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Abstract Modeling the ionosphere during disturbed periods is one of the most challenging tasks due to
the complexity of the phenomena that affect the electric fields and the whole thermosphere environment.
It is well known that both, prompt penetration electric fields and large amounts of energy deposited in
the polar region during disturbed periods, produce significant disturbances in the global electron density
distribution, in particular, in the equatorial ionization anomaly development. Besides, the disturbance
dynamo, traveling atmospheric disturbances, and traveling ionospheric disturbances also affect the
equatorial ionization anomaly density distribution. In this work we use the Sheffield University
Plasmasphere‐Ionosphere Model at Instituto Nacional de Pesquisas Espaciais, to simulate the drastic
effects that were observed at the low‐latitude ionosphere in the Brazilian region during a very intense
magnetic storm event, the so‐called 2003 Halloween storms. In the absence of measured vertical drift
during the storm, a new vertical drift deduced from the interplanetary electric field combined with the
time variation of the F region virtual height is used as input. The simulation results showed that, in the
case of the disturbed thermospheric wind, the ionospheric observations are better explained when a novel
traveling wave‐like disturbance propagating from north to south, at a velocity equal to 300 m/s,
is considered.

1. Introduction

In various investigation fields, physical models are used to describe the observed physical phenomena. The
situation is not different when ionospheric physics is concerned. It is well known that the ionosphere can
become globally disturbed by the space weather events that cause geomagnetic storms (e.g., Rishbeth,
1975; Prolss, 1977, among many others). These disturbances can severely interfere in the functioning of
many technological devices such as those that relay on the Global Navigation Satellite System for navigation
and positioning. For this reason, predicting the ionosphere behavior during such events is a very important
task. There are many numerical models that are able to reproduce well the ionospheric conditions during
quiet time. Among them we can list the following: LION (Bittencourt et al., 2007), SAMI2 (Huba et al.,
2000), SUPIM (Bailey et al., 1993; Bailey & Sellek, 1990), and besides those found in Schunk (1996):
GTIM, FLIP, TDIM, TIGCM, CTIM, CTIP, etc. In those models, time‐dependent equations of continuity,
momentum, and energy balance for the electrons and some ions along closed magnetic field lines are solved.
However, when the ionosphere is modeled for disturbed geomagnetic conditions, the models do not always
reproduce what the observations show.

Specifically, to model the equatorial and low‐latitude ionosphere during disturbed periods, the ionospheric
model shouldmainly consider the zonal electricfield disturbances, the disturbed neutral winds, and probably
traveling atmospheric disturbances (TADs) and/or traveling ionospheric disturbances (TIDs; see Abdu, 2005;
Fuller‐Rowell et al., 1994; Kelley, 2009; Prölss & Jung, 1978; Richmond &Matsushita, 1975; Rishbeth, 1975).
In particular, it is necessary to consider the zonal electric field disturbances because they are prompt penetra-
tion electric fields and they are directly related to the vertical drift E × B that produces the plasma fountain
effect, transporting plasma from equatorial to low latitudes, and developing the well‐known equatorial ioni-
zation anomaly. The neutral disturbed composition would not be considered because they are only signifi-
cant at middle and high latitudes. These disturbed parameters produce both positive and negative
ionospheric storms, as well as phenomena such as equatorial counter‐electrojet (Gouin, 1962), super plasma
fountain (Balan et al., 2009; Tsurutani et al., 2004), and disturbance dynamo (Blanc & Richmond, 1980).
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The SUPIM‐INPE (Sheffield University Plasmasphere Ionosphere Model at Instituto Nacional de Pesquisas
Espaciais [INPE]) is a modified version of SUPIM (Bailey & Balan, 1996) developed at the Aeronomy
Division of the Atmospheric and Space Science Coordination of the National Institute for Space Research
(INPE). In this modified version some input parameters, such as atmospheric neutral densities and solar
EUV flux, were updated and the field line calculation was extended to lower altitudes in order to include
the E region (Bravo et al., 2017; Santos et al., 2016; Souza et al., 2010, 2013). Some studies have demonstrated
that this model reproduces well the ionosphere of equatorial, low, and middle latitudes during quiet condi-
tions (Balan et al., 1995; Batista et al., 2011; Nogueira et al., 2013; Santos et al., 2017; Souza et al., 2013;
Thampi et al., 2011) and at equatorial‐low latitudes during geomagnetic storms (Abdu et al., 2013; Bravo
et al., 2017; Santos et al., 2016).

