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Abstract Good ionospheric modeling is important to understand anomalous effects, mainly during
geomagnetic storm events. Ionospheric electric fields, thermospheric winds, and neutral composition are
affected at different degrees, depending on the intensity of the magnetic disturbance which, in turns, affects
the electron density distribution at all latitudes. The most important disturbed parameter for the equatorial
ionosphere is the electric field, which is responsible for the equatorial ionization anomaly. Here various
electric field measurements andmodels are analyzed: (1) measured by the Jicamarca incoherent scatter radar
(ISR), (2) from Jicamarca Unattended Long-Term studies of the Ionosphere and Atmosphere (JULIA) radar,
(3) deduced from magnetometers, (4) calculated from the time variations of the F layer height (dh0F/dt),
and (5) deduced from interplanetary electric field determinations. The response of ionospheric parameters
foF2 and hmF2 to the electric fields simulated using the Sheffield University Plasmasphere Ionosphere Model
version available at Instituto Nacional de Pesquisas Espaciais is compared with observations for two
locations, during the geomagnetic storm events of 17–18 April 2002 and 7–10 November 2004. Results are
found to be consistent with the observations in such a way that a hierarchy among the different types of
drifts used can be established. When no ISR measurements are available, the drifts deduced from
magnetometers or measured by the JULIA are best when including the contribution derived from dh0F/dt
for the 18–24 LT time interval. However, when none of these drifts are available, drifts inferred from the
interplanetary electric field seem to be a good alternative for some purposes.

1. Introduction

Solar events generate geomagnetic disturbances on Earth, and big changes in the electrical current system,
circulation of winds, and composition in the upper atmosphere are produced. These changes disturb directly
the global ionosphere. Historically, they have been known for long time (e.g., Rishbeth, 1975; Prolss, 1977,
among many others). The equatorial and low-latitude ionosphere are affected mainly by ionospheric zonal
electric field disturbances (Abdu, 2005; Kelley, 2009), the middle latitudes are by disturbed neutral wind
(Rishbeth, 1975), and the high latitude by changes in the chemical composition of the atmosphere driven
by Joule heating (Prolss & von Zahn, 1974; Taeusch, Carignan, & Reber, 1971; Torres Pincheira, 1998).

During a geomagnetic storm, the ionospheric zonal electric field can be affected in two ways: due to the
prompt penetration electric fields (PPEFs) from the magnetosphere and, subsequently, due to the distur-
bance dynamo (DD) (Blanc & Richmond, 1980). The PPEs are directly related to changes in the Bz compo-
nent of the interplanetary magnetic field (IEF = �VSW × Bz, where IEF is the interplanetary electric field and
VSW is the solar wind velocity). In particular, when Bz turns southward (undershielding) the PPEF and quiet
time atmospheric dynamo electric field are in phase, and when Bz turns northward (overshielding) the PPEF
is in opposite phase to the quiet time atmospheric dynamo electric field (Kelley, 2009; Wolf et al., 2013).
These PPEFs occur, generally, in the early hours of the geomagnetic storm (in contrast to the DD), penetrat-
ing from high to low latitudes and altering significantly the vertical drift of the equatorial ionosphere
(E × B drift).

Many authors used numerical models in an attempt to reproduce the observed ionospheric effects of
geomagnetic storms (e.g., Balan et al., 2009, 2010, 2013; Batista et al., 1991, 2006; Fang et al., 2007;
Fuller-Rowell et al., 1996, 2007; Joshi et al., 2016; Lin et al., 2005; Lin, Richmond, Liu, et al., 2009; Lin,
Richmond, Bailey, et al., 2009; Lu et al., 2012; Maruyama et al., 2005, 2007; Pincheira et al., 2002;
Retterer & Kelley, 2010; Richmond et al., 2003, among others). Specifically, if we want to mainly model
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the storm equatorial ionosphere dynamics, we must modify its quiet zonal electric field input. Such para-
meter, for example, is more efficient to control the equatorial F layer height motion than the thermo-
spheric neutral wind.

A problem for modeling disturbed periods is the poor availability of zonal electric field measurements, both
in space and time. It is necessary to find alternatives to cover the lack of measurement. Alternative measure-
ments and models could be the Jicamarca Unattended Long-Term studies of the Ionosphere and
Atmosphere (JULIA) measurements at 150 km height (Chau & Woodman, 2004), the drift deduced frommag-
netometer measurements (Anderson et al., 2002, 2004) and the drift calculated from the time variations of
the ionosonde determined F layer height (Bittencourt & Abdu, 1981) or from HF Doppler observations of that
height (Joshi et al., 2016). All these alternatives have some time limitations. Furthermore, there is also a good
correlation between the IEF and the zonal electric field measured at Jicamarca Radio Observatory. This
correlation is positive during the day and negative during the night. Some authors have found that the
penetration of the IEF to the equatorial ionosphere electric field has efficiencies between 3% and 14%
(e.g., Burke et al., 2007; Denardini et al., 2011; Huang et al., 2007, 2010; Kelley et al., 2003; Kelley & Retterer,
2008; Retterer & Kelley, 2010; Wei et al., 2008). The advantage of this alternative is that it has a greater
temporal availability.

In the present work we analyze the ionospheric response to different disturbed electric field (or E × B ver-
tical drift) models, using an ionospheric model (Sheffield University Plasmasphere Ionosphere Model–
Instituto Nacional de Pesquisas Espaciais (SUPIM-INPE)), to find the best disturbed electric field alternative,
both temporally and spatially, when/where E × B vertical drift measurements are not available. The com-
parison between simulations and observations will serve to find a hierarchy among the different types
of drifts. We believe that this work is the first comparative study of different drift models using a
plasmasphere-ionosphere model. The modeling of the equatorial ionosphere during disturbed periods
using the appropriate zonal electric field would help to understand the significant disturbances found in
the electron density distribution: the equatorial electrojet (EEJ) and the equatorial ionization anomaly
(EIA) development. Since the analyses do no relate to a given longitude sector, the results could be applied
to all longitudes as a first approximation. Moreover, it would be useful for extending the modeling to low
and middle latitudes.

