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Abstract. Three existing models of Interplanetary Coronal to be able to continually monitor the Sun using both full-disk
Mass Ejection (ICME) transit between the Sun and the Eartimagers and coronagraphs (e.g. St. Cyr et al., 2000), so that
are compared to coronagraph and in situ observations: akn Earth-bound CME can be readily identified, and its veloc-
three models are found to perform with a similar level of ity, trajectory and spatial extent estimated. At present such
accuracy (i.e. an average error between observed and prebservations are carried out by instruments on the Solar and
dicted 1 AU transit times of approximately 11 h). To improve Heliospheric Observatory (SOHO) spacecraft, although esti-
long-term space weather prediction, factors influencing CMEmating these parameters is fraught with difficulties.

transit are investigated. Both the removal of the plane of Other information on the properties of CMEs comes from
sky projection (as suffered by coronagraph derived speed situ magnetic field and plasma measurements in the inter-
of Earth directed CMEs) and the use of observed values oplanetary medium (especially at 1 AU), where they are usu-
solar wind speed, fail to significantly improve transit time ally referred to as Interplanetary CMEs (ICMEs). Combin-
prediction. However, a correlation is found to exist betweening observations at 1 AU with those of the Sun then permits a
the late/early arrival of an ICME and the width of the preced- direct association to be made in many cases between a solar
ing sheath region, suggesting that the error is a geometricadvent and its interplanetary manifestation (but as will be dis-
effect that can only be removed by a more accurate determieussed later, this becomes difficult at solar maximum when
nation of a CME trajectory and expansion. The correlationCMEs are very common). One can then build up a picture
between magnetic field intensity and speed of ejecta at 1 Albf how the arrival time and speed of an ICME at 1 AU is re-
is also investigated. It is found to be weak in the body of thelated to the velocity at the Sun, with the ultimate aim of de-
ICME, but strong in the sheath, if the upstream solar windveloping a forecasting tool which uses solar observables to
conditions are taken into account. make predictions at 1 AU. This has been attempted by some
workers (e.g. Gopalswamy et al., 2000, 2001a$nak and
Gopalawamy, 2002), and the details of these models will be
discussed further in Sect. 2.

Since itis now clear that the transit time of a CME from the
Sunto 1 AU is in the region of 1-5 days, advance forecasting
. is, in principle, feasible. However, there are problems with
1 Introduction such forecasting models due to (a) the difficulty in estimating
the velocity and trajectory of the CME at the Sun with single

Coronal mass ejections (CMEs) are known to be the ma'spacecraft observations, (b) analysing ICMEs using single-

jor cause of severe geomagnetic d|stgrbance§, now Oﬁef? roint in situ measurements and (c) understanding the forces
ferred to as space weather (e.g. Daglis, 2001; etc.). In vie hat act on the ICME in the interplanetary medium

of the possible deleterious effect of space weather on space- CMEs with a traiectorv close to the Sun—observér line ap-
and ground-based technical systems (e.g. spacecraft charg-ear o the obser{/er ag an expanding briaht ring. or hrflo
ing, lowering of orbit, communication interruptions, flow of d th iting di f hp g brig h |_? d
induced currents along transmission lines), making apredicf"roun the occulting disc o t. € coronagrap (Howard et
tion of the arrival time of a CME at 1 AU, and its properties ?:g ;g?nf&ih;s/evagior;eszgcrf t'(;s tlr:lefa(l)ct:stehr?/ecrzl\gs i?xrgicgé

hat ti is highl irable. In principl Id lik
atthattime, is highly desirable. In principle, one would like radially away from the Sun. (Events that originate on the
Correspondence tdvl. Owens front and back side of the Sun can often be differentiated
(mathew.owens@imperial.ac.uk) by looking for activity close to the centre of the solar disc;

Key words. Solar physics, astronomy and astrophysics
(flares and mass ejections) — Interplanetary physics (inter
planetary magnetic fields; sources of the solar wind)




662 M. Owens and P. Cargill: Predictions of the arrival time of Coronal Mass Ejections

St. Cyr et al., 2000.) Tracking a CME feature (usually the the start of a linearly declining velocity profile and a reduced

bright leading edge) in consecutive coronagraph images alvariance in the magnetic field. The sole input for the models
lows for the speed of the CME to be estimated. However,is the earthward speed of the CME in the coratig (A brief

this coronagraph-derived speed is the component of the CMButline of each model follows.

speed in the plane of the sky (i.e. the plane perpendicular to

the Sun-observer line). Thus, for any non-limb CME (such2.1 Gopalswamy et al. (2000) model: constant acceleration
as a halo event), measurements of speed and direction will ~ Or deceleration

suffer to some degree from a “projection effect” (e.g. Gopal- . . o .
swamy et al., 2000). So tracking a halo gives the expan-AS we noted in the Introduction, CMEs exhibit a much wider

sion speed of a CME rather than its radial speed away fronf2"9¢ of speeds at the Sun (100-2000 km/s: Hundhausgn,
the Sun, and the precise trajectory and velocity of the cMel999; St. Cyr et al., 2000) than at 1 AU (300-1000 km/s;

hence cannot be determined with any guaranteed accuracy. G0Palswamy et al., 2001a). If one notes that the velocity of
In the heliosphere, ICMEs can be identified in magneticthe solar wind ahead of and behind an ICME is in the range

field and plasma data by an enhanced magnetic field magm"-)’so_600 km/s, ICMEs are, depending on their speed relative

tude and sometimes a reduced proton temperature (both Iast— thelsolar \(/jvmd, e(;thér ac::eleratedtOT d(za(():g:)erated tovx(/jatrr:jst
ing for of the order of 0.5-1 day at 1 AU). Furthermore, ap- the S0 arlwmf speed. op? SVtV?T}[ye a .tl(’l S )aSSgTiU a
proximately half the ICMEs show a smooth rotation in the - 'c 8cCeleration was constant between the sun an » SO

magnetic field direction (referred to as “magnetic clouds”: that the total effec'glve interplanetary acceleratier) inder-
|gone by an ICME is:

Burlaga, 1988). ICMEs are clearly large three-dimensiona
structures that are undergoing continual expansion as they — V(1AU) —U 1
pass 1AU. They are often preceded by a shock wave anff* = T ’ @)

compressed sheath region. On the basis of single spacecrqﬁherev(l AU) is the ICME speed at 1 AU. Assuming such

observations, further assumptions are needed to infer thel_r Sé constant acceleration, the travel time of the CME is then

D structure, an_d in particular, which part of the ICME one is given by the solution of the simple kinematic relation:
actually sampling.

ICME speeds at 1 AU range from 400 km/s up to in excessg _ ;. + }a1r27 @)
of 700 km/s, close to that of the ambient solar wind. This
should be contrasted with estimated speeds at the Sun rangrhere S is the distance travelled (1 AU). We refer to this as
ing from 100-2000 km/s. Clearly the interaction of ICMES the G2000 model.
with the ambient solar wind leads to a net “equalisation” of
the respective velocities (e.g. Gopalswamy et al., 2000), 2.2 Gopalswamy et al. (2001a) model: cessation of accel-
process that can be attributed to a process analogous to aero-  eration before 1 AU
dynamic drag (Cargill et al., 1995; $inak and Gopalswamy,
2002). However, difficulties in understanding this drag makeGopalswamy et al. (2001a) noted that the G2000 model could
prediction of the ICME speed at 1 AU difficult. not account for the observation that CMEs with a slow initial
This paper will discuss the forecasting of ICME proper- SPeed U < 500km/s) have an approximately constant ar-
ties at 1 AU, and in particular, focus on possible causes forfival time of 4.2days. The G2000 model was thus modified
the systematic error in arrival time of around 15% that thesely assuming that ICME acceleration ceased at a heliocentric
models give. Section 2 reviews the existing models. secdistance of 0.76 AU for all CMEs, irrespective of their initial
tion 3 summarises the data used in our analysis, and exanfPeed (0.76 AU was found to best fit the data). Thus, the total

ines model error and Sect. 4 addresses causes of the erransit time to 1 AU is the sum of the travel time to 0.76 AU

guities of observations at 1 AU). 1AU at constant speed:
—U + U2 + 2a2d 1AU —d
T= + : 3
2 A summary of current ICME forecasting models az VU2 + 2a2d

) . . whereay is an effective interplanetary acceleration, that is
The present generation of forecasting models all predict the, . jerived empirically from quadrature observations of

transit time of a CME to 1AU. This timer{ is defined as )4 (see Sect. 3.2), ants the acceleration cessation dis-
being the time between the first observation of the CME byance (0.76 AU in the present case). We refer to this as the
a coronagraph, and the arrival of the leading edge of the;>001 model.

ICME at 1 AU. For example, the leading edge of a magnetic

cloud event is simply defined as the onset of the smooth fiel 3 vrsnak and Gopalswamy (2002) model: aerodynamic
rotation and proton temperature reduction. For non-cloud drag

events, the identification is somewhat more difficult, and

varies slightly between different ejecta. Signatures used inSeveral forces are expected to act on ICMEs as they move
cluded the onset of a reduced proton temperature or densitytom the Sun to the Earth. Gravity is usually neglected
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beyond a fraction of an AU. Magnetic forces may act well were made by the Large Angle Spectroscopic Coronagraph
beyond their usual pre-supposed location in the inner corondLASCO: Brueckner et al., 1995) on the SOHO spacecraft.
(e.g. Chen, 1996), and will be discussed later. However, thélhe onset time and speed of halo CMEs were taken from
major cause of deceleration in the interplanetary medium ighe LASCO CME catalogue (complied by S. Yashiro, G.
likely to be the interaction of the ICME with the ambient Michalek and N. Gopalswamy: see http://cdaw.gsfc.nasa.
plasma. In reality, this will be a complex collection of pro- gov/CME.list/index.html). In situ plasma and magnetic field
cesses involving shock waves, generation of turbulence, etcdata from the SWEPAM (McComas et al., 1998) and MAG
but these are often parameterised as an aerodynamic drg@mith et al., 1998) instruments on board ACE were used to
force of the formACp(V — W)|V — W], whereV is the identify ICMEs at 1 AU.
speed of the centre of mass of the ICME s the solar wind We note here that the onset times from this catalogue
speedCp is a drag coefficient, typically a number of order should not be confused with the actual “onset” of the CME
unity (Chen, 1989, 1996; Cargill et al., 1995, 1996) ani at the Sun. The “onset time” in the LASCO catalogue is de-
the cross section of the ICME. fined as the time of CME appearance in the C2 coronagraph,
Vrsnak and Gopalswamy (2002) proposed a model for eswhich has an occulting disc of radius-2 so that the CME
timating the ICME transit time when the only force acting transit distance used in this study will be somewhat less than
upon the ICME in interplanetary space is the aerodynamicl AU. However, the error in the start time may be exagger-
drag. They assumed that the drag force was linearly proated for cases when the CME is directed earthwards. For
portional to the relative velocity. (They demonstrated thathalo CMEs the precise altitude of the “onset” measurement
this leads to little difference from a model where the dragdepends upon their true angular extent: an angular width of
was proportional to the square of the relative velocity, and4(° (80°) will result in an altitude of 3.7 (1.2r). Using the
we have confirmed this independently for the cases shown imverage speed of the CMEs in this study (669 km/s), results
this paper.) The equation of motion of an ICME at some he-in an error in the onset time ef40 min and as we shall see,
liocentric distanceR (R = r/r,, wherer, is the solar radius) this is small compared to the average transit time error.

