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Abstract. Fast CME/shocks propagating in the interplane- understand the kinematics of fast CMEs and their shocks in
tary medium can generate kilometric Type Il (km-Tll) radio the interplanetary medium, then we could predict the arrival
emissions at the local plasma frequency and/or its harmonicof potential hazardous halo CMEs to the Earth. However, to
so these radio emissions provide a means of remotely tracktrack these events from near the Sun to 1 AU is a very diffi-
ing CME/shocks. We apply a new analysis technique, us-cult task with current observational capabilities. To quantify
ing the frequency drift of km-TIl spectrum obtained by the CME kinematics, we need to combine the velocity measure-
Thermal Noise Receiver (TNR) of the WIND/WAVES exper- ments by different instruments, at different times, covering
iment, to infer, at some adequate intervals, the propagationifferent heliocentric distances.

speed of six CME/shocks. We combine these results with \We will consider a “fast CME” as a CME with an initial
previously reported speeds from coronagraph white lightspeed well above (supermagnetosonically) the ambient solar
and interplanetary scintillation observations, and in-situ meawind speed which drives an interplanetary shock. It is well
surements, to study the temporal speed evolution of the siknown that fast CME-driven shocks decelerate significantly
events. The speed values obtained by the km-Tll analysis args they propagate in the interplanetary medium and reach
in a reasonable agreement with the speed measurements obAU (Gosling et al, 1968. Comparing near-Sun plane-of-
tained by other techniques at different heliocentric distancesky CME speeds by the Large Angle Spectroscopic Corona-
ranges. The combination of all the speed measurements shogtaph (LASCO) Brueckner et a).1995 with their interplan-

a gradual deceleration of the CME/shocks as they propagatetary counterparts at 1 AU shows that fast CMEs decelerate
to 1 AU. This new technique can be useful in studying the as they propagate through interplanetary sp&ap@alswamy
evolution of fast CME/shocks when adequate intervals ofet al, 2000. For a fast CME, its initial LASCO speed is al-
km-Tll emissions are available. ways faster than its corresponding mean 1 AU transit speed,

Keywords. Interplanetary physics (Interplanetary shocks) _ which is faster than its 1 AU local speed (in-situ measure-

Radio science (Radio wave propagation) — Solar physics, as"eM)- o _

trophysics, and astronomy (Radio emissions) The interplanetary scintillation technique (IPS) uses the
scattering of radio waves from distant sources (e.g., quasars,

galaxies, etc.) produced by electron density irregularities

in the solar wind by measurement of amplitude (or phase)
1 Introduction scintillations. A travelling fast CME/shock generates an in-

crement of the local density turbulence by the compression
Coronal Mass Ejections (CMESs) are one of the main mani-of the solar wind between the shock and its CME-driver
festations of solar activity. Fast CMEs drive interplanetary (i.e., the sheath region). IPS allows us to identify this por-
shocks and can produce strong geomagnetic storms. Thiéon of shocked solar wind in front of the fast CME. Stud-
study of these events is very important for space weathefes combining LASCO white light observations, IPS, and in-
purposes and the physical phenomena involved. If we carsitu measurements show that fast CME/shocks present a two-
step deceleration process in the IP medium: an initial phase

Correspondence to: of small deceleration until they reach a certain heliocentric
A. Gonzalez-Esparza distance {-60-120 solar radii) from which it increases and
BY (americo@geofisica.unam.mx) the CME/shock tends to become equal to the ambient wind
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velocity (Manoharan2006 Tokumaru et al.2006 Pohjo- Equation (2) can be used to infer the shock propagation speed

lainen et al.2007). (v) if some assumptions are satisfied. We need to know the
. value of the solar wind density{) at 1 AU. We need a well
1.1 Type Il radio bursts defined Type Il radio emission associated with the propaga-

) _ ) tion of the interplanetary shock at a constant speed through
Itis also possible to track fast CME/shocks using electro-,, o mogeneous ambient solar wind which density decreases
magnetic wave observations by a spacecraft or satellite. SQgit the square of the heliocentric distance. We need to

lar radio bursts of Type Il are characterized by a narrow band, ;| jate the slope of the central frequency emission of the
of intense radiation that drifts with time and distance from Type Il event.