2. Models and Data

In this work we use the Sheffield University Plasmasphere Ionosphere Model (SUPIM) (Bailey & Balan, 1996;
Bailey & Sellek, 1990; Bailey, Sellek, & Rippeth, 1993) to simulate the ionospheric behavior at different stations
in the equatorial regions in South America during some geomagnetically disturbed events. SUPIM has been
modified by the Aeronomy Division of the Atmospheric and Space Science Coordination at Instituto Nacional
de Pesquisas Espaciais (INPE) to include the E region and to update some inputs (Santos et al., 2016; Souza
et al., 2010, 2013).

The SUPIM solves the coupled time-dependent equations of continuity, momentum, and energy balance
for the ions (O+, H+, He+, N2

+, NO+, and O2
+) and electrons along closed magnetic field lines. The SUPIM-

INPE extends the calculations along the magnetic field lines from its original lower apex and base altitude
limits from 150 km and 130 km (Bailey et al., 1993; Bailey & Balan, 1996) down to 90 and 80 km, respec-
tively, and adds the calculations for a seventh ion N+ (Souza et al., 2010, 2013). In addition, the chemical
reaction scheme from Huba, Joyce, and Fedder (2000), which is prepared to include E region, has been
used. The photochemical equilibrium condition was applied only at the base altitudes as also used by
original SUPIM. The main input parameters to this model are the zonal electric field (or, in this case,
the E × B vertical drift), the neutral wind, the neutral densities, and the EUV flux. The neutral winds
and densities are from the horizontal wind model 1993 (HWM93) (Hedin et al., 1996) and the
NRLMSISE-00 (Picone et al., 2002), respectively. The ionizing solar flux is from EUVAC (Richards et al.,
1994) except for the X-ray and Lyman α fluxes which are obtained from the SOLAR2000 model
(Tobiska et al., 2000).

In the case of the E × B vertical drift input, SUPIM-INPE uses the drifts for 2 days: the day to be simulated and
the previous one, in LT. If no drift measurements are available for the previous day, one of the quiet time
empirical models of Scherliess and Fejer (1999) (S-F) or Fejer et al. (2008) (F08) is used. The main reason for
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using the two consecutive days is to remove the periodic condition from the old SUPIM version whichmay be
not valid for geomagnetic storm time. For storm time conditions, the Jicamarca incoherent scatter radar E × B
drift observations and some E × B drift models are used. These models are described in the
following subsections.

Although it is very likely that the use of SUPIM-INPE would yield results that differ from those which could
be obtained using SUPIM, the eventual changes are not determined and discussed in the present paper.
The improvements of SUPIM-INPE (Santos et al., 2016; Souza et al., 2010, 2013) are surely related, as
already mentioned, to the use of update models of the input parameters (neutral densities from
NRLMSISE-00, EUV flux from SOLAR2000, etc.), the added calculations for a seventh ion (N+), and height
extended calculations.

2.1. Vertical Drift Data From Jicamarca Incoherent Radar

The Jicamarca Radio Observatory (11.95°S, 78.87°W) has a 50 MHz incoherent scatter radar (ISR). This mea-
sures the vertical drift in the magnetic equator and is in operation since the 1960s. The site’s magnetic dip
angle is about 1°; it slightly varies with altitude and from year to year. The vertical drifts from ISR used in this
work are averages for 24 altitude steps between 218 and 577 km. The mean value of these 24 averages is the
F region vertical drift. The temporal resolution is 5 min. More information about the technique and the obser-
vatory facilities can be found in Kudeki, Bhattacharyya, and Woodman (1999). All data sources used are indi-
cated in the Table 1.

2.2. Vertical Drift From JULIA Radar

The Jicamarca Unattended Long-Term studies of the Ionosphere and Atmosphere (JULIA) system is a coher-
ent radar which records echoes from heights between 140 and 170 km. An excellent agreement between

JULIA determinations (ascribed to a nominal 150 km height) and the ISR results
already mentioned has been found by Chau and Woodman (2004).

The JULIA radar drift determinations are for the 07–18 LT time interval only. As
SUPIM-INPE needs the full LT diurnal variation of the vertical drift, we use the
time variation of the F region height (dh0F/dt) during the prereversal enhance-
ment (PRE) and postsunset (18–24 LT) to partially fill in the gap. dh0F/dt is calcu-
lated from the mean virtual height of reflection for 4, 5, and 6 MHz signals
obtained from ionograms for the 18–24 LT time interval. Only mean heights
equal or higher than 300 km are considered. A similar procedure was used by
Batista et al. (2006). The F layer height variation for these heights mostly
depends on the vertical drift velocities since the chemical recombination pro-
cesses for this height range are less significant as shown by Bittencourt and
Abdu (1981). For the 00 to 07 LT time interval, the diurnal variation is completed
with the quiet condition drift models S-F or F08. This composite drift diurnal var-
iation is denoted JULIA*. A sample JULIA* diurnal variation is given in Figure 1
for the 7 November 2004 storm: F08 model for 00–07 LT, JULIA for 07–16 LT
(it should have been till 18 LT but there is no data between 16 and 18 LT, so
F08 is used again), and dh0F/dt for 18–24 LT. In other cases, when no data are
available for the all three determinations, drift gaps have been filled in with
cubic interpolations.

Figure 1. Composite vertical drift (JULIA*—green) for the 07
November 2004 storm at Jicamarca (11.95°S, 78.87°W) using
JULIA, 07–16 LT (black); dh0F/dt, 18–24 LT (asterisks); and F08, 00–
07 LT and 16–18 LT. Values of dh0F/dt for other time intervals
(magenta) are not used because heights are lower than 300 km.

