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Heliospheric propagation models are
important for space weather forecasting

« CME/ICMEs major drivers of — e
solar wind disturlbcmces and it s g
geomagnetic storms @ NN T

* Prediction of CME/ICMEs e

ropagation in the =g L
Eeliosphere - important task ago e Loem

for space weather forecasting

Electricity Grid
Discuption

e Various models are used for
space weather forecasting:

» purely empirical/statistical methods

* kinematical-empirical methods
» analytical (M)HD-based models (DEM)

e numerical MHD-based models (ENLIL)
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Drag-Based Model (DBM)

Cargill et al., 1996; Vrinak and
Zic, 2007; Vrinak et al. 2013
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Beyond about 20 solar radii the MHD
“aerodynamic” drag (a,) caused by
the interaction of CME with solar
wind, becomes the dominant force
a=ar—gTtay

= y(V-W)|V-W| Equation

of motion
CME dynamics is governed by
interaction with (ambient) solar wind (w)
 fast CME (v>w) > deceleration
« slow CME (v <w) > acceleration

Drag parameter (y) depends on
characteristics of both CME and solar
wind - the drag is larger for broader,
low-mass CMEs in a high-density
(slow) solar wind

If w and y constant there is analytical
solution



Drag-Based Model (DBM)

« Simple analytical model for heliospheric propagation of
CMEs to predict the arrival time and speed of CME at any
given target in the solar system

* Advantages
* simple and robust

» very fast (one run << 1 sec) compared to numerical MHD
models (e.g. ENLIL)

* Disadvantages

* doesn’t give the best results in complex heliospheric
environment (eg. CME-CME interactions, w and y aren’t
constant)

DRAG-BASED ENSEMBLE MODEL (DBEM) | ASTRONOMICAL INSTITUTE, SLOVAK ACADEMY OF SCIENCES | 9. NOVEMBER 2017 | TATRANSKA LOMNICA, SLOVAKIA



DBM and online space weather tools

- Latest DBM version is integrated into  * Hvar Observatory - Forecasting the

ESA Space Situational Awareness Arrival of ICMEs:
(SSA) portal (CME leading-edge hitp:/ /oh.geof.unizqg.hr/DBM /dbm.php
flattening):
° ° ° Forecasting the Arrival of ICMEs:
hitp:/ /swe.ssa.esa.int /heliospheric-weather The Drag-Based Model
Drag-Based Model: Arrival-Forecasting of ICMEs s e

al-tie CME take-of date seo [ 20 G207 3

am ery 2 CME take-of time (UTC) T 2@h s gma

SLant sgoed v 0 Ry - starting radiad distance of CME (Ry)

o di ME, Rg IS Vg + speed of CME at Ry (umvs)

Spees ME at Rp, ¥ v I - grag paramater (107 km'?)

NE's 30 an A o0 w - asymplotc solar wind speed (km's)
Ru,v.. - target helocentrc dstance (AU)
L de of ¥c oeg

xxxxx

« CME Arrival Time Scorehoard -
NASA Space Weather Research
Center:

hitp: / /swre.gsfc.nasa.qov/main/cmemodels

- ESA Expert Service Center for Solar &
Heliospheric Weather:

hitp:/ /swe.uni-graz.at

« The COMESEP alert system (DBM
input from CACTus):

hitp: / /www.comesep.eu/alert
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DBM CME geometry

apex to the

A targel
« Uses CME cone geometry 5 4

with CME leading-edge ;
flattening T —

» Solar wind speed (w) is /
radially dependent w(R) {
and v is also function of \
radial distance y(R) \*

~
plane

iptic

» each CME leading-edge
segment propagates
independently > the
initial cone geometry
flattens

(

| Op view
of Sun

Zic et al., 2015
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DBM and observations

Examples of ICME kinematics

Slow ICME

Fast ICME y=2.0x107 km!
15 November 2007 w = 600 km/s

12 December 2008 w = 350 km/s
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v = 1.6x107 km!

Vrsnak et al., 2013



Reliable observations are needed for hetter
accuracy of heliospheric propagation models

* In about 55% of events DBM has error DBM errors (Observed - Calculated)
(observed - calculated) less than 12h
and more than 85% of events has error %
less than 1 day A\

Comparison od DBM and WSA-ENLIL-CONE i LR
model (Vrsnak et al., 2014) \

 Relative difference is most often less _— ¥ LA
than 10% = 12 % 42 43

« ENLIL preforms better during the solar
maximum due to complex solar wind
structure (differences 10-11h) and DBM
can provide better results during the
solar minimum (differences 6-2h)

However, the main problem of all models
is the lack of reliable observations
(input) eg. CME launch speed

