Examensarbete 30 hp
Maj 2018

Modeling the complex ejecta
on 2017 September 6-9 with
WSA- ENLIL+Cone and EUHFORIA
Anita Linnéa Elisabeth Werner

Masterprogrammet i fysik
Master Programme in Physics

Sammanfattning
Denna fallstudie berör tre koronamassutkastningar (CMEs) som växelverkade vid olika stadier
i sin framfart på väg mot Jorden. Väl framme vid Jorden gav detta upphov till en mycket komplex
och geoeffektiv plasmastruktur som kunde detekteras av rymdobservatoriet WIND stationerat vid
jordens Lagrangepunkt 1 (L1). Två olika modeller, WSA-ENLIL+Cone och EUHFORIA, som
beskriver fortplantningen av shockvågor i solvinden används för denna serie av CMEs och jämförs
sedan. Justeringar introduceras därefter till indatan i syfte att förbättra den ursprungliga prognosen.
Vi finner att det aktuella magnetogrammet för den här perioden, eller hur det tillämpas i den
semi-empiriska modellen av solens korona, ger upphov till orimligt höga densiteter i körningen från
WSA-Enlil+Cone. Vi finner också att om den första, långsamma koronamassutkastningen exkluderas från körningen så ger det relativt stora effekter för slutresultatet. Vi finner att om shockvågorna
introduceras i modellen med en densitet som bättre motsvarar verkligheten, i enlighet med observationer från SOHO/LASCO och STEREO/SECCHI, så förbättras prognosen markant för snabba
koronamassutkastningar som ej utsatts för betydande växelverkan. Prognosen för den sista av de
tre studerade koronamassutkastningarna blev emellertid sämre när denna ändring introducerades.
Detta har sannolikt sitt ursprung i den magnetiska växelverkan som uppstod mellan shockvågen
från CME 3 och den magnetiska helixstrukturen från CME 2. Detta måste ha gett upphov till en
expansion av shockvågen från CME 3 och därmed en lägre densitet och högre hastighet vid L1.
Den kombinerade strukturen från CME 1 och CME 2 gav sannolikt också upphov till så kallad
förkonditionering av solvinden, något som kan ha resulterat i en tidigare ankomst av CME 3 till
Jorden.
Det senare kunde också veriferas med hjälp av den radiostrålning som kunde detekteras av
WIND/ WAVES från CME 3 framfart i det interplanetära mediumet. Hastighetsprofilen som kunde
bestämmas med utgångspunkt från denna data visar på en närmast obefintlig deceleration, något
som går stick i stäv med vad som förväntades för den höga hastighet som CME 3 uppvisar i
koronan. Detta indikerar att den plasma som fanns i kölvattnet på CME 1 och CME 2 gav mycket
lite motstånd gentemot CME 3 framfart, vilket resulterade i en mycket tidigare ankomst av CME 3
än vad som kunde förväntas.
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I’ll tell you what I’m
blathering about... I’ve got
information man! New shit
has come to light!
The Big Lebowski (1998)
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Introduction

Coronal mass ejections (CMEs) are deemed responsible of 81% of all intense geomagnetic storms
(Xu et al. 2009), the main storm driving feature being the north-southward magnetic field component variation inherent to the magnetic flux rope. This feature is denoted as a magnetic cloud (MC)
when observed in-situ.
A spacecraft sampling the interplanetary magnetic field (IMF) in the ecliptic plane at the time of
arrival of a MC will detect a change of sign in the north-southward magnetic field component (i.e.
Bz in the geocentric solar magnetospheric (GSM) coordinate system; Palmerio et al. (2017)). For
a magnetic flux rope characterized by positive chirality (right-handed twist), Bz will switch from
a northward (Bz > 0) to a southward (Bz < 0) direction, at which point it becomes oppositely
directed to the geomagnetic field (Marubashi et al. 2015). This gives the necessary conditions for
reconnection to take place at the dayside magnetopause, after which the reconnected field lines are
convected towards the magnetotail. If the dominantly southward Bz component persists, there will
be a gradual buildup of magnetic field flux in the tail. Eventually the stored energy is released
in the tail, once again by reconnection but now serving to close the flux system. This allows the
stored magnetic flux to be deposited in the Earth’s ionosphere, there giving rise to ionospheric
currents and geomagnetically induced currents (GICs) on the ground. The large CME shock speeds
enhance the electric field E = −vsw × B (vsw ∝ vsw x̂) at the magnetopause. The dawn-dusk
component (Ey = vx · Bz ) of the electric field governs the reconnection and is responsible for most
of the energy entry to the magnetosphere. Thus, the two key parameters that make the CME the
strongest geomagnetic storm driver are, firstly, the amplitude and persistence of the IMF southward
Bz component and secondly, the CME bulk flow speed.
Geomagnetic storms cause numerous disturbances to Earth activities, including but not limited
to loss of high-frequency (HF) radio communication and issues with satellite orientation and tracking. GICs give rise to instabilities in the electric grid and may even increase the rate of corrosion
in pipelines. All of these may occur on local (the polar regions) up to an international scale (the
whole sunlit side of Earth) and typically last for a few hours (NOAA 2018a). As CMEs are the main
responsible drivers behind the most extreme variations of said effects, there is naturally an interest
in being able to predict and possibly mitigate these effects.
This has led to a dedicated effort during the last decade to model CMEs and their propagation
in the heliosphere, so as to forecast their probable impact, timing and potential geoeffectiveness.
These models need to capture the necessary details and offer satisfactory resolution at shock discontinuities, while still being simplistic enough to run faster than real-time. The Wang-Sheeley-Arge
(WSA)-ENLIL+Cone model is the most widely used model and has reached operational level at
the National Oceanic and Atmospheric Administration Space Weather Prediction Center (NOAA
SWPC), while EUropean Heliospheric FORecasting Information Asset (EUHFORIA) is a newly
developed model that has shown promising results thus far (Mierla et al. 2017) and is being prepared for operations at the Royal Observatory of Belgium.
Despite being in the declining phase of the current solar cycle, the time period between 4-10
September 2017 was marked as a time of strong solar activity and saw several instances of strong,
geoeffective events, all of which had their origin in the rapidly evolving active region AR12673
(NOAA 2018b; American Geophysical Union 2017). Much attention has been devoted to the solar
energetic particle (SEP) impact on Earth and Mars coming from the X9.3 class flare on Sep 6 and
the X8.2 class flare on Sep 10. This study, however, will consider the complex plasma structure on
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Figure 1: In-situ 5-min averaged magnetic field and plasma data as detected by WIND ans the
Disturbance storm time (Dst) index (bottom panel). The first panel shows the GSM magnetic field
components and |B|, the second the dynamical pressure and the third panel the proton temperature.
The fourth panel displays the plasma β ratio, the dashed horizontal line in said panel marks the
β = 1 line, which enables the identification of dominantly magnetic structures (i.e. magnetic
clouds). The last panel displays the Dst index with a temporal cadence of 1 hour, which highlights
the intensity of the corresponding geomagnetic storm. The dotted, vertical lines in black signifies
the arrival of IP shock 1 and 2, while the corresponding lines in red represent the MC arrivals. The
y-axis of panel three and four are on a logarithmic scale.
Sep 6-9 as detected upstream of Earth at L1, which is the result of mutual interaction between three
CMEs during this period.
A moderate-speed (∼ 622 km/s) CME erupted on Sep 4th (CME 1) and was quickly overtaken
by a second, much faster CME (∼ 1734 km/s) which erupted ∼2 hours later (CME 2). CME 1
and CME 2 formed a single IP shock (IP shock 1) reaching L1 at ∼23:45 on Sep 6. This was
immediately followed by a prolonged (∼24 hour) sheath region as characterized by a turbulent
behavior of the magnetic field components (see the first panel in Figure 1). At ∼20:20 on Sep 7
plasma β dips below 1. β is the ratio between the plasma (thermal) and magnetic pressure, and thus
gives information on whether the magnetic field is frozen-in to the plasma (β > 1) or if the plasma
is frozen-in to the magnetic field (β < 1). The arrival of β < 1 plasma is thus an indication of a
largely magnetic structure, and in this case pinpoints the arrival of the MC. This is accompanied
by a drop in the proton temperature by almost two orders of magnitude, which is connected to the
reduced thermal pressure. This is soon followed by the arrival of a second IP shock (IP shock 2) at
∼23:00 on Sep 7, which is the result of a fast (∼ 1433 km/s) asymmetrical halo CME that erupted
on ∼12:00 Sep 6 (CME 3). The arrival of IP shock 2 at L1 was marked by a steep Bz drop that
triggered an intense geomagnetic storm (Dst < −100 nT; see Figure 1). This is later followed by
2

