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Abstract

Solar cycle 23 in its declining phase witnessed the most pronounced space weather events during October–November

2003. A series of powerful solar flares and associated geoeffective Coronal Mass Ejections (CMEs) travelling at �2000km/s

drove shock fronts that impacted the Earth’s magnetic field consecutively on 29 and 30 October, resulting in intense

geomagnetic disturbances during 29–31 October. Another intense geomagnetic storm activity occurred during 20–21

November, resulting from a solar flare that had an associated geoeffective CME travelling at a speed of �1100 km/s.

Digital ground magnetic field measurements from the equatorial and low-latitude locations in the Indian longitude zone, in

conjuction with the interplanetary solar wind and magnetic filed parameters, are used to study the characteristics of these

storms. Maximum magnitude of the total magnetospheric energy injected into the magnetosphere during the mainphase of

the three major storm amounts to approximately 4.5� 1013, 3.6� 1013, 2.8� 1013W. Another salient feature brought out is

the close correspondence between the magnitude of the peak of the southward component of the interplanetary magnetic

field Bz and the strength of the storm intensity as inferred from the Dst and low-latitude digital magnetic records.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Solar flares and Coronal Mass Ejections (CMEs)
are basic outbursts arising from the instabilities of
the magnetic field in the tenuous solar atmosphere.
Solar flares of severe intensity are associated with
the evolution of sheared magnetic field occurring
predominantly at locations of magnetically complex
region of the Sun. CMEs are known as large-scale
e front matter r 2006 Elsevier Ltd. All rights reserved
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structures expelled from the closed coronal mag-
netic field regions of the Sun that overlie magnetic
polarity inversion lines (Kahler, 1992; Hundhausen,
1993). The energetic radiations bursts from the
flares on the Sun travel at the speed of light, and so
arrive at Earth just 8min after leaving the flare site,
well ahead of any particle or coronal materials
emanating from the Sun. CMEs are gigantic upward
mass motions seen in the outer corona of the Sun
that involves the ejection of very large quantities of
plasma away from the Sun into the interplanetary
space. A CME when released from the Sun’s gravity
travels faster than the solar wind giving rise to a
.
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shock front. These strong interplanetary distur-
bances cause many non-recurrent geomagnetic
storms (Gosling et al., 1991; Gosling, 1993; Tsur-
utani et al., 1988; Richardson et al., 2001) in the
Earth’s magnetosphere and ionosphere and subse-
quently produce intense auroral activity, satellite
damage, transformer failures and tripping of power
grids. However, the geoeffectiveness of the CMEs
depends on the structure of the magnetic field
carried by it and the orientation of Earth-directed
mass ejection from the Sun striking the Earth’s
magnetosphere. Manifestation of geomagnetic
storm phenomena observed in the ground magnetic
records is the result of enhanced coupling of solar
wind with the magnetosphere mainly due to
magnetic reconnection between the southwardly
directed IMF and northward magnetopause fields
(Dungey, 1961; Gonzalez and Mozer, 1974). The
crucial role of North–South component of IMF (Bz)
in regulating the electrodynamic coupling mechan-
ism of energy transfer to produce geomagnetic
storms has been established by several studies
(Gonzalez and Tsurutani, 1987; Gonzalez et al.,
1989, 1994; Kamide et al., 1999; Wu and Lepping,
2002). A necessary and sufficient condition for the
occurrence of major storms as laid down by
Tsurutani and Gonzalez (1997) and Tsurutani
et al. (1999) is the maintenance of a southward Bz

of large magnitude above the normal field of �5 nT,
for a sufficiently long period (4�3 h or more). The
earlier findings by Burlaga (1991), Tsurutani et al.
(1992) also demonstrated the correspondence be-
tween majority of large magnetic storms and a class
of transient solar ejecta called magnetic clouds.
Typical magnetic storm characteristics are mani-
fested as the depression in the horizontal compo-
nent of the geomagnetic field known as the main
phase, lasting for various time scales ranging from a
few to almost 10 h or more and the slow recovery
phase lasting about 1 to several days. The storm
main phase is due to the enhanced westward ring
current around the Earth at distances of around
2–8RE(1RE ¼ 6378 km). At the decay of the ring
current starts the storm recovery phase. The
understanding of the detailed geomagnetic signa-
tures of storm development and recovery under the
variable solar activity conditions still remains a
paradigm.

