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[1] Understanding space weather is not only important for satellite operations and human exploration of
the solar system but also to phenomena here on Earth that may potentially disturb and disrupt electrical
signals. Some of the most violent space weather effects are caused by coronal mass ejections (CMEs),
but in order to predict the caused effects, we need to be able tomodel their propagation from their origin in
the solar corona to the point of interest, e.g., Earth. Many suchmodels exist, but to understand themodels
in detail we must understand the primary input parameters. Here we investigate the parameter space
of the ENLILv2.5b model using the CME event of 25 July 2004. ENLIL is a time‐dependent 3‐D MHD
model that can simulate the propagation of cone‐shaped interplanetary coronal mass ejections (ICMEs)
through the solar system. Excepting the cone parameters (radius, position, and initial velocity), all
remaining parameters are varied, resulting inmore than 20 runs investigated here. The output parameters
considered are velocity, density, magnetic field strength, and temperature. We find that the largest
effects on the model output are the input parameters of upper limit for ambient solar wind velocity, CME
density, and elongation factor, regardless of whether one’s main interest is arrival time, signal shape,
or signal amplitude of the ICME.We find that though ENLILv2.5b currently does not include themagnetic
cloud of the ICME, it replicates the signal at L1 well in the studied event. The arrival time difference
between satellite data and the ENLILv2.5b baseline run of this study is less than 30 min.
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1. Introduction
[2] It is becoming increasingly important, not only for

satellite operations, but also for electrical operations on
Earth to understand geomagnetic storms and predict their
onset and magnitude. For this purpose we need to be able
to predict the effect of a solar event as soon as we observe it
on the surface of the Sun, whichmeans being able tomodel
its propagation from the Sun to Earth. In this paper we
focus on a particular type of solar event, namely coronal
mass ejections (CMEs), which are violent ejections of
plasma and magnetic field. In order to use a model for
the purpose of understanding CMEs and their effects, we
need to understand the model and its performance first.

[3] Statistical studies (such as Gopalswamy et al. [2000],
Vršnak [2001], Vršnak and Gopalswamy [2002], Michaek et al.
[2004], and Schwenn et al. [2005]) are very useful to get an
idea of the expected effects of an event, however prognoses
have to come from modeling, as statistical evidence is not
sufficient for the predictions needed of individual events,
and they do not allow for forecast of events outside the
range of “typical” events.
[4] There are several models available that focus on

different types of events and different aspects of them.
Empirical models (e.g., the empirical shock arrival (ESA)
model [Gopalswamy et al., 2001, 2005], the Solar Particle
EngineeringCode (SOLPENCO) [Aran et al., 2006]) typically
only model one or two parameters of the event and do not
allow for the capability to predict the consequences of
extreme events. They do, however, perform fast, allowing
for quick results.
[5] In order to be able to properly predict the solar wind

arriving at Earth we need to understand the physics
involved. The events that are of particular interest are those
with a large impact on Earth, implying extreme conditions.
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Extreme conditions cannot bemodeled empirically as there
are very few of them, and the ones we know of date so far
back that data on them is scarce. Understanding the physics
involved will allow us to model even extreme events (such
as, e.g., the Carrington event in 1859 [Carrington, 1860; Smart
et al., 2006]) and the consequences at Earth.
[6] The drag‐based models [Vršnak and Gopalswamy,

2002; Vršnak and Žic, 2007; Lara and Borgazzi, 2008; Borgazzi
et al., 2009] are usually considered semiempirical models,
sometimes referred also to as analytical. They are based on
simplified physics combined with observational experi-
ence, and have the advantage of very fast computation
combined with good results.
[7] Numerical models typically take longer to run. In a

number of papers [e.g., Fry et al., 2003; Dryer et al., 2004;
Smith et al., 2005, 2009a, 2009b; McKenna‐Lawlor et al., 2002,
2006], the authors studied the performance of different
physics‐based CME and shock propagation models, shock
time of arrival (STOA), STOA‐2, interplanetary shock
propagation (ISPM), andHakamada‐Akasofu‐Fry version 2
(HAFv2), in forecasting shock arrival times for hundreds of
events (for a description of these models and references to
them, see section 2.2. of Dryer et al. [2004]). In these mod-
eling studies either the average error or root mean square
error (or both) of the interplanetary CME (ICME) shock
arrival times at Earth were considered, and typically they
range around 10 h. Taktakishvili et al. [2009] performed a
similar study of the ENLIL model with a cone perturbation
[Odstrcil and Pizzo, 1999; Odstrcil et al., 2004], which is a
numerical magnetohydrodynamical (MHD) heliospheric
model, arriving at an average error of ∼6 h. The ENLIL
model without a cone perturbation has also been tested
against ACE data for the quasi‐steady state solar wind by
Lee et al. [2009], and found to be in good agreement.
[8] In order to execute amodel, a set of input parameters,

