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[1] We explore the ionospheric effects of prompt penetration electric fields (PPEFs) for
a variety of interplanetary magnetic field directions. We use the great magnetic storm
of 30–31 October as an example of PPEF effects. For intense southward interplanetary
magnetic fields (IMFs), inward plasma sheet convection occurs with the result of
magnetospheric ring current formation and an intense magnetic storm. Concurrent with the
above, positive phase ionospheric storms occur in the dayside, and negative phase
ionospheric storms occur on the nightside, the topics of this paper. The dayside
ionospheric storms due to PPEFs are characterized by transport of near-equatorial plasma
to higher altitudes and latitudes, forming a giant plasma fountain. These features are
part of what is called the dayside ionospheric superfountain (DIS). For these southward
IMFs, dusk and dawn plasma are predicted to be transported toward the dayside. For
northward IMFs, negative phase ionospheric storms are expected on the dayside if the
PPEFs indeed reach that region of space. IMF By components are expected to have weak
or neglible ionospheric effects. On the basis of PPEF arguments, intervals of IMF By
should not be related to geomagnetic storms (they are not). IMF By intervals should,
however, cause a shearing of the magnetotail, a feature that has been previously reported
in the literature.
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1. Introduction

[2] Although interplanetary-ionospheric coupling has
been recognized as an important physical process since
the 1960s [Obayashi, 1967; Nishida, 1968; Kelley et al.,
1979, 2003], the effect of this coupling was not fully
appreciated until the last decade when there was a focus on
what is now called ‘‘space weather.’’ Scientists collectively
studied a broad view of solar-interplanetary-magnetospheric-
ionospheric (SIMI) coupling processes that are taking place
in our heliosphere, from the Sun to our atmosphere during
this world-wide effort. Additionally, the development and use
of modern technology such as the global positioning system

(GPS) and ground and satellite GPS receivers for ionospheric
research, have substantially sped up this discovery process.
[3] In this article we will focus on one major facet of

space weather, that of prompt penetration electric fields
(PPEFs) [Sastri, 1988; Abdu et al., 1995; Abdu, 1997;
Sobral et al., 1997, 2001; S. Basu et al., 2001; Su.Basu et
al., 2001; Sastri et al., 2002] and their ionospheric and
magnetospheric effects. By the term ‘‘PPEF,’’ we mean
interplanetary motional electric fields that appear almost
immediately in the Earth’s ionosphere and magnetosphere
after these electric fields have been convected by the solar
wind to the magnetosphere. The electric fields are detected
in the magnetosphere and at the Earth’s ionospheric mag-
netic equator with intensities of �5 to 10% of the inter-
planetary electric field intensities [Gonzalez et al., 1989,
1994; Kelley et al., 2003]. Several possible mechanisms
which can explain such penetration have been presented in
the literature [Dungey, 1961; Nopper and Carovillano,
1978; Kikuchi and Araki, 1979].
[4] We will discuss what effects PPEFs have on the

magnetosphere and ionosphere. Different directions of the
interplanetary magnetic field (IMF) will create different
magnetospheric and ionospheric PPEFs, with substantially
different outcomes. Thus, southward, northward and eastward/
westward IMF directions will be considered. It is hoped that
the most useful part of this exercise will be to formulate
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predictions that have not been examined or tested to date.
We hope this will be stimulating to scientists entering this
field of research.
[5] It should be noted that what is actually observed in the

solar wind as well as in the magnetosphere and ionosphere
is not the electric field E, but the plasma bulk flow velocity
V. The electric field is in most cases inferred by the use of
the MHD approximation E = �V � B. The description in
terms of E rather than V is, however, traditional and
possesses some mathematical and conceptual advantages.
For this reason, we refer to the electric field in this paper. It
has been argued by Vasyliūnas [2001, 2005a, 2005b] that in
strictly physical terms, E is merely a consequence of V, the
latter being determined by the stress acting on the plasma.

