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Abstract. A very intense geomagnetic storm (superstorm)
began with storm sudden commencement (SSC) at 08:03 UT
on 20 November 2003, as a result of the coronal mass ejection (CME) by sunspot 484 hurled into space on 18 November 2003. The geomagnetic storm attained |Dst |max =472 nT
at 20:00 UT (20 November). In this paper we present the
simultaneous ionospheric sounding observations, using the
Canadian Advanced Digital Ionosondes (CADIs), carried out
from Palmas (PAL; 10.2◦ S, 48.2◦ W; dip latitude 5.5◦ S;
a near equatorial station) and São José dos Campos (SJC;
23.2◦ S, 45.9◦ W; dip latitude 17.6◦ S; station located under
the crest of equatorial ionospheric anomaly), Brazil. In addition, total electron content (TEC) measurements from several GPS receiving stations in the Brazilian sector during this
storm are presented. The simultaneous ionospheric sounding observations carried out at SJC and PAL, and TEC observations on 3 consecutive days viz., 19 November (quiet),
20 November (disturbed) and 21 November (recovery phase)
are presented. Salient features from the ionospheric observations in the Brazilian sector during the superstorm are discussed. The difference in the observed ionospheric response
at the two stations (PAL and SJC) is considerable. This is
not surprising given that PAL is close to the magnetic equator and SJC is near the crest of the equatorial ionospheric
anomaly (EIA). It should be pointed out that soon after the
SSC (about 4 h later), the F-region critical frequency (foF2),
the F-region peak height (hpF2), and variations of virtual
heights at different frequencies (iso-frequency plots) all show
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wavelike oscillations of the F-region during daytime at both
the ionospheric sounding stations. Unusual rapid uplifting
of F-region at PAL was observed during both the main and
recovery phases of the storm.
Keywords. Ionosphere (Equatorial ionosphere; Ionospheremagnetosphere interactions; Ionospheric irregularities)
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Introduction

The response of ionosphere-thermosphere system in the
equatorial and low latitude region during super geomagnetic storms or superstorms (we have considered a geomagnetic storm with |Dst |max >250 nT as superstorm) are important space weather issues. Geomagnetic storms are extreme
forms of space weather disturbances. Geomagnetic storm
effects on ionospheric regions covering high, mid and low
latitude have been reviewed by several investigators (e.g.,
Danilov and Morozova, 1985; Schunk and Sojka, 1996;
Abdu, 1997; Buonsanto, 1999). However, investigations related to magnetosphere-ionosphere interactions during geomagnetic storms at equatorial and low latitude continue to
attract considerable attention because more case studies are
needed to understand better different types of space weather
events and increase our capability to predict ionospheric responses. As discussed by Abdu (1997) response of the equatorial ionosphere to magnetospheric disturbances are produced by electric fields (prompt equatorward penetration of
magnetospheric/high latitude electric field (e.g., Senior and
Blanc, 1984; Spiro et al., 1988), and ionospheric disturbance
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Fig. 1. Map of South America showing the locations of the ionospheric sounding and GPS receiving stations. Also, the geographic
and magnetic equators are shown.
FIGURE 1

dynamo due to global thermospheric wind circulation associated with Joule heating at high latitude (e.g., Blanc and Richmond, 1980). Other possible perturbations could be caused
by winds (transport of energy from high latitudes in form of
changes in global wind pattern and traveling atmospheric disturbances due to Joule heating or Lorentz forces; e.g. Burns
and Killeen, 1992; Hajkowicz, 1990; Prolss, 1997; Nicolls
et al., 2004) and composition changes (changes in the thermospheric composition (O/N2 ) ratio; e.g. Greenspan et al.,
1991; Zhang et al., 2003).
As mentioned by Gopalswamy et al. (2005) the largest geomagnetic storm of solar cycle 23 occurred on 20 November 2003, due to a coronal mass ejection (CME) from active region 501 that erupted near the center of the sun on
18 November 2003, evolved into an interplanetary magnetic
cloud and hit Earth’s magnetic field on 20 November. This
impact resulted in a superstorm with a storm sudden commencement (SSC) at 08:03 UT (20 November) attaining
|Dst |max =472 nT at 20:00 UT (20 November). In this paper
we present and discuss the simultaneous ionospheric sounding observations carried out from Palmas (10.2◦ S, 48.2◦ W;
dip latitude 6.6◦ S; a near equatorial station and hereafter reAnn. Geophys., 25, 863–873, 2007