During intense solar activity, the electromagnetic
and particle ejections from the Sun are dominated
by flares and CMEs. Solar activity maximum years
2000 and 2001 witnessed several intense geomag-
netic storms associated with CMEs. Solar cycle 23
had its Sunspot maximum in April 2000 but with a
secondary peak occurring in November 2001. This
explains the bimodal distribution of intense geo-
magnetic storms at two levels, a first peak during
high solar activity and a secondary peak in the
descending phase of the solar cycle. Solar cycle
distribution of the geomagnetic storms has been
dealt with by Gonzalez et al. (1990), describing the
occurrence feature of dual peaks, with one peak
occurring near or at solar maximum and the other
at the descending phase. The powerful solar flares
and CMEs that occurred during October–Novem-
ber 2003 clearly depict the geoeffective nature of the
solar activity 2 years following the solar maximum.
The present study investigates the ground magnetic
field variations associated with the complex solar
ejections on 28 October and 19 November 2003.

2. Methodology

The study uses the digital magnetic records from
the equatorial station Tirunelveli (Geogr. 81420N,
771480E; Geomag. 0.361S, 149.781) and the low-
latitude station Alibag (Geogr. 181370N, 721520E;
Geomag. 9.71N, 145.61) in conjunction with the
available parameters of solar wind and interplane-
tary magnetic field from the satellites. Solar wind
data from the Advanced Composition Explorer
(ACE)/Solar Heliospheric Observatory (SOHO) at
L1 point and the Geotail at X�3RE during the
events are the satellite database used to highlight the
salient features of the shock events. The solar
activity conditions were obtained from the Report

and Forecast of Solar Geophysical Data.

3. Flare, CME and the geoeffectiveness of the shock

3.1. X17 flare and CME on 28 October 2003

The Sunspot group 486 (S17E04) became active
on 26 October 2003 giving rise to the eruption of a
series of X-class flares. This region developed into a
giant Sunspot at 1110UT on 28 October emitting a
powerful solar flare of X17/4B magnitude. NOAA
had reported the region 486 as one of the largest and
most complex active regions of solar cycle 23. The
Mass Time-of-Flight spectrometer (MTOF) sensor
of NASA/ESA’s SOHO (�1AU) reported a satu-
rated maximum detectable speed by the proton
monitor of 1100 km/s from 0600UT on 29 October
to 2000UT on 30 October 2003. Solar wind
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detectors onboard the NASA’s ACE spacecraft
located at the L1 Langrangian point (�240RE,
1RE ¼ 6378 km) were contaminated due to the
large proton events following the intense flare
activity. Hence the plasma data were available with
gaps. The Large Angle and Spectrometric Corona-
graph (LASCO) instrument onboard SOHO ob-
served an Earthward directed full halo CME on 28
October streaming at a fast speed of �2000 km/s.
The X17 flare event at 1110UT on 28 October
produced proton events 410MeV at 1215UT and
almost 1 h later the proton event 4100MeV
occurred. This proton event was characterized by
a proton flux unit of 29 500 pfu, which is the second
29-31 October 2003
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Fig. 1. Interplanetary magnetic field parameters (ACE) of the

magnetic storm events during 29–31 October 2003. Vertical

dashed lines indicate the arrival of the first shock at ACE at

0600UT on 29 October and the second shock at 1600UT on 30

October 2003. The arrows show SSC’s at Alibag (ABG) and

Tirunelveli (TIR) at 0612UT on 29 October and 1620UT on 30

October 2003. The SSC amplitudes are given in parenthesis. The

1min data of SYM ‘H’ and the magnetic field data of the ‘H’

component of ABG and TIR are time shifted by 12min to

correspond to the interplanetary shock arrival on 29 October

2003. The shaded portion marked by slanted lines show intervals

of northward By and the dotted portion represents southward Bz.
largest event after the largest proton event in
November 2001 of the present solar cycle. In terms
of the high-speed events, CMEs of 29 and 30
October 2003 as the third fastest to reach the Earth
in 19 h (Skoug et al., 2004). The earlier recorded
fastest events are the 4 August 1972 and the great
storm of 2 September 1859, with transit times of the
CMEs identified as 14.6 h and 17.5 h, respectively.

