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1)

BRIEF OVERVIEW OF THE PROJECT

The goal of this project is to review and motivate the use of methods in Solar Physics such as the DragBased Model (DBM) and 3D-reconstruction (Stereoscopy) etc. to study and model the kinematics of Coronal
Mass Ejections from the Sun, with the main aim being the estimation of arrival times of CMEs directed
Earth-wards (Halo CMEs). This contrasts with a data-driven approach, wherein purely mathematical curves
are fit to CME data obtained via Solar Observatories, which are then extrapolated to estimate the arrival
times. Although the DBM based approach is also technically a curve fitting that relies on some observational
data to fit model parameters, it is much more efficient than an abstract, purely mathematical curve-fitting
because it is based on Physics. Hence, not only is it capable of reducing the error in estimating arrival times
compared to the data-driven approach, but also, such a Physics-based approach gives insight into the
workings of CMEs and other Solar phenomena. Also, the accuracy of the data-driven approach, which relies
on extrapolating an interpolated mathematical curve, is proportional to the number of interpolated data
points i.e. a lot of data is required to ensure that the curve fitting will produce accurate results when
extrapolated. The DBM-based approach, on the other hand, is much more efficient as it requires minimal
initial data to obtain certain model parameters, and does not require a lot of observational data to
accurately predict the CME kinematics.
The estimation of the arrival times of CMEs is an important issue since Earth-bound CMEs i.e. Halo-CMEs
have a direct, measurable impact on human activities. Since CMEs are composed of plasma (high energy
charged particles and magnetic fields), when they reach the Earth, CMEs can cause geomagnetic storms in
the Earth’s magnetosphere, and the injection and interaction of charged particles with the Earth’s
atmosphere. Also, associated with CMEs are Solar Flares, which are comprised of high energy radiation (XRays etc.). Hence, apart from producing beautiful Aurorae near the poles, Halo-CMEs can also have a lot of
negative impacts on human activities, such as:
1. Interference of telecommunication through phone lines and satellites.
2. Increase in radiation exposure to high-altitude and/or high-latitude aircraft ﬂiers and astronauts.
3. Increase in atmospheric drag on orbiting spacecraft, thereby reducing orbit speed (potential crash
landing).
4. Interference in spacecraft circuitry.
5. Damage to spacecraft hardware (e.g. solar cells).
6. Interference/damage to ground-based micro – and nanocircuitry.
7. Unexpected current generation in powerlines, resulting in power station damage.
It is therefore essential to be able to predict the arrival of Halo-CMEs so that accurate measures can be
taken to deal with the above possibilities.
In this project, I have worked on analysing CME data from LASCO (SOHO) and STEREO (SECCHI) and have
applied the methods described earlier to obtain the kinematics of these CMEs, particularly, the arrival
times. The results are compared with works which have already been published and are used to motivate
the goal of this project. Also, certain other topics that I have worked on which are related to Solar Physics,
but not directly related to the aim of this project, are also included (automated CME tracking etc.)
Finally, one more point to be noted is that even the DBM based approach has not yet been entirely
perfected and even the best models still don’t have perfect accuracy in predicting arrival times, although
the error has been decreasing as newer and better models get published. This has several reasons: Solar
phenomena are extremely complex and are difficult to model. Even those that have been modelled use
approximations that can cause loss in accuracy. Further, there is still debate as to certain definitions and
approaches (eg. defining the leading edge of a CME and the leading-edge velocity etc.) which causes
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different observers to obtain different results and contributes to error. Lastly, every CME is unique in that
its structure and evolution are sensitive to the initial conditions in and around the Sun and the distribution
of the Interplanetary Medium. These conditions are quite impossible to know beforehand. Hence, some
observational data is required to obtain model parameters for each CME.