is then: Connecting observations of CMEs at the Sun and ICMEs
dv at 1 AU is not trivial. When multiple halo CMEs are seen (as
I = aRP(V —w), (4) occurs frequently at times of solar maximum), simple argu-

ments about the association of ICMEs with CMEs should be
whereo and g are constants that parameterise the drag as avoided as not all front-side halo CMEs lead to a recognis-
function of distance, and are determined from a best fit to theable ICME signature at 1 AU. Furthermore, multiple CMEs

data (see below). The solar wind speed is given by Sheelegriginating from the same source region, or regions with a

etal. (1997): small angular separation (i.e. comparable to half the average
CME width ~36°), within a day of each other, could lead

W(R) = W,,/1— 62'8 — R, (5) 1o significant interaction between different CMEs (Gopal-

81 swamy et al., 2001b). In order to focus in particular on the

whereW, is the asymptotic solar wind speed. Writing this in interplanetary forces acting on ICMEs, this study is restricted

terms ofR gives: to cases where there is no ambiguity between solar and inter-
planetary observations. Hence, periods containing multiple

v _ L rP (1 B E) 6) halo CMEs were excluded.

drR "’ V)’ To be confident that a CME and ICME are manifestations

of the same ejection from the Sun (and are not subject to
strong interaction with other ejecta), we require that an ob-
servation of a single halo CME (preferably with associated
activity close to the centre of the solar disc) be followed 1 to
5 days later by a clear ICME signature in the magnetic and

Numerical integration from the low coron® (= 10, where
itis assumed/ = U) to 1 AU then givesy(R), and hence.
This is referred to as the VG2002 model.

3 Assessment of the three models plasma data at 1 AU. However, as this study is based upon
observations performed around Solar Maximum, such ideal
3.1 Solar and interplanetary data situations are quite rare. Hence, the selection criteria must be

relaxed if there are to be enough CME-ICME pairs to make
We now compare these models with observations of CMEcomparison to models feasible. Thus, in general, multiple
transit times. The required observations are the CMEhalo CMEs were considered to be non-interacting (and hence
speeds and onset times at the Sun obtained from coronncluded in the study), if their 1 AU signatures were sepa-
agraph observations, and the arrival times and speeds aated by at least a day. Using the ACE and SOHO data sets
1AU from in situ solar wind magnetic field and plasma from November 1997 to April 2001, 35 CME-ICME pairs
measurements. Our main focus is on the interval startingf reasonable confidence were identified. These events com-
in November 1997, when the Advanced Composition Ex-prise the main data set used in this study, which is referred to
plorer (ACE) spacecraft made its first measurements of theas the Earth-Sun (E-S) line data.
solar wind, to April 2001. Coronal observations of CMEs
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Table 1. The five additional CME-ICME pairs.

ICME CME Transit time (days)
Date UT vV (km/s) Date UT U (km/s)
28Jan 1998 19:40 375 25Jan 1988 15:22 693 4.18
12 Aug 2000 05:02 586 9 Aug 2000 16:34 702 2.52
13 Oct 2000 16:48 402 9 0ct2000 23:46 798 3.71
29 Oct 2000 00:00 380 250ct 2000 08:24 770 3.65
28 Apr2001 16:34 666 26 Apr2001 12:29 1006 2.17

45r

35r

IP Acc” (km/s?)
L
Transit Time (days)
w
T

25F

15F

I I I I I I I I 1 L L L L L I I I
0 200 400 600 800 1000 1200 1400 1600 1800 [ 200 400 600 800 1000 1200 1400 1600 1800

Vime (km/s) CME speed (km/s)

-8

Fig. 1. The interplanetary acceleration as a function of the CME Fig. 2. The transit time of a CME to 1 AU as a function of the CME

speed U) at the Sun. The open circles correspond to the 35 CMEspeed for the 35 E-S line events. The solid, dashed and dotted lines

— ICME pairs observed along the Earth-Sun line and the solid linerepresent the transit time predicted by models G2000, G2001 and

shows the linear fitay (km/s?) = —10~3[0.004QU (km/s) — 1.8]. VG2002, respectively.