a sheath and MC coming from CME 3. The short duration of the MC and the large gradient in the
temperature drop at ∼20:20 on Sep 7 indicates some degree of compression, which would imply
that the shock front of IP shock 2 compressed the trailing magnetic cloud of IP shock 1. It is likely
that this compression is the very cause of the unexpectedly strong geomagnetic response of this
event.
The deep Bz drop was facilitated by the dominant north-southward turn of MC 1 which served
to prime the field to reach even lower values of Bz at the arrival of IP shock 2. The two-step Bz
drop and elevated dynamic pressure at ∼20:00 on Sep 7 are reminiscent of the characteristics of
a shock-in-a-shock Lugaz et al. (2015), and confirms our conclusions about the general scheme of
events leading up to the production of this great, geoeffective structure at L1.
The complexity of the in-situ signatures of this event, along with the obvious difficulties to
forecast this event with the WSA-Enlil+Cone model as judged from the overestimation of the timeof-arrival (TOF) and the underestimated geoeffectiveness of IP shock 2 (and the opposite trend for
IP shock 1; (CCMC 2017)) makes this an event of particular interest for probing the geoeffective
potential of complex interacting events.
The objective of this case study is to test the performance of the WSA-ENLIL+Cone model
against that of the newly developed EUHFORIA model for the source of the remarkably complex
ejecta observed at L1 between September 6-9 in 2017. We will also search for possible improvements that can be made to the input of the model, and how these variables are determined. Special
care will be taken to apply changes to the input which are driven from observations and which are
easy to implement.
The upcoming chapter describes the fundamental theory, numerical techniques and coupling of
each model (Section 2). Section 3 describes the method used to determine the input. The results of
the baseline run are presented in Section 4, along with a series of supplementary runs. The most
important findings and their implications for the event in question and forecasting in general are
discussed in Section 5 and concluded in Section 6. The Appendix contains a supplementary piece
on the type II radio burst associated with CME 3. From this it is possible to confirm the main
conclusions coming out of this study.

2

Models

2.1

WSA-ENLIL+Cone

The WSA-ENLIL+Cone model is a coupled model, consisting of the semi-empirical Wang-SheeleyArge (WSA) coronal model, the geometric Cone model and the magnetohydrodynamical (MHD)
model ENLIL. WSA and Cone provides the inner boundary conditions to ENLIL, which is then
capable of describing the propagation of a CME through the heliosphere and enables its tracking in
three dimensions from the inner boundary at 21.5 R up to a distance of 10 AU.
2.1.1

WSA

The WSA model takes a full-rotation synoptic map (a compilation of low-resolution daily magnetograms for an entire Carrington rotation) as input to recreate the radial IMF and speed profile of
the ambient solar wind at 21.5 R . The synoptic map provides a mapping of the radial magnetic
field Br at the photospheric level, which is used as input to a potential field source surface (PFSS)

3

Figure 2: General scheme of the Sun’s different magnetic field regions with height, here featuring
the photosphere (Region 1, or rather the boundary layer), low corona (Region 2, out to 2.5 R ) and
the high corona (Region 3, out to 21.5 R which is beyond the scope of this drawing). The field
lines trace the finalized state of the SCS model, now showing the thin current layer (HCS) between
the two hemispheres (Schatten 1972).
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model to generate the magnetic field profile at a height of ∼ 2.5 R . This, in turn, provides the
input to the Schatten Current Sheet (SCS) model which is able to provide the correct magnetic field
morphology between 2.5 − 21.5 R . The relationship between the radial speed and the IMF is
determined from an empirical relationship (see Equation 1).
The PFSS model makes use of a series of assumptions from the characteristic properties of
the Sun’s lower corona to map the magnetic field profile out to a so called ”source surface” which
lies at a height of a few solar radii. Although different heights have been proposed in previous
work (Levine et al. 1977; Schatten 1972) we’re going with the definition proposed by Arge and
Pizzo (2000), which sets the source surface at 2.5 R . This is the only definition which refers to
a coupling with the SCS model to describe the true magnetic field profile out to ENLIL’s inner
boundary. This estimate has its origin in a comparative study by Hoeksema (1984), for which it
was found that a 2.5 R source surface height provided the best match between observations and
the modeled IMF polarity of the coronal field.
In the photosphere (Region 1 in Figure 2) the magnetic field is ”frozen-in” to the plasma, and the
plasma motion governs the topology of the magnetic field at this level. Just above the photosphere
the plasma density, at least initially, falls off much more rapidly with height than the magnetic field
density (Schatten et al. 1969), giving that β < 1 in this limited range (Region 2). This allows for
the force- and current-free condition, thus making it possible to derive the magnetic field in this
particular region from the scalar solution φ of Laplace’s equation ∇φ = 0 (Schatten et al. 1969;
Levine et al. 1977). The existence of this region allows for the magnetic field to become largely
Br dominated, as opposed to the relatively minor transverse field component Bt . As the magnetic
field density eventually also begins to decline to a value below the plasma density further out in
the corona, this implies that the transverse magnetic field density will dip below the plasma density
before Br does so. This allows for the transverse scalar potential to be set to zero at the interface
between Region 2 and 3 (dubbed the ”source surface”), effectively forcing the magnetic field to
be entirely Br dominated beyond this divide. Most importantly it provides the necessary outer
boundary condition for allowing the potential solution φ to be uniquely determined everywhere in
Region 2.
This means that the PFSS model predicts a purely radial field beyond the source surface. Observations of polar plumes and streamers however reveals a preferential lean of sorts towards the
solar equator, indicating that a non-radial component still has some influence over the magnetic
field (Schatten 1972). Out to the Alfvén point β is still significantly less than 1, meaning that currents flowing in the plasma cannot apply significant pressure on the magnetic field except where
the field is weak, i.e. in a thin layer which separates regions of oppositely directed field (Schatten
1972). This separatrix is the heliospheric current sheet (HCS) and completely defines the azimuthal
distortion in the radial field. The Schatten Current Sheet model seek to describe the field between
the mentioned source region out to a distance where also the radial magnetic field density will fall
below the thermal plasma energy density, i.e. the Alfvén/supersonic flow point. This addition is
strictly necessary to describe the alteration of the purely radial profile predicted from PFSS theory
due to the existence of the HCS, as shown from observations.
The field profile in the SCS model is calculated in three steps. First, the potential field solution
from the PFSS is calculated and reoriented so that it points outward everywhere (Schatten 1972).
The field profile outside the source surface is then calculated with the assumption that the field
approaches zero at infinity. This assumption causes the outer coronal field solution to become
largely dominated by the monopole moment in the Legendre polynomial expansion, and due to
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the reorientation of the inner coronal field in the previous step the potential field solution in the
outer corona is made free from any closed arches (Schatten 1972). In the last and final step, the
orientation of the magnetic field is returned to its original one, resulting in current sheets in the thin
regions between oppositely directed field and no closed coronal loops beyond 2.5 R .
Wang and Sheeley (1990) were able to infer the existence of an inverse relationship between
the rate of flux-tube expansion fs and the radial speed vr of the ambient solar wind based on the
observational finding by (Levine et al. 1977) that fast solar wind streams tend to have their origin
in large coronal holes. This relationship has been updated through the years and now reads (Arge
2017)


7/4 3
650
−( θ3 )
vr (fs , θ) = 250 +
1.0 − 0.8e
.
(1)
(1 + fs )2/7
The flux-tube expansion factor fs explicitly refers to the ratio between the solid angular width of
a given flux tube as measured at the photosphere as compared to the angular width at the source
surface, both computed from PFSS (Wang and Sheeley 1990). θ is defined as the minimum angular
distance between any open field footpoint to the coronal hole boundary. The connection to fluxtube expansion fs might seem counterintuitive, but it relates to the idea that coronal holes consists
of a large number of individual flux-tubes. The flux tubes close to the center are narrower and thus
allows the solar wind to flow along a more focused path, which enables it to maintain a higher
speed than if the flux tube flares out, as it does near the boundary of the coronal holes (Sheeley
2017). This empirical relationship succeeded where pure Alfvén wave transport models couldn’t
in reproducing separate streams of fast and slow solar wind and the corotating interaction regions
(CIR) seen in the heliosphere.
This constitutes the empirical element of the WSA model and fully determines the radial speed
profile at the inner boundary, completing the set of input necessary to reproduce the ambient solar
wind flow in ENLIL. The radial magnetic field energy density eventually also begins to decline to
a value below the plasma density, more specifically at the supersonic flow point, causing Region 4,
which extends out to the heliopause (the IMF) to be characterized by β > 1. Here, the current-free
approximation cease to hold, and another theory other than potential field theory must applied to
describe the solar wind flow, more specifically MHD.
2.1.2