Table 1
Data Sources

Data Source

ISR, JULIA, and ΔH data Jicamarca Radio Observatory database http://jro.igp.gob.pe/madrigal/
IEF data OMNIweb database http://omniweb.gsfc.nasa.gov/
Magnetic coordinates IGRF11 http://www.ngdc.noaa.gov/IAGA/vmod/igrf.html
Solar and geomagnetic indices http://spidr.ngdc.noaa.gov/spidr/ and http://wdc.kugi.kyoto-u.ac.jp/
O/N2 ratio http://guvitimed.jhuapl.edu/
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2.3. Vertical Drift Deduced From ΔH From Magnetometers

E × B vertical drift is deduced from the difference between the magnetic field hori-
zontal component measured by two magnetometers, ΔH, one located at the mag-
netic equator and other at a low geomagnetic latitude. Here Jicamarca (11.92°S,
78.87°W geographic; �1.55°, 352.85° geomagnetic) and Piura (5.18°S, 80.64°W geo-
graphic; 5.14°, 350.93° geomagnetic) are used. This method relies on a direct mea-
surement of the equatorial electrojet (EEJ) current, from which the E × B vertical
drift velocity magnitude can be estimated (Anderson et al., 2002). Some authors
called this measurement as storm time EEJ index (e.g., Balan et al., 2010). Currently,
one procedure to obtain the vertical drift from magnetometer observations uses a
neural network technique, where the year, day of year, F10.7 solar flux, daily Ap index,
Kp index, and local time are used as inputs, as explained by Anderson et al.
(2004, 2006).

The vertical drift derived from ΔH is only recommended between 07 and 17 LT as it
was the case for JULIA. For other time intervals use is made of dh0F/dt the S-F or F08
models so as to get a composite drift diurnal variation. This composite is denoted as
ΔH*. An example of ΔH* is shown in Figure 2 for the 17 April 2002 storm where it is
compared with the ISR vertical drift. A good agreement between the ΔH* and ISR
drifts is evident during most of the day.

2.4. Vertical Drift Derived From IEF

The drift derived from interplanetary electric field (IEF) is determined following themethodology described in
Kelley and Retterer (2008) and Retterer and Kelley (2010). Efficiencies of 10% of IEF when Bz points to the
south and 3% when Bz points to the north are assumed for the penetration electric field. This field is super-
posed to the preexisting field of quiet time conditions. The IEF is calculated according to the expression:
IEF = VSW(km/s) × Bz(nT; GST) × 10�3 and 5 min means are computed. Moreover, there is a 15 min delay
between IEF and ISR drifts. This is consistent with Kelley and Dao (2009), who suggests that there is a delay
of ~10–25 min that would correspond to the slowing down of the solar wind in the bow shock and the trans-
ference times of fields to the magneto tail and to the equatorial ionosphere.

Two IEF-derived drifts are considered as applied for the 17 April 2002 storm (Figure 3). The first (IEF1) consists
of using only S-F between 00 and 06 LT (it is quiet time; the storm starts at 06 LT), then S-F plus IEF at 10%
efficiency when Bz points toward the south and minus IEF at 3% efficiency for positive Bz (Figure 3, left). In
the second case (IEF2) F08 is used before 06 LT, then IEF at 10% efficiency from 06 to 14 (no quiet time drift
added) and dh0F/dt from 18 to 24 (PRE and postsunset hours). For the 14–18 interval F08 is again used just
because IEF is near zero (Figure 3, right). The 15 min delay has been taken into account. The oscillations in

Figure 3. IEF-derived drift (black) for Jicamarca (11.95°S, 78.87°W) during 17 April 2002. IEF divided by 10 (blue) and IEF1
(left, black) and IEF2 (right, black). See text. Normal dh0F/dt-derived drift (magenta) and for heights higher than 300 km
(asterisks). ISR drift (red).

Figure 2. Composite vertical drift (ΔH*—blue) for the 17 April
2002 storm at Jicamarca (11.95°S, 78.87°W) using ΔH, 06–18 LT
(dashed black); dh0F/dt, 18–24 LT (asterisks); and F08 for other
hours. Values of dh0F/dt for other time intervals (magenta) are not
used because heights are lower than 300 km. ISR drift (red).
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IEF1and IFE2 are similar to the ones of ISR drifts, but there is a large difference in their amplitudes in the case
of IEF1 drift, being approximately 30 m/s larger than the ISR one. This difference is not present in the case of
IEF2. This amplitude difference seems to arise from the addition of the quiet time drift as used by Kelley and
Retterer (2008). There is some similar disagreement between both IEF1 and IEF2 with ISR, but only near the
first peak (06–08 LT).

A detailed investigation of the penetration IEF efficiency is not the aim of the present work; it only uses results
from previous publications. However, the model has been run to include a few efficiency levels as it will be
shown in the discussion.

2.5. Modeled and Observed foF2 and hmF2

The SUPIM-INPE output parameters F layer critical frequency (foF2) and peak height (hmF2) are compared with
the corresponding Digisonde observed values. The equatorial Digisonde stations used are presented in the
Table 2. The simulations for geomagnetic storms are made for two events for which ISR measurements are
available (17–18 April 2002 and 7–10 November 2004). The solar flux and geomagnetic indices for those days
are listed in Table 3.

While drifts are calculated in local time, the comparison between the model output and observational values
are shown in universal time (UT). This is to allow the analysis of simultaneous effects of geomagnetic storms
in the different stations. For the storm time simulations we consider the first storm day, when the distur-
bances in the vertical drift E × B can be mainly due to the effect of PPEF as the DD takes some hours to be
effective (Abdu et al., 2006) or as soon as the disturbance wind reaches the middle latitudes (Fuller-Rowell
et al., 2002).

