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Abstract. In this work the response of the ionosphere duewhich is an advantage over TEC measured by isolated GPS
to the severe magnetic storm of 7-10 November 2004 is infeceivers.

vestigated by analyzing GPS Total Elegtron Content (TEC)Keywords. lonosphere (Electric fields and currents; Equa-
maps_construpted for the South A.me_”ca _sector. In OrOIertorial ionosphere; lonospheric disturbances)
to verify the disturbed zonal electric fields in South Amer-

ica during the superstorm, ionospheric vertical drift data ob-
tained from modeling results are used in the analysis. The

vertical drifts were inferred froohn H magnetometer data 1 Introduction

(Jicamarca-Piura) following the methodology presented by

Anderson et al. (2004). Also used were vertical drifts mea-The complex effects of magnetospheric convection in iono-
sured by the Jicamarca ISR. Data from a digisonde locategpPheric electric fields and currents from middle to low lat-
at Sio Lus, Brazil (2.33S, 44.2 W, dip latitude 0.25) itudes during geomagnetic disturbances have been docu-
are presented to complement the Jicamarca equatorial datBlented in several studies (Blanc, 1983; Heelis and Coley,
Penetration electric fields were observed by the compari1992; Fejer, 1997; Foster and Rich, 1998; Kelley etal., 1979,
son between the equatorial vertical drifts and the Interplane2003; Huang et al., 2005a, b; Mannucci et al., 2008). Under
tary Electric Field (IEF). The TEC maps obtained from GPS geomagnetically disturbed conditions, the two main sources
data reflect the ionospheric response over the South Americ@f electric fields responsible for changes in the plasma drifts
low-latitude and equatorial region. They reveal unexpectec®nd for current perturbations are the prompt penetration elec-
plasma distributions and TEC levels during the main phase offic fields (PPEFs) and the long lasting ionospheric distur-
the superstorm on 7 November, which is coincident with thebance dynamo (DD) electric fields. In this work both fea-
local post-sunset hours. At this time an increase in the prefures are observed during a very intense geomagnetic storm
reversal enhancement was expected to develop the Equatorifiat occurred on November 2004. In this paper we refer to
lonization Anoma|y (E|A) but we observed the absence of“electric fields” as the convective features of the plasma flow
EIA. The results also reveal well known characteristics of theVvelocity. As discussed by Vasylas (2001, 20053, b), the
plasma distributions on 8, 9, and 10 November. The emphaonly parameter observed in the solar wind as well as in the
sized features are the expansion and intensification of EIANagnetosphere and ionosphere is the plasma flow velbcity
due to prompt penetration electric fields on 9 November ancend not the electric field. However, by the use of the MHD

the inhibition of EIA during post-sunset hours on 7, 8, and 10approximationt = —V x B it is possible to infelE, which
November. One important result is that the TEC maps proresents mathematical and conceptual advantages (Tsurutani
vided a bi-dimensional view of the ionospheric changes of-et al., 2008a) in the description of the electrodynamics phe-
fering a spatial description of the electrodynamics involved, "omena that will be discussed further.

The ionospheric disturbance dynamo is due to the dynamic
action of thermospheric winds produced by auroral heating
Correspondence tdP. M. de Siqueira during the storm time. These winds modify the global cir-
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middle and low latitudes (Blanc and Richmond, 1980) andthe other hand, the concepts of “undershielding” and “over-
causing variations in thermospheric composition and densishielding” are not being considered in some recent studies
ties (Rishbeth, 1975). The DD electric fields have timescale§Huang et al., 2005a, b; Mannucci et al., 2005; Tsurutani
from a few to several hours (Fejer and Scherliess, 1997gt al., 2004, 2008a). Such studies propose a long duration
Scherliess and Fejer, 1997). Relatively fast DD (occurringprompt penetration of IEF to ionosphere during large south-
about 2-3h after increases in convection) is attributed toward incursions of IMFB; and a great uplift of ionospheric
the dynamo action of fast traveling equatorward wind surgesplasma with a resulting enhanced TEC. The latter is believed
(Fuller-Rowell et al., 2002), while slower changes in the to enhance due to the formation of a “superfountain” effect
electrodynamics (occurring 3—12 h later) are probably drivenwhich has been called the “dayside ionospheric superfoun-
by the mechanism proposed by Blanc and Richmond (1980jain (DIS) effect”. Also, Tsurutani et al. (2008a) propose
of equatorward enhanced winds due to auroral heating (Fethe idea of penetration of the dusk-to-dawn IEF, i.e. during
jer et al., 2007). The quiet time wind dynamo electric field northward IMF B, turnings, and discuss one event sustain-
at the ionosphere has a dawn-to-dusk polarity, while the DDing this hypothesis. Generally, the PPEFs have typical rise
electric field points from dusk-to-dawn (i.e. westward in the and decay of about 15 min duration, and lifetimes of about
dayside and eastward at night). Thereby, during the actiorone hour (Gonzales et al., 1979; Fejer, 1986) to several hours
of DD mechanism the dawn-to-dusk component of the quiet(Huang et al., 2005a, b; Mannucci et al., 2005; Tsurutani et
zonal electric field tends to diminish or even reverse. al., 2004, 2008a).