ENLIL

MHD is the simplest self-consistent theory capable of capturing the large-scale behavior of shock
waves introduced into a space plasma environment (Murawski 2011). Despite this, it is still complex
enough so as to require several stages of simplification and different numerical techniques to scale
down the computational demand and necessary computation time to a manageable level. This is
particularly the case for models intended for use in forecasting, as the simulaton time would at least
be required to run faster than real-time.
Apart from the usual requirements on accuracy, speed and robustness, which is relevant for any
numerical simulation of a real physical phenomena, numerical methods used for the specific goal of
solving a MHD system of equations must take special care to guarantee adequate representation of
steep gradients and/or discontinuities, as well as to suppress the generation of spurious oscillations
(Murawski 2011; Poedts et al. 2015). For finite volume methods, which is the typically chosen
scheme to represent partial differential equations (PDEs) in 3D, these two aims have a tendency of
contradicting each other. MHD, being a set of non-linear equations, have a tendency of producing
6

Figure 3: Performance of the higher-order Lax-Wendroff finite difference method compared to that
of the Lax-Friedrich scheme when faced with a simple Riemann function in 2D. The use of LaxWendroff causes so called ”spurious” oscillations to form at the edges, while the adaptive diffusive
property of Lax-Friedrich monotonizes the slope and thus avoids such numerical errors. Do note
however that Lax-Wendroff captures the slope of the discontinuity much better than Lax-Friedrich.
Figure adapted from Leveque (1990)
large gradients at the introduction of perturbations in the system, such as shock waves (Murawski
and Tanaka 1997). Normally, one would want to use a higher-order scheme to increase the resolution of the physical processes taking place in the system. However, when used to represent
steep gradients such as shocks, second-order schemes and higher tend to generate so called ”spurious oscillations” at these discontinuities (see Figure 3), which do not capture any real, physical
phenomena (Leveque 1990).
Another difficulty with simulating MHD processes is the need to satisfy the divergence-free
criterion,
∇ × B = 0.
Discretization errors, which is an unavoidable part of simulating real systems with numerical computational methods, will eventually grow to violate this constraint. As this kind of error is introduced at every iteration/time step, they tend to accumulate over time and produce unphysical effects
which can threaten to terminate the whole simulation (Murawski 2011).
The Total Variation Diminishing (TVD) Lax Friedrich (TVDLF) scheme presents a way of
combating these two issues. The TVD method ensures that the total variation (TV) of the studied
variable u (Keppens 2009; Tóth and Odstrčil 1996)
T V (un ) =

N
X

|uni+1 − uni |

i=0

does not increase from one time step n to another n + 1
T V (un+1 ) ≤ T V (un ), ∀ n

7

i.e.
n+1
|un+1
|≤
i+1 − ui

X

X

j

j

|uni+1 − uni |

where the subscript i signifies the spatial location of u and N is the number of grid points (Keppens 2009). This also ensures that the monotonicity of the solution is preserved. The LF extension
to this method makes it possible to use a second-order scheme wherever the system is ”smooth”,
and switches to a first-order variant in the localized regions where discontinuities or large gradients
are formed, i.e. at shock interfaces. This ”adaptive dissipation” property ensures that no unphysical results are introduced into the solution and a low computation time, but it also necessitates a
lower resolution where it is needed most (i.e at shock interfaces). This scheme manages to avoid
new local oscillations around discontinuities in the solution (see Figure 3), but can also accidentally
suppress real, physical instabilities. Numerical diffusion should thus be minimized whenever possible. Tóth and Odstrčil (1996) introduced some additional modifications to the original TVDLF
scheme proposed by Yee (1989) to reduce the diffusivity in the shock regions further.
It is this modified version that is used in ENLIL, an MHD model of the ambient solar wind
developed by D. Odstrcil at University of Colorado Boulder. Both the detached WSA-ENLIL (for
the ambient solar wind) and the full WSA-ENLIL+Cone model (with the inclusion of CMEs) are
available for public simulation runs through the Runs-on-Request (RoR) system, as provided by
the Community Coordinated Modeling Center (CCMC) at Goddard Space Flight Center (http:
//ccmc.gsfc.nasa.gov). ENLIL solves the ideal single-fluid, one-temperature magnetohydrodynamic (MHD) equations written in conservative form,
d
(ρ) + ∇ · (ρV) = 0
dt
d
(ρV) + ∇ · (ρVV) = −∇ (P ) + ∇ ·
dt
d
(E) + ∇ · (EV) = −∇ · (P V) + ∇ ·
dt





BB
µ



+

ρGMs
r2

BB
ρVGMs
·V +
µ
r2

(2)



(3)

d
(B) = ∇ × (V × B)
dt
where ρ is the mass density, V is the velocity, P is the total pressure, E is the energy density and
B is the magnetic field. The additional terms on the right hand side of equations 2 - 3 describes the
gravitational field from the Sun, which is characterized by the gravitational constant G and mass of
the Sun, Ms . This set of equations are then extended by an additional equation of continuity which
instead describes the cone cloud density ρc
d
(ρc ) + ∇ · (ρc V) = 0.
dt
This last expression is used to track the disturbance as it evolves in time (Odstrčil 1996).
2.1.3

Cone

The Cone model is based on an analytical model developed by Xie et al. (2004), which approximates
the true geometric and kinematic properies of a CME on the basis of its projected morphology as
observed from coronagraph observations. The cone model formulated by Xie et al. (2004) is an
8

Figure 4: Schematic of the relevant variables in the Cone model which are constrained from coronagraph observations; the cone half-width ω, longitude φ, latitude λ and direction of motion xc .
Figure adapted from Xie et al. (2004).
extension of work by Zhao et al. (2002). Like in the original model Xie et al. (2004) assumes
self-similar propagation of the cone CME, meaning that its evolution in time is characterized by
isotropic expansion, radial propagation and a constant angular width, but introduces an numerical
solution method instead of the analytical one proposed by Zhao et al. (2002).
The model is dependent upon coronagraph measurements by SOHO/LASCO to assess a few
projected quantities, but is then able to determine the true orientation, angular width and radial
speed of the postulated cone CME. The model becomes degenerate however when the axis of the
CME cone is oriented along the line-of-sight, i.e. in the case of a halo CME. Xie et al. (2004) then
recommends the reader to make use of an empirical relationship suggested in the past by Schwenn
et al. (2001), which simply relates the radial speed to the expansion speed: Vrad = 0.86Vexp . With
measurements from different position angles, however, it is also possible to determine these properties for CMEs which appear as halos in the LASCO view. This requires that the other coronagraphs
(i.e. STEREO-A, -B) are positioned so as to put the cone orientation axis at, or close to, the plane
of sky (perpendicular to the line-of-sight). As further detailed in Section 3, this does not appear to
be the case for the September 2017 events.

2.2

EUHFORIA

EUHFORIA (EUropean Heliospheric FORecasting Information Asset), developed by Poedts et al.
(2016), is in similarity with WSA-ENLIL+Cone a coupled model consisting of a semi-empirical
coronal model (1 R − 0.1 AU) and MHD model (0.1 AU − 2 AU) which describes the heliosphere
(Moschou 2016). Like WSA-ENLIL+Cone, it offers the option to inject CMEs with the conical
9

Figure 5: a) The complete seven-wave Riemann fan derived from the ideal MHD Riemann problem.
b) The HLL approximate Riemann scheme, now including only two waves of which λR signifies
the highest signal speed and λL the slowest one. All remaining waves in a) are here grouped into a
single state U∗ . Both figures adapted from Mignone et al. (2011) and Kercher and Weigel (2015).
characteristics of the Cone model, but also the possibility to introduce a magnetic cloud/magnetized
CMEs (albeit with a different shape) with properties constrained from observations of the preeruption flux rope.
EUHFORIA was developed as an European equivalent to the ENLIL-WSA+Cone model, but
differs from the latter on several points. The first adaption was made to the empirical relationship
describing the flux tube expansion factor fs in the WSA model. In the EUHFORIA coronal model
the angular θ dependence is completely removed from the velocity expression (compare Equation
4 with Equation 1),
vr (fs ) = 240 + 675(1 + fs )−0.22 .