The solar wind monitoring satellites SOHO/ACE
detected the arrival of a large high-speed solar wind
shock front at 0600UT on 29 October 2003. As
mentioned earlier, the transit time of the CME
passage from the Sun to the SOHO/ACE location
was about 19 h, thereby rating this event as a
significantly large storm in this solar cycle 23. The
large shock front impacted the Earth’s magnetic
field near instantaneously to produce the geomag-
netic storm sudden commencement at 0612UT, as
shown by a vertical dashed line in Fig. 1. The
vertical dashed line corresponds to the arrival time
of shock, for which the time is shifted for the
ground magnetic records with respect to the shock
at 0600UT on 29 October. The geostationary
satellites GOES 10, 11, 12 experienced magneto-
pause crossings and went outside of the magneto-
sphere for a period of more than 10 h after the onset
of this severe storm.
3.2. X10 flare and CME on 29 October 2003

Active region 486 (S17W09) unleashed another
major flare of X10/2b at 2049UT on 29 October as
recorded by GOES X-ray flux (1–8 Å) data. NOAA
also reported the intense radio emissions accom-
panied by the flare. Due to the X10 flare, a
secondary enhancement in the continuing proton
events of 410 and 4100MeV were observed late
on the 29 October. This eruption also hurled a
cloud matter (CME) at a speed of almost 1950 km/s
directed towards the Earth as reported in the
Report and Forecast of Solar Geophysical Data.
Solar wind detectors onboard the NASA’s
ACE spacecraft located at the L1 point were
contaminated due to the large proton events
following the intense flare activity thereby making
the data unreliable. The second severe impact
was detected by solar wind monitoring satellite with
the arrival of a shock front at 1600UT on 30
October that impacted the magnetosphere 20min
later giving rise to the sudden commencement of a
geomagnetic storm (Fig. 1).
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3.3. M3.2 flare and CME on 18 November 2003

Subsequent to the highly disturbance phenomena
of October, complex series of flares and associated
full halo CME that occurred on 18 November
produced an intense geomagnetic storm on 20
November. Sunspot region 501 (N00E18) produced
a M3.2/2N flare at 0723UT on 18 November. The
speed of the associated CME was estimated at
1100 km/s. The shock arrived at the L1 point as
reported by SOHO/ACE at 0740UT on 20 Novem-
ber which gave rise to an enhancement of 40 nT at
0803UT in the ‘H’ component of the magnetic field
at the low-latitude station, Alibag. Table 1 sum-
marizes the main characteristics of the solar events
that led to the intense geomagnetic storms in
October–November 2003.

4. Magnetospheric response

The main characteristics of a geomagnetic storm,
is represented by the quantitative measure of the
disturbance of the H component from selected
observatories at low latitude and distributed over
longitudes. Dst index is being considered as a
measure of the ring current intensity and its energy
(Suguira, 1964).

Variations in the solar wind pressure contribute
to the perturbations in the magnetic field variations
recorded on the ground. Burton et al. (1975) were
the first to incorporate the correction factor to
remove the magnetopause current contribution
from the measured Dst, by the expression,
D�st ¼ Dst � b

p
Pþ c, where P is the solar wind

dynamic pressure, b and c are constants and Dst
* the

pressure corrected Dst. Different studies have
Table 1

Solar events associated with the three largest geomagnetic storms

of 2003

Solar event 29 October 30 October 20 November

Solar flare X17/4b X10/2b M3.2/2N

Occurrence 28 October/

1110UT

29 October/

2049UT

18 November/

0723UT

CME speed (km/s) �2000 �1950 �1100

Transit time (h) 19 h 19 h 48 h

Solar source S17E04 S17W09 N00E18

Proton events (MeV) 410, 4100 410, 4100 42

Shock at 1AU (UT) 0600 1600 0740

Vsw at 1AU (m/s) �1850 �1710 �750

D�st (nT) �358 �406 �491
obtained certain variable values for the constants.
In the present study, we have adopted the correction
factors as given by Gonzalez et al. (1994).

