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A total span of more than 4 orders of magnitude

Hard flare photons and non-thermal particulate (mostly
protons >10 MeV) affect humans beyond LEO and on sol
system bodies lacking an atmosphere. Detrimental for
space-based electronics, radio blackouts, aviation, etc.

No early warning time for flare photons -
slim window for particulate in worst case!




1 AU More than 8 orders of magnitude,

Source I 1Supersonic ! from the flares’ on resion (~ |
Surface! | SW om the flares’ onset region (

X km) to the CME / SEP products at

~ 8
T il AU (715 ¢ 10° k)

Impulsive component M

10° 10°
Length Scale (Mm)

Credit: ESA




Power Power
Compressor Plant Supply
Station

| S— < v
OiI/Ga?\ el 0L,

Fuel Supply

Substation

Transportatiol

ommunicatio:?\\

End Office

Emergency
. Services

) Emergency
Substation Hospital re Station Call Center
Ambulance

Bank Government

b e I Services
Bankir:\e\a-—-— ~

and Finance islati Military
Check Pensions/Service wg::e;w Installations
Processing Payments Treasury
Center Department

Source: Severe Space Weather Events: Understanding Societal and Economic
Impact, US Space Study Board (2008) -
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Composite X-ray/y-ray spectrum from 1 keV to 100
MeV for a large flare (Lin et al., 2007 — see also
Vilmer 2012 for details)

Issues with X- and y-rays (> 100 keV; ~10%° Hz):

Biological: cell and DNA impact or even destruction
(astronauts in EVA)

Technological: saturation issues in Sun-observing
telescopes (attenuators must be deployed) and,
possibly, sensitive electronics




Description

Effect

Physical
measure

Average
Frequency
(1 cycle = 11
years)

Extreme

HF Radio: Complete HF (high frequency) radio blackout on the entire sunlit side
of the Earth lasting for a number of hours. This results in no HF radio contact with
mariners and en route aviators in this sector.

Navigation: Low-frequency navigation signals used by maritime and general
aviation systems experience outages on the sunlit side of the Earth for many
hours, causing loss in positioning. Increased satellite navigation errors in
positioning for several hours on the sunlit side of Earth, which may spread into
the night side.

X20
(2 x 10
3)

Less than 1 per
cycle

Severe

HF Radio: HF radio communication blackout on most of the sunlit side of Earth
for one to two hours. HF radio contact lost during this time.

Navigation: Outages of low-frequency navigation signals cause increased error
in positioning for one to two hours. Minor disruptions of satellite navigation
possible on the sunlit side of Earth.

8 per cycle
(8 days per
cycle)

Strong

HF Radio: Wide area blackout of HF radio communication, loss of radio contact
for about an hour on sunlit side of Earth.
Navigation: Low-frequency navigation signals degraded for about an hour.

175 per cycle
(140 days per
cycle)

Moderate

HF Radio: Limited blackout of HF radio communication on sunlit side, loss of
radio contact for tens of minutes.
Navigation: Degradation of low-frequency navigation signals for tens of minutes.

350 per cycle
(300 days per
cycle)

HF Radio: Weak or minor degradation of HF radio communication on sunlit side,
occasional loss of radio contact.
Navigation: Low-frequency navigation signals degraded for brief intervals.

2000 per cycle
(950 days per
cycle)

o Atleastafew (<
10) severe (R4+)
radio bursts are
expected during a
typical solar
cycle.

At least one
extreme (R5)
burst is expected
in two
consecutive
cycles




Scale

Description

Effect

Physical
measure

Average Frequency
(1 cycle = 11 years)

Extreme

Power systems: Widespread voltage control problems and protective system problems can occur, some grid
systems may experience complete collapse or blackouts. Transformers may experience damage.

Spacecraft operations: May experience extensive surface charging, problems with orientation, uplink/downlink
and tracking satellites.

Other systems: Pipeline currents can reach hundreds of amps, HF (high frequency) radio propagation may be
impossible in many areas for one to two days, satellite navigation may be degraded for days, low-frequency radio
navigation can be out for hours, and aurora has been seen as low as Florida and southern Texas (typically 40°
geomagnetic lat.).

