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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)
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DBM CME geometry

« Uses CME cone geometry ; 4
with CME leading-edge '
flattening T —

» each CME leading-edge /
segment propagates <\
independently > the \
initial cone geometry N
flattens

~
plane

iptic

{

| LOp View
of Sun

Zic et al., 2015
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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
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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 Scoreboard -
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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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
thn 10% 36 .30 .24 .18 .12 6 O ) 36 42 48 54

« 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) %50

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

Set of

Parameter 1 (eg. y)

value 1 9 resu IIS
V(1|l:92 \ N MUlﬁple
vulliex / 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

Member Half-

D date & time Latitude Longitude Width 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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DBEM with ensemble and synthetic measurements

IN

Dumbovi¢ et al., ApJ, 2018

PUT

Ensemble of CME
measurements:
T4, Vi, By, A
Ta Vo, §a, Ay

Tna Vn’ q)m )\n

t

n inputs

m X m inputs « il

a) 0.03
SW speed, w
0.02
0.01
0 ¢ + 9
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solar wind speed, w (km/s)

Synthetic values for:

Wy, Yo / Wy, Y

m? Ym

500

RUNS
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nm2 DBM runs

1 r 0
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9 e at
L
1fuly
+
i
20 Targat o
E T

2D DBM (Zic et
al., 2015, ApJ)

* hitor no hit
* transit time
e arrival time
« arrival speed

Ensemble modeling applied to Drag-based Model
(DBM, Vrsnak et al., 2013, SolPhys)

DBEM OUTPUT

Arrival time: 2013-09-01 12:48:17 < 2013-09-01 21:36:36 < 2013-09-02 03:45:54
based on 10800 DBM runs, calculated in 13.46 seconds

Hit target statistics

8) Input parameters (onty first 8 shown) b)
oamma SW speed (w)

1 0.0 3000
' or 3250
3 ) 3322
4 3368
5 LR
i 3439

20 0.097 3470
B 20 22:00 01 3%00

CME speed (v0) CNE h-w (amBda) CNE Ton. (phi)
1 Hi4 58 4
2 848 58 4%
3 8a7y 58 4

5e 58 4
s ase 58 49
6 889 59
7 837 59 )
" B35 59 4
C) CME Transit Time (TT) d) CME speed (v) at target

TT:5445h <6326 h <6542 n v: 488 kmJs < 547 km/s < 628 ks
- - - ~ %

Fig .4 Dumbovic et al. 2018
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Performance and comparison with ENLIL

=
S~

Based on
sample:
Mays et
al., 2015,
SolPhys

ENLIL Transit Time, TT e (h)

Both ENLIL and
DBEM are not
far away from
the line of
perfect reliability

Observed Relative Frequency (%)

80 1

60 1

40 A

-©-DBEM
@) [/ -& ENLIL

O

0 4 33 67
Forecast Probability (%)

100

8102 * '[e }8 dinoquing wouj G bl

observed arrival speed, vogs (km/s)

TRANSIT TIME
100 7 b) 100 1
8 2 o
T ] A R
I - /./{ L -
& 1 } g w
“ o/ Yo =
| __y,—' o é
& 1 4 @ &
| p 4 e -
| T X F
2 \ ‘"_:___;r * ENLILvs DBEM § ®
! Q‘.-.“‘-" — L nesr % 8
0 ot —_ — — . 0
0 2 &0 &0 80 100
DBEM Transit Time, TTaaey (M)
RELIABILITY DIAGRAM
a) 100 = b)

7(x) -+

Fig. 7 from Dumbovic et al., 2018
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Main points - DBEM

Dumbovic¢ et al., ApdJ, 2018

 Offers probabilistic forecasting of CME hit chance, transit time
and arrival speed for different targets in solar system

* Reliable and simple model

* Runs very fast (more than 1000 DBM runs per sec on a single
CPU)

« ENLIL and DBEM perform similarly

« Fast CMEs predicted to arrive too early for both DBEM and ENLIL

 Suitable for implementation as on-line (web) forecasting tool:
DBEMv1 and DBEMv2 - ESA Expert Service Group for Solar &
Heliospheric Weather (swe.uni-graz.at)