The plus signs correspond to the 19 CME — ICME pairs observed in

quadrature, and the dashed line shows the lineanditkm/s?) =

—10-3[0.0054U (km/s) — 2.2]. Maximum Mission (SMM) and Solwind coronagraphs, and
the Helios 1 and Pioneer Venus Orbiter (PVO) in situ mag-
netic field and plasma measurements. Our study uses the

Gopalswamy et al. (2001a) published a list of slightly modified list of 19 events published by Gopalswamy

47 CME-ICME pairs using data from the WIND spacecraft et al. (2001a). The in situ observations of these ICMEs were

and LASCO, 12 of which occurred before ACE became made at heliocentric distances ranging from 0.63 to 0.92 AU.

operational. A further 5 event pairs were excluded from this

study as being multiple halos. Five events that do not appea®-2 Errors in the models

in their list were used in this study. Thus, 30 CME-ICME

pairs are common to both studies. In the interest of brevity, ™. q by the 35 E-S line CME f ;
events common to both surveys are not listed here. Event§ration 1) undergone by the ->line sasafunction

1-12 and 16 of Gopalswamy et al. (2001a) were not use .f their coronal spee@()._ Frpm the G2000 model, a linear
due to lack of ACE data, while events 25, 30, 32 and 41 itto the data (solid line) is given by:

The circles in Fig. 1 show the effective interplanetary accel-

were not included due to insufficient confidence in the ar(km/s?) = —103[0.004Q (km/s) — 1.§] , @)

association. Table 1 lists the additional events in a similar

format to Gopalswamy et al. (2001a). and we note that Gopalswamy et al. (2000) found a similar
A second data set used in this study consists of quadraturgesSult for their list of E-S line CMEs:

observations of CMEs (i.e. remote coronagraph observationa(km/sz) — —103[0.0035 (km/s) — 1.41] . @)

made from the Earth-Sun line, and quadrature in situ mea-
surements of ICMEs made over the limb of the Sun). Lind- This empirically derived relation fos; as a function ofU
say et al. (1999) compiled a list of such events using the Solacan then be used to predict the transit time of a CME to 1 AU,
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Table 2. Comparison of models with the observations of the 35 E-S line CMEs.

Model < |At| > (days) < At > (days) < |At| >/t < |AV|>(km/s) < |AV|>/V
G2000 - constant acceleration 0.51 -0.26 0.15 90.0 0.19
G2001 - acceleration cessation 0.46 0.10 0.15 100.8 0.20
VG2002 - aerodynamic drag 0.41 0.05 0.14 56.1 0.11

if constant acceleration is assumed. Figure 2 shows the ob- 1000
served transit time (circles) as a function of CME speed, with

the solid line showing the transit time predicted by the G2000 900
model. The average error between the predicted and actua
transit times(< |At| >) is 0.51 days and the fractional er-
ror < |At| > /t = 0.15. The distribution ofAt is skewed

(< At >= —0.26), and hence, the G2000 model systemat-
ically overestimates CME transit times. Figure 3 shows the
ICME speed (averaged over the duration of the event) for
ejecta along the E-S line (circles) and the quadrature events g
(crosses) as a function of the CME speed at the Sun. For the
G2000 model, the average erier AV >) is 90.1 km/s and

the percentage errg AV > /V) is 0.19. The quality of

the fit of the G2000 and G2001 models are discussed more

800 -

700

600 -

Average ICME speed (km/s)

500 -

400 -

fu”y |n Gopalswamy (2002) i 0 200 400 6(‘)0 8(‘)0 1000 12‘00 1400 16‘00 1800

300 I I I

The crosses in Fig. 1 indicate the interplanetary accelera- CME speed (amis)

tion for the 19 quadrature observations. The linear fit is glvenFig- 3. The CME speed as a function of the average ICME speed

by: at 1 AU for the 35 events observed along the Earth-Sun line (“0”s)

az(km/sz) — _10°3 [0.0054U (km/s) — 2.2] 9) and the 19 e_vents observed in quadrature (“+’s). The solid,_ dashed
and dotted lines represent the ICME speeds at 1 AU predicted by

(Gopalswamy et al., 2001) and is shown by the dashed lingnodels G2000, G2001 and VG2002, respectively.

on Fig. 1. Assuming a constant acceleration of magnitude

az to 0.76 AU, and then a constant ICME speed to 1 AU,

the G2001 model B then gives |Ar| >= 0.46days, Were altered by defining the transit time by the arrival of a

< At >=0.10,< |A7r| > /T =0.15,< AV >=108km/s  shock front preceding an ICME. The best fit parameters of

and< AV > /V = 0.2 (dashed line on Figs. 2 and 3). Note the models varied slightly to fit a decreased transit time, but

that use of Eq. (9) in the G2000 model will lead to an increasethe average error between the predicted and observed transit

in < |At| > due to longer travel times of faster CMEs. times remained approximately 11 h.
Vrénak and Gopalswamy (2002) used aerodynamic drag From Fig. 2 it is clear that the large rangedn(approx-
coefficients ofe = —0.002 andp = 1.5, and a solar imately 1.5 days) for CMEs with similar coronal speeds is

wind speed at 1 AU W,) of 400km/s. In this study these responsible for the large value ef |Ar| > found for all
three parameters were allowed to vary so as to minimise3 models. Hence, refining the existing models without in-
the difference between the predicted and actual 1 AU tran<orporating further parameters is unlikely to achieve a sig-
sit times (At). A simplex search method was used (Lagariasnificant increase in the accuracy of ICME arrival prediction.
et al., 1998). We find that = —0.0021,8 = 1.34 and It is necessary to either reduce the error in the model input
W, = 4381km/s gives the best fit. Using these parame-(the CME speed at the Sun), or to include further param-
ters in the VG2002 model then gives|At| >= 0.41days, eters, such as solar wind speed or precise CME trajectory.
< At >=0.05, < |At| > /Tt =0.14, < AV >=56km/s  The relative importance of such factors is investigated in the
and< AV > /V = 0.11 (dotted line on Figs. 2 and 3). following section.

