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Mask	
  Fitting	
  Method:	
  input	
  data	
  	
  
Input	
  data:	
  	
  2D	
  coordinates	
  of	
  the	
  CME	
  periphery	
  in	
  coronagraph	
  images	
  from	
  
three	
  viewpoints:	
  COR	
  1	
  &	
  2	
  /STEREO	
  A,	
  B	
  	
  and	
  LASCO	
  C2	
  &	
  3	
  /SOHO	
  	
  

In	
  cases	
  that	
  three	
  images	
  are	
  not	
  taken	
  simultaneously,	
  linear	
  interpolaKon	
  of	
  the	
  
CME	
  periphery	
  posiKons	
  is	
  used	
  for	
  a	
  desired	
  Kme.	
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Mask	
  Fitting	
  Method:	
  method	
  description	
  

project	
  each	
  3D	
  grid	
  point	
  

Define	
  and	
  discreKse	
  a	
  sun-­‐
centred	
  3D	
  box	
  	
  and	
  project	
  
each	
  grid	
  point	
  into	
  three	
  
image	
  planes.	
  

A	
  3D	
  point	
  is	
  considered	
  to 
be within	
  a	
  CME	
  only	
  when	
  
its	
  three	
  projecKons	
  are	
  all	
  
located	
  within	
  the	
  masks	
  
marked	
  by	
  red	
  points	
  in	
  the	
  
leR	
  images.	
  



Mask	
  Fitting	
  Method:	
  method	
  description	
  

Bezier	
  curves	
  are	
  applied	
  to	
  smooth	
  the	
  
reconstrucKon	
  in	
  each	
  slice	
  of	
  CME.	
  

The	
  stack	
  of	
  all	
  slices	
  form	
  a	
  CME	
  cloud	
  in	
  3D.	
  	
  
Further	
  analyses:	
  geometric	
  centre,	
  eigen	
  
values	
  along	
  three	
  principal	
  axes.	
  	
  



Comparison	
  of	
  the	
  methods �
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Excluding the LCT+TR method, the latitude of the CME’s centre of gravity derived from other 
methods deviates within one degree and longitude differs within 19 degrees. 
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3D	
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Step	
  1:	
  combine	
  COR	
  and	
  HI1	
  images  



Step	
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  images	
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Camera	
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Abstract. In Paper I, Greisen & Calabretta (2002) describe a generalized method for assigning physical coordinates to FITS
image pixels. This paper implements this method for all spherical map projections likely to be of interest in astronomy. The
new methods encompass existing informal FITS spherical coordinate conventions and translations from them are described.
Detailed examples of header interpretation and construction are given.
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1. Introduction

This paper is the second in a series which establishes conven-
tions by which world coordinates may be associated with FITS
(Hanisch et al. 2001) image, random groups, and table data.
Paper I (Greisen & Calabretta 2002) lays the groundwork by
developing general constructs and related FITS header key-
words and the rules for their usage in recording coordinate in-
formation. In Paper III, Greisen et al. (2002) apply these meth-
ods to spectral coordinates. Paper IV (Calabretta et al. 2002)
extends the formalism to deal with general distortions of the co-
ordinate grid. This paper, Paper II, addresses the specific prob-
lem of describing celestial coordinates in a two-dimensional
projection of the sky. As such it generalizes the informal but
widely used conventions established by Greisen (1983, 1986)
for the Astronomical Image Processing System, hereinafter re-
ferred to as the AIPS convention.

Paper I describes the computation of world coordinates as
a multi-step process. Pixel coordinates are linearly transformed
to intermediate world coordinates that in the final step are trans-
formed into the required world coordinates.

In this paper we associate particular elements of the inter-
mediate world coordinates with Cartesian coordinates in the
plane of the spherical projection. Figure 1, by analogy with
Fig. 1 of Paper I, focuses on the transformation as it applies
to these projection plane coordinates. The final step is here di-
vided into two sub-steps, a spherical projection defined in terms
of a convenient coordinate system which we refer to as native
spherical coordinates, followed by a spherical rotation of these
native coordinates to the required celestial coordinate system.

