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[1] Prompt daytime ionospheric responses are presented for the following four intense
geomagnetic storms: 29 October 2003, 30 October 2003, 20 November 2003, and
7 November 2004. We perform a superposed epoch analysis of the storms by defining the
start time of the epoch when the Kan-Lee interplanetary electric field (proportional to
the reconnection electric field) first reaches 10 mV/m during a period of
continuously southward Bz. Measurements from the GPS receiver onboard the CHAMP
satellite at 400 km altitude indicate significant low- to middle-latitude daytime total
electron content (TEC) increases above the satellite within 1–2 h of the defined start time
for three of the storms (�1400 local solar time). The 20 November 2003 data follow a
different pattern: the largest TEC increases appear several hours (�5–7) following the
interplanetary magnetic field Bz event onset. TEC data obtained from ground-based GPS
receivers for the November 2003 storm tend to confirm a ‘‘late’’ TEC increase for this
storm at �1400 LT. Estimates of vertical plasma uplift near the equator at Jicamarca
longitudes (�281 E) using the dual-magnetometer technique suggest that variability of the
timing of the TEC response is associated with variability in the prompt penetration of
electric fields to low latitudes. It is also found that for the November 2003 magnetic storm
the cross-correlation function between the SYM-H index and the interplanetary electric
field reached maximum correlation with a lag time of 4 h. Such a large lag time has
never been noted before. The long delays of both the ionosphere and
magnetosphere responses need to be better understood.
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1. Introduction

[2] Recent satellite and ground-based data have elucidated
the prompt daytime ionospheric response to intense
geomagnetic storms (‘‘superstorms’’) [Mannucci et al.,
2005a; Tsurutani et al., 2004; Lin et al., 2005a]. Total
electron content (TEC) data obtained from the ground and
from space have shown the hemispheric-scale nature of the
response in more detail than has been possible with past
data sets that identified fundamental causative mechanisms
[Mendillo, 2006]. The prompt dayside ionospheric response
during the main phase of geomagnetic storms can be
understood as a consequence of prompt penetration electric

fields (PPEF) that are themselves the consequence of solar
wind interaction with the magnetosphere. The resulting
vertical and poleward plasma drift in the ionosphere due
to east-west directed electric fields leads to large magnitude
increases in dayside TEC at low to middle latitudes. The
physical mechanisms leading to TEC increases during
daytime are at least partially understood [Huba et al.,
2005; Lin et al., 2005b; Verkhoglyadova et al., 2007;
Tsurutani et al., 2007]. These recent modeling studies sug-
gest that PPEF is an important factor in dayside hemispheric-
scale TEC changes that can occur within 2–3 h after the
sudden commencement phase of the geomagnetic storm.
[3] The ionospheric response to prompt penetration electric

fields offers the opportunity to study solar wind-ionosphere
coupling as it affects the middle- and low-latitude iono-
sphere. In principle, the dayside ionosphere should begin
to respond within minutes after solar wind conditions lead
to PPEF at low latitudes. Theory suggests that Region 1
field-aligned currents and their horizontal closure currents
[de la Beaujardiere et al., 1993] play an important role in
generating global ionospheric electric fields and that these
currents respond directly to solar wind conditions such as
the orientation and magnitude of the interplanetary magnetic
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field, the ion velocity, and dynamic pressure. The focus of
this paper is intense geomagnetic storms associated with
long-duration (>1 h) southward oriented interplanetary
magnetic fields that cause the largest geoeffective responses
[Gonzalez and Tsurutani, 1987]. Significant changes in
TEC have been reported after �1–2 h of intense solar wind
forcing [Mannucci et al., 2005a, 2005b; Tsurutani et al.,
2004; Mendillo, 2006; Abdu, 1997].
[4] In this paper we use a common-epoch analysis to

study large-scale ionospheric response to four of the most
intense ‘‘superstorms,’’ as measured by Dst, of the 2001–
2004 period near solar maximum and its declining phase. In
section 2, we compare the time histories of the four storms
as measured by solar wind parameters and the ring current
response (SYM-H index). In section 3, we show evidence
for significant variation in ionospheric response. Factors
contributing to the variation in ionospheric response are
discussed in section 4. Conclusions and suggestions for
further study are discussed in section 5.

