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Space radiation affects the design and 
operations of all systems launched above 
Earth’s ionosphere. Numerous research 
articles in this journal over the years 
have discussed such issues. Radiation 
is of particular concern for human flight 
to low Earth orbit and beyond. Since the 
earliest days of the U.S. space program, 
many NASA missions have been devoted 
wholly or in part to better understand the 
radiation environment that can affect hu-
man flight. The most recent of these is the 
Lunar Reconnaissance Orbiter that car-
ried a comprehensive instrument (Cosmic 
Ray Telescope for the Effects of Radia-
tion; CRaTER) to characterize, with mod-
ern detection technologies, the radiation 
environment of the Moon in anticipation 
of future lunar missions, including the 
Moon as a way point to an eventual hu-
man landing on Mars. A special section 
of Space Weather is devoted to CRaTER 
measurements of the linear energy trans-
fer (LET) radiation spectra behind shield-
ing material (http://onlinelibrary.wiley.
com/journal/10.1002/(ISSN)1542-7390/
specialsection/CRATER1). The CRaTER 
LET spectra provide a direct link between 
the radiation environment and biological 
effectiveness.

Looking to the future of human flight 
to Mars, the recent congressionally re-
quested (NASA Authorization Act 2010) 
report of the National Research Council 
(Pathways to Exploration: Rationales and 
Approaches for a U.S. Program of Human 
Space Exploration; http://www.nap.edu/
catalog.php?record_id=18801) includes 
considerable discussion of space radia-
tion for mission success. This report is 
the most comprehensive examination to 
date of where U.S. capabilities currently 
stand and what is required for a Mars 
mission and considers three operation-
al stepping stone theaters: (a) cislunar 
space, including the lunar surface, (b) 
near-Earth asteroids, and (c) Mars, in-

cluding a flyby mission, Martian moons, 
and Martian surface. Solar energetic par-
ticles (SEP) and galactic cosmic rays fill 
all of these theaters of operation. Thus, 
“radiation safety” is one of three major 
recommendations in the report for high-
priority technology development (the oth-
er two being “entry, descent, and landing 
for Mars” and “advanced in-space pro-
pulsion and power”).

The report importantly concludes that 
the “technical challenges” for address-
ing astronaut radiation safety is “high” 
because no suitable approach has as 
yet been identified for providing such 
safety. Further, the “capability gap” is 
rated “high” for the reason that “the abil-
ity to provide the level of radiation safety 
required for a human mission to the Mars 
surface is so far beyond the state of the 
art.” These conclusions of this important 
report provide challenges to the space 
weather research community as to how 
best to aid in addressing the technical 
challenges and the huge capability gap. 
Are better measurements of the radiation 
environments needed? What are the cur-
rent capabilities for forecasting deleteri-
ous SEP events, and are they sufficient? 
How best to interface with designers of 
shielding and with medical investigators? 
Many opportunities thus exist for impor-
tant contributions to overcome the chal-
lenges and to fill the capability gap. I hope 
that these opportunities will be seized 
and significant contributions made.
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Comment on “U.S. Government shutdown degrades 
aviation radiation monitoring during solar radiation 
storm” by W. Kent Tobiska et al.

Comment

Tobiska et al. [2014] make a valid point regarding the necessity 
to keep a close eye on space weather, given its well and increas-
ingly better known impacts on many technical components vital 
for our civilization and—mostly indirectly—on human well-being. 
A space weather surveillance and communications system op-
erating independently of short-term political partisan interests 
may well be mandatory in order to safeguard humanity against 
potentially catastrophic consequences of extreme space weath-
er events—and not only the flying public.

However, a particular risk that Tobiska et al. analyze in the 
given context is patently way off the mark. The number of four 
projected cancer deaths potentially ensuing from the radiation 
dose to the population of 500,000 estimated passengers from 
the additional collective effective dose of 0.2 mSv associated 
with this radiation “storm” has no basis either in empirical or 
established theoretical knowledge in radiation biology. On the 
contrary, the evidence that minute to small radiation doses are 
at worst inconsequential if not even beneficial to human health is 
increasing steadily [Tubiana et al., 2005]. An entire scientific jour-
nal, the International Journal of Low Radiation is dedicated to 
the discussion of research on the associated biological mecha-
nisms. But apart from this controversy about the so-called LNT 
postulate (Linear, No-Threshold relation between dose and ef-
fect), which Tobiska et al. [2014] use as model to foretell cancer 
mortality, even the established formal framework for radiation 
protection renders this particular argument of Tobiska et al. void. 
The relevant statement of the International Commission on Ra-
diological Protection commenting on their procedure reads [Val-
entin, 2008, p. 13] 

“(k) The collective effective dose quantity is an instrument 
for optimisation, for comparing radiological technologies 
and protection procedures, predominantly in the context 
of occupational exposure. Collective effective dose is not 
intended as a tool for epidemiological risk assessment, 
and it is inappropriate to use it in risk projections. The ag-
gregation of very low individual doses over extended time 

periods is inappropriate, and in particular, the calculation 
of the number of cancer deaths based on collective effec-
tive doses from trivial individual doses should be avoided.”

Furthermore, the same Valentin [2005] whom Tobiska et al. 
quote as support for their Figure 4 unmistakably states [Valentin, 
2008, p. 313] 

“The Commission considers that, in the low dose range, 
the risk factors have a high degree of uncertainty. This is 
particularly the case for very low individual doses which 
are only small fractions of the radiation dose received 
from natural sources. The use of collective dose under  
such conditions for detailed risk estimates is not a valid 
procedure.”

We could not agree more. Application of collective dose in 
this case is not a “radiation risk analysis” but rather an exercise 
in numerology—i.e., “a study of the purported divine, mystical or 
other special relationship between a number and some coincid-
ing observed (or perceived) events.”
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Reply to comment by Rainer Facius et al. on “U.S. 
Government shutdown degrades aviation radiation 
monitoring during solar radiation storm”

Reply

Abstract The premise of this comment perpetuates an un-
fortunate trend among some radiation researchers to minimize 
potential risks to human tissue from low-radiation sources. In 
fact, this discussion on the risk uncertainties of low-dose ra-
diation further illustrates the need for more measurements and 
a program of active monitoring, especially when solar eruptive 
events can substantially elevate the radiation environment. This 
debate also highlights the context of a bigger problem; i.e., how 
do we as professionals act with due diligence to take the im-
mense body of knowledge of space weather radiation effects 
on human tissue and distil it into ideas that regulatory agencies 
can use to maximize the safety of a population at risk. The focus 
of our article on radiation risks due to solar energetic particle 
events starts with our best assessment of risks and is based on 
the body of scientific knowledge while, at the same time, erring 
on the side of public safety. The uncertainty inherent in our as-
sessment is accepted and described with this same philosophy 
in mind.

As our society’s technology becomes increasingly dependent 
upon systems that have a susceptibility to space weather, we 
find that humans themselves also face potential risks from space 
weather. The radiation environment from galactic cosmic rays 
and solar energetic protons is one of the three space weather 
effects at commercial aviation altitudes and higher. Disrupted 
high-frequency communications and reduced Global Position-
ing System navigation accuracy are two other aviation technolo-
gies affected by space weather.

All the effects upon humans from an elevated radiation envi-
ronment, which is found at and above commercial aviation alti-
tudes, are still unknown, including the effects of low-radiation 
exposure. New effects continue to be found such as Grajewski 
et al. [2011], who identified previously unknown circadian cycle 
disruptions to pilots and crew from flying in an elevated radiation 
environment. Anecdotal evidence continues to point to possible 
increased cancer in pilots from malignant melanoma, astrocyto-
ma, prostate cancer, and myeloid leukemia, [Band et al., 1996], 
so monitoring of in-flight radiation exposure and long-term fol-
low-up of crew members is often recommended to further as-
sess cancer risk in this occupational group.

The ICRP Publication 99 [2005] has noted that with “low-dose 
exposures it is extremely difficult to estimate the associated ex-
cess cancer risks by studying populations with exposures lim-
ited to the low-dose range. This is because, at low doses, the 
radiation-related excess risk, which is thought to be proportional 

to dose or perhaps somewhat less when compared with risks 
at higher doses, tends to be dwarfed by statistical and other 
variation in the background risk level in the absence of exposure. 
As a result, truly enormous sample sizes (e.g., millions) would 
theoretically be required to obtain a statistically stable estimate 
of radiation-related risk, and even then the estimate would be 
untrustworthy because we do not understand and therefore 
cannot control or adjust for, all of the sources of variation in 
baseline levels of risk.” We agree with this and clearly identified 
the uncertainty in Tobiska et al. [2014] as we then proceeded to 
make a generalized, statistical evaluation of the conditions for 
the at-risk population.

The Facius, et al. comment basically boils down to an argu-
ment by those who believe that low-radiation doses are ben-
eficial. A similar comment–reply exchange just occurred in the 
Space Weather Journal [Socol et al., 2014; Mertens and Meier, 
2014]. This is a hotly debated topic called radiation hormesis or 

Figure 1. Schematic representation of different possible 
extrapolations of measured radiation risks down to very low doses, 
all of which could, in principle, be consistent with higher-dose 
epidemiological data. Curve (a), linear no-threshold extrapolation; 
curve (b), downwardly curving (decreasing slope); curve (c), 
upwardly curving (increasing slope); curve (d), threshold; and 
curve (e), hormesis, from Brenner et al. [2003].
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adaptive response, which is a hypothesis that says low-radia-
tion doses in human cells can stimulate the activation of repair 
mechanisms that protect against disease. The body of scien-
tific evidence [NCRP Report 136, 2001] has shown that adap-
tive response does not necessarily work for all human popula-
tions and that in cases where it does occur, the effect lasts for 
only a few hours. The NCRP Report “concludes that there is 
no conclusive evidence on which to reject the assumption of a 
linear no-threshold (LNT) dose–response relationship for many 
of the risks attributable to low-level ionizing radiation although 
additional data are needed.” The U.S. National Research Coun-
cil [National Research Council, 2006], the U.S. National Council 
on Radiation Protection and Measurements [NCRP Report 136, 
2001], and the United Nations Scientific Committee on the Ef-
fects of Atomic Radiation [United Nations Scientific Committee 
on the Effects of Atomic Radiation (UNSCEAR), 2000] have all 
argued that there is no evidence for hormesis in humans; the 
NRC outright rejects hormesis as a possibility. All these scien-
tific communities hold that the LNT model continues to be the 
model generally used by regulatory agencies for human radia-
tion exposure. Figure 1 summarizes the various methodologies 
for extrapolating cancer risk versus radiation dose to low-dose 
levels. For our original paper we used curve (a). Thus, the Facius 
et al. [2014] disagreement over how to estimate low-dose risk 
ends up in a debate over which curve best fits high-dose and 
low-dose populations for cancer risk.

Are these curves perfect? Of course they are not. Without re-
inventing the wheel we chose to use the accepted LNT method, 
with all its uncertainty, because it is based upon the broad body 
of scientific and regulatory literature. It is also the most conser-
vative method that both provides an estimate for low-dose popu-
lations and errs on the side of public safety.

For Facius et al. [2014] to criticize cancer risk estimates using 
a curve-fitting methodology they do not happen to like, calling it 
“numerology,” is not only insincere but is misleading. It leads the 
flying public and crew away from understanding potential risks 
that can occur from moderate to large solar energetic particle 
events. Interestingly, the analogy of a frog slowly cooking in a pot 
of water that is gradually brought to a boil comes to mind—at an 
undefined threshold (depending upon the individual frog) it gets 
cooked. Who gets to decide for someone else when “it is too 
hot?” Do we not identify risk for the smaller events? Ignoring risk, 
at whatever level, is clearly unacceptable for most technologies. 
Risks must be directly identified and then studied, rather than 
dismissed arbitrarily and frivolously with name calling. We think 
the example of this debate about the risk uncertainties of low-
dose radiation further illustrates a need for more measurements 
and a program of active monitoring.
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An artist illustration of a coronal mass ejection (CME) aimed at Earth.  
A CME, or other solar wind features containing southward directed  
magnetic fields, can cause intense geomagnetic activity at Earth. 

by Howard J. Singer

Selected new articles on the topic of space weather from AGU journals

^
A New Method for Predicting Local 
Geomagnetic Disturbances

In May 2013, the Federal Energy Regulatory Commission 
(FERC) issued “Reliability Standards for Geomagnetic Distur-
bances.” These standards direct the North American Electric 
Reliability Corporation (NERC) to “submit to the Commission for 
approval proposed Reliability Standards that address the impact 
of geomagnetic disturbances (GMD) on the reliable operation of 
the Bulk-Power System.” This action, and other considerations, 
demonstrates a need for space weather modelers to develop 
and improve models that can predict local geomagnetic distur-
bances. One such model, as discussed in Tóth et al. [2014], is 
the Space Weather Modeling Framework (SWMF) developed at 
the University of Michigan. This magnetohydrodynamic (MHD) 
model, primarily driven by solar wind observations, predicts 
conditions in Earth’s magnetosphere, including geomagnetic 
field variations at locations on Earth’s surface. While the SWMF 
shows positive skill scores at predicting rapid (~1 min) changes 
in the magnetic field (dB/dt) that are related to geomagnetically 
induced currents, Tóth et al. have developed a new technique 
that improves the model skill. They recognized that since there 
is a strong correlation between the magnitude of dB/dt and the 
better predicted, and more slowly varying, magnitude of the 
horizontal magnetic perturbation, they can use that correlation 
to improve the prediction of the rapidly varying dB/dt that is im-
portant for producing geomagnetically induced currents. 

Tóth, G., X. Meng, T. I. Gombosi, and L. Rastätter (2014), 
Predicting the time derivative of local magnetic perturba-
tions, J. Geophys. Res. Space Physics, 119, 310–321, 
doi:10.1002/2013JA019456. ^

Southward Interplanetary Magnetic 
Field and Geomagnetic Activity: A 
Statistical Survey

It is well known that geomagnetic activity is enhanced follow-
ing times when the solar wind’s interplanetary magnetic field 
(IMF) has been directed southward, opposite the direction of 
Earth’s magnetic field on the dayside of Earth. These conditions 
are favorable for the transfer of energy from the solar wind into 
Earth’s magnetosphere through a process called magnetic re-
connection. It is also known that there are different structures 
in the solar wind such as coronal mass ejections (CMEs), mag-
netic clouds (MCs), stream interaction regions (SIRs) and inter-
vals without any specific structure. Consequently, tabulating 
the intensity and duration of southward IMF that occurs in as-
sociation with different solar wind structures, and the resulting 
geomagnetic activity, as has been done by Zhang and Moldwin 
[2014], can provide valuable guidance for space weather fore-
casts. Using more than a solar cycle (1995–2010) of solar wind 
data, the authors present wide-ranging conclusions, including 
that, for moderate and larger levels of southward IMF (Bs), with 
an hour or longer duration, the number of Bs events follows the 
sunspot number; one quarter of extreme Bs events are not re-
lated to well-defined solar wind structures and therefore “cannot 
be predicted from solar wind observations”; and while magnetic 
clouds are the source of the most extreme Bs conditions, Bs 
events with the longest duration and most negative values do 
not trigger the most intense magnetic storms.