providing information on the event in question, is required.
Input parameters can concern either the event itself or the
associated conditions. Some input parameters may be
easily measured or estimated, while others may be difficult
to estimate with much certainty. Understanding the impact
on the model results of input parameters is important
in order to understand what knowledge of the event is
essential to getting the correct results at Earth, and what
effects uncertainties on different parameters might have on
the model run.
[9] In this paper we analyze the impact on the model

results of several input parameters in the “ENLILv2.5bwith
cone” model, available online through the Community
Coordinated Modeling Center (CCMC) at Goddard Space
flight center ccmc.gsfc.nasa.gov. The model allows propa-
gation of ICME events through the solar system up to
10 AU, predicting not only arrival times but also other
solar wind parameters. We investigate the parameter
space of themodel by focussing on theCME event of 25 July
2004, comparing model runs to Advanced Composition
Explorer (ACE) data, (and Wind when ACE parameters
were unavailable or unreliable). The primary goal is to
assess the importance of the different input parameters

required by the model, while trying to understand the
effects observed.

2. Method

2.1. Model
[10] “ENLIL with cone” is one of the few physics‐based

numerical models that can simulate the propagation of a
solar event propagating out through the solar system. Here
we focus on oneCME event and the arriving signal at Earth.
We use the terms CME and ICME (interplanetary coronal
mass ejection, i.e., the signal propagating through the solar
system as a consequence of the CME in the solar atmo-
sphere) to distinguish between the CME at the Sun and the
ICME when it has left the solar realm and entered the
interplanetary domain, however the terms are a little fuzzy
as the inner boundary of ENLIL is at 21.5 solar radii, and the
CME in ENLIL therefore, strictly speaking, is an ICME from
the get go. ICME cloud (or CME cloud) is used to specify the
ICME body (i.e., everything after the shock), while “cone
cloud” is the term used internally in the model.
[11] ENLIL with cone is a MHD heliospheric model into

which an ICME is inserted at the inner boundary of the
numerical domain, located at the heliospheric distance of
∼21.5 solar radii. In an actual CME event, energy is ejected
out through the solar system due to powerful explosions in
the solar atmosphere. An actual ICME can have very
complicated shapes and features, however, in ENLILv2.5b
with cone ICMEs are approximated by a cone shape.When
a CME is inserted in the model, the original data at the
inner boundary of the model is overwritten and a cone of
the dimensions specified by the user, with the location,
velocity, density and temperature also specified by the
user, is propagated through the inner boundary. The cone
is directed radially from the Sun and is therefore seen as a
circle on a 2‐Dplot of the inner boundary of themodel, with
enhanced, uniform density, velocity and temperature, as
seen in Figure 1. This cone is then propagated out through
the solar wind and the MHD equations are solved in the
3‐D space of the heliosphere. The runs presented in this
article were done with the standard time resolution, which
corresponds to ∼8 min between subsequent time steps in
the simulation files and ∼6 h in the graphical interface. We
used a grid resolution of 256 × 30 × 90, which means that
ACE and Earth are essentially located at the same grid cell,
implying an uncertainty of a few hours on the temporal
output of ENLILv2.5b.
[12] The ENLIL model is described by Odstrcil and Pizzo

[1999] and Odstrcil et al. [2004] and it is available through
the CCMC at ccmc.gsfc.nasa.gov. The version used in this
study is version 2.5b. The model will hereafter be referred
to as ENLILv2.5b. At the CCMC they distinguish between
ENLIL with and without a cone perturbation inserted, and
at the CCMC the model used for this study is therefore
referred to as the ENLIL with cone model.
[13] For the ambient solarwindweuse theWang‐Sheeley‐

Arge model (WSA) [Arge and Pizzo, 2000] (ccmc.gsfc.nasa.
gov/models/modelinfo.php?model=WSA/PF with CS) ver-
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sion 1.6, being directly applied at the inner boundary of
ENLILv2.5b at 21.5 solar radii.
[14] WSA combines a Potential Source Surface Model

with the “Schatten” current sheet model, to produce a
model of the global coronal magnetic field between the
solar surface and a bounding spherical surface, typically set
at 5 solar radii. At this outer surface the magnetic field is
assumed to be radial and WSA computes the solar wind
speed using an empirical relationship based on the diver-
gence of the magnetic field and the proximity of the
selected open field line to the nearest coronal hole
boundary, to determine the local solar wind speed. The
surface magnetic field is determined from synoptic mag-
netogram data form either Kitt Peak or Mount Wilson
observatory. For this study the magnetogram used was
Mount Wilson.
[15] One important feature of the model version used