2. Time Histories of Four Superstorms

[5] The time histories of the solar wind parameters and
geomagnetic response for the storms included in this study
are shown in Figure 1 in ‘‘superposed epoch’’ format:

SYM-H index (1-min values) and interplanetary parameters
By, Bz (GSM coordinates), interplanetary electric field ESW,
and solar wind speed toward Earth (Vx, GSM). We define a
common starting time for the storm epochs focusing on a
parameter related to the reconnection electric field at the
magnetopause, computed as Esw = |Vx|BT sin2 (y /2) [Kan
and Lee, 1979]. Vx is the earthward velocity (GSM coor-
dinates), BT is the component of B perpendicular to the

Earth-Sun line (BT =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
y þ B2

z

q
), and y is the ‘‘clock

angle’’ of the interplanetary magnetic field (rotation angle
in the y-z plane; 90 < y < 270 is assumed). Theoretical
considerations and empirical formulations suggest that
the cross polar cap potential should be related to the
above formulation for Esw [Rothwell and Jasperse, 2006;
Sonnerup, 1974; Fedder and Lyon, 1987]. The fourth panel
in Figure 1 is Esw with positive sign when Esw is in the
‘‘geoeffective’’ negative y direction (GSM), corresponding
to Bz < 0. Esw is set to zero when oriented in the positive
direction (Bz > 0). The close association between PPEF and
the cross polar cap potential drop [Siscoe et al., 2002;
Nopper and Carovillano, 1978] suggests that the common
epoch analysis is reasonably based on Esw to determine the
epoch start time.
[6] The gray vertical line shown in Figure 1 defines the

starting time for each storm epoch as determined by a
common criterion applied to all four storms. All of the
superstorm events are associated with a long-duration
southward interplanetary magnetic field (IMF) Bz of signif-
icant magnitude. The starting time of the epoch (vertical
line) is set to zero when Esw reaches 10 mV/m before
reaching 30 mV/m or more, without changing sign as Esw

proceeds from 10 to 30 mV/m. The value of 10 mV/m is
generally associated with extreme storms, and it is approx-
imately 1/4–1/3 of the maximum value reached for the
storms. A larger value of 30 mV/m is eventually reached
which is close to the maximum value for all the storms. The
storms all exhibit similar time histories in the progression
from 10 mV/m to 30 mV/m, although the fluctuations in
interplanetary electric field (IEF) distinguish the different
cases in detail. Table 1 lists the universal times when the
storm epochs begin. The focus of this study is the delay of
the ionospheric response relative to the IEF time series. The
similarity of the time series suggests it is reasonable to
intercompare the TEC responses in light of the ‘‘onset’’ time
as defined here (Esw threshold at 10 mV/m). Choice of other
threshold values to define storm onset will change the
absolute time elapsed between the epoch start and the
ionospheric response. However, it will not significantly
change the conclusions regarding how the ionospheric
response differs in time between the four storms.
[7] Another timing consideration is the solar wind speed

that controls the delay between magnetopause arrival time

Figure 1. Measured solar wind parameters and SYM-H
index for the four superstorms in superposed epoch format.
The gray vertical line indicates the starting time of the storm
epoch, and the colored vertical lines correspond to the time
when significant total electron content (TEC) changes are
first observed.

Table 1. Storm Onset Times

Date
Interplanetary

Electric Field, UT
Total Electron
Content, UT

29 Oct 2003 1731 1809
30 Oct 2003 1822 1847
20 Nov 2003 1122 1751
7 Nov 2003 2242 2230
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and the time when the interplanetary magnetic cloud prop-
erties are measured by ACE. We assume a fixed magnitude
of 1.4 � 106 km as the distance between ACE and the
magnetopause. All geophysical quantities have been shifted
in time to reflect this distance divided by the solar wind
speed measured at ACE. The distance from ACE to the
magnetopause varies for each storm period but the range
of variation is small: 1.44 � 106, 1.48 � 106, and 1.50 �
106 km for the October 2003, November 2003, and Novem-
ber 2004 storm periods, respectively. Using a fixed value of
1.4 � 106 km results in an error of at most 4 min for a speed
of 500 km/s, which is not significant for our study.
[8] The velocities used in Figure 1 and subsequent

analysis for the 29 and 30 October 2003 storms required
special processing due to their extremely large magnitudes
[Skoug et al., 2004]. For those 2 days these data are only
available at a low cadence of 30 min versus 1 min for the 2

other days in this study. The sudden increase in speed near
hour zero in Figure 1 creates a temporary ‘‘reverse time’’
artifact for 30 October as the time shift from ACE is applied
to the data with this low cadence.

