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Abstract. Prompt penetration electric fields (PPEFs) and the consequential dayside ionospheric superfountain (DIS) are
reviewed. An example of O* uplift to ~840 km altitude at ~0940 local time (DMSP F15) during the superstorm of 30

October 2003 is illustrated. The SAMI-2 model is modified to incorporate intense superstorm electric fields.

With an

inclusion of a ~4 mV/m eastward electric field, SAMI-2* modeling results show many of the expected DIS effects.

Index Terms. Dayside ionospheric superfountain effects, ionospheric storms, magnetic storms, prompt penetration electric fields.

1. Results

It has been known for some time that short duration (~15 to
30 min) interplanetary/ polar cap electric fields can
“promptly penetrate” to the equatorial and near-equatorial
ionosphere (Nishida, 1968; Sastri et al., 2000; Kelley et al.,
2003). More recently, it has been shown that very intense
electric fields can propagate to the ionosphere and remain
unshielded for ~2 hours (Tsurutani et al., 2004, 2006;
Mannucci et al., 2005a,b,c) or possibly even longer (Huang
et al., 2005).

The evidence for the presence of these long-duration
unshielded electric fields at and in the dayside ionosphere is
manifold. The following phenomena have been noted to
occur during intense dawn-to-dusk interplanetary electric
field (IEF) events: 1) enhanced global dayside ionospheric
total electron content (TEC) (Tsurutani et al., 2004;
Mannucci et al., 2005a,b,c); 2) ionospheric uplift to altitudes
at and above polar orbiting satellites (Tsurutani et al., 2004;
Mannucci et al., 2005a); 3) oxygen ion uplift to DMSP
satellite altitudes (~840 km) (Saito et al. 2006); 4)
displacement of the normal Appleton anomaly location (+
10° at satellite altitudes) poleward to as high as + 30°
magnetic latitudes (Mannucci et al., 2005a,b); 5) enhanced
middle latitude ionospheric TEC values to ~400% above
normal values (Tsurutani et al., 2006); 6) a strongly enhanced
Equatorial Electrojet (EEJ) current (McCreadie et al., 2006).

All of the above phenomena have been observed during
intense dawn-to-dusk interplanetary  electric ~ field

events. These events occurred within fast interplanetary
coronal mass

ejection (ICME) events or their upstream sheaths. The
electric fields are due to southward interplanetary magnetic
fields which have been convected past the magnetosphere by
the solar wind (the electric fields are due to the motional
emf). The southward magnetic fields lead to magnetic
reconnection between the interplanetary field and the Earth’s
magnetopause fields (Dungey, 1961), causing intense
magnetic storms (Gonzalez et al., 1994). It is believed that
the magnetospheric manifestations of the magnetic storm and
the near-equatorial ionospheric phenomena are independent
of each other, but both are caused by the intense
interplanetary electric field/southward IMF By,

In our estimation, the above six ionospheric phenomena
can only be explained by the presence of eastward electric
fields in the equatorial and near-equatorial ionosphere. The
presence of these fields implies that there is E x B upward
convection of equatorial and near-equatorial ionospheric
plasma. This can explain items 2 and 3. When the dayside
ionospheric plasma is uplifted, the recombination rates of this
plasma will be reduced substantially (Tsurutani et al., 2005).
Recombination will occur much more slowly than under the
original conditions. Solar photoionization will regenerate a
new ionosphere at lower altitudes. This will lead to an
overall TEC enhancement, explaining item 1. With plasma
transport to higher altitudes, gravitational forces will bring
the plasma down the lines of magnetic force. This plasma
will move to higher absolute magnetic latitudes, explaining
item 4. Item 6 is a direct observation of the presence of



enhanced dawn-to-dusk electric fields in the ionospheric E-
region above the dip equator. Anderson et al. (2004) have
demonstrated that there is a one-to-one correspondence
between E-region electric fields and F-region ionospheric
uplift (the latter from incoherent radar measurements), e.g.,
the ionospheric electric fields are present in both the E- and
F-regions simultaneously. Enhancements of middle latitude
TEC values (item 5), are due to the combination of equatorial
and near-equatorial uplift, creation of a new ionosphere
below, and gravitational downdraft of the uplifted plasma.
Schematics for the E x B convective uplifts and the
gravitational downward flow to higher absolute magnetic
latitudes were given in Figs. 11, 12 and 13 of Tsurutani et al.
(2004). Due to space limitations, these figures will not be
reproduced here.