3. Results

The SUPIM-INPE is first used for quiet geomagnetic conditions to evaluate its performance for the selected
stations. The results could be considered as the SUPIM-INPE background ionosphere to be compared with
the results during storm conditions for these locations.

3.1. Quiet Conditions

Figure 4 shows foF2 and hmF2 simulations for 16 April 2002 at Jicamarca (JI; 11.95°S, 78.87°W, left) and São Luís
(SL; 2.5°S, 44.2°W, right), a geomagnetically quiet day (Ap = 7). The first panel shows the Dst and Kp indices
that characterize the time interval. The second to fourth panels correspond to the input vertical drifts and
the calculated and observed values of foF2 and hmF2, respectively.

Table 2
List of Stations Used in the Present Work

Station Geographical latitude Geographical longitude Geomagnetic latitude Magnetic declination DIP angle

Jicamarca (JI) �12.0° 283.2° 0.35° �0.01° 0.70°
São Luís (SL) �2.5° 315.8° �1.36° �19.56° �2.71°

Note. The geomagnetic coordinates are obtained for the year 2003 at 300 km height.

Table 3
Solar and Geomagnetic Indices for the Simulated Days

Date Adjusted solar flux (W/m2Hz) Ap index Minimum Dst index (nT)

16/04/2002 197.2 7 -
17/04/2002 195.0 62 -
18/04/2002 189.8 63 �127
07/11/2004 127.2 50 -
08/11/2004 131.7 140 �374
09/11/2004 138.1 119 �214
10/11/2004 102.6 161 �263
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The S-F and F08 drifts are very similar to each other and also generally similar to the ISR drift for JI. The
main differences are between S-F and F08 for some hours after midnight (10–12 UT at JI and 00–02 and
07–09 for SL). There are also differences between S-F and ISR at JI (07–09 UT). Drifts for other quiet days
give similar results, though there is some variability on the timing of largest differences.

Simulated foF2 and hmF2 for all three drifts used are fairly similar. Larger differences are found between foF2
derived from ISR and S-F or F08 at JI just before sunrise (08 to 11 UT) and in the afternoon (18–22 UT). It is
noteworthy that drift differences already indicated do not translate into simulated foF2 differences. Neither
is the ISR drift point out of the trend 15 UT. SL simulated foF2 using S-F and F08 are closer than for JI all
day long. Simulated hmF2 using all three drifts for JI are very close indeed. The larger differences occur in
the evening (00–03 UT), hmF2 being largest for S-F than for F08 and ISR. The same is approximately true for
S-F and F08 at SL.

There is a generally good agreement between the simulated foF2 and hmF2 and those observed at JI and
SL, particularly between the simulated characteristics using ISR drift for JI. The after midnight and early
morning (00–16 UT) simulations are better than those for other hours. After 16 UT in SL and 18 UT in JI
(there is no observations between 16 and 18 UT) the differences reach up to 3 MHz in foF2 and 100 km
in hmF2. This disagreement was also reported by Souza et al. (2013). They explained that during this time
interval the F3 layer formation process, a combined E × B drift and thermospheric neutral winds effect
close to the magnetic equator (Balan & Bailey, 1995), is generally very active. The process is not well repro-
duced by SUPIM-INPE. It is just after 15:00 UT that a F3 layer is observed over JI. As thermospheric winds
are a key factor on the F3 layer formation, it is possible that the HWM93 used in the present simulation is
not representing the wind well. The F3 layer had already been observed in Jicamarca (11.95°S, 78.87°W),
Trivandrum (12°N, 77°E), and Fortaleza (3°S, 38°W) during quiet conditions, reaching heights between
450 km and 600 km when it is strongest, according to simulation results from Balan et al. (1997). The F3
layer formation could also produce some disagreements between simulations and observations in the

Figure 4. Simulated (lines) and observed foF2 and hmF2 (circles) over Jicamarca (11.95°S, 78.87°W, left) and São Luís (2.5°S,
44.2°W, right) for 16 April 2002. (first panel) Dst and Kp. (second panel) Input vertical drifts: S-F (blue), F08 (green), and ISR
(red oblongs, Jicamarca only). (third panel) foF2 and (fourth panel) hmF2. F3 layer (filled circles).
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afternoon during storms, and possibly, the disturbed E × B drift and neutral winds could generate F3 layer
in other hours as well. A comprehensive theoretical study of the F region during strong storm for
equatorial and middle latitudes is reported by Lin, Richmond, Liu, et al. (2009). They find the split of the
F region into F2 and F3 layer during the day over a wide range of latitudes, with F3 layer heights in the
1500–2000 km range.

It is recalled that comparisons between ISR, ΔH*, and dh0F/dt drifts were made for 17 April 2002, a disturbed
day. Comparisons have also been made for the previous day, a quiet one. The results are similar, namely, that
for 07–17 LT ISR and ΔH* are almost the same, and so are ISR and dh0F/dt for the 18–23 LT time interval, albeit
some minor exceptions. This confirms that use can be made of these drifts to complete the diurnal variations
during quiet times. The SUPIM-INPE foF2 and hmF2 simulations using these drifts do not lead to significant dif-
ferences (not shown).

In general, the SUPIM-INPE responds well during the geomagnetic quiet conditions. The ΔH drift together
dh0F/dt observations and quiet time models (ΔH*) are a good substitute for the quiet conditions.

3.2. The 17–18 April 2002 Storm

The geomagnetic storm of 17–18 April 2002 is produced by the arrival of a coronal mass ejection (CME)
to the Earth. The ACE satellite registers this arrival on 17 April at 11:00 UT with the change of the z com-
ponent of magnetic field to southward (Goncharenko et al., 2005). This geomagnetic storm is classified
as moderate.

Figure 5 shows simulated and observed foF2 and hmF2 for Jicamarca during the storm, using F08 and ISR drifts.
Since ISR drifts are available only till 18 April at 13:25 UT, F08 values are used for the rest of that day.