The penetration electric fields events were at first deduced The changes in the equatorial ionization anomaly (EIA)
from their consequent magnetic field observed in the equaare one of the most perceptible responses of the equatorial
torial electroject (Nishida, 1968). Several researchers obthermosphere-ionosphere system to the magnetospheric dis-
served that the interplanetary electric field (IEF) could pen-turbances (Abdu et al., 1993). These changes can be caused
etrate into the magnetosphere-ionosphere system (Reddy &Y the discussed modifications in the ionospheric electric
al., 1979). One explanation was found when Gonzales efields and also by thermospheric windsdRs, 1995). The
al. (1979) showed that the ionospheric zonal electric fieldEIA is attributed to the so-called fountain effect. We intend to
at the equator had the same structure as the auroral electrighow such changes by analyzing TEC maps. The disturbed
field. Kelley et al. (1979) proposed the concepts of “under-electric fields at the ionosphere during active times lead to
shielding” and “overshielding” of the electric field by the large changes in dayside TEC at low and middle latitudes,
Alfvén layer. According to those concepts, IEF penetratesand the physical mechanisms involved in these changes are
to the low-latitude ionosphere and has significant influencewell understood (Fuller-Rowell et al., 1997; Tsurutani et al.,
on the ionospheric electrodynamics during intense geomag2004, 2007, 2008a, b; Huba et al., 2005; Lin et al., 2005).
netic storms. The penetration of IEF is influenced by theThis study presents TEC maps for the South America re-
hot magnetospheric plasma that is the source of the Regiorgion in addition to ionospheric vertical drifts at the equator
2 field-aligned currents (FACs). Moreover, theory suggestsand magnetospheric parameters to evaluate the global iono-
that Region-1 FACs and their horizontal closure currents (despheric scenario in this region during the November 2004
la Beaujardiere et al., 1993) play an important role in gener-superstorm. The low-latitude ionosphere is quite sensitive to
ating global ionospheric electric fields and that these currentgeomagnetic storms and this study intends to address some
respond straightly to the orientation and magnitude of the in-features of this electrodynamic region.
terplanetary magnetic field and to solar wind conditions such
as the ion velocity and dynamic pressure (Mannucci et al.,