the Sun. Type Il solar radio bursts are produced by the ex- Th f thi is t tth Its of a stud
citation of plasma waves in the ambient medium by a shockO © pUrpose of this paper IS £o report Me resu'ts of a stdy

i ward f the Sun. These Tvoe Il emi n the propagation of six fast CMEs detected by LASCO,
wave propagating outward from the sun. These 1ype lemISy, o e aach was driven an interplanetary shock, to track their
sions occur at the fundamental (F) and/or harmonic (H) of th

| p hich is related to th ¢ fetemporal speed evolution. We apply a new technique to
plasma frequencyf, w Ich 1S refated o the square root ot oy ce the propagation speed of these events from analyz-
the electron plasma density, in the source regionf=a./n

B o ing the slope of kilometric Type Il (km-TII) burst drifts.
ﬁvzlrr]rir()erilic_zg?;;?oenf;ﬁ)d err:;?lt(ﬂze]mrls[sclr?qu?g]?),—_18 for the We use this low frequency emissions because we are in-

y ot . _terested in the speed evolution of these disturbances far
These Type Il radio emissions usually ;tqrt at frequenmesaway from the Sun in a region where the solar wind den-
beéqw 150 'fVIHZ’ t\évhesre the ddl;turbance |stjusét§1 fewtscilr?rsity decreases with the square of the heliocentric distance.
radii away trom the sun and ey may extend down 10 e\ye compine these speed results with previously published
kilometric domain, slowly drifting to lower frequencies all plane-of-the-sky LASCO CME, IPS, and shock and ejecta
the way to_ 1AU, where the Ioca_l plasma frequem_:y of thein—situ speed measurements by other instruments to illumi-
SOIar wind 'SN.ZS KHz. Type Il ra_dlo bursts are classified ac- nate the temporal evolution of the six events. The study of
cording to their wavelength regime as: metric (m), decame'these fast CME/shocks provides more information to track

ter/hectometric (DH),.and kilometric (km) bands. , when (where) fast CME/shocks decelerate as they propagate
Itis now well established that DH to km wavelength (inter- through the interplanetary medium

planetary) Type Il radio emissions are caused by the propaga-
tion of fast CME/shocks through the interplanetary medium
(Cane et al.1987. The frequency-drifting Type Il radio
emissions can, in principle, provide continuous tracking of
a CME/shock from the solar corona all the way to 1AU. 5 1 Event selection criteria
Therefore, these radio observations can be used to recon-

struct the speed profile for a CME-driven shoBle{ner etal. e radio observations analyzed in this report were acquired
199§. However, not necessarily all the CME/shocks gener-py the WAVES experiment on board the WIND spacecraft.
ate Type Il radio emission&ppalswamy et al2008. The WAVES experiment has several sensitive radio receivers
Reiner et al(1998 showed that the radio emission from (RAD2, RAD1, and TNR) that cover the frequency range
a given source region along the shock front is expected to bg,om 4 kHz to ~14 MHz (Bougeret et a.1995. We ana-
organised along a straight line, assuming that the speed qf,;e 1.min resolution data from the Thermal Noise Receiver
the shock is approximately constant. Hence, the slope of thlsh—NR), which covers a frequency range from 4 to 245 kHz in

2 Data analysis

line may be determined as five logarithmically-spaced frequency bands. Each of these
slope— v 1) bands is divided into either 32 or 16 logarithmically-spaced
Pe=2 Vo Ro’ channels.

Reiner et al.(2007) investigated the kinematics of 42
CME/shocks associated with solar Type-Il radio bursts de-
tected by WIND/WAVES during solar cycle 23. The in-
rEeerplanetary counterparts of all these CMEs were detected
in-situ at Ly by WIND and some of them caused geomag-

etic storms as reported elsewheRichardson and Cane

whereuv is the shock speed,, is the density nhormalised to
1 AU, Ro=1.5x 1B km, a=9 if the emission is fundamental
(F), anda=18 if the emission is harmonic (H).

Since the interplanetary density decreases with the squa
of the heliocentric distance, the CME/shock will generate
radio emissions at decreasing frequencies as it propagat

through interplanetary space. The observed frequency drif 95 Manoharan et al2094 Re_mer efc al.2007. We used
rate of Type Il radio emissions generated by CME-driven’' einer et al(2007) event list to investigate the correspond-

shocks, provides a direct measurement of the shock spee'ag WAVES/TNR dynamic spectra and to determine the fea-

(Reiner et al, 1998 Cremades et al2007. Hence the shock sibility of applying the technique that we describe in the next
speed {) is clomputed as- ' sub-section. After inspecting the TNR data, we reduced the

initial list to six fast CMEs (Table 1). This is a period of
v = (slope a Ry /1, . (2) very high transient solar activity and for the six CMEs in the
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Table 1. (1) CME date and (2) time detected by LASCO, (3) plane-of-sky LASCO velocity linear fit, (4) velocity from interplanetary
scintillation (IPS) measurements, (5) shock date and (6) time detected by WIND, (7) shock local velocity, (8) shock transit velocity to 1 AU,
(9) ICME date and (10) time detected by WIND, (11) average ICME local velocity, (12) ICME transit velocity to 1 AU.