here is that it does not incorporate a magnetic signal in the
CME (as seen clearly in Figure 1). Physically one of themost
important parameters of a CME is its magnetic signature,
which is one of the main drivers of the CME in the solar
corona in particular. This means that ENLILv2.5b has to
drive the ICME by kinetic energy alone; perhaps this may
contribute to the reason of the generally overestimated
density of the ICME in ENLILv2.5b, as also found by
Taktakishvili et al. [2009]. An additional reason may be the
fact that the precedingCMEs (discussed in section 2.3) were
not included in this simulation, as also found by Smith et al.
[2008].
[16] In absence of a magnetic cloud, the basic parameters

of a CME are its kinetic energy, i.e., its velocity and density,
and its thermodynamic energy, density and temperature.
Other deciding factors are the solar wind parameters and
the heliographic coordinates of the CME source region.
[17] The CME (cone cloud) input parameters needed in

ENLILv2.5b with cone are therefore not only the basic
parameters of the CME but also a few parameters referring

to the solar wind, allowing one to modify the kinetic energy
in the ambient solar wind itself. It is important, however,
to realize what the solar wind parameters asked for by
ENLILv2.5b in fact represent.
[18] Input parameters needed for the ambient solar wind

the following.
[19] 1. The kinetic energy of the ambient solar wind in

ENLILv2.5b is kept constant and its value is determined by
the input values of solar wind density, swdens (named “fast
solar wind density” in the model), and solar wind speed
limit, swvel,limit (named fast solar wind velocity in the
model). Both the ambient solar wind speed and the density
have the topography given from the WSA input. The
ambient solar wind speed is set to have aminimumvalue of
275 km s−1 and a maximum of 625 km s−1 (which cannot be
changed by the user). If the user specifies a swvel,limit lower
than 625 km s−1, all velocities above swvel,limit will be
lowered to swvel,limit (within 15 km s−1); however, the
maximum ambient solar wind speed will not be lowered
beyond 450 km s−1. Anything below remains practically
unaltered; that is, if swvel,limit is above 625 km s−1, the
ambient solar wind speed at the inner boundary is not
altered (to within 5 percent, with a standard deviation
better than 1 percent).
[20] 2. The solar wind density is fitted to accommodate

the kinetic energy specified by the user (through swdens
and swvel,limit); the actual value of the ambient solar wind
density is therefore swdens,actual ’ swdens�sw2

vel;limit

sw2
vel;actual

, where swdens

is the input parameter requested by ENLILv2.5b.
[21] 3. The solar wind temperature parameter, swtemp,max

(named fast solar wind temperature in the model), is used
as the maximum value for the temperature at the inner
boundary of the model in the ambient solar wind; the solar
wind temperature from the WSA model is then multiplied
by the appropriate factor to meet this maximum; that is, if
swtemp,max is lowered by a factor 2, so is the temperature of

Figure 1. Snapshot of the conditions at the inner boundary of ENLILv2.5 during the baseline run for
the study (seen in Figure 2).
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the ambient solar wind at all other locations at the inner
boundary. The default value of swtemp,max is 0.8 million K.
[22] Input parameters required for theCMEare as follows.
[23] 1. The date and time (in UT) for when the ICME

reaches the inner boundary of ENLILv2.5b (21.5 solar radii)
is required in order to get the timing of the ICME correct.
[24] 2. The colatitudes and longitude (in degrees) of the

center of the ICME at 21.5 solar radii are required in order
to get the propagation direction of the ICME. The colatitude
is defined as 0° = north and 180° = south, and the longitude
is defined as 90° = east, 180° = toward Earth, and 270° = west
when looking from the Earth.
[25] 3. The angular radius or cone angle of the ICME cone

in degrees (range: 0°–90°) is required to get the width or the
extent of the ICME.
[26] 4. To get the actual parameters of the ICME at Earth,

i.e., the correct transit time and amplitude of the signal, the
initial speed of the CME cloud, cldvel, at the inner boundary
of ENLILv2.5b in km s−1; the CME cloud density, clddens,
relative to swdens, i.e., the factor by which the cone density is
larger than swdens (range: 1–10); the CME cloud tempera-
ture, cldtemp, relative to swtemp,max, i.e., the factor by which
the cone temperature is higher than the solar wind tem-
perature (range: 0.5–10); and a measure for the elonga-
tion of the trailing part of the CME cloud, cldelong, i.e., how
long the ICME takes to pass though the inner boundary of
ENLILv2.5b, are required. Here 1 = spherical; 2 = longer,
etc. (range: 1–5).
[27] The CME is projected on the inner boundary of the

model as seen in Figure 1, the step function between the
CME and the ambient solar wind being rather steep. From
Figure 1 it is also obvious that ENLILv2.5b does not incor-
porate a magnetic cloud in the CME.
[28] It is also possible to inject several CMEs into the

model during one run, but this possibility is not addressed
in this paper.