2008). During steady conditions the deflection of charges in2 Methodology

the ring current generates a dusk-to-dawn electric field in the

inner magnetosphere configuring the shielding layer. The unThe geomagnetic data used in this work were obtained from
dershielding process is related to rapid and significant southKyoto WDC database. We used the planetary Kp index as
ward IMF variations associated with an increase in the mag-indicator of global geomagnetic disturbances and the Sym-H
netospheric convection and an enhanced dawn-to-dusk IEFdex to verify the phases of the geomagnetic storm. The ef-
In this case the shielding layer becomes temporarily ineffecfects of the solar wind dynamic pressure variations are more
tive and the IEF penetrates into the inner magnetosphere anclearly seen in the Sym-H than in Dst index (lyemori, 1990).
enhances the quiet ionospheric zonal electric field (dawn-to- In this study we present vertical drifts at geomagnetic
dusk). The overshielding is assumed to occur if the mag-equator. The ionospheric zonal electric fields can be esti-
netospheric convection is suddenly weakened when the IMRmated from the vertical drifts using the relationsh¥fis; =
turns from southward to northward. In this case the shieldingE/B (wherekE is the zonal electric field an8l is the magni-
charges will be the source of a dusk-to-dawn electric fieldtude of geomagnetic field at the geomagnetic equator). It is
in the inner magnetosphere and the result will be an eastnot our intention to verify any proportionality factor between
ward electric field in the nightside ionosphere and a west-the IEF and the zonal electric field. Fejer et al. (2007) showed
ward electric field on the dayside (Kelley et al., 1979). On that this type of evaluation during the penetration electric
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fields events in the superstorm of 7—10 November 2004 is nothe height of ionosphere. The brazilian digisonde is located
applicable and demands the analysis and insertion of otheat the equatorial station ofa® Luis (2.33 S, 44.2 W, dip
dynamic issues that are not expressed by simple proportionatitude 0.25).
ality factors. In contrast, Kelley et al. (2010) suggest that The solar wind plasma and magnetic field parameters mea-
a simple empirical scaling relationship between interplane-sured by the ACE satellite were obtained from the High Res-
tary electric field (IEF) and low-latitude penetration electric olution Omni (OmniWeb — NASA). This solar wind database
is often valid—although this type of evaluation will not be ex- has a time delay correction corresponding to the travelling
plored here. Thus, we will present the vertical drifts (not the time between the instant of ACE observation and the instant
electric fields) at the geomagnetic equator and use this paef interaction at the magnetopause.
rameter to discuss qualitatively the disturbances in the zonal In order to verify the polar cap activity the PC-index was
electric fields. used, which is the Polar Cap Index determined from the

Anderson et al. (2004) presented and validated a suitabl®orth station at Thule, Greenland. It was computed at World
methodology to calculate the diurnal vertical drifts using the Data Center for Geomagnetism, Copenhagen at the Danish
dual magnetometer technique. They applied a least meaNeteorological Institutehttp://web.dmi.dk/projects/wdccl/
square method (LSM) in order to obtain a polynomial which  The dawn-to-dusk component of the IEF was calculated
consists in the\ H as main variableA H is the difference in  as Ey = VswxB; — VswzBx in solar magnetospheric coor-
the magnitudes of the horizontal component of geomagnetiainates (GSM). Positive (negativé), is directed approxi-
field between a magnetometer placed directly on the magmately duskward (dawnward) in the magnetospheric equato-
netic equator and one displaced-6° away. The basis of this  rial plane.
method was first proposed by Rastogi and Klobuchar (1990). We also calculated the geoeffective IEF; for penetration
The AH provides a realistic approximation for the daytime of electric field that is defined b ec = VSWBTsinZ(Q/Z)
ionospheric vertical drifts since it is related to the equatorialwhereVsyy is the solar wind speed,is the “clock angle” be-
electrojet strength. The polynomial approach from Andersontween the z-axis and thg transverse component of the IMF
etal. (2004) was successfully applied by Huang et al. (2005avector, whereBr = By + B, GSM (Gonzalez et al., 1994).
b). Anderson et al. (2004) also developed and trained a neurah other wordsg is the IMF clock angle in the Y-Z plane.
network (NN) using the historical vertical drifts data from Ji-  The # angle has an important role since the energy rate
camarca radar and showed that the NN presented a better pénjection is maximum if the geomagnetic field and IMF are
formance compared to the LSM. Based on this we decided tanti-parallel ¢ ~ 18C), i.e. during magnetic reconnection at
perform a NN taking into account the same criteria of Ander- magnetopause, and is minimum if those fields are parallel
son et al. (2004). Our neural network outputs will provide a (9 ~ 0°) (Gonzalez and Tsurutani, 1987; Pulkkinen et al.,
very adequate storm-time analyzing tool. It is worth men-2002). The result oFe is a half-wave rectification of the
tioning here that the results are for the Peruvian sector (JicalEF, i.e. it takes into account only the positive (duskward)
marca). The daytime (07:00 LT-17:00 LT) equatorial vertical part of IEFEy (Burton et al., 1975). The conceptual idea of
drifts at Jicamarca from 7—8 November were simulated usingg .. only considers the energy injection through reconnec-
the NN, which data inputs were: year, month, day, local time,tion which is enabled by southward turnings of INSg.
daily Ap, Kp, F10.7 andA\ H (Jicamarca-Piura magnetome-  The TEC measurements were obtained from dual-
ter data). Our NN was trained using the Jicamarca verticafrequency Global Positioning System (GPS) data recorded
drift database available from 2001 to 2006. The simulationfrom several arrays installed across the South America con-
results have an r.m.s. erroreBms. For the 7-8 Novem-  tinent. The TEC maps were generated by the UNB-IMT pro-
ber period we used digisonde data from Jicamarca to calcugram (University of New Brunswick lonospheric Modeling
late the vertical drifts during the pre-reversal enhancementTechnique) (Komjathy, 1997). The UNB-IMT has a good
From 9-10 November the vertical drifts measured by the Ji-precision when a dense receiver distribution is used. For
camarca Incoherent Scatter Radar were used. We present theean areas the TEC values calculated by UNB-IMT are not
average drifts since the drifts do not change significantly withreliable since they are an interpolation result from very sparse
height (Woodman, 1970; Fejer et al., 2007). By the use of thereceiver’s distribution and the program does not apply any
F layer bottomside height(F) measured by a digisonde lo- TEC model for these critical areas. The observation and navi-
cated at Jicamarca, we also calculated its time rate of changgation files for most of the sites used can be downloaded from
(dh'F /dt), during the dusk hours, when this bottomside is Scripps Orbit and Permanent Array Center (SOPAC) Garner
above 300 km (Bittencourt and Abdu, 1981), which is most GPS archivelfttp://garner.ucsd.edland from the Data Cen-
often the case near dusk thus we only performed this calcuter for Geosciences of the Brazilian Institute of Geography
lation for dusk hours. We performed this calculation in order and Statistics (IBGE) aitttp://www.ibge.gov.hr
to complement the diurnal vertical drifts obtained by the NN.