An extreme geomagnetic storm, referred to in the literature as the Halloween Magnetic Storms, occurred in
October–November 2003. There are many reports about this storm, and some of them also model its iono-
spheric effects. Such is the case of Batista et al. (2006), where they were able to reproduce the observations
at the equator using SUPIM, including a proposed westward electric field disturbance just after the storm
onset, which is in agreement with the same parameter measured by ROCSAT (Lin et al., 2005). However,
in that study SUPIM was not able to reproduce the ionospheric effects observed after the storm commence-
ment for low‐latitude stations in the Brazilian region. The authors attributed the discrepancy betweenmodel
results and observations, to a probable effect of a disturbedwind, but this hypothesis had not been tested until
today. Moreover, Balan et al. (2009, 2010, 2013) have used a measured strong disturbed drift and an effective
latitude‐dependent equatorwardwind (required for a super plasma fountain effect), the speed changing from
100 m/s at middle latitudes (~30° to 40°) to about zero at magnetic equator. However, such a disturbed wind
pattern was not efficient to reproduce the observations during the Halloween storms over the Brazilian sec-
tor, and thus, a conjectured wave‐like disturbance is needed to reproduce the ionospheric observations.

The main purpose of the present work is to investigate the role of some disturbed wind models in the iono-
spheric response to the first day of Halloween storms (29 October 2003), at equatorial and low latitudes over
the Brazilian sector. A new disturbed wind model is proposed. It incorporates a wave‐like disturbance wind.
The equatorial ionospheric model of disturbed electric field from Bravo et al. (2017) is also used.

2. Data

The Halloween storms were produced by intense solar coronal mass ejections that followed the solar flares
on 28 October 2003 at 11:10 UT (X‐ray flux class X17) and on 29 October 2003 at 20:49 UT (X‐ray flux class
X10). The first coronal mass ejection reaches the Earth on 29 October 2003 at 06:11 UT (19 hr later) produ-
cing the first of the three geomagnetic storms and temporarily disabling and saturating some space instru-
ments (Skoug et al., 2004). Figure 1 shows space parameters during the 28 to 31 October 2003 time
interval (https://omniweb.gsfc.nasa.gov/). However, there are big gaps on the OMNIWeb data set of the
interplanetary magnetic field vertical component (BZ), the solar wind velocity (VSW), and the interplanetary
electric field (IEF), which is derived from BZ and VSW. To fill in these gaps of BZ and VSW, the ACE satellite
data base is used (http://www.srl.caltech.edu/ACE/ASC/level2/lvl2DATA_MAG‐SWEPAM.html).
Unfortunately, although the BZ filling‐in is almost complete, the VSW filling‐in is rather limited. This is
due to the saturation of the Solar Wind Electron Proton Alpha monitor of ACE satellite. Note that no deter-
mination of IEF is readily accessible for 31 October 2003 between 01:30 and 11:30 UT, although BZ and VSW

are available. The filling‐in data are out of phase by 40 min with respect to the OMNIWeb data. This is taking
into account when plotted as the green line in Figure 1. Figure 1 also shows the ground‐based indices Dst
(http://wdc.kugi.kyoto‐u.ac.jp) and AE (https://omniweb.gsfc.nasa.gov/).

From Figure 1 it is clear that when BZ exhibits the largest fluctuations after the storm sudden commence-
ment on 29 October 2003, the finalDst shows the development of the first two storms (main phase and recov-
ery of the first and the most of the main phase of the second).Dst shows a relative minimum of−151 nT at 10
UT. During the same interval concurrent fluctuations are observed in AE.

The diurnal variation of the F layer critical frequency (foF2) and peak height (hmF2) used in the present
work is from ionospheric stations of the South American region and its vicinity. They are listed in Table 1
, and their relative locations are shown in the Figure 2a.
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Figure 2b gives the indicated diurnal variations for 29 October 2003. Reference diurnal variations for geo-
magnetic quiet day 11 October 2003 (Ap = 2) are also shown for all stations except RA (18.5°N, 68.0°W).
In the case of RA, quiet day 29 September 2003 (Ap = 4) is used instead, because there were no observations
for 11 October 2003. Note also that h′F is used for Concepción instead of hmF2.

It is evident that there are clear perturbations in foF2 and hmF2 during the disturbed day with reference to
the quiet day for several stations. In some cases, similar disturbances seem to occur in more than one loca-
tion. For example, the oscillation in foF2 with a peak at 10 UT (horizontal red arrow) and subsequent
decrease with a minimum around 12 UT (vertical black arrow) occurs almost simultaneously over CP and
TU. In the same way, the marked lowering of hmF2 between 10 and 12 UT and subsequent elevation of
the layer also seems to occur simultaneously over CP and TU, considering that these two stations are well
separated (~20° of geographic longitude and ~4° of geographic latitude). CO and AI stations also show the
peak in foF2 at 09–10 UT, but with smaller amplitude than those at CP and TU. On the other hand, the obser-
vations of hmF2 in CO and AI do not show clear similarities. Almost simultaneous disturbed effects in foF2
and hmF2 are also observed between 09 and 12 UT in SL and FZ. In this case the similarities could be attrib-
uted to the proximity between the two stations (differences of only ~1.3° of geographic latitudes and ~4.7° of
magnetic latitude apart from each other).