Fig. 2. The variations of the Kp , Dst , SYM-H and AE geomagnetic indices during the period 19–21 November 2003. Also, the
geomagnetic field H-component variations during the period 19–21
November 2003, observed at Vassouras, Brazil, are shown.
FIGURE 2

ferred as PAL) and São José dos Campos (23.2◦ S, 45.9◦ W;
dip latitude 18.6◦ S; a low-latitude station located under the
southern crest of the equatorial ionospheric anomaly and
hereafter referred as SJC), Brazil, and total electron content
(TEC) measurements from several GPS receiving stations in
13 Brazilian sector, except one station which is located in
the
the Central American sector, during this storm. The two
ionospheric sounding stations are located nearly in the meridian (geomagnetic) direction separated by about 1460 km and
are equipped with the Canadian Advanced Digital Ionosonde
(CADI) (Grant et al., 1995). It should be mentioned that
several other workers (e.g. Meier et al., 2005; Bruinsma et
al., 2006; Crowley et al., 2006) have also investigated the
response of thermosphere and/or ionosphere to this superstorm.
2

Observations

The two ionospheric sounding stations (PAL and SJC) have
same the local time, with UT=LT+3 h. Table 1 presents
the details of all the Global Positioning System (GPS) stations from which data have been utilized in the present
study. All the GPS stations belong to the “Rede Brasileira
www.ann-geophys.net/25/863/2007/
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Table 1. Details of the GPS receiving sites used in the study.
Location

Symbol used
(Network)

Geog.
Lat.

Geog.
Long.

Dip Lat.

Local Time (LT)

St. Croix, U.S. (Virgin Is.)

CROL
(IGS)
FORT
(IGS/RBMC)
IMPZ
(RBMC)
BRAZ
(IGS/RBMC)
RECF
(RBMC)
UEPP
(RBMC)
RIOD
(RBMC)
POAL
(RBMC)

17.8◦ N

64.6◦ W

25.9◦ N

LT=UT−4 h

3.8◦ S

38.4◦ W

7.1◦ S

LT=UT−3 h

5.5◦ S

47.5◦ W

2.9◦ S

LT=UT−3 h

15.9◦ S

47.9◦ W

11.7◦ S

LT=UT−3 h

8.0◦ S

34.9◦ W

13.1◦ S

LT=UT−3 h

22.1◦ S

51.4◦ W

14.9◦ S

LT=UT−3 h

22.8◦ S

43.3◦ W

19.8◦ S

LT=UT−3 h

30.1◦ S

51.1◦ W

20.7◦ S

LT=UT−3 h

Fortaleza, Brazil
Imperatriz, Brazil
Brasilia, Brazil
Recife, Brazil
Presidente Prudente, Brazil
Rio de Janeiro, Brazil
Porto Alegre, Brazil

de Monitoramento Continuo (RBMC; Brazilian Network
for Continuous GPS Monitoring)” operated by the “Instituto Brasileiro de Geografia e Estatı́stica (IBGE; Brazilian
Institute of Geography and Statistics)”, except the station
St. Croix, U.S. Virgin Island, which belongs to the International GPS Service (IGS) for Geodynamics. Figure 1 shows
the locations of the ionospheric sounding and GPS stations
used in the present investigations. Figure 2 shows the UT
variations in Kp (Fig. 2a; intensity of storms; 3-hourly values), Dst (Fig. 2b; intensity of the ring current; hourly values), SYM-H (Fig. 2b; 1-min resolution Dst values; http:
//swdcwww.kugi.kyoto-u.ac.jp), and AE (Fig. 2c; intensity
of the auroral electrojet; every 1 min values) geomagnetic indices during the period 19–21 November 2003. Also, Fig. 2b
shows the geomagnetic field H-component variations during
the period 19–21 November 2003 (UT days), observed at
Vassouras (22.4◦ S, 43.6◦ W; dip latitude 19.3◦ S), Brazil.
Figures 3 and 4 show variations of the ionospheric parameters minimum virtual height of the F-layer (h0 F; black
dots), critical frequency (foF2; black dots), and hpF2 (the
virtual heights at 0.834 foF2 (black dots) – a proxy for the
peak F-layer height (hmF2)) for the UT days 19 November (quiet), 20 November (geomagnetically disturbed) and
21 November (recovery phase) 2003, observed at PAL and
SJC, respectively. The ionospheric parameters reported were
obtained every 15 min. It should be mentioned that during the main phase of the superstorm on 20 November (between about 12:00 UT to 20:00 UT), the ionograms at PAL
were of relatively poor quality. The ionospheric parameters from the ionograms, which were incomplete (partial),
have been omitted in Fig. 3. Crosses (Fig. 3) show the
ionograms, which needed extreme care and extrapolation
www.ann-geophys.net/25/863/2007/