We present additional data with Brazilian digisonde obser-
vations ofh’ F. For the Brazilian digisonde data, we present
the isolines measured in the range from 3 to 9 MHz showing
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Fig. 2. From top to bottom: Interplanetary Magnetic Fidtd; In-
200 terplanetary Electric Field (IEFy andErec; Vertical drifts over Ji-

ol - ] camarca (black line denotes vertical drifts simulated with the neural
network using magnetomete&xH Jicamarca-Piura data, gray line
) W denotes the pre-reversal enhancement calculated from digisonde
-400 - 1 data at Jicamarca); PC-index to evaluate the polar cap activity; and
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Fig. 1. From top to bottom: Solar wind speed; solar wind Flow
Pressure; AE index; IMF magnitudg; IMF Bz component; Kp  sion of the magnetopause. This subtle enhancement in so-
index; and Sym-H index for the period 7-12 November 2004. lar wind speed and flow pressure was not responsible for the
start of the storm initial phase but probably caused distur-
. . bances in ionospheric vertical drifts as we can see in Fig. 2
3 Results and discussion (quiet time patterns can be seen in Fejer et al., 2007). During

In the present paper the main focus is the ionospheric rethe day the vertical drifts presented disturbed vialues (around
ro), smaller compared to quiet times20ms ). From

sponse to the geomagnetic disturbances that occurred duri } ' S ] :
the 7—12 November 2004 superstorm. A comprehensive dlﬁout 15:30 U_T (10'_30 LT) until 16:30 UT (11'3.0 LT), th? Ji-
camarca vertical drifts present a peak reachir@pms

cussion of the disturbed electric fields for this event can bed e | B th ical drift
found in the works of Fejer et al. (2007), Kelley et al. (2010), (daytime maximum value). By comparing the vertical drifts

and Mannucci et al. (2008). A detailed description of theWth thg ltEF in ttr)u?hperlod Onﬁ Cﬁm identify agorrespon- ;
solar and interplanetary causes of the storm can be found ”qence etween both curves, which we assumed as an even

Tsurutani et al. (2008b) and Echer et al. (2010). of prompt penetration electric field (PPEF) (the positive val-

Figure 1 presents the geomagnetic indexes and solar win es of |EF between-15:30UT and~16:00 UT are possi-

conditions throughout 7—12 November 2004. The main re- ly the cause for the raise in the vertical drifts following this
sponses for this complex event are described further. period). For this penetration event the TEC had no signifi-
cant response relative to quiet time, except for slightly higher