2)

BRIEF OVERVIEW OF RELEVANT TOPICS IN SOLAR PHYSICS

I) Coronal Mass Ejections:
A Coronal Mass Ejection(CME), is a large eruption of plasma and magnetic ﬁeld from the Sun. It can contain
a mass larger than 1013 kg, achieve a speed of several thousand kilometers per second and may span several
tens of degrees of heliographic latitude and/or longitude. CMEs often (but not always) accompany Solar
Flares, which are high-energy, broad-spectrum bursts of electromagnetic radiation from the Sun. The
relation between CMEs and flares is still not well established (The Solar Flare Myth). The frequency of CMEs
depends on the Solar Cycle, with occurrences of a couple per day during the solar maxima, and only one
per couple of days during the solar minima. CMEs may erupt from any region of the corona but are more
often associated with lower latitude regions, particularly near solar minimum. Only a small percentage of
CMEs are directed toward the Earth, and are called Halo-CMEs or Partial Halo-CMEs, due to their halo-like
appearance around the Sun as seen from instruments on Earth. Their effects on Earth have been discussed
in the previous section. CMEs can travel large distances (covering the entire Heliospheric region). Far away
from the Sun, CMEs are conventionally called ICMEs (Inter-planetary CMEs).

II) Structure and Composition of CMEs:
CMEs are composed of plasma and magnetic fields associated with such plasmas. The plasma itself,
particularly is composed of electrons and ions, made up of a combination of material from many regions of
the Sun (Corona, Photosphere, Solar Wind etc.), with varying composition from each region. Furthermore,
as CMEs propagate, they accrete matter from the Inter-Planetary medium. Thus, the composition of ICMEs
may evolve with time. While different ICMEs have different compositions, some commonly observed
elements are He++, H+ and Fe16+ ions and electrons.
The structure of a classic 3-part CME consists of a leading edge (probably a ﬂux rope) followed by a dark
cavity region, followed by a bright ﬁlament/core within. As described by Pete Riley et. al. (Pete Riley,
Roberto Lionello, Zoran Mikić, and Jon Linker ApJ 672 (2008) 1221), the leading edge is a shell of dense
coronal plasma, while the dark cavity region has been interpreted as either (or some combination of)
material swept up by the erupting flux rope or preexisting material in the overlying fields. The darker region
has typically been associated with the presence of a flux rope. The innermost bright feature (filament/core)
is observed to be emitting in the Hα line of neutral hydrogen, indicating the presence of much cooler
plasma. The inference is that this is prominence material that erupted beneath the field of view of the
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coronagraph, in conjunction with the CME. This feature has also been proposed as the source of the flux
rope as measured in the solar wind.
Loosely, the CME structure can be described as a 3-dimensional closed “loop”, which remains attached to
the Sun at its ends, while the bulb of the loop propagates away from the Sun. The magnetic-field associated
with the plasma inside the “loop” always remains inside the loop and moves with the CME (because of
Alfvén's Frozen Flux Theorem). The structure of the magnetic field lines inside the CME is complex, and is
described at 1AU by Lepping et. al. (Lepping R.P., Berdichevsky, D.: Recent Res. Devel. Geophys. 3, 77–96
(2000) ):
“Magnetic clouds at 1AU are approximately force-free structures. The magnetic cloud’s geometry is that of
a nested set of helical magnetic ﬁeld (B) lines conﬁned to a ﬂux tube, which is curved on a scale of about
1AU (or maybe a little smaller at its nose) ... when considered globally... When examined locally, the
structure is approximately cylindrically symmetric, and the pitch angle of the helical ﬁeld lines increases
with increasing distance from the axis of the cloud, such that the ﬁeld is aligned with the axis of symmetry
at the position of the axis and perpendicular to it on the cloud’s boundary, in most cases.”
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III) Cause, Dynamics and Kinematics of CMEs:
As the Sun evolves through its cycle its coronal magnetic ﬁeld becomes twisted and entangled and is
continuously being joined by new ﬁelds emerging from the solar photosphere. These magnetic field lines
can become twisted in a helical structure, as observed in CMEs. It requires energy to sustain these complex
structures. When the level of complexity reaches a certain threshold, it becomes more beneﬁcial to the
Sun (from an energy point of view) to remove the magnetic ﬁeld rather than sustain it. The result is an
eruption of a component of the ﬁeld and the plasma associated with it as a CME. Thus, CMEs are like a
'valve' to release the magnetic energy being built up.
Although scientific research is still being conducted on determining the exact cause and process of CME
eruptions, recent research has shown that the phenomenon of ‘magnetic reconnection’ is closely
associated with CMEs and solar flares. In magnetohydrodynamic theory, the sudden rearrangement of
magnetic field lines when two oppositely directed magnetic fields are brought together is called "magnetic
reconnection". Reconnection releases energy stored in the original stressed magnetic fields. On the Sun,
magnetic reconnection may happen on solar arcades—a series of closely occurring loops of magnetic lines
of force. These lines of force quickly reconnect into a low arcade of loops, leaving a helix of magnetic field
unconnected to the rest of the arcade. The sudden release of energy during this process causes the solar
flare and ejects the CME. The helical magnetic field and the material that it contains may violently expand
outwards forming a CME. This also explains why CMEs and solar flares typically erupt from what are known
as the active regions on the Sun where magnetic fields are much stronger on average.
Since CMEs are comprised of plasma and magnetic fields, their behaviour/dynamics/kinematics will depend
on the various forces acting upon them, governed by the laws of Magnetohydrodynamics. The three main
forces that act on CMEs are as follows:
(i)
(ii)
(iii)