2. Measurement and Modeling Techniques

[6] Figure 1 shows a schematic of Global Positioning
System (GPS) satellite signal reception used for ionospheric
studies. There are 28 GPS satellites in circular orbit around
the Earth. They are at an altitude of �20,200 km (only one
satellite is shown for brevity). The satellites transmit omni-
directional signals at the dual frequencies of �1.2 and
�1.5 GHz. Ground and low-altitude satellite receivers
detecting these signals are also shown in the figure. The
differential phase delay between the two frequencies are
directly related to the integrated column density of electrons
along the signal path. Thus the total electron content (TEC)
along the signal path is determined from the analyses of
these two signals. In our application, an ionospheric model
consisting of a fixed vertical profile of density is assumed to
help interpret the multiple observations obtained at varying
slant angles. For example, for satellites within the iono-
sphere, a spherical shell of 700 km thickness is used to
normalize ‘‘slant path’’ values to ‘‘vertical’’ TEC values so
that data obtained at varying slant angles can be intercom-
pared without concern for geometrical path lengths through
the ionosphere (for a general discussion of the method of
GPS signal reduction, see Mannucci et al. [1998]). In this
paper, only measurements within 50� of zenith are used in
order to minimize errors in the vertical TEC determination.
[7] Ground-based receivers detect GPS signals that have

penetrated the entire ionosphere. Thus after scaling to
vertical values, they provide a measure of the vertical
TEC of the entire ionospheric column near the station
location. Since GPS receivers track several GPS satellites
simultaneously, multiple independent determinations of the
vertical TEC can be made at varying locations near the
receiver. If these different determinations have similar
values, then it can be assumed that the large scale unifor-
mity of the ionosphere implicitly assumed in the verticali-
zation calculations is valid. On the other hand if the
different TEC determinations are different for the same
ground station, this may imply that the ionospheric electron
density gradients over that location are large. The latter has
been observed to occur in the auroral zone ionosphere
during a High-Intensity, Long-Duration, Continuous AE
(HILDCAA) event [Tsurutani et al., 2006].
[8] GPS measurements from low-altitude satellites such

as CHAMP and SAC-C will yield TEC measurements for
only part of the ionosphere, the portion above the satellites.
However, satellite GPS detectors have several advantages

over stationary ground detectors. High-inclination low-altitude
Earth orbiting satellites sweep rapidly over a range of
latitudes and can cover areas such as oceans, etc. that are
not well-covered by ground detectors. Additionally, if the
ionosphere is convected upward (or downward) with time,
satellite measurements provide direct information on these
changes. We therefore view the two types of measurements,
satellite and ground GPS receiver data, as complementary to
each other. Both are needed to understand ongoing iono-
spheric dynamics.

2.1. Calculation of the Ionospheric Electric Field

[9] The dayside ionospheric electric field was calculated at
the same local time as the CHAMP crossing for 30 October
2003. This has been done using the CHAMP scalar magne-
tometer data [see McCreadie and Iyemori, 2006]. As the
CHAMP satellite crossed the magnetic dip equator, it sensed
the effects of the equatorial electrojet (EEJ) current. The
magnetic field associated with the EEJ was measured during
the electric field event and was compared to a quiet time
equatorial crossing. The magnetic field difference was found
to be �90 nT. This was ascribed to an enhanced eastward
electric field present within the EEJ region during the 30
October event.We calculate a Cowling conductivity [Hirono,
1950] of 1.9 � 10�2 sm�1. This calculation was based on
Hall and Pederson conductivities from the Kyoto University
ionospheric model at local noon at �105 km altitude.
Assuming a ground reflectance of �11% (A. Richmond,
personal communication, 2006), and an infinite line EEJ
current, an electric field enhancement of � 4 mVm�1 is
derived. For the interested reader, more details can be found
in Tsurutani et al. [2007] and Verkhoglyadova et al. [2006].
[10] This technique of obtaining an indirect measure of

the dayside equatorial electric field is a variation of a two-
magnetometer technique first suggested by Rostogi and
Klobuchar [1990], and then later experimentally verified
by Anderson et al. [2002, 2004]. This basic idea was
utilized here with the CHAMP magnetometer using the
above stated assumptions in order to obtain a quantitative
estimate of the magnitude of the eastward PPEF.