1 2 3 4 5 6 7 8 9 10 11 12

b, d, v v

CME CME  Véne  Vips shock shock Vo Vshock  ICME ICME VL . Vicme
date time  [km/s] [km/s] date time  [km/s] [km/s] date time  [km/s] [km/s]

6Jun 2000  15:54 1119 985 8Jun2000 08:41 860 1015 8 Jun 2000 12:00 610 938
14 Jul 2000 10:54 1674 10Y0 15Jul2000 14:15 861 1513 15Jul2000  19:00 740 1289
29 Mar 2001  10:26 942 782 31 Mar2001 22:56 6157 684 1 Apr2001 04:00 600 631
26 Apr2001 12:30 1006 4P0 28 Apr2001 04:31 8% 1034 28 Apr2001 14:00 540 836
4 Nov 2001 16:35 1810 1267 6Nov2001 01:25 742 1260 6Nov2001 21:00 600 790
25Jul 2004 14:54 1333 N/D  26-07-2004 22:30 1400 1310 27 Jul 2004  02:00 870 1179

2 SOHO-LASCO CME cataloghttp://cdaw.gsfc.nasa.gov/CMIBt/index.htm); b Manoharan et al. (2006%; Tokumaru et al. (2006)‘3i
Reiner et al. (2007 Manoharan et al. (2004)List of Richarson/Cane ICMEs in 1996—200i&tp://www.ssg.st.unh.edu/mag/ace/ACElists/
ICMEtable.htm}

study, there were several slower ones preceding their launchon and Can€1995. Finally, column 12 shows the ICME
(Manoharan et al.2004. This implies that for all these transit speed¥icme), from taking the LASCO-CME obser-
CMEs the ambient solar wind was highly inhomogeneous,vations as the initial time and the WIND-ICME observations
affecting the propagation of the CME/shocks. The charac-as the final time. Note that in the six CMEs, the local shock
teristics of the Type Il bursts were obtained from the online speed VshocK is higher than the ICME local average speed
list from WIND/WAVES (http://lep694.gsfc.nasa.gov/iwaves/ (Vicme). However, comparing the mean transit speeds of the
waveg, maintained by M. L. Kaiser. shock (/shock and the ICME Vicme) With their correspond-
ing local speeds, we notice a clear deceleration of both dis-

All the CMEs in Table 1 were reported as halo. Columns 1turbances: the transit speeds are faster than the local ones.
and 2 show the CME date and time as they appear in the
SOHO-LASCO CME catalog. Column 3 shows the initial 2.2 Methodology
CME speed Vcme) estimated by fitting a straight line to
the height-time measurements in the LASCO field of view We present a case study to explain the technique in detail.
(Yashiro et al.2004. Column 4 shows the speed of the in- Figure 1 shows the km-TIl analysis of the first CME/shock
terplanetary counterpar¥is) as reported from IPS obser- in Table 1. On 6 June 2000, WIND/WAVES detected a Type
vations. TheseVjps values were obtained whether by the Il radio burst starting at-15:20 UT at~14 MHz and drift-
Solar-Terrestrial Laboratory (STELab) as reportedibiu- ing down to~40kHz at~09:00 UT on 8 June. According
maru et al.(2006 or by the Ooty Radio Telescope (ORT) to the WIND/WAVES Type Il list, the event is reported as a
as reported byanoharan(2006. Since the two observato- fundamental/harmonic pair at the start, then sometimes very
ries have different antenna systems, they estimatedjfge  intense single tone. Figure 1a shows the corresponding km-
using different methods. The interplanetary counterparts ofT Il emission detected by the WAVES/TNR receiver. The
the six CMEs were detected in-situ by WIND. Columns 5 km-TII burst feature is observed at13:50 UT on 7 June at
and 6 present the shock-wave date and time as detected100 kHz, drifting slowly down to~60 kHz at~00:30 UT
by the WIND spacecraft at 1 (Reiner et al.2007). Col- on 8 June. The km-TII burst is characterized by a single tone
umn 7 shows the local shock speddocy inferred from  with intervals of very intense emission, which last several
in-situ WIND data by employing the Rankine-Hugoniot re- hours.
lations as reported bReiner et al(2007) and/orManoha- In general, one of the problems in analyzing Type Il so-
ran et al.(2004. Column 8 is the mean shock transit speed lar burst data is to identify the fundamental emission lane
(Vshock from taking the LASCO-CME observations as the in the dynamic radio spectrum. We apply the technique by
initial time and the shock WIND observations as the final Aguilar-Rodriguez et al2009 to infer this fundamental fre-
time. Columns 9 and 10 show the ICME date and time asquency for every 1-min TNR spectrum. We began the anal-
reported by Richardson and Can&995. Column 11 shows ysis by isolating the Type-Il event from the TNR dynamic
the local mean ICME speeditmne), from averaging the bulk  spectrum by setting to zero any emission outside the Type-
speed along the whole ejecta in the spacecraft Rathard- Il burst feature. Figure 1b shows the Type-Il burst isolated