The results for the three models are summarised in Table 2,
which also shows the average and percentage errors in the ve-
locity at 1 AU (AV: right-hand columns). It should be noted 4 Possible sources of error
that despite the considerable difference in the assumptions
in each of the models, the average error in the transit timeThree possible factors influencing the accuracy @ind U
is effectively the same for all three models. The VG2001 are investigated: (a) projection effects that may lead to an
model appears to do somewhat better in the prediction of theinder-estimate of the CME speed at the Sun; (b) the assump-
ICME velocity at 1 AU. We also examined how the results tion that the ambient solar wind conditions are the same for
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celeration averaged to a distance of 0.76 AU (the average he-
liocentric distance at which the in situ measurements were
Earlier than predicted 1 made). Thus, at heliocentric distances greater or less than
0.76 AU, it is unsurprising that predictions of transit time

° 6 o ] based upon this parameter are highly inaccurate: for the 19
gquadrature observations (made at a range of heliocentric dis-
] tances from 0.63 to 0.92 AU) the average errot iis 0.54
days for the G2000 model, and 0.55 for the G2001 model, in
° i agreement with the estimates of Gopalswamy et al. (2001).

o The VG2002 model does not use an effective total accel-
eration, but is based on the assumption that the deceleration
o of the ICME at any heliocentric distance is proportional to

o ©° its speed relative to the ambient solar wind. Using best-fit
‘ parameters ok = —0.002,8 = 1.48 andW, = 524 km/s
At(days) ' obtained for this set of observations, the average errar in

is 0.46 days, comparable to the non-quadrature observations

Fig. 4. The difference between the predicted and observed transif0.41 days). The best-fit aerodynamic drag coefficients for
times to 1 AU (A7) against solar wind speed upstream of the ICME. the quadrature and E-S line observations are also similar, but
Positive (negative) values afr correspond to ICMEs that arrive  the quadrature observations require a significantly higher so-
earlier (later) than predicted. The solid horizontal line shows the|ar wind speed (524 km/s compared to 438 km/s). It should
average upstream solar wind speed of 427 km/s. There does n@je noted that due to the small number of events, the phase-
appear to be any correlatipn between the late/early arrival of ICMESSpace minima used to locate the best-fit parameters is quite
and the upstream solar wind speed. broad (e.g. constraininy/, to a more reasonable 438 km/s
still allows a fit to be achieved whereby the average error in

. : . 7 is 0.52 days). For this reason we do not make any physical
each CME and (c) the point of intersection of the Spacecrafﬁnterpretation of the best-fit parameters
H .

and the ICME, as inferred from observations of the sheat . _—
region. As a second method for assessing the speed projection ef-
fect, we use the VG2002 model, but with the ICME speed at
1 AU speed as the sole input parameter, and integrate back
4.1 CME speed at the Sun ; :
b to the Sun, and compare the time the CME was predicted to

have left the Sun with the actual onset time there. This ef-

When the location of the CME source on the solar surface isfectively removes the plane of sky projection errar from the
known (from X-ray or EUV observations), a simple geomet- . - . .
( y ) e g estimate of transit time. For the 35 E-S line events, this gave

ric correction can be applied to the plane of sky speed to infer

the radial speed if the CME width is known. (Of course, it = |At| >= 0.38days (compared to 0.41 days with the pro-

needs to be stated that such corrections are subject to errojr%ncltlon);nﬁe?(iﬁ trh(\a/ r(renm;);/alooé;h; proj?ﬁt,'[ﬁn ef;fe(cj:it Bt/i'e:]ds
due to the fact that the X-ray activity can be located any-O ya or improvement-¢0. ays) € predictio

where under the CME; e.g. Harrison, 1986.) Gopalswamy e hCCL]f.ra;y of thfeéransllt time. Thesle t\év(())orlesulfs, ZOUpIEd with
al. (2001a) assumed an average CME width &f Bt found € findings of >opaiswamy etal. ( a), jead us to con-
the error between the predicted and observed transit times inC—IUde. that prOJeqthn effects are not the major cause of the
creased when the corrected speeds were used. It should fLror in the transit times.
noted that the average width of 72overs a wide range of
values, thus the error introduced by assuming that all CMEs*.2  Solar wind conditions
have the same angular width is greater than that introduced
by the projection effect. A further difficulty with correcting All the models discussed so far have assumed that the am-
for projection effects is the difficulty in relating the observed bient solar wind conditions are the same for each ICME.
halo CME with matter actually moving earthwards. While Indeed the G2000 and G2001 models do not explicitly in-
simple cosine projections are commonly used, more sophisticlude an ambient solar wind speet ), but CMEs with
cated models may be needed to give the correct radial speeds > 406 km/s are assumed to decelerate while those with
(e.g. Zhao et al., 2002). U < 406 km/s are accelerated during their transit to 1 AU.
Bearing in mind these caveats, two methods of assessingihe best-fit parameters of the VG2002 model use a solar
the error introduced by the projection effect in predicting wind speed of 438 km/s. However, the actual speed of the
are investigated in this study. The first is to use a data seambient solar wind in the ecliptic plane is known to vary
for which projection to both speed and transit time is absentfrom ~300 km/s to~600 km/s (e.g. Phillips et al., 1995).
i.e. the quadrature observations of CME — ICME pairs. TheThis section assesses the error introduced into CME transit
effective interplanetary acceleratiap( shown in Fig. 1) for  time prediction by the assumption of a constant solar wind
these 19 events is given by Eq. (9) and is the effective acspeed at 1 AU.
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Fig. 5. The average magnetic field intensity of an ICME as a func- Fig. 6. Sheath region duration as a function of the difference be-
tion of At (predicted — actuat). Late arriving ejecta have lower tween the predicted and actual transit time to 1 A4).
magnetic field intensities than early ones.