2.2. Ionospheric Model

[11] The above ionospheric electric field was used as an
input to a modified version of the NRL SAMI2 ionospheric
model [Huba et al., 2000, 2002]. Descriptions of this
modification (called SAMI2*) can be found inVerkhoglyadova
et al. [2006]. SAMI2 is a low-latitude ionospheric model
which describes dynamics and chemical evolution of seven
ion species and correspondingly, seven neutral species.
Collisions between electrons, ions and neutrals are taken
into account. SAMI2 solves collisional MHD equations for
electrons and ions along the Earth’s dipole magnetic field
lines, taking into account photoionization of neutrals,
recombination of ions and electrons and chemical reac-
tions. Drift of magnetic flux tubes defines the ionospheric
plasma transport in a perpendicular direction to the mag-
netic field lines. The E x B vertical drift is caused by
the eastward polarization electric field superimposed on the
Earth background magnetic field. The SAMI2 diurnal
variation electric field ‘‘sine’’ model is assumed for the
results presented here. For this electric field, the drift
velocity Vd is proportional to sin[(t-7)/24], where t is the
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local time in hours. The assumed Vd peak values are taken
as 15 m/sec, which corresponds to a polarization electric
field of 0.53 mV/m.
[12] A second electric field is added to introduce a

superposition of the PPEF to the ‘‘sine’’ field. We assume
that the magnitudes of the electric fields in the ionospheric
E- and F regions are the same. This enhanced ionospheric
electric field is applied at 12 LT and terminated at 14 LT.
This is done so that the effects of the PPEF could be
determined during their first �2 h of existence in the
ionosphere. For further details on SAMI2* and its applica-
tion, we refer the reader to Verkhoglyadova et al. [2006].
[13] After �14 LT, it is possible that storm-time distur-

bance dynamo effects [Blanc and Richmond, 1980; Prölss,
1997; Fuller-Rowell et al., 1998] could also be present. The
dynamo is driven by energetic storm-time particle precipi-
tation occurring primarily on the nightside auroral to middle
latitude regions. The heating leads to a pressure wave that
propagates to other longitudes and latitudes. Neutral-ion
drag convects the ions away from the heating region.
Upward motion of the plasma can be described in terms
of convection electric fields. It is thought that the distur-
bance dynamo builds up at least �2 to 4 h after interplan-
etary electric field (IEF) onset. Different computer models
predict different time delays, so the latter is somewhat
uncertain and variable. The discussion presented here in
this paper is for the time interval prior to the potential arrival
of disturbance dynamo effects.

3. Fountain and Superfountain Effects: Basic
Description

[14] At dawn and thoughout the daytime hours, sunlight
illuminates the atmosphere, both heating and photoionizing

atoms and molecules. Thermal expansion of the atmosphere
leads to upward motion of the neutrals, and strong neutral-
ion collisions drag the ions along with the neutrals. The
upward motion of ionospheric ions and electrons at the dip
equator can also be thought of as the presence of an
eastward electric field associated with E � B drift of the
plasma. This eastward electric field produces the eastward
EEJ with the aid of the enhanced Cowling conductivity at
the dip equator.
[15] The ionospheric plasma is lifted up by the vertical

E � B drift at the dip equator and goes down along
geomagnetic lines of force to both sides of the equator.
Plasma located slightly away from the equator is not only
lifted upward but also displaced to higher latitudes. A
dynamic equilibrium between E � B forces, gravitational
forces and photoionization and recombination lead to iono-
spheric density enhancements located at � ±10� from the
equator during geomagnetically quiet times. These latter
maxima are called the Equatorial Ionospheric Anomalies or
EIAs [Namba and Maeda, 1939]. This overall process of
plasma uplift and the formation of the EIAs away from the
equator is called the ‘‘fountain effect’’ since the plasma flow
is like a fountain.
[16] During geomagnetic storms electric fields of solar

wind origin penetrate into the magnetosphere and the
dayside equatorial ionosphere. The penetration of these
electric fields is very fast and they have been called
‘‘prompt penetrating electric fields or PPEFs for this
reason. During very large storms (great magnetic storms),
these electric fields are substantially larger than the fields
associated with the normal fountain effect. If the interplan-
etary magnetic field is southward, leading to a dawn-to-
dusk or dayside eastward electric field, this superposed
electric field will enhance the normal fountain effect

Figure 1. A schematic showing transmission of the dual GPS signals to ground-based GPS receivers
and low-altitude polar-orbiting satellite GPS receivers. This figure is a modification of Figure 1 from
Tsurutani et al. [2004]. Reduction of these signals are used to determine the total electron content of
various aspects of the ionosphere.
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greatly. This has been called the superfountain effect. With
the much larger electric fields, the dayside equatorial
plasma will be lifted up to much higher altitudes and
latitudes than normal. One consequence of the ionospheric
plasma uplift is that the plasma will be transported to
regions where recombination is much slower. Solar photo-
ionization will restore plasma densities at lower altitudes,
leading to substantial increases in the TEC of the height-
integrated ionospheric electrons (and ions). Since the
dayside EIAs are not located at the equator, the E � B
convection will transport EIA plasma not only to higher
altitudes but also to higher (poleward) latitudes. The
combination of solar photoionization and plasma transport
will enhance EIA plasma densities to values above quiet
time levels, creating a positive ionospheric storm. Specific
observational and modeling results will be shown in this
paper to illustrate these points. This overall dayside iono-
spheric effects associated with external interplanetary elec-
tric fields has been called the ‘‘dayside ionospheric
superfountain (DIS) effect.’’