Zhang, X.-Y., and M. B. Moldwin (2014), The source, statisti-
cal properties, and geoeffectiveness of long-duration southward 
interplanetary magnetic field intervals, J. Geophys. Res. Space 
Physics, 119, 658–669, doi:10.1002/2013JA018937.

Editor's Choice

An artist illustration of currents (red arrow) flowing in the ionosphere and 
causing a changing magnetic field (black arrows) that induces electric 
fields and currents in the earth and power lines. 
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An Extreme Coronal Mass Ejection 
and Consequences for the  
Magnetosphere and Earth

Extreme solar events and their impacts on Earth are interest-
ing scientifically as well as important for their space weather con-
sequences. Questions about extreme events include: What are 
the largest solar disturbances that might be directed at Earth? 
What impact will these disturbances have on Earth’s magneto-
sphere and those who are affected by space weather, such as 
astronauts, the bulk power system, and spacecraft? How well 
do space weather models perform during severe events and 
what extreme conditions need to be prepared for? Tsurutani 
and Lakhina [2014] address some of these issues by examining 
an extreme, but plausible, interplanetary coronal mass ejection 
(ICME) and the impact this ICME will have at Earth. Starting with 
an ICME leaving the sun at 3000 km/s, and making some simple 
assumptions, they calculate an assortment of critical param-
eters, including an ~ 12 h transit time of the ICME from sun to 
Earth (compared to 17.5 h for the Carrington event), a magnetic 
cloud maximum magnetic field magnitude of ~127 nT (compared 
to a typical background field of ~ 5 nT), and an ~ 30nT/s time rate 
of change of magnetic field (dB/dt) at Earth’s surface (an extreme 
level for the power grids). The conditions predicted by Tsurutani 
and Lakhina [2014] will be important for modeling conditions in 
Earth’s radiation belts that affect satellites and effects on electric 
power grid components and systems.

Tsurutani, B. T., and G. S. Lakhina (2014), An extreme 
coronal mass ejection and consequences for the mag-
netosphere and Earth, Geophys. Res. Lett., 41, 287–292, 
doi:10.1002/2013GL058825. 

^

One of the fastest coronal mass ejections (CMEs) ever observed is seen 
in this image taken by the ESA/NASA Solar and Heliospheric Observatory 
(SOHO) at 0248 UT on July 23, 2012. If it had been directed at Earth, it 
would likely have caused an extreme event such as that described by 
Tsurutani and Lakhina [2014].
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Synthesis of 3-D Coronal-
Solar Wind Energetic Particle 
Acceleration Modules

By Nathan A. Schwadron, Matt Gorby, Tibor Török, Cooper Downs, Jon Linker, Roberto 
Lionello, Zoran Mikić, Pete Riley, Joe Giacalone, Ben Chandran, Kai Germaschewski, Phil 

A. Isenberg, Martin A. Lee, Noe Lugaz, Sonya Smith, Harlan E. Spence, Mihir Desai, Justin 
Kasper, Kamen Kozarev, Kelly Korreck, Mike Stevens, John Cooper, and Peter MacNeice

1. Introduction
Acute space radiation hazards pose one of the most serious 

risks to future human and robotic exploration. Large solar en-
ergetic particle (SEP) events are dangerous to astronauts and 
equipment. The ability to predict when and where large SEPs 
will occur is necessary in order to mitigate their hazards.

The Coronal-Solar Wind Energetic Particle Acceleration (C-
SWEPA) modeling effort in the NASA/NSF Space Weather 
Modeling Collaborative [Schunk, 2014] combines two success-
ful Living With a Star (LWS) (http://lws.gsfc.nasa.gov/) strate-
gic capabilities: the Earth-Moon-Mars Radiation Environment 
Modules (EMMREM) [Schwadron et al., 2010] that describe 
energetic particles and their effects, with the Next Generation 
Model for the Corona and Solar Wind developed by the Predic-
tive Science, Inc. (PSI) group. The goal of the C-SWEPA effort 
is to develop a coupled model that describes the conditions 
of the corona, solar wind, coronal mass ejections (CMEs) and 
associated shocks, particle acceleration, and propagation via 
physics-based modules.

Assessing the threat of SEPs is a diffi cult problem. The largest 
SEPs typically arise in conjunction with X class fl ares and very 
fast (>1000 km/s) CMEs. These events are usually associated 
with complex sunspot groups (also known as active regions) 
that harbor strong, stressed magnetic fi elds. Highly energetic 

protons generated in these events travel near the speed of light 
and can arrive at Earth minutes after the eruptive event. The 
generation of these particles is, in turn, believed to be primarily 
associated with the shock wave formed very low in the corona 
by the passage of the CME (injection of particles from the fl are 
site may also play a role). Whether these particles actually reach 
Earth (or any other point) depends on their transport in the in-
terplanetary magnetic fi eld and their magnetic connection to the 
shock.

2. C-SWEPA Models
C-SWEPA combines two main modules: 
1. CORHEL, for Corona-Heliosphere, is a coupled set of models 

and tools for quantitatively modeling the ambient solar corona 
and solar wind for specifi c time periods [Lionello et al., 2009; 
Riley and Lionello, 2011; Riley et al., 2012] using photospheric 
magnetic maps (built up from the Solar Dynamics Observa-
tory Helioseismic and Magnetic Imager, http://hmi.stanford.
edu, magnetograms) as boundary conditions. Versions have 
been released to the multiagency Community Coordinated 
Modeling Center (CCMC, http://ccmc.gsfc.nasa.gov) located 
at NASA’s Goddard Space Flight Center and to the Air Force 
Research Laboratory (AFRL) at Kirkland Air Force Base. C-
SWEPA uses CORHEL to model CME eruptions in realistic 
coronal magnetic fi elds with candidate CME initiation mecha-
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nisms. C-SWEPA links CORHEL with EMMREM to explore the 
implications of CMEs for particle acceleration at shocks low 
in the corona and deduce the effects for the space radiation 
environment.

2. EMMREM, for Earth-Moon-Mars Radiation Environment Mod-
ule, is a tool to describe time-dependent radiation exposure 
at Earth, Moon, Mars, and interplanetary space environments 
[Schwadron et al., 2010]. Versions of EMMREM are running 
at NASA’s Space Radiation Analysis Group (SRAG, http://
srag-nt.jsc.nasa.gov) and the CCMC, and produce near-real-
time data (http://prediccs.sr.unh.edu) at the University of New 
Hampshire (UNH). A component of EMMREM is the Energetic 
Particle Radiation Environment Module (EPREM) and is de-
signed to couple with MHD models [Kozarev et al., 2010, 2013] 
and compute energetic particle distributions along a 3-D La-
grangian grid of nodes that propagate out with the solar wind. 
Connected lists of node lines form magnetic field lines, which 
enables highly efficient computation of energetic particle dis-
tribution functions at each node. EPREM has been used to 
solve for pickup ion distributions [Hill et al., 2009; McComas 
et al., 2008, 2010] and energetic particle distributions [e.g., 
Schwadron et al., 2010; Dayeh et al., 2010] based on the fo-
cused transport equation. The code has been used to span 
large spatial domains from 0.1 AU to 15 AU and energies from 
keV up to relativistic GeV energies, which are important for the 
assessment of radiation hazards and dose-rates [e.g., Cuci-
notta et al., 2010; PourArsalan et al., 2010]. C-SWEPA extends 
EPREM for the modeling of shocks, and particle acceleration.

3. Extreme SEP Event Model
We provide here an example of diffusive shock acceleration 

from a fast CME from the low corona. The CME simulation em-
ployed for our analysis will be described in detail in a forthcom-
ing publication (Torok et al., in preparation). Here we restrict 
ourselves to a brief summary of its main properties.

The simulation is performed using the MAS (Magnetohydro-
dynamics Around a Sphere) code [e.g., Mikić and Linker, 1994; 
Mikić et al., 1999; Lionello et al., 1999]. The code uses spherical 
coordinates and advances the standard viscous and resistive 
MHD equations. It incorporates radiative losses, thermal con-
duction parallel to the magnetic field, and an empirical coronal 
heating function. The latter properties are essential for a realistic 

modeling of the plasma densities and temperatures in the co-
rona and provide the possibility to produce synthetic EUV and 
soft X-ray images that can directly be compared to observa-
tions [see Lionello et al., 2009]. The boundary conditions are 
discussed by Linker and Mikić [1997] and Linker et al. [1999].

We consider an idealized solar coronal magnetic configura-
tion, consisting of a global dipole with a field strength of 2 G at 
the poles and a quadrupolar solar active region (AR) located at 
~25°N of the equator. After an MHD solution including a solar 
wind is obtained by relaxing the system to a steady state [see 
Lionello et al., 2009], a modified version of the flux rope model 
by Titov and Démoulin [1999], hereafter TDM] is inserted above 
the central polarity inversion line (PIL) of the AR. Including the 
flux rope, the model AR has a total magnetic flux of ~7.5 × 
1022 Mx and a maximum radial field strength of ~1070 G at the 
photospheric level. After a fast and strongly dynamic initial ad-
justment to the surrounding magnetic field, the flux rope evolves 
toward a numerical equilibrium (Titov et al., submitted). After 
the relaxation, the free magnetic energy of the AR is about 1033 
ergs, which is sufficient to power a strong eruption.

Figure 1 gives an impression of the global magnetic field 
configuration (panel a) and of the active region after the flux 
rope insertion (panel b) and subsequent relaxation. The global 
configuration corresponds to solar minimum conditions, with a 
relatively symmetric heliospheric current sheet that wraps about 
the equator. Cold (and dense) plasma accumulates in the flux 
rope during the relaxation, resembling the conditions observed 
in prominences.

The CME is initiated by triggering the eruption of the TDM flux 
rope (Figure 1a) [e.g., Amari et al., 2003; Bisi et al., 2010]. Aid-
ed by the strong (flare) reconnection jets that occur below the 
erupting rope, the resulting CME rapidly accelerates to a veloc-
ity of ~3000 km s−1 low in the corona (r < 2 Rs; Figure 2b), after 
which it slows down and finally travels with an almost constant 
speed of ~1000 km s−1 at heights r > 3 Rs. This simulation is 
coupled to a newly developed heliospheric MHD code, and the 
eruption is propagated to 1 AU [Lionello et al., 2013]. We found 
that the CME arrives at 1 AU with a speed of ~700 km s−1, still 
moving significantly faster than the surrounding slow solar wind.

Figure 2 shows the CME eruption: Figure 2a shows the flux 
rope low in the corona as the CME erupts, Figure 2b shows the 
outward speed of the plasma within the CME, and Figure 2c 

Figure 1. Magnetic field configuration after flux rope 
insertion and subsequent relaxation. The photospheric 
radial field, Br(r = Rs), is shown in grayscale. The vertical 
planes show j/B (in normalized units). (a) The global 
view of the corona with field lines in green illustrates 
the field configuration prior to eruption. The j/B color 
coding illuminates the position of the streamer belt 
and the heliospheric current sheet. The model active 
region is located in the Northern Hemisphere. We 
also focus on the (b) active region where field lines are 
colored by temperature. The cold (and dense) flux rope 
core is visible in the center. In this case, the j/B color 
coding highlights the flux rope and the presence of an 
additional streamer overlying the active region.
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shows the divergence of the plasma velocity. The CME-driven 
shock forms at a height of ~1.4 solar radii. The compression 
(negative divergence in velocity) is stronger at the flanks of the 
CME than at its front [Ontiveros and Vourlidas, 2009; Hudson, 
2011]. Figure 2c also shows strong compression in the wake 
of the CME, as a consequence of reconnection outflows [e.g., 
Shibata and Magara, 2011].

The EPREM model is solved to describe the effects of dif-
fusive shock acceleration and particle acceleration from plasma 
compression for energetic particles from low in the corona. The 
model is run out beyond 1 AU across a 3-D domain spanning 
the inner heliosphere. Output is extracted from an observer at 
the L1 point location. Generally, we find the most intense and 
rapid particle acceleration from the regions of strongest com-
pression at the flanks of the CME, as shown in Figure 2c. The 
case considered is the type of SEP event that is both prompt 
and very difficult to predict. A key question is whether events of 
this type could lead to extremely large radiation doses.

The model includes the effects of particle acceleration, adia-
batic focusing, parallel and perpendicular diffusive propagation, 
and drift. We have employed a parallel scattering mean free path 
that scales as λ|| = λ0 (r/r1)0.15 (Rg/Rg0)1/3 where r is heliocentric ra-
dius, and Rg is particle rigidity. The reference radial distance is r1 
= 1 AU, reference rigidity is Rg0 = 1 GV, and reference mean free 
path is λ0 = 1 AU. This leads to characteristic scattering mean 
free paths of λ|| ~ 0.1–0.5 AU from 1 to 100 MeV at 1 AU. We 
have also adopted a fixed ratio of perpendicular-to-parallel diffu-
sion, κ⊥/κ|| ≈ 0.01 [e.g., Giacalone and Jokipii, 1999].

We used quiet time 4He ion (0.10.5 MeV/nuc) observations 
from ACE/ULEIS for the suprathermal preevent spectrum 
[Dayeh et al., 2009]. We converted the spectrum to protons as-
suming the flux is scaled via an inverse square dependence, 
and a He/H ratio of 10%. Differential energy fluxes in Figure 3 
(top right) show that rapid particle acceleration leads to rela-
tively high particle fluxes for energies up to ~1 GeV at 1 AU. 
The abrupt rise-time is associated with shock acceleration low 
in the corona during the rapid lateral expansion of the CME. 

By coupling the state-of-the-art MHD model (CORHEL) with 
EMMREM, C-SWEPA takes the next logical step needed by the 
Space Weather community to predict doses associated with 
intense SEP radiation.

The massive parallelization of the EPREM model has al-
lowed us to incorporate thousands of magnetic field lines in the 
uniquely adaptive 3-D EPREM grid. Cross-field diffusion and 
drift are accurately specified through communication across 
neighboring magnetic field lines in the EPREM grid [Schwadron 
et al., 2010; Kozarev et al., 2010]. Cross-field diffusion is criti-
cal in contributing to broad longitudinal distributions, particularly 
during the evolution of particle acceleration and propagation 
while shock drivers propagate from low in the corona. Figure 3 
illustrates the importance of the process. Prograde and Retro-
grade observers are placed ±60° with respect to the L1 (near 
Earth) observer (Figure 3). Even a low level of perpendicular dif-
fusion (1% of the parallel diffusion coefficient) provides sufficient 
cross-field transport to affect these widely separated observers.

