Systems
Science approach to achieve reliable
forecast of space weather.
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Participants

R. Von Fay-Siebenburgen, M. B
S. Walker, R. Boynton
N. Ganushkina, I. Sillanpaa,
S. Dubyagin
T. Arber, K. Bennett
Y. Shprits
M. Liemohn, B. van der Holst
V. Yatsenko
V. Krasnoselskikh, V. Shastun
P. Wintoft, M. Wik
April 5th, 2016

46

Objectives

1. Develop a European numerical MHD based model that will
enable the advanced forecast of solar wind parameters at L1.
2. Use system science methodologies alongside those currently
available (empirical, ANN) to forecast the evolution of
geomagnetic indices in response to the solar wind.
3. Construct a new set of statistical wave models to describe the
plasma wave environment of the inner magnetosphere that
will accurately reflect the physics of the dynamics of the
radiation belts under the influence of the solar wind.

April 5th, 2016
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Objectives
4. Incorporate forecasting capabilities into the physics based
numerical model for low energy electrons IMPTAM that
currently is able to provide a now-cast only.
5. Develop a novel, reliable, and accurate forecast of the
radiation environment in the region of radiation belts
exploiting the fusion between data based models for high
energy fluxes at geostationary orbit SNB3GEO, IMPTAM,
the most advanced model for high energy electrons in the
radiation belts – VERB, and state of the art data assimilation
methodology.
6. To combine the prediction tools for geomagnetic indices and
radiation environment within the magnetosphere with the
forecast of solar wind parameters at L1 and upstream of the
magnetosphere to significantly increase the advance time of
the forecast.
April 5th, 2016
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Overview

Solar wind
propagation from Sun
to L1 (AWSoM/
SWIFT)
Development of new
statistical models

Low energy electron
model
Forecast of the
Evolution of
Geomagnetic indices

Fusion of forecast
tools

Forecast of the high
energy electron
environment

April 5th, 2016
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IMPTAM Low Energy Electrons
Leader -Ganushkina, FMI

Online Forecasts – Sheffield GOES Model
Space Systems Laboratory website

The one day ahead forecasts of
the rela@vis@c electron ﬂuxes
with energies greater than 2
MeV at GEO has been
developed in Sheﬃeld and is
available in real @me:
hMp://
www.ssg.group.shef.ac.uk/
USSW/2MeV_EF.html.

Past 90 days

Past 200 days

http://ssg.group.shef.ac.uk/ssg2013/UOSSW/2

NOAA REFM Forecast
Space Weather Prediction Center

01/05/2014 21:09

NOAA / Space Weather Prediction Center
Relativistic Electron Forecast Model
Presented by the USAF and NOAA/ Space Weather Prediction Center

The impact of high-energy (relativistic) electrons on orbiting satellites can cause electric discharges across internal satellite
components, which in turn leads to spacecraft upsets and/or complete satellite failures. The Relativistic Electron Forecast
Model predicts the occurrence of these electrons in geosynchronous orbit.
Plots and data are updated daily at 0010 UT. Dashed vertical lines indicate the last vertical value.
When the input parameters are not available, the forecast is not shown.
REFM Verification Plot and Model Documentation
1 to 3 Day Predictions (text file) and corresponding Performance Statistics.
Predictions created using data from the ACE spacecraft.
Historical electron particle data is archived at the
National Geophysical Data Center for Solar-Terrestrial Physics.
Visually impaired users may contact SWPC for assistance.
Please credit SWPC when using these images.

SWPC Home

Space Weather Topics:
Alerts / Warnings, Space Weather Now, Today's Space Wx, Data and Products, About Us ,
Email Products, Space Wx Workshop , Education/Outreach, Disclaimer, Customer Services, Contact Us

Comparison of REFM and SNB3GEO Forecasts
(01.03.2012-03.07.2014)
Balikhin, Rodriguez,Boynton, Walker,Aryan, Sibeck, Billings (submitted to SW
2015)

1
(Y (t) −Ym(t))
PE =1− ∑
N
var(Y )

2

(Y (t) − Y (t) )(Ym(t) − Ym(t) )
1
Ccor = ∑
N
var(Ym)var(Y )

Comparison of REFM and SNB3GEO Forecasts
Balikhin, Rodriguez, Boynton, Walker, Aryan, Sibeck Billings, SW 2016

Model

Predic+on
Eﬃciency
Flux

Correla+on Predic+on
Flux
Eﬃciency
Log Flux

Correla+on
Log Flux

REFM

-1.31

0.73

0.70

0.85

0.82

0.77

0.89

SNB3GEO 0.63

VERB (Shprits Group)

PROGRESS: wave models
• Statistical Wave models and physics of wave particle interaction
A10225

MEREDITH ET AL.: GLOBAL MODEL OF WHISTLER MODE CHORUS

A10225

V < 400

Latitude coverage: |λm |< 40°

V > 600

400 ≤ V ≤ 600
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Figure 2. Equatorial wave intensity of lower band chorus as a function of L*, MLT and geomagnetic
activity for each of the five satellites.

06:00

18:00

1

equatorial coverage is largely provided by DE1, CRRES,
Cluster 1 and THEMIS. Further out, in the region 5 < L* < 6,
the data comes mostly from CRRES, THEMIS and Double
Star TC1, and beyond L* = 6 the equatorial coverage is
largely provided by THEMIS and Double Star TC1. In
particular, the gap in the coverage in the region 4 < L* < 6
for 0800–1200 MLT in global wave models derived from
CRRES data [e.g., Meredith et al., 2001, 2003] is filled in,
primarily with data from Double Star TC1 and THEMIS.

satellites as a function of MLT for a selection of L* values
for, from bottom to top, L* = 5.5 ! 0.3, 6.5 ! 0.3 and
7.5 ! 0.3 respectively. In each case the data have been
smoothed by performing a running mean over 3 hours of
MLT. At L* = 7.5 (Figure 3, top) there is generally good
agreement, largely to within a factor of 3 or so, between the
THEMIS and Double Star TC1 data despite the average
intensities varying by almost two orders of magnitude with
MLT. Moving in, at L* = 6.5 (Figure 3, middle) there is

00:00

Average intensity [pT]

L=10

PROGRESS