Kp=9

4 per cycle
(4 days per cycle)

Severe

Power systems: Possible widespread voltage control problems and some protective systems will mistakenly trip
out key assets from the grid.

Spacecraft operations: May experience surface charging and tracking problems, corrections may be needed for
orientation problems.

Other systems: Induced pipeline currents affect preventive measures, HF radio propagation sporadic, satellite
navigation degraded for hours, low-frequency radio navigation disrupted, and aurora has been seen as low as
Alabama and northern California (typically 45° geomagnetic lat.).

Kp =8,
including a
9-

100 per cycle
(60 days per cycle)

Strong

Power systems: Voltage corrections may be required, false alarms triggered on some protection devices.
Spacecraft operations: Surface charging may occur on satellite components, drag may Increase on low-Earth-
orbit satellites, and corrections may be needed for orientation problems.

Other systems: Intermittent satellite navigation and low-frequency radio navigation problems may occur, HF
radio may be Intermittent, and aurora has been seen as low as Illinols and Oregon (typically 50° geomagnetic
lat.).

200 per cycle
(130 days per cycle)

Moderate

Power systems: High-latitude power systems may experience voltage alarms, long-duration storms may cause
transformer damage.

Spacecraft operations: Corrective actions to orientation may be required by ground control; possible changes in
drag affect orbit predictions.

Other systems: HF radio propagation can fade at higher latitudes, and aurora has been seen as low as New York
and Idaho (typically 55° geomagnetic lat.).

600 per cycle
(360 days per cycle)

Power systems: Weak power grid fluctuations can occur.

Spacecraft operations: Minor impact on satellite operations possible.

Other systems: Migratory animals are affected at this and higher levels; aurora is commonly visible at high
latitudes (northern Michigan and Maine).

1700 per cycle
(900 days per cycle)




Description

Physical
measure
(Flux level
of >= 10
MeV
particles)

Average Frequency
(1 cycle = 11 years)

Extreme

Biological: Unavoidable high radiation hazard to astronauts on EVA (extra-vehicular activity); passengers and
crew in high-flying aircraft at high latitudes may be exposed to radiation risk.

Satellite operations: Satellites may be rendered useless, memory Impacts can cause loss of control, may cause
serious noise in image data, star-trackers may be unable to locate sources; permanent damage to solar panels
possible.

Other systems: Complete blackout of HF (high frequency) communications possible through the polar regions,
and position errors make navigation operations extremely difficult.

105

Fewer than 1 per cycle

Severe

Biological: Unavoidable radiation hazard to astronauts on EVA; passengers and crew In high-flying aircraft at
high latitudes may be exposed to radiation risk.

Satellite operations: May experience memory device problems and noise on imaging systems; star-tracker
problems may cause orlentation problems, and solar panel efficiency can be degraded.

Other systems: Blackout of HF radio communications through the polar regions and increased navigation errors
over several days are likely.

3 per cycle

Strong

Biological: Radiation hazard avoidance recommended for astronauts on EVA; passengers and crew in high-flying
alrcraft at high latitudes may be exposed to radiation risk.

operations: Sing| upsets, noise in imaging systems, and slight reduction of efficiency in solar
panel are likely.
Other systems: Degraded HF radio propagation through the polar regions and navigation position errors likely.

10 per cycle

Moderate

Biological: Passengers and crew in high-flying aircraft at high latitudes may be exposed to elevated radiation
risk.

Satellite operations: Infrequent single-event upsets possible.

Other systems: Small effects on HF propagation through the polar regions and navigation at polar cap locations
possibly affected.

25 per cycle

Biological: None.
Satellite operations: None.
Other systems: Minor impacts on HF radio in the polar regions.

50 per cycle
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SXR peak flux [Wm”
1984 — 2013: tens of extreme flares (X10+); at
least 8 severe radiation storms (S4)

by Cliver [2013]):

- 10.3% over the next 10 yrs (>95% Cl) — Riley & Love (2017)
-4 — 6 % over the next 10 yrs — Kataoka (2013)

- 1 event very 500 yrs — Yermolaev et al. (2013)

- STEREO-B claimed an allegedly Carrington-type event
detection in July 2012 (reached S/C in 19 hours only!