www.ann-geophys.net/27/3957/2009/ Ann. Geophys., 27, 33556-2009


http://cdaw.gsfc.nasa.gov/CME_list/index.html
http://www.ssg.sr.unh.edu/mag/ace/ACElists/ICMEtable.html
http://www.ssg.sr.unh.edu/mag/ace/ACElists/ICMEtable.html
http://lep694.gsfc.nasa.gov/waves/waves
http://lep694.gsfc.nasa.gov/waves/waves

3960 A. Gonzalez-Esparza and E. Aguilar-Rodriguez: CME/shock speed: km-TIl emissions

(a) WAVES/TNR

T

- pa PNEE (o, S -...-s»-_.

100

N
T
] '.h--- | -
l; ' n Am e a yos
(4]
] Wil
5 A iy
= 4 H I-.h
s
10
| M' 0
12:00 15:00 18:00 21:00 00:00
Start Time (07-Jun-00 11:00:00)
(b) (c)
B e 15:08 ~
rtime: 15: ]
O + € %/%9% g
w 100 -%% 150 G .
T So | IR ]
> 5 [ ;b ]
e 28 10 P -
3 o% Kool 1
2 55 o roo X 1
g time: 15:02 S8 5L *x o) ]
10 So L %,{ %{ 4
o= ; \ K 1
0 ket Vo e N e d
12:00 15:00 18:00 21:00 00:00 40 6‘; 80 kH1 00 120
Start Time (07-Jun-00 11:00:00) requency [kHz]
(d) (e)
L S S A B R = T ]
r (16:01-17:54) (20:17-21:52) b 1400 — Interval 1 -
Int 2 Int 4 r ]
< 1001 — -+ 12001 3
E e S SRS 1% F ]
& T — — — 1 X 800 =
S r Int1 Int 3 Int 5 1 F 1
2 [ (14:06-15:42) (18:20-19:50) (22:45-23:59) 1 2 600 =
o & - ]
II 10— B 400 — -
g 3 2000 V=827 =90 [km/s] =
T R S B ot | | | | ]
11:00 14:00 17:00 20:00 23:00 02:00 14:06 14:25 14:44 15:03 15:22 15:42
Start Time (07-Jun-00 11:00:00) Start Time (07-Jun-00 14:06:00)

Fig. 1. Case study, central frequency drift and speed deduction. LASCO/CME on 6 June G)ONAVES/TNR dynamic spectrum
associated with the propagation of the CME/shdblIsolated Type Il solar burst, (dotted line) temporal cut to perform the central frequency
analysis.(c) Flux density versus frequency for 1-min TNR spectrum at 15:02 UT. The gaussian fit gives the central fre(p)e@entral
frequency versus time. The horizontal lines show the five intervals to perform the km-TlI slope an@ySisock speed results appliying

the km-TII slope analysis in all the sub-intervals within interval 1. The shock speed and its uncertainty are given by the mean value and the
standard deviation of the distribution of speed values (see text).
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f_rom the dy.namic spectrum and a vertical line indicating 8 Table 2. Time intervals for the km-TIl shock speed analysis. Initial
time cut (15:02 UT). Then we analyzed every TNR spectruma final interval time, length of the sub-intervalsrf for the speed

data to obtain its spectral properties. Figure 1c shows th@pnalysis, and shock speed result. For all the events we assumed
flux density versus the frequency of the Type-Il radio burst,,=5 in Eq. (2) as noted in the text.