Conclusions
Described here is the development of a new project, the Coro-

nal-Solar Wind Energetic Particle Acceleration (C-SWEPA) Mod-
ules, which couples the CORHEL MHD models within the low 
corona with EMMREM for characterizing energetic particle accel-
eration and subsequent formation of energetic particle hazards. 
We have shown initial results of the coupling, in which an extreme 
SEP event with a broad longitudinal extent was formed from a 
fast CME at 2–5 solar radii. This model showed large enough 
differential energy fluxes to approach 30 day radiation limits even 
behind thick spacecraft shielding (10 g/cm2). The fact that the 
event was so abrupt, with high-energy fluxes formed within only 
2 h after CME onset, demonstrates the significant potential haz-
ard for astronauts and spacecraft. The development of accurate 
predictive models, response strategies, and an understanding of 
the statistical probability for this type of prompt and extreme SEP 
event is the focus of C-SWEPA research in the NASA/NSF Space 
Weather Modeling Collaborative [Schunk, 2014].

Figure 2. Eruption of the CME: (a) the magnetic field lines of the flux rope superimposed on the radial magnetic field in grayscale at the 
solar surface; (b) the outward speed of the plasma; and (c) the negative divergence of the plasma velocity, which highlights regions of 
strong compression. These snapshots of the CME are taken a few minutes after the onset of the eruption. The curved line in the top right 
corners of each panel indicates the height of two solar radii.
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Abstract One of the major solar transients, coronal mass ejections (CMEs) and their related interplanetary
shocks have severe space weather effects and become the focus of study for both solar and space scientists.
Predicting their evolutions in the heliosphere and arrival times at Earth is an important component of the
space weather predictions. Various kinds of models in this aspect have been developed during the past
decades. In this paper, we will present a view of the present status (during Solar Cycle 24 in 2014) of the space
weather’s objective to predict the arrival of coronal mass ejections and their interplanetary shock waves at
Earth. This status, by implication, is relevant to their arrival elsewhere in the solar system. Application of
this prediction status is clearly appropriate for operational magnetospheric and ionospheric situations
including A �> B �>C…solar system missions. We review current empirical models, expansion speed
model, drag-based models, physics-based models (and their real-time prediction’s statistical experience in
Solar Cycle 23), and MHD models. New observations in Solar Cycle 24, including techniques/models, are
introduced as they could be incorporated to form new predictionmodels. The limitations of the presentmodels
and the direction of further development are also suggested.

1. Introduction

Coronal mass ejections (CMEs), as one of the most violent forms of solar activity, refer to large-scale eruptions
of plasma and magnetic field that erupt from the Sun and propagate into interplanetary space [Hundhausen
et al., 1984; Hudson et al., 2006]. Typical CMEs propagate outward at the speed of 200–3000 km/s, carry
the mass of even 1012 kg, and therefore possess the kinematic energy exceeding 1025 J. The occurrence
frequency of CMEs is about 1 CME per several days during solar activity minimum, while it becomes several
CMEs per day during solar activity maximum. Shortly after their discovery in the 1970s, CMEs have
attracted close attention and extensive studies from both solar and space scientists and are believed to be
the major sources to drive the severe space weather events. On one hand, CMEs can produce nonrecurrent
geomagnetic storms when colliding with the Earth’s magnetosphere if they contain a strong and sustained
southward magnetic field component [Sheeley et al., 1985; Gosling et al., 1991]. On the other hand, fast CMEs
propagating in solar wind will drive an interplanetary shock, which plays a dominant role in generating
large solar energetic particle (SEP) events [Gopalswamy et al., 2003; Cliver and Ling, 2009]. In addition,
the Earth-directed CMEs also threaten the safety of spacecraft, communication systems, navigation systems,
astronauts, and ground-based technical systems (power grids and pipelines) [Boteler et al., 1998; Lanzerotti,
2005; Zheng et al., 2013].

Due to the great significance of CMEs and their interplanetary shocks, in the context of space weather as
mentioned above, predicting their arrival times at the Earth’s space is a major objective of the various
national forecast centers. Generally speaking, it takes CMEs 1–5 days to propagate from the Sun to our
Earth’s location, which enables the prediction of their arrival times in advance become feasible theoretically.
The prediction of CME/shock arrival time means that forecasters utilize the observables of solar disturbance
obtained before their arrivals as inputs to predict whether/when they will arrive. The earlier observables
are used, the longer lead time that the prediction will yield. The observations of CMEs are usually carried
out by coronagraphs onboard spacecraft (for example, Large Angle and Spectrometric Coronagraph
(LASCO) onboard SOHO and Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) onboard
STEREO-A/STEREO-B). Observations of this kind, called remote sensing, can provide the kinematic parameters
of CMEs, such as their velocity, acceleration, trajectory, and angular width. Another way of remote sensing
to track the disturbances of CMEs, especially their related shocks, is radio burst emission. According to the
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plasma theory, a shock traveling in the corona and interplanetary medium will produce an emission at the
fundamental and/or harmonic frequency of the plasma, fp, which is directly related to the local plasma
density. As the shock propagates from the high-density corona to the low-density interplanetary medium,
the local plasma frequency will decrease. This gives rise to a slow drift (type II) radio burst [Payne-Scott et al.,
1947]. The drifting speed of the burst provides an estimation of the shock’s propagating speed. CMEs are
usually referred to as interplanetary CMEs (ICMEs) when they propagate into the interplanetary space.
Ground-based interplanetary scintillation (IPS) measurements are also used to track the motion of ICMEs
indirectly beyond the field of view (FOV) of coronagraphs [Manoharan et al., 2000]. Recently, ICMEs can also
be tracked by coronagraphs of large FOVs, such as Solar Mass Ejection Imager and HI/STEREO, to a relatively
large helio-distance. Detailed properties of ICMEs at 1 AU are obtained from in situ measurements of
magnetic field and plasma by the passing of spacecraft through them. The observations of ICMEs at 1 AU
combined with the observations of CMEs near the Sun allow us to establish a direct association between
CMEs and their interplanetary counterparts. Then the arrival time of CMEs at 1 AU can be related to their
characteristics (velocity, acceleration, …) at the Sun in order to develop the prediction methods for CME’s
arrival time [Owens and Cargill, 2004]. Many papers have been focused on or involved in the arrival time
prediction of CMEs and their related shocks. This paper will give an overall review on the CME/shock
disturbance arrival time prediction and their current (2014) prediction status. We will outline the principles
of the models in section 2 and discuss the direction of further development on this aspect of CME/shock
arrival time prediction. We will not discuss the prediction of interplanetary magnetic field (IMF) polarity
(such as the north/south arrival) because we consider it too uncertain as yet for this review. Finally, in
section 3, we note the new observations in Solar Cycle 24 that could be incorporated and absorbed in
future prediction models. A summary and discussion will be given in section 4.

2. Current Models

Models in CME/shock arrival time prediction can be coarsely divided into the following kinds: empirical
models, expansion speed model, drag-based models, physics-based models, and MHDmodels. It needs to be
pointed out that this classification, which is based on principle and/or method of the prediction models, is
only a simple arrangement of current models. It may not cover all those in this aspect.

2.1. Empirical Models

Here we define one kind of models, which adopt relatively simple equations to fit the relations between the
CME disturbance’s arrival time at Earth and their observables near the Sun (such as initial velocity), as
empirical prediction models. The fitted equations are brief and usually analytic so that the empirical model is
relatively simple and easy to use.

Vandas et al. [1996] studied the propagation and evolution of loop-like magnetic clouds in the ambient solar
wind flow using ideal MHD equations. They found that the magnetic clouds and their shocks reach a nearly
constant asymptotic velocity shortly after their injection. The transit time (in hours) to 1 AU for the CME flux
rope’s leading edge is Tdriver = 85–0.014 Vi for a slow background solar wind speed (say, 361 km/s), and
Tdriver = 42–0.0041 Vi for a faster background solar wind speed (say, 794 km/s). Here Vi (km/s) is the
propagation speed of the CME’s leading edge at 18 Rs (solar radius). Then the transit time of the shock
preceding the magnetic cloud is Tshock (h) = 74–0.015 Vi for slow solar wind and Tshock (h) = 43–0.006 Vi for fast
solar wind.

Brueckner et al. [1998] computed the time duration of eight CMEs observed by SOHO/LASCO with the
onset of geomagnetic storms during the period March 1996 through June 1997. It was found that the
travel time between the explosion of CMEs on the Sun and the time when Kp reached its maximum value
was about 80 h for 6 events. Bruecker’s 80 h rule is probably the simplest one of the empirical
prediction models.

One of the most typical and widely used empirical prediction models is the empirical CME arrival (ECA) and
empirical shock arrival (ESA) models developed by Gopalswamy and his collaborators. Based on the fact
that CMEs exhibit a much wider range of speeds near the Sun than the corresponding ICMEs at 1 AU,
Gopalswamy et al. [2000, 2001] assumed that CMEs undergo an “effective” constant acceleration or
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1947]. The drifting speed of the burst provides an estimation of the shock’s propagating speed. CMEs are
usually referred to as interplanetary CMEs (ICMEs) when they propagate into the interplanetary space.
Ground-based interplanetary scintillation (IPS) measurements are also used to track the motion of ICMEs
indirectly beyond the field of view (FOV) of coronagraphs [Manoharan et al., 2000]. Recently, ICMEs can also
be tracked by coronagraphs of large FOVs, such as Solar Mass Ejection Imager and HI/STEREO, to a relatively
large helio-distance. Detailed properties of ICMEs at 1 AU are obtained from in situ measurements of
magnetic field and plasma by the passing of spacecraft through them. The observations of ICMEs at 1 AU
combined with the observations of CMEs near the Sun allow us to establish a direct association between
CMEs and their interplanetary counterparts. Then the arrival time of CMEs at 1 AU can be related to their
characteristics (velocity, acceleration, …) at the Sun in order to develop the prediction methods for CME’s
arrival time [Owens and Cargill, 2004]. Many papers have been focused on or involved in the arrival time
prediction of CMEs and their related shocks. This paper will give an overall review on the CME/shock
disturbance arrival time prediction and their current (2014) prediction status. We will outline the principles
of the models in section 2 and discuss the direction of further development on this aspect of CME/shock
arrival time prediction. We will not discuss the prediction of interplanetary magnetic field (IMF) polarity
(such as the north/south arrival) because we consider it too uncertain as yet for this review. Finally, in
section 3, we note the new observations in Solar Cycle 24 that could be incorporated and absorbed in
future prediction models. A summary and discussion will be given in section 4.

2. Current Models

Models in CME/shock arrival time prediction can be coarsely divided into the following kinds: empirical
models, expansion speed model, drag-based models, physics-based models, and MHDmodels. It needs to be
pointed out that this classification, which is based on principle and/or method of the prediction models, is
only a simple arrangement of current models. It may not cover all those in this aspect.

2.1. Empirical Models

Here we define one kind of models, which adopt relatively simple equations to fit the relations between the
CME disturbance’s arrival time at Earth and their observables near the Sun (such as initial velocity), as
empirical prediction models. The fitted equations are brief and usually analytic so that the empirical model is
relatively simple and easy to use.

Vandas et al. [1996] studied the propagation and evolution of loop-like magnetic clouds in the ambient solar
wind flow using ideal MHD equations. They found that the magnetic clouds and their shocks reach a nearly
constant asymptotic velocity shortly after their injection. The transit time (in hours) to 1 AU for the CME flux
rope’s leading edge is Tdriver = 85–0.014 Vi for a slow background solar wind speed (say, 361 km/s), and
Tdriver = 42–0.0041 Vi for a faster background solar wind speed (say, 794 km/s). Here Vi (km/s) is the
propagation speed of the CME’s leading edge at 18 Rs (solar radius). Then the transit time of the shock
preceding the magnetic cloud is Tshock (h) = 74–0.015 Vi for slow solar wind and Tshock (h) = 43–0.006 Vi for fast
solar wind.

Brueckner et al. [1998] computed the time duration of eight CMEs observed by SOHO/LASCO with the
onset of geomagnetic storms during the period March 1996 through June 1997. It was found that the
travel time between the explosion of CMEs on the Sun and the time when Kp reached its maximum value
was about 80 h for 6 events. Bruecker’s 80 h rule is probably the simplest one of the empirical
prediction models.

One of the most typical and widely used empirical prediction models is the empirical CME arrival (ECA) and
empirical shock arrival (ESA) models developed by Gopalswamy and his collaborators. Based on the fact
that CMEs exhibit a much wider range of speeds near the Sun than the corresponding ICMEs at 1 AU,
Gopalswamy et al. [2000, 2001] assumed that CMEs undergo an “effective” constant acceleration or
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deceleration process during their propagation
outward. The acceleration or deceleration is
determined by the CME’s initial speed, i.e.,

a ¼ α� βu; S ¼ ut þ 0:5at2 (1)

Here a is the effective interplanetary acceleration, u
is the initial CME speed, S is the helio-distance that a
CME propagates to (1 AU for the Earth) with the
transit time of t. Usually, the effective acceleration
will stop at a cessation distance d1 before 1 AU,
then the CME propagates at a constant speed for
the remained distance d2 = 1 AU� d1:

t1 ¼ �uþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ 2ad1

p

a
; t2 ¼ d2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 þ 2ad1
p (2)

The total transit time t= t1 + t2 can be calculated
from the above equations. This is the ECAmodel for
the CME’s arrival time prediction as seen in Figure 1.
The ECAmodel had been extended by Gopalswamy
et al. [2005] based on the gas dynamic piston-shock
relationship to derive the ESA model, which
provides a simple method to get the 1 AU speed
and arrival times of interplanetary shocks. The
primary input to both the ECA and ESAmodel is the

initial speed (maximum in the plane-of-sky) of white-light CMEs obtained from the coronagraph
observations. The ESA model has been tested using sky plane speed of CMEs from SOHO with corrections of
projection effects based on Cone models by Xie et al. [2006] and tested using quadrature observations from
STEREO by Gopalswamy et al. [2013].