in scaling to get the ionospheric parameters. Also, Figs. 3
and 4 show the median values of the ionospheric parameters (h0 F, foF2 and hpF2; red line) for both the stations on
10 quiet days (classification available through the website
http://ftp.gwdg.de/pub/geophys/kp-ap/tab/), every 15 min on
3, 5, 7, 8, 19, 26, 27, 28, 29, and 30 November 2003. The
quiet day variations in h0 F at PAL (Fig. 3 – red line) show
prominent post-sunset pre-reversal enhancement. The absences of foF2 and hpF2 values in median plots at PAL during the pre-midnight sector are due to the presence of strong
spread-F on the quiet nights.
As pointed out by Danilov and Morozova (1985) the determination of the peak F-layer height (hmF2) using hpF2 is
less reliable during the daytime (the altitude hpF2 is overestimated with respect to the true altitude of the maximum of
the layer hmF2) than at nighttime where hpF2≈hmF2. As reported by Batista et al. (1991), hpF2 could differ from hmF2
by ≤50 km during daytime and by ≤10 km during nighttime. However, in the present investigation, the main aim
is to study variations of F-region height observed during geomagnetically disturbed period relative to the quiet time patterns, it is reasonable to use the ionospheric parameter hpF2
even during daytime. Figure 5 shows a set of ionogram
combinations obtained at times separated by about 30 min
at PAL and SJC on 20 November, which included the main
phase of the superstorm. Figure 6 shows the observed variations of virtual heights at different fixed reflection frequencies (measurements every 100 s) at PAL (top panel) and SJC
(bottom panel) during the period 19 to 21 November 2003
(UT days). It is seen in Fig. 6 that the absorption of radio
waves (<7 MHz at PAL and <5 MHz at SJC) similar to 20
November are also present on 19 November (quiet day) and
Ann. Geophys., 25, 863–873, 2007
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Fig. 3. The variations of h0 F, foF2 and hpF2 (black dots with line) during the period 19–21 November 2003 observed at Palmas (PAL),
Brazil. The average quiet-day variations of h0 F, hpF2 and foF2 (red line) are also shown.

3 Results and discussion
21 November (period of recovery) (Fig. 2). Therefore, it appears the low frequency absorption of radio waves in ionosphere is not associated with the storm-time effects.
During intense geomagnetic disturbances, profound changes
Figure 7 shows the average (every 5 min) vertical total
are observed in the F-region height (e.g. h0 F and hpF2) and
electron content (VTEC) UT variations from GPS obserplasma densities in the low latitude region and these are imvations (satellites above 30◦ elevation angle) at 8 receivportant diagnostics for storm-time effects. In general, geoing stations (Table 1) during the period 19 to 21 NovemFIGURE 3magnetic storms are described by an SSC (sometimes gradber 2003. Figure 8 shows the phase fluctuations (rate of
ual commencement) followed by initial or growth, main and
change of TEC (TEC/min); see e.g. Aarons et al., 1996)
recovery phases. As mentioned by Schunk and Sojka (1996),
from GPS signals obtained from different satellites at 2 reduring the growth phase, the magnetospheric electric field
ceiving stations, aligned fairly close to the PAL-SJC geoand particle precipitation patterns expand, the electric fields
magnetic meridian, during the period 19 to 21 November
become stronger and precipitation becomes more intense,
2003 (UT days). As mentioned by Mendillo et al. (2000)
however, the energy input to the upper atmosphere max15
the TEC changes presented encompass, potentially, the enimizes during the main phase, while during the recovery
tire path in the F-region. Figure 9 shows several “Global
phase the geomagnetic activity and energy input decreases. It
Ionospheric Maps” using the IGS GPS stations produced by
should be pointed out that, during a storm if the electron den“CODE (Center for Orbit Determination in Europe; websity increases as a result of storm dynamics, it is called “possite – http://www.aiub.unibe.ch/ionosphere.html), observed
itive ionospheric storm or positive phase”, while a decrease
on 19 November (quiet) and 20 November (geomagnetically
in electron density is called “negative ionospheric storm or
disturbed) 2003 between 10:00 UT and 20:00 UT (every 2 h).
negative phase” (Danilov and Morozova, 1985; Schunk and
Sojka, 1996). For storm-time effects associated with the
low latitude ionosphere, Abdu (1997) has pointed out that
Ann. Geophys., 25, 863–873, 2007

www.ann-geophys.net/25/863/2007/

F. Becker-Guedes et al.: Ionospheric response in the Brazilian sector during the super geomagnetic storm

867

Fig. 4. Same as in Fig. 3, but for Sao Jose dos Campos (SJC), Brazil.