In the present work only the first day of the 29 October 2003 storm will be analyzed.

Figure 1. Space and ground‐based parameters for 28–31 October 2003. From top, interplanetary magnetic field vertical
component (BZ), solar wind velocity (VSW), interplanetary electric field (IEF), disturbance storm time index (Dst), and
Auroral electrojet index (AE). Space parameters from OMNIWeb data (blue) and filled‐in values from the ACE satellite
(green). Ground parameters Dst from WDC, Kyoto and AE from OMNIWeb data.
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3. Models

In order to model the above‐described variations of foF2 and hmF2, we have used the SUPIM‐INPE model
version. As already used in Bravo et al. (2017), 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 and 130 km (Bailey et al., 1993; Bailey & Balan,
1996) down to 90 and 80 km, respectively, and adds the calculations for a seventh ion N+ (Souza et al., 2010,
2013). Moreover, the chemical reaction scheme from Huba et al. (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 model uses as main input parameters the EUV flux, the neutral densities, the zonal electric field (or in
this case the E ×B drift) and the neutral wind. The EUV flux used is obtained from EUVACmodel (Richards
et al., 1994) except for the X‐ray and Lyman‐α fluxes which are taken from the SOLAR2000 model (Tobiska
et al., 2000). Both ionizing solar radiation are mean values and representative of noon time. In themodel, the
diurnal variation has been calculated using the solar zenith angle. The neutral densities are from
NRLMSISE‐00 (Picone et al., 2002). In particular, to simulate the low and equatorial latitude ionosphere
using SUPIM‐INPE model, it is necessary to know the disturbed E × B drift and disturbed neutral winds,
which were not measured during the event at the region under study. Here, we propose new disturbed ver-
tical drift and disturbed neutral wind models to well represent the disturbed ionospheric conditions for
this storm.

The SUPIM‐INPE provides as output the vertical profiles for the ions and electrons, which can be used to
calculate the ionospheric parameters foF2 and hmF2.

3.1. Disturbed E × B Drift Inferred From IEF and dh'F/dt

In the here proposed model, the disturbed vertical drift is assumed to be the composite of two parts, as pre-
viously suggested by Bravo et al. (2017) to model some magnetically disturbed conditions.

The first one, covering the initial phase of the storm, is the sum of a disturbed drift derived from IEF and the
quiet time equatorial latitude model of Scherliess and Fejer (1999). This methodology closely follows the
Kelley and Retterer (2008) work. It consists of considering IEF efficiencies of 10% when the BZ points to
south (negative) and of 3% when BZ points to north (positive), superposed to the preexisting field of quiet
conditions. Specifically,

VZ ¼ disturbed driftþ quiet drift ¼ Eff×IEFð Þ þ ðScherliess & Fejer; 1999Þ (1)

where the efficiency Eff = 0.1 for BZ negative and Eff = 0.03 for BZ positive.

Note that in our case a further reduction of the efficiencies to 5% after 18 UT is made. The IEF is calculated
according to the expression: IEF (mV/m)=−VSW (km/s) × BZ (nT; GSM) × 10−3 (OMNIWeb). In the absence

Table 1
List of Stations Used in the Present Work Ordered According the Geographic Latitude

Station
Geographic
latitude

Geographic
longitude

Local
time

Geomagnetic
latitude

Geomagnetic
longitude

Magnetic
declination

Ramey (RA) 18.5° 292.0° UT‐5 28.6° 8.1° −11.6°
São Luís (SL) −2.5° 315.8° UT‐3 −1.6° 27.4° −20.8°
Fortaleza (FZ) −3.8° 322.0° UT‐3 −6.1° 32.5° −21.5°
Ascencion Island (AI) −7.9° 346.0° UT‐1 −18.6° 55.4° −16.6°
Jicamarca (JI) −12.0° 283.2° UT‐5 0.5° 355.2° 0.0°
Cachoeira Paulista (CP) −22.7° 315.0° UT‐3 −17.7° 21.1° −20.8°
Tucumán (TU) −26.9° 294.6° UT‐4 −14.5° 4.7° −4.3°
Concepción (CO) −36.8° 287.0° UT‐5 −23.2° 359.3° 7.4°
Port Stanley (PS) −51.6° 302.1° UT‐4 −38.2° 10.6° 3.7°

Note. The geomagnetic coordinates are obtained from IGRF‐12 for the year 2003 at the Earth's surface (http://www.geo-
mag.bgs.ac.uk/data_service/models_compass/coord_calc.html). IGRF = International Geomagnetic Reference Field.
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of VSW data, we have used a mean solar wind velocity of 1,000 km/s (average between the values at the limits
of the gap, 800 and 1,200 km/s; Figure 1), which is consistent with wind values for others intense storms.