Wang et al. [2002] found that for the CMEs that produced severe geomagnetic storms (Kp≥ 7), the relation
between the CME-projected speeds and their transit times can be fitted by the following simple formula:

Tau ¼ 27:98þ 2:11�104

V
(3)

where Tau (h) is the transit time and V (km/s) is the projected speed of CMEs. Similarly, Zhang et al. [2003]
studied 26 CMEs associated with major geomagnetic storms (Dst≤�100 nT) occurring between 1996 and
2000 and obtained a good correlation between CME transit time from the Sun to the near-Earth space (T, in
hours) and the CME initial velocity (V, in unit of km/s) at the Sun, which can be simply described as

T ¼ 96� V
21

(4)

They pointed out that this formula is most accurate for fast events (e.g., V> 500 km/s). In a related study, from
the regression analysis of 64 geoeffective CMEs that produced major geomagnetic storms (Dst<�100 nT)
during 1996–2002, Srivastava and Venkatakrishnan [2004] derived the following relation between the transit
time (in hours) of CMEs and their initial speed (in km/s):

T ¼ 86:9� 0:026 V (5)

Manoharan et al. [2004], using IPS, investigated 91 interplanetary shocks associated with CMEs originating
within about ±30° in heliographic longitude from the center of the Sun during 1997–2002. They compared
the shocks’ speed and transit time at 1 AU and noted that the shock transit time is not controlled by its final
speed but is primarily determined by the initial speed of the CME and effects encountered by it during the
propagation in interplanetary space. The best fit curve to the transit times of all shocks versus the initial
speeds of the associated CMEs is the following:

tshock ¼ 3:9� 2 �10�3 VCME þ 3:6 �10�7 V2
CME (6)

Figure 1. A representative prediction curve of the CME travel
time at 1 AU for the ECA model with an acceleration cessa-
tion distance of 0.76 AU. The dashed lines are the 18 h
boundaries of the prediction, and the diamonds denote the
observed travel times of CMEs. Originally published in
Gopalswamy et al. [2001].
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Here tshock is the shock’s transit time in unit of days determined as the interval from the first appearance
of the associated CME in the FOV of LASCO/C2 to the interplanetary shock’s arrival at WIND. VCME is the
initial speed of the CME obtained from a linear fit to the “height-time” measurements of SOHO/LASCO in
the plane-of-sky.

Based on the observation of (1) the white-light images of SOHO/LASCO in the near-Sun region and (2) the
interplanetary scintillation (IPS) images of the inner heliosphere obtained from the Ooty Radio Telescope, the
radial evolution from the Sun to the Earth of 30 wide CMEs (angular width >150°) has been investigated by
Manoharan [2006]. The following quadratic polynomial equation is derived to best fit the data points
between CME’s transit time (TCME, in hours) and its initial speed (VCME, in km/s):

TCME ¼ 108:6� 0:5 �10�1 VCME þ 1:1 �10�5 V2
CME (7)

According to this equation, it takes a CME with the speed of 400 km/s about 90 h to propagate from the Sun
to the Earth’s orbit. But it takes solar wind moving constantly at this speed about 103 h to finish the 1 AU
distance. Manoharan [2006] suggested that the difference of 13 h in transit times reveals that the
propagation of the CME is supported by its stored internal energy.

Utilizing 91 CME-IP (interplanetary) shock events during the period 1997 to 2002, Kim et al. [2007] evaluated the
performance of the ESAmodel. They pointed out that the prediction error was within ±12 h for 60% (55 events)
of the total events. The deviations of shock arrival times from the ESA model during solar maximum were
correlated with the CME initial speeds (VCME), which indicates that the constant interplanetary acceleration in
the ESA model does not apply well for all CME events. They derived a linear fit to the relationship between
shock’s transit time T (in hours) and VCME (in km/s) during solar maximum after the linear regression analysis:

T ¼ 76:86� 0:02 VCME (8)

Vršnak and Žic [2007] analyzed the relationship between CME’s transit time (T), CME speed (vCME), and the
background solar wind speed (w) based on two samples of CME-ICME events. One is the S-sample compiled
by Schwenn et al. [2005]; the other is the H-sample complied by Howard and Tappin [2005]. It was found that
CME transit times depend on both the CME take-off speed and the background solar wind speed. The transit
times of CMEs that are associated with solar wind faster than 500 km/s are shorter by 20–30 h than those
associated with the wind slower than 400 km/s on average. They performed a two-parameter linear least
squares fit concerning the CME’s transit time, which is

VT ¼ k0 þ k1vCME þ k2w (9)

Here VT is the transit speed of the CME defined as the ratio of the distance traveled by ICME and the
corresponding transit time T; the correlation parameters for S-sample are k0 =�111± 75 km/s,
k1 = 0.16 ± 0.03, and k2 = 1.41 ± 0.18. The other symbols (VT, vCME, and w) are in units of km/s.

Based on the constraints imposed by the Type II low-frequency decametric/kilometric radio emissions
generated by shocks driven by CMEs, the measured 1 AU transit times and the calculated in situ shock
speeds, together with the required consistency with the white-light measurements, Reiner et al. [2007]
presented a comprehensive study of the interplanetary transport of 42 CME/shocks during Solar Cycle 23.
They found that the 1 AU transit time correlates well with neither the initial CME speed nor its deceleration.
The distance and time over which a CME decelerates depends on its initial speed and the conditions of the
interplanetary medium, which are greatly different from one CME to another. The stopping distance of the
CME’s deceleration ranges from 0.2 to beyond 1 AU. The faster CME/shocks tend to decelerate more rapidly
near the Sun within shorter time periods. Their conclusions would be useful for developing arrival time
prediction algorithms.

During the SOHO era, the CME initial speed is obtained from the white light observations of coronagraph
(SOHO/LASCO), which will undergo inevitable projection effects. The CME speed derived in this way, as
noted earlier, is the projected speed on the plane-of-sky. The radial speeds of CMEs, especially their speeds
in the Earth’s direction are crucial for predicting the arrival times of CMEs at Earth. Michalek et al. [2008]
defined an asymmetry ratio (ASR) as the ratio between the maximum and minimum projected speed,
i.e., ASR =<Vmax> /<Vmin>. Then they put forward a new way to estimate the space speed of CMEs, which
is Vimp =<Vmax>+< Vmax>/ASR. They applied this technique to “halo CMEs” (i.e., CMEs apparently
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of the associated CME in the FOV of LASCO/C2 to the interplanetary shock’s arrival at WIND. VCME is the
initial speed of the CME obtained from a linear fit to the “height-time” measurements of SOHO/LASCO in
the plane-of-sky.

Based on the observation of (1) the white-light images of SOHO/LASCO in the near-Sun region and (2) the
interplanetary scintillation (IPS) images of the inner heliosphere obtained from the Ooty Radio Telescope, the
radial evolution from the Sun to the Earth of 30 wide CMEs (angular width >150°) has been investigated by
Manoharan [2006]. The following quadratic polynomial equation is derived to best fit the data points
between CME’s transit time (TCME, in hours) and its initial speed (VCME, in km/s):
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According to this equation, it takes a CME with the speed of 400 km/s about 90 h to propagate from the Sun
to the Earth’s orbit. But it takes solar wind moving constantly at this speed about 103 h to finish the 1 AU
distance. Manoharan [2006] suggested that the difference of 13 h in transit times reveals that the
propagation of the CME is supported by its stored internal energy.
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performance of the ESAmodel. They pointed out that the prediction error was within ±12 h for 60% (55 events)
of the total events. The deviations of shock arrival times from the ESA model during solar maximum were
correlated with the CME initial speeds (VCME), which indicates that the constant interplanetary acceleration in
the ESA model does not apply well for all CME events. They derived a linear fit to the relationship between
shock’s transit time T (in hours) and VCME (in km/s) during solar maximum after the linear regression analysis:
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Vršnak and Žic [2007] analyzed the relationship between CME’s transit time (T), CME speed (vCME), and the
background solar wind speed (w) based on two samples of CME-ICME events. One is the S-sample compiled
by Schwenn et al. [2005]; the other is the H-sample complied by Howard and Tappin [2005]. It was found that
CME transit times depend on both the CME take-off speed and the background solar wind speed. The transit
times of CMEs that are associated with solar wind faster than 500 km/s are shorter by 20–30 h than those
associated with the wind slower than 400 km/s on average. They performed a two-parameter linear least
squares fit concerning the CME’s transit time, which is

VT ¼ k0 þ k1vCME þ k2w (9)

Here VT is the transit speed of the CME defined as the ratio of the distance traveled by ICME and the
corresponding transit time T; the correlation parameters for S-sample are k0 =�111± 75 km/s,
k1 = 0.16 ± 0.03, and k2 = 1.41 ± 0.18. The other symbols (VT, vCME, and w) are in units of km/s.

Based on the constraints imposed by the Type II low-frequency decametric/kilometric radio emissions
generated by shocks driven by CMEs, the measured 1 AU transit times and the calculated in situ shock
speeds, together with the required consistency with the white-light measurements, Reiner et al. [2007]
presented a comprehensive study of the interplanetary transport of 42 CME/shocks during Solar Cycle 23.
They found that the 1 AU transit time correlates well with neither the initial CME speed nor its deceleration.
The distance and time over which a CME decelerates depends on its initial speed and the conditions of the
interplanetary medium, which are greatly different from one CME to another. The stopping distance of the
CME’s deceleration ranges from 0.2 to beyond 1 AU. The faster CME/shocks tend to decelerate more rapidly
near the Sun within shorter time periods. Their conclusions would be useful for developing arrival time
prediction algorithms.

During the SOHO era, the CME initial speed is obtained from the white light observations of coronagraph
(SOHO/LASCO), which will undergo inevitable projection effects. The CME speed derived in this way, as
noted earlier, is the projected speed on the plane-of-sky. The radial speeds of CMEs, especially their speeds
in the Earth’s direction are crucial for predicting the arrival times of CMEs at Earth. Michalek et al. [2008]
defined an asymmetry ratio (ASR) as the ratio between the maximum and minimum projected speed,
i.e., ASR =<Vmax> /<Vmin>. Then they put forward a new way to estimate the space speed of CMEs, which
is Vimp =<Vmax>+< Vmax>/ASR. They applied this technique to “halo CMEs” (i.e., CMEs apparently
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propagating along the Sun-Earth line) observed during 2001–2002 and obtained that the improved
speeds correlated better with the transit times of halo CMEs at Earth.

2.2. Expansion Speed Model

Considering the fact that the radial propagation speed of halo CMEs could not be measured directly during
the SOHO era (as viewed by a single spacecraft’s coronagraph), Schwenn et al. [2005] pointed out that the
radial speed of CME correlates well with its lateral expansion speed (Vexp) after inspecting 57 representative
limb CMEs observed by SOHO/LASCO. Therefore, the lateral expansion speed may serve as a proxy for the
inaccessible radial speed of halo CMEs. On this basis, they obtained the following formula fitting the data best
to predict the arrival time of CMEs at Earth:

T tr ¼ 203� 20:77 � ln Vexp
� �

(10)

where Ttr (in hours) is defined between the CME’s first appearance in LASCO/C2 images and the CME-
associated shock’s arrival at 1 AU, Vexp (in km/s) is the expansion speed of halo CMEs near the Sun. The
prediction of this formula for 75 CME-shock events demonstrates that there is a 95% probability that
the shock will arrive within 1 day around that predicted time unless it is one of the 15% of CMEs that never
hit the Earth. The definition of Vexp and the variation of CME travel time plotted against Vexp can be found
in Figure 2.

2.3. Drag-Based Models

Many observations reveal that faster CMEs undergo decelerations in interplanetary space while slower CMEs
undergo accelerations, which demonstrates a tendency of CMEs to adjust speed toward the background
solar wind. In other words, the dynamics of CMEs are governed mainly by their interaction with the
background solar wind beyond a certain helio-distance. Based on these foundations, a class of analytical
models has been developed to depict the propagation of CMEs and predict their arrival times. This kind of
model is based on the motion equation of CMEs where the drag acceleration/deceleration has a quadratic
dependence on the relative speed between CMEs and the background solar wind. Therefore, they are called
“drag-based models” in this paper.

Vršnak [2001] studied the deceleration of 12 coronal eruptions. It was found that the measured
deceleration rates depend on the events’ plane-of-sky velocities and heights, and this dependence on the
velocity can be described better by a quadratic function than by linear fit. In order to interpret this
phenomenon, a viscous drag (following classical aerodynamic empiricism) was introduced into the motion

Figure 2. (left) The definition of CME expansion speed and (right) the CME travel time to 1 AUplotted versus its expansion speed. Originally published in Schwenn et al. [2005].
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of CMEs. After considering the force acting on a segment of the flux rope, the acceleration of the magnetic
flux rope eruption can be modeled as

v̇ ¼ f L � g� f visc (11)

where fL, g, and fvisc stand for the Lorentz force, gravity, and viscous drag term, respectively. Appropriate
expressions for the viscous drag are either a linear term or a quadratic term of the velocity as demonstrated
by numerical MHD simulations [Cargill et al., 1996]:

f visc ¼ γ1 v � wð Þ (12)

f visc ¼ γ2 v � wj j v � wð Þ (13)

Here v is the CME speed, w is the solar wind speed, γ1 and γ2 are coefficients that depend on the density and
viscosity of the ambient plasma as well as on the geometrical proportions of the CME body. The radius of the
flux rope and the density ratio change with the helio-distance, and the dependences on distance of γ1 and γ2
could not be obtained in an explicit form. Vršnak and Gopalswamy [2002] adopted the empirical expressions

of the parameters γ1 and γ2 with the heliocentric distance, R (Rs), as γ1;2 ¼ α1;2R�β1;2 , where α and β are

constants determined empirically. Then the motion equation of CMEs could be rewritten into the following
forms after neglecting the Lorentz force and the gravity in late phases of CME eruption:

dv
dR

¼ Rsα1R�β1 1� w
v

� �
(14)

dv
dR

¼ Rsα2R�β2 1� w
v

� �
v � wj j (15)

In order to predict the arrival time of the CME, the variation ofw along distance R is needed, which is provided
by the solar wind model of Sheeley et al. [1997]:

w Rð Þ ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e� R�Rbð Þ=Ra

p
(16)

where w0 = 298.3 km/s, Rb= 2.8, and Ra=8.1. Equations (14) and (15) were integrated numerically by Vršnak
and Gopalswamy [2002] together with equation (16) to determine the model transit times (T1 AU) and
velocities (v1 AU) of CMEs at 1 AU as a function of the initial velocity v0. The results reproduce well the
observations in the statistical sense. This analysis has been extended by Shanmugaraju and Vršnak [2014] to
derive in more detail the dependence of the CME’s transit time on its speed and the background solar wind
speed for different combinations of α and β.