The interplanetary energy flux parameter epsilon
(e) was introduced by Perrault and Akasofu (1978),
which is a quantity representing the solar wind
energy entering into the magnetosphere. The e
function is related to the Poynting flux and it is
highly dependent on the solar wind velocity and the
magnitude and direction of the interplanetary
magnetic field. The e function, which gives an
estimate of the total energy transferred into the
magnetosphere, can be written as (Perrault and
Akasofu, 1978; Nishida, 1983)

e ¼ vB2 sin4ðy=2Þl2o, (1)

where v is the upstream solar wind speed, B the
magnitude of the IMF, y the IMF clock angle
defined as y ¼ tan�1 ðjBy=BzjÞ for Bz40, and y ¼
1801� tan�1 ðjBy=BzjÞ for Bzo0, i.e., the polar
angle of the IMF projected on the Y–Z plane, lo is
empirically determined value of the merging region
at the subsolar magnetopause, assumed to be 7RE

(Perrault and Akasofu, 1978; Akasofu, 1981).
Considering that the radius of the dayside

magnetopause depends on the solar wind dynamic
pressure, Mac-Mahon and Gonzalez (1997) re-
placed the distance lo by the Chapman–Ferraro
distance, RCF, of the dayside magnetopause ob-
tained from the balance between the kinetic plasma
pressure of the solar wind and the magnetic pressure
of the magnetosphere (Holzer and Slavin, 1979;
Sibeck et al., 1991):

RCF ¼ ðB
2
o=4prv2Þ1=6 RE, (2)

where Bo is the magnetic field strength on the
surface of the Earth at the equator.

5. Storm–energy computations

In the computation of the total energy budget for
the three major storms considered in the study, we
have made use of the following energy equations. As
the solar wind parameters were mostly saturated,
kinetic energy of the solar wind for the major storm
of October could not be computed.

The strength of the disturbance field is given by
the Dessler Parker–Sckopke relationship between
Dst and the energy of the ring current (Dessler and
Parker, 1959; Sckopke, 1966). The Dessler Par-
ker–Sckopke relation states that the magnetic
perturbation caused by ring current particles is
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directly proportional to their total energy. Russell
et al. (1974) demonstrated the development of the
ring current in response to the southward turning of
the interplanetary magnetic field. Perrault and
Akasofu (1978) and Akasofu (1981) expressed the
quantitative estimate of the total magnetospheric
energy consumption rate by the quantity UT,
expressed as the sum of the three major terms, i.e.,

UT ¼ UR þU J þUA, (3)

where UR is the ring current injection rate, UJ is the
power of Joule heating rate in the high-latitude
ionosphere and UA is the power consumption due to
auroral particle precipitation.

Akasofu (1981) showed that the estimate of the
ring current energy consumption, UR, can be
expressed in terms of the pressure corrected ring
current index, D�st, as

UR ¼ 4� 1013ð@D�st=@tþD�st=tÞ ðWÞ, (4)

where @Dst*/@t is the rate of change of D�st, D�st is the
average value of pressure corrected Dst, and t is the
ring current life time in seconds.

Various researchers have adopted different
procedures for evaluating the decay parameter,
t (Gonzalez et al., 1989; Alexeev et al., 1996;
Mac-Mahon and Gonzalez, 1997; Kamide et al.,
1998a, b). In the present work, we have used the
function suggested by Valdivia et al. (1996) with
modified Dst (D�st) to compute the value of t for
individual storm conditions.

The formula used in our present study for the
computation of the power associated with the Joule
heating UJ is by Ostgaard et al. (2002) that accounts
for the summer asymmetry obtained by Ahn et al.
(1989) and winter asymmetry obtained by Rich-
mond (1990) in both the hemispheres:

U J ¼ ð0:54AEþ 1:8Þ � 109 ðWÞ. (5)

Spiro et al. (1982) proposed the energy consumption
by the auroral particle precipitation in both the
hemispheres as given by

UA ¼ ½1:75� ðAE=100þ 1:6Þ� � 1010 ðWÞ. (6)
Fig. 2. Solar wind and interplanetary magnetic field parameters

(ACE) of the magnetic storm events during 29–31 October 2003.

The respective growth of the main phase during the two SSC’s on

29 and 30 October 2003 are seen from the pressure corrected Dst

index (D�st) and Dst. The magnetospheric energy input parameter,

e, for the two storm events is also shown. The one minute

magnetic field data of the ‘H’ component of ABG is time shifted

by 12min to correspond to the interplanetary shock arrival at

0600UT indicated by vertical dashed line on 29 October 2003.
6. Observations and results

The top three panels in Fig. 1 show the magnitude
of the interplanetary magnetic field |B| and its
components By and Bz measured by ACE. Varia-
tions of the SYM ‘H’ component of the ring current
along with the ‘H’ component of the geomagnetic
field recorded at Alibag (represented as ABG ‘H’)
and Tirunelveli (represented as TIR ‘H’) for the
period 29 October to 31 October 2003 are presented
in the bottom three panels.