It should be noted that we have been discussing the
dayside equatorial and near-equatorial ionospheric effects of
PPEFs. Eastward electric fields will cause vertically upward
drift of the equatorial plasma. For slightly off-equatorial
plasma, the E x B drift will be slightly poleward in addition
to the vertical drift. This former effect will aid in plasma
transport to higher magnetic latitudes.

In the night, dawn, and dusk regions of the ionosphere,
there may be some possible confusion/ambiguity between
prompt penetration electric field effects and disturbance
dynamo effects. The propagation of winds associated with
the disturbance dynamo takes a few hours to go from the
auroral zones to the equator (Fuller-Rowell et al., 1997;
2002). Thus many of the above authors have been careful to
limit their conclusions of ionospheric effects due to PPEFs to
within ~2 hrs of initial penetration. It should be noted that
disturbance dynamos associated with nightside auroral
heating will take even longer to propagate to the dayside
noon equatorial region. In fact computer simulation results
(Lin et al. 2005) indicate that damping associated with high
dayside conductivity, and ion-neutral drag significantly
reducing the winds, may remove noon-time disturbance
dynamo effects altogether.

The focus of this paper will be to discuss the effects of
PPEFs in the local dayside equatorial and near-equatorial
ionosphere within two hours of the impingement of an
intense dawn-to-dusk IEF. By focusing on this limited
region of the ionosphere, the PPEF effects will clearly be
isolated from other possible phenomena.

A. Some consequences of the superfountain effect

Fig. 1 is taken from Saito et al. (2006). The data are taken
from the SSIES ion instrument on the DMSP F15 satellite.
The satellite was at an altitude of ~840 km and crossed the
magnetic equator at ~0940 local time. The satellite location
is indicated at the bottom of each of the two panels. Both
panels contain data taken on the day of the superstorm of
October 30, 2003. The associated solar flare occurred on
October 29, one day prior to the ICME reaching the Earth.
For more information on the flare, see Tsurutani et al. (2005),
and for the ICME, see Mannucci et al. (2005a).
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The solar wind propagation time from ACE to the
magnetosphere (~30 min) is taken into account (the solar
wind data [Skoug et al., 2004; Mannucci et al., 2005a] is not
shown for brevity). The electric field first impinged upon the
magnetosphere at ~1630 UT and reach its maximum intensity
at ~2030 UT. It should be noted that for this IEF event, the
field Bz component was first oscillatory and then decreased
steadily with time until the maximum value was reached. The
Bz component then increased steadily until ~0030 UT 31
October (Mannucci et al., 2005a).

The top of Fig. 1 displays the ion data for a pass from 1750
to 1820 UT and on the bottom is a pass from 1930 UT to
2000 UT. The equatorial crossings were at ~1803 UT and
~1945 UT, respectively. The first crossing occurred after the
IEF had impinged onto the magnetosphere. Very little is
noted in this panel. A possible explanation is that the
ionosphere was being lifted up, but had not reached the
extreme height of the DMSP satellite yet. In the bottom
panel, a clear signature of enhanced ions is observed. Peak
densities of ~9 x 10° cm™ are noted. The two Appleton
anomaly maxima can be found at ~ +10°. It appears as if the
entire ionosphere has been lifted up to ~840 km altitude.

The O*/(O*+ H") density ratio is also noted at the bottom
of each panel. For the ~1803 UT equatorial crossing, O ions
constituted ~94% of the ions detected. In the ~1945 UT
crossing, O represented 99% of all ions detected.