at 15:02 UT (asterisks) and a Gaussian fit to the flux-density
distribution (dashed line). This Gaussian approximation to

the flux density distribution gives us, when there is a good fit, initial time final time At velocity
the central frequency (dash-dotted line) which is the funda- [min]  [km/s]
mental emission lane in the radio spectrum at the given time. LASCO-CME 6 Jun 2000

This Gaussian fit to the flux-density distribution at every time 7 jul 2000 14:06 7 Jul 2000 15:42 60 8290
cut of the spectrum gives us a criteria to decide whether the 7 Jul 2000 16:01 7 Jul 2000 17:54 60 1aexl
time cut in the spectrum has a well-defined central emission 7 Jul 2000 18:20 7 Jul 2000 19:50 60 3640
or not. There are some spectra with two or three maxima in 7 Jul 2000 20:17 7 Jul 2000 21:52 60 169167
the flux density distribution, in this case we discard the spec- 7 Jul 200022:45 7 Jul 2000 23:59 60 131288

: P . LASCO-CME 14 Jul 2000
trum an n nsider an ntral emission for this time.
um and do not consider a y central emission for this e 14 Jul 2000 20:11 14 Jul 2000 21:22 60 9

This procedure cleans the d_ata_from emission Contarr_nnatl_on. 15 Jul 2000 01-30 15 Jul 2000 0342 120 13967
Only data from those cuts in time with good Gaussian fits 15 3112000 01:54 15 Jul 2000 04:12 120 13942

were chosen. o _ LASCO-CME 29 Mar 2001
Once the central frequency emissions were obtained, the 29 Mar 2001 18:21 29 Mar 2001 19:28 60 12720
frequency drift associated with the km-TIl radio emission LASCO-CME 26 Apr 2001

were studied. Figurdd shows the central emission fre- 27 Apr200103:31 27 Apr 2001 05:42 120 92860
quency versus time for the CME on 6 June 2000. The time 27 Apr200114:57 27 Apr200117:24 120 9080
interval is about eight hours. Although the frequency shows 27 Apr200119:00 27 Apr200121:30 120 5420

. : . LASCO-CME 4 Nov 2001
a tendency to decrease with time, the drift is not smooth 5 Nov 2001 20:08 5 Nov 2001 22:27 120 ogan

and therg are regions where the frequency increases. In 6 Nov 2001 00118 6 Nov 2001 0139 60 109507
these regions, the me_thodology described above _to infer the g Nnov 2001 02:26 6 Nov 2001 03:47 60 65842
CME/shock speed using the km-TII frequency drift cannot LASCO-CME 25 Jul 2004

be applied. These local increments in frequency are related 26 Jul 2004 04:18 26 Jul 2004 07:56 90 137®
to spectral contamination by Type Il events, AKR or inho- 26 Jul 2004 11:54 26 Jul 2004 14:15 90 1864

mogeneities in the ambient plasma density. Therefore, event
by event, we needed to eye-scan the temporal evolution of assuming the harmonic frequency component (H) in the km-TIl
the central emission frequency, to find those intervals wherdrift (Eq. 2).
there is a clean km-TII frequency drift which is likely associ-
ated with the velocity of the CME/shock. We need to satisfy
as possible the assumptions to apply Eq. (2). Figdrshows  intervals. Figurele shows the speed solutions for interval 1.
the five “adequate” intervals that we selected for this event tol he distribution of points shows that, in this case, the speed
perform the km-TIl speed analysis. The selected intervalssolutions tend to converge towards the maximum value. We
have a duration longer than one hour. define the km-TII shock speed (827 km/s) as the mean of the
The next step in the analysis is to infer the slope of thedistribution, and its associated uncertainty (90 km/s) as the
frequency drift in the selected intervals and using Eq. (2)standard deviation of the distribution.
(choosing a value fot,, and if itis the F or H emission) to get Table2 shows the “adequate” intervals that we found for
the shock speed. The frequency slope was obtained by applyhe six events and the km-TIl shock speed solutions for ev-
ing a linear fit to the central frequency points in the interval. ery interval. The first two columns present the initial and
In order to test the stability of the solutions, we computed thefinal time for the intervals, the third column shows the length
frequency slope of short sub-intervals of a few minutes (5—of the sub-intervals4r), and the fourth column the inferred
30) along the interval. We applied Eg. (2) to every slope andspeed and its uncertainty as obtained from the km-TIl analy-
obtained a very large dispersion of shock speeds. Howevesis described earlier. We choose for all the events a value of
upon increasing the duration of the sub-intervals, the speed,=>5 cn3, which is a good mean value based on the WIND
solutions tended to converge to certain values. This indicate#-situ measurements in the upstream regions of their associ-
that the sub-intervals must be longer than 60 (90-120) minated interplanetary shocks af.LTable 2 indicates if the F or
Knowing this problem with the stability of the shock speed H emission was selected for every event. The intervals have
solutions, we require to estimate an associated error. Thea duration between 1.6 and 3.6 h.
we calculated the slope for every set of 60 (90-120) con- The technique that we applied to analyze the km-TIl emis-
secutive central frequency points in the interval. This givessions can be summarized as follows: 1) we looked for in-
an ensemble of speed solutions associated with all the suliervals where the km-TII emission was not contaminated by