2.2. Evaluation Parameters
[29] To assess the effect of changing the input parameters

the following are calculated.
[30] 1. The difference in arrival time of the ICME shock

front betweenACEdata and themodel output is calculated.
The arrival time is defined as being the time of the largest
derivative in the velocity output.
[31] 2. The normalized difference in max value, i.e.,

maxENLIL �maxACE
maxACE

, is calculated for all four output parameters
(V, N, T and B).
[32] 3. A measure of standard deviation of the velocity

output is calculated. For this purpose the data is divided
into three intervals, where each ENLILv2.5b simulation is
shifted to fit the shock arrival time of theACEdata. The first
interval is half a day (12 h) before the shock arrival, the
second interval is the duration on the event defined from
ACE velocity data as the half width of the ICME signature
(shown in Figure 2 as dotted vertical lines) and the third is
1.5 days after the end of the second interval. For each of

these intervals
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=n

P
n

VACE�VENLILð Þ2ð Þp
P

n
ðVACEÞ=n is calculated. This pro-

vides a rough estimate of howwell the shape and size of the
ENLILv2.5b velocity output agrees with the shape of the
ACE data.

2.3. Event and Baseline Run
[33] The event chosen for this study is the halo CME that

originated on the Sun on 25 July 2004, which is the most
likely candidate for causing the geomagnetic storm at Earth
on 27 July. The geomagnetic storm caused by this event was
immediately following 2 separate geomagnetic storms on
∼23 and 25 July, respectively. The ICME arrived at the ACE
satellite (L1) at 2227 on 26 JulyUT (DOY 208.94). It arrived at
ACE with a velocity of 900–1000 km s−1 and a rather low
density of less than 25 cm−3. The event was trailed by a
high‐speed stream and the geomagnetic storm was the
biggest storm of the solar cycle, likely due to the combi-
nation of preceding and trailing events, allowing the radi-
ation belts at Earth to expand while filled with electrons
[Kataoka andMiyoshi, 2008]. This is one of the events chosen
for a detailed interdisciplinary study in the frame of the
European FP7 project SOTERIA.
[34] The input parameters, CME time, location, radius

and velocity, are found through analysis of Solar and
Heliospheric Observatory (SOHO) Large Angle Spectro-
scopic Coronagraph (LASCO) images. Basically, the shape
of the halo CME is approximated by ellipses and the
parameters, at the desired location, are found from geo-
metrical considerations of the development of this ellipse.
For more details on this method see Xie et al. [2004]. This
method is only valid for halo CMEs.
[35] The values found for the CME are shown in Table 1.
[36] In the following we systematically analyze the effects

of changing the remaining input parameters of the model,
about the values for the baseline run seen in Figure 2.
[37] The parameters for the baseline run were the stan-

dard parameters for the ambient solar wind (though with
swvel,limit = 650 km s−1 not 625 km s−1). Themaximum values
were used for the enhancement factors for the CME cone
cloud because the CME was very powerful as stated in the
SOHO/LASCO catalogue (cdaw.gsfc.nasa.gov/CME_list).
The parameters for the run are listed in Figure 2. This run
was chosen as baseline run for this study because of its
good correspondence of the ICMEwith ACE data (with the
exception of density) and a good correspondence at the
inner boundary with the inner boundary of ENLILv2.5b
with no cone injected (when no cone is injected into ENLIL
you do not get the option of input parameters to modify
the ambient solar wind, when running the model at the
CCMC), for both speed, V, number density, N, tempera-
ture, T, and magnetic field strength, B.
[38] For the comparison of ENLILv2.5b to ACE data, four

output parameters are considered, namely V, N, T and B,
as seen in Figure 2.
[39] In Figure 2 we see a good agreement between the

arrival time of the model ICME and the real ICME. In fact
the arrival of the shock is only off by ∼30 min, which is less
than the time resolution of ENLILv2.5b.
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[40] Prior to the ICMEarrival themodel values reproduce
the satellite data for V and N poorly. Inspecting the ACE
and Wind data we find that the solar wind speed ahead of
the ICME (prior to day of year (DOY) 208) was character-
ized by a high speed of 600 to 650 km s−1. This is probably
a consequence of a weak ICME since there is a pattern
showing a rotation of the magnetic field vector, indicat-
ing a presence of a small/weak magnetic cloud, which
ENLILv2.5b does not take into consideration.
[41] Behind our ICME we find a high‐speed stream,

characterized by a density of 0.5 to 1 cm−3 and a speed of
650 to 700 km s−1. The streamhad its origin in the equatorial
coronal hole located eastward from the CME source site,
passing over the central meridian on 26 July.
[42] Looking at the ACE density data for this particular

event there is a data gap and the density data fromDOY 208
to DOY 211 has therefore been replaced with Wind data,
as the two satellites were not too far from each other at
the time and the velocity data from the two satellites
are practically identical with simultaneous shock arrival
etc.