4.3 The role of the ICME magnetic field

The drag force will tend to equalise the speed of the ICME
The ambient solar wind speed encountered by an ICMEand solar wind, and clearly this is important in determining
is defined as the average solar wind speed for 12 h upstreafihe observed speed of ICMEs at 1 AU. However, the flux rope
of the ICME-driven shock front, or upstream of the leading nature of many ICMEs (e.g. magnetic clouds) implies that in
edge of the ICME for cases when a shock was not presensome topologies there can be a significant outward Lorentz
Different definitions of the ambient solar wind speed (e.g. 1 hforce (e.g. Chen, 1996). Thus, one should look for a corre-
to 1 day upstream averages) do not greatly affect our resultdation between early arrival and the average ICME magnetic
The solar wind speedV(,,) experienced by the 35 E-S line field strength. In addition, as we shall discuss in Sect. 4.4,
ICMEs ranged from 324 km/s to 647 km/s, with an averageinformation about howAr depends on the field strength can
of 427 km/s. For a CME witly = 800km/s, an increase in yield clues to which part of an ICME one is encountering.
solar wind speed from 324 to 647 km/s would decrease then both cases, one would expect stronger fields to be associ-
value ofz predicted by the VG2002 model from 4.3 days to ated with earlier arrivals. The result of such a study using the
2.5 days. Thus, the variation In,, is potentially significant. ~ vG2002 model is shown in Fig. 5. There is a weak trend
towards early arrival for stronger field strengths (the late
Figure 4 shows the difference between the predicted andCMEs have an average magnetic field strength of 10.2nT,
observed transit time to 1 AUAr is negative for those while early ones have an average field of 14.8 nT). However,
ICMEs arriving later than predicted, positive for early) as it should be noted that even using extremes of the distribu-
a function of the solar wind speed. One would expect thattion (i.e. the means dfB| for ejecta withAt = 0.3 days),
higher solar wind speeds would lead to earlier arrivals, andwe could only discount the null hypothesis with an 80% con-
lower speeds to later arrivals. In fact, there does not appeadfidence.
to be any correlation betweekr and the solar wind speed.
A similar lack of correlation was found for solar wind den- 4.4 Properties of the ICME sheath region
sity and ram pressure (not shown). The net drag experienced
by the ICME should depend on the ratio of the ICME to so- Of the 35 E-S line events studied, 20 had an identifiable up-
lar wind density, so that a denser solar wind would lead to astream shock front, and subsequent sheath region, preceding
delayed arrival and vice versa. However, we note that in thethe main part of the ICME. Figure 6 shows the duration of
VG2002 model, this density ratio is included in the best-fit the sheath region as a function afr for these 20 events.
parameterg andg. The width of the sheath region can be estimated from the av-
erage plasma flow speed within the sheath. There is a clear
Furthermore, using the observed valued/gf as the pa-  trend for ICMEs with longer-duration sheath regions to ar-
rameterv,, in model C in factincreases |At| > to approx-  rive later than predicted: ICMEs arriving later than predicted
imately 0.6 days (compared to 0.41 days when all ICMEs arg9 events) had an average sheath duration of 0.88 days and
assumed to be embedded in an identical solar wind of speed sheath thickness of8x 10’ km, whereas ICMESs arriving
438 km/s). earlier than predicted (11 events) had an average sheath du-
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Fig. 7. The relationship betweeVinax and|B|max, (Vmax- Vsw) and (B|max) shown as “0”s (“+"s) for the sheath region and ICME body.

ration of 0.41 days and a thickness 09k 10’ km. Thus, Table 3. The relations between maximum field intensity and maxi-
combining this with the results of the previous section, latemum speed, and maximum field intensity and maximum speed rel-

arriving ICMEs have both thicker sheath regions and lowerative to the upstream solar wind are given for both the sheath region
magnetic field intensities and ICME body for the 35 E-S line ICMEs. The linear best fit pa-

rameters (in the formB| = mV + ¢), x2 and linear correlation
coefficient ¢) are given.

4.5 Predicting the magnetic field intensity at 1 AU

Linear Best Fit (B| = mV + ¢)

Prediction of the arrival time and velocity of an ICME at m c x2 r
;AU is only the f|r§t step in space Weqther fore'castlng. The Sheath |B|- (Vmax— Ven) 0080 1212 0017 081
intensity of any triggered geomagnetic storm is dependent

upon the ICME’s geo-effectiveness, which is determined by |BI — Vmax 0040 138 0027 067
its velocity, and especially by the strength and duration of ICME  |B|— (VmaxVsw) 0.041 10.99 0.036 0.56
any southward IMF, both within the ICME itself and the pre- |B| — Vimax 0.037 -391 0027 051
ceding sheath region.