TEC absolute values on 7 November, as shown in Fig. 3. The
markers presented in the TEC maps refer to the geographic
On 7 November, aroung11:30 UT, the solar wind increases position of GPS receivers used in the calculations. The re-
from ~300kms? to ~400kms? as seen in Fig. 1. This gions with a good coverage of GPS receivers have a higher
enhancement was probably associated with an increase ilevel accuracy in the TEC results. The data for 6 November
the flow pressure (Fig. 1, second panel), which was notare assumed as quiet time reference.

seen in the gap of data for the period. At this time Sym-H From 17:00UT (12:00LT — Jicamarca) until 18:00UT
presents a small enhancement probably due to a compre$13:00LT), the vertical drifts became negative. There are

3.1 7 November 2004
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Fig. 3. Left: TEC map for 6 November (quiet day) at 16:00 UT (13:00 BST) (upper panel) and 16:30 UT (13:30 BST) (bottom panel). Right:
respective TEC response on 7 November. The markers refer to the geographic position of GPS receivers used in the calculations.

two approaches to evaluate this result. The first one was dissimilar to this to balance such points of view. In addition, the
cussed by Fejer et al. (2007) who argue that these particulasverall scenario of geomagnetic storms have to be considered
vertical drifts are a result from a fast disturbance dynamo dudo perform such analysis, and then the particular features of
to the injection of energy in the polar caps during the PPEFonospheric electric fields during IMB; northward turnings
at~16:00 UT. The second one was proposed by Tsurutani etould be explained taking into account the current theories
al. (2008a) and considers the hypothesis of the penetration acdnd data available up to now.

the dusk-to-dawn IEF, i.e. the westward IEF durignorth- At about 18:30 UT (13:30 LT — Jicamarca), the solar wind
ward turnings. They tested one event and found a correlatioRpeed reached650 km 1 associated to an increase in the
between a downward vertical drift over Jicamarca (during thefioy pressure from~10nPa to~50nPa. This shock com-
day) and a dusk-to-dawn orientation of IEF. It is worth men- yressed the magnetopause and caused the storm’s sudden
tioning here that according to recent studies both approachegommencement associated to the increased Sym-H. For the
are accepted; therefore, more analysis is necessary of evenygjiowing hours the PC-index shows an enhanced polar cap

www.ann-geophys.net/29/1765/2011/ Ann. Geophys., 29, I7683-2011
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Fig. 4. Left: TEC map for the 6 November (quiet day) at 22:00 UT (19:00 BST). Right: respective TEC response on 7 November.

activity. B, turns to south from 20:14UT on 7 Novem- o0 . . . . . . . Frequency (MHz)
ber and remains southward until 8 Novemberd2:00 UT = 50 SdoLuis Nov. 06 (311), 2004 R
(except for some minutes around 22:00UT on 7 Novem- < ggg% R — 50
ber). At~20:45UT on 7 November (15:45LT — Jicamarca; 2 2] NS——————— ﬁ B I
17:45BST), the main phase of the magnetic storm has initi- ~ @3~ >————"7__ 4
ated (denoted by Sym-H in Fig. 2). BST stands for “Brazil ¢ **1 @ % 2 2 e ® 7 —