3. Ionospheric Response

[9] In Figure 2 we present a time history of ionospheric
responses to the four geomagnetic storms considered in this
study. We use observations from the CHAMP satellite that
carries a zenith-viewing Global Positioning System (GPS)
antenna [Mannucci et al., 2005a; Tsurutani et al., 2004].
GPS signals received from this antenna measure the total
electron content between the CHAMP satellite GPS receiver
at 400 km altitude and the GPS satellites in view. The GPS
satellites orbit at 20,200 km altitude, far above the iono-
sphere and often outside the plasmasphere. Several satellites

Figure 2. Vertical TEC estimates above the CHAMP satellite for the four superstorms as a function of
universal time (UT). UT of the traces is indicated in the upper right corner of each panel (‘‘A’’ represents
passes ascending in latitude; ‘‘D’’ represents descending passes). Each color corresponds to a single
satellite pass. Multiple traces per pass are obtained as multiple GPS satellites are tracked simultaneously.
The arrowheads indicate the first pass following the epoch start time based on Esw.
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are tracked by CHAMP simultaneously (typically 6–
10 satellites) with a TEC data cadence of 10 s. The satellite
speed is approximately 7 km/s relative to the ground.
[10] This study is focused on daytime. The dayside local

times for the satellite equatorial crossings are indicated in
Figure 2. A useful property of the satellite data is that the
multiple passes for each storm all acquire data at the same
local time at each latitude point. The latitudinal profile of
the TEC response can be studied for a single local time at
the cadence of the orbit (�100 min).
[11] The multiple time series plotted in each panel of

Figure 2 represent measurements obtained from the
CHAMP GPS receiver for consecutive daytime passes of
the satellite. Each color corresponds to a satellite pass
traversing varying longitudes but fixed local time. We plot
the electron content measured by the satellite during a single
ascending or descending pass across the latitude range
shown. The universal time of the pass shown in the legend
corresponds to the time the satellite traverses within ±1� of
the geographic equator. The multiple traces of a single color
correspond to TEC measured along the lines of sight to
multiple GPS satellites being tracked during the pass. Slant
measurements obtained above 10 degrees elevation are
scaled to estimate vertical TEC above the satellite altitude,
using a geometric factor derived by assuming the plasma
occupies a spherical shell ionosphere of uniform density and
700 km thickness above the CHAMP altitude. Errors in this
scaling due to the actual electron density profile and due to
horizontal electron density gradients cause the multiple
traces of a single color to deviate from each other.
[12] Increases in TEC during daytime are expected in the

early phases of superstorms [Mannucci et al., 2005a; Fuller-
Rowell et al., 1997; Prölss, 1997; Fejer, 2002; Mendillo,
2006; Tanaka and Hirao, 1973; Abdu, 1997]. Increased
TEC after the event time is evident for all four storms
shown in Figure 2, although the magnitudes of the increases
vary significantly. For the two Halloween storms (2003) and
the 2004 storm shown, a detectable TEC increase is
observed starting within one or two orbits of the ‘‘event
times’’ defined in Table 1. The 20 November 2003 storm
follows a different pattern. Several hours and orbital periods
elapse before a clearly distinguished TEC increase is
observed similar to that observed for the other three
storms. The time history of Esw for all four storms is similar,
as is the characteristic of strongly southward IMF following
the defined ‘‘event time.’’ The apparent delay in the
20 November 2003 TEC response is the subject of dis-
cussion in section 4.