The powerful CME from the X17/4b flare on 28
October at 1110UT impacted the Earth’s magneto-
sphere at 0612UT on 29 October, subsequent to the
shock observed by ACE and SOHO at 0600UT.
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The magnitude of the sudden impulse as seen in the
storm sudden commencement in the ‘H’ component
at the equatorial station Tirunelveli is 113 nT, and
at the low-latitude station Alibag is 62 nT. The
enhanced magnitude at the equatorial station is
the influence of the noontime equatorial electrojet,
the time of sudden commencement being 1100LT
for the location. Three hourly storm activity index
‘K’ was 9 during the period of initial severe storming
from 0600 to 0900UT.

Continuous observations of the solar wind
velocity (Vsw) and the proton number density (NP)
from SOHO/ACE at the L1 point could not be
recorded due to the degradation of the satellites
electronics (Fig. 2, top two panels). However, the
observations of the alpha particle speeds from Solar
Wind Ion Composition Spectrometer (SWICS)
instrument onboard ACE spacecraft during 29–30
October, indicated solar wind speeds exceeding
1900 km/s.

6.1. Storm main phase development

(29– 30 October)

Sharp increase in the interplanetary magnetic
field |B| (Fig. 1) from ACE/MAG around 0600UT
is seen as a two-step augmentation (40/60 nT)
followed by highly fluctuating large Bz and By field
prevalent at the moment of shock passage for a
period of 1 h until 0700UT. The interplanetary
magnetic field polarity remained northward during
the CME passage for sustained periods during the
initial part of the main phase. This condition of
the interplanetary environment might have led to
the suppression in the overall intensity of the
geomagnetic storm as evidenced from the ground
magnetic records of 29 October as shown in the
bottom panel of Fig. 1. The fluctuating negative Bz

in the first part of the storm during 0600–0900UT
on 29 October has produced favourable conditions
for geomagnetic storm occurrence. During this
period of highly modulating interplanetary mag-
netic field, the ground magnetic variations of the ‘H’
component at Tirunelveli and Alibag also showed
fluctuating negative magnetic fields. However, the
oscillating field magnitude tends to become less
negative when the interplanetary magnetic field Bz

becomes positive but keeps on modulating during
the period 0900–1300UT. Thus the development of
intense main phase was inhibited during fluctuating
northward Bz. When the interplanetary magnetic
field component Bz turned southward again, the
main phase depression restarted with the decrease of
ground magnetic field at the two stations
(1300–2400UT). The storm development in this
event clearly follows a double storm signature. This
is in conformation with the ideas put forth by
Kamide et al. (1998a, b), suggesting that an intense
storm can result from the superposition of two
successive moderate storms, driven by two succes-
sive southward Bz. However, starting from 1800UT
onwards sharp and steady southward Bz seemed to
persist for almost 6 h favourable for intense
geomagnetic storm occurrence. The peak intensity
in the disturbance occurred at 2400UT to a level of
�350 nT in Dst, following which a slow recovery of
this storm started when a steady rotation of the Bz

field occurred. A gradual decrease in the interpla-
netary magnetic field |B| is also evident from the
curve in the top panel, wherein a steady field of
about 10 nT remained from 0600 to 1500UT on 30
October. The onset of another severe storm
followed this calm condition. The fast CME from
the X10 flare on 29 October at 2049UT produced a
shock that impacted the Earth’s magnetosphere and
gave rise to an enhancement in the ‘H’ component
of the Earth’s magnetic field at 1620UT on 30
October 2003 (2nd SSC marked in the lower panel
of Fig. 1). The magnitude of the storm sudden
commencement as observed in the low-latitude
magnetic record of Alibag on 30 October at this
local nighttime is 47 and 45 nT for the equatorial
station, Tirunelveli.

Unlike the storm main phase of 29 October, the
development of a sharp main phase (Dst��400 nT)
commenced at 1800UT on 30 October, as the
southward Bz suddenly increased to �30 nT. Prior
to this prominent southward directed field, Bz

remained near zero and fluctuated for almost 2 h
with albeit small magnitude. Abrupt turning of the
Bz to northward direction around 2100UT resulted
in the beginning of the recovery, but the N–S
modulation in the interplanetary magnetic field
persisted until 0130UT on 31 October.