The second part, corresponding to the prereversal enhancement time interval, is derived from time variation
of the F region height (dh′F/dt). dh′F/dt is calculated from themean virtual height of reflection for 4, 5, and 6
MHz signals observed from ionograms when the mean heights only are higher than 290 km. That is,

VZ ¼ 1
3

Δh′4MHz

Δt
þ Δh′5MHz

Δt
þ Δh′6MHz

Δt

� �
(2)

This procedure was also used by Batista et al. (2006), because, for this height range, dh′F/dtmostly depends
on the vertical drift velocities since the chemical recombination processes at this height range are less signif-
icant (Bittencourt & Abdu, 1981).

The total disturbed E × B drift at approximately the magnetic equator (SL, 2.5°S, 315.8°E) for 29 October
2003, with the above‐described modifications, is shown in Figure 3.

3.2. Disturbed Wind Calculations

In the present proposed model the disturbed wind is assumed to be the sum of two components. The first
component is a quiet time wind calculated using the Horizontal Wind Model 1993, HWM93 (Hedin et al.,

Figure 2. (a) Location of the digisonde/ionosonde stations used in the present work. Dashed line indicates the magnetic equator. (b). Observed F layer critical fre-
quency, foF2 (left) and peak height, hmF2 (h'F2 for Concepción; CO; 36.8°S, 73.0°W; right) during the storm day, 29 October 2003 (black dots), and during
a quiet day (green dots): 11 October 2003 for all stations; 29 September 2003 for Ramey (RA; 18.5°N, 68.0°W). Vertical lines and shadow intervals are explained in
the text.
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1996). The diurnal variation of this wind (29 October 2003) is shown in
Figure 4a for three Brazilian stations and the latitude height distribution
of the wind on Figure 5, along the Cachoeira Paulista magnetic
meridian (~21°E). The second component is a transequatorial wave‐
like perturbation assumed to be propagating from north to south. This
perturbation is thought to originate at the north auroral zone as
energy is deposited into the thermosphere at the start of the storm.
The model seems to be reasonable since it is consistent with ample
evidence of propagating‐like features in the diurnal variations of both
foF2 and hmF2 (Abdu, 2005; Batista et al., 2006, 2012; Fuller‐Rowell
et al., 1994; Kelley, 2009; Prölss & Jung, 1978; Richmond &
Matsushita, 1975; Rishbeth, 1975). Here it is assumed that the
perturbation front is parallel to geographic latitudes and that is moves
along a geographic meridian. Careful considerations of the quasi‐
oscillations of foF2 and hmF2 (section 2; Figure 2b) suggest that the
wave‐like perturbation's wave length is about 2,000 km, the
propagation speed of around 300 m/s at some 250‐km height. The
vertical lines in Figure 2b indicate when the perturbation reached the
different stations, assuming that it is visible on hmF2 over FZ between
11:00 and 11:10 UT and perturbs foF2 between 12:00 and 12:10 UT.
The separation between the vertical lines indicates the range of
propagation speeds being 300 m/s ± 10%.

The wave‐like perturbation is assumed to attenuate with time, in accor-
dance with the modeling results of Richmond and Matsushita (1975),
which simulated the winds and temperature variations in the thermo-
sphere during a large magnetic substorm. Specific amplitudes for various
semiperiods are for a sinusoidal curve with a first trough of amplitude of
−450 m/s (negative is south) in the first semiperiod, then it is followed
by a crest of amplitude +150 m/s (positive is north) in the second semiper-
iod. The amplitudes of the following semiperiods were−75, +38,−19, and
+10 m/s, respectively.

The estimations of wave length, propagation speed, and amplitudes were
reached after several iterations, changing one parameter at the time, using
foF2 and hmF2 variations over FZ and CP. For example, a 25% change of
the first trough amplitude resulted in a change of 8% in foF2 and 5%
in hmF2.

The perturbation wave form as it reaches three stations is shown in
Figure 4b. The latitude height variation of the full disturbed wind model
is shown in Figure 6, also along the Cachoeira Paulista magnetic meri-
dian (~21°E).

It is important to note in Figures 4b and 6 that an additional positive dis-
turbance (northward) of 75‐m/s amplitude was placed between 08:30 and
10:30 UT which was necessary to reproduce the foF2 peak at 10 UT in CP.