4. Discussion

[13] The CHAMP data of 20 November 2003 suggests a
different ionospheric response following the southward Bz

IMF conditions compared with the three other superstorms
studied here. The peak amplitude of the TEC above
CHAMP altitude does not increase significantly within
100–200 min (1–2 orbital periods) of the time when
large-magnitude Bz south conditions impinge on the mag-
netopause. If the PPEF is closely linked causally and
temporally to the IEF and Esw [Kelley et al., 2003; Huang
et al., 2005], then the expectation is that ionospheric TEC
increase early in the geomagnetic storm can be organized by

the time history of the IEF. The time histories of IEF for all
four superstorms follow a similar pattern of rise and decay
(see Esw in Figure 1) and reach similar peak magnitudes.
[14] The TEC variations shown in Figure 2 as a function

of UT are probably not predominantly a longitudinal effect
occurring as the satellite orbit traverses progressively west-
ern longitudes due to Earth rotation. Longitudinal variability
can be assessed for quiet conditions using data from
18 November 2003 and shown in Figure 3. Traces at similar
UT to the storm day (20 November 2003; Figure 2) traverse
similar longitudes to the storm day at the same 1100 solar
local time. Although the traces display variability, it is clear
that the storm time behavior is qualitatively different than
the quiet time behavior. We therefore assume that the large
pass-to-pass TEC changes seen in Figure 2 are due to
temporal evolution caused by the dynamic changes that
occur during a geomagnetic storm.
[15] The CHAMP local time is earlier (1100 LT) for

20 November 2003 than for the other superstorms
(1300 LT and 1432 LT). Reduced photoionization occurs
during morning local times compared to afternoon local
times, reducing the magnitude of the expected TEC increase
for a given PPEF applied at morning local times. (The
prestorm equatorial anomaly is significantly less developed
at 1100 LT than in the afternoon local times). There is also
the possibility of local time dependence of the penetration
electric fields at low latitudes, as well as storm-to-storm
variations of the local time response. Using a coarse global
ionospheric conductivity model, Nopper and Carovillano
[1978] calculated the local time dependence of the PPEF.
There is no indication from this calculation that PPEF
should differ significantly between 1100 and 1300 LT.
The results of a TIEGCM simulation by Richmond et al.
[2003] also show comparable intensity of the PPEF is
expected at these local times.
[16] To investigate the local time behavior of the

20 November 2003 TEC response, we have acquired and
processed TEC data available from the global network of
ground-based GPS receivers placed world-wide primarily
for geodetic purposes [Komjathy et al., 2005]. The ground-
based TEC can be used to study the UT history of the TEC
at a different local time than available from CHAMP data.
The presence of ocean and lack of uniform receiver spacing
creates significant latitudinal gaps in the ground-based data
compared to the CHAMP zenith TEC data, but the timing of
large TEC increases in the low- to middle-latitude regions
can be discerned despite these gaps due to the expected
broad spatial extent of the response.
[17] Figure 4 shows the TEC from a subset of the ground-

based GPS receiver global network after calibration for
interfrequency biases and scaling to vertical raypath direc-
tion [Mannucci et al., 1998, 1999]. Data from 1200 to 1400
local time are averaged and plotted versus latitude for
universal times in the range of interest. Although the
coverage has gaps, Figure 4 shows there is sufficient data
to reconstruct a partial latitudinal profile of TEC similar to
what is available with more completeness above the
CHAMP satellite at 400 km altitude. These postnoon data
agree with the 1100 LT data from CHAMP in this respect:
significant TEC increases are observed more than 6–7 h
from the epoch starting time of 1122 UT. The TEC increases
are observable for the 1814 UT traces and become
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pronounced by 1947 UT. This suggests that the timing of
the TEC response for the 20 November 2003 storm is
consistent across a broad range of local times (1100 LT to
1300 LT at least).
[18] The preceding discussion is based to some degree on