4 30 36 42 a8

& abs(0-C) [h]
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Input

Parameter 1 (eg. y) Set Of
value 1 ? Fesu IIS
ol 2 . Multiple
model

runs >
allows to calculate

Parameter x | (DBEM) the confidence

intervals of arrival

Value 1 times and impact

. 8 > speed (ppr:ameter

! uncertainties are
- quantified)
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Drag-based Ensemble Model (DBEM)

 Recently, the DBM code was rewritten to python (modular design)

 Optimizations and improvements in the code - new version of DBM
runs up to 200 times faster

* Parallelization of code that supports multi thread (CPU) calculations
(up to 1000x faster)

Example for input parameters for CME on 6 Feb 2013

Me”rr;ber date & time Latitude Longitude VC?J:}\ Speed

1 2013-02-06 03:15 30 -25 38 1226

e Each DBEM in pr 2 2013-02-06 03:07 30 -35 38 1300
3 2013-02-06 02:42 33 -28 28 1389

parameter can be 4 2013-02-06 02:37 30 -20 27 1436
deﬁn e d as li st OI: 5 2013-02-06 02:40 30 -26 43 1460
) 6 2013-02-06 02:39 30 -24 36 1474

parameters (eg. mulhple 7 2013-02-06 02:37 33 =19 28 1536
: 8 2013-02-06 03:01 39 -33 43 1387
Observahons Of the Sl 9 2013-02-06 02:40 30 -26 22 1460
event) 10 2013-02-06 02:52 35 -30 2, 1430
11 2013-02-06 02:44 34 -25 30 1470

i 2013-02-06 02:54 40 -28 30 1441

g 2013-02-06 02:41 30 -26 30 1460
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Create m synthetic measurements based on the
known error (Cl) for each parameter

* For each input parameter can be 203140 W=(400 £ 50) kms'
generated m synthetic 0,025
measurements in a range oz
determined by standard deviation —
 Assumption: parameters follow a 001 1
normal distribution 0,005 -
w (km/s)
0 { T 1 )
x=X*tAx, Ax=30 300 350 400 450 500
; ; v = (0.1 +0.05) 107 km"
* Density of syn. measurements is —
denser near mean value than at the f(x)
end of distribution (30) o
» It was found that optimal number 15 -
of syn. measurements is m=15 -
5 4
gamma
0 T
0 0,05 0,1 0,15 0,2
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Optimal number of synthetic measurements (m)

For m synthetic measurements of solar wind speed (w) and y parameter

- b
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Example of DBEM results
ICME on 30 August 2013

DBEM results

Very fast
— (calculated on

arrival time: 2013-09-01 11:01:12 < 2013- 9-02 00:44:24
based on|10800 DBM runs, calculated in 73 80 seconds

Input parameters Hit target statistics SI ngle i.h read
Misses target
CME date&time O we
1 2013.08.30 06:20.00 848 1500 ] 6 GhZ Infel
2 201308:30 061900 BT 3760 . .
3 201308:30 06:1900 B854 320
& 2013-Q8-30 06190 858 B0 I5, ]50 It/sec)
S 20030830 06:190 Bse »®i0
6 2013-08-30 06:2400 83y 194 .0
7 2013-08-30 06:22.00 835 710
8 201308.30 062200 843 4000
omega phi CNE gamma
1 580 480 0.05
2 580 460 0.08
3 580 470 0.08
4 0o 490 005
s 9.0 $10 0.09
6 9.0 490 0.09
y 9.0 470 0.1
8 9.0 480 e.1 Hits tar
CME Transit Time (TT) CME speed (v) at target B 'b >
: TT: 52.67 h < 60.93 h < 66,39 h v: 531 kmys < 583 kmi's < 660 kmi's Distributions
0.200 | r —T =T - gy et : .
« W hits target SN hes tarpet
0.175 i Vo mean: 60.55 00175+ — AN 586 6 ks FOI' CME ernSIf
1 } === medan G093IN “s= median: 5810 ks .
01501 . 95% Cx: [S2 67, €5.39] & 0.0150 4 05% C1: [$31.0, 660 0] ks hme (TT) and
iz ) 00125 impact speed
0.100] 0.0100 (v) including
| 7 <
0.075 0.0075 mean value,
0.0504 0.0050 1 -
median and
0.0251 0.0025 4 f'd
conriaence
0.000 + 0.0000+ 2 - 3
500 550 600 650 700 750 interva | S

v {kms)
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DBEM parameters
xu m p e o based on 10800 DBM runs, calculated in 73.80 seconds
resu I's CME delta time : Gamma drag parameter {10€.7)
5000 — his target ‘ 1750 1 _— hex target