Before the beginning of the storm, the simulations computed using the two drifts are similar as expected for
quiet times. After that, between 11 and 20 UT, the ISR drift oscillations do not translate into the foF2

Figure 5. Simulated (lines) and observed foF2 and hmF2 (circles) over Jicamarca (11.95°S, 78.87°W) for (left) 17 April 2002
and (right) 18 April 2002. (first panel) Dst and Kp. (second panel) Input vertical drifts: F08 (blue) and ISR (red oblongs) up
to 13:25 UT, then idem to F08. (third panel) foF2 and (fourth panel) hmF2. F3 layer (filled). Spread F (magenta).
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simulations. They rather seem to closely follow those simulated using
quiet drift model. By contrast, such drift oscillations do affect the
simulated hmF2.

When foF2 and hmF2 simulations are compared with observations, a good
agreement between the two is found for several hours after of beginning
of the storm. However, some amplitude differences can be seen in the
afternoon (17–22 UT). As already mentioned, these could be explained
by F3 layer formation processes. During the night, between 22 and 07 UT
for foF2 and between 22 and 03 UT for hmF2, the simulations again repro-
duce the observations well.

During 18 April the relation between drifts and simulated foF2 and hmF2 is
similar to that for 17 April as indicated above. However, the observed foF2
does not show the characteristic minimum before dawn, which is well
reproduced by the simulated foF2 using both input drifts. Rather, it
oscillates at about 9 MHz with periods that resemble the ISR drift
variations. In the case of hmF2, observations between 03 and 10 UT show
values higher than those expected from simulations and for observed pre-
vious normal conditions. Also, spread F is prevalent for the same time
interval. This spread F may have been generated by a DD electric field,
which starts some hours after the onset of the storm, and has opposite
phase to the quiet time dynamo electric field (Abdu et al., 2006; Fuller-
Rowell et al., 2002). The DD in this case does seem to occur between 03
and 06 UT and between 07 and 08 UT, when the vertical drifts are much
higher than during quiet time. Although the ISR measured drifts were used
in the simulation, SUPIM-INPE does not reproduce well this observed
behavior probably due to the combined action of an equatorward dis-
turbed wind, which was not taken into account in the present simulation.

An alternative drift model to be evaluated is the ΔH*, which was con-
structed as described previously (section 2.3). The comparison between
the foF2 and hmF2 simulations using ΔH* drift and ISR drift is shown in
Figure 6. As expected, the simulations using both drifts are similar and
the difference between the drifts at night (06–11 UT) does not gener-

ate significant differences in the corresponding foF2 and hmF2 simulations. Furthermore, the observed
foF2 and hmF2 differ from the simulations in a similar way than shown in Figure 5. The simulation is
not carried out for São Luis because ΔH* drift is not available for that location.

Another drift model to be used in the simulation is the one deduced from IEF data. The foF2 and hmF2 simula-
tions for Jicamarca with these drifts are shown in Figure 7. The simulations using IEF1 and IEF2 are presented
together with those using ISR drifts. Note that although ΔH* and IEF2 drifts use dh0F/dt observations during
hours of PRE and postsunset, only for the ΔH* drift case is used for the previous day. This is the reason for the
differences around 01 UT betweenΔH* drift (Figure 6) and IEF2 drift (Figure 7). The simulations show that dur-
ing nighttime (00–11 UT) there are no significant differences between results derived using IEF1, IEF2, or ISR
drifts. This is because all the three vertical drifts are for quiet conditions. At the beginning of the storm (11–14
UT), all three foF2 simulations are also similar and reproduce the observations well. But later (14–21 UT), the
simulation using the IEF1 drift shows foF2 up to 3 MHz lower than the observations. That is even lower than
the simulations using ISR. This disagreement becomes less pronounced when the IEF2 drift is used.

In the case of the hmF2 simulations, during the storm main phase (11–16 UT), the use of IEF1 and IEF2 drifts
leads to higher simulated hmF2 relative to the simulations using ISR and also to observed values. The very
high peak at 16 UT is generated by the high values of IEF1 drift at this hour. The differences between hmF2
simulations and observations are smaller when the IEF2 drift is used.

The drift inferred from the IEF seems to be a good substitute (perhaps with somemodifications) when the ISR
drift is not available, but it is not better than the ΔH* drift.

Figure 6. Simulated (lines) and observed foF2 and hmF2 (circles) over
Jicamarca (11.95°S, 78.87°W) for 17 April 2002. (first panel) Dst and Kp. (sec-
ond panel) Input vertical drifts: ΔH* (blue) and ISR (red oblongs). (third panel)
foF2 and (fourth panel) hmF2. F3 layer (filled). Spread F (magenta).
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Based on the assumption that the prompt penetration electric field, in the initial phase of themagnetic storm,
is the responsible for producing the disturbances in the zonal electric field at the equator (neglecting any sig-
nificant longitudinal variation), we developed a methodology to obtain drift for the São Luís equatorial sta-
tion from Jicamarca ISR values. This consists on removing the quiet time variation (using the F08 model)
from the Jicamarca ISR measured during the storm, and adding the São Luís quiet variation to the residue.
The vertical drift for SL calculated using this approach is presented in the second panel of Figure 8 and
denoted ISR*. IEF1 and IEF2 drifts calculated for SL are also shown. So are the corresponding foF2 and hmF2
simulations for each drift model.

As we can see, the simulations using the ISR* drift for SL reproduced very well the observations during the
storm time, except during the PRE (21–24 UT), where the simulated hmF2 is higher than the observations
for up to 150 km. For the IEF1 drift, the foF2 simulation is lower (~3 MHz) than observations during all the
storm time and the hmF2 simulation presented three peaks not seen on the observational data nor on the
simulations using ISR*. On the other hand, the simulations using IEF2 drifts show a better agreement with
the observed foF2 and there is only one disagreement peak for hmF2. During the PRE hours IEF2 drift simula-
tions reproduce the observations well. In fact, in this time interval, IEF2 drift is based on dh0F/dt from iono-
grams at SL, as described in section 2.4.