Standard Time” and is equivalent to the local time, i.e.
UTC—3h. The beginning of the storm’s main phase was
coincident with the pre-reversal enhancement (PRE) hours Egg S AP AT N AR AT AT B
during the evening in the Brazilian region. During the south- £ 4] Nov. 08 (313), 2004 /\‘
ward IMF B; condition, the penetration of eastward IEF to : ' \NJ
ionospheric altitudes is favored and this scenario may lead to® :
enhanced ionospheric fountain effect. Observations of such_ swd 0 o6 o 12 15 18 21
enhancement are found in Basu et al. (2001). The result is arii
enhanced EIA with prominent crests displaced to higher lati- &
tudes compared to quiet time patterns (Mendillo, 2006). The ™ R St St
equatorial effects of combined PPEF and PRE are merely sig-z  5°7 & /“6 rgiv,lo(?ls),zoéi A
nificant if PPEF is extremely large. For most cases PRE iST 3] ; e
predominant (Huba et al., 2005). W
Figure 4 presents TEC maps for South America on ST P N PR A A T
7 November at 22:00 UT (17:00 LT — Jicamarca; 19:00 BST). uT
The enhanced fountain effect is not observed, and from the
TEC maps in Fig. 4 one can realize that indeed there is a noFig. 5. Virtual height of the F layer measured by a digisonde located
ticeable reduction in the TEC absolute values compared tdit S0 Lus, Brazil (2.33 S, 44.2 W, dip latitude 0.25).
the quiet day. As stated before, the vertical drifts presented
a disturbed behavior (smaller values along day hours) dur-
ing the whole day even prior to the first enhance in Sym-H.the frequency range of 3-9 MHz. On 7 November it is ev-
Thus, we attribute these smaller absolute TEC values to thgjent the lowering of the F layer beginning at15:00 UT
disturbances in the daytime vertical drifts. (12:00 BST) compared to the quiet day. The lower values are
Figure 5 presents the’'F for the period 6—10 Novem- related to the smaller vertical drifts shown in Fig. 2 as dis-
ber from a digital ionosonde located &L us (Brazil) for cussed earlier. The presence of lower positive vertical drifts
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showing the EIA suppression.
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< aop 0 ] EIA on 7 November. We attribute the smaller absolute TEC

S 4o 10 11 12 13 14 15 16 17 18 19 20 21 22 25 Jao values at 23:30 UT mostly to the disturbed vertical drifts. The

= ol B8 e observed results were TEC maps with absence of the EIA
SE ,f Mmm, 1.0 until the end of the day. Therefore, our hypothesis is that the
g E 50 Rkl 55 combined effects of the negative vertical driftd7:00 UT

L discussed earlier and the lower drifts along the day were pos-

3 1§W sibly responsible for the EIA inhibition in the evening and

g Wb e e e ] post-sunset hours in South America during 7 November.

B - i e As stated before, the main phase of the geomagnetic storm

T L0k 1 500 is coincident with the sunset hours for the longitudinal sec-

£ of 1400 tor studied here but 7 November 2004 is marked by unusual
5 10 11 12 13 14 15 16 17 18 19 20 2 2 2 2 ionospheric responses for these hours.

Universal Time (hr)

3.2 8 November 2004
Fig. 7. IEF Ey andErec, vertical drifts inferred from magnetometer

(black line) and digisonde (gray line) at Jicamarca, PC-index de-The beginning of 8 November is marked by the intense main
noting the auroral activity and the Sym-H indicating the recovery phase of the geomagnetic storm. The magnetospheric and
phase of the superstorm occurred on 7 November. ionospheric conditions for this day are presented in Fig. 7
and the effects of such conditions are showen in Fig. 8. Itis
noticeable in Fig. 8 (panels a and e) the development of the
compared to a quiet day-0ms*) and negative vertical  southern crest of the EIA (asymmetric EIA), reaching low to
drifts after 17:00 UT (14:00 BST) were probably the reasonsmiddie latitudes (the region comprised betweeh 2535 S
for such lowering of the F layer. in Fig. 8e was attributed as a numerical error and has no phys-
Figure 6 presents the TEC map for 7 November atical meaning). The most realistic explanation for this is the
23:30UT (18:30LT - Jicamarca; 20:30BST) (6 November action of a fountain effect leading to the EIA formation. Such
as quiet day reference). The IEF of reconnectiffd) at fountain effect is assumed as a result of the vertical drifts
this moment is the maximum for this day. Although the seen in Fig. 2 at the very end of 7 November1Q:00 LT —
pre-reversal enhancement is identified in the Jicamarca vedicamarca). The positive vertical drifts reachirg0m st
tical drifts (and from Braziliank’ F data seen in Fig. 5), are able to initiate the fountain effect for that longitude sector.
the development of EIA is absent. The negative verticalConsidering the IEF in the first plate of Fig. 2, it is possible
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Fig. 8. TEC evolution for 8 November 2004. Top: TEC maps for 6 November (quiet day) at 00:30 UT (21:30BST), 15:00 UT (12:00 BST),
21:30UT (18:30BST) and 22:30 UT (19:30BST) (franto d, respectively). Bottom: TEC maps at the respective hours for 8 November
(frometo h).