_— mases target B mases target
ICME on 30 August 2013 4000 w1
1250 4
3000 1000 -
« Results of DBEM can be used 2000 750
. . . o 500+
to investigate which input 1000 =] I
parameters are responsible ol HEE e .
. A 3 -20 -1 -10 -$ 0 S 10 006 0.08 010 012 0.14
for certain results (eg. criteria: S garmma
a . CME initial speed, vO . Sofar wind speed, we .
hits/misses target) S ==
2000 . mases Wiget 1500} — ases Larget
DBM CME geometry = i
) . . - . . 1000 1
1000 i
3 180* il
s 1507 crn 500 i
321 250 4
e i 9 %00 : "9 ' "3 380 400 420 ad0
® Meecury w0 (knv's) we (km/s)
CME half width CME longitude
3 ? + 90 ;;f-ur | L R A Larget 1‘ 2500+ - his larget
® Venus : 0s : N mbaes target . mase target
4000 2000 -
05 r W (1 1 3000 1500 4
2 Target e 200 10001
1 o Eam 4
500 1
~; “5 -')‘ 3 7045 A.A : 0+
oy 50 55 60 ~55 -50 ~45 -40 ~35

omega (deg) phi_CME {deg)

DRAG-BASED ENSEMBLE MODEL (DBEM) | ASTRONOMICAL INSTITUTE, SLOVAK ACADEMY OF SCIENCES | 9. NOVEMBER 2017 | TATRANSKA LOMNICA, SLOVAKIA



« ENLIL and DBEM perform

» fast CMEs predicted to arrive

similarly

number of false alarms should

be reduced

too early

No of correct rejections

No of hits
No of misses
No of false alarms

No of events
Correct rejection rate
False alarm rate
Correct alarm ratio
False alarm ratio
Brier score

DBEM and ENLIL comparison

o O o

d
N=a+b+d
d/(b+d)
b/(b+d)
a/(a+b)
b/(a+b)
BS

DBEM
16
0
4
5
25
55,56%
44,44%
80,00%
20,00%
0,17

ENLIL
16
0
3
6
25
66,67%
33,33%
84,21%
15,79%
0,18

CME arrival time prediction error plotted against the CME input speed

&0 0
DBEM model WSA-ENLIL+Cone model
40 + 40 +
.
— 20 4 i P, |
ot | <
kR . |
) - 0+ T3 s ( —‘ —_—
: } + ME=-27 M) ' y ME=-6.1 (N
1 : b | - .
) - I 4 D - M b .
-
.
40 + 40
&80 - . + ) -+ 4
00 1000 1500 2000 2500 500 1000 1500 2000 2500

vD (kmvs) vD (kmvs)
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DBEM vs ENLIL

a) Z b)
. . /' 0 8 <
. / ¢ ! . 2 ‘j e
é ’—--o ‘ . é .
< ‘ L : ; -
W
y . 084+ 1215 g —
R =088 =
f OBEM
OBEM TT () ] CALCULATED TT (W)
ENLIL-calculated vs. DBEM.- Obse.rvec; vs. calculated transit
calculated transit time time for ENLIL (green)
and DBEM (blue)
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Reliability diagram of the forecast
probability of CME arrival (DBEM vs ENLIL)

‘ .+ at 100% forecast
a) Pt probability both DBEM
- \ Clnd ENL”.
\ overforecast

/ '+« at 0% forecast
: 4 probability both
g " models are at the line
' ’ ‘ of perfect reliability
A (limited number of

3 events)
, ‘e perfect * Intermediate bins (O-
.1 & & oy 100%) both models

' slightly underforecast
/ ~+ DBEM (limited number of
od - ; - - 4 events)

A\ . | te )

»
b

tsarved Reatve Fre

o,
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Conclusions

* Very fast (up to 1000 runs per sec), reliable and simple model
» Suited for a fast real-time space-weather forecasting

« Comparisons with numerical MHD models (ENLIL) show good
accuracy of DBM at very low computational cost

« DBM performs better durin? the solar minimum than in the solar
maximum, due to the complex heliospheric environment (eg. CME-
CME interaction)

» DBEM can provide important information such as confidence
intervals of CME arrival time and impact speed related to the input
errors (observations)

Ovutlooks for DBEM

« will be integrated soon in ESA Space Situational Awareness (SSA) portal
(http://swe.ssa.esa.int/heliospheric-weather)

» CME Arrival Time Scoreboard - NASA Space Weather Research Center
(http://swrc.gsfc.nasa.gov/main/cmemodels)
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project 6212 ,Solar and Stellar Variability” (SOLSTEL).




Further DBEM developments

w, (krvy)
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