In conclusion, the methodology to determine a disturbance vertical drift for 17 April at SL from Jicamarca ISR
leads to good results, except for the PRE hours where, as demonstrate by the IEF2model, it is better to use the
dh0F/dt. However, the IEF2 drift model is found to be efficient too and could be a good substitute model for
those times and locations for which ISR measurements are not available.

3.3. The 7–10 November 2004 Storm

The geomagnetic storm of 7–10 November 2004 is produced by various solar flares accompanying CMEs that
arrived at Earth. The beginning of this storm is registered by three sudden commencement pulses on 7

Figure 7. Simulated (lines) and observed foF2 and hmF2 (circles) over Jicamarca (11.95°S, 78.87°W) for 17 April 2002. (first
panel) Dst and Kp. (second panel) Input vertical drifts: IEF1 (black, left), IEF2 (black, right), and ISR (red oblongs). (third
panel) foF2 and (fourth panel) hmF2. F3 layer (filled). Spread F (magenta).

Journal of Geophysical Research: Space Physics 10.1002/2017JA024265

BRAVO ET AL. IONOSPHERIC RESPONSE TO ESTIMATED E × B 10,519



November at 02:58, 11:13, and 18:31 UT and other register on 9 November at 18:52 UT (Panasenko &
Chernogor, 2007). This geomagnetic storm was classified as superintense (Echer, Gonzalez, &
Tsurutani, 2008).

Figure 9 shows simulated and observed foF2 and hmF2 for Jicamarca during 9 and 10 November using S-F,
F08, and ISR drifts. Since ISR drifts are available from 12 UT of 9 November, F08 is used before then.

The disagreement between simulations and observations observed after midnight (up to 12 UT) could
be attributed to the fact that quiet time drifts have been used to simulate an already disturbed
environment. The storm had already begun 2 days before. During the 9 November daylight hours
(after 12 UT), the foF2 simulations underestimate the observations for up to 4 MHz. In the case of
hmF2, simulations are in good agreement with observations. This suggests that the large foF2 discre-
pancies could be attributed to disturbance neutral winds. It is noteworthy that SUPIM-INPE reproduces
the hmF2 observed peak around 20–21 UT and the large foF2 trough associated with the occurrence of
a F3 layer.

The PRE is strongly inhibited in 9 November, as clearly shown by the ISR observations. However, this may
not always be the case as the DD may tend to enhance it (i.e., Maruyama et al., 2005). Here the simu-
lated foF2 are smaller than the observations, much as they were before the PRE. The hmF2 simulations,
however, are closer to the observations.

Unfortunately, there is a several hour gap in the foF2 and hmF2 observations during nighttime (10
November 04–13 UT). Before the gap, observed foF2 somewhat follows the decreasing trend shown by
the simulations, particularly those done using S-F and F08. hmF2, however, agrees well with ISR-derived
simulations. It is possible that the great variations of the ISR drift in this time interval could be due to
DD effects, although as Bz and AE index also vary in these hours, it may be also the effect of the PPEF or
the effect of both.

Figure 8. Simulated (lines) and observed foF2 and hmF2 (circles) over São Luís (2.5°S, 44.2°W) for 17 April 2002. (first panel)
Dst and Kp. (second panel) Input vertical drifts: IEF1 (black, left), IEF2 (black, right), and ISR* (red oblongs). (third panel) foF2
and (fourth panel) hmF2. F3 layer (filled). Spread F (magenta).
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During 10 November daylight hours (after the gap), foF2 and hmF2 simulations are closer to observations. This
is true for both quiet time-derived drifts and observed ISR drift.

Figure 10 shows again simulated and observed foF2 and hmF2 for Jicamarca during 9 November. This time,
however, simulations are done using the vertical drift ΔH*, as determined for the 17–18 April 2002 storm.
A slightly better agreement is observed at nighttime, more noticeable for hmF2. This is because dh0F/dt is used
to represent the composite ΔH* drift. During the rest of the day ΔH* drift simulations are very similar to those
using the ISR data. Note the agreement for the foF2 trough and hmF2 peak.

Simulations of foF2 and hmF2 using the vertical drifts IEF1 and IEF2 are now considered as depicted in
Figure 11. IEF2 simulations are closer to ISR simulations than IEF1 are, in the sameway that IEF2 and IEF1 drifts
are to the observed ISR drift. This fact translates into the foF2 and hmF2 observations; for example, IEF2-derived
simulations are generally closer to observations than are those using IEF1, the exception probably being at
the 20 UT peak. However, the ISR-derived simulations are still better than the IEF2 ones, albeit they are not
very good themselves.

As previously described, it is possible to obtain a disturbance vertical drift for SL from ISR observations, the so-
called ISR*. The results for 9 November (given in the supporting information) show a disagreement between
simulation and observations in the early hours due to absence of ISR observations. Although during daylight
foF2 simulations underestimate the observations by up to 4 MHz, hmF2 simulations agree with observations,
the peak observed around 20–21 UT being also reproduced albeit but higher values. For the simulations with
IEF2 drift the agreement with observation is worse. This may be due to the absence of dh0F/dt values for
heights higher than 300 km.

Finally, JULIA* drift could be used for Jicamarca, although only for 7 November. The computations are made
as described in section 2.2 (see Figure 1). Figure 12 shows that simulated foF2 are almost always underesti-
mated. However, there is a remarkable agreement between hmF2 simulations and available observations.