Lorentz Force (the main driving force of CMEs, possibly due to magnetic reconnection, which
is significant at distances close to the Sun, but drops sharply thereafter),
Sun’s Gravity (which is significant close the Sun, and drops at larger distances),
Drag Force due to Solar Wind and/or Interstellar Medium (significant at all distances, it
dominates at large distances from the Sun, and is the main factor affecting CME arrival times)

The equation of motion for the height (radial distance from Sun) of a CME can then be written in terms of
the acceleration due to each force as:

r  aDrag (r )  aGravity (r )  aLorentz (r )
The structure and kinematics of CMEs are dependent on the forces acting on it, the initial conditions in and
around the Sun at the time of the CME eruption, and the distribution of the Interplanetary Medium. CMEs
may undergo self-similar (constant angular width) or super-radial (increasing angular width) expansion. As
CMEs propagate in space, they may experience a change in acceleration depending on their distance from
the Sun (since the forces acting on CMEs vary with the radial distance). Being non-rigid structures, they may
also undergo a change in shape of the leading-edge, and they can also interact with other Solar Phenomena
(e.g. collisions with other CMEs released immediately afterward or with streamers etc.). A lot of complex
phenomena are associated with CMEs and their propagation in space, and cannot possibly be included in a
brief overview in a report such as this.
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IV) CME Detection (Instruments, Observatories & Techniques)
CMEs are primarily detected by Coronagraphs that block out the majority of light from the Sun leaving the
relatively faint surrounding corona. Coronagraphs detect CMEs by observing the white light scattered off
the electrons within the plasma of the CME due to the phenomenon of ‘Thomson Scattering’. Coronagraph
images are two-dimensional, and so CME images are in fact projections into the sky plane. Hence, the
direction of propagation plays a large role in the appearance of a CME
Although there is a rich history of space missions, observatories and research dedicated to observing and
studying the sun, with multitudes of famous Solar Observatories down in the annals of history, instruments
from only two of them will be briefly covered here, since data from these observatories has been used in
this project:
(i) LASCO (Large Angle and Spectrometric Coronagraph): LASCO is one of a number of instruments aboard
the famous Solar and Heliospheric Observatory satellite (SOHO), located near the Earth-Sun L1 Lagrange
point. LASCO consists of three solar coronagraphs with nested fields of view:
•
•
•

C1 - a Fabry–Pérot interferometer coronagraph imaging from 1.1 to 3 solar radii (now defunct)
C2 - a white light coronagraph imaging from 2 to 6 solar radii (orange)
C3 - a white light coronagraph imaging from 3.7 to 32 solar radii (blue)

(ii) SECCHI (Sun Earth Connection Coronal and Heliospheric Investigation) COR1 & COR2: These are two
white-light coronagraphs in the SECCHI instrument package of the Solar Terrestrial Relations Observatory
(STEREO). The STEREO mission consists of two nearly identical spacecraft (named STEREO-a and STEREO-b,
for ‘ahead’ and ‘behind’ respectively) in orbits around the Sun that cause them to respectively pull farther
ahead of and fall gradually behind the Earth. This enables stereoscopic imaging (3d-imaging) of the Sun and
solar phenomena, such as coronal mass ejections. The purpose of SECCHI is to study the 3-D evolution
of coronal mass ejections through their full journey from the Sun's surface through the corona and
interplanetary medium to their impact at Earth. COR1 and COR2 image the solar disk and the inner and
outer corona.
•
•

COR1 - Visible light coronagraph which observes from 1.5 to 4 solar radii.
COR2 - Visible light coronagraph which observes out to 15 solar radii.