4. Results

The SUPIM‐INPE simulation results using the disturbed E × B drift and
quiet wind and the disturbed E × B drift and the disturbed wind, during
the 29 October 2003, are shown for SL and FZ (near equatorial latitudes)
and CP (low latitude) in Figures 7, 8, and 9, respectively. The figures show
the foF2 and hmF2 simulations and observations together with the Dst
and Kp indices.

Figure 3. E × B drift for São Luís (2.5°S, 44.2°W) during 29 October 2003.
Black line model disturbed vertical drift. Green line quiet time vertical drift.

Figure 4. Proposed model the disturbed wind at 250‐km height. (a) Quiet
time wind calculated using the Horizontal Wind Model 1993 at Sao Luis
(SL; 2.5°S, 44.2°W), Fortaleza (FZ; 3.8°S, 38.0°W), and Cachoeira Paulista
(CP; 22.7°S, 45.0°W). (b) Transequatorial wave‐like perturbation for the
same three stations. The wave‐like perturbation amplitudes are−450, +150,
−75, +38, −19, and +10 m/s because these include the amplitude of the
Horizontal Wind Model 1993 wind.
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4.1. Results Using Disturbed E × B Drift and Quiet Wind

Although IEF calculations were made with a constant solar wind speed, the simulations for SL (Figure 7),
using the disturbed vertical drift (IEF plus dh′F/dt) reproduce well the hmF2 observations from the begin-
ning of the storm (~06 UT) until 22 UT. For foF2 the simulations agree with the observations from ~6 to 9
UT and after 18 UT. Before the beginning of the storm, the agreement is not so good for both foF2 and
hmF2. However, we must keep in mind that the drift used for this time interval is that of the quiet time as
given by the empirical model (Scherliess & Fejer, 1999). Moreover, spread F is prevalent during 00–04 UT;
thus, the real foF2 is likely to be smaller and hmF2 larger than indicated in the figure. In addition, the
ionospheric conditions of the previous days (26–28 October 2003) are not quiet (see Blagoveshchensky
et al., 2006).

Figure 5. Horizontal Wind Model 1993 wind distributions along the ~21°E magnetic meridian (the Cachoeira Paulista magnetic meridian) during geomagnetic
quiet conditions. White lines are the magnetic field lines that intercept the latitudes of Cachoeira Paulista (22.7°S, 45.0°W), Fortaleza (3.8°S, 38.0°W), and Sao
Luis (2.5°S, 44.2°W) at 300‐km height.
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The agreement between simulations and observations for FZ (Figure 8) is better for foF2 and almost as good
for hmF2 as already discussed at SL.

In the case of CP (Figure 9), the low‐latitude station, the agreement between simulation and observation is
not so good as for SL and FZ, the near equatorial stations. For foF2 the agreement is only good in 07‐ to 09
and 20‐ to 24‐UT intervals and for hmF2 is for 00‐ to 09‐ and 19‐ to 22‐UT intervals. This is because while the
equatorial ionosphere is mainly affected by the vertical drift, for the low‐latitude ionosphere the effect of the
neutral wind is as important as or even more important than the E × B drift effect. The simulations for CP
show large differences from the observations for both foF2 and hmF2 mainly because a quiet time neutral
wind model was used.

Figure 6. Disturbed wind model distributions along the ~21°E magnetic meridian (the Cachoeira Paulista magnetic meridian) during geomagnetic disturbed con-
ditions. White lines are the magnetic field lines that intercept the latitudes of Cachoeira Paulista (22.7°S, 45.0°W), Fortaleza (3.8°S, 38.0°W), and Sao Luis (2.5°S,
44.2°W) at 300‐km height.
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4.2. Results Using Disturbed E × B Drift and Disturbed Wind

It is quite clear that the agreement between simulations and observations
for SL, FZ, and CP improved considerably when using the disturbance
wind model.

When the results for SL and FZ are considered (Figures 7 and 8), we can
observe, as expected, no significant difference between modeled results
and observations when the disturbed wind is considered in relation to
the results using the quiet time wind model. As explained before, this is
due to the dominance of the effect of theE×B term at equatorial latitudes.

In the case of CP (Figure 9), the foF2‐simulation reproduced the large
peak at 10 UT, the subsequent decrease between 10 and 13 UT, and par-
tially the subsequent wave behavior after 13 UT. In the same way, the
hmF2 simulations reproduced the anomalous decrease between 09 and
12 UT and partially the subsequent wave behavior after 12 UT.

It is to be noted that a disturbance neutral wind at the equator has larger
effect in foF2 than in hmF2, while the same wind affects both foF2 and
hmF2 over CP.