Figure 9. Simulated (lines) and observed foF2 and hmF2 (circles) over Jicamarca (11.95°S, 78.87°W) for (left) 09 November
2004 and (right) 10 November 2004. (first panel) Dst and Kp. (second panel) Input vertical drifts: S-F (green), F08 (blue),
and ISR (red oblongs). (third panel) foF2 and (fourth panel) hmF2. F3 layer (filled). Spread F (magenta).
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This good agreement suggests that the foF2 disagreements could be
attributed to disturbed winds, which are not being considered in the
present simulation.

In summary, based on the comparisons presented, it is possible to con-
clude that the best model disturbance drift for the 7–10 November 2004
storm is ΔH*, followed by the IEF2 and finally the IEF1 drift. The same result
already reached at for the 17–18 April 2002 storm.

4. Discussion

The PPEF during the geomagnetic storm of 17 April 2002 was captured by
numerous ground and satellite instruments. The equatorial electric field
was measured by the ISR at Jicamarca and at Sondrestrom (Kelley et al.,
2003); it was registered by the ΔH variations from magnetometers and is
also present in the IEF signatures of the ACE satellite measurements. The
comparisons of these drifts during the 17 April 2002 are shown in Kelley
et al. (2003) and Anderson et al. (2004). A maximum correlation coefficient
of 0.773, with a delay of 10 min, is found between the IEF and ISR in Kelley
et al. (2003), with an efficiency rate of 7%. Note that here we have used a
10% efficiency rate. Denardini et al. (2011) calculated the ΔH drifts
deduced for the Brazilian sector during the 17 April 2002 and 31 March
2001 storms and compared them with the IEF values. They found an effi-
ciency of 11%.

A strong coupling between the magnetosphere and the ionosphere is
observed in the events of 7–12 November through the PPEF. The behavior
of the ionosphere during this event has been modeled by some authors.
For example, Balan et al. (2009) modeled the effects of the PPEF event dur-
ing the geomagnetic storm of the 9 November 2004 using SUPIM. They
used the E × B drift velocity measured in Jicamarca (ISR) with and without
an equatorial wind as input. They concluded that a superplasma fountain
is produced when the PPEF acts in the presence of an equatorward wind. If
we compare the Balan et al. (2009) simulation results at the geomagnetic

equator (0°, Jicamarca), the simulated electron density minimum was produced at 17 LT, while, as already
mentioned, in this work it was at 16 LT (Figure 9), which agrees with the foF2 observations (circles). This
can be due to some updates/improvements made in SUPIM-INPE or to the use of quiet winds instead of
the disturbance wind proposed by Balan et al. (2009).

Simulations for 8 November 2004, with SUPIM, were made by Balan et al. (2013) for the Japan-Australia sector
(135°E). They concluded that either zero or westward electric fields can contribute the positive storms,
although they do not act independently of the neutral wind. Equatorward neutral winds are present simulta-
neously, and its downwelling effect increases O/N2 ratio round the equator contributing to the positive
storms by increasing daytime production of ionization. The SUPIM-INPE uses as input the NRLMSISE-00,
and this model does incorporate an O/N2 ratio increase for geomagnetic activity increases. The
TIMED/GUVI observations also show O/N2 ratio increases during storms. However, it is fair to say that
observed increases are larger than the model increases for the specific geomagnetic storms studied in the
present paper. These changes in the O/N2 ratio could affect the equatorial ionosphere some hours after
the beginning of the storm, in the recovery phase.

The electric field disturbances produced by the DD, which occur some hours after the beginning of the storm,
were not considered in the IEF-derived drifts. It should be noted, however, that they are obviously included in
the ISR, JULIA, dh0F/dt, and ΔH observations. In the events analyzed here it seems that the DD is present 4 h
after the storm onset, around the 23 UT of 7 November 2004 (Figure 12), which was inferred from the lower
than normal F layer heights both at São Luis and Fortaleza (Abdu et al., 2006). For this reason, in this work only
the first day of the storm is used (17 April, 7 and 9 November).

Figure 10. Simulated (lines) and observed foF2 and hmF2 (circles) over
Jicamarca (11.95°S, 78.87°W) for 09 November 2004. (first panel) Dst and
Kp. (second panel) Input vertical drifts: ΔH* (blue) and ISR (red oblongs).
(third panel) foF2 and (fourth panel) hmF2. F3 layer (filled). Spread F
(magenta).
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Simulations for the St. Patrick superstorm (17–18 March 2015) using SAMI2 (Sami2 is Another Model of
the Ionosphere) over the Indian region are reported by Joshi et al. (2016). They use a composite vertical
drift model: for 18–21 IST (UT + 5:30) a vertical drift derived from HF Doppler observations (Tirunelveli;
8.5°N, 78.2°E; 0.5° geomagnetic latitude) of F layer height at 7 MHz in association with standard ionogram
h0F and foF2 determinations is used; for all other times the quiet time S-F model applies. They show
modeling results for altitude versus latitude displays for specific hours rather than comparison with hourly
foF2 and hmF2 observations. A clear dynamical behavior of EIA during 12–20 IST for the storm phases is
seen: enhancements in the main phase (concentration and height) and almost complete suppression
during recovery phase after 17 IST. Model total electron content (TEC) (integration from 100 to
1500 km) and observed GPS TEC are also compared. Unfortunately, direct comparison to our results is
not readily possible.

It can be noted that some small differences between the IEF1 drifts of this work (left plot of Figure 3 and left
and top plots of Figure 11, black curves) and the calculated drifts in Retterer and Kelley (2010) (Figures 3 and 8
of Retterer & Kelley (2010), green curves) could be observed. These small differences are due the IEF data
source used. They worked directly with ACE satellite data, while we have worked with the averaged data
obtained from the OMNIweb database.