Governmental actions:

Jul 2015: Space Weather Preparedness Strategy, Cabinet
Office, Dept. of Business Innovation & Skills, UK Government

Oct 2015: National Space Weather Action Plan, National
Science and Technology Council, US Government

Governments of China, Japan, Australia, South Korea, South
Africa and India are possibly moving toward this direction
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Needs: Challenges:
e |dentification of potentially flaring regions

e Determination of “all clear”
e Determination of “when” and "how strong"

* Flares are a trait of a few, “privileged"” regions
* Stochasticity in major flare production




2013-04-13T06:00 Mays et al., 2015 2013-04-11T00 + 2.25 days
(a) Constant latitude plane (b) Meridional plane (c) Radial plane (lon-lat plot)
W90 Lat=-6.39" N90O Lon=0"

Needs:

e |dentification of potentially eruptive regions

* Determination of CME directionality and speed

e |dentification of CME magnetic structure and its
variations during IP transit

Challenges: YE s 9418 38 8 0

2013-04

o ~ngQ o g Vr (km/s) [ T IMF polarity HCS IMF line CME measured simulated
e Prediction of arrival time O el 530 00 1250 1600 — 1 it

* Prediction of ICME Bz and geoeffectiveness I

Arrival time: YES(?)
Geoeffectiveness:




(b) HMI Blos

2012-08-07T00:16:02

CME 1: missed Earth
CME 2: Earth-directed




(b) HMI Blos

2012-08-07T00:16:02

CME 1: missed Earth
CME 2: Earth-directed
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Arrival time difference At

0,00

-5,00

Comparison between arrival time from HI geometrical modeling and in situ observations

+ predicted arrival is later than observed in situ " FPF

" HMF
SSEF

‘ | ‘ ® SSEF corrected
II i||“ I A | I

B T U I

- predicted arrival is earlier than observed in situ

Date of CME Event in the corona Méstl et al., 2014



Non Geoeffective

55 %
Non Geoeffective Backside events - 37 %
No storm - 18 %

details.

Table 2 Statistical properties of the 109 IP type II bursts associated CME events in SC 23. See text for

Properties

Moderate storms

Intense storms

Severe storms

CME speed (kms™!)

HCMEs

Source location [£30°]

Source location [+£45°]

Source location [western events]
Dst min (nT)

End frequency (MHz)

1271471
63 % (40/64)
38 % [24/64]
47 % [30/64]
67 % [(43/64)
7142
2.07+034

1376 + 134
88 % (28/32)
53 % [17/32)
66 % [21/32]
75 % (25/32)
—141£5
1524043

1589 + 141
92 % (12/13)
85 % [11/13]
92 % [12/13]
77 % (10/13)
283417

1.08+0.70




Cane et al. (1988)

Mikic & Lee (2006)

Challenges:

* Knowledge of connectivity between injection location and geospace * Temporal profile and peak, as a function of
* Knowledge of upstream connectivity ahead of a CME shock with geospace particle energy
* Knowledge of injection location * Arrival time at 1 AU




Heliographic

. Orientation
location

Flares

Coronagra
YES, f EP YES, f
CMEs ms: flares: S, for SEPs S, for

solar data

(gradual component) propagation

SEPs

Outcome

Arrival time;
ICME Bz

SWx forecasting
value

S-storms;
G-storms

S-storms

To satisfy every forecast need, one should tackle all three
problems self-consistently and combine all available information
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Shimojo & Shibata (2000)

Reconnection
Point

Closed, potentially
flaring loops

2017-07-14T709:29:45
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B..: 1500 G 7
Max CME likelihood: 0.27
Corr. CME velocity : 1405 km/s

GOES flare cless
2 3 4 56789
L LIl
10° M 10°
GOES peak photon flux (W/m)

GOES peak photon flux (W/m’}

o
Flare longtitude [degrees]
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B..: 1500 G
Max CME likelihood: 0.27
Corr. CME velocity : 1405 km/s

— Flare probability
—— CME probability
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GOES flare cless

GOES peak photon flux (W/m’}

o 50
Flare longtitude [degrees]