Cargill [2004] discussed the aerodynamic drag force experienced by CMEs through numerical simulations. It
was found that the drag force is proportional to the square of the relative speed between CMEs and the
background solar wind as well as a dimensionless drag coefficient (CD). The drag coefficient depends on the
relative density of CMEs with respect to the solar wind. The drag coefficient increases from unity to much
greater value if the CME’s relative density decreases from dense to tenuous. Although the drag coefficient
remains to be a constant during the majority of the CME journey from the Sun to 1 AU, an evident radial
dependence of CD exists for the extremely tenuous CMEs. These results help us to further understand the
aerodynamic drag effects in the propagation of CMEs. Vršnak et al. [2010] studied solutions of these drag-
based equations by systematically varying the input parameters. It was found that the speeds of wide CMEs
of low masses approach the solar wind speed quickly near the Sun; therefore, their transit times are mainly
determined by the background solar wind speed. Narrow and massive CMEs moving in the fast solar wind
streams would reach the Earth with short transit time and fast propagating speed at 1 AU.

Song [2010] simplified equation (13) with the assumption that the coefficient γ2 is a constant, and in this way
got the following formula to describe the motion of CMEs:

v̇ ¼ � 1
A

v � wð Þ2 (17)

The integral of this equation yields the following:

ΔT
A

¼ 1
V ICME � VSW

� 1
VCME � VSW

(18)

L ¼ VSWΔT þ A ln
VCME � VSW

V ICME � VSW
(19)
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of CMEs. After considering the force acting on a segment of the flux rope, the acceleration of the magnetic
flux rope eruption can be modeled as

v̇ ¼ f L � g� f visc (11)

where fL, g, and fvisc stand for the Lorentz force, gravity, and viscous drag term, respectively. Appropriate
expressions for the viscous drag are either a linear term or a quadratic term of the velocity as demonstrated
by numerical MHD simulations [Cargill et al., 1996]:

f visc ¼ γ1 v � wð Þ (12)

f visc ¼ γ2 v � wj j v � wð Þ (13)

Here v is the CME speed, w is the solar wind speed, γ1 and γ2 are coefficients that depend on the density and
viscosity of the ambient plasma as well as on the geometrical proportions of the CME body. The radius of the
flux rope and the density ratio change with the helio-distance, and the dependences on distance of γ1 and γ2
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of the parameters γ1 and γ2 with the heliocentric distance, R (Rs), as γ1;2 ¼ α1;2R�β1;2 , where α and β are
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dv
dR

¼ Rsα1R�β1 1� w
v

� �
(14)

dv
dR

¼ Rsα2R�β2 1� w
v

� �
v � wj j (15)

In order to predict the arrival time of the CME, the variation ofw along distance R is needed, which is provided
by the solar wind model of Sheeley et al. [1997]:

w Rð Þ ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e� R�Rbð Þ=Ra

p
(16)

where w0 = 298.3 km/s, Rb= 2.8, and Ra=8.1. Equations (14) and (15) were integrated numerically by Vršnak
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aerodynamic drag effects in the propagation of CMEs. Vršnak et al. [2010] studied solutions of these drag-
based equations by systematically varying the input parameters. It was found that the speeds of wide CMEs
of low masses approach the solar wind speed quickly near the Sun; therefore, their transit times are mainly
determined by the background solar wind speed. Narrow and massive CMEs moving in the fast solar wind
streams would reach the Earth with short transit time and fast propagating speed at 1 AU.

Song [2010] simplified equation (13) with the assumption that the coefficient γ2 is a constant, and in this way
got the following formula to describe the motion of CMEs:
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where A and L are constants. For the four parameters VCME, VICME, ΔT, and VSW, Equations (18) and (19) could
be solved to give the prediction of VICME and ΔT if VCME and VSW are input. In real applications, VCME can be
obtained from the observation of SOHO/LASCO. The limitation of this model is the difficulty in determining
VSW, which can be supplied by interplanetary observations or predicted by solar wind numerical
computational methods.

Subramanian et al. [2012] discussed the variation of the drag coefficient (CD) by adopting a microphysical
prescription for viscosity in the turbulent solar wind to obtain an analytical model for the drag coefficient. The
equation that they advocated is the following:

mCMEVCME
dVCME

dR
¼ 1

2
CDNimpACME VCME � VSWð Þ2 (20)

Here Ni is the proton number density,mp is the proton mass, and ACME is the cross-sectional area of the CME.
It is believed that the drag coefficient CD is determined from the sonic Mach number (Ms) or Reynolds number
(Re) of the system, which are determined from the CME velocity VCME, the typical macroscopic length scale
RCME and the viscosity coefficient. Their work is the first physical characterization of the aerodynamic drag
experienced by CMEs (considered as solid objects that cannot be valid). Their derived velocity profiles,
nevertheless, agree well with observations of deceleration experienced by fast CMEs.

Vršnak et al. [2013] simplified the drag-based model and presented an explicit solution for the Sun-Earth transit
time of CMEs and their impact speed at 1 AU. The start equation is the quadratic form for the drag acceleration:

d2r
dt2

¼ �γ rð Þ dr
dt

� w rð Þ
� �

dr
dt

� w rð Þ
����

���� (21)

where r is the helio-distance of the CME’s leading edge and w(r) is the background solar wind speed. For the
simplest case when γ(r) = constant and w(r) = constant, the analytical solutions of equation (21) give

v tð Þ ¼ v0 � w
1 ± γ v0 � wð Þt þ w (22)

and

r tð Þ ¼ ±
1
γ
ln 1 ± γ v0 � wð Þt½ � þ wt þ r0 (23)

where the sign of ± is positive for v0>w, and negative for v0<w; v0 is the CME “take-off speed” at r0. In this
way, the simplest version of drag-based models (DBM) provides the explicit solution of r(t), v(t), and v(r)
relation. The transit time of a CME and its “impact speed” to any helio-distance r can be obtained analytically
with the input of v0, r0, and the ambient solar wind speed w. The differences between this simplest DBM
model to those of γ(r)≠ constant and w(r)≠ constant are discussed and found to be very small beyond 20 Rs.
Figure 3 shows examples of the CME’s kinematics based on this DBMmodel. In real applications, r0 and v0 can
be obtained from the coronagraph observations of CMEs, w is taken either as a constant within the range of
300–600 km/s or from the in situ measurements of spacecraft, and γ is taken to be a constant within the range
of 2 × 10� 8� 2× 10� 7 km� 1. The value ofγ is taken close to the lower limit of 10� 8 km� 1 for high density
CMEs, while it is taken near the upper limit of 10� 7 km� 1 for low-density CMEs. Especially, a public online
forecast tool has been developed based on this DBM (http://oh.geof.unizg.hr/DBM/dbm.php), which enables
the easy handling and straightforward application of this model to real-time space weather forecasting.

2.4. Physics-Based Models

In contrast to the empirical prediction models that use simple equations from fitting observations to give the
arrival time prediction, the physics-based prediction models are often based on certain physics theory or
concept. They use the observed CME-IP disturbance events as samples to “train” the theoretical model and
give predictions in real applications.

The “Shock Time of Arrival” (STOA) model is based on similarity theory of blast waves from point explosions
revised by the piston-driven concept [Dryer, 1974; Dryer and Smart, 1984; Smart and Shea, 1984, 1985].
According to STOA, the initial explosion produces a shock, which propagates at a constant speed (Vsi) for a
piston-driving time duration (τ) and then decelerates to a blast wave with Vs~R

�1/2 (R is the heliocentric radial
distance). A cosine function is adopted to consider the longitudinal dependence of the shock’s geometry in
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the ecliptic plane, and the shock speed is assumed to decrease frommaximum in the direction of the flare via
this cosine function to provide a nonspherical shape in longitude. The initial shock speed is calculated from
United States Air Force/Australian ground-based Type II metric radio frequency drift rate based on an
assumed coronal density model. STOA considers a variable background solar wind speed through which the
shock propagates, and this solar wind speed (Vsw) is estimated from in situ measurements of solar wind at L1
spacecraft at the time of the flare. The input parameters of STOA are as follows: the solar flare longitude,
the start time of metric Type II radio burst, the initial shock speed, the proxy piston-driving time duration, and
the background solar wind speed. The outputs of STOA include the arrival time of the shock at any radial
distance in the ecliptic plane as well as whether the shock will arrive at this position by adoption of the
shock’s Alfvén Mach number (Ma) as an indicator of the expected shock strength.

Moon et al. [2002] examined the possibility for improvement of the STOA model concerning the radial
variation of shock velocity. They pointed out that the radial dependence of shock wave velocity depends on
its initial velocity as demonstrated by observational and numerical findings. Therefore, they suggested a
simple modified STOA-2 model, which has a linear relationship between initial coronal shock wave velocity
(Vis) and its deceleration exponent (N), i.e., N= 0.05 + 4 × 10�4 Vis. Both the input and output of STOA-2 are the
same as those of STOA. Their results reveal that the STOA-2 model could remove the systematic dependence
of the prediction error of the original STOA model on the initial shock velocity.

The “Interplanetary Shock Propagation Model” (ISPM) is based on a 2.5-D MHD parametric study of numerically
simulated shocks, which demonstrates that the organizing parameter for the shock is the net energy released
into the solar wind [Smith and Dryer, 1990, 1995]. The transit time of the shock and its strength at 1 AU is given
by algebraic equations in themodel in terms of the net energy released by a solar event into the solar wind and
its source’s longitude. As the energy released by a solar event is not a parameter measured directly, ISPM
provides an empirical method to estimate the net input energy fromproxy solar data. The inputs of ISPM are the
same as those of STOA except for the background solar wind speed Vsw, which is chosen to be a
heliolongitudinally fixed radial profile with Vsw= 340 km/s at 1 AU. Thus, corotating stream-stream nonuniform
interactions are not considered. Besides the shock’s transit time at 1 AU, ISPM also outputs the shock strength
index (SSI), which is computed from the logarithm (base 10) of the normalized dynamic pressure jump, as an
indicator to predict whether the shock would reach the desired location (such as the Earth).

The “Hakamada-Akasofu-Fry version 2” (HAFv.2) model is a “modified kinematic” solar wind model that
calculates the solar wind speed, density, magnetic field, and dynamic pressure as a function of time and

Figure 3. Examples of the CME kinematics based on DBM with r0 = 20 Rs. (a) CME leading edge distance against time,
(b) CME speed against time, (c) CME speed against distance, and (d) CME acceleration against distance. Here v0 and w
are in unit of km/s, Γ= γ×107 km� 1. Originally published in Vršnak et al. [2013].
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assumed coronal density model. STOA considers a variable background solar wind speed through which the
shock propagates, and this solar wind speed (Vsw) is estimated from in situ measurements of solar wind at L1
spacecraft at the time of the flare. The input parameters of STOA are as follows: the solar flare longitude,
the start time of metric Type II radio burst, the initial shock speed, the proxy piston-driving time duration, and
the background solar wind speed. The outputs of STOA include the arrival time of the shock at any radial
distance in the ecliptic plane as well as whether the shock will arrive at this position by adoption of the
shock’s Alfvén Mach number (Ma) as an indicator of the expected shock strength.

Moon et al. [2002] examined the possibility for improvement of the STOA model concerning the radial
variation of shock velocity. They pointed out that the radial dependence of shock wave velocity depends on
its initial velocity as demonstrated by observational and numerical findings. Therefore, they suggested a
simple modified STOA-2 model, which has a linear relationship between initial coronal shock wave velocity
(Vis) and its deceleration exponent (N), i.e., N= 0.05 + 4 × 10�4 Vis. Both the input and output of STOA-2 are the
same as those of STOA. Their results reveal that the STOA-2 model could remove the systematic dependence
of the prediction error of the original STOA model on the initial shock velocity.

The “Interplanetary Shock Propagation Model” (ISPM) is based on a 2.5-D MHD parametric study of numerically
simulated shocks, which demonstrates that the organizing parameter for the shock is the net energy released
into the solar wind [Smith and Dryer, 1990, 1995]. The transit time of the shock and its strength at 1 AU is given
by algebraic equations in themodel in terms of the net energy released by a solar event into the solar wind and
its source’s longitude. As the energy released by a solar event is not a parameter measured directly, ISPM
provides an empirical method to estimate the net input energy fromproxy solar data. The inputs of ISPM are the
same as those of STOA except for the background solar wind speed Vsw, which is chosen to be a
heliolongitudinally fixed radial profile with Vsw= 340 km/s at 1 AU. Thus, corotating stream-stream nonuniform
interactions are not considered. Besides the shock’s transit time at 1 AU, ISPM also outputs the shock strength
index (SSI), which is computed from the logarithm (base 10) of the normalized dynamic pressure jump, as an
indicator to predict whether the shock would reach the desired location (such as the Earth).

The “Hakamada-Akasofu-Fry version 2” (HAFv.2) model is a “modified kinematic” solar wind model that
calculates the solar wind speed, density, magnetic field, and dynamic pressure as a function of time and
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location [Dryer et al., 2001, 2004; Fry et al., 2001, 2003, 2007; McKenna-Lawlor et al., 2002, 2006, 2012; Smith
et al., 2005, 2009a; Sun et al., 2002, 2003]. This model gives a global description of the propagation of multiple
and interacting shocks in nonuniform, stream-stream interacting flows of solar wind in the ecliptic plane. In
contrast to MHD simulations, the HAFv.2 model begins with the equations integrated twice to give the fluid
parcel positions, and velocity is derived from dx/dt. The input parameters of HAFv.2 include the input of
disturbance and the input of background solar wind; the former are the same as those of STOA; while for the
latter, HAFv.2 computes the ambient solar wind speed continually through the prediction method by Arge
and Pizzo [2000] with the radial magnetic field at the source surface (R= 2.5 Rs) as input. That is, realistic inner
boundary conditions determine the background solar wind flow and IMF topology in the model. As for
output, HAFv.2 predicts the solar wind speed, density, dynamic pressure, and IMF vector at any point in the
heliosphere as a function of time. A Shock Searching Index (SSIH) is computed at L1. When this index exceeds
an empirical threshold value, a shock arrival is predicted at that time, otherwise “no shock arrival” predicted.
Figure 4 gives an example of the solar wind conditions to 2 AU in the ecliptic plane predicted by HAFv.2 for the
solar disturbance-IP shock event on 23 December 1998. Smith et al. [2009b] examined themodel verification and
performance of HAFv.2 as a function of input parameters, and found that it was possible to categorize the
prediction outcomes by defining three thresholds for the input speed, duration, and X-ray class.