(4)

This variable was removed on the basis of sensitivity as this particular variable appears in an
exponential expression, and robustness, as it has to be tuned for every instrument (Moschou 2016).
The second adaptation concerns the MHD model. Instead of the explicit first-order Lax-Friedrich
extension to the TVD method used in ENLIL, an approximate Riemann solver scheme of type
Harten-Lax-van Leer (HLL) is used.
To understand the basic working of this method, it is necessary to first introduce the Godunov
formulation of the MHD problem. The first step of Godunov’s method consists of determining a
constant average of the analytical flux function in every volumetric grid cell, then the solution is
advanced in time by solving a Riemann problem at every interface bounding the volume element.
This is then reaveraged to initialize the next time step. Computing an exact solution to the Riemann
problem, however, is far from trivial due to the non-linearity of the MHD equations and the computational cost of the iterative procedure. So called ”approximate Riemann solvers”, which do not
involve an iterative procedure, are more efficient and ultimately more useful in this context. The
HLL method is such a solver.
The so called ”Riemann fan” provides a means to describe or visualize the relative space-time
structure of the exact solution to a general Riemann problem (see Figure 5). These include seven
different wave modes characterized by different eigenvalues λ; two fast waves, two Alfvén waves,
10

Figure 6: a) Correct 1D representation of the non-linear second-order Godunov HLL scheme (red)
overlaid on top of the standard Godunov scheme (black). b) Non-linear Godunov scheme which
does not include a flux limiter, and thus violates TVD by introducing new maxima. Both figures
are adapted from Teyssier (2010).
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two slow waves and one entropy wave (Kercher and Weigel 2015). The HLL scheme approximates
the true Riemann fan into two waves, one on each side, with the highest and the lowest λ of all
true wave modes. The intermediate state approximates the remaining five waves in the true solution
(Mignone et al. 2011). This approximation does, however, require an estimate of the highest and
lowest signal velocities that form in the exact Riemann solution (Mignone et al. 2011).
Godunov’s method can be at most first order accurate by construction (i.e. Godunov’s theorem)
to preserve monotonicity, but by introducing a non-linear scheme to the method (see Figure 6 for
a 1D visualization), both monotonicity and higher-order accuracy can be supported. This requires
a so called flux limiter, such as the HLL method, which limits the gradient of the slope (in the 1D
analogy) from taking values outside the range of the average flux in the interfacing cells and returns
to a constant slope again (as in the first-order scheme) when the solution reaches extreme values.
This scheme guarantees positivity of the solution, which means that physical variables like pressure
and temperature cannot attain negative values.
The coronal model of EUHFORIA can, in similarity with the WSA model, be launched with either the traditional Global Oscillations Network Group (GONG) synoptic map data product, which
are updated once every Carrington rotation, but also the daily updated synoptic map, GONG Janus2,
or the Air Force Data Assimilative Photospheric Flux Transport (ADAPT; Arge et al. (2010)) maps.
It uses the same cone model as WSA-ENLIL+Cone to describe the propagation of a CME in the
simple, hydrodynamical pressure pulse case.

3
3.1

Data & Method
In-situ plasma data

Prior experience with the WSA-Enlil+Cone model tells us that the model is best capable to model
the solar wind speed (Werner 2016). This is coming from the fact that the WSA model primarily considers the relationship between the radial IMF and solar wind, after which the density and
temperature is derived from conservation laws (Moschou 2016). The Cone model, in turn, approximates the CME shock by a pressure pulse, and as it lacks a magnetic structure the model performs
badly when it comes to anticipating the amplitude and polarity of the true IP shock. Therefore only
the speed and density was considered in the comparative element of this study, which was then
supplied with a standalone qualitative analysis of the in-situ signatures of the complete event so as
to draw correct conclusions about the sequence of events.
To compare the timing, amplitude and overall morphology of the modeled CME arrival with
observations, the solar wind proton number density and flow speed were collected from GSFC’s
OMNI high-resolution data set. The OMNI data set provides near-Earth solar wind data at a temporal cadence of 1 min - 27 days, and may be accessed at OMNIWeb (https://omniweb.
gsfc.nasa.gov/index.html). The supporting in-situ signature analysis to the model-data
comparison included additional data, more specifically the proton temperature, all IMF components
in GSM and computed quantities like plasma β, all of which were collected from OMNIWeb.
During this particular event WIND/SWE was the main plasma data supplier to OMNI, with a
short interlude by SWEPAM/ACE on 03:00-06:00 Sep 7 (see Figure 9). The time period between
01:00 Sep 9 and 01:00 Sep 11, which more or less captures the tail end of the magnetic cloud from
the Sep 6 CME, was characterized by a very scarce data availability. Thus, for the remainder of this
report we will mostly concern ourselves with the time period between 12:00 Sep 5, which marks
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Table 1: Input parameters for the selected events in the baseline run.
1

2

3

2017-09-05 01:05:53

2017-09-04 22:43:33

2017-09-06 14:40:41

L ATITUDE

−9◦

−10◦

−9◦

L ONGITUDE

11◦

11◦

34◦

H ALF - WIDTH

50◦

50◦

50◦

I NITIAL SPEED

622 km/s

1734 km/s

1468 km/s

CME
C ARRINGTON ROTATION
T IME @ 21.5 R

2194

the beginning of the SWE/WIND dataset, and 01:00 Sep 9. 5-min data averages were chosen to
best conform with the 05:11 min temporal cadence of the WSA-Enlil+Cone output and the 10:00
min resolution of EUHFORIA.

3.2

WSA-Enlil+Cone input

Whenever possible the input variables to the Cone model are determined with the Stereoscopic
CME Analysis Tool (StereoCAT; http://ccmc.gsfc.nasa.gov/analysis/stereo/).
This tool makes it possible to triangulate the leading edge of a CME from 2-3 different viewpoints
as offered by the coronagraphs onboard the SOlar and Heliospheric Observatory (SOHO) at L1 and
the two Solar TErrestrial RElations Observatory (STEREO) satellites. However, this technique has
its limitations, the most significant one being projection effects which arise due to the nature of
Thompson scattering. Coronagraphs view the electron scattering efficiency produced from Thompson scattering rather than the actual radiated light from the corona. This means that the viewing
angle of the observer will have a considerable effect on the imaged coronal structure, as the scattering efficiency quickly falls off from its maximum at 90◦ (i.e. in the plane-of-sky) to only a few
percent at 60◦ (see Figure 7). This in turn implies that the true leading edge of an Earth-directed
CME will be practically invisible to a coronagraph situated at L1 (i.e. SOHO). The use of triangulation in such a case will lead to large errors not only for determination of the radial speed but also
the width and direction of motion, rendering this technique unsuitable for full or asymmetric halo
CMEs. There are however ways to workaround this issue, by estimating the plane-of-sky speed
in the case of the radial speed, using the mean width from a representative sample of CMEs with
well-triangulated features and determining the approximate direction of motion from the location
of the coronal eruption features.
During the time of eruption for the CMEs in question STEREO-A was situated on the far side of
the Sun at a separation angle of 129◦ from Earth. STEREO-B has been unfunctional as of October
1st 2014. This means that the propagation direction of both September 4 CMEs had an angular
displacement of 50◦ from the plane-of-sky as seen by STEREO-A (SOHO: 79◦ ), while for the
September 6 CME this separation amounted to 73◦ (SOHO: 56◦ ). It is clear from Figure 7 that the
projection effects are too large to reliably triangulate the leading edge of any of these CMEs, and
thus to determine the radial speed by said method. It is however possible to estimate the true, radial
speed from the plane-of-sky speed (or disk speed vdisk ).
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Figure 7: Plot showing the scattering efficiency of an electron passing through the solar corona,
as a function of the electron path’s displacement angle from the plane-of-sky (Hundhausen 1993).
The dashed line give the scattering function for approximation of the Sun as a point source, while
u = 0, 1 does not, and thus show the scattering function for no limb darkening (u = 0) to extreme
limb darkening (u = 1).