4. Results

4.1. Prompt Penetration Electric Fields

[17] Figure 2 is a schematic that shows the interplanetary
magnetic field (IMF), interplanetary electric field (IEF), the
resultant magnetospheric electric field and the effects of
electric fields in the dayside and nightside equatorial iono-
sphere. Southward IMFs that are swept past the Earth’s
magnetosphere by the solar wind (at speeds ranging from
350 km/s to over 1,000 km/s) are detected by the Earth as a
motional electric field in the �V � B direction, i.e., from a
dawn-to-dusk direction. If the transport of magnetic flux
described by this electric field extends into the magneto-
sphere by magnetic reconnection [Dungey, 1961; Gonzalez
and Mozer, 1974] or by some other process, then there must

exist an E � B convection of the plasma sheet toward the
Earth. The plasma will become compressed (heated) by the
conservation of the first two adiabatic invariants and will
eventually form the hot plasma of the storm-time energetic
particle radiation belt. Due to magnetic field gradients and
curvature, the ions will drift from the midnight sector
toward dusk and the electrons toward dawn, forming a ring
of current [Gonzalez and Tsurutani, 1987; Gonzalez et al.,
1994]. This ring current is a diamagnetic one and causes a
decrease in the Earth’s magnetic field, as detected by near-
equatorial ground-based magnetometers. Measurements of
horizontal component decreases from several approximately
equidistantly spaced magnetometers form the basis of the
Dst or SYM-H magnetic storm indices.
[18] If the electric field penetrates into the dayside equa-

torial ionosphere, the plasma is convected toward higher
altitudes (toward the Sun in the figure). At these higher
altitudes, the recombination rates are considerably longer
(hours) than for lower altitudes. Solar photoionization at
lower altitudes continues to occur and will replace the
uplifted ionosphere/plasma resulting in an overall TEC
increase. This has been called a ‘‘positive phase’’ iono-
spheric storm. See the seminal paper by Prölss [1993] and
also Lu et al. [2001] for general discussions of positive and
negative phase ionospheric storms.

4.2. Daytime Ionospheric Superfountain (DIS) Effect:
Positive Phase Ionospheric Storms

[19] Figure 3 illustrates the advantages of using multiple
ground GPS receiver data. Data from �100 receivers
covering both local day and night are shown. Each ground
station tracks multiple GPS satellites and the verticalized
TEC data from each is shown. Various satellite TEC data
are indicated in the figure.
[20] The top panel of the figure shows the global iono-

spheric TEC data during a quiet day. The event is from

Figure 2. A schematic showing the interplanetary motional electric field (due to the solar wind
convection of interplanetary magnetic fields past the Earth), and the prompt penetration of electric fields
into the plasma sheet, the nightside equatorial ionosphere and the dayside equatorial ionosphere. This is
Figure 11 from Tsurutani et al. [2004].
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2137 to 2223 UT on 27 October 2003. This was exactly
three days prior to the interplanetary electric field event of
interest. The data are plotted as a function of magnetic
latitude (ordinate) and local time (abscissa). The north pole
is at the top, equator in the middle and the south pole at
the bottom. The subsolar point (equatorial noon) is at the
center of the panel. The sunlit portion of the ionosphere is
identified by the enhanced TEC region (red, yellow and
green colors) near the center of the figure. There are only
a few points in red at �1400 LT near the equator,
corresponding to � 100 TECU. The area of large dayside
TEC values are noted in yellow and green from 10 to 18 LT
within ±30� latitude of the equator. The lowest TEC values
are on the nightside and over the poles, as expected.
[21] The bottom panel of Figure 3 shows the global