100

... leading to a
“folded” SEP
probability from
historical data

Longitudinal dependence of the SEP occurrence

10° T

24->51
-2->24
-26->-2
-52->-26
-89->-52

The FIRSPE dtabase
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Flare forecast: R12157
T T

Flare CDF
ARIZIE7 Eruptive flare
0.8 - Non-eruptive flare |
0.6
Praobabilities
o4 for Solar Flare
Occurrence
0.2
4] 1
10 105 104 103
GOES peak photon flux (W/m?)
AR12157 + FORSPEF database
Papaioan 1
102
51->89
o Probabilites ..,
folded with the 2522
FORSPEF 89>-52
database
104 .
106 10° 101 103

GOES peak photon flux (W/m?)
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CME shock arrival forecast:

« Anemomilos (Tobiska, 2013)

« EAM (Effective Acceleration Model) (Paouris et al., 2017)

« ElEvo (Ellipse Evolution) Model (Mostl et al., 2015)

» ESA (Empirical Shock Arrival) Model (Gopalswamy et al., 2001, 2005)

e H3DMHD (HAFv.3 +3DMHD) Model (Wu et al., 2011)

e HAFv.3 (Fry et al., 2001, 2003, Smith et al., 2009, McKenna-Lawlor et al., 2006)
» SAP (Sheath-accumulating Propagation) (Takahashi and Shibata, 2017)

* SARM (Shock ARrival Model) (NGfiez et al., in preparation)

* SPM (Feng and Zhao, 2006) and SPM2 (Zhao and Feng, 2014)

» STOA (Shock Time of Arrival) (Dryer et al., 1984, 2004, Fry et al., 2001, McKenna-Lawlor et al., 2006)
* WSA-ENLIL + Cone Model (Odstrcil et al., 2004)

 Ballistic projection

CME arrival forecast:

» BHV (Bothmer Heseman Venzmer) Model (Bothmer and Schwenn, 1998)

« DBM (Drag Based Model) (Vrinak et al., 2013)

* DBM + ESWF (Drag Based Model + Empirical Solar wind Forecast) (VrSnak, Temmer, Veronig, 2007; Rotter et al., 2015)
o COMESEP automated system (CGFT, Geomag24) (Crosby et al., 2012)

« ECA (Empirical CME Arrival) Model (Gopalswamy et al., 2000, 2001)

» Expansion Speed Prediction Model (Schwenn, 2005)

» WSA-ENLIL + Cone Model (Odstrcil et al., 2004)

» HelTomo (Jackson et al., 2010, 2011)

* Hl J-map technique (Sheeley, 2008; Rouillard et al., 2008; Davis et al., 2009, 2011)
» TH (Tappin-Howard) Model (Tappin and Howard, 2009, Howard and Tappin, 2010)
 Ballistic projection




Mean (f)
Absolute Error (h) et al. (201 6) Integral 10000 | - oue

proton flux
¢ 10MeV) g9

100

SEP threshold: 10

Time (UTC)

Automatic forecast: *

A SEP eventis occurring.  tts prompt component (first]
X-Ray flux 53 . 7 hrs abave 10 pu) might
With flare data only ~ With plane-of-sky With cone-model With radial With radial/cone- ¥ 1

reach 87 pfu
CME speed only CME speed only CME speed only model CME and flare

Model inferences in real-time:

The earth iswell-connected
with the solarregion 12036
(S18W37) in which a M7.3
flare has erupted at 13:03.

Signatures of well-connected
protons were recognized in
the energy range:

- P4 (15—40 Me\)




A-EFFORT ESA / Acad. Athens (GR)

ASAP U. Bradford (UK)

ASSA Korean Space Agency (KR)

COMESEP European Commission (EU)

FLARECAST European Commission (EU)

HESPERIA European Commission (EU)

MAG4 / SPRINTS U. Alabama-Huntsville (USA)
RELEASE NASA / CCMC (USA)
SOLAR MONITOR Max Millennium (USA, |E)
SOLPENCO ESA / U. Barcelona (SP)

SWPC

*
|
X
FORSPEF ** ESA / Nat. Obs. Athens (GR)
T
C
|

NOAA (USA)

UMASEP ESA / U. Malaga (SP)