C) |)1'4‘(li('li()n errors for 11" (h) DBEM ENLIL

mean error (ME) 9.7 -6.1
mean absolute error (M AFE) 14.3 12.8
root mean square error (RMSFE) 16.7 14.4
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On-line DBEMv1 tool with synthetic
measurements

Drag-Based Ensemble Model (DBEM):
probabilistic model for heliospheric propagation of CMEs

* Needs as input only one CME T T——

fOr LAA2Ing PUTPOTAS. MEtRod with the SyNINeSic MERTUTRMEnts =Jay Sroduce the

Imex hs
v In the case of hit/miss = the number of synthetic measwrements is smal (m < 15) resulting in bad
L u regresentation of the normal dstrBution. For s pur e, SEM vor an ] d LRt udes
measurement with estimate S i i
= o CMEdate (atRg): ap I 30 I 2003 79
uncertainties o et (8 4
Drag sarameter, y (depending on CME speed):  ©.1 fast CMI) B x107 um?
L]
 Uses synthetlc measurements U L L
CME starting radial dstance, Rg » 215 [

for all 6 input parameters (T, v, " e ina i B
$, A, w, y) S oot

* Needs certain number of synthetic
measurements (m > 9) to perform Do Boed For s loaex (DR,

probabilistic model for heliospheric propagation of CMEs

reliably - large number of DBM e
calculations (slow) S NN Sl N

- DBEMv2 is faster and more b el
reliable than DBEMv1

Arrival time: 2013.09.01 09:42:52 < 2013.09.01 20:49:59 < 2013.09.02 11:07:30
based on 601425 DBM runs, calculated In 31.98 seconds

ME target statatics

1. oh.geof.unizg.hr/DBEM = 2 £
2. phyk039240.uni-graz.at:8080/DBEM o
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DBEMv2 (version 2) input parameters

* Same engine (software) as DBEMv1 with (30000 DM rome: member of hist. bina: 173)
synthetic measurements, however oyt gy O - friryrt
different method is used for input |
uncertainties 003 / \. f/ \.‘

« For all 6 input parameters (T, v, &, A, W, y) ol £\ iy
random values are generated in a range /,/ \\ s| 4 f \ X
input + uncertainty (3 o) following a 000, S ————— o ol
normal (Gaussian) distribution otor i smect, L A Y

 Advantages: 300.1 < 350.0 < 399.7 5006 894:6 < 861.0 < 1027.4

- input distributions are better represented . D\ o | (A
than with DBEMv1 ol AR [\

 converges to stable results much faster ,/' o ,/ \\\
than method with syn. measurements ooos| A \ 1 A

« allows lower number of DBM runs - faster oo = i |00 a0

» user can choose the exact number of ook e e
DBEM runs 0 %55.0<77.0 e e

« Disadvantages: i 00e;

« due to random input, it produces every £ 006 | / \
time slightly different results - differences . i ‘\ ooe| | \
converge with increasing nr. of runs 0.02 | /’ \ // A
(differences are negligible at >10 000 runs) 0.0 LSS - 0.0 . w\

CME half-width, A (deg) CME longitude, §.ue (deg)



DBEMv2 results

Arrival time: 2013-09-01 13:40:51 < 2013-09-01 21:43:37 < 2013-09-02 07:00:54

° More accurate h|t/m|SS based on 30000 DBM runs, calculated in 20.83 seconds
ratio due to better R
representation of ey
normal distribution in S ,, wo
uncertainty range o R

* Provides statistics
(mean, min, max,
StDev, CI) for all
calculated parameters

« User can download all | Rt ‘ et iy b e ks
results in a zip file

 Integrated in ESA SSA
portal as operational
forecasting tool in the
frame of the ESA
Expert Service Group

HAs target

0 X
50 55 &0 5 70 75 80 &0 500 550 &0 650 T00

for SOIar & TT (hours) v (kkmys)
Heliospheric Weather

swe.ssa.esa.int/heliospheric-weather
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Conclusions

* Very fast (up to 1000 runs per sec), reliable and simple
model

» Suited for a fast realtime space-weather forecasting

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

» DBM performs better during 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)
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