ionospheric TEC map after an intense IEF reached the
magnetosphere on 30 October 2003. The UT, format and
intensity scale are the same as those for the quiet day panel
so that a direct intercomparison can be made. The dayside
ionospheric TEC is now greatly enhanced and expanded in
magnetic latitude. The dark-red and red region (�150–
120 TECU, where a TECU is 1016 electrons/m2) extends
from +50� MLAT to �25� MLAT (unfortunately the south-
ernmost extent of the TEC enhancement is not well covered

because of a lack of GPS ground receivers over the ocean).
This effect is part of a dayside hemispherical positive phase
ionospheric storm.
[22] There are also some spotty red areas at latitudes well

above 50� MLAT at 15 to 17 LT. These density enhance-
ments are part of the ‘‘polar plume,’’ often associated with
superstorm events. The exact physical mechanism for these
plumes and its relationship to PPEFs are not understood at
this time. However, for the interested reader, we refer them
to Mannucci et al. [2005a], Foster et al. [2005], and Foster
and Coster [2007].
[23] The interplanetary southward magnetic field also

caused a major magnetic storm. However, for brevity, this
magnetospheric response will not be discussed further in
this paper. There is a special issue of Geophysical Research
Letters [2005], covering various aspects of the ‘‘Halloween
2003 superstorms’’ for interested readers.
[24] Figure 4 shows a different perspective of a positive

phase dayside ionospheric stormand another feature of theDIS
effect [Mannucci et al., 2005b]. The figure shows the TEC
data at altitudes above the CHAMP satellite during the same
interplanetary electric field event as that on 30 October 2003.
This event was one of the famous ‘‘Halloween’’ magnetic
storms. CHAMP was at an altitude of �430 km and crossed
the dayside equator at � 1300 LT. Three consecutive dayside
passes are shown. The first pass at�1840UToccurred prior to
the IEF impingement onto the magnetosphere. The latter two
CHAMP tracks (2012 UT and 2143 UT) occurred after the
IEFs reached the magnetosphere.
[25] In the first pass, the two EIAs are located at � +10�

and �10� latitude. In the second pass (labeled 2012 UT),
the anomaly peaks were detected at � +22� and � �21�.
The peak values of the latter had magnitudes of�200 TECU
above the CHAMP satellite. In the third CHAMP pass, the
EIAs were located at � +30� and � �30� MLAT. The
northern hemispherical peak had a �270 TECU value � 2 h
15 min after the impingement of the IEF onto the magne-
tosphere. The southern peak detected later in time was even
higher with a value of �330 TECU. This storm-time TEC
value was well above quiet time levels.
[26] CHAMP had a TEC value of �200 TECU at �40�

latitude during the third pass. Thus the area that was not
covered by the ground GPS receivers was covered by
CHAMP. The TEC enhancement thus extended to at least
�40� latitude in the southern hemisphere, making the
ionospheric positive phase disturbance roughly symmetric.

4.3. SAMI2* Dayside Ionospheric Modeling Results

[27] Figure 5 shows the TEC predicted by SAMI2* at
altitudes above 400 km at 25� latitude. The TEC using the
normal diurnal electric field (peak values of 0.53 mVm�1 at
07 LT) is given by the curve indicated by stars. The TEC
assuming a 4 mVm�1 PPEF in addition to the sinusoidal
diurnal electric field is indicated by triangles. In the storm
electric field case, the TEC increases until �1515 LT when
a peak value of �270 TECU is reached. This closely
matches the peak EIA observed by CHAMP during the
third CHAMP pass shown in Figure 4. A very good match
between the SAMI2* simulations and the CHAMP meas-
urements is found. This suggests that the very large electric
field values derived using the CHAMP magnetometer
measurements are quite plausible. This derived PPEF is a

Figure 3. Global maps of verticalized ground based GPS
receiver data for a quiet day 27 October 2003 (top) and for
the intense IEF/great magnetic storm of 30 October 2003
(bottom). During the intense IEF event, the dayside
ionospheric TEC enhancement expands to +40� and
�20�. This latitudinal expansion is one feature of the
dayside superfountain (DIS) effect.
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factor of �8 times higher than the peak diurnal electric
field.
[28] It is noted that CHAMP detected even higher TEC

values, but the electric field was terminated at 14 LT in the
simulations, so further comparisons between model and
measurements are not meaningful.