www.ann-geophys.net/27/3957/2009/ Ann. Geophys., 27, 33556-2009



3962 A. Gonzalez-Esparza and E. Aguilar-Rodriguez: CME/shock speed: km-TIl emissions

CME event: 2000-06-06 CME event: 2000-07-14
2000 [T T e e 2000 [T T T T T T
L LASCO B
4
1500 - - 1500 — _
0 I ] o L 2 1
S~ r g N & 4
£ [ LASCO 1 £ E
~ E© % B — IPS i
Pl >,
5 1000 IPS ! = 1000+ !
o L ol i g
@ % ‘shoc‘t IS < r * shock & 1
- § in—situ b > . in—situ ICME q
i ICME 1 [ m—sxtue b
L o
in—situ [ )
500 — 500 _
“““““ L e “‘7
00:00 12:00 00:00 12:00 . . .
07—dun 07-Jun 08—Jun 08—Jun ﬁ'ggu‘ %%ggu‘ H%ggu‘

Fig. 2. Speed temporal evolution of the 6 June 2000 LASCO CME. Fig. 3. Speed temporal evolution of the 14 July 2000 LASCO-CME.
The shock speeds obtained from the analysis of the radio kilo-same format as previous figure.

metric Type Il burst drifts (solid cases) are compared with white-
light (LASCO), interplanetary scintillation (IPS), and in-situ (from

WIND plasma and magnetic field data) measurements (see text). o o\01ution of the CME/shock: they have lower values than

the initial LASCO-CME speed, and are faster than the mean

another kind of emission (i.e., Type Il radio bursts, auroral V.VIND—IocaI—.ICME speed Vicme=610 km/s).' Thg CO”.‘b'”a‘.
tion of the different speed measurements in Fig. 2, in partic-

kilometric radiation (AKR), etc.); 2) we isolated the km-TlI ular, the three km-TIl speeds above the STELab-IPS value

emission; 3) we applied a Gaussian fit, at every spectral dat
to the profile of the flux density versus frequency to obtain itsa(m‘r’:|E36 km/s), shows a gradual tendency for the decelera-

spectral properties (central frequency, width and intensity);tlon of the CME/shock as it propagates to 1 AU.
4) we only considered those spectra with a well-defined cen-,

tral frequency; 5) we obtain the slope of the central frequency14 July 2000 LASCO CME

drift by a applying a linear fit at some arbitrary interval; 6) we Figure 3 shows the speed evolution of the very famous

use Eq. (2) and the slope of the central frequency emissio . . .
to estimate the shock speed; 7) we apply 5) and 6) at diI"fertéaStIIIe day CME. This event was studied Manoharan

. . 4 o7 et al. (200) claiming that this CME/shock presents a two-
ent contiguous intervals to obtain a shock speed distribution . o .
. level deceleration: (1) a low decline in speed at distances
8) we report the mean value of the shock speeds and its stan-. . - .
e . within or about 100 solar radii, and (2) a rapid decrease at
dard deviation as the associated error. .
larger distances from the Sun. The CME catalog reports a
deceleration of 96 mfs This is the highest initial deceler-
3 Results ation in the data set. The WIND/WAVES list reports a fre-

quency range of 14 MHz to 80 kHz for the Type Il spectrum.
The temporal speed evolution of the six CME/shocks is re-We selected 3 intervals to apply the km-TIl speed analy-

ported in Table 1. sis (Table 2). In this case, we assumed harmonic emission
(H) in the frequency drift (Eq. 2). The three shock speeds
6 June 2000 LASCO CME from the km-TIl analysis are within the range of the other