In Fig. 2 are presented the solar wind parameters
Vsw and Np from the ACE satellite. Most of the
time, Vsw values were saturated at the maximum of
�1000 km/s but the plot is provided to give an idea
about the extreme conditions of the solar wind for
the remarkable event of 29–31 October 2003.
Hourly variation trend in the interplanetary mag-
netic field parameters |B| and Bz are also shown in
the middle block. All the points marked are hourly
points, as the values of Dst index available were only
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hourly values. The pressure corrected Dst para-
meter, D�st, is also plotted along with Dst. Since the
solar wind velocity (Vsw) and the proton number
density (Np) by ACE and WIND satellites could not
be accurately estimated due to contamination in the
satellite data, the values of epsilon as shown for the
major storm are underestimated. The peaked values
in the epsilon corresponding to the maximum
magnitude of southward Bz during the two storm
main phases on 29 and 31 October are of the order
of 4.5� 1013W for the first main phase and
31 October 2003 GEOTAIL
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3.6� 1013W for the second main phase, respec-
tively. Having discussed the geomagnetic effects
during the storm development period and main
phase period, the recovery of the storm of 31
October is seen to have occurred with the northward
turning of the Bz field. After the field had returned
to a level of �100 nT at Alibag on 31 October
around 0500UT, sudden rise in the H component is
observed for almost 6 h with multiple peaks at 0500
and 1100UT, though the second peak is not of large
magnitude. This enhancement in the magnetic field
is due to the occurrence of an interplanetary shock
at 0451UT. The corresponding solar wind para-
meters are given in Fig. 3 to elaborate the
connection between the shock phenomenon and
the ground magnetic signatures at low latitudes.

Referring to Fig. 3, evidence of an enhanced field
is seen at 0500 and around 1100UT and is of
noticeable magnitude in all the geomagnetic para-
meters, viz. 1min digital magnetic data from
Alibag, 1min SYM ‘H’, Dst (WDC, Kyoto) and
D�st. Vsw, Tp and Np data from Geotail are shown, as
the continuous data for the period were available
from this satellite, which was located inside the
magnetopause region. Large magnitude of the solar
wind velocity, the number density and the proton
temperature associated with the interplanetary
shock produce large peaking in the ‘H’ component
of the geomagnetic field. Fig. 3 depicts the shock
phenomena at the time of recovery and its one to
one correspondence with the low-latitude geomag-
netic field.

6.2. Storm main phase development (20 November)

On 18 November a pair of M-class flares occurred
and was accompanied by CMEs with approximate
speed of 1100 km/s. A shock from the CME was
observed to increase the solar wind speed from 350
to above 700 km/s as recorded at SOHO. Fig. 4
depicts the variation in interplanetary magnetic field
parameters |B|, By and Bz from ACE/MAG and the
variation in the horizontal component of the
magnetic field, as observed from the 1min digital
data of the stations Tirunelveli and Alibag. At the
time of the shock, at 0740UT at the ACE location
at �240RE, the ambient field increase was from 5 to
20 nT. Compression in the magnetic field associated
with the CME passage produced a SSC enhance-
ment of 40 nT at Alibag and 100 nT at the
equatorial station Tirunelveli. The polarity of the
magnetic field remained predominantly northward
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for a period of 4 h, after which the large southward
turning of the Bz became prominent and signifi-
cantly large magnitude of nearly �50 nT is seen.
Corresponding magnetic field minimum is evident at
the two locations Alibag and Tirunelveli (lower
panel in Fig. 4) while Dst��500 nT is as shown in
Fig. 5. With the sharp rotation of the Bz to
northward at 1800UT, the ground magnetic field
begins to recover as evident in Fig. 4. In Fig. 5 are
also shown the solar wind velocity Vsw, proton
number density Np, the interplanetary magnetic
field components from ACE alongwith the radius of
the dayside magnetopause (RCF) computed for the
event and the magnetospheric energy input para-
meter epsilon (e). Fig. 5 clearly shows that the value
of RCF parameter, i.e., the magnetopause distance,
can become as small as about 5RE during the storm
mainphase. For the October event, due to the
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saturated condition of the recordings of the solar
wind parameters the RCF values could not be done
accurately.
Table 2a