V) The Drag-Based Model
As CMEs propagate, they experience a drag force, similar in principle to the air resistance experienced by a
moving object on Earth. The fluid(s) responsible for providing the drag are the Solar Wind and the InterPlanetary Medium. CMEs propagating through the Solar Wind atmosphere may be imagined as trying to
swim downstream in a flowing river. If one tries to swim faster than the water speed, one will experience
a retarding drag force, while swimming slower than the water speed will result in a drag that tries to ‘push’
or accelerate the swimmer. Moving with the same speed as the water means one experiences no drag.
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Although the structure and composition of CMEs is nothing like that of a rigid, solid body; and the Solar
Wind is vastly different from normal wind, research shows that a similar form of drag equation holds for
CMEs. Following papers by B. Vršnak, D. Ruždjak, D. Sudar & N.Gopalswamy ( A&A 423, 717–728(2004) ):

aD   (r ).  v(r)  v SW (r) 
aD is the drag force experienced by the CME in the radial direction at a distance ‘r’ from the Sun.
v(r) is the radial velocity of the CME as a function of ‘r’.
γ(r) is the drag coefficient, and it is a function of the radial distance ‘r’ from the Sun. It can be modelled to
vary as 1/r, under the assumptions of a self-similar CME with the ratio of the ambient density to average
CME density being constant, which are both good approximations. It can also be modelled to vary as 1/r2
under other assumptions (refer to the paper by Vršnak et. al. ).
vSW(r) is the Solar Wind velocity at a radial distance ‘r’ from the Sun. It can be expressed as follows, based
on works by Sheeley et. al. ( ApJ,484:472-478, 1997) ):

v SW (r)  v 1  exp((r  rb ) / ra )
Where rb = 2.8 solar radii, ra = 8.1 solar radii, and v∞ is the asymptotic value of the wind speed for r→∞,
commonly taken to be v∞ = 400 km/s. Note that this model only applies for r >= rb.
Another way to model the drag force is to take the second power of the velocity term:

aD   (r ).  v(r)  v SW (r)  .  v(r)  v SW (r) 
VI) 3D-Reconstruction of CME Data
In Stereoscopy, theoretically, the minimum no. of vantage points required for completely and exactly
reconstructing a 3D object in space (via 2D images of the object taken from those vantage points) is equal
to the minimum no. of vantage points needed such that, if each point in the 2D images observed from those
vantage points is mapped to the corresponding point on the surface of the object, then the entire surface
(i.e. all points on the surface of the object) is covered twice. In other words, you need as many vantage
points as are required for every point on the surface of the object to be present in at least two different
images of two different vantage points. For CMEs, two vantage points (i.e. the two STEREO satellites) are
sufficient to reconstruct, at the least, a major fraction of the leading edge of the CME.
The simplest method of 3D reconstruction in Stereoscopy is the ‘Tie-Point Reconstruction’ method. This is
the method that is employed in this project. The preferred formalism of geometry for Tie-Point
Reconstruction is called ‘Epipolar Geometry’, which has been designed to aid in the ease of performing 3D
Reconstruction. The full details of 3D reconstruction and its application to Solar Physics (via the STEREO
mission) can be found in the draft paper by B. Inhester ‘Stereoscopy Basics for the STEREO Misson’
(https://arxiv.org/pdf/astro-ph/0612649.pdf). Here, only a brief overview of the process will be provided.
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Given two images of the same object from two different vantage points, the following steps illustrate the
brief algorithm to stereoscopically reconstruct the 3D surface of the object via Tie-Point Reconstruction:
1. Identification and matching of pairs of points/feature (one on each image) which correspond to the
same point/feature on the surface of the object – This is the most difficult task in the process of
Tie-Point Reconstruction. It may be that a point on one image has no corresponding point on the
other image, since it may be hidden behind some 3D feature of the object in the other image. Or,
it may be that a certain feature of the object is planar in shape and is viewed along the edge in both
images. Such situations make it difficult to accurately perform Tie-Point Reconstruction and result
in errors and ambiguities. There exist several rules/constraints which make the task of handling
such situations and the overall process of Tie-Point Reconstruction easier and more deterministic
(see
‘Stereoscopy
Basics
for
the
STEREO
Misson’
for
more
details).
2. Once an object is detected and identiﬁed in two images from diﬀerent vantage points, the
reconstruction is a purely linear geometrical task, and formulae have been worked out for the same
using Epipolar Geometry. Errors in 3D reconstruction can also be calculated in this way and they
depend on the resolution of the imagers and the angles of the projection surfaces (indirectly, the
stereo-base angles i.e. the angle subtended by the two vantage points at the point being observed).
The error in reconstructing a given point/feature can be expressed as a rhombic area of uncertainty
around the reconstructed point/feature, along plane containing the two vantage points and the
given point/feature (an Epipolar Plane) as follows:

w2
Aerr 
sin( )
Where ‘w’ is the spatial resolution of the imagers and α is the stereo-base angle. Thus, on
average, a reconstructed coordinate will suffer an error of the form:

r ~ 

w
sin( )
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Diagram Illustrating Tie-Point Reconstruction
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3)

DATA ANALYSIS & RESULTS

Note: All data analysis was performed on IDL version 7.0 for Windows with the SolarSoft Package (ssw)

I) CME Observed on 09/10/2012 via LASCO/SOHO
This CME was used as an initial test subject, to check the digression of arrival time estimation without the
use of a Drag-Based Model or 3D Reconstruction of the CME trajectory.
Data Analysis Procedure:
1. The image data and header files (in .FITS format) corresponding to the detection of this CME,
recorded by LASCO C2 and LASCO C3, available in the database of the SOHO/LASCO Instrument
Homepage (http://lasco-www.nrl.navy.mil/), were first read using suitable ssw routines
(LASCO_READFITS) and were then organized into a ‘datacube’ (a 3D array of 2D images & an array
of header files). The header files contain all the required information about the CME, instrument
stats and date/time info etc.
2. The image datacube was then transformed to a difference-image datacube. A difference image is
created by subtracting the brightness information of one image from the next image in the
sequence. A difference-image allows better visualization of the CME as it nullifies any image
brightness distribution that doesn’t change with time.
3. Image-processing routines were applied to the images in the datacube to make the CME clearly
visible. This included normalizing and removing the background intensity in each image, reducing
noise in the image, adding contrast and applying false colour.
4. A circular mask of the size of the occultor was applied to the image to mask the data corresponding
to the area where the solar occultor was present.
5. An easily identifiable/recognizable feature was chosen on the leading edge of the CME and it was
manually tracked across the images as the CME propagated. Simultaneously, a corresponding point
on the lagging-edge of the CME was also tracked. The average value of the leading-edge height and
the lagging-edge height (height is the radial distance of the point from the center of the Sun) was
taken as the height reading, while the error in each reading was taken as half of the difference
between the leading and lagging-edge heights. The date/time data corresponding to each image
was obtained from the header files. This allowed for height-time, velocity-time and accelerationtime plots to be constructed.
6. The LASCO C2 and C3 data points were combined, and a linear curve was fit to the resulting heighttime plot.
7. This curve was extrapolated to a height of 215.023 Solar radii (i.e. 1 AU, when the CME reaches
Earth) and the expected arrival date/time data was obtained by adding the time of arrival to the
initial date/time data.
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Results:
Following is part of the processed CME image sequence of the LASCO C2 data with the tracked feature of
the leading edge marked in each image:
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The following are the plots obtained from the data:
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The arrival time estimated by linear fit was 3895 minutes i.e. 2 days, 16 hours, 55 mins from the initial
date/time 2010-02-07T02:55:00.004. Therefore, the estimated date/time of arrival of the CME to Earth
was 2010-02-09T19:50:00.004
The actual arrival date/time info was known to be 2010-02-11T02:05:00.000 from Earth detection of CME
Thus, the linear fit estimated the CME to arrive 1 day, 6 hours and 15 minutes early (!)
The linear fit gave the following radial velocity of the CME: (634.838 +/- 120.520) km/sec.
Quadratic and other higher order polynomial fits were tried on the height-time data points, but the
extrapolations in some cases were absurd, in that they predicted the CME to turn around and move back
towards the Sun (inverted parabola for quadratic fit etc.).
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II) CME Observed on 07/12/2010 via SECCHI/STEREO
This CME was specifically chosen because it has already been studied in detail in the paper ‘ESTIMATING
THE ARRIVAL TIME OF EARTH-DIRECTED CORONAL MASS EJECTIONS AT IN SITU SPACECRAFT USING COR
AND HI OBSERVATIONS FROM STEREO’ by W. Mishra and N. Srivastava ( ApJ, 772:70 (20pp), 2013 ). In the
paper, data from both COR and HI instruments of STEREO was used to perform 3D-reconstruction for this
CME, and arrival times were estimated via both the DBM-based approach and the data-driven
(mathematical best-fit curve) approach. The results of my analysis can hence be compared against this
study.