The Kelley and Retterer model (IEF1) considers the disturbance drift as a perturbation produced by the
PPEF over the quiet ionospheric dynamo in the equatorial station; however, it can be seen that this drift
is overestimated with respect to the ISR data around 20–30 m/s (except in the peak on 9 November at
20 UT). These overestimated values could be due to the presence of a DD, which would help to reduce
the amplitude of the drift values. Under this assumption, in Retterer and Kelley (2010) a disturbance drift
model developed by Fejer and Scherliess (1997) is used for the determination of IEF1 on 17 April and it
includes the effects of the DD. The disturbance model of Fejer and Scherliess (1997) is an empirical model
based in the ISR data, correlated and parameterized by AE index. However, the amplitude of the new IEF1

Figure 11. Simulated (lines) and observed foF2 and hmF2 (circles) over Jicamarca (11.95°S, 78.87°W) for 09 November 2004.
(first panel) Dst and Kp. (second panel) Input vertical drifts: IEF1 (black, left), IEF2 (black, right), and ISR (red oblongs). (third
panel) foF2 and (fourth panel) hmF2. F3 layer (filled). Spread F (magenta).

Journal of Geophysical Research: Space Physics 10.1002/2017JA024265

BRAVO ET AL. IONOSPHERIC RESPONSE TO ESTIMATED E × B 10,523



drift is slightly less than IEF1 of left plot of Figure 3 (or left plot of Figure 7)
and remains overestimated with respect to the ISR data.

The IEF2 drift, which is a modification of the IEF1 drift model, does not
include the effect of the ionospheric dynamo having a better response
than IEF1 when simulated results are compared to observations. It is
important to remember that, in the hours of the PRE and after sunset,
dh0F/dt values are used to compose the IEF2 model. A possible source
of disagreement between the drift calculated using IEF data could be
the efficiency of 10 and 3% that was used here, following Kelley and
Retterer (2008) model.

As mentioned before, there are some works that determine other effi-
ciency values for IEF. For example, Huang et al. (2010) analyzed the
plasma drift and ionospheric electric field data measured near the dusk
meridian at the magnetic equator by the Defense Meteorological
Satellite Program F13 satellite, during four storms having
Dst < �200 nT (6 April 2000, 17 September 2000, 30 March 2001, 29
October 2003) and compared with the IEF data. They found an effi-
ciency of 5% of IEF for eastward and 10% of IEF for upward components
of ionospheric electric field. Wei et al. (2008) deduced an average effi-
ciency of 13.6%, albeit for the reconnection electric field in ISR during
125 h of penetration for the 11–16 November 2003 magnetic storm.
They also deduced a high local time dependence for this event. The
local time dependence was reported before by Fejer et al. (2007) for
the November 2004 magnetic storm. Further, Kelley et al. (2003) found
an efficiency of 6.6% of IEF, Burke et al. (2007) found an efficiency of
11.9%, and Huang et al. (2007) found an efficiency of 9.6% for rapid
southward turning of the IMF, among others. Furthermore, according
to Fejer et al. (2007) the relationship between equatorial prompt pene-
tration electric fields and solar wind electric field effects and solar wind
and reconnection electric field and polar cap potential drops is far more
complex than implied by simple proportionality factors.

We have now determined the efficiencies for the best correlation between IEF1/IEF2 and ISR. For a fixed effi-
ciency corresponding to a northward Bz the other efficiency (for southward Bz) was changed till the best fit
was obtained (largest correlation coefficient). Then, for that efficiency the efficiency for northward Bz was
modified so as to get a still better correlation coefficient. It is found that although the new efficiencies are
different from the 10% and 3% used before, the corresponding correlation coefficients are not significantly
different. The corresponding changes for foF2 and hmF2 determined using SUPIM-INPE are very slightly better.
Table 4 compares the efficiencies and correlation coefficients found for IEF1 and IEF2 models, and a figure
equivalent to Figure 7 is given as supporting information.

On the other hand, with respect to the methodology for obtaining the drift for São Luis (ISR* drift), this is con-
sistent with the formulation of the Kelley and Retterer (2008) model (IEF1), because the anomaly produced by
the PPEF is removed from ISR data and added to the quiet drift of São Luis.

Table 4
Efficiency Test

Dates, IEF efficiencies (%), and
correlation coefficients (R)

17 April 2002 09 November 2004

Southward Bz Northward Bz R Southward Bz Northward Bz R

IEF1 model (Kelley & Retterer, 2008) 10 3 0.77 10 3 0.70
IEF2 model 10 3 0.81 10 3 0.75
IEF1 model best fit 5 3 0.79 13 4 0.73
IEF2 model best fit 9 2 0.82 13 3 0.76

Figure 12. Simulated (lines) and observed foF2 and hmF2 (circles) over
Jicamarca (11.95°S, 78.87°W) for 07 November 2004. (first panel) Dst and
Kp. (second panel) Input vertical drift: JULIA* (green). (third panel) foF2 and
(fourth panel) hmF2. F3 layer (filled). Spread F (magenta).
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5. Conclusions

The equatorial ionosphere response to different disturbed electric field models is analyzed using SUPIM-INPE.
The aim is to find the better electric fields that provide good temporal and spatial coverage, and could be
used as input parameters for ionospheric models, in absence of incoherent scatter radar measurements.

The foF2 and hmF2 simulations showed that the composite ΔH* and JULIA* drifts are the better alternatives to
ISR drift. The best agreements between simulations and observations are obtained during daytime (6–18 LT),
PRE hours, and after the sunset (18–24 LT) because dh0F/dt is used. When such measurements are not avail-
able, the IEF drift model can be used with advantage for the good temporal availability of the data. The meth-
odology to deduce vertical drift from IEF may vary in each case with efficiencies between 3% and 14% of IEF
and a possible local time dependency. Our simulation results showed that, for some cases, the addition of the
quiet time electric field as background is not necessary. Otherwise, if the PPEF is the source of disturbance
electric field, it is possible to extract the anomaly of diurnal variation measured in some equatorial station
and use the disturbed part to deduce the electric field at some other equatorial station without measure-
ments, as it was done for São Luis.
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