Previous studies have shown the existence of a linear re-
lationship between maximum speelax) and maximum
magnetic field intensity|B|max) of magnetic clouds (Gon- 4.6 Interpretation
zalez et al., 1998) Subsequently Owens and Cargill (2002)
showed that such a relationship extended to all periods oft is clear that little improvement in estimating ICME arrival
the solar wind with a high magnetic field intensity (typically time can be expected from efforts to model the effects dis-
above 18 nT for a period of 3 h). Here we re-investigate thiscussed in Sect. 4.1 and 4.2. The lack of dependence on the
relation between magnetic field intensity and speed for theprojection angle suggests that either halo CMEs are struc-
35 E-S line ICMEs at 1 AU. For ICMEs that drive shocks, tures that exhibit some sort of spherical symmetry, so that
the relation is analysed for both the sheath region and théhe velocity seen in the plane of the sky is approximately the
ICME itself, as defined in Sect. 2. The results are shownsame as that directed earthwards, or that if there is not ex-
in Fig. 7, with crosses and circles representing the absolut@ct spherical symmetry, the difference in the component of
speed and speed relative to the upstream solar wind of thgelocity directed Earthwards from the total velocity is small.
ICME, respectively. Table 3 gives details of the linear best-Indeed recent results using LASCO data from Michalek et
fit parameters: the correlation is strong between the maxi4al. (2003) for an extensive sample of halo CMEs originating
mum speed relative to the solar wind and the maximum magaway from Sun-centre indicate that the difference between
netic field intensity of the sheath region. However, we find the plane of the sky and actual speeds may differ by only
a much weaker relationship between magnetic field inten-20%.
sity and speed within the body of the ICME, but note that In a complementary study, Gopalswamy et al. (2001a) at-
two-thirds of the ICMEs used in this study had peak field tempted to reduce the projection effect in E-S line observa-
intensities below the 18 nT threshold found by Owens andtions of halo CMEs by using the latitude and longitude of the
Cargill (2002) to give significant correlation. source region, and assuming a CME average width &f 72
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They concluded that the discrepancy between the model and
the observations increased when the CME speeds were cor
rected for possible plane-of-sky projection by using a simple
geometry and an average cone angle for all CMEs. However,
our null results suggest that projection is not the major cause
of the observed spread in 1 AU transit times. Furthermore,
the azimuthal expansion speed of a halo CME, as measured
by a coronagraph at the L1 point, appears to be a good proxy
for the radial speed of a CME along the E-S line, and hence,
may be an adequate input for this class of models.

The lack of dependence on the ambient solar wind speed
is surprising since it is clear that the relative motion between
the ICME and solar wind is an important factor in determin-
ing the ICME speed, and the associated aerodynamic drag
force will depend on the relative speed. Itis unlikely that this
is a result of single-point measurements of the solar wind. High [B|
Solar wind structures usually extend over a significant frac-
tion of a CME size.

The only quantity studied that showed a significant cor-
relation with the error in the transit time was the thicknessFig. 8. A representation of possible ICME cross sections at 1 AU
of the sheath ahead of the ICME, although there was also #' high|B| and low|B| events. In the former case the string field
weak correlation with the magnetic field strength. In fact, '62ds to the ICME maintaining an approximately circular cross sec-
these results have mutual explanations, as shown in Fig. E§!on, while for a weaker field, the ICME becomes elongated in the

Th b d sheath thick head of ecta is d tvertical direction in this sketch. The arrow denotes the direction of
€ observed shea ICKNESS ahead or an ejecta IS tetges, e motion, the curved line ahead of the ICME corresponds to

mined by both the physical properties of the ICME (eSpe'a possible bow shock location and the solid line coming out of the
cially its speed, since slower CMEs will have wider, but pody of the CME corresponds to a schematic axis of the ICME. Two
weaker sheaths) and the point of observation. One explangossible spacecraft crossings are shown for the fRjipicture: A
tion focuses on the spatial properties characteristic of plasmaassing close to the central axis, and B clipping the outer edge of
sheaths associated with moving objects. The thickness of the ICME.
sheath ahead of the main part of the ICME is known to in-
crease with distance from the nose of a curved ICME (Rus=ion. This lateral expansion will lead to an increase in the
sell and Mulligan, 2002); thus, a spacecraft intersecting araerodynamic drag force (Cargill et al., 1995, 2000), and so a
ICME away from the nose should see a wider sheath coupledater arrival time. The wider, slower moving ICME will also
with a longer apparent transit time than one flying throughhave a thicker sheath region.
the middle. This is sketched in the left part of Fig. 8, where
spacecraft A goes through the centre of the ICME, seeingd.7 Discussion
a narrow sheath, while spacecraft B goes through the edge,
and sees a broader sheath. For the same ICME, spacecrafte have examined models for the prediction of ICME arrival
A would report an earlier ICME arrival than spacecraft B, time at 1 AU that use as input the CME speed at the Sun.
consistent with the tendency for late arrivals to be associated’he models show a surprising similarity in the average error
with a thicker sheath. This scenario can also account for thén ICME arrival time. An exploration of possible sources of
trends in the ICME magnetic field intensity. The magnetic error leads to the conclusion that the primary cause of error
field strength within a magnetic cloud falls off with distance is most likely a geometrical effect, as opposed to being due
away from the axis, where the axis is here defined as beingo projection effects at the Sun, or the use of simplified solar
along the direction of the ICME toroidal field (see Fig. 8). wind parameters. The geometrical effects can arise for two
Thus, a late-arriving event would also see a reduced magreasons. First, from a single in situ observation of an ICME,
netic field intensity as the spacecraft passed through the edgene does not know which part of the event one is sampling.
of the ICME. Thus, we believe that the spreactinould be  An ICME is a curved three-dimensional structure, and the
due to a geometric effect. measured arrival time will depend on which part of the ICME
A second possible explanation of the results in Sects. 4.3s being sampled. Second, ICMEs become deformed in the
and 4.4 arises from the result of recent numerical simulationsnterplanetary medium, with an elongation taking place in a
(e.g. Vandas et al., 1995; Cargill et al., 2000), which indicatedirection perpendicular to the principle direction of motion.
that the degree of deformation of the cross-sectional shapi both cases, late detection of the ICME will be associated
of an ICME by the solar wind depends upon the magneticwith weaker magnetic fields, as indeed we find. To resolve
field intensity and topology within the ICME. This is illus- this issue needs (as a minimum) a more accurate determina-
trated in the right-hand part of Fig. 8, where an ICME with a tion of the direction of ICME propagation such as could be
weak magnetic field has undergone additional lateral expanprovided by STEREO measurements.
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Our results appear to suggest that CME velocities at theBurlaga, L. F.: Magnetic clouds: Constant alpha force-free config-
Sun measured in the plane of the sky are adequate for ICME urations, J. Geophys. Res., 93, 7217, 1988.
prediction, provided, of course, one can associate these witkargill, P. J., Chen, J., Spicer, D. S., and Zalesak, S. T.: The de-
a halo event, and that a simple solar wind model is adequate. formation of flux tubes .in the solar wind with applications tp
However, one can expect STEREO observations to give a tshg jtor“\f\;“f Ef me;%nletllcggfuds and CMEs, Proc. of the Third
better determination of the velocity vector of the CME at _ > orkshop, 5, 1594,
the Sun, and it is easy with an L1 >;nonitor to use real—timecarg'.”’ P.J,, Chen, J, Sp'c.er' D. S., and Zalesak, S. T.: Geometry
ambient solar wind data. But for forecasting the ICME ar- of interplanetary magnetic clouds, Geophys. Res. Lett., 22, 647,