[43] The density is still vastly overestimated by ENLILv2.5b
as ENLILv2.5b needs to compensate for the lack of magnetic
cloud and therefore drives the ICME solely on kinetic energy.
Lowering swdens to 50 cm−3 from the baseline run actually
improves the result significantly, however, this results in
conditions in the ambient solar wind, at the inner boundary
of the run, to be off when comparing to the pure ambient
solar wind model of ENLILv2.5b; in particular when look-
ing at the ambient solar wind density.
[44] There are some features in T that are not replicated;

that is, the peak at the arrival of the ICME shock on DOY

Table 1. CME Cone Input Parameters

Value

CME start date 25 July 2004
CME start time 1749 UT
Colatitude 111°
Longitude 205°
Radius 75°
CME velocity 1330 km s−1

Figure 2. Baseline run for the study. Panels are (from top to bottom) speed, density, temperature,
andmagnetic field. Blue lines are ACEdata (Wind for density), and red is the ENLILv2.5b simulation.
Dotted vertical lines in the first panel are the limits of the standard deviation intervals defined in
section 2.2. Dotted lines in the second to fourth panels define shock arrival in ACE data. Event
modeled is the CME launched from the Sun on 25 July 2004 (DOY 207) at 1454 (according to SOHO/
LASCO catalogue).
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208 is more narrow in the ACE data than the ENLILv2.5b
simulation. Presumably this is the shock of the ICME in
ACE data. This peak is also seen in the magnetic satellite
data, after which the ICME cloud itself arrives, carrying the
magnetic cloud of the ICME. In the magnetic output from
the model run, we only see a feature that looks like what is
interpreted as the shock in ACE data, or the sheath region
between the shock and the ICME body, i.e., the first
“bump” in themagnetic signal centered on the start ofDOY
209. The signature corresponding to the ICME body is
missing in the ENLILv2.5b simulation, however, as the
magnetic signal in ENLILv2.5b is only a function of the solar
wind compressed in the shock of the ICME, this is to be
expected.
[45] Thuswewill focus on the ICME shock arrival and not

the actual ICME body/cloud arrival.

3. CME Cloud Parameters
[46] Parameters swvel,lim, swdens and swtemp,max (from

section 2.1) are ambient solar wind parameters and we will
get back to them later in section 4; first we will focus on the
actual CME cloud parameters.

3.1. Cloud Density
[47] In general, one would expect that a denser ICME

cloud would travel faster through the solar system, having
more kinetic energy, and therefore be less effected by the
drag of the solar wind. It would also have a stronger
amplitude signal, especially in the density of the ICME
cloud, but also in the shock of the ICME as it would have
compressed more solar wind on its way.
[48] When using the CCMC interface, onemust be aware

that the CME cloud density parameter is in fact a density
enhancement factor, the actual density in the CME cloud
therefore depends on swdens (i.e., clddens is in units of swdens).
[49] The parameter clddens was varied in increments of 2,

from 2 to 10; the remaining parameters are kept are kept at
the baseline values shown in Figure 2.
[50] The basic results are presented in Figure 3, and cor-

respond to expectations. As the CME cloud density is
increased the ICME has more kinetic energy and is there-
fore less affected by drag. The ICME feature in all four
output parameters considered also becomes shorter and
shorter as clddens increases. The values before and after the
ICME are not influenced by the change in clddens.

3.2. Cloud Temperature
[51] A warmer CME would have more thermal energy

and would therefore expand more, causing the density of
the ICME cloud to decrease.
[52] The parameter cldtemp was varied to values 1, 3, 5, 7

and 10; the remaining parameters kept as the baseline
values shown in Figure 2.
[53] It is seen (Figure 4) that the shock front arrives earlier

with increasing ICME cloud temperature. The magnitude
of the signals in V and T also increases with increasing

temperature, while for B and N the magnitude of the signal
decreases.
[54] The decrease of N was expected with the higher

thermal pressure. As the ICME cloud expands, density
decreases and the leading edge also travels faster causing
the ICME to arrive faster. The reason for the change in
signal strength for B is not obvious.
[55] The values before and after ICME are not affected by

the change in input parameter while the duration of the
ICME is altered with the same amount as the arrival time,
corresponding with expansion of the ICME cloud.