Energy budget for the three intense storm events in 2003

29 October 30 October 20 November

SSC onset (UT) 06:12 16:20 08:03
7. Discussion and conclusions

Even though the CME associated with 28
October 2003 solar activity was so intense to
saturate the recording of the solar wind parameters
on board spacecraft at L1 point, it failed to produce
an equally intense storm feature in the magnetic
records, as the interplanetary magnetic field was
mostly northward oriented during the initial stretch
of the shock process. However, it gave rise to
pulsating variations of the ground magnetic field on
29 October which, more or less, followed the
corresponding fluctuating and strong interplanetary
magnetic field behind the large pressure gradient of
the prime shock at 0600UT. This remarkable
feature observed in the initial development stage
of the storm with modulating pattern in the ‘H’
component at Alibag and Bz, for the time interval
0615–1400UT is shown in Fig. 6. Lag time of
25min in the disturbance ‘H’ component at Alibag
is considered for this plot. The scatter plot shows
the close correspondence for the extreme values of
Bz and the dips in the disturbance ‘H’ component.
The circled points in the figure indicate the points of
October 29, 2003 (0615-1400UT)
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Fig. 6. Scatter plot using disturbance ‘H’ component (5min) of

the magnetic field at Alibag and the corresponding interplanetary

magnetic field parameter Bz for the time period of 0615–1400UT

during the magnetic storm of 29 October 2003.
coincidence between intense negative Bz peaks(viz.
�31.1 nT at 0625UT, �48.2 nT at 0630UT and
�21.1 nT at 0835UT) and the Alibag ‘H’ minimum
values(viz. �182.9, �214.1 and �212.3 nT). It can
be concluded that the 25min lag corresponds to the
response time of the magnetosphere to the inter-
planetary driving.

7.1. Energetics of the storms

Table 2a elaborates the magnitudes of the
interplanetary and solar wind parameters from
ACE satellite, magnitude of the planetary indices
Dst and AE representing the ring current intensity
and the Auroral Electrojet respectively. Compara-
tive estimates of the calculated energy budgets are
also shown (Table 2a) explicitly for the three storm
mainphase periods, viz. magnetospheric energy
input parameter e, ring current energy injection rate
UR, energy dissipation due to auroral precipitation
UA, and the power of Joule heating UJ. The
proportionality in the energy dissipation through
SSC amplitude (nT)

at TIR

113 45 120

SSC amplitude (nT)

at ABG

62 47 40

IMF BZ min (nT)/

UT

�27/1809 �32.5/1904 �48/1520

Duration of

southward IMF BZ

(h)

10 6 12

D�st min (nT) �358 �406 �491

Main phase duration

(h)

7 5 8

AE max (nT) 3800 3250 3000

VSW (km/s) 1400 1700 585

NP (/cc) Saturated

values

Saturated

values

22

e (GW) 45 320 35 869 28 259

UA (GW) 693 597 553

UJ (GW) 2054 1757 1622

UR (GW) 794 1086 1140

UT ¼ UA+UJ+UR

(GW)

3541 3440 3315

The values of e computed are instantaneous values for maximum

magnitude of southward Bz and the corresponding speed of the

solar wind alpha particles taken from ACE Solar Wind Ion

Composition Spectrometer (ACE/SWICS) Instrument (Skoug

et al., 2004).
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Table 2b

Proportionality in the energy dissipation for the three storm

events in 2003

29 October 30 October 20 November

UT (GW) 3541 3440 3315

UT/e (%) 7.8 9.6 11.7

UA/e (%) 1.5 1.7 2.0

UJ/e (%) 4.5 4.9 5.7

UR/e (%) 1.8 3.0 4.0
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auroral precipitation, Joule heating and ring current
intensification with respect to the magnetospheric
energy input coupling parameter are also shown in
Table 2b.

On 29–30 October, the unusually high solar wind
speeds exceeded the energy range of the Solar Wind
Electron Proton Alpha Monitor (SWEPAM) in-
strument onboard the ACE spacecraft thereby
measuring saturated values. The ACE/SWEPAM
also measured saturated values of proton density.
The instantaneous values of the speed of solar wind
alpha particles taken from ACE/SWICS alpha
monitor (Skoug et al., 2004) corresponding to the
maximum magnitude of the southward Bz compo-
nent were used to compute the energy coupling
parameter. For the storm on 29 October, at
18:09UT corresponding to the time when the
southward turning of the Bz was maximum, the
computed energy coupling parameter e is of
magnitude 4.5� 1013W. On 30 October, the max-
imum magnitude of the energy coupling parameter e
computed is 3.6� 1013W at 1904UT while for the
storm on 20 November, the value of southward Bz

peaked at 1520UT and the energy coupling func-
tion e amounted to be 2.8� 1013W.