an arbitrary definition of a ‘‘storm epoch’’ based on the time
that the interplanetary electric field Esw reaches a prescribed
value of 10 mV/m. It is reasonable to consider whether
another criterion used to define the epoch starting time
would result in a more consistent ionospheric behavior
across the four superstorms. Insight into this question can
be gained by working backward from the time when the
significant TEC change is detected. In all four superstorms
studied here, a beginning time associated with significant
TEC changes can be identified within ±1 h. These times are
listed as the third column in Table 1. For the October 2003
and November 2004 storm, the time is based on CHAMP
data (Figure 2); for the November 2003 storm it is based on
ground TEC data (Figure 4). As expected, the time defined
from initial TEC increase is coincident with or later than the
time based on Esw. We have indicated the TEC increase time
as colored vertical lines in Figure 1. From the perspective of
a TEC-based ‘‘epoch start,’’ the 20 November 2003 event
appears distinguished from the other three superstorms. This
suggests that the apparent differences among these super-
storms are not due solely to the criterion used to determine
the ‘‘storm epoch’’ based on IEF. The definition of ‘‘TEC
change epoch’’ of course depends on a subjectively defined
criterion for significant TEC increase. The focus of this
paper is the TEC increase that appears to be associated
with enhanced Equatorial Ionization Anomaly structure
[Mannucci et al., 2005a]. This sort of TEC enhancement

appears promptly for the October 2003 storms and Novem-
ber 2004 storms but later for the 20 November 2003
storm. The ionosphere may be modified promptly for the
20 November 2003 storm also, but the characteristics of this
prompt modification appear qualitatively different than for
the other three superstorms. A late TEC increase is observed
for the 20 November 2003 storm which is absent for the
other three storms studied here.

Figure 4. Reconstructed latitudinal profiles of ground-
based TEC corresponding to 1200–1400 LT for the
20 November 2003 storm. Apex latitude is used, following
Richmond [1995].

Figure 3. CHAMP vertical TEC for 18 November 2003 corresponding to quiet geomagnetic
conditions. Format is similar to Figure 2.
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[19] To gain insight into the mechanisms responsible for
variation of TEC response among the four superstorms, we
have examined estimates of equatorial vertical drifts derived
from the dual magnetometer technique [Anderson et al.,
2002]. Vertical drifts are due to dawn-dusk electric fields
penetrating to low latitudes. Data for the superstorms
studied here are available from magnetometers near the
Jicamarca longitude (�281 E). This technique is effective
during daytime local times (0700–1700 LT). For the 2003
superstorms studied here, the magnetometers were in day-
time at universal times relatively near the event epochs.
Vertical drift is produced at the equator by zonal electric
fields that also modulate the equatorial electrojet. The
electrojet current produces a differential magnetic field
measured by an on-equator and off-equator magnetometer.
Anderson et al. [2002] established a quantitative relation-
ship between the magnetometer readings and the vertical
drift at Jicamarca longitudes. At this stage in the develop-
ment of the technique, it is not clear whether the quantitative
relationship is the same for all values of the eastward
electric field (or vertical drift) and in particular whether
the quantitative relationship is the same from quiet con-
ditions through to superstorms. However, we examine the
estimated drift velocities here to gain insight into the causes
of the TEC variations during the superstorms.

[20] The estimated drift velocities are shown in Figure 5
as a function of local time and UT for the Jicamarca
longitude (281E). For the Halloween storms (29 and
30 October 2003) the technique suggests an enhanced
electrojet during the storm epochs listed in Table 1. For
the November 2003 storm, there does not appear to be an
enhancement in the electrojet until much later than the
epoch starting time of 1122 UT. Electrojet enhancement
appears at �1500 UT, well past the storm epoch starting
time listed in Table 1. Additional enhancement occurs at
�1700 UT, near to the time of the TEC enhancement
observed from ground and space data. Nevertheless, for
the November 2003 storm the main phase of the geomag-
netic storm has started by the epoch time of 1122 UT (see
Figure 1). These data suggest that the delayed TEC response
for the 20 November 2003 storm is related to the magnitude
of the penetration electric field to low latitudes, although
definitive conclusions cannot be reached with these drift
velocity estimates.
[21] A simple relationship between E � B vertical drift

and magnitude of the dayside TEC increase is not estab-
lished using the estimates from Anderson et al.’s [2002]
method. Anderson et al. [2006] theoretically modeled the
low-latitude ionospheric response in the Peruvian longitude
sector to the 29 and 30 October and 20 November geomag-
netic storms using the daytime E � B drifts pictured in
Figure 5 and compared calculated TEC values with ob-
served TEC values in this longitude sector. That study
demonstrated the importance of using realistic E � B drift
values to model the low-latitude response but also suggested
the importance of other physical conditions such as neutral
winds, composition, and ion and neutral temperatures to
achieve accurate modeling. It is a subject of further study to
determine definitely the distinguishing factors that produced
the varying TEC response among these three superstorms of
2003.
[22] The largest TEC enhancement is observed for