Figure 8: Schematic showing the line-of-sight (LOS) view for a cone CME erupting on the limb (a)
and a halo CME (b). Figure adapted from Gopalswamy et al. (2009).
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First imagining a generalized halo CME scenario, i.e. the CME’s direction of motion being
orthogonal to the plane of sky as seen by the coronagraph, what is viewed is not the radial speed vr ,
but rather the expansion speed vexp (or more correctly 12 vexp , see Figure 8). Furthermore, assuming
that the CME in question follows the postulates given by the Cone model (see Section 2), the
expansion speed at any cut will closely resemble that of the leading edge. Gopalswamy et al. (2009)
was able to show from observations that vrad ≈ 12 vexp , giving at last the very convenient conclusion
that vr ≈ vdisk for very fast (vrad = 1000km/s) and wide (ω = 45◦ ) CMEs. This relationship
was also found in a more recent, and larger, statistical study (Jang et al. 2016), there appearing
between the triangulated ”3D speed” (v3D = vr ) and the v2D (= vdisk ) speed as determined from
SOHO.
Thus, it will suffice to estimate vdisk , which may be done in the frame series mode in StereoCAT
(LaSota 2013). This advanced mode allows for tracking of the leading edge across several frames
from the same coronagraph. This presents a good substitute for the standard two-frame triangulation method, as it allows for a linear or quadratic least squares fit, the latter being perhaps suitable
for very fast events which decelerate rapidly in the inner corona. For all described events in this
study however, the linear fit was deemed satisfactory. The estimated speeds are detailed in Table 1
and the measurements can be accessed at http://github.com/elisabethwerner94/
master-thesis-.git.
From the same argument, it should be clear that the true angular half-width cannot be estimated
by the means of triangulation for these events. A look at the coronagraph imagery from COR2/SECCHI and C2/LASCO however, reveals that the width of CME 1 may be constrained with the
standard triangulation procedure to 50◦ . The speed, however, was determined in the frameseries
mode, although it is worth noting that this speed was very similar to the triangulated speed. The
reason as to why this particular CME could be characterized with stereoscopic triangulation, has
most likely to do with its slow speed, which was not fast enough to create a clear shock wave.
It could only be sampled in a few frames, later to be engulfed by the faster CME 2 shortly after
reaching ∼ 7 R . If more frames had been available in the C3 view, it is not unlikely that the full
or partial halo feature had become clear. This is the reason as to why the frame series measurement
was deemed more reliable in terms of the speed. The triangulated width might be erroneous from
this argument, but as is detailed in the following paragraph the assumed width of the remaining
CMEs is by coincidence the exact same value (50◦ ), and is thus kept as it is.
CME 2 was a clear partial halo while CME 3 was rather asymmetrical, consisting of what
appears to be two partial features amounting to a full halo. An alternative means to estimate of the
true half-width of these two CMEs was clearly in need, as these could definitely not be estimated
reliably by the means of triangulation. Jang et al. (2016) made a statistical comparison between
the CME properties as determined in ”2D”, i.e. from the single-coronagraph view of SOHO, to
the ”3D” properties, which could be determined from triangulation with both STEREO satellites.
The study included 306 CMEs in total, spanning between 2009-2013. This time period includes
the STEREO mission point of quadrature, when all coronagraphs were situated orthogonal to each
other, resulting in minimal projection effects and the best prospects for accurate determination of
all cone input parameters. The time period also includes occasions when the angular separation
between STEREO and Earth was even larger than for the September 2017 event, however, then
both STEREO satellites were operational. This could still cause some difficulties in determining
either the radial speed or the width, but not both (Thompson 2017).
The 3D width population of the full halo CMEs in the sample from Jang et al. (2016) passes
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Table 2: Info from ssw_flare_locator on the flares associated with each CME eruption.
CME 1

CME 2

CME 1

GOES C LASS

M1.7

M5.5

X9.3

S TART

2017-09-04 18:46:00

2017-09-04 20:28:00

2017-09-06 11:53:00

P EAK

19:37:00

20:33:00

12:02:00

S TOP

19:52:00

20:37:00

12:10:00

P OSITION

S09W11

S10W11

S09W34

F LARE :

Table 3: Time of first appearance and estimated eruption time of each CME as deduced from
StereoCAT.
CME 1

CME 2

CME 1

T IME OF FIRST APPEARANCE

2017-09-04 19:12:00

2017-09-04 20:39:00

2017-09-06 12:24:00

I NSTRUMENT

SOHO/LASCO/C2

STEREO-A/SECCHI/COR2

SOHO/LASCO/C2

E STIMATED ERUPTION TIME

2017-09-04 18:43:44

2017-09-04 20:26:33

2017-09-06 11:53:49

the chi-square test, and can be approximated by a Gaussian with mean µ = 50◦ and σ = 15◦ . The
half-widths of CME 2 and 3 were set to this mean width, which coincidentally is the same value
estimated from triangulation for CME 1. The 66th (µ±σ = 36◦ , 66◦ ) and 98th (µ±2σ = 20◦ , 81◦ )
percentiles were also tested for the Sep 6 CME (see Figure 10) in order to assess the most likely
scenario.
The direction of motion (xc in Figure 4) was estimated by its source signatures in heliocentric (HEEQ) coordinates. From investigation of each eruptive event in Helioviewer (http:
//helioviewer.org) it was deemed that the SSW Latest Events Flare Locator appeared to
give the most accurate location of the filament and timing of all available flare indicators, specifically in respect to the first appearance of the leading edge in C2/LASCO/SOHO (compare Table 2 and 3). This SolarSoft routine (ssw_flare_locator, see code by Freeland (2005)) locates
flares from input data by comparing before and after images from AIA 94/SDO and retrieves the
start, stop and peak time of emission as well as the GOES Flare Class determined from GOES 14
X-rays, and most importantly, the position in HEEQ (see Table 2). Daily event summaries can
be retrieved from http://www.lmsal.com/solarsoft/latest_events_archive/
events_summary/DATE on the form DATE = YYYY/MM/DD.
These input variables, as detailed in Table 1, make up the baseline run. Figure 9 depicts the
output of WSA-Enlil+Cone at L1, allowing for a comparison between the modeled number density
and speed against those detected by the SWE/WIND and SWEPAM/ACE instruments.
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Figure 9: Output at L1 from the WSA-ENLIL+Cone baseline run.

4

Results

A first glance at Figure 9 reveals that there are two main issues with the baseline run: 1) the too
early arrival of IP shock 1 and 2) the too high amplitude of both IP shocks. In an attempt to improve
the forecast a number of alterations were introduced to the input. We will reflect briefly on the
majority of these introduced changes and their influence on the baseline run, while going into a
little more in depth on the most successful change which was introduced, i.e. a customization of the
density enhancement factor (dcld), which describes the density enhancement of the CME leading
edge compared to the fast ambient solar wind at the inner boundary (21.5 R ).
It has previously been demonstrated (Mays et al. 2015) that a reduction of the input half-width
by 10◦ is capable of delaying the arrival time by up to 1.5 hours for high speed CMEs. This may not
seem like much compared to the standard measure of uncertainty (±6 hours), but when compared
to the spread of the CME width distribution and considering the difficulty in estimating the input
variables, it is still worth investigating the influence of the half-width distribution on the timing and
amplitude of the investigated shocks. Especially considering that we can derive the 66th and the
98th percentiles of the 3D width distribution, which makes it possible to evaluate the probability of
a direct hit. The result of this trial can be seen in Figure 10.
From looking at Figure 10 it is clear that a larger width results in a progressively sharper gradient
of the IP shock, an earlier arrival and a higher amplitude. A look at the time-dependent 3D results
(http://github.com/elisabethwerner94/master-thesis-.git) shows that a large
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Figure 10: Output from the WSA-ENLIL+Cone model for different half-widths (CME 3 only).
width results in well-defined, direct hit while the run with a 20◦ half-width CME gives a very weak
shock front and what seems like a flank event with high inclination.
When compared against the true arrival and amplitude of the shock it could be determined that
the mean width of 50◦ works fairly well both in terms of the timing and the amplitude of CME 3.
In either case it was deemed possible to distinguish a narrow from a wide CME hit from the amplitude and spread of the respective shocks. From this argument it is clear that the true half-width of
CME 2 must be smaller than anticipated, or alternatively that the direction of motion is somewhat
shifted away from the subsolar line. UV observations of the filament eruption does not seem to indicate this (see http://github.com/elisabethwerner94/master-thesis-.git),
but perhaps some coronal channeling could be in effect (Möstl et al. 2015). It turns out that all
widths results in a flank event for the chosen source location, perhaps with an exception for the
(98th percentile) 80◦ half-width. This indicates that the magnetic cloud of the true CME should
display in-situ signatures typical of a through-leg encounter (Kilpua et al. 2013; McAllister et al.
2001) and possibly a lowered geoeffectiveness as compared to a head-on collision (Oliveira and
Raeder 2015).
Another run was initialized with the synoptic magnetogram delivered by Kitt Peak, i.e. the only
other magnetogram provider apart from GONG that was available for the event in question (WSO
had not been updated for Carrington rotation 2194 at the time of the submission of the runs). The
result from this run compared to the baseline run is shown in Figure 11. The arrivals for all events
are advanced while the density amplitude has been lowered by approximately 60 % for IP shock 1
and slightly increased for IP shock 2. This merely demonstrates that the perused magnetogram has
an unmistakeable influence on the run, and in this case particularly for IP shock 1. From the 3D
results (see Figure 12) it is clear that this has less to do with the properties of CME 3 itself, and more
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Figure 11: Output from the WSA-ENLIL+Cone runs with different magnetograms (baseline:
GONG).
to with the high-density stream through which CME 1+2 are propagating. It seems that a stronger
shock is formed en-route to Earth in the GONG run (Figure 12b). It also appears to take on a more
convex shape than in the scenario predicted with the Kitt Peak magnetogram (Figure 12e). This is
understood from the properties of the stream; the high density in the GONG run gives rise to greater
pile-up and more resistance from the ambient medium, while the lower density and coincidentally
higher speed of the stream depicted in the Kitt Peak run gives an earlier arrival. It is also clear
from this figure why the properties of IP shock 1 are more strongly affected than IP shock 2 by the
change of magnetogram; the interaction between IP shock 1 with the ambient solar wind is much
more direct than in the case of IP shock 2. The former propagates through an undisturbed medium
while the latter instead encounters the wake of the first IP shock, and so is much less influenced by
the choice of magnetogram than by the MHD effects predicted from ENLIL.
Another run was made where the slow CME 1 was effectively removed from the sample, and
thus removing the effect of (long-term) merging on the first IP shock (see Figure 13). Unsurprisingly, the second ”bump” on the first IP shock disappears. What is interesting to note however is
that this has a clear effect on the speed profile between the two shocks by removing the local speed
jumps that can be appreciated in the in-situ data. This change also serves to increase the amplitude
of IP shock 2.
The most fruitful experiment, however, came about from introducing a change in one of the
standard cone enhancement factors, more specifically the density enhancement factor (dcld). dcld
refers to the density enhancement of the leading front of the CME cone relative to the density of the
fast, ambient solar wind (see Table 4) and is usually set to a value of dcld = 4. Falkenberg et al.
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a)