Data Analysis Procedure:
1. The image data and header files (in .FITS format) corresponding to the detection of this CME,
recorded by the COR1 and COR2 instruments of both STEREO satellites (STEREO-a and STEREO-b),
available in the instrument data pages of the STEREO Science Center webpage (https://stereossc.nascom.nasa.gov/ins_data.shtml), were first read using suitable ssw routines (SECCHI_PREP)
and were then organized into a ‘datacube’ (a 3D array of 2D images & an array of header files). The
header files contain all the required information about the CME, instrument stats and date/time
info etc. (Note that the following steps were performed on data from COR1 and COR2 of both
STEREO-a and STEREO-b.)
2. The image datacube was then transformed to a difference-image datacube.
3. Image-processing routines were applied to the images in the datacube to make the CME clearly
visible.
4. A circular mask of the size of the occultor was applied to the image to mask the data corresponding
to the area where the solar occultor was present.
5. An easily identifiable/recognizable feature was chosen on the leading edge of the CME and it was
manually tracked across the images as the CME propagated. Simultaneously, a corresponding point
on the lagging-edge of the CME was also tracked. The average value of the leading-edge height and
the lagging-edge height (height is the radial distance of the point from the center of the Sun) was
taken as the height reading, while the error in each reading was taken as half of the difference
between the leading and lagging-edge heights. The date/time data corresponding to each image
was obtained from the header files. This allowed for height-time, velocity-time and accelerationtime plots to be constructed.
6. Tie-Point 3D Reconstruction was performed separately for COR1 data of STEREO-a and STEREO-b,
and COR2 data of STEREO-a and STEREO-b using the ssw routine (SCC_MEASURE). This provided
the reconstructed data-points for the time evolution of the trajectory of the CME in Heliospheric
coordinates i.e. r(t), θ(t), φ(t) viz. height, latitude and longitude respectively. Thus, the trajectory
of the CME in space was obtained. The reconstruction errors were calculated as explained in
Chapter 2 of this report.
7. The 3D reconstructed COR1 and COR2 data points were combined, and a linear curve was fit to
the resulting height-time plot. This curve was extrapolated to a height of 215.023 Solar radii (i.e. 1
AU, when the CME reaches Earth) and the expected arrival date/time data was obtained by
adding the time of arrival to the initial date/time data.
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8. Next, a Drag-Based Model was fit to the data. The details of this procedure are as follows:
• The height-time and error data points were used to calculate the radial velocity and radial
acceleration and the corresponding errors.
• This data was fit to an equation of the following form (based on the DBM explained in the
Chapter 2 of this report):

b
 273.7   0.000825436 
a(r )    . v(r)  v 1  exp((r  rb ) / ra )  
+
2
2 
r
 r   (215.032-r) 



•



‘r’ is the height in Solar radii. a(r) is the radial acceleration of the CME calculated from the
data points. The first term on the RHS corresponds to the drag force. The (b/r) coefficient
is the drag coefficient, with ‘b’ being a fitting parameter. v(r) is the radial velocity of the
CME calculated from the data points. The term with the exponent under the root is the
Solar Wind radial velocity (as described by Sheeley et.al. explained in the Chapter 2 of this
report). The second term on the RHS is the gravitational acceleration due to the Sun, which
drops off at large distances, but is significant at short distances (even 2.0 Solar radii) and is
included for better accuracy as it can be easily modelled via Newton’s Law of gravitation.
The final term is the gravitational acceleration due to the Earth. This term is very
insignificant, and excluding it affects the arrival time only by a few minutes, but it was
included anyway since, like before, it can be easily accounted for. The fitting was done
using suitable IDL routines (MPFITFUN)
Once the fitting is performed to get the fitting parameter ‘b’, the equation must be
integrated twice w.r.t time to get the height-time relation. The equation is a second order
ordinary differential equation (ODE) in ‘r’ and ‘t’ and is of the form:

d 2r
dr
 f (r)  g (r)  0
2
dt
dt
This is known as the ‘Liénard Equation’. Alternatively, since Liénard equation itself is also
an autonomous differential equation, the substitution v = dr/dt leads the Liénard
equation to become a first order differential equation:

v

•

dv
 f (r)v  g (r)  0
dr

which belongs to ‘Abel equation of the second kind’. Analytically, it is very difficult to
integrate this equation, and closed form solutions exist only for certain forms of ‘f’ and
‘g’. Hence, in our case, we use the height data and numerical integration techniques to
get the radial velocity fit data as a function of ‘r’. This is done using suitable IDL routines
(IMSL_ODE).
Now, we have the height data-points ‘r’ and the radial velocity data points as a function of
‘r’ obtained earlier. We perform the following operations to directly calculate the arrival
time without ever knowing the exact height-time relation:
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v(r ) 

dr
dt
215.023

Tarrival 



r0

1
dr
v(r )

The integration can be performed using quadrature methods, like the Newton-Cotes
formula, using suitable IDL routines (INT_TABULATED). Thus, height-time, velocity-time,
acceleration-time graphs cannot be plotted, but rather, we plot velocity-height and
acceleration-height graphs.

Results:
Following are the CME images from the COR1 instrument on the STEREO-a and STEREO-b satellites, side by
side during the Tie-Point 3D Reconstruction (COR2 data was analyzed in a similar manner):
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Following are the various plots obtained from the data:
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The arrival time estimated via a linear fit was 5285 minutes (3 days, 16 hours, 5 mins) and the initial
date/time was 2010-02-07T02:55:00.004.
Therefore, the expected CME arrival date/time was 2010-02-10T19:00:00.004.
From the paper by W.Mishra and N.Srivastava, the actual arrival date/time was known to be 2010-0211T02:05:00.000.
Hence the linear fit estimated the CME to arrive 7 hours and 5 minutes early.
The linear fit CME radial velocity was calculated to be (467 +/- 73.4) km/s.
Quadratic and other higher order polynomial fits were tried on the height-time data points, but the
extrapolations in some cases were absurd, in that they predicted the CME to turn around and move back
towards the Sun (inverted parabola for quadratic fit etc.).
After the DBM fit, the fitting parameter ‘b’ was obtained as b = 108.55357 km/s. This can be used to
calculate the Drag-Coefficient at, say, 3.0 Solar radii. It was calculated to be 5.2e-005 sec-1
The arrival time estimated via the DBM fit with the initial condition at 2.9 solar radii provided in the
numerical integration was 349154 seconds (4 days, 59 minutes) and the initial date/time was 2010-0207T02:55:00.004.
Therefore, the expected CME arrival date/time was 2010-02-11T03:54:00.004 .
The actual arrival date/time was known to be 2010-02-11T02:05:00.000.
Hence the DBM fit estimated the CME to arrive 1 hour and 49 minutes late.
The DBM fit radial velocity at 215 solar radii was calculated to be 422.491 km/s.
When the drag coefficient was modelled as b/(r^2), the predictions were similar (4 days, 54 minutes &
423 km/s).

4)

DISCUSSIONS AND CONCLUSIONS

From the results obtained, we can make the following conclusions:
•

The fact that the error in arrival time estimation in the LASCO 09/10/2012 CME was
extremely large (more than one day), while the error for the STEREO 07/02/2010 CME was
not as large (around 7 hours), even though both arrival times were estimated via the same
curve fitting (Linear Fit), shows the necessity and effectiveness of 3D-reconstruction of
CME trajectories. Without 3D-reconstruction of the CME trajectory, the arrival time
predictions will be way off because the data being extrapolated is not the true trajectory
data, rather, it is just the projection of the trajectory in the sky plane (plane of observation
of the imager).
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•