We perform simulations of evolving density distributions
over latitude and altitude along magnetic field lines using a
modification of the SAMI-2 ionospheric model (Huba et al.
2000). The original code includes a choice of two electric
fields: a sinusoidal diurnal variation with local time (hereafter
called the “sine” or background SAMI- 2 model) and the
Fejer and Scherliess (1997; 1999) empirical model. The
SAMI-2 model uses the middle latitude Ap indices and the
Fejer-Scherliess model is based on the auroral electrojet (AE)
indices. These electric field models proved to be useful for
describing the ionosphere during quiet times or relatively low
disturbance (substorm) intervals. We have chosen to use the
quiet-time sine electric field model. The electric field is zero
at 7 am and has a peak positive amplitude of 0.53 mV/m at 1
pm local time.

The effects associated with an intense superstorm electric
field cannot be estimated using an empirical model with
moderate (or extreme) values of Ap. A new model based on
the ring current SYM-H index or a model of the fractional
penetration of the polar cap electric field to low latitudes
needs to be constructed. However neither of these models is
currently available.

In order to study the dayside ionosphere during superstorm
events, we introduce an additional block into the SAMI-2
code, which prescribes contribution of a storm-time PPEF
(we call this the SAMI-2* code for short). We use the storm-
time electric field value which was determined from the
CHAMP magnetic perturbations (see McCreadie et al, 2006
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for further details). We introduce a step-like electric field of 4.0 mV/m.
starting at 700 am (corresponding to 1700 UT) with a value
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Fig. 1. O ion densities and the O*/ (O* + H*) ion density ratios. These in situ measurements were taken by the DMSP F15 satellite (~ 840 km altitude) during
the superstorm of 30 October 2003. The top panel shows an interval of time just after the impingement of the IEF. The bottom panel shows the densities and
density ratios later during the IEF event.
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Fig. 2. Results of electron density modeling for the event shown in Fig.1 using the SAMI- 2* code. The panel on the left shows the quiet time background
densities (cm™) versus altitude and latitude. The right-panel shows the ionospheric effects when the PPEF is imposed.

Our simulations are performed for the low-latitude region
within £35° latitude of the magnetic equator. The dynamics
of electrons and 7 ion species are modeled on 30 magnetic
field lines (separated by ~1° in latitude), extending from 85
km to 3000 km in altitude. Field-aligned transport and cross-
field drifts are computed as described in Huba et al. (2000).
Neutral winds are included in the simulation.

Fig. 2 shows some preliminary results for the ionospheric
electron densities for sine electric fields alone (left panel) and
for the sine electric fields plus the superposed 4 mV/m PPEF
(right panel). The time for both panels is 1855 UT or 08:55
local time. Note that the plasma is uplifted to much higher
altitudes by the PPEF and that significant plasma exists at +
30°. There is now an absence of plasma at the normal
location of the Appleton anomalies, ~ +10° and ~ -10°. This
is clearly due to the equatorial uplift and the gravitational
downdraft of plasma to higher latitudes, as prescribed in the
superfountain model.

There is clearly much more modeling and experimental
work that needs to be done. The change in the O*/(O" + H")
density ratio at DMSP altitudes will be examined as a
function of time using a more exact ionospheric electric field
intensity-time profile. The ~1 pm CHAMP TEC features
shown in Mannucci et al. (2005a) for the same superstorm
will be studied to determine if the SAMI-2* model can
replicate the observations or not. Predictions of middle
latitude “inverted ionospheres” and the creation of a local
dayside equatorial disturbance dynamo (Tsurutani et al.,
2006) will be studied by both modeling and observations.
Fine scale dynamics of plasma flows during the uplifts are
also important and will be modeled as well. Finally, the
possibility of uplift of atmospheric neutrals due to ion-neutral
drag will be investigated. We will be providing answers to
these questions in subsequent publications.
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