The challenge is to streamline the prediction strategy in an automated way

Solar Flares Solar particle events

* Producing a forecast probability @9 * Producing a forecast probability

. PN
* Dealing with stochasticity « From flares

« From CMEs -

Coronal mass ejections * Profile prediction

* Producing a forecast probability @ * From flares

* Near-Sun speed and directionality @ + From CMEs -

* Axis orientation * Peak vs. energy channels @
* Arrival time at 1 AU

* Magnetospheric response at 1 AU
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External data: Infrastructure data:
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Step 1: Data
acquisition

Data Loader md HMI Files

Staging
Area

Infra
\Config DB

Step 2: Feature Step 3: Prediction
property extraction training / execution

l | Flare prediction

Feature algorithms
Property Property (training)
Extractor W DB 4

Flare
prediction
algorithms
execution

Step 4: Data
verification

Prediction

\Config DB r

s Forecast
Prediction verification
Database

N ) algorithms

Legend

Management Infrastructure — rea_d
—> Wwrite




Potential eruption / SEP prediction

Step 1: Data Step 2: Feature Step 3: Prediction Step 4: Data
acquisition property extraction training / execution verification

l | Flare prediction i
Prediction

algorithms
Feature

ini Config DB
Data Loader md HMI Files Property Property (training) I >
Extractor N DE y

Flare Forecast
prediction Bl Prediction

i algorithms Datab verification
it . | algorithms
Area execution

Legend

Infra Management Infrastructure > read
Config DB —> write
N )




Potential eruption / SEP prediction

Step 1: Data Step 2: Feature Step 3: Prediction Step 4: Data
acquisition property extraction training / execution verification

l | Flare prediction i
Prediction

algorithms
Feature

ini Config DB
Data Loader  med HMI Files Property Property (training) | C y)
Extractor N DE y

Flare Forecast
prediction B Prediction

i algorithms Datab verification
N . | e algorithms
Area execution

Legend

Infra Management Infrastructure > read
\Config DB —> write




Management Infrastructure
| ———————————————————————————————————

luigi

weba .
PP _service

Algorithms

hmi
_service

property
_service

prediction
_service

workflow_manager_service

db_service

algorithm

Docker Engine

Linux




Binary validation: Flare (YES) or No Flare (NO)

Tailoring according to different end user needs

Forecast Forecast
Flare No-flare

Observed Flare TP FN

Observed No-flare FP TN

. Table courtesy: Shaun Bloomfield
2 x 2 contingency table g

+ TP : true positives + Generalized skill score:
FN : false negatives

+ FP: false positives
+ TN : true negatives




Binary validation: Flare (YES) or No Flare (NO)

Forecast Forecast

Flare No-flare
Observed Flare TP FN

Observed No-flare FP TN

. Table courtesy: Shaun Bloomfield
2 x 2 contingency table g

+ TP : true positives
FN : false negatives

+ FP: false positives

+ TN : true negatives

+ Generalized skill score:

Tailoring according to different end user needs

+ Heidke skill score (ref: random prediction):

+ Appleman skill score (ref: climatology [v]):

+ True skill statistic (ref: weighting POD w. POFD):
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+ Correlate forecast probability with observed frequency

+ Compare your skill against climatology (mean flaring rate within
forecast window)
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+ Correlate forecast probability with observed frequency

BSg~1 + Compare your skill against climatology (mean flaring rate within
forecast window)
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Credit: G. Chintzoglou - see also Chintzoglou et al., ApJ, 2015

* Stochasticity in solar flare triggering

* The (unknown) flare - CME connection

* CME directionality

 CME axial magnetic field and axis orientation

Thernisien et al. (2009); Feng et al.(2012)




Credit: G. Chintzoglou - see also Chintzoglou et al., ApJ, 2015

* Stochasticity in solar flare triggering

* The (unknown) flare - CME connection

* CME directionality

 CME axial magnetic field and axis orientation

Thernisien et al. (2009); Feng et al.(2012)




« Situation of pre-existing solar wind (quiescent; perturbed; CIR)
* Inflation / erosion

o Axis rotation

e (+ heliographic location, for SPEs)

B at 10 Rs (G)
0.10

T

Il

10 20 30 40
Bat1AU (nT)
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