•

•

•

•

•

Polynomial fitting curves of order 2, 3 and 4 etc. were tried for all cases, but extrapolating
them gave absurd results in some cases, such as predicting that the CME would turn around
and move back towards the Sun. This shows that while modelling a physical system, a
purely mathematical curve-fitting is an inferior method of analysis compared to a curve
fitting modelled via Physics.
For the 3D-reconstructed STEREO 07/02/2010 CME, the linear fit showed a 6-hour error in
arrival time estimation, while the DBM fit error was less than 2 hours! This result provides
massive favour for the DBM approach.
Since, in all cases, the arrival time estimation due to a linear curve fitting always underestimated the arrival time, this can be interpreted as evidence in favour of CMEs
experiencing Drag Forces during their journey, which causes them to slow down and arrive
later than when they would have arrived, had they continued to propagate with a constant
velocity. This motivates the Drag-Based Model and provides even more support in favour
of it, when coupled with the previous conclusions.
While performing the DBM fit, it was observed that modelling the drag coefficient as b/r2
instead of b/r causes negligible change in the arrival time. Coupled with the great accuracy
of the arrival time estimation, and based on the paper by Vršnak et. al. (see Chapter 2 of
the report), this can be interpreted as evidence suggesting that the mass of the CME
remains approximately constant as it propagates (i.e., that the mass loss from the
prominence body and the mass pile-up at the leading edge of CME, at least partly
compensate each other), and so does the ratio of the ambient density to the internal CME
density averaged over the CME body.
The error in arrival time estimation, even after 3D-reconstruction and DBM fitting,
although small, can partly be explained due to the absence from the fitting model of one
of the main/significant forces that act on CMEs viz. the Lorentz force. The Lorentz force
acting on a CME is difficult to model, and hence was neglected in this study. Yet, the
relatively small error in arrival time estimation supports the fact that although the Lorentz
force is one of the three main forces acting on CMEs, it is a short-range force and drops off
rapidly with increasing distance from the Sun. Hence, it does not affect arrival time
estimation to a particularly significant degree.
The drag-coefficient calculated at 3.0 Solar radii was 5.2e-005 sec-1, which agrees well with
the average drag coefficient of 1.8e-005 sec-1 provided in the paper by Vršnak et. al., which
was calculated by applying the Drag-Based model of the form used in this project to a dataset consisting of more than 5000 CMEs observed by LASCO in the period 1996-2001.
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5)

OTHER TOPICS COVERED

I) Image-Processing Routine:
I wrote some image processing routines in IDL, which were used during the CME data analysis in this
project. Image processing is an important tool in astronomy and many other fields. This is because,
although the data collected by observational instruments contains all the necessary information required
for study, the limitations of the human senses require some manipulation of the data to better visualize
and interpret the information. To better visualize the data, it is useful to base image processing techniques
on the neuro-anatomy of the human eye or some empirical studies such as psychophysics. The code I have
written is based on the Weber-Fencher Law in psychophysics, which quantitatively describes the
phenomenon of ‘contrast’.

A ‘before’ and ‘after’ example of an image processed via this routine is shown here:
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II) Automated CME-Tracking:
In this project, the leading edge of the CME was tracked manually. Hence, I made a rough attempt at
creating an IDL routine which can automatically track a CME given the image datacube. Since I was working
on this independently during my free time, my approach may be a little different/unconventional compared
to standard techniques, which involve first converting the image to a ‘Polar Plot’ etc. It is to be noted that
this endeavour is merely a prototype and is nowhere near completion. It has several limitations, (it works
well only for images with low noise and clearly defined CMEs which cover a major part of the image) and
needs a lot of work to be more efficient. The code attached below works by choosing an image from the
datacube with maximum brightness, and then creates a sweeping sector of appropriate angular width (to
compensate between not covering enough pixels if too thin, and covering too many pixels if too thick)
which sweeps 360 degrees about the center of the Sun in the image in steps of its angular width. At every
position, it calculates the sum of brightness of all pixels inside the sector, and this information is plotted as
a function of the angle. Thus, we get a ‘line-integrated’ brightness distribution as a function of the angle.
Now from this, we remove any information below one standard deviation of the curve, in effect getting rid
of the smaller, less bright, less prominent Solar events. From the remaining information, the broadest curve
segment may correspond to a CME, and sharp curve segments may correspond to streamers. The angular
width and angular position information is printed as output in descending order of width.
For example, upon inputting the following image into the routine,

We get the following plot of line-integrated brightness vs. angle:
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And the routine shows the widest curve feature as being located at 225.709 degrees (measured
anticlockwise from the horizontal), and this agrees well with the image. So, the CME has an angular position
of 225.709.

6)
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