Figure 4. Solar wind conditions to 2 AU in the ecliptic plane predicted by HAFv.2 for the 23 December 1998 flare/Type
II-shock event. (top left) Interplanetary magnetic field (IMF) pattern, (top right) solar wind velocity, (bottom left) proton
density with IMF pattern, and (bottom right) predicted dynamic pressure. Originally published in Fry et al. [2003].
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The STOA, ISPM, and HAFv.2 models use similar input solar parameters (i.e., the source location of the
associated flare, the start time of the metric Type II radio burst, the proxy piston driving time duration, and
the background solar wind speed) and predict not only the shock arrival times but also whether or not the
interplanetary shock can encounter the Earth by introducing a judgment index (i.e., Ma in STOA, SSI in
ISPM, and SSIH in HAFv.2). They have been used to give the “near real-time” predictions for the arrival of
interplanetary shocks at Earth using solar data available to forecasters as inputs since February 1997. An
event list of more than 600 solar disturbance-IP shock events has been built up during the time period
February 1997 to December 2006 covering nearly the entire Solar Cycle 23. Their rigorous statistically based
predictions are frequently referred to in the literature as “Fearless Forecasts,” and the prediction results
were sent to interested members of both scientific and operational communities through emails within
10 h after the solar events. The performances of the above three models have been tested and the
comparative study revealed that the performances of these three models are very similar in real-time
forecasting of the shock’s arrival at Earth. Details about the predictions of the Fearless Forecast models and
the information for their database events can be found at the website http://www2.gi.alaska.edu/
pipermail/gse-ff/.

There are other physical models established on the basis of the Fearless Forecast models. A practical
database method for predicting the interplanetary shock arrival time at L1 point was presented by Feng et al.
[2009] based on the predicting performance of the HAFmodel to a set of “hypothetical solar events” and an
empirical correction to its prediction results. They first established a shock transit time Database-I based on
HAFv.1 with hypothetical solar events. Then, they modified Database-I to create a practical Database-II
via the prediction test for the real observed solar events, which was organized on a multidimensional grid
of source location, initial coronal shock speed, and the year of occurrence of the hypothetical solar event.
The arrival time at L1 for any given solar event occurring in Solar Cycle 23 could be predicted by looking
up in the grid of Database-II according to source location, the initial coronal shock speed, and the year
of occurrence.

By considering the detection of energetic particles at L1, Qin et al. [2009] created two new models,
STSEP and STOASEP, based on STOA. They added the use of solar energetic particles (SEPs) detected
at Earth to improve the shock arrival time prediction of the STOA model. It demonstrates that the
shock arrival prediction is improved by the new models with the help of 38–53 keV electron SEP
observations. In particular, the ratio of the correct prediction to false alarm becomes
greatly enhanced.

Liu and Qin [2012] combined the soft X-ray observations at L1 with the STOA model in predicting the shock
arrival time and obtained two other methods, i.e., STOAF and STOASF. Testing the methods with 585 solar
flare-type II burst events during the period September 1997 to December 2006, it is found that the two new
methods get higher success rate, which demonstrates the possibility of using the soft X-ray data to improve
the shock arrival time prediction.

Interplanetary shocks, especially those with strong geomagnetic effects, often accelerate energetic ions
during their propagation. These energetic ions are useful to monitor the progress toward the Earth of the
interplanetary shocks and provide “fine-tuning” of predictions made on the basis of solar observations.
Therefore, the observation of energetic ion enhancements at satellites located at L1 is a potential tool for
predicting the arrival of interplanetary shocks hours before they arrive at L1 [Smith et al., 2004]. Smith and
Murtagh [2009] presented a forecast tool for predicting large geomagnetic storms (Kp≥ 7) following the
arrival of interplanetary shocks at 1 AU based on the observations of low-energy energetic ions (47–65 keV)
and solar wind data at the L1 point. This model has been (still ongoing) tested by the Australian Space
Forecast Centre (http://www.ips.gov.au/mailman/listinfo/ips-swp-alert). Aran et al. [2006] developed
SOLPENCO (Solar Particle Engineering Code) as the first step toward an operational tool able to quantitatively
predict proton flux and fluence profiles of SEP events associated with interplanetary shocks. SOLPENCO can
also provide an estimate for the transit time and average speed of the CME-driven shock (http://dev.sepem.
oma.be/help/solpenco2_intro.html).

Combining the analytical study for the propagation of the blast wave from a point source in a moving, steady
state, medium with variable density [Wei, 1982; Wei and Dryer, 1991] with the energy estimation method in
the ISPM model [Smith and Dryer, 1990, 1995], Feng and Zhao [2006] presented a new “Shock Propagation
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the background solar wind speed) and predict not only the shock arrival times but also whether or not the
interplanetary shock can encounter the Earth by introducing a judgment index (i.e., Ma in STOA, SSI in
ISPM, and SSIH in HAFv.2). They have been used to give the “near real-time” predictions for the arrival of
interplanetary shocks at Earth using solar data available to forecasters as inputs since February 1997. An
event list of more than 600 solar disturbance-IP shock events has been built up during the time period
February 1997 to December 2006 covering nearly the entire Solar Cycle 23. Their rigorous statistically based
predictions are frequently referred to in the literature as “Fearless Forecasts,” and the prediction results
were sent to interested members of both scientific and operational communities through emails within
10 h after the solar events. The performances of the above three models have been tested and the
comparative study revealed that the performances of these three models are very similar in real-time
forecasting of the shock’s arrival at Earth. Details about the predictions of the Fearless Forecast models and
the information for their database events can be found at the website http://www2.gi.alaska.edu/
pipermail/gse-ff/.

There are other physical models established on the basis of the Fearless Forecast models. A practical
database method for predicting the interplanetary shock arrival time at L1 point was presented by Feng et al.
[2009] based on the predicting performance of the HAFmodel to a set of “hypothetical solar events” and an
empirical correction to its prediction results. They first established a shock transit time Database-I based on
HAFv.1 with hypothetical solar events. Then, they modified Database-I to create a practical Database-II
via the prediction test for the real observed solar events, which was organized on a multidimensional grid
of source location, initial coronal shock speed, and the year of occurrence of the hypothetical solar event.
The arrival time at L1 for any given solar event occurring in Solar Cycle 23 could be predicted by looking
up in the grid of Database-II according to source location, the initial coronal shock speed, and the year
of occurrence.

By considering the detection of energetic particles at L1, Qin et al. [2009] created two new models,
STSEP and STOASEP, based on STOA. They added the use of solar energetic particles (SEPs) detected
at Earth to improve the shock arrival time prediction of the STOA model. It demonstrates that the
shock arrival prediction is improved by the new models with the help of 38–53 keV electron SEP
observations. In particular, the ratio of the correct prediction to false alarm becomes
greatly enhanced.

Liu and Qin [2012] combined the soft X-ray observations at L1 with the STOA model in predicting the shock
arrival time and obtained two other methods, i.e., STOAF and STOASF. Testing the methods with 585 solar
flare-type II burst events during the period September 1997 to December 2006, it is found that the two new
methods get higher success rate, which demonstrates the possibility of using the soft X-ray data to improve
the shock arrival time prediction.

Interplanetary shocks, especially those with strong geomagnetic effects, often accelerate energetic ions
during their propagation. These energetic ions are useful to monitor the progress toward the Earth of the
interplanetary shocks and provide “fine-tuning” of predictions made on the basis of solar observations.
Therefore, the observation of energetic ion enhancements at satellites located at L1 is a potential tool for
predicting the arrival of interplanetary shocks hours before they arrive at L1 [Smith et al., 2004]. Smith and
Murtagh [2009] presented a forecast tool for predicting large geomagnetic storms (Kp≥ 7) following the
arrival of interplanetary shocks at 1 AU based on the observations of low-energy energetic ions (47–65 keV)
and solar wind data at the L1 point. This model has been (still ongoing) tested by the Australian Space
Forecast Centre (http://www.ips.gov.au/mailman/listinfo/ips-swp-alert). Aran et al. [2006] developed
SOLPENCO (Solar Particle Engineering Code) as the first step toward an operational tool able to quantitatively
predict proton flux and fluence profiles of SEP events associated with interplanetary shocks. SOLPENCO can
also provide an estimate for the transit time and average speed of the CME-driven shock (http://dev.sepem.
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Combining the analytical study for the propagation of the blast wave from a point source in a moving, steady
state, medium with variable density [Wei, 1982; Wei and Dryer, 1991] with the energy estimation method in
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Model” (SPM) to predict the arrival time of interplanetary shocks at Earth. They started from the basic
equations of ideal fluid dynamics with a spherically symmetric hypothesis:

∂ρ
∂t

þ u
∂ρ
∂r

þ ρ
∂u
∂r

þ 2u
r

� �
¼ 0

ρ
∂u
∂t

þ u
∂u
∂r

� �
þ ∂p

∂r
¼ 0 (24)

∂p
∂t

þ u
∂p
∂r

þ γp
∂u
∂r

þ 2u
r

� �
¼ 0

A series of dimensionless variables are defined to solve the equations after modifying Sedov’s classical
similarity theory for the blast waves to include a steady state, background solar wind flow. After several steps
of complicated deductions and reasonable simplifications, the following equation is obtained to depict the
variation of the shock’s speed (Vs) with the distance of the shock front (R) from the Sun:

Vs ¼ dR
dt
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Here u0 is the background solar wind velocity, E0 represents the dimensionless form of the total energy Es,

E0 = Es/Au20, J0 = 3/8, λ1 =� 0.1808, and A=300 kg/m. Figure 5a gives the helio-distance variation of the shock’s
propagation speed for different energies of the associated solar blast with fixed u0 = 400 km/s based on
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of a solar blast and the background solar wind speed are known, then the arrival time of the corresponding
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Figure 5. (a) The shock propagating speed versus distance for different energies (Es) with fixed solar wind speed u0=400 km/s
predicted by SPM and (b) the shock’s transit time to 1 AU versus the shock energy for different u0 by SPM. Figure 5b is adapted
from Feng and Zhao [2006] with redrawing.
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shock to any radial distance can be computed from
equation (26). Similarly, Figure 5b demonstrates the
transit time of the shock to 1 AU plotted versus the
total energy for different ambient solar wind
speeds according to equation (26). The total energy
of a solar blast, however, is not a parameter readily
available from direct observations. Fortunately,
ISPM provides a simple method to estimate the
energy of a solar event, which assumes that the
total energy of the event is proportional to its
kinetic energy flux V3

s

� �
, the longitudinal width (ω),

and the duration of the initial pulse (τ):

Es ¼ CV3
sω τ þ Dð Þ (27)

Here C=0.283×1020 ergm� 3 s� 2 deg� 1,D=0.52 h,
and an average of angular width ω ¼ 60° are
adopted in ISPM. Equations (26) and (27)
constitute the SPM model. The inputs of SPM
include the duration of the X-ray flare, the initial
shock speed, and the background solar wind
speed. The output of SPM gives the predicted

transit time of the shock to any radial distance R. Applying SPM to 165 solar events during the periods of
January 1979 to October 1989 and February 1997 to August 2002, it is found that the relative error is ≤ 10%
for 27.88% of all events, ≤ 30% for 71.52%, and ≤ 50% for 85.46%. This study demonstrates a potential
capability of SPM in terms of real-time forecasting.

However, the SPM model presently requires upgrading as follows. (1) It predicts only arrival times of
interplanetary shocks and cannot predict whether or not an interplanetary shock would arrive at Earth
as the Fearless Forecast models. (2) The blast wave theory may not be suitable for all the shocks. Li et al.
[2008] pointed out that the propagation of some shocks deviates much from the prediction limit of SPM.
(3) According to the blast wave theory adopted in SPM, the shock propagates outward with a circular
front so that the arrival time predicted by SPM has no dependence on its propagating direction, which
neglects the contribution of shock’s propagation direction on its arrival time. (4) The initial speed of
the shock wave, determined by metric Type II radio burst, is used to estimate the energy of the shock;
due to the lack of spatial information of the radio bursts, the shock speed derived in this way often
contains some uncertainties. All these issues constitute hindrances for the prediction precision of SPM.
In order to lessen these drawbacks and promote the prediction capability of SPM, Zhao and Feng [2014]
put forward its updated version, i.e., SPM2. Considering the corrections in the above indicated steps,
SPM2 uses the following equation to compute the propagation speed of the shock at the Earth’s
location (Vs (EL)):

Vs ¼ dR
dt

¼ �2λ1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2λ1ð Þ2 þ E0

J0R
þ 1
2J0

r� �
u0 � FAD � FPD (28)

Here FAD and FPD denote the acceleration/deceleration term and the propagation direction term,
respectively, i.e., FAD = 1.244� 6.28 × 10� 4u0, FPD = 0.85 + 0.2 cos θ cos φ, θ and φ denote the heliographic

latitude and longitude, respectively, for the solar source of the associated shock; E0 ¼ C V�
si3 ω τ þ Dð Þ

A u20
,

V�
si ¼ 0:3818� 3:0 �10�4Vsi sinθ

� �
V si þ V si , Vsi is the shock’s initial speed computed from the type II radio

burst drifting speed, A=300 kg m� 1, C=0.283×1020 erg m� 3 s� 2 deg� 1, D=0.52 h, and R=1 AU for the
Earth’s location. The consideration of the shock’s propagation direction in its arrival time prediction mitigates
the isotropy limitation of blast wave theory in real applications and results in a simplified shock front speed
profile in three dimensions. Figure 6 displays the ecliptic plane projection of the shock front speed profile
adopted by SPM2 (solid black line). The shock front speed profile adopted by STOA (dotted blue line) and SPM

Figure 6. Comparison of the shock front speed profile for STOA
(dotted blue line), SPM (dashed red line), and SPM2 (solid
black line). V∥ and V⊥ represent the shock speed in the direc-
tions parallel and perpendicular to the maximum propagation
direction. Originally published in Zhao and Feng [2014].
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(dashed red line) are also shown in this figure. After knowing the shock’s propagation speed at the Earth, an
“equivalent shock strength index” of each shock is computed as

ESSI ¼ Vs ELð Þ � u0
Vf

(29)

where Vf = 100 km/s. If ESSI≥ ESSItv = 2.29, the shock is predicted to reach the Earth, while if ESSI< ESSItv = 2.29,
the shock is predicted to miss the Earth. For the former case, the shock’s transit time to the Earth is computed
according to the following:

T ¼ J0
u0 � FAD � FPD
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The application of SPM2 to 551 solar disturbance events of Solar Cycle 23 reveals that the success rates of
SPM2 for both shock and nonshock events at Earth are slightly higher than 60%, and the prediction error for
the shock events is within 12 h (root-mean-square) and 10 h (mean absolute), respectively. Table 1 gives a
statistical comparison of a range of standard skill scores (from PODy to SR) derived by SPM2 with those
derived by HAFv.2 based on 551 rather same events, with those by STOA on 463 same events, and with those
by ISPM on 418 same events. These skill scores are introduced by the Fearless Forecast models from the
meteorological forecasts in order to evaluate a model’s prediction accuracy and reliability. The last two rows
give the X2 test for the model’s prediction results. Higher values of X2 and lower values of p3 mean that the
dependence between observations and predictions is stronger, and a value of p3< 0.05 indicates a high level
of significance. The “ideal value” of these parameters for the “perfect prediction” is also listed in the table. For
these 11 skill scores from PODy to p3, SPM2 has at least nine scores better than any one of the Fearless
Forecast models. Therefore, comparisons between the prediction results of SPM2 to those of STOA, ISPM, and
HAFv.2 based on the same events demonstrate that the SPM2 model offers generally equivalent prediction
accuracy and reliability; SPM2 provides better values for most of the evaluating skill scores than those
Fearless Forecast models (STOA, ISPM, and HAFv.2).