b)
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d)

e)

f)

Figure 12: 3D WSA-ENLIL+Cone output for the runs shown in Figure 11. a-c) shows the baseline
run while d-e) shows the Kitt Peak variant. All figures depict the normalized number density.
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Figure 13: Output from the WSA-ENLIL+Cone model for just two CMEs (2 and 3) compared to
the baseline run.
Table 4: Standard properties of the fast solar wind.
S TANDARD PROPERTIES OF THE FAST SOLAR WIND @ 21.5 R
D ENSITY [ CM−3 ]

S PEED [ KM / S ]

T EMPERATURE [K]

300

625

0.8

(2010) did a parameter study on an earlier version of the WSA-ENLIL+Cone model, and found
that a higher dcld factor results in a higher amplitude and earlier shock arrival at L1. This is due to
the fact that the dcld factor in a sense gauges the mass of the CME, and so with a higher value one
would expect more plasma pile-up and more extensive drag from the ambient solar wind. What is
interesting about this particular factor for our study is that 1) a lower dcld than the standard value
could potentially serve to both remedy the too high amplitude and the too early arrival of IP shock
1 in the baseline run, and 2) a recent study on the shock compression factor of halo CMEs (Kwon
and Vourlidas 2018) indicates that dcld could take a range of values between 1.3 − 4.8 (compare
standard dcld = 4). There is thus some basis for introducing such a change, but how would one go
about estimating dcld for a specific CME?
One of the aims for this comparative study was to investigate prospective changes that could
be made to improve the forecasts made by designated forecasters at the CCMC. Therefore any
changes that are introduced should be simple and fast to implement so as to maximize the use in
an operational setting. With the use of the improfile tool from the Image Processing Toolbox in
21

Figure 14: Scheme of the dcld estimation procedure. Care is taken to extract the correct, relative
pixel count between the shock front (red) and the ambient solar wind, and not the core (blue).
Matlab, it is possible to make a cut across the leading edge in an image from LASCO/C3 around
the time at which the actual front crossed the inner boundary at ∼ 21.5 R (see Figure 14). Then
the density enhancement compared to the ambient solar wind can be estimated from the relative
change in the pixel count. In reality several cuts were made at approximately the same location so
as to increase the signal-to-noise ratio.
This is admittedly a very rough estimate of the actual density enhancement, especially since
no consideration has been taken to account for the line-of-sight density distribution, which would
make the estimate likely to be very sensitive to projection effects due to Thompson scattering. The
measured values for both CME 2 and 3 are however in line with Kwon and Vourlidas (2018) results.
They used the GCS approach to estimate the shock compression value at the leading front, which
should make a better job at taking care of the mentioned projection effects. The dcld factor of CME
1 could not be reliably estimated as CME 2 merged with CME 1 before reaching the inner boundary
at 21.5 R . Therefore, only CME 2 and 3 were included in the custom run in order to reduce the
number of uncertain parameters (see Table 5).
When these custom dcld factors are introduced into the original run the forecast for the IP shock
1 is drastically improved (see Figure 15). The only remaining difference in terms of timing seems
like it could be derived from the slight mismatch between the modeled and the true ambient solar
wind. What is more troubling is the fact that the timing and amplitude of the second IP shock is
now worse than before.
Something that could potentially explain this late arrival is a change in the ambient solar wind
conditions, i.e. fast tenuous solar wind in the wake of the first shock. If accounted for, this would
give an earlier arrival. Also, it is clear that this shock front hits the low proton temperature environment of the magnetic cloud of the preceeding CME. So apart from the magnetic effects that would
arise in such a case, which ENLIL cannot account for, the temperature gradient between these two
would give rise to an expansion. This would serve to lower the density readout and increase the
speed, which looks to be just what we need.
When the same custom dcld extraction procedure is performed for an ”undisturbed” CME, in
this case a geoeffective CME on 2012 July 12 which produced an unusually long geomagnetic
22

Table 5: Input parameters for the selected events in the customized dcld run. Differences to the
baseline input are marked in red.
1

2

2017-09-04 22:43:33

2017-09-06 14:40:41

L ATITUDE

−10◦

−9◦

L ONGITUDE

11◦

34◦

H ALF - WIDTH

50◦

50◦

I NITIAL SPEED

1734 km/s

1468 km/s

dcld

2.1

1.2

CME
C ARRINGTON ROTATION

2194

T IME @ 21.5 R
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Figure 15: Output from the WSA-ENLIL+Cone custom run.
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Figure 16: Output from the WSA-ENLIL+Cone model for the July 12 2012 CME event.
storm duration, it seems to perform just as well as for first IP shock in the September 2017 event
(see Figure 16). This result seems to indicate that the custom dcld feature could potentially offer
a quick, simple and accessible way of improving the forecast for ”undisturbed” events, i.e. when
there are no previous Earth-directed, geoeffective events ∼ 2 − 5 days prior (Temmer et al. 2017).
See http://github.com/elisabethwerner94/master-thesis-.git for the set of
input variables for the July 12 CME.
The EUHFORIA team at Helsinki University (J. Pomoell, E. Kilpua, E. Asvestari etc.) courteously granted us access to their model for two runs with the input detailed in Table 1 and Table 5.
Do note, however, that EUHFORIA has a slightly different take on the dcld factor, featuring instead
a typical CME mass, which nonetheless could be converted into the appropriate density enhancement factor. It turns out that the CME mass that is typically used by ENLIL corresponds to a density
enhancement factor of dcld = 2, which is closer to the mean shock compression factor as found
in the study by Kwon and Vourlidas (2018) than the assumed value by WSA-ENLIL+Cone. The
baseline run output from the EUHFORIA model is shown in Figure 17 and the custom dcld run
output is shown in Figure 18.
The two models show very different results despite having the same input and being based on
very similar computing schemes. EUHFORIA is showing much more detail and lots of localized
density and velocity structures can be seen in Figure 17. The arrival of IP shock 1 lies 9 hours
ahead of the one predicted by ENLIL, and 21 hours ahead of the true arrival. Although the density
peak is reduced by a factor of ∼ 40% compared to WSA-ENLIL+Cone, it is still much too high. It
thus became abundantly clear that the input speed of CME 2 is just too high. This complicates the
analysis of the in-situ signatures a great deal and it is clear that the input speed of CME 2 must be
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Figure 17: EUHFORIA against WSA-ENLIL+Cone output for the baseline input (see Table 1).
reexamined.
As was stated previously in section 3, the plane-of-sky speed as measured in the frame-series
mode can be decomposed into two different speeds, the leading edge-speed vLE , which defines the
speed of the fastest moving front and the expansion speed, vexp , which describes the expansion of
its width through time. As the leading edge is invisible in a perfect halo scenario (see Figure 8b),
it turns out that what is actually measured is the expansion speed, or rather 1/2vexp . In the perfect
limb scenario (see Figure 8a) we are measuring vLE only. Gopalswamy et al. (2009) was able to
show that both of these expressions equal the radial speed vrad (once again, assuming a 2D polar
system (r, θ, φ = 0)).
However, this is only true in the idealized limb or halo scenario. The true direction of motion,
or source region, will likely lie somewhere in between of these two, very specific positions. This
means that the sky-of-plane speed will include a contribution from both vLE = vrad and vdisk =
1/2vexp = vrad , meaning that the measured speed will be higher than the true vrad in every case
that is not identical to the two idealized cases. The estimated direction of motion of the studied
CMEs and the position of the STEREO satellites at the time of the the events makes it abundantly
clear that if the objective is to get the most reliable estimate of vdisk , then the plane-of-sky speed is
preferentially measured from SOHO in the Sep 4 events, and from STEREO-A for the Sep 6 CME.
A second look on the speed estimates that were originally made for the baseline run reveals
that the speed estimate for CME 2 was based on a mere two frames in succession in the C2 field of
view, which turns out to be the only two frames that were available from C2 due to the initially high
speed of CME 2. When revisiting the frame-series mode, and now including nine frames from the
C3 view (which almost manages to hit the exact ∼ 21.5 R limit) it becomes clear that the speed
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Figure 18: EUHFORIA against WSA-ENLIL+Cone output for the custom dcld input (see Table 5).
is in fact much lower than originally thought, now settling at an approximate value of 1375 km/s.
This new speed estimate is likely to be the result of a deceleration taking place in the low corona.
Incorporating this new speed in the baseline run (see Table 6) yields the following result, as
shown in Figure 19. The forecast for IP shock 1 is greatly improved, and gives further confidence
to the conclusion that there are some extraneous magnetic effects giving rise to the discrepancy in
the in-situ signatures of the second IP shock.