30 October 2003, which shows the smallest upward
drift velocity (peak 40 m/s) of the three storms where the
dual-magnetometer technique is applied (Figure 5). The
drift velocity for 29 October 2003 reaches higher values
(�60 m/s) although TEC does not reach the large magni-
tudes of 30 October 2003. We note that independent
estimates of the electric field for the 30 October 2003 storm
using CHAMP magnetometer data suggest penetration
electric fields at the equator of 4 mV/m corresponding to
vertical drift velocities of about 120 m/s [Verkhoglyadova et
al., 2007; Tsurutani et al., 2007]. These very large electric
field values for 30 October 2003 are not reproduced in the
dual-magnetometer estimates. For the 20 November 2003
storm, large vertical drift velocities (�100 m/s) are estimat-
ed at �1700 UT which is several hours following the storm
epoch start. Large TEC increases are observed soon after.
There is an absence of magnetometer response indicating no
equatorial electrojet enhancement for the 20 November
2003 storm until �1500 UT. This suggests that the late
TEC response of the 20 November 2003 is caused by a
different relationship between Esw and penetration electric
fields for this storm compared to the other two storms
shown in Figure 5. The possible delay of a penetration
electric field cannot be viewed as a definitive conclusion
since unusual conditions in the ionosphere-thermosphere

Figure 5. Estimates of vertical E � B drift from the dual-
magnetometer technique (positive upward).

A00A02 MANNUCCI ET AL.: SUPERPOSED EPOCH STORM ANALYSIS

6 of 11

A00A02



system [Yizengaw et al., 2006] cannot be ruled out. The
TEC response and the vertical drift estimation technique
both depend on conditions in the ionosphere-thermosphere
system. Prior to the storm epoch starting at �1122 UT, other
studies of this storm have shown significant storm effects
and model studies suggest significant neutral thermosphere
composition changes ([O]/[N2] ratio). Thermospheric
changes are the result of high-latitude heating and changes
in circulation [Crowley et al., 2006; Meier et al., 2005]. A
potentially important feature of the 20 November 2003
storm is that relatively mild Bz southward conditions existed
prior to the storm onset defined in this paper.
[23] The quantity Esw can be viewed as a special case of

the class of coupling functions or scaling relations govern-
ing magnetospheric energy transfer [Gonzalez, 1990;
Vasyliunas et al., 1982]. Solar wind conditions that strongly
modulate the energy transfer rate from the solar wind into
the magnetosphere are probably contributing factors in the
prompt ionospheric response. In particular the solar wind
dynamic pressure �rVx

2 (r is the ion density of the solar
wind) is expected to modulate the energy transfer and
contribute to the magnitude of the polar cap potential drop.
We note that for the November 2003 storm the ion density
and dynamic pressure increase significantly several hours
after Bz southward turning, similarly to the TEC increase.
The interplanetary parameters for this storm are shown in
Figure 7. Density at the dayside magnetopause increases
rapidly from 1600 to 1640 UT (assuming �600 km/s solar
wind velocity), versus 1751 UT for the first time of TEC
increase. The actual TEC increase might have occurred up

to 1 h earlier due uncertainties from the orbital period. The
possibility is raised of dynamic pressure playing a role in
the TEC increase.
[24] A simplified coupling function that takes dynamic

pressure into account is the F2 index [Gonzalez, 1990,
equation (20)] plotted in Figure 6 for the November storms
in 2003 and 2004. The index takes into account the effective
increase in magnetopause magnetic field due to the solar
wind dynamic pressure and is defined as: F2 =
10�3VxBz