Particularly, SPM2 has been developed to be an open-access online forecast tool on the website (http://www.
spaceweather.ac.cn/groupmodel.php?group=sigma). The usage of the SPM2 forecast website is displayed in

Table 1. Statistical Comparison of the Values of a Range of Standard Forecast Skill Scores Derived by SPM2With Those of
HAFv.2, STOA, and ISPM Based on the Same Events of Solar Cycle 23 (February 1997 to December 2006)a

Forecast Skill Scores Ideal Value SPM2 HAFv.2 SPM2 STOA SPM2 ISPM

PODy 1 0.61 0.76 0.64 0.80 0.64 0.51
PODn 1 0.61 0.41 0.62 0.37 0.61 0.63
FAR 0 0.53 0.57 0.52 0.52 0.52 0.56
BIAS 1 1.29 1.79 1.31 1.91 1.32 1.16
CSI 1 0.36 0.38 0.38 0.38 0.38 0.31
TSS 1 0.22 0.17 0.25 0.17 0.25 0.15
HSS 1 0.20 0.15 0.24 0.14 0.24 0.14
GSS 1 0.11 0.08 0.13 0.08 0.13 0.08
SR 1 0.61 0.54 0.62 0.53 0.62 0.59
X2 Nb 24.0 16.2 27.4 14.1 24.4 8.3
p3 0 9.5 × 10�7 5.6 × 10�5 1.7 × 10�7 1.8 × 10�4 7.8 × 10�7 0.0039

aAdapted from Zhao and Feng [2014] with redrawing.
bThe event number of the same data sets with SPM2, which is 551 for HAFv.2, 463 for STOA, and 418 for ISPM.
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Figure 7. Input parameters include the following: (1) the formation time (Date-time) of the shock near the Sun,
usually denoted by the start time of type II bursts; (2) the source latitude (θ) and longitude (φ) in degrees in the
heliographic coordinate system, often marked by the associated solar flare; (3) the initial shock speed (Vsi) in km/s
computed from the type II radio burst drifting speed; (4) the background solar wind speed (u0) in km/s, which can
be obtained from both solar wind models and in situ measurements of solar wind by L1 spacecraft near the
shock’s formation time; (5) the duration time (τ) in hours that refers to the piston-driving time duration of the shock
(GOES X-ray duration as a proxy). The detailed introductions to these input parameters and their values for 551
events of Solar Cycle 23 can be found in Zhao and Feng [2014]. After filling in all the required input parameters,
press the “Submit” button, then thewebpagewill output the prediction results of SPM2 immediately. For example,
for the event happening at 22:10 UT on 14 December 2006 (Fearless Forecast No. 666), θ =�6°, φ= 46°,
Vsi = 1500 km/s, u0 = 570 km/s, τ = 2.0 h, the prediction result is displayed as “The shock will arrive at the
Earth at 2006-12-16 17:19:47. The transit time predicted is 43.16 hours!” on the webpage; For another event
happening at 01:44 UT on 17 April 2005 (Fearless Forecast No. 592), θ =�12°, φ=�86°, Vsi = 1003 km/s, u0=400
km/s, τ =0.75 h, and the prediction result is “The shock will not reach our Earth!.”

2.5. Time-Dependent MHD Models

The physics-based magnetohydrodynamics (MHD) numerical models simulate the propagation process of solar
disturbances in the background solar wind which is supplied by appropriate time-dependent boundary
conditions near the Sun, and they can be used to give the predictions of solar disturbance’s arrival time from the
Sun to the Earth. Their success provides us confidence in the coming epoch of numerical space weather
forecasting. There are a number ofMHDmodels. For success and future improvements, Feng et al. [2011a, 2013a]
provided the current status for the physics-based 3-D MHD space weather modeling. Dryer [2007] presented a
modeler’s perspective of the present state of the art for space weather simulation in 3-D MHD from the Sun
to the Earth and beyond. Exhausting the significant body of literature already available in this context is beyond
the scope of the present paper. Here only some typical 3-D models are briefly mentioned as examples.

The Space Weather Modeling Framework (SWMF) has been built by the Center for Space Environment
Modeling at the University of Michigan and its collaborators [Tóth et al., 2005, 2007, 2012]. As an ensemble of
a sequence of MHD simulationmodels, SWMF includes several different models from the Sun to the Earth, i.e.,
Solar Corona (SC), Eruptive Event Generator (EE), Inner Heliosphere (IH), Solar Energetic Particles (SP), Global
Magnetosphere (GM), Inner Magnetosphere (IM), Radiation Belt (RB), Ionosphere Electrodynamics (IE), and
Upper Atmosphere (UA). The execution and parallel layout of the components is controlled by the SWMF,
which supports both sequential and concurrent execution models. Adopting reasonably high spatial and
temporal resolutions in all its coupled components, the SWMF runs significantly faster than real time on
massively parallel supercomputers and enables those simulations that are impossible with the individual
physics models to become feasible [Tóth et al., 2005]. The SWMF could model different domains of the Sun-
Earth system by combining different computational physics modules, and the subset of the modules can be
used independently if needed. As far as the disturbance’s arrival time prediction is concerned, only the
models of SC, EE, and IH are involved. The simulation of the generation and propagation of CMEs runs about 2

Figure 7. The online forecast tool based on SPM2.
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times faster than real time on 256 CPUs of the Silicon Graphics Altix supercomputer Columbia and therefore
can be used to give predictions in advance. The SWMF has been used to simulate the propagation of CMEs
from the Sun to the Earth and reproduced successfully their arrival times and hydrodynamic characteristics
for case studies [e.g., Tóth et al., 2007; Cohen et al., 2008; Lugaz and Roussev, 2011].

CORHEL (Coronal and Heliospheric) package is a coupled suite of solar corona and heliosphere models
developed by the Center for Integrated Spaceweather Modeling [Riley et al., 2012, 2013]. The coronamodels are
composed of the Wang-Sheeley-Arge (WSA) and the MHD-Around-a-Sphere model, and the heliosphere
model refers to the inner heliosphere solar wind model. The coupled WSA+ENLIL +Cone model, as one of the
most sophisticated models currently available to space weather forecasters, is widely used to simulate the
propagation and evolution of CMEs in interplanetary space and provides a 1–2 day lead time forecasting for
major CMEs [Taktakishvili et al., 2009, 2011; Pizzo et al., 2011]. It is the combination of three models. WSA is a
quasi-steady global solar windmodel that uses synoptic magnetograms as inputs to predict ambient solar wind
speed and interplanetary magnetic field polarity at Earth [Wang and Sheeley, 1995; Arge and Pizzo, 2000]. The
ENLIL model, based on the polytropic equations of state for supersonic outflows, is a time-dependent, 3-D ideal
MHD model of the solar wind in the heliosphere [Odstrcil et al., 2002, 2004a, 2004b]. The Cone model is an
empirical CMEmodel based on the assumption that CMEs occupy the volume like a cone with constant angular
width in the heliosphere [Zhao et al., 2002; Xie et al., 2004]. Although lacking the internal structure of CMEs, the
Cone model has successfully simulated the propagation of CMEs and their impacts in the practice of MHD
simulation [Taktakishvili et al., 2009, 2011]. The input of ENLIL at its inner boundary of 21.5 Rs is taken from the
output of WSA to get the background solar wind flows and interplanetary magnetic field. The observations of
coronagraph for CMEs are used as input for the Cone model, whose output supplies the input for the transient
CME structures required in the ENLIL model. Zheng et al. [2013] gave a brief description to the coupled
WSA+ENLIL +Cone model as well as what had been learned about accurately modeling CMEs and their
impacts based on the present space weather operations.

The Hybrid Heliospheric Modeling System (HHMS), developed by the Space Weather Predictions Center at the
National Oceanic and Atmospheric Administration and its collaborators, is another Sun-to-Earth coupled
modeling system that is composed of two physics-based models together with two simple empirical models
[Detman et al., 2006]. The physics-based models include a source surface (potential field) current sheet
model for the corona and a time-dependent fully 3-DMHDmodel for the solar wind. The first empirical model is
the empirical relationship betweenmagnetic flux tube expansion factor and solar wind speed at 0.1 AU, and the
second empirical model is used to predict the geomagnetic index based on the predicted solar wind at Earth as
input. The HHMS has also the capability to simulate solar transient events such as CMEs and interplanetary
shocks. Smith et al. [2008] compared the prediction ability of both HHMS and HAFv.2 for the arrival time at Earth
of the solar-caused interplanetary shock of the 12 May 1997 solar event. It was found that HHMS could match
better with the observations for the same inputs due to its updated solar surface observations to obtain a more
reliable background solar wind. A newly developed hybrid model, called HAFv.2+ 3-DMHD, has been put
forward by combining the HAFv.2 model with the 3-D MHD simulation code of the HHMS model [Wu et al.,
2007a, 2007b, 2011]. In this hybrid model, HAFv.2 is used from 2.5 Rs to 18 Rs (0.08 AU) to provide the input for
the 3-D MHD code, which calculates the evolution of solar wind and interplanetary magnetic field beyond 0.08
AU. A dynamic disturbance is released into the quiescent solar wind structure to model the evolution and
propagation of the solar transients (including both CME and shock) in the heliosphere. This hybrid model is
found to be a useful tool to link CMEs at 1 AU to their solar sources, understand their propagations in
interplanetary space, and also identify the possible origins of shock formation due to interaction between CMEs
and CME/CIRs (Co-rotating Interaction Regions). The simulated solar wind parameters (density, velocity,
magnetic field, and temperature) at 1 AU are verified by in situ observations of spacecraft.

The conservation element and solution element MHD (CESE MHD) [Feng et al., 2007, 2010] models are full 3-D
MHDmodels that can deal with the problems of solar wind ambient and solar disturbances from the Sun to the
Earth developed by the Solar-Interplanetary-GeoMAgnetic (SIGMA) Weather Group, State Key Laboratory of
Space Weather, Center for Space Science and Applied Research (CSSAR), Chinese Academy of Sciences. In
contrast to conventional or other total variation diminishing type numerical schemes, time and space are
treated as an entity in the CESEMHDmodels so that they avoid the calculation of eigenvalues and eigenvectors,
which is a major difference from the traditional numerical methods. By mimicking CMEs with flux ropes, these
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models are able to produce the propagation process of CMEs from the Sun to the Earth [e.g., Zhou et al., 2012].
These CESE MHD models with continuously observed data as input exhibits the following innovative merits.

1. The new implementation of volumetric heating source term (Feng et al. [2010] and subsequent papers)
that takes the topological effects of magnetic field, such as the expansion factor and the angular dis-
tance, into consideration, and can very effectively and realistically distinguish the high-speed solar wind
from the low-speed solar wind [Yang et al., 2011].

2. The introduction of composite grid strategies, such as six-component grid [Feng et al., 2010, 2012a] and
Yin-Yang grid [Feng et al., 2011b], for the computational domain from the Sun to the Earth and beyond
enables us to fit the spherical surface boundary with an easy implementation of the inner boundary
conditions and meanwhile to avoid both coordinate singularities and polar grid convergence. Particularly,
this feature allows us to easily use the solar observation as input data at the lower boundary thus conduct
realistic, observation-based simulations.

3. In addition, the adaptive mesh refinement implementation of Solar-Interplanetary-CESE MHD (SIP-CESE
MHD) model [Feng et al., 2012a, 2012b, 2012c] in curvilinear coordinates (through the use of nonsingular
transform from the physical space to the reference space) makes the code applicable to any coordinate
system (such as Cartesian, spherical, cylindrical coordinates, and any other curvilinear coordinates) with only
the difference of the coordinate transformations, and consequently, the solver is highly independent of the
grid system thus applicable to many topics in solar physics and broad field in astrophysics and geophysics.

4. Time-dependent solar wind background study [Feng et al., 2012a, 2012b, 2012c; Yang et al., 2012] driven
by daily updated solar observations and MHD evolution study of active regions [Jiang and Feng, 2013,
Jiang et al., 2013] driven by photospheric vector magnetogram, with the use of Wilcox Solar Observatory,
SOHO/Michelson Doppler Imager, and Solar Dynamics Observatory/Helioseismic and Magnetic Imager
observations, will open a new era for numerical space weather study both for time-dependent structured
solar wind, the initiation process of solar eruptions, and their propagation in interplanetary space. The
data-driven aspect of this methodology is unique in all 3-D MHD solar/interplanetary models: not only
time-dependent Br part but also including global surface flow. Including photospheric flux transport
model with differential rotation and meridional flow is indeed an essential part to make a really realistic
model [Feng et al., 2012c].

5. Graphic Processing Unit implementation of CESE MHDmodel [Feng et al., 2013b, 2013c] is aimed to speed
up numerical space weather modeling for real-time operational forecasting purpose in order to combat
the computer-intensive approach.

As suggested by Feng et al. [2012c, 2013c], in order to achieve better numerical results that can capture the
structures of the heliosphere during specific time periods more accurately, high time-cadence photospheric
magnetograms are needed to drive the model. Other considerations may include using synoptic maps from
different observatories, choosing the solution that best matches the observations, and driving the numerical
model by using the synoptic maps from the Air Force Data Assimilative Photospheric Flux Transport
model [Henney et al., 2012; Lee et al., 2013], which can assimilate different observations into the surface flux
model and thus provide more instantaneous snapshots of the global photospheric field distribution than
traditional methods. At the same time, solar wind heating/acceleration needs further attention. As pointed out
by Feng et al. [2010], further characterizing and quantifying of the key physical processes/mechanismwill clarify
an operational route to more physically integrate realistic coronal heating modules into 3-D MHD codes.