) - ” - 1995.

rival time, the L1 solar wind parameters are not essential (ofcargill, p. J., Chen, J., Spicer, D. S., and Zalesak, S. T.. MHD
course, they are essential for understanding what effect the simulations of the motion of magnetic flux tubes through a mag-
ICME has on the magnetosphere and ionosphere). netized plasma, J. Geophys. Res., 101, 4855, 1996.

An important new measurement would be enhanced preCargill, P. J., Schmidt, J., Spicer, D. S., and Zalesak, S. T.: The
cision in the direction of ICME propagation. This would  magnetic structure of over expanding CMEs, J. Geophys. Res.,
enable one to not only improve the ICME arrival time, as _ 105, 7509,2000. _ _
we have noted in this paper, but also to make a predictiorphen' J.: Effects of toroidal forces in current loops embedded in a
about its geo-effectiveness. An ICME that strikes a “glanc- _ Packground plasma, Astrophys. J., 338, 453, 1989.
ing blow” at the Earth will not only lead to a weaker IMF Chen, J.: Theory of prominence eruption and propagation: inter-

. . planetary consequences, J. Geophys. Res., 101, 27 499, 1996.
(see Sect. 4.6), but also any interval of southward IMF will Daglis, I. A.: Space storms, ring current and space-atmosphere cou-

be shorter (Cargill et al., 1994). The forthcoming STEREO  jing NATO ASI Space Storms and Space Weather Hazards,
mission provides an excellent opportunity to see if realistic  kjuwer Publishers, 2001.
estimates of ICME propagation can really lead to significantGonzalez, W. D., Clua De Gonzalez, A. L., Dal Lago, A., Tsuru-
improvements in space weather forecasting. tani, B. T., Arballo, J. K., Lakhina, G. S., Buti, B., and Ho, G.
Finally, we note that the perennial difficulty with predict- M.: Magnetic cloud field intensities and solar wind velocities,
ing the magnetic field strength of an ICME remains unre-  Geophys. Res. Lett,, 25, 963, 1998. o
solved. Although our earlier work showed good correlations GoPalswamy, N.- Relation between CMEs and ICMEs, in: *Solar-
between the solar wind velocity and maximum field strength  t€"estrial Magnetic Activity and Space Environment”, COSPAR
for events with a maximum field 18 nT, the correlation is Colloquia Series, 14, edited by Wang, H. N. and Xu, R. L., p.

twally weaker wh tricts the analysis to ICMEs. . >+ 2002
actually weaker when one restricts € analyslis 10 S'Gopalswamy, N., Lara, A, Lepping, R. P, Kaiser, M. L.

This is due to a dominance of events with lower magnetic - pergichevsky, D., and St. Cyr, O. C.: Interplanetary acceleration
fields, a possible consequence of “off-axis” ICME crossings  of coronal mass ejections, Geophys. Res. Lett., 27, 145, 2000.
(i.e. path B in Fig. 8). However, the correlation between Gopalswamy, N., Lara, A., Yashiro, S., Kaiser, M. L., and Howard,
speed and magnetic field intensity is significant relative to R. A.: Predicting the 1-AU arrival times of coronal mass ejec-
the solar wind speed in the sheath region. This relation could tions, J. Geophys. Res., 106, 29207, 2001a.

be the result of draping of the solar wind magnetic field in Gopalswamy, N., Yashiro, S., Kaiser, M. L., Howard, R. A., and
front of the faster moving ICME. Thus, though prediction of ~ Bougeret, J.-L.: Radio signatures of coronal mass ejection inter-
solar wind speed at 1 AU may not be required to predict the action: Coronal mass ejection cannibalism?, Astrophys. J., L91,

arrival time of ICMEs, it is needed to forecast the magnetic 548, 2001b. o
. . Harrison, R. A.: Solar coronal mass ejections and flares, Astron.
properties of the sheath region.
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