ffiffiffiffiffiffiffiffi
rV 2

x

p
. For both of these storms, the timing of

the observed TEC increases is soon after the peak F2 value
is reached. The peak value is reached for different reasons,
however. For the November 2003 storm, the rapid increase
in density at �1600 UT results in the largest F2 value for
the storm. For the November 2004 storm, the peak F2 value
is associated with large southward Bz. The solar wind
density is actually in decline near to �2200 UT when F2
is near its peak. A recent study by Newell et al. [2007]
concluded that several indices of magnetospheric activity
correlate best with a coupling function (designated dFMP/dt)
that represents the rate at which magnetic flux is opened at
the magnetopause, independent of dynamic pressure. An
exception is the Dst index. The coupling function that
correlates best with the Dst index is dFMP/dt multiplied
by the square root of the solar wind dynamic pressure.
Further work is needed to understand the possible depen-
dence of the TEC response to the magnitude and rate of
change of solar wind dynamic pressure.
[25] We have found that characteristics of the 20

November 2003 storm are unusual. The relationship of the

Figure 6. The F2 index plotted versus universal time (hours) for the storms in 20 November 2003 and
7–8 November 2004. The time axes differ for the two periods.
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interplanetary parameters and the magnetospheric ring cur-
rent is given in Figure 7 for the November 2003 storm. The
top 10 panels are the solar wind parameters proton temper-
ature, solar wind velocity, density and magnetic field
magnitude, the three components of the magnetic field in
GSM, the proton beta (proton thermal pressure divided by
magnetic pressure), and solar wind ram or dynamic pres-
sure. The bottom panel is the magnetospheric SYM-H
parameter (roughly equivalent to Dst).

[26] Vertical lines in Figure 7 show three key physical
phenomena associated with this solar wind event. The
interplanetary shock leading the fast coronal mass ejection
(CME) is indicated by an ‘‘S.’’ The shock is identified by
the large jump in proton temperature, velocity and magnetic
field magnitude. The beginning and end of a magnetic cloud
(MC) are denoted by solid vertical lines with the designa-
tion ‘‘MC’’ given in the proton temperature panel. The MC
is identified by the low proton beta. For this event, the
interplanetary sheath magnetic field between the shock and

Figure 7. Interplanetary and geomagnetic parameters for the 20 November 2003 storm.
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the start of the MC [Tsurutani et al., 1988] was not
southward and therefore did not initiate the main storm
phase. The relationship between southward IMFs and mag-
netic storms has been discussed in detail by Gonzalez et al.
[1994]. The cause of the magnetic storm is the large
southward component of the magnetic cloud. The peak
IMF Bz value is �52 nT and the peak SYM-H value is
�487 nT.
[27] An unusual aspect of the 20 November 2003 storm

relevant to our study is the delay between the magnetic
storm and the time history of IMF Bz south. Figure 8 shows
a cross-correlation analysis between the interplanetary elec-
tric field Ey = VxBz and SYM-H, which we use to assess this
delay. Before the cross-correlation is computed, the Ey and
SYM-H values are each adjusted by a constant to bring their
means to zero over the storm period shown. The solar wind
speed is greater than 600 km/s, so the delay time between
the IMF measurements taken at ACE and arrival at the
magnetopause is less than 40 min.
[28] The peak correlation coefficient between Ey and

SYM-H is 0.79, a high value as expected. This peak is
reached with a lag time of 237 min (3 h, 57 min). The peak
values for both the IEF Ey and SYM-H are part of a broad
maximum, so the delay between Ey and Dst peaks cannot be
determined with great precision. This delay is much longer
than the mean delay of 78 min found by Gonzalez et al.
[1989] in a previous study of 10 intense geomagnetic storms
(peak Dst between �100 and �220 nT) on the rising edge
of the 1978–1979 solar cycle maximum. Cross-correlation
delays for the storms in that study between Dst and
interplanetary coupling functions similar to Ey ranged from
0 to 185 min.
[29] The ionospheric response for the 20 November 2003

event is delayed compared to the other three superstorms
studied here. The magnetic storm response may also be
delayed. Another interpretation for the ionospheric response
is that the apparent delay in the response is due to the
increased storm time TEC that develops in the ‘‘preferred
longitude’’ of the American sector as discussed by Coster et