4.1

Sep 6 type II radio burst

The eruption of the Sep 6 CME was followed by a type II radio burst (see Figure 20). Its onset was
detected by Radio receiver band 2 (RAD2) on the Radio and Plasma Wave Investigation (WAVES)
instrument onboard WIND. The main evolution of the type II radio burst was detected by Radio
receiver band 1 (RAD1)/WAVES/WIND and the Thermal Noise Receiver (TNR)/WAVES/WIND
from ∼15:00 until the arrival of IP shock 1 at L1 (∼23:00; see Figure 20). The occurrence of a
type II radio burst is indicative of shock formation and subsequent propagation through the solar
corona, and can tell us something about the properties of the Sep 6 CME, and as it turns out, the
medium through which it is propagating. The frequency by which the radio emission is emitted
is dependent upon the density of the medium in which the source is located, and the drift of the
emission to lower frequencies can tell us something about the temporal evolution of this shock. As
there was no instrument between the Sun and Earth capable of taking in-situ measurements at the
time of these events, this technique offers perhaps the only way of deducing the sequence of events
before the actual merging, and thus the preconditioning of the medium by the first IP shock. See
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Table 6: Input parameters for the selected events in an additional run with an improved speed
estimation for CME 1. Differences to the baseline input are marked in red.
1

2

3

2017-09-05 01:05:53

2017-09-04 23:12:06

2017-09-06 14:40:41
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Figure 19: Comparison between the output from the WSA-ENLIL+Cone baseline run to the run
with the updated CME 2 speed.
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Figure 20: Dynamical spectra of the radio emission following the Sep 6 CME event (see the Appendix for data acknowledgement). The strongest emission feature on the left side of the graph is
the type III burst coming from the eruption of the CME itself. Circled in white is the type II radio
burst, which is clearly discernible against the background continuum until the arrival of IP shock
1, as marked by the dashed white line at ∼ 23:00. The orange arrows point to flare type III bursts,
which interfere with the type II burst. The red arrows point out the fundamental plasma emission
(fpe) line.
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Figure 21: Resulting propagation profile from the kmTII emission analysis from IP shock 2. The
vertical line at 36 h marks the true arrival of IP shock 2. The dashed red lines signifies the spread
in frequencies while the points represent the main frequency channel of the emission.
Appendix A for the full theory and methodology, here we will only mention some key results.
It turns out that the data best fits a constant velocity profile, and thus the piecewise model was
scrapped in favor of a simple one. The resulting image is shown in Figure 21 and the fit result:
a=1R

(fixed at bound)

b = 1260 km/s
c = −0.005 (fixed at bound)
where a is the starting height of the emission, b is the initial velocity and c is the acceleration. It
appears that the acceleration was automatically set to the lowest possible bound, implying that the
profile is indeed close to being governed by a constant acceleration. The uncertainties however, are
large. It is likely that the roughness of both the density model and the proposed propagation model
is a reflection of this.
As the main portion of the frequency-time drift of the Sep 6 type II radio burst is situated at
0.6 MHz to 40 kHz (see Figure 20), it is identified as kilometric radio type II (kmTII) emission.
Emission in this frequency range mainly probes the interplanetary medium (1 MHz corresponds
to 10-20 R ), and since this particular CME is rather fast (1468 km/s), it is expected that the
frequency-time drift should reflect a moderate deceleration.
The propagation profile fit to the kmTII data, however, seems to put the transition point t = k
after the last data point. This is a puzzling find, as we would expect this transition to occur relatively
early on, even before the time of the available data. The results from this analysis appears to
suggest an extraordinarily small deceleration, verging on a constant speed, of the shock front in the
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interplanetary medium. As this kind of behavior would normally not be expected at this distance
from the Sun, it gives a strong indication that the ambient solar wind conditions in the wake of
previous IP shock (resulting from the Sep 4 CMEs) has been altered to exert very little resistance
against the shock front coming from the Sep 6 CME.

5

Discussion

The introduction of the custom density enhancement (dcld) feature resulted in a dramatic improvement of the flow speed forecast for IP shock 1. The successful test of the 2012 July 12 event seems
to indicate that this measure could have more widespread applicability, thus offering a quick, easy
and successful way of improving the forecast for fast CMEs.
This does not seem to hold for particular cases of interacting CMEs however. The CME 1+2
interaction does not seem to have a bad impact on the forecast, but the interaction between CME
2+3 is likely the leading culprit for the bad forecast of IP shock 2. The properties of the included
CMEs in this particular event seems to suggest that CME 1 is too weak (i.e. too slow) to have a
considerable impact on the timing of IP shock 1. Whether the long-term merging process of this
event have any effect is unclear. CME 2 and 3 however are of comparable velocities, with CME 3
having a slightly higher speed and is, as it seems, affected by less drag from the surrounding ambient
solar wind due to the passage of the previous IP shock. From the in-situ signatures it seems that the
leading edge of CME 3 managed to catch up to CME 1+2 and compress the magnetic cloud of IP
shock 1, and thus giving rise to a more geoeffective structure.
As the shock front of IP shock 1 encounters the low proton temperature environment of the
magnetic cloud ahead, the temperature gradient between the two should give rise to an expansion
of the shock front, with an increase in speed and decrease in density as a result of this. The details
surrounding the wealth of magnetic effects which would arise from this shock-flux rope interaction
is largely unclear at the moment. From the effect it has on the potential geoeffectiveness of a
combined structure, and as it seems, the timing, it is clear that more attention should be devoted
to modeling of shock-flux rope and flux rope-flux rope interactions in interplanetary space in the
future.
The determination of input parameters is acknowledged as one of the most difficult aspects
of forecasting, and triangulation of the direction of motion, speed and true cone half-width is not
always accessible any time or any geometry of a particular event. What this study seems to suggest
is that the plane-of-sky speed may offer a viable alternative to a triangulation procedure for halo
CMEs or, at the moment, CMEs with a direction of motion (or in this case, source region) at a
180◦ angle from STEREO A (i.e. a halo CME from another field of view). It will be necessary,
however, to formulate an analytical correction model to account for CMEs with a direction of
motion displaced by / 10◦ from the line of sight or the solar equator.
The outcome shown in Figure 13 from removing CME 1 from the input is a really interesting
result, as it clearly implies that even slow CMEs are capable of introducing relatively large disturbances in the final output. Especially so since these local structures seems like they can be traced
back to actual structures in the in-situ signal. This calls for more attention to include seemingly
insignificant CMEs to the standard runs.
The resulting propagation profile from the type II radio burst study appears to strengthen our
resolve and support the argument inferred from the result of the WSA-Enlil+Cone prediction, i.e.
that preconditioning from previous IP shocks can advance the arrival of later IP shocks and even
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cause greater geoeffectiveness due to compression of the preceding flux rope.
The lack of a broadening and increase in the emission, which would be indicative of a merging
between two shock fronts or the introduction of a denser medium in the path of the original shock
wave, suggests that the interaction between the magnetic cloud of IP shock 1 and the leading edge
of IP shock 2 did not begin until later.