to attribute the increased vertical drift to a PPEF since therdd2:50 BST) when the recovery phase initiates. The mini-
is a clear correspondence between IEF and the vertical driftsnum Sym-H value for this geomagnetic storm-i894 nT,
curves around 24:00 UT (19:00 LT — Jicamarca) on 7 Novem-which occurred on 8 November, 05:55 UT, which is during
ber. It is clearly noticeable that the absolute TEC values arenighttime hours for both Jicamarca and Brazil. The fact that
much higher whether compared to the quiet time. Asymmetthe main phase of this geomagnetic storm is mostly during
ric development of EIA (asymmetric crests) is often reportedthe nighttime hours for the longitudinal sector studied re-
as a consequence of meridional winds (ionization is transflects in low TEC values observed for these hours. Even for
ported to the downwind side of the equator coming from thethe intense incursion of Sym-H during the main phase, the
upwind side). The degree of such asymmetry would depend EC maps for the nighttime hours did not present significant
upon the competing forces of the wind velocity and the driv- changes. Then, the development of EIA was not observed for
ing zonal electric field (Abdu, 1997; Muella et al., 2010).  these hours.

During the main phase of a geomagnetic storm, the EIA During daytime on 8 November the vertical drifts at Jica-
crests are displaced to higher latitudes and one expects a dazarca present negative values as it is shown in Fig. 7. The
crease in daytime TEC over the geomagnetic equator and inBraziliank’'F digisonde data for this day (Fig. 5, third panel)
crease from low to middle latitudes. Moreover, the PPEFalso show a nearly steady F layer during daytime with no
events are characterized by upward stormtime drifts on thesignificant uplift. The plausible explanation for this result
dayside and downward drifts on the nightside (Fejer andis the action of an ionospheric disturbance dynamo that re-
Scherliess, 1997; Fejer, 2002; Tsurutani et al., 2008a), thuflected in smaller TEC absolute values at mid-latitudes, as
the maximal uplift of the ionosphere is expected around noorseen in the TEC maps (Fig. 8f and 8g). Associated to the dis-
(LT). The main phase of this geomagnetic storm starts aturbed electric fields, at this point of the geomagnetic storm
7 November~20:45 UT (15:45LT — Jicamarca; 17:45BST), the changes in the neutral composition are often quite sig-
lasting until 8 November-05:50 UT (00:50 LT — Jicamarca, nificant and may be an additional mechanism to reduce the
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absolute TEC values during 8 November, reflected in the November 09-10, 2004
negative phase of the ionospheric storm (Buonsanto, 1999) ;
Mannucci et al. (2009) and Sahai et al. (2009) performed this
type of evaluation. The inhibition of EIA prevailed during [ ]
daytime until 22:00 UT (17:00 LT — Jicamarca, 19:00 BST) A 150
when a slight raise of the ionospheric plasma was able to de-
velop the EIA over the South America region, as we can see;
from the vertical drifts in Fig. 7 and the TEC map in Fig. 8h

(TEC values at the west side are purely numerical due to the [
lack of GPS receivers at that region).
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3.3 9-10 November 2004

£ 100
The vertical drifts measured by the Jicamarca ISR on 9- 15'200
10 November show the most disturbed electric fields oc- * 5373555 %1 0 3 6 o 12 15 18 21
curred in the November 2004 superstorm. Figure 9 shows the Universal Time (hr)

solar wind conditions for this period, the equatorial vertical o

drifts, and Sym-H index. A recurrent superstorm occurs onFig: 9. From top to bottom: Interplanetary Electric Field (IEE)

9 November around 19:00 UT. The main phase prevails untii"d £rec for 9-10 November 2004; Vertical drifts over Jicamarca
04:30 UT on 10 November with a second Sym-H descend_(black line denotes vertical drifts inferred from magnetometer data,

. . . ) gray line indicates Jicamarca ISR measured average vertical drifts);
ing lasting until~10:00 UT when the re_current superstorm PC-index showing the polar cap activity; and Sym-H geomagnetic
recovery phase starts. Therefore, daytime on 10 Novembey, jey showing the geomagnetic storm occurred on 9-10 November.

is characterized by the recovery phase of the storm.