The electron density distribution as a function of latitude and altitude,
along the magnetic meridian affected by the traveling wave‐like distur-
bance is presented in Figure 10. This figure shows the evolution of a dis-
turbed equatorial ionization anomaly at each hour between 7 and 18
UT, during 29 October. At ~09 UT, the disturbed wind produced a peak
in F2 layer density close to the latitude of FZ. This peak moved southward
reaching the latitude of CP approximately 1 hr later, and in the next 2 hr it
reached −30° latitude. Between 14 and 16 UT the disturbed latitudinal
distribution of the ionization shows three peaks. From 17 UT the distribu-
tion returns to its normal behavior due to the lower wind amplitudes.

5. Discussion

Present results are only for stations within the equatorial and low‐latitude
range in the Brazilian sector. The magnetic declinations in these three sta-
tions are almost the same. The angle between the thermospheric wind and
effective wind meridian components is again very close (meridional effec-
tive wind = (UM cos(D) ‐UZ sin(D))*sin I; with UM: meridional wind, UZ:
zonal wind, D: declination, I: inclination). This means that whether the
perturbation wind front is circular (point source in the North

Hemisphere) or parallel to geographic latitude (extended source), the effect of the wind will be similar at
all three stations. Furthermore, for all three stations the diurnal variation epoch considered here is the same,
thus avoiding further considerations needed to be made relative to the thermospheric wind effect in the con-
tinuity equation. However, there are other important considerations to be made. Although a fixed wave-
length and perturbation speed have been assumed, it is likely that both depend on latitude. These may
explain some of the differences in the shape of the quasiperiodic oscillations of the diurnal variations of
foF2 and hmF2 for various stations. Thus, no resort to other processes may be needed.

In particular, a small increase in hmF2 is observed at PS at about 18:00 UT (Figure 2b). This is some two 2 hr
the calculated arrival of the perturbation assuming a 300‐m/s speed. However, if the perturbation speed
decreases to about 210 m/s with increasing latitude, the small hmF2 increase mentioned is well explained.
Furthermore, although there are few observations at CO after the calculated arrival of the perturbation,
these observations are also consistent with a propagation speed of assumed 200 m/s.

It is true that no hmF2 increase is observed at JI at the time of the perturbation arrival (Figure 2b). However,
for this station the sunrise terminator takes place only within an hour of the perturbation arrival time.

Figure 7. Simulated (lines) and observed (circles) foF2 and hmF2 over São
Luís (2.5°S, 44.2°W) for 29 October 2003. (first panel) Dst and Kp indices.
(second panel) Vertical drift derived from IEF‐dh′F/dt. (third panel) foF2
and (fourth panel) hmF2. (dashed black line) Simulation with quiet time
wind model (HWM93). (blue line) Simulation with disturbed wind model.
(filled‐in circles) F3 layer presence. (magenta circles) Spread F occurrence.
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Moreover, at SL, the other equatorial station, a small hmF2 increase can
be observed. There, the perturbation arrival does coincide with the sunrise
terminator. Since for the two stations no hmF2 increases are expected, the
terminator and perturbation effects may be compounded.

According to Bravo et al. (2017), in the absence of vertical drift measure-
ments from incoherent scatter radar to be used as input parameters for
ionospheric models, the best options are to use the vertical drift average
for 150 km height from the Jicamarca Unattended Long‐Term studies of
the Ionosphere and Atmosphere radar (see Chau & Woodman, 2004) or
the vertical drift deduced from magnetometers (see Anderson et al.,
2002, 2004, 2006), both used for daytime (06–18 LT) and combined with
dh′F/dt from ionosondes for the prereversal enhancement hours and after
the sunset (18–24 LT). However, for the case analyzed in the present
study, the ionospheric disturbance that occurred on 29 October 2003,
these measurements were not available for the Brazilian longitude sector.
Besides, they are not the best options when the geomagnetic storm starts
during the nighttime hours as is the case for the 29 October 2003 in the
Brazilian region. For this reason we have used the vertical drift derived
from IEF according to the method proposed by Kelley and Retterer
(2008). According to the literature, efficiencies can vary between 3% and
14% depending on the direction of BZ component of the IMF and the local
time (e.g., Burke et al., 2007; Denardini et al., 2011; Huang et al., 2007,
2010; Kelley et al., 2003; Wei et al., 2008). We have used the efficiencies
of Kelley and Retterer (2008), that is, 10% for southward BZ and 3% for
northward BZ, except at 19–20 UT (16–17 LT, Figure 3), for which we have
used 5%.

The drift obtained (Figure 3) is in agreement with the ROCSAT‐1 satellite
data presented in Lin et al. (2005), which correspond to E ×B drift each 97
min at 300‐km height, for the magnetic equator and 70°W geographical
longitude during 29 October 2003. There is coherence, for example, in
the minimum at the beginning of the storm (~06 UT) and the maximum
in the evening (18–21 UT). However, this drift could not be used in our
simulations due to its low frequency of sampling (each 97 min).