speed data points. However, based on the speed tempo-
Figure 2 shows the speed evolution of the CME on 6 Juneral evolution in Fig. 3, the first speed value of the km-TlI
2000. We use this event as the case study in Fig. 1 to shownalysis is slower than expected. The STELab-IPS velocity
the km-Tll speed analysis. The initial LASCO-CME speed (1070233 km/s) has an intermediate value between the ini-
was practically constant. The SOHO/LASCO CME catalog tial LASCO-CME speed (1674 km/s) and the WIND-shock-
reports that the second order fit of the height-time plot giveslocal speed ¥shoci=861 km/s).
a very small acceleration of 1.5 /sThe WIND/WAVES
list reports a frequency range ofl4 MHz to 40 kHz for the 29 March 2001 LASCO CME
Type-1l spectrum. We selected 5 time intervals to apply the
km-TII speed analysis (Table 2), and assumed fundamentafigure4 shows the speed evolution of the LASCO-CME on
emission (F) in the frequency drift (Eq. 2). The five shock 29 March 2001. This is the slowest CME in the data set. The
speeds from the km-TIl analysis show reasonable values foEME catalog reports a small acceleration of 3.5m/he
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Fig. 4. Speed temporal evolution of the 29 March 2001 LASCO- Fig. 5. Speed temporal evolution of the 26 April 2001 LASCO-
CME. Same format as in Fig. 2. CME. Same format as in Fig. 2.

CME event: 2001-11-04

WIND/WAVES list reports a weak emission and a frequency ~ 20007777 T T T
range of 4 MHz to 60 kHz for the Type Il spectrum. We se- PO
lected only one interval to perform the km-TIl speed anal- i
ysis, and assumed fundamental emission (F) in Eq. (2) (Ta- 1500
ble 2). Contrary to our expectations, the shock speed from i s
the km-TIl analysis (127420 km/s) resulted much faster
than the initial LASCO-CME speed (942 km/s). This result
could be bad guessing far, in Eg. (2) and/or a contami-

nation in the km-TIl spectra that we analyzed. The ORT- I shoek
IPS velocity (782 km/s)Nlanoharan2006 does not appear : ICME &
in Fig. 4 since we do not have the time associated with the ~ °°°[ e
measurement, but it has an intermediate value between the
initial LASCO-CME speed and the;LWIND-shock-local 7~

1000

velocity (km

o -
T IS R N I R SO Y N BN E SN

00:00 12:00 00:00 12:00
speed (617 km/s) 05—Nov 05—Nov 06—Nov 06—Nov
26 April 2001 LASCO CME Fig. 6. Speed temporal evolution of the 11 November 2001

LASCO-CME. Same format as in Fig. 2.
Figure5 shows the speed evolution of the LASCO-CME on
26 April 2001. The CME catalog reports an acceleration of
21.1m/$. This is the highest initial acceleration in the event 4 November 2001 LASCO CME
list. The WIND/WAVES list reports a frequency range of
5MHz to 20 kHz for the Type Il spectrum. There is a gap Figure 6 shows the speed evolution of the LASCO-CME
of several hours in the WIND/TNR data. We selected threeon 4 November 2001. This is the fastest CME in the data
intervals to perform the km-TIl speed analysis and assumedet. The CME catalog reports a very strong deceleration
fundamental emission (F) in Eq. (2) (Table 2). The threeof 63.4m/é. The WIND/WAVES list reports a frequency
km-TIl speeds are within the range of the other speed pointsange of 14 MHz to 70 kHz for the Type Il spectrum. We
in the figure. The ORT-IPS speed (470 km/8)aphoharan  selected three intervals to perform the km-TIl speed analy-
2006 does not appear in Fig. 5 because we do not have thasis and assumed harmonic emission (H) in Eq. (2) (Table 2).
time associated with the measurement. This ORT-IPS spee@ihe shock speed points of the km-TIl analysis are located
and the third point of shock speed from the km-TIl analy- between the STELab-IPS (12671 km/s) and the WIND-
sis (54410 km/s) have a significantly lower value than the shock-local (742 km/s) speeds. Note that the extended tem-
reported WIND-shock-local speed (820 km/s). It is possibleporal separation between the passing at WIND of the shock
that these two slow speeds might be associated with signaand the ICME (Table 1), is about 19.5h. This is the fastest
tures of different regions than the nose of the CME/shock. halo CME in the list so we would expect a faster shock at
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D000 (e ME vt 2004707726 coronal density model, but different electron density models
- % obtain ambiguous results (s€®hjolainen et al.2007, and
references therein). At low frequency emissions (km-TlI),
we do not have this problem and we can assume that the
electron density decays with the square of the heliocentric
distance. However not necessarily all the CME/shocks gen-
erate km-TIlI emissions, and for those events which do, the
emission is not continuous throughout the whole trajectory
and/or presents contamination (e.g., Type lll bursts, AKR) in
several intervals. We presented a new analysis technique for
guantitatively reconstructing the temporal evolution of a fast
CME/shock as it propagates from the Sun out to 1 AU based
L o on the analysis of km-TlII radio emissions. The applicability
00:00 12:00 00:00 of this technique will depend on the availability and quality
of the km-TII spectral data associated with the CME/shock
and the validity of the assumptions and constants to apply
Fig. 7. Speed temporal evolution of the 25 July 2004 LASCO-CME. Ed. (2). In general we find that it is not simple to apply the
Same format as in Fig. 2. technique in most of the events.
The events in Table 1 occurred during a period of high so-
lar activity and, in every case, there were between one and
1 AU, and also that the shock and the ICME were closer tofour slower preceding CMEs propagating outward within a
each other. A possible explanation for this shock-ICME sep-time window of a few hours. The ambient wind was struc-
aration is that the nose of the event passed far away from theured with fluctuations in solar wind density. This explains