6

Conclusions

We modeled the three CMEs responsible for the emergence of the complex ejecta on 2017 Sep 6-9
using the WSA-ENLIL+Cone model and its European analogue, EUHFORIA. The halo characteristics of the CMEs and the bad conditions for triangulated measurements necessitated a combination
of new and established methods to determine the Cone input in a guise never previously seen. From
the supplemental runs which were made to improve the baseline run, we are able to pinpoint the
source of the abnormally high densities seen in the original WSA-ENLIL+Cone run, probe the influence of seemingly insignificant CMEs to the total output and finally reveal a new tool that has
the possibility of greatly improving the timing and speed amplitude forecast for ”nice” (fast and no
major disturbance) CME events.
From the discrepancy between model and data we are also able to draw new, exciting conclusions about the physical processes that a simple pressure pulse cannot convey, i.e. the expansion of
IP shock 2 as a result of entering the low temperature environment of MC 1. We also discuss the
role of preconditioning behind the early arrival of IP shock 2, and are able to support our claims
with a study of the type II radio burst emission following the eruption of CME 3. Although it was
expected to experience a moderate, but clear deceleration in interplanetary space judging from its
high speed compared to the ambient solar wind, it is instead characterized by a close to constant
speed. This implies that the ambient solar wind was preconditioned to exert less drag on IP shock
2, thus allowing it to maintain a constant speed for far longer than what would be expected.
This goes to show that models in space physics presents us with the perfect tools to understand
not only the physical processes that the simplified models can predict, but perhaps more importantly,
help us begin to understand what the models fail to predict.
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Figure 22: Schematic showing the characteristics of type I-V type radio bursts in frequency space
(Hiraiso Radio Spectrograph 2012).

Appendix A
There are various classes of sporadic radio burst emission of solar origin that can be attributed to
geoeffective solar transients, and are categorized by their frequency range, duration and drift (see
Figure 22). Type II radio emission, which is what we will investigate further in this section, is
characterized by a gradual drift to lower frequencies with time. The emission itself is thought to be
caused by the acceleration of electrons at propagating shock waves in the coronal and interplanetary
medium, and is emitted at the fundamental plasma frequency (a = 9) or its first harmonic (a = 18).
The local plasma frequency (Feng et al. 2018),
q

fpe = a ne [cm−3 ] [Hz]

(5)

depends on the electron number density in the medium Ne through which the shock is propagating.
It is thus necessary to employ a coronal density model, the standard choice being the one formulated
by Leblanc et al. (1998),
ne (r [R ]) = 3.3 · 105 r−2 + 4.1 · 106 r−4 + 8.0 · 107 r−6 [cm−3 ].

(6)

The drift to lower frequencies may be understood from the following: as the mechanism by
which the emission is emitted is the same irrespective of the height, emission at different frequencies
must come from different layers in the solar atmosphere. Since the electron density decreases with
altitude, emission at longer wavelengths must imply that the source of the radio emission is moving
into layers at a farther distance from the Sun. By plotting the frequency-time dependency of the
emission in a so called ”dynamic spectrum”, the height-time dynamics of the moving structure
can be visualized. Ideally, this could tell us something about the velocity of a CME all the way

Figure 23: Plot from Cremades et al. (2015) showing the typical propagation profile in the interplanetary medium for 71 CMEs as a function of its initial speed, as inferred from kmTII burst
emission.
out to 1 AU. However, what we actually see is that some CMEs are ”radio-quiet”, i.e. does not
produce a type II burst at all. It appears that only the fastest CMEs ( 1000 km/s) are able to produce
a shock wave capable of emitting a clear signal that can be picked up by space-based radio and
plasma wave instruments. This is in fact good news for space weather forecasters, as the CME bulk
speed is one of the strongest drivers behind intense geomagnetic storms. Thus, it appears that this
remote-sensing technique have particularly good applicability for this field of research.
To make sense of the radio burst type II data it is necessary to make some assumptions about the
general time evolution of the CME as it moves into the interplanetary medium. It can be assumed
that the CME will experience a rapid deceleration in the low corona and then propagate at an
approximately constant velocity in the outer corona, a fact which is used by StereoCAT to infer
the speed at 21.5 R from coronagraph images. Once in the interplanetary medium, where the
ambient solar wind gains influence on the propagation of the CME, it will finally revert to a gradual
deceleration/acceleration (Liu et al. 2013). The nature of this last part in the CME’s propagation
profile depends on the speed of the CME compared to that of the ambient solar wind: slow CMEs
accelerate, fast CMEs decelerate and some maintain a constant speed (see Figure 23 from Cremades
et al. (2015)).
In similarity with Liu et al. (2013), we assume a piecewise propagation profile,
(

r(t) =

a + bt,
if t < k
1
2
(a + bk) + b(x − k) + 2 c(x − k) , otherwise

(7)

where r(t) is the altitude above the solar surface with time t, a is the starting distance and b is the
initial velocity. This allows for a constant speed b up to a point in time t = k, then assuming a

d
seamless transition into a constant acceleration (deceleration) c with b0 = dt
r(t = k) = b from
0
height a = r(t = k) = a + bk.
The coronal density model formulated by Leblanc et al. (1998) is normalized to an average
electron plasma density at 1 AU of ne = 7.2 cm−3 , a value which has been chosen from statistics
of 445 type II burst events to reflect the most likely value over time. However, it turns out that this
value has a very strong influence on the fit of the data. This calls for a more customized density
estimate, which Cremades et al. (2015) was able to do for 71 type II burst events through the use of
a neural network script which detects the electron plasma density at WIND from the local plasma
frequency ”line” (fpe) visible in the dynamical spectra supplied by WIND (see Figure 20). The
full details regarding the data access to form the dynamical spectra and estimate the 1 AU electron
plasma density are listed further down in this section.
For this particular event, much of the available data was flagged as bad (<50). The only continuous set of good quality (≥ 200) data that was available during said event occurred during the first
two hours after the eruption. This same interval was coicindentally marked by an increase in electron density which is not seen anywhere else. This is deemed to be due to the electron contamination
from the large gradual SEP event following the eruption. Thus, it is better to base this estimate on
the position of the fpe line in the hours just preceding the eruption. To avoid a localized enhanced
density structure at 2017-09-06 02:30-03:30, the interval 2017-09-06 05:00-12:00 was chosen. The
mean electron density in this region lies at 6.5 [cm− 3], which is not too far from the representative
value of 7.2 [cm− 3] at 1 AU as was assumed in the original theory Leblanc et al. (1998). In any
case, we adopt our derived value of 6.5 [cm− 3] and normalize Leblanc’s coronal density model
with the multiplier n0 /7.2 = 6.5/7.2. Keep in mind that the estimated value of 6.5 [cm− 3] represents the density at 1 AU for the undisturbed medium before the arrival of IP shock 1, meaning
that the true density at 1 AU that best matches the IP density profile as experienced by the second
IP shock should be lower than the assumed value.
The data used to produce the dynamical spectra was collected from the Wind Radio/Plasma
Wave, (WAVES) Key Parameters data set (W1_K0_WAV), compiled by M. L. Kaiser (GSFC)
and made available through SPDF’s Coordinated Data Analysis Web (CDAWeb) Data Explorer
(https://cdaweb.sci.gsfc.nasa.gov/index.html/). The average intensity of the
electric field strength at 76 log-space frequencies (≈ 300 − 1 · 107 Hz), as measured in dB above
the background noise, is available at a temporal cadence of 3 min. The local electron plasma density
estimate is available in the same data set (W1_K0_WAV). The quality flag record of this electron
density data is available in the High Resolution Plasma Density data set (W1_H0_WAV), also compiled by M. L. Kaiser (GSFC) and made available through the CDAWeb interface.
The average E field data per frequency was plotted against time to form the dynamical spectra.
The intensities over 5 dB was enhanced by a factor of three, while all data with intensity below 5 dB
was nulled. Then, cross sections across the type II burst were selected at representative locations
(avoiding type III bursts; see Figure 20) and a Gaussian was fitted to the line profiles in order to find
the highest emitting frequency at each cross section. These data were stored and transformed into
distances through Leblanc’s density model in order to plot the height-time evolution of the shock
front. Then, the piecewise propagation profile was fitted to the data, yielding an approximate value
for the distance of shock formation, initial speed and acceleration (deceleration; see Figure 21 and
Section 4).