4.4. Oxygen Ion Uplift

[29] Associated with the dayside ionospheric PPEF is an
uplift of all plasma, not just the electrons alone. Ionospheric
oxygen ion uplift is examined in Figure 6. The same electric
field conditions used to simulate electron content increases
shown previously in Figure 5 are assumed here. A 4 mVm�1

electric field was applied from 12 LT until 14 LT. The figure
has four panels. On the upper left is the SAMI2* results at
�14 LT with only the diurnal electric field imposed. The
upper right-hand panel shows the model results at �14 LT
after a 4 mVm�1 PPEF had been applied for 2 h. It can be
noted that for this case, the EIAs are uplifted and convected
to higher absolute latitudes. The EIA peak intensities are
also higher than the case without the PPEF. Enhanced ion-
neutral drag has been speculated to lead to enhanced low-
altitude satellite drag at dayside middle latitudes [Tsurutani
et al., 2007]. These are some of other features associated
with the DIS.
[30] The lower left-hand panel shows the SAMI2* model

results with the PPEF present, but with solar photoioniza-
tion turned off. If one compares this panel with that of the
upper right-hand panel, it can be noted that the EIA peak
intensities are less, and that they are located at slightly
higher altitudes. There is also a strong decrease in ioniza-
tion at altitudes less than 450 km. This is particularly
noticeable near the equatorial region where photoionization
is strongest.
[31] The bottom right-hand panel is a continuation of the

upper right-hand panel simulation after the PPEF has been
turned off at 14 LT. The panel shows the oxygen ion
densities after the PPEF has been turned off for 3 h.
Gravitational forces have brought the plasma down to lower

altitudes. Since the plasma is confined to follow the Earth’s
magnetic field lines, the plasma also moves to even higher
absolute latitudes. This is another feature of the DIS.
[32] The dayside ionospheric superfountain is caused by

the presence of PPEFs. The PPEFs uplift the EIAs to higher
altitudes and higher absolute latitudes. The uplift also leads
to higher TEC magnitudes. When the electric fields cease,
gravity causes the plasma to flow down the magnetic field
lines to even higher absolute latitudes. Because of the
convergence of magnetic fields at lower altitudes, TEC
associated with the EIAs increase further.

Figure 4. The TEC above the CHAMP satellite for 3 dayside passes during 30 October 2003. CHAMP
covers latitudes at � 13 LT not covered by ground GPS receivers. One pass occurs prior to the IEF event
and the other two after the IEF has impinged upon the Earth’s magnetosphere. TEC values as high as
�330 TEC are noted. This figure is Figure 3 in Mannucci et al. [2005b].

Figure 5. SAMI2* model simulation of the 30 October
2003 IEF event. The model calculation assumes a 4 mVm�1

electric field superposed on top of a 0.53 mVm�1 diurnal
electric field. SAMI2* obtains a TEC value at altitudes
above 430 km that is in excellent agreement with the
CHAMP observations (Figure 4).
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4.5. Nighttime Effects: Negative Phase Ionospheric
Storms

[33] Southward IMF Bz fields cause a dawn-to-dusk
interplanetary electric field, as mentioned previously. If
these fields penetrate to the nightside equatorial/near-equa-
torial ionosphere, this field will be in a westward direction.
The electric field will E � B convect the ionospheric plasma
downward to lower altitudes. Chemical recombination
which occurs at these lower altitudes will cause a reduction
of TEC. This TEC decrease is a negative-phase ionospheric
storm.
[34] The downward nighttime convection by PPEFs have

been noted by S. Basu et al. [2001], Su. Basu et al. [2001],
and Tsurutani et al. [2004]. It should be noted that because
the ionospheric TEC decreases, rather than increases, the
negative phase ionospheric storms have received far less
attention recently than positive phase ionospheric storms.
However, both ionospheric modifications are important
from a global context.

4.6. What Are the PPEF Ionospheric Effects at Local
Times Other Than Approximately Noon and
Approximately Midnight?

[35] The PPEF effects associated with southward IMFs
are strongest at the equatorial regions. The Earth’s magnetic

fields are horizontal there (parallel to the Earth’s surface),
the PPEFs are directed eastward, and thus the E � B
convection magnitudes are the largest. The convection
direction is upward near noon and downward near midnight.
[36] The PPEF effects at other local times are less well

understood. We suggest two approaches to determine this.
First, observations of the ionospheric electric field during
large IEF intervals for all local times are needed to
construct a global empirical model. Satellite and ground-
based magnetometers, ionosonde and equatorial radar could
be used. These observations could be compared with PPEF
penetration scenarios such as those presented by Araki
[1994] and DP2 current system models. The DP2 system
is a twin vortex ionospheric current due to a pair of field-
aligned currents of polar origin. The afternoon vortex is
larger than the morningside vortex, effectively skewing of
the current system toward post-noon. This asymmetry is
caused by the day-night nonuniformity of the Hall conduc-
tivity. Thus under ordinary circumstances, the equatorial
component fields associated with the DP2 system are
generally largest at �14 LT. However, what is not known
is if this skewing is still present or even more exaggerated
during extremely intense IEFs? The empirical results sug-
gested above should be able to provide a reasonable answer
to this question.