Also, the drift used in the present work is in agreement with the drift used
by Batista et al. (2006) at the beginning of the storm between 06 and 08
UT. Both drifts have a decrement between 07 and 08 UT that reproduces
the observations in foF2 and hmF2 in SL, FZ, and CP. However, after 09
UT the simulations in Batista et al. (2006) are not able to reproduce the
observations. Originally, some tests with modifications in the drift model

from Batista et al. (2006), inserting a positive peak after its decrease with the same amplitude, were used for
the SUPIM simulations, in order to simulate an overshielding condition after an undershielding event. The
simulation results using this drift (not shown here) were able to reproduce the foF2 observations between 09
and 12 UT in SL and FZ, but not in CP, while the results for hmF2 did not agree with the observations at
none of the three stations. On the other hand, simulations using a disturbed wind similar to the wind used
in Balan et al. (2009, 2010), that is, a wind that has zero amplitude at the magnetic equator and amplitude
near to 100 m/s at middle latitudes (± 20°), have been ineffective to reproduce the observations during
the Halloween storm over the Brazilian sector. The results using Balan's disturbed winds at the Brazilian sec-
tor showed no significant effects compared to no wind. Another disturbed wind configuration was necessary.
One possibility was asymmetric neutral winds which can do asymmetric positive storms with respect to the
equator (Balan et al., 2013) and considering that the TADs could be a good option.

The latitude height plasma‐frequency distribution simulations presented in Figure 10 are consistent with the
total electron content (TEC) observation maps over Brazilian sector from Batista et al. (2006), Figure 4. In

Figure 8. Simulated (lines) and observed (circles) foF2 and hmF2 over
Fortaleza (3.8°S, 38.0°W) for 29 October 2003. (first panel) Dst and Kp
indices. (second panel) Vertical drift derived from IEF‐dh′F/dt. (third panel)
foF2 and (fourth panel) hmF2. (dashed black line) Simulation with quiet
time wind model (HWM93). (blue line) Simulation with disturbed wind
model. (filled‐in circles) F3 layer presence. (magenta circles) Spread F
occurrence.
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their figure, the quiet time TEC is observed between 07 and 08 UT (04–05
LT) of the disturbed day 29 October 2003 and is similar to the characteris-
tics of the quiet time TEC (11 October 2003). This is in agreement with the
very low plasma frequency simulations shown in Figure 10 (electron den-
sity is proportional to the square of plasma frequency). The following
increase in TEC observed near FZ and SL but not in CP between 08 and
09 UT (their Figure 4) is consistent with what is shown in Figure 10, 09
UT. Later on (09–10 UT) there is a strong peak of TEC over CP that seems
to move southward in the following hours (10–11 UT), which also agrees
with the electron density simulation shown in Figure 10 between 10 and
12 UT. The wind configuration having a wave‐like propagating southward
(interhemispheric propagation) seems to be responsible for the great peak
in foF2 over CP at 10 UT. Batista et al. (2012) shows similar early morning
enhancement in foF2 over CP during the 24 November 2001 and 31March
2001 storms. For the 24 November 2001, Batista et al. (2012) deduced mer-
idional winds with drastic and sharp wind inversions, compatible with the
hypothesis of surges in the wind and also compatible with the wave like
used in the present work.

Analysis of disturbances in the TEC maps for the European sector during
the 29 October 2003 (Borries et al., 2009) gives a propagation speed equal
to 976 ± 201 m/s and a period equal to 56 ± 11 min. This is 3 times larger
than the propagation speed used in the present work. On the other hand,
if we consider that the perturbation observed in RA at 08 UT was pro-
duced by the wave passing through that location, we can calculate a pro-
pagation speed equal to ~750 m/s, value which is closer to that found in
Borries et al. (2009). Most time lags between the increase of AE index
and the subsequent increase in foF2 are of the order of 1.5 to 3.5 hr
(Prölss & Jung, 1978). Thus, if we consider that the storm started at
06:10 UT, it would be possible to observe effects at 08 UT in RA. Our pro-
pagation speed (300 m/s) could be due to a decline in speed, as it advances
in latitude as suggested in the simulations presented in Richmond and
Matsushita (1975) as well as in the work of Shiokawa et al. (2007) for
the magnetic storm of 31 March 2001. In general, the propagation velocity
of TADs could be of the order of 400 to 1,100 m/s (Richmond &
Matsushita, 1975), but on the other hand, the TID that is the signature
in the ionosphere of the passage of the TAD could have different speeds
and significant variations with height (Balthazor & Moffett, 1997) not
considered here.