All these MHD models are milestones of the solar physics community in the world. Indeed, the observation-
based realistic MHD simulation of the solar corona and solar wind is one of the hottest and most competitive
topics in the solar physics community in the world, and inspiring researchers in the field of modeling of
the solar corona and solar wind. With further long-term accumulation in the observations of solar eruptions
and their propagation in the heliosphere as well as better understanding of the key physical processes/
mechanisms in the solar wind heating/acceleration, validation of these MHD codes like CESE MHDmodel will,
in our opinion, bring us into an operational capability for real-time solar disturbance arrival time prediction.

3. New Observations for Solar Disturbances in Solar Cycle 24

The launch of the STEREO in 2006 heralded a new epoch for the observations of solar eruptions and their
related disturbances. In contrast with the earlier SOHO spacecraft, the observations of STEREO-A and STEREO-B

Space Weather 10.1002/2014SW001060

ZHAO AND DRYER ©2014. American Geophysical Union. All Rights Reserved. 16
28 Space Weather Quarterly ©2014. American Geophysical Union. All Rights Reserved. Vol. 11, Issue 2, 2014



models are able to produce the propagation process of CMEs from the Sun to the Earth [e.g., Zhou et al., 2012].
These CESE MHD models with continuously observed data as input exhibits the following innovative merits.

1. The new implementation of volumetric heating source term (Feng et al. [2010] and subsequent papers)
that takes the topological effects of magnetic field, such as the expansion factor and the angular dis-
tance, into consideration, and can very effectively and realistically distinguish the high-speed solar wind
from the low-speed solar wind [Yang et al., 2011].

2. The introduction of composite grid strategies, such as six-component grid [Feng et al., 2010, 2012a] and
Yin-Yang grid [Feng et al., 2011b], for the computational domain from the Sun to the Earth and beyond
enables us to fit the spherical surface boundary with an easy implementation of the inner boundary
conditions and meanwhile to avoid both coordinate singularities and polar grid convergence. Particularly,
this feature allows us to easily use the solar observation as input data at the lower boundary thus conduct
realistic, observation-based simulations.

3. In addition, the adaptive mesh refinement implementation of Solar-Interplanetary-CESE MHD (SIP-CESE
MHD) model [Feng et al., 2012a, 2012b, 2012c] in curvilinear coordinates (through the use of nonsingular
transform from the physical space to the reference space) makes the code applicable to any coordinate
system (such as Cartesian, spherical, cylindrical coordinates, and any other curvilinear coordinates) with only
the difference of the coordinate transformations, and consequently, the solver is highly independent of the
grid system thus applicable to many topics in solar physics and broad field in astrophysics and geophysics.

4. Time-dependent solar wind background study [Feng et al., 2012a, 2012b, 2012c; Yang et al., 2012] driven
by daily updated solar observations and MHD evolution study of active regions [Jiang and Feng, 2013,
Jiang et al., 2013] driven by photospheric vector magnetogram, with the use of Wilcox Solar Observatory,
SOHO/Michelson Doppler Imager, and Solar Dynamics Observatory/Helioseismic and Magnetic Imager
observations, will open a new era for numerical space weather study both for time-dependent structured
solar wind, the initiation process of solar eruptions, and their propagation in interplanetary space. The
data-driven aspect of this methodology is unique in all 3-D MHD solar/interplanetary models: not only
time-dependent Br part but also including global surface flow. Including photospheric flux transport
model with differential rotation and meridional flow is indeed an essential part to make a really realistic
model [Feng et al., 2012c].

5. Graphic Processing Unit implementation of CESE MHDmodel [Feng et al., 2013b, 2013c] is aimed to speed
up numerical space weather modeling for real-time operational forecasting purpose in order to combat
the computer-intensive approach.

As suggested by Feng et al. [2012c, 2013c], in order to achieve better numerical results that can capture the
structures of the heliosphere during specific time periods more accurately, high time-cadence photospheric
magnetograms are needed to drive the model. Other considerations may include using synoptic maps from
different observatories, choosing the solution that best matches the observations, and driving the numerical
model by using the synoptic maps from the Air Force Data Assimilative Photospheric Flux Transport
model [Henney et al., 2012; Lee et al., 2013], which can assimilate different observations into the surface flux
model and thus provide more instantaneous snapshots of the global photospheric field distribution than
traditional methods. At the same time, solar wind heating/acceleration needs further attention. As pointed out
by Feng et al. [2010], further characterizing and quantifying of the key physical processes/mechanismwill clarify
an operational route to more physically integrate realistic coronal heating modules into 3-D MHD codes.

All these MHD models are milestones of the solar physics community in the world. Indeed, the observation-
based realistic MHD simulation of the solar corona and solar wind is one of the hottest and most competitive
topics in the solar physics community in the world, and inspiring researchers in the field of modeling of
the solar corona and solar wind. With further long-term accumulation in the observations of solar eruptions
and their propagation in the heliosphere as well as better understanding of the key physical processes/
mechanisms in the solar wind heating/acceleration, validation of these MHD codes like CESE MHDmodel will,
in our opinion, bring us into an operational capability for real-time solar disturbance arrival time prediction.

3. New Observations for Solar Disturbances in Solar Cycle 24

The launch of the STEREO in 2006 heralded a new epoch for the observations of solar eruptions and their
related disturbances. In contrast with the earlier SOHO spacecraft, the observations of STEREO-A and STEREO-B
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greatly increase the community’s ability in
remote sensing tracking for solar
disturbances in the following aspects: (1)
two-point observations of STEREO make
the 3-D reconstruction of solar eruptions
become feasible, which are helpful in
further understanding their morphologies
and kinematics; (2) large FOV of the
imaging telescopes (such as HI1 and HI2)
enables the tracking of solar disturbances
to much longer distance in the heliosphere,
and this enlarges the ability of predicting
arrival times of solar disturbances. A lot of
techniques/models have been developed
in these two aspects, such as the Point-P
Method [Howard et al., 2006; Kahler and
Webb, 2007], Fixed-φ Method [Kahler and
Webb, 2007; Sheeley et al., 2008], Harmonic-
Mean (HM) model [Lugaz et al., 2009, 2010],
Tappin-Howard Model [Howard and Tappin,
2009; Tappin and Howard, 2009], Tie-
pointing Technique [Srivastava et al., 2009;
Temmer et al., 2009], Inverse reconstruction
[Antunes et al., 2009], Geometric

Localization technique [De Koning et al., 2009], Graduated Cylindrical Shell forward modeling [Thernisien et al.,
2006, 2009], Local Correlation Tracking [Mierla et al., 2009], Liu tracking [Liu et al., 2010], Mask Fitting [Feng
et al., 2012], Ellipsoid Model [Schreiner et al., 2012], Self-Similar Expansion model [Davis et al., 2012; Möstl and
Davies, 2013], and so on. Solar eruptions can be clearly tracked to much longer helio-distance based on the
observation of STEREO than those on the observation of SOHO [e.g., Zhao et al., 2010], even can be tracked to
the Earth’s orbit [Liu et al., 2013]. Figure 8 displays the distance of the CME’s leading edge distances plotted
versus time for the 23 January 2012 event derived from the Liu tracking method. The CME was tracked
beyond the Earth’s distance in this case [Liu et al., 2013]. These techniques/models can be used in empirical or
analytical models to predict the 1 AU arrival time of solar disturbances [e.g., Schreiner et al., 2012; Möstl and
Davies, 2013], and the prediction accuracy would be greatly improved in contrast with those from models
based on old observations. For example, Table 2 shows the arrival times at 1 AU of the CME’s leading and
trailing edges predicted by the Ellipsoid Model as well as comparisons with observations for three CMEs
given by Schreiner et al. [2012]. The prediction error ranges from 0.4 to 6.2 h.

Although ranging from the highly complex and computationally intensive ones to those based on simple
curve fitting, these techniques/models all have their inherent advantages and limitations [Davis et al., 2012].
But they enlarge the community’s understanding in the propagation and evolution of solar disturbances in
the heliosphere, could be used to check the validity of previous models on arrival time prediction, and/or
help to establish newmodels more close to the reality. However, studies in this aspect have only been carried

Figure 8. The variation of the leading edge distances for the 23 January
2012 CME event derived from Liu triangulation with Fβ (i.e., Fixed-φ,
black), triangulation with HM (red), and the radio type II burst (blue). The
vertical dashed line indicates the observed arrival time of the CME-driven
shock at the Earth. Originally published in Liu et al. [2013].

Table 2. The Predicted Beginning and End of the Ellipsoid’s Transit Compared to the First Density Enhancement and the
One Directly Following the Low-Density Cavity in the In Situ Data for Three CMEs, Respectivelya

Event/Satellite Predicted Arrival Time In Situ Time Hours Away σ Away

1 12/30/07 4:56 ± 2:07 12/30/07 4:00 ± 3:00 0.95 0.26
ST-B 12/31/07 9:09 ± 3:17 12/31/07 3:00 ± 0:45 6.16 1.83
2 4/29/08 19:12 ± 1:38 4/29/08 14:45± 0:45 4.46 2.47
ST-B 4/29/08 21:08 ± 2:05 4/29/08 18:15± 1:00 2.90 1.25
3 12/15/08 6:45 ± 0:20 12/15/08 4:30 ± 3:00 2.26 0.75
WIND 12/17/08 17:41± 1:08 12/17/08 17:15± 3:00 0.44 0.14

aAdapted from Schreiner et al. [2012], with redrawing.
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out for case studies, which are not based on a large number of data sets. The reason for this may be the
extremely low level of solar activity of the present solar cycle. A large number of data sets of solar disturbance
events have not been built up in Solar Cycle 24 as those collected in Solar Cycle 23. And this will be improved
as more solar eruptions are observed in the future.

4. Summary and Discussion

The current status of the CME/shock arrival time prediction models is reviewed in this paper according to the
classification of empirical models, expansion speed model, drag-based models, physics-based models, and
MHD models. This is not an exhaustive review for all the models in this aspect, and more descriptions can be
found in similarly summarized papers [e.g.,Owens and Cargill, 2004; Siscoe and Schwenn, 2006;Watermann et al.,
2009; Davis et al., 2011; Zheng et al., 2013]. Although some models are very complicated and considerate
while others are rather simple and easy, no great gaps are found between their prediction capabilities and
accuracies. In other words, no model is evidently better than the others. The predictions yield generally 12 h in
the root-mean-square error and 10 h in the mean absolute error for a large number of data events. Some
models claim that their prediction errors are dramatically smaller than this average error, but they are applied
only for case studies. Better prediction of solar disturbance’s propagation and arrival time requires an improved
understanding of both the disturbance and the medium that they travel through. There are many factors
impeding further improvements of present models. (1) The input parameters of the model have their own
uncertainties. For example, the CME speeds observed by coronagraphs are the speeds projected on the plane of
sky, and their Earth-directed speeds cannot be obtained in the SOHO era. Even for the observations of STEREO,
the 3-D reconstructions of CMEs still require inevitable assumptions and simplifications. (2) The knowledge
of 3-D morphology and kinematics of solar disturbance is still limited. Any model will have its deficiency
in depicting the real complicated solar transients. The blast wave theory may not be suitable for the
extremely slow speed eruptions and their driven waves, while piston-driven theory should not be the best
candidate to describe the motion of very fast CME/shocks. (3) The real background solar wind that the
disturbance travels through is difficult to be either observed (should be known, temporally, in 3-D before
their arrivals) or simulated from MHD or empirical models. But the evident influence of the ambient solar
wind on the disturbance’s propagation and arrival time is accepted by all the prediction models. (4) Many
other factors also have great effects on the arrival time of solar disturbance such as the deviations in
their propagation, the solar wind inhomogeneities and fluctuations [Heinemann, 2002], the large-scale
structure of the heliospheric current sheet [Zhao et al., 2007], the interactions between transients and other
structures, and some other, as yet unknown, factors. These factors are difficult to be considered together
in one operational model. Along with the progress in the observations of solar and interplanetary
transients as well as the maturity of 3-D MHD models [Feng et al., 2011a, 2013a], these issues could be
solved step by step. Accurate predictions for both the arrival time and the time-dependent evolution of
the structures of solar transients will be fulfilled in the future.
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out for case studies, which are not based on a large number of data sets. The reason for this may be the
extremely low level of solar activity of the present solar cycle. A large number of data sets of solar disturbance
events have not been built up in Solar Cycle 24 as those collected in Solar Cycle 23. And this will be improved
as more solar eruptions are observed in the future.

4. Summary and Discussion

The current status of the CME/shock arrival time prediction models is reviewed in this paper according to the
classification of empirical models, expansion speed model, drag-based models, physics-based models, and
MHD models. This is not an exhaustive review for all the models in this aspect, and more descriptions can be
found in similarly summarized papers [e.g.,Owens and Cargill, 2004; Siscoe and Schwenn, 2006;Watermann et al.,
2009; Davis et al., 2011; Zheng et al., 2013]. Although some models are very complicated and considerate
while others are rather simple and easy, no great gaps are found between their prediction capabilities and
accuracies. In other words, no model is evidently better than the others. The predictions yield generally 12 h in
the root-mean-square error and 10 h in the mean absolute error for a large number of data events. Some
models claim that their prediction errors are dramatically smaller than this average error, but they are applied
only for case studies. Better prediction of solar disturbance’s propagation and arrival time requires an improved
understanding of both the disturbance and the medium that they travel through. There are many factors
impeding further improvements of present models. (1) The input parameters of the model have their own
uncertainties. For example, the CME speeds observed by coronagraphs are the speeds projected on the plane of
sky, and their Earth-directed speeds cannot be obtained in the SOHO era. Even for the observations of STEREO,
the 3-D reconstructions of CMEs still require inevitable assumptions and simplifications. (2) The knowledge
of 3-D morphology and kinematics of solar disturbance is still limited. Any model will have its deficiency
in depicting the real complicated solar transients. The blast wave theory may not be suitable for the
extremely slow speed eruptions and their driven waves, while piston-driven theory should not be the best
candidate to describe the motion of very fast CME/shocks. (3) The real background solar wind that the
disturbance travels through is difficult to be either observed (should be known, temporally, in 3-D before
their arrivals) or simulated from MHD or empirical models. But the evident influence of the ambient solar
wind on the disturbance’s propagation and arrival time is accepted by all the prediction models. (4) Many
other factors also have great effects on the arrival time of solar disturbance such as the deviations in
their propagation, the solar wind inhomogeneities and fluctuations [Heinemann, 2002], the large-scale
structure of the heliospheric current sheet [Zhao et al., 2007], the interactions between transients and other
structures, and some other, as yet unknown, factors. These factors are difficult to be considered together
in one operational model. Along with the progress in the observations of solar and interplanetary
transients as well as the maturity of 3-D MHD models [Feng et al., 2011a, 2013a], these issues could be
solved step by step. Accurate predictions for both the arrival time and the time-dependent evolution of
the structures of solar transients will be fulfilled in the future.
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