Figure 6. SAMI2* model of the 30 October 2003 oxygen ion uplift. The calculated PPEF has been used
in the SAMI2* model to predict ionospheric oxygen ion uplift.
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[37] While the magnetic fields are horizontal at the dawn
and dusk equator, dawn-to-dusk electric fields are expected
to be on the average vertically oriented at both locations
(with possible exception of short-term transients). Thus the
E x B convection direction will be eastward and westward,
respectively, in contrast to either upward (noon) or down-
ward (midnight). If these dawn and dusk electric fields are
present, this should lead to dayside plasma compression. At
this time, it is not known whether such convection takes
place, and if so, whether it is measurable or not. If westward
convection takes place at local dusk, this will be in the
opposite sense to convection associated with the postdusk
prereversal enhancement. Thus the presence of dawn-to-
dusk PPEFs should suppress this latter effect.
[38] There have been previous studies of the PPEF effects

in the post-dusk sector. Batista et al. [1991], Greenspan et
al. [1991], and Abdu [1997] have noted that PPEFs of
eastward sense act in phase with the evening prereversal
enhancement of the eastward electric field resulting in
enhanced ionospheric F layer uplift. Thus it appears that
at times the skewing effect mentioned above leads to large
eastward fields in the post-dusk hours and the effect of these
fields outweigh the westward convection associated with
the vertical component of these fields. In parallel with this
present work, Abdu et al. [2008] have also studied the
30–31 October 2003 superstorm event. Based on VHF
radar data observations over post-dusk Brazil, electric fields
of order �30 mV/m were noted. This would imply not only
a local time skewing effect, but a concentration of the
eastward PPEF in this local time sector. It is obvious that
PPEFs during this local time sector are not well understood
at this time.
[39] Certainly the horizontal plasma convection associat-

ed with electric fields over the polar caps is well docu-
mented. Plasma and field lines are convected toward the

antisolar direction, implying a dawn-to-dusk electric field
both over the northern and over the southern polar caps.
[40] PPEF effects at other magnetic latitudes and other

local times are not well understood. Systematic investiga-
tions of these important topics are still lacking and impor-
tant ionospheric effects yet to be discovered may be present.
We encourage interested scientists to participate in these
new areas of study.

4.7. Interpenetration of IMF By Components

[41] There has been considerable discussion of IMF
penetration into the magnetosphere for other orientations
of the IMF besides southward directions. Strong IMF By
components have been of particular interest. For the pre-
ferred lobe areas [see Cowley, 1981], Tsurutani et al. [1984,
1986] find that �13% of the IMF By component penetrates
into the magnetotail. This number is fairly similar to the
number for IEF penetration discussed previously, hence the
physical process may be the similar.
[42] For positive IMF (GSM) By fields, the IEF will be in

a northward direction. Since this direction is parallel to the
equatorial ionospheric magnetic field, PPEF convection will
be a minimum. There should be little or no associated
convection in the ionosphere. Echer et al. [2008] have
noted that no major (Dst < �100 nT) magnetic storms
during the last solar cycle was due to IMF By fields.

4.8. Interpenetration of IMF +Bz (Northward)
Components

[43] Northward-directed IMFs are believed to undergo
magnetic reconnection with magnetopause cusp fields
[Gonzalez and Mozer, 1974; Crooker, 1979] with little or
no energy flow from the solar wind to the magnetosphere or
ionosphere. The magnetosphere is typically found to be at its
lowest state (geomagnetic quiet) during such intervals. The
amount of solar wind energy input into the magnetosphere/
ionosphere has been estimated to be 0.1 to 0.4% of the
solar wind ram energy [Tsurutani and Gonzalez, 1995].
Borovsky and Steinberg [2006] have recently confirmed
this finding.
[44] To test the idea of penetration of dusk-to-dawn