there are two major sources, that is disturbance electric fields
and disturbance winds, however, sometimes a mix up of
the two effects are possible (e.g. Reddy and Nishida, 1992;
Abdu, 1997). The principal features observed in the F-region
ionospheric parameters during the superstorm starting on 20
November with SSC at 08:03 UT are presented and discussed
in this section.

tween about 400 and 550 km). They have reported that, in a
global sense, density increases of the order of 300–800% occur with only about 4-h delay at the equator. Possibly the
unusual foF2 response observed at PAL and SJC during the
disturbed period is associated with the large thermospheric
density reported by Bruinsma et al. (2006).
The F-region height (h0 F and hpF2) variations at PAL and
FIGURE 4SJC are shown in Figs. 3 and 4, respectively. Figure 6 shows
3.1 Observed wave like structures
the iso-frequency plots at PAL and SJC. A perusal of height
changes observed at PAL and SJC in Figs. 3 (hpF2), 4 (hpF2)
The variations of foF2 at PAL and SJC, during the period
and 6, show the start of oscillating behavior, compared with
19–21 November, are shown in Figs. 3 and 4. Both stations
observations on 19 November and quiet days average, only
show oscillations over the quiet day average starting at about
about two hours after the SSC (08:03 UT on 20 November).
12:00 UT. SJC shows peak enhancement around 19:00 UT
This period is very short for TIDs generated
16by geomagon 20 November, whereas PAL shows a minimum around
netic disturbance to reach this low latitude station. Possibly
the same time. The global ionospheric TEC maps (Fig. 9)
these oscillations are associated with local tropospheric disalso show large spatial variations, on the disturbed day comturbances. However, from about 12:00 UT on 20 November
pared with quiet day starting around 12:00 UT and anomaboth PAL and SJC (Figs. 3, 4 and 6) show large height oscillous east-west aligned equatorial ionization anomaly arcs belations which are possibly associated with the traveling ionotween 18:00 to 20:00 UT, close to the Brazilian sector. Respheric disturbances (TIDs). During this storm, Bruinsma et
cently, Bruinsma et al. (2006) have studied the thermospheric
al. (2006) have reported large-scale (≥1000 km) wave strucdensity response to this geomagnetic storm from accelerometures with wave speeds 1000–1500 m/s. Figure 5 shows
ter measurements on the CHAMP and GRACE satellites (befew (six) combination of ionograms (separated by about
www.ann-geophys.net/25/863/2007/
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Fig. 5. A set of ionogram combinations obtained at times separated by about 30 min at PAL and SJC on 20 November, which included the
main phase of the superstorm.

FIGURE 5
half-hour) obtained at PAL and SJC during about 11:40 UT–
18:30 UT on 20 November. These combinations of ionograms clearly show the effect of TIDs on the F-region at these
equatorial and low latitude regions.

3.2

Unusual F-region height and peak electron density
changes

Figure 6 shows an unusually rapid height rise of the F-region
at PAL slightly after 16:00 UT on 20 November. In the

17
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Fig. 6. Virtual height variation plots for different fixed frequencies (iso-frequencies) for the period 19 to 21 November, 2003, observed at
PAL (top) and SJC (bottom).

main phase, when rapid changes in the Dst index occurs,
zonal winds, which are important at the magnetic equator
prompt equatorward penetration of magnetospheric electric
near sunset. Unlike the nights of 18–19 November, 19–20
field takes place (Wygant et al., 1998; Basu et al., 2001).
November and 21–22 November (see Figs. 3, 4 and 8), no
During the period 16:00 to 19:00 UT on 20 November, the
large-scale ionospheric irregularities (ESF) developed on this
Dst index (Fig. 2; see also SYM-H index) was decreasing
night due to suppression of the pre-reversal enhancement.
rapidly at about −80 nT/h and the prompt penetration elecHowever, soon after the pre-reversal time, Fig. 3 shows that
0
tric field resulted in rapid height increase at PAL close
to
both
FIGURE
6 h F and hpF2 variations at PAL undergo rapid uplifting
16:00 UT. This uplifting of the F-layer in the equatorial reof the F-layer starting at about 03:00 UT on 21 November
gion (Fig. 6) and diffusion of the ionospheric plasma to low
associated with the penetration of high latitude electric field.
latitude regions is clearly seen in Figs. 7 and 9. Figure 7
This uplifting of the F-layer at PAL is accompanied with a
shows large VTEC enhancements at CROL in the Northern
strong decrease in foF2 (SJC during this period shows a little
Hemisphere and POAL in the Southern Hemisphere around
increase in foF2 (Fig. 4)) and generation of frequency type
20:00 UT. Figure 9 shows an unusual development of the
spread-F (Fig. 3). These small-scale irregularities are not
equatorial ionization anomaly arcs during 18:00 to 20:00 UT,
seen in Fig. 8. The uplifting of the F-layer at PAL around
as mentioned earlier.
mid-night local time, is possibly due to storm time vertical
drift during an increase in the AE index in the recovery phase
The variations in h0 F at PAL (Fig. 3) show that during the
of the magnetic storm (Fig. 2) (Fejer and Emmert, 2003; Ke18
post-sunset period on 20 November, the disturbed day, the
skinen et al., 2006). Also, there is an uplifting at SJC, but the
pre-reversal enhancement was suppressed. As mentioned by
amplitude is somewhat small.
Abdu (1997), this could be associated with the disturbance
www.ann-geophys.net/25/863/2007/
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Fig. 7. The vertical total electron content (VTEC) variations from GPS observations (satellites above 30◦ elevation angle) at 8 receiving
stations (Table 1) during the period 19 to 21 November 2003.