1500 —

r LASCO
L < ? shock

in—situ

&

1000 —

velocity (km/s)

ICME S
in—situ

500~

Earth. why we reduced our first list to six CME/shocks, and why
we could not find more intervals to apply the km-TIl speed
25 July 2004 LASCO CME analysis during these events.

The comparison of the results from our km-TIl speed anal-
nysis with speeds reported by other instruments and covering
different heliocentric regions verify the validity of the anal-
ysis and its potential to study the evolution of CMES/shocks

Figure 7 shows the speed evolution of the LASCO-CME
on 25 July 2004. The CME catalog gives an acceleratio
of 7.0m/¢. The WIND/WAVES list reports a frequency
range of 1Q00 to 28 kHz for the Type Il spectrum. We S€- ith good km-TlI spectral data.
lected two intervals to perform the km-TIlI speed analysis - .
o . This comparison of speed measurements should be done
and assumed fundamental emission (F) in Eq. (2) (Table 2), : )
: —“tarefully. In general, we assume that the Type Il radio emis-
Contrary to our expectations, the second km-TIl speed poin{.” . . .
: sion is coming from the region around the shock nose, but
(1864+94 km/s) is much faster than the reported LASCO- . Lo .
sometimes it might come from other regions along the shock

CME speed (1333 km/s). This result could be a Contamma-from The near-Sun plane-of-sky LASCO-CME speeds, the

tion in the km-TII spectra that we analyzed or a bad guessingshock speeds from the km-TIl slope analysis, the sheet re-

Igirsné’vlennltzq' (2). IPS speed data has not been published foE;ion speeds from IPS observations, and the WIND-shock and

ejecta speeds from in-situ magnetic and plasma data, do not
refer to the same structure but are related to the same phe-
4 Discussion nomena (CME/shock event).
We have pointed out some limitations of analysing km-TII

In the study of the six events, we found that in general theemissions to infer the shock speed. We should keep in mind
shock speeds obtained from the km-TII analysis are withinthat the speed values of the other instruments also present
the range of other speed measurements by different instruimitations. The white light plane-of-the-sky component of
ments. However, in some cases, the km-Tll shock speed vathe CME speed detected by LASCO is not simple to depro-
ues inferred from adjacent intervals presents very differenfect, by supposing a radial expansion from the source region.
values. The reason for that variation might be some con-The reliability of the ORT and STELab IPS data would de-
tamination in the spectral data in one of the intervals, or thepend on the number and location of the radio sources and the
presence of electron density inhomogeneities in the ambientonditions of the ambient solar wind where the CME/shock
wind. This means that the assumptions required to applyis propagating. IPS observations are more complicated when
Eq. (2) are not fully satisfied. the medium has been perturbed by several shocks and CMEs

It is not straightforward to analyse Type Il radio emissions in the preceding days. The WIND-shock and ICME local-
to infer the propagation of fast CME/shocks. To estimate thespeeds inferred from in-situ spacecraft data always present
speed of shock waves in the solar corona we require a stationcertainties depending on the intervals chosen to perform
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