electric fields, we examine an interval shown in Figure 7,
where the IMF Bz (north-south component) fluctuates (see
Verkhoglyadova et al. [2008] for details). The event is some
� 7 h of the 30 October 2003 IEF/PPEF event (from 10 to
17 Jicamarca local times). The figure shows the interplan-
etary Bz magnetic field superposed with the Jicamarca (near
equatorial) ionospheric vertical velocities. The abscissa in
the figure is the local time of the Jicamarca station. The
Jicamarca data have been taken from Anderson et al.
[2006]. Further details of this event can be found in
Verkhoglyadova et al. [2008].
[45] What is particularly striking is the degree of corre-

lation between the IMF -Bz and ionospheric drift speeds.
This is remarkable given that the measurements were
made over such widely separated regions of geospace.
When the IMF -Bz component is positive (southward
fields), the motional electric field will be in the dawn-to-
dusk direction. An eastward PPEF implies upward dayside
ionospheric E x B convection. This is observed at Jica-
marca. On the other hand, when the IMF -Bz component
is negative (northward fields), say during the sharp spike

Figure 7. The ACE interplanetary magnetic field Bz
component and ionospheric velocities over Jicamarca. The
IMF -Bz and upward ionospheric velocities are correlated.
This would be expected if both the eastward and westward
components of the IEF penetrate to the ionosphere.
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just after 12 LT, the plasma drift is expected to be in a
downward direction. This again is what is observed. The
ionosphere above Jicamarca responds rapidly to the changing
IMF-Bz direction.

5. Summary and Conclusions

[46] Various aspects of different directions of the IMF and
corresponding PPEFs have been discussed. During intense
southward IMFs, magnetic storms, dayside positive phase
ionospheric storms and nightside negative phase iono-
spheric storms are associated with the penetration of
dawn-to-dusk electric fields. Convection of plasma toward
local dayside should occur at dawn and dusk, but there are
no confirming observations at this time.
[47] One aspect of northward IMFs was observed during

the 30 October 2003 storm. For a brief interval when the
IMF turned sharply northward, the dayside ionosphere over
Jicamarca was convected downward, as one would expect
from a dusk-to-dawn directed PPEF. At this time one does
not have knowledge about longer duration northward IMFs.
Will these events lead to long duration dusk-to-dawn PPEFs
and negative dayside ionospheric storms? Will the nightside
ionosphere indeed be uplifted?
[48] Although penetration of IMF By fields has been

observed in the Earth’s geomagnetic tail, the PPEF associ-
ated with this should be in a northward direction with very
little effect for equatorial ionospheric convection. The
presence of this PPEF in the plasma sheet does not lead
to inward convection and the formation of the ring current,
but rather to a twisting of the tail field and plasma. The latter
has been noted by Cowley [1981] and later observationally
by Sibeck et al. [1985, 1986].
[49] Detailed aspects of positive phase dayside iono-

spheric storms due to PPEFs have been shown in this
paper. Since the EIAs are not located exactly at the equator,
the PPEFs lead to transport of near-equatorial plasma to
higher altitudes and latitudes. This overall feature has been
called the DIS. DIS has features that indicate that it may
lead to local dynamo action. Modeling will be necessary to
indicate how strong a dynamo it is, and what feedback
effects it may have on the ionosphere, atmosphere and
the EEJ.
[50] The Fejer-Sherliess empirical model [Scherliess and

Fejer, 1999] was developed for quiet time or substorm
electric fields. It should be noted that AE or Kp indices are
inadequate for extrapolation to magnetic storm magnitude
electric fields. Dst or SYM-H indices should be used. The
Rice Convection Model is a magnetospheric model and was
not intended to be used for equatorial or near-equatorial
ionospheric dynamical studies. The effects of PPEFs have
been modeled by Maruyama et al. [2005] and Huba et al.
[2005]. However, without an accurate estimate of the
magnitude of the PPEFs to put into the above codes, DIS
effects may be severely underestimated. We suggest that the
Rostogi and Klobuchar [1990]/Anderson et al. [2002]/
McCreadie and Iyemori [2006] empirical technique, plus
calculations presented here, be used to develop an empirical
storm-time ionospheric PPEF model. A global ionospheric
electric field model during superstorm intervals is greatly
needed at this time.
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Vasyliūnas, V. M. (2005a), Time evolution of electric fields and currents
and the generalized Ohm’s law, Ann. Geophys., 23, 1347.
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