3.3. Cloud Elongation
[56] Increasing the elongation of the CME cloud in the

direction of travel prolongs the time the ICME passes
through the inner boundary of the model, thereby
increasing the totalmass of the ICME,which should cause a
stronger signal in all four output parameters considered
here, V, N, T and B.
[57] The parameter cldelong was varied through all possi-

ble values of the parameter, from 1 to 5.
[58] Changing the elongation factor effects only the shape

of the signal after the shock arrival, i.e., not the arrival
time. This corresponds with results obtained by Smith and
Dryer [1990] for sufficiently large elongations. For all out-
put parameters this means that the maximum value is
increased with increasing elongation factor, as expected.
The elongation factor also stretches the signal a little, but
mostly in the V and T outputs. In V it also means that the
maximum speed is 5–7 h after initial arrival.

4. Solar Wind Parameters

4.1. Solar Wind Speed Limit
[59] When changing swvel,limit one changes the kinetic

energy of the ambient solar wind and therefore also the
relationship between the kinetic energy of the ICME cloud
and the ambient solar wind. One should be aware that an
increase of swvel,limit does not mean an increase in ambient
solar wind speed, it means an increase of the upper limit on
the ambient solar wind speed at the inner boundary of the
model. If the highest value given by the input from the
WSA model is above swvel,limit, it is artificially lowered to
the value of swvel,limit. The rest of the speed input from the
WSA model stays unaffected to within a few percent. The
density in the ambient solar wind, however, is changed
profoundly due to the change in kinetic energy of the
ambient solar wind.
[60] The parameter swvel,limit was varied between 350 km

s−1 and 950 km s−1 in increments of 150 km s−1 (650 km s−1 is
used for the baseline run in Figure 2).
[61] Looking at the results (Figure 5) of this variation we

see a large effect on the arrival time of the ICME, the ICMEs
arriving the earliest in the model runs with the lowest
values of swvel,limit. It is also important to note that the
ambient solar wind speed before the ICME arrival is higher
for a lower value of swvel,limit. This is true throughout the
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model output in the equatorial plane of the Sun, though it
is not obvious at the inner boundary of the model.
[62] Aerodynamic drag can be expressed as adrag= 0.5 ·Cd ·

ACME
VCME

· �sw
�CME

· (vCME − vsw)
2, where Cd is the drag coefficient of

the plasma; ACME the area of the ICME front; VCME the
volume of the ICME; rsw is the density of the ambient solar
wind; rCME is the density of the ICME; vCME and vsw are
the speeds of the ICME and the ambient solar wind,
respectively, and adrag is the drag deceleration (acceleration
if vCME < vsw). Thus, if the ICME travels in the faster wind,
characterized also by a lower density, the drag on the ICME
is lower and it arrives sooner. In ENLILv2.5b, however,
swvel,limit affects the kinetic energy in the ambient solar
wind, thereby increasing the density in the ambient solar
wind with increasing swvel,limit, which is also clearly seen in
Figure 5. This means that in ENLILv2.5b drag is increased

when increasing swvel,limit, causing the ICME to arrive later,
and causing the arriving signal to be smaller in both V,
T and B.
[63] It seems that the biggest effect of changing swvel,limit

is on the density of the ambient solar wind, due to the
change in kinetic energy of the ambient solar wind. This
means that this parameter effectively allows us to alter the
density of the ambient solar wind, without affecting the
density in the injected CME.

4.2. Solar Wind Density
[64] Changing swdens also changes the density of the CME

cloud, as the density of the CME cloud is stated as a factor
increase of swdens. This means that to only change swdens we
have to adjust clddens by the same factor.
[65] Two runswere performed, onewith swdens = 150 cm−3

and clddens = 10, and onewith swdens = 300 cm−3 and clddens = 5;

Figure 3. Results of varying clddens from2 to 10. Blue lines are smoothedACEdata (Wind for density),
and the rest of the lines represent ENLILv2.5b runs. Only clddens was varied from the baseline run.
Displayed here isV (first panel),N (secondpanel), T (third panel), andB (fourth panel). Dotted vertical
lines in the first panel are the limits of the standard deviation intervals defined in section 2.2. Dotted
lines in the first to fourth panels define shock arrival in ACE data. Event modeled is the CME
launched from the Sun on 25 July 2004 (DOY 207) at 1454 (according to SOHO/LASCO catalogue).
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resulting in an effective CME cloud density of swdens ×
clddens = 150 cm−3 × 10 = 300 cm−3 × 5 = 1500 cm−3 for both
runs. The remaining parameters were kept at the values
used in the baseline run given in Figure 2.
[66] As changing swdens just means changing the kinetic

energy of the ambient solar wind; we see the same effects as
in section 4.1 and Figure 5, though on a different scale.
Figure 6 summarizes the results.