Send o↵print requests to: M. Calabretta,
e-mail: mcalabre@atnf.csiro.au
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Fig. 1. Conversion of pixel coordinates to celestial coordinates. The
intermediate world coordinates of Paper I, Fig. 1 are here interpreted
as projection plane coordinates, i.e. Cartesian coordinates in the plane
of projection, and the multiple steps required to produce them have
been condensed into one. This paper is concerned in particular with
the steps enclosed in the dotted box. For later reference, the math-
ematical symbols associated with each step are shown in the box at
right (see also Tables 1 and 13).

The original FITS paper by Wells et al. (1981) intro-
duced the CRPIX ja1 keyword to define the pixel coordinates
(r1, r2, r3, . . .) of a coordinate reference point. Paper I retains

1 The single-character alternate version code “a” on the various
FITS keywords was introduced in Paper I. It has values blank and
A through Z.
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sen error of ±10% in VIP, that we use on all plots that
show interplanetary speeds. A similar range was found
by Lugaz et al. (2011) through numerical testing. Our
experiment showed systematic errors in the arrival times
of a maximum of ±10% of the total CME transit time.
Table 1 presents a summary of results from geometri-

cal modeling. We state, for simplicity, the results from
SSEF only (with λ = 45◦). The speeds and directions
from SSEF are in between those from the extreme mod-
els FPF and HMF, thus the SSEF results form a good
average of these parameters. Columns 5 to 10 of this
table show the interplanetary CME direction (heliocen-
tric longitude) ΦIP;Earth with respect to Earth and with
respect to the HI observer, ΦIP;HI, as well as the speed
of the model apex, VIP, and the speed of the front in the
direction of the in situ observatory, VIPo. Finally, ta is
the predicted arrival time of the CME leading edge at
the spacecraft stated in the last column.

2.3. In situ solar wind data

Figure 3 presents an overview of the near-Earth (L1)
in situ solar wind data of proton bulk parameters and
magnetic field components from 2012 July 13–18. We
show data from the Solar Wind Experiment (SWE,
Ogilvie et al. 1995) and the Magnetic Field Investiga-
tion (MFI, Lepping et al. 1995) on the Wind spacecraft,
at a 1-minute time resolution. For 5 of the 24 in situ
ICME arrivals in our study we use magnetic fields and
proton data from the IMPACT (Luhmann et al. 2008)
and PLASTIC (Galvin et al. 2008) instruments on the
STEREO-B spacecraft.
In Figure 3 we can see the signatures of an ICME in

the near-Earth solar wind. A clear shock is seen on
2012 July 14 1738 UT, signaled by sudden jumps in
magnetic field, speed, density and temperature, delim-
ited by the first solid vertical line on the left. Behind
the shock follows the sheath region of high density and
high temperature solar wind, and variable magnetic field.
Around 2012 July 15 0600 UT, at the second solid verti-
cal line, this region ends and the interval of a magnetic
cloud (Burlaga et al. 1981) begins, which extends about
48 hours up to early July 17, where a third vertical line
signals the end of the cloud. This region is an example of
a clean magnetic structure passing the spacecraft, and is
characterized by strong magnetic field strength, a smooth
rotation of the magnetic field vector, which is shown in
Geocentric Solar Ecliptic (GSE ) coordinates, and low
proton temperature. Such observations are usually in-
terpreted as a magnetic flux rope, extending tube-like
from the Sun with a helical magnetic field geometry (e.g.
Al-Haddad et al. 2013; Janvier et al. 2013). We do not
discuss magnetic cloud geometry further in this paper,
but, for completeness, in this case the field rotates from
solar east (BY > 0) to south of the ecliptic (BZ < 0)
to solar west (BY < 0). This cloud is of east-south-west
(ESW) type (Bothmer & Schwenn 1998; Mulligan et al.
1998), and its axis is consequently roughly normal to the
ecliptic plane pointing southward. Also shown are the
results for arrival times and speeds by the geometrical
modeling methods (“SSEF corr.” will be explained in
Section 3.2). The fact that they are accurate to within
a few hours of the observed arrival time at the location
of Earth establishes the connection from the remote HI
data to the in situ data near 1 AU.