al. [2007] and Foster and Coster [2007]. These authors
suggest that enhanced TEC during storms may be caused by
the unique geomagnetic field structure in the American
sector combined with conductivity changes near dusk that
create poleward in addition to vertical E � B drift, increas-
ing TEC at low to middle latitudes. However, the data
analyzed for this paper (Figure 4) is for 1400 LT where
terminator polarization effects are probably not significant,
unlike at dusk. If longitude plays a significant role in the
TEC response, new explanations are needed for the daytime
response of 20 November 2003.
[30] A recent paper by Basu et al. [2007] compares

ionospheric response at dusk for the 30 October and
20 November 2003 storms. The DMSP satellites record
significant ionospheric density depletions at 800 km altitude
during these storms. The Basu et al. [2007] study reinforces
the conclusion that the 20 November 2003 differs from the
30 October 2003 storm with respect to the ionospheric
response to solar wind conditions. Basu et al. find that deep
electron density depletions at dusk are detected sooner for
the 30 October 2003 storm than for the 20 November 2003
storm, when referenced to the time history of Bz (Figures 1
and 6 in that paper). We find in this paper that 30 October
2003 displays similar daytime ionospheric behavior to the
29 October 2003 and 7 November 2004 storms.

5. Conclusions

[31] Studying the ionospheric response of four super-
storms to Bz southward turning illustrates that the 20
November 2003 follows a different pattern from the other
three. Recent work on PPEF has shown that estimates of
electric fields in the low-latitude ionosphere can follow in
detail the temporal behavior of the IEF [Kelley et al., 2003;
Huang et al., 2005; Mannucci et al., 2005b]. One of the
reasons for recent interest in PPEF is that shielding is not
always effective in the early phases of intense geomagnetic
storms. Understanding and possibly predicting ionospheric
behavior during the early phases of geomagnetic storms
depends critically on the time history of PPEF. The large
ionospheric impact of PPEF values estimated for the
30 October 2003 storm (�4 mV/m) at low latitudes
[Verkhoglyadova et al., 2007; Tsurutani et al., 2007] sug-
gests that it is important to understand the factors that
determine penetration electric field magnitudes to low
latitudes. Three of the four superstorms in this study follow
the qualitative expectation that significant TEC increases
follow soon after significant increase of the IEF Ey compo-
nent (dawn-to-dusk) directed electric field in the interplan-
etary medium, reinforcing the importance of undershielded
penetration electric fields [Huba et al., 2005]. The 20
November 2003 storm appears to follow a qualitatively
different pattern. The penetration of the electric field to the
ionosphere is delayed an additional �6 h compared to the
other three superstorms. A previous study [Gonzalez et al.,
1989] of the relationship between solar wind conditions and
geomagnetic response found that the Dst peak response is
usually delayed from the IEF by about 1 h, as measured by
the lag time in the cross-correlation function between Dst
and IEF. Up to 3 h was observed for one case (10 storms
total were included in the study). For the 20 November
2003 storm the corresponding lag time is 4 h. Thus the

Figure 8. Cross-correlation between interplanetary elec-
tric field and Dst as a function of lag time.
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relationship between ionospheric response, interplanetary
conditions and geomagnetic response appears to be anom-
alous for 20 November 2003 superstorm. We note that the
correspondence between Esw magnitude and TEC increase
does not appear to follow a clear quantitative pattern for
these four superstorms. Further observations and modeling
are required to understand quantitatively the magnitude of
the TEC response.
[32] Global ionospheric storms are determined by the

time history of solar wind conditions and preexisting and
evolving conditions within the ionosphere, thermosphere,
and magnetosphere. The plasma structure of the solar wind
largely determines the time evolution of the magnetospheric
drivers of the ionosphere-thermosphere response. It will be
instructive to compare output from models that couple the
magnetosphere, thermosphere, and ionosphere in response
to solar wind drivers. Such models currently exist at various
stages of development. These models may provide clues to
the physical mechanisms responsible for the variation of
TEC response among these storms or they may clarify
where physical understanding is still lacking. Comparisons
with coupled models are currently in progress.
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