4.3. Solar Wind Temperature
[67] As for swdens; to change only the ambient solar wind

temperature, we have to adjust cldtemp by the same factor as
swtemp,max, as cldtemp is a factor increase of swtemp,max.
[68] Two runs were performed, one with swtemp,max

0.4 million K and cldtemp 10, and one with swtemp,max

0.8 million K and cldtemp 5; resulting in an effective CME
cloud temperature of swtemp,max × cldtemp = 0.4 × 10 = 0.8 × 5 =

4 million K for both runs. Remaining parameters were
those used for the baseline run in Figure 2.
[69] Changing the relationship between the ICME cloud

thermal pressure and the ambient solar wind thermal
pressure, the ICME cloud should be allowed to expand
more (if the thermal pressure in the ICME cloud is rela-
tively higher than the thermal pressure in the ambient solar
wind), however, we see little or no change in the results
between the two runs, as seen in Figure 6, with only a slight
change to the form of the signal in V and the duration in T.
[70] Considering the plasma‐to‐magnetic pressure ratio,

b = Pthermal
Pmag

, of the ambient solar wind and the ICME, we can
calculate that while bICME � 1 then bsw ≤ 0.5 at the inner
boundary for swtemp,max = 0.8 million K. This means, that
while in the ICME the thermal pressure dominates the
magnetic pressure completely, in the ambient solar wind

Figure 4. Results of varying cldtemp from 1 to 10. Blue lines are smoothed ACE data (Wind for den-
sity), and the rest of the lines represent ENLILv2.5b runs. Only cldtemp was varied from the baseline
run. Displayed here is V (first panel), N (second panel), T (third panel), and B (fourth panel). Dotted
vertical lines in the first panel are the limits of the standard deviation intervals defined in section 2.2.
Dotted lines in the second to fourth panels define shock arrival in ACE data. Event modeled is
the CME launched from the Sun on 25 July 2004 (DOY 207) at 1454 (according to SOHO/LASCO
catalogue).
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the magnetic pressure dominates the thermal pressure.
Because of this, the thermal pressure in the ICME cloud
becomes a deciding factor, while the thermal pressure in
the ambient solar wind is less important, to the propagation
of the ICME. This explains why we only see a change
between the ENLILv2.5b runs when we change the tem-
perature in the ICME, and not when we change the tem-
perature in the ambient solar wind. This phenomenon is
an artifact of there being no magnetic cloud in the CME in
ENLILv2.5b. In reality bICME � 1 while bsw ’ 1, meaning
that the thermal pressure of the cloud is expected to have
little influence on the propagation of the ICME.

5. Results
[71] The effect of changing the inputparameters (described

in section 2.2) is presented in Figure 6. The way the param-

eters are plotted here, makes it important to recall what the
relative variation on each parameter was from the lowest
value to the highest; clddens was varied with factors 1–5;
cldtemp was varied with factors 1–10; cldelong with factors 1–5;
swvel,limit with factors ∼1–3 and swdens and swtemp,max were
both varied with factors 1–2.
[72] Starting from top left corner, we see that within the

variations mane in this study the arrival time of the ICME
shock varies from +7 to −6 h, the largest variations arising
when varying clddens (∼7 h) and swvel,limit (∼8 h). Varying
cldtemp causes a difference in arrival time of ∼4.5 h. As the
resolution in ENLILv2.5b is such that L1 and Earth are
essentially the same, a few hours uncertainty on the arrival
time is to be expected, the rest of the variations on input
parameters studied here therefore fall within this uncer-
tainty. Taking the relative variation of the parameters from
lowest to highest value into consideration it is even more

Figure 5. Results of varying swvel,limit from 350 km s−1 to 950 km s−1. Blue lines are smoothed ACE
data (Wind for density), and the rest of the lines represent ENLILv2.5b runs.Only swvel,limitwas varied
from the baseline run.Displayed here isV (first panel),N (second panel), T (third panel), and B (fourth
panel). Dotted vertical lines in the first panel are the limits of the standard deviation intervals defined
in section 2.2. Dotted lines in the second to fourth panels define shock arrival in ACE data. Event
modeled is the CME launched from the Sun on 25 July 2004 (DOY 207) at 1454 (according to SOHO/
LASCO catalogue).
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apparent that swvel,limit and clddens are the controlling factors
in getting the correct arrival time of the ICME shock. In
ENLILv2.5b, clddens is important because of the lack of the
internal ICME magnetic field. The largest impact on the
arrival time in the model is when swvel,limit is below
the default maximum ambient solar wind speed value of
625 km s−1 in ENLILv2.5b; that is, when swvel,limit is lowered
and part of the original topography of the ambient solar
wind speed is cut away. However, this is rarely a physical
scenario. Looking only at the variation in arrival time
caused by swvel,limit when above 625 km s−1, we see a dif-
ference in arrival time of 3 h between swvel,limit 650 km s−1