Fig. 2.— Geometrical modeling of the 2012 July 12-14 CME. (a)
The density track of the CME visible in a J-map from STEREO-
A, with extracted time and elongation data points (“x” symbols)
of the CME front, using the SATPLOT software tool available
in IDL SolarSoft. (b) Fit of the extracted CME track with the
Self-Similar Expansion Fitting (SSEF) model. Some results are
indicated on the plot. Note that the Fixed-Φ Fitting (FPF) and
Harmonic Mean Fitting (HMF) models (not shown) also repro-
duce well the observed time-elongation track. (c) The resulting
geometry of the event, with propagation directions derived from
FPF (dot-dashed red line emanating from the Sun), SSEF (solid
green line) and HMF (dotted blue line) indicated. The HMF cir-
cle (180◦ full width) is dotted blue, and the SSEF circle (90◦ full
width) is solid green. Also indicated is the direction from the crois-
sant modeling by a black arrow.
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In	
  situ	
  observations 
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Fig. 3.— In situ solar wind observations from the near-Earth Wind spacecraft, at the Sun-Earth L1 point, between 2012 July 13–18.
From top to bottom: (a) Total magnetic field strength and BX and BY components (in Geocentric Solar Ecliptic or GSE coordinates).
(b) Magnetic field component BZ in GSE. (c) Proton bulk speed. (d) Proton number density. (e) Proton temperature. (f) Magnetic (PB),
plasma (Pp) and total pressure (Ptot). Predicted arrival times from the FPF (red), HMF (blue) and SSEF (green) models are indicated
as vertical dashed lines. The speeds predicted by the same models are shown in panel (c) as horizontal bars, in similar colors, for direct
comparison to the in situ proton bulk speed. The width of the horizontal bars corresponds to the estimated error in arrival time resulting
from the manual selection of points (±10% of the total CME transit time). The corrected arrival time (in version 1, see text) and the
corrected speed (“SSEF corr.”) from section 3.2 are shown as pink vertical and horizontal lines, respectively.

showed theoretically that this behaviour ultimately re-
sults from the constant speed assumption of the mod-
els, because the real deceleration of a fast CME in the
interplanetary medium is interpreted by the models as
geometrical deceleration, which means a change in direc-
tion as compared to a CME which is not decelerating.
Lugaz & Kintner (2013) argued that the FPF model is
in this way superior to the others, because the error re-
sulting from neglecting deceleration is cancelled by ne-
glecting the CME width.
We confirm this relationship from the observations

in our dataset in Figure 6, where we plot the inter-

planetary speed VIP against the difference in direction
from the two extreme models FPF and HMF: ∆Φ′

IP =
ΦIP;FPF − ΦIP;HMF. Higher interplanetary speeds are
clearly correlated with larger differences in direction. We
also quote linear relationships on the plot from which
the resulting FPF–HMF direction difference ∆Φ′

IP can
be estimated, if VIP is already known from one of the
geometrical models.
We can take away from this section that connecting

CME directions from the corona to the interplanetary
medium works to within 30◦ in heliocentric longitude.
However, the models that feature an extended CME

Moestl	
  et	
  al.	
  2014,	
  ApJ 



Magnetic	
  field	
  data	
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  Messenger	
  and	
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VEX	
  electron	
  and	
  ion	
  spectral	
  width	
  	
  
probably	
  heated	
  plasma	
  by	
  the	
  shock	
  on	
  July	
  14th? 



Outlook�

A	
  time	
  sequence	
  of	
  the	
  3D	
  reconstructions	
  of	
  the	
  
CME	
  and	
  	
  its	
  driven	
  shock	
  
	
  1.	
  to	
  analyze	
  their	
  kinematics	
  	
  
2.	
  to	
  have	
  a	
  better	
  understanding	
  of	
  the	
  link	
  between	
  
the	
  remote	
  sensing	
  and	
  in-­‐situ	
  observations 
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