The positive disturbance (northward) that was introduced in the wave‐like wind velocity for CP (Figure 6,
bottom panel) in order to reproduce the foF2 peak at 10 UT could be explained as the combined effect of
conjugate TADs originated in both north and south auroral zones, which interfere constructively, increas-
ing the magnitude of the TID in a way similar to that seen in the simulation of Balthazor and
Moffett (1997).

Chen et al. (2016) studied the variations of nighttime hmF2 over the American sector during the 28–29
October 2003 storm period, using the National Center for Atmospheric Research Thermosphere‐
Ionosphere Electrodynamics Global Circulation Model. Their numerical experiments, in comparison with
the data of Dyess (32.4°N, 99.8°W), Eglin (30.5°N, 86.5°W), Ramey (18.5°N, 67.1°W), and Jicamarca
(12.0°S, 76.8°W) ionosonde stations, suggest that the nighttime increase of hmF2 at 07–10 UT of 29
October (see Ramey and Jicamarca in Figure 2a) is mainly caused by TADs from the high latitudes of the
Northern Hemisphere. This equatorialward wind (from north) would have speeds larger than 200 m/s,
agreeing with our wind. Their simulations show equatorward winds traveling from the north as well as from
the south. The equatorward wind propagating from south could explain the additional disturbance (north-
ward) placed between 08:30 and 10:30 UT necessary to reproduce the foF2 peak at 10 UT in CP. However,

Figure 9. Simulated (lines) and observed (circles) foF2 and hmF2 over
Cachoeira Paulista (22.7°S, 45.0°W) for 29 October 2003. (first panel) Dst
andKp indices. (second panel) Vertical drift derived from IEF‐dh′F/dt. (third
panel) foF2 and (fourth panel) hmF2. (dashed black line) Simulation with
quiet time wind model (Horizontal Wind Model 1993). (blue line)
Simulation with disturbed wind model. (filled‐in circles) F3 layer presence.
(magenta circles) Spread F occurrence.
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they show a dominant transequatorial wind from the south (which is contrary to ours), but this wind should
lower the layer in the Northern Hemisphere, which is not seen in RA (Figure 2a). On the other hand,
analysis of TECmaps over North America during 29–30 October 2003 presented in Ding et al. (2007) showed
the existence of two consecutive large‐scale TIDs immediately after the beginning of the storm (06:20–08:00
UT). The first TID propagated at 270 m/s with the azimuth of 217°, and the second TID propagated at 500
m/s with the azimuth of 191°.These speeds are close to those used in this work, so it could be the same
one that comes traveling from the north, while we have used an azimuth of 180° for the direction of propa-
gation. Also, this agrees with our work in that the disturbance has more than one peak. Finally, this calcula-
tion confirms that the source region is in the north. According to Ding et al. (2007), the source of the TIDs
was likely located between 50°N and 55°N.

Figure 10. The Sheffield University Plasmasphere Ionosphere Model at Instituto Nacional de Pesquisas Espaciais simulated plasma frequency distribution along
the ~21°E magnetic meridian (Cachoeira Paulista magnetic meridian) affected by the traveling wave‐like disturbance propagating from north to south
during 29 October 2003. White lines are the magnetic field lines that intercept the latitudes of Cachoeira Paulista (22.7°S, 45.0°W), Fortaleza (3.8°S, 38.0°W), and
Sao Luis (2.5°S, 44.2°W) at 300‐km height.
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6. Conclusions

We have attempted to reproduce the drastic effects observed at equatorial and low‐latitude ionosphere in the
Brazilian region (Sao Luis, Fortaleza and Cachoeira Paulista) during the first day (29 October 2003) of the
very intense Halloween geomagnetic storms. We have used the SUPIM‐INPE model to simulate the foF2
and hmF2 ionospheric parameters.

Due to the absence of vertical drift measurements in the South American sector during this geomagnetic
storm, we have used a new disturbed vertical drift assumed to be the composite of two parts: The first one
is the same of disturbed drift derived from IEF and a quiet time well‐known equatorial latitude model;
the second one is derived from time variation of the F region virtual height. The simulations using this drift
are consistent with the observations at the equatorial latitude (Sao Luis and Fortaleza). For low latitude
(Cachoeira Paulista), there is a need to introduce a disturbed wind in order to reproduce the observations.

A novel traveling wave‐like disturbance propagating from north to south with a 300 m/s velocity is used as a
disturbed thermospheric wind which reproduced well the observation in Cachoeira Paulista. This same dis-
turbed wind is found to be appropriate to simulate the ionospheric parameters for Fortaleza and Sao Luis,
which are located at the same longitude sector as Cachoeira Paulista.

The proposed disturbed wind model is consistent to explain the published results for TEC in the European
region and for hmF2 in the North American sector.
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