and 950 km s−1. As swvel,limit, when above 625 km s−1, really
only affects the kinetic energy of the ambient solar wind,
and this corresponds to a change in kinetic energy of a factor
of ∼2, it corresponds to a doubling of the actual ambient solar
wind density. A doubling of the actual ambient solar wind
density in turns increases the drag on the ICME, being the
cause of the large difference in arrival time.
[73] The shape of the V signal is mostly affected during

the event and mostly by cldelong. It is also seen that swvel,limit
and clddens have quite an effect on the parameter, which is
reflected in the variation in maximum speed values seen
bottom left in Figure 6.
[74] The maximum values (Figure 6, bottom) are gener-

ally good, especially for T and B. The maximum values are
mostly affected by cldelong which causes an increase in
maximum value in all parameters, except Twhich is largely
unaffected by cldelong. The input parameters of swvel,limit and
clddens still have a clear effect, though different effects
(negative or positive) on different parameters; cldtemp also
has some influence, though not as prominent.
[75] The conclusions on the relative effects of parameter

variations have been confirmed in model runs performed

for another event, 17 November 2001. One should be aware
that for other events the circumstances of the event would
likely cause the relation between the simulation and the
data to be different, though the effects on the model run of
tuning one parameter up or down should be the same
regardless of the event in question.

6. Summary
[76] When dealing with space weather issues related to

ICMEs, the two main points of interest are usually the time
of arrival and the magnitude of the impact on Earth. The
magnitude of the impact on Earth’s magnetosphere, or the
magnitude of the resulting geomagnetic storm, depends on
the magnitude of the dynamic pressure, the magnetic sig-
nal of the ICME when arriving at Earth, and also on the
preexisting conditions in both the magnetosphere and in
the solar wind prior to the CME. ENLILv2.5b with cone
allows prediction of the time of arrival and of the magni-
tude of the dynamic pressure. While ENLILv2.5b takes the
conditions of the solar wind into consideration, these are
based on a monthly magnetogram and may therefore not
reflect the exact conditions and the time of CME launch.
The magnetospheric conditions have to be taken into
account by a magnetospheric model separately. The mag-
nitude of the magnetic signal in the ICME cloud is not
included in ENLILv2.5b with cone but themagnitude of the
initial signal of the ICME (i.e., what corresponds to the
shock front) is still well reproduced at L1.
[77] Regardless of whether one is mostly interested in the

arrival time of the ICME signal, its shape or its magnitude,
swvel,limit and clddens are the most important input param-
eters in ENLILv2.5b with cone (assuming the parameters
found from the SOHO/LASCO images by the method

Figure 6. Effects on arrival time and shape and size of output signals resulting from changing the
various input parameters. Values were varied (from low to high) as clddens 2, 4, 6, 8, 10 (×300 cm−3);
cldtemp 1, 3, 5, 7, 10 (×0.8 million K); cldelong 1, 2, 3, 4, 5; swvel,limit 350, 500, 650, 800, 950 km s−1; swdens
150, 300 cm−3; and swtemp,max 0.4, 0.8 million K. Color bars show individual scales, red colors signify
an overestimation by the model, blue signifies an underestimation in relation to the satellite data
(in the case of arrival time, first panel, red means the event arrived too late and blue means that it
arrived too quickly in relation to the ACE data). A perfect runwould have all white squares. The rela-
tion to the satellite data will be individual for different events, but the overall effect of changing a
parameter, e.g., lower swvel,limit ) faster arrival of the ICME in ENLILv2.5b, should be consistent,
regardless of the event in question.
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described by Xie et al. [2004] are correct). The elongation of
the CME cloud also influences the result profoundly,
because this factor increases the mass of the total ICME.
This means that if one wishes to use ENLILv2.5b for CME
simulations, these two parameters are the most crucial to
the model, and therefore are the two parameters on which
one should focus most.
[78] The general physical processes that should control

the model work more or less as expected, when taking into
consideration that ENLILv2.5b neglects the magnetic cloud
in the CME. Even without the magnetic field of the ICME,
ENLILv2.5b with cone does well at replicating the signal at
L1 for the event investigated here, for both dynamic pres-
sure, arrival time and initial magnetic signal.

[79] Acknowledgments. All simulations carried out for this work
were done at the Community Coordinated Modeling Center at the
NASA Goddard Flight Center. The research leading to the results
presented in this paper has received funding from European Commu-
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