FIGURE 7
Around 08:00 UT on 21 November, both PAL and SJC
it is observed that on 21 November severe depletions extend
(Figs. 3 and 4) show that foF2 starts increasing due to sunrise.
to the Brazilian sector. The negative phase in the foF2 obThereafter, both the stations show positive phase. Around
servations PAL and SJC are in accord with the depletions in
15:00 UT at PAL and around 14:00 UT at SJC, the increasing
GUVI O/N2 ratio.
phase in foF2 turns to decreasing phase. This could be asso19
ciated with a depletion in the atomic oxygen (O) to molecular
3.3 Comparison with the Halloween storm
nitrogen (N2 ) density ratio. Meier et al. (2005) have studied this superstorm with Global Ultraviolet Imager (GUVI)
Sahai et al. (2005) have studied the effects of the superstorm
observations on-board the Thermosphere Ionosphere Mesoat the end of October 2003, also known as the Halloween
sphere Energetics and Dynamics (TIMED) satellite. Figure 2
storm, on the equatorial and low-latitude F-region in the
of Meier et al. (2005) shows maps of GUVI O/N2 ratio and
Brazilan sector. During the Halloween storm, the important
Ann. Geophys., 25, 863–873, 2007
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Fig. 8. The phase fluctuations (rate of change of TEC (TEC/min)) from GPS signals obtained from different satellites at 2 receiving stations
(Imperatriz and Presidente Prudente, Brazil).

features observed were spectacular uplifting of the F-region
1.
during pre-reversal time on both the nights of 29–30 and 30–
FIGURE 8
31 October resulting in strong ESF, and unusual development
of the equatorial ionospheric anomaly during early morning
2.
hours on 29 October (see also Batista et al., 2006). However, during the 20 November storm the unusual uplifting of
the F-region was observed in the daytime and there was suppression of the pre-reversal enhancement with no ESF generation. It should be mentioned that during this storm another uplifting of the F-layer with ESF was observed in the
recovery phase around the local midnight of 20–21 Novem3.
ber. Therefore, there are major differences in the effects of
the two superstorms and more case studies will be important
for space weather investigations.
4

Conclusions

In this paper we have presented the simultaneous ionospheric
sounding observations from to stations Palmas (PAL) and
São José dos Campos (SJC) located in the Brazilian sector,
during the superstorm on 20 November 2003. Data from several GPS receiving stations in the Brazilian longitude zone
are also presented. Some of the salient features associated
with these observations are summarized below.
www.ann-geophys.net/25/863/2007/

Only after about 4 h from the SSC, observations from
both ionospheric sounding stations show wavelike
structures (fast TIDs).
Ionospheric sounding observations at PAL show an unusual lifting of the F-region at about 16:00 UT. The
“VTEC” observations at stations away from the magnetic equator show unusually high TEC values at about
20:00 UT, indicating development of strong fountain effect during the storm main phase.
At PAL, the variations in h0 F show considerable reduction in the post-sunset pre-reversal enhancement.
No ESF was observed during the early night of 20–21
20
November 2003.

4. At about 03:00 UT on 21 November 2003, the F-region
at PAL shows a strong uplifting with decrease in foF2
resulting in generation of ESF (frequency type) during
the storm recovery phase.
5. Both positive and negative effects in foF2 are observed
during the storm-time at PAL and SJC.
6. The global ionosphere maps show strong spatial variations and unusual enhancements on 20 November 2003
compared with 19 November 2003.
Ann. Geophys., 25, 863–873, 2007
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