The total energy consumption is computed from
Eq. (3). The energies computed for the three storm
events given in Table 2a, show that for the storm on
29 October, the magnetosphere–ionosphere system
dissipated an average energy of 3.54� 1012W. Of
this, 0.69� 1012W i.e. �20% went into auroral
precipitation, the contribution towards Joule heat-
ing was 2.05� 1012W i.e. �58% and the ring
current injection accounted for 0.79� 1012W i.e.
22%. For the storm on 30 October, the energy
dissipated was of an average of 3.44� 1012W. From
this total energy dissipated, auroral precipitation
accounted for 0.6� 1012W, i.e. �17%, Joule heat-
ing accounted for 1.76� 1012W, i.e. �51% and the
ring current injection was 1.1� 1012W, i.e. �32%.
Similarly for the storm on 20 November, the energy
dissipated was of an average of 3.3� 1012W, the
energy consumed as auroral precipitation was
0.55� 1012W, i.e. �17%, Joule heating consump-
tion was 1.6� 1012W, i.e. �49% and ring current
injection was 1.1� 1012W, i.e. �33%. The estimate
of the energy dissipation towards Joule heating is
found to be 58%, 51% and 49% whereas the ring
current consumption is much less being 22%, 32%
and 33%, respectively, for the three storms. The
mean maximum power in the ring current injection
for the three storm main phase periods are 7� 1011,
10� 1011 and 11� 1011W, respectively. Weiss et al.
(1992) reported that even during intense storms ring
current power rate has value of nearly 6� 1011W
only. Modification in the magnitude of the ring
current energy is known to have a clear dependence
on t. In the present study, computation of UR has
made use of the decay rate estimate computed by
the equation of Valdivia et al. (1996). Resultant
estimate of the energy injection rate suggests the
efficiency of the reconnection process and further
development of intense magnetic storms, which is
known to be controlled to a large extent by the
southward interplanetary magnetic field rather than
the solar wind speed (Tsurutani et al., 1992;
Gonzalez et al., 1989, 2002).

The total energy (UT) dissipated by the magneto-
sphere–ionosphere system in all the three cases were
almost the same order of magnitude, �3� 1012W.
However, the percentage of the total energy
dissipated and the energy coupling from the solar
wind estimated by the magnetospheric energy input
parameter, e, are very different. Moreover, Joule
heating rate has shown substantially large magni-
tude of about 50% in case of all the three intense
storms. Knipp et al. (1998) dealt in the manifesta-
tion and the development of consecutive major
space storms during the descending phase of solar
cycle 22 where they had closely examined the near
Earth manifestations of prolonged high-speed
streams during November 2–11, 1993. Our results
have clearly shown that the major contribution to
Joule heating is about 50% of the total consump-
tion, the same is in conformity with the findings of
Lu et al. (1998), Knipp et al. (1998), Koskinen and
Tanskanen (2002) and Tanskanen et al. (2002).

It is clearly evident that the percentage propor-
tionality of the energy dissipation and the magneto-
spheric energy input coupling parameter are in close
correlation to the strength of the ring current as
given by the magnitude of Dst. Close correspon-
dence between the Dst magnitudes �358 , �406 and
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�491 nT and the maximum southward Bz values for
the three storms �27, �32 and �48 nT, respectively,
attributes the occurrence of an intense mainphase of
�491 nT for the storm of November 20 where Bz

had a relatively large value (and remained south-
ward for the largest duration of �12 h).

The ratios of the energy dissipated with respect to
the solar wind energy input into the magnetosphere
bears significantly low values as is given in Table
2(b). Further, it is seen that UT can account for
about 10% of the total energy input during the three
storms studied here. It appears that major portion
goes into the field aligned currents, tail currents and
the reconfiguration of the magnetosphere–iono-
sphere system. Baker et al. (2001) have dealt with
various magnitudes of energy depositions for
several geomagnetic storms wherein they have
clearly stated the predominant role of energy
dissipation to almost all parts of the magnetosphere
and ionosphere with the dissipation occurring at
different time scales for major storms. The results of
Baker et al. (2001) on the progression in the
magnetospheric energy dissipation with increase in
the activity are quite relevant in the context of the
present study.
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