On 9 November the vertical drifts present a disturbed
behavior during daytime in Jicamarca from 12:00UT fountain effect” (Tsurutani et al., 2004; Horvath and Lovell,
(07:00LT) until 18:00UT (13:00LT) showing fluctuations 2008).
without any significant increase in magnitude. The disturbed In the post-midnight sector on 10 November, a series of
vertical drifts are probably due to the action of disturbancerapid raise and/or decay in the vertical drifts are remark-
dynamo mechanism lasting unti+19:00UT (14:00LT). able, as we can see from Fig. 9. The vertical drifts remain
From this time on the vertical drifts are suddenly raised andpredominantly positive during the night. One interpretation
the correlation between the slopes of the IEF and the vertifor this result is the combined effects of disturbance dynamo
cal drifts plots is clear. We attribute this result to a PPEF mechanism (eastward zonal electric field during the night)
that caused the highest vertical drift ever measured by theind PPEFs. There is a clear correspondence between IEF
Jicamarca ISR4120ms?1). The PPEF at~19:00UT is  and the vertical drifts from 19:00 UT on 9 November until
ensured by thé8; southward turning (Fig. 1) and large mag- ~05:00 UT (00:00 LT — Jicamarca) on 10 November, con-
nitudes of the functiork ec. sidering the changing in the sign (near midnight local time)

The TEC maps seen from Fig. 10e to h show a large enof this correlation around 04:00 UT. It is necessary to men-
hancement of TEC absolute values compared to the quietion that the relationship is not linear and has different ef-
day. The vertical drifts prior to 19:00 UT were mostly of dis- ficiency of penetration during this time interval. This non-
turbance dynamo type (Fig. 9) and could not produce suchinear efficiency is attributed to the local time dependence
observed TEC enhancements. In this case the non electrodyf the PPEFs (Fejer et al., 2007; Kelley et al., 2010). Long
namic forcing (composition changes and disturbed thermo-duration PPEFs have been reported in the literature and are
spheric winds) is more important in the competing scenarioa plausible mechanism to explain the correlation during this
between the electric fields, disturbed winds, and the compotime interval (Huang et al., 2005a). Also, another interpreta-
sition changes, being the most plausible explanation for thigion for this event is that the vertical drifts may be the result
result. of a series of PPEFs, considering the occurrence of contin-

The TEC enhancement is even more pronounced follow-uing “undershielding” and “overshielding” events. The pos-
ing the occurrence at-20:00UT (15:00LT — Jicamarca; itive vertical drifts during the night were also detected over
17:00 BST) of the largest vertical drifte{120ms?!) mea-  the Brazilian region, as Fig. 5 (bottom panel) shows (F layer
sured for 9 November, as we can see from Fig. 10f. Afteruplift during the night).
21:00UT (16:00 LT — Jicamarca; 18:00 LT — Brazil), astrong Figure 11 shows the TEC map for 10 November at
development of the anomalous EIA initiates (Fig. 10g and h)16:00 UT (11:00 LT — Jicamarca, 13:00BST) and 22:00 UT
with large TEC values and also expanding to a much wider(17:00 LT — Jicamarca, 19:00 BST). The vertical drifts (Ji-
latitude range. This feature prevails until the end of the daycamarca) shown in Fig. 9 during daytime on 10 Novem-
(TEC maps not shown), which we attribute to the “super-ber present a partial recovery of the quiet time patterns
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Fig. 10. TEC evolution for 9-10 November 2004. Top: TEC maps for 6 November (quiet day) at 15:00UT (12:00 BST), 20:00UT
(17:00BST), 21:00UT (18:00BST), and 22:00UT (19:00 BST) (frarto d, respectively). Bottom: TEC maps at the respective hours
for 9 November (froneto h).

(~20ms1) but with the absence of the pre-reversal en-4 Remarks and conclusions

hancement. On the other hand we can see the suppression

of EIA added to a confined TEC distribution over the ge- The November 2004 superstorm was marked out with recur-
omagnetic equator compared to the quiet day. The suprent Sym-H descendings and main phases lasting about 1 day
pression of EIA prevailed during the whole day but TEC (8 November and 10 November). This very disturbed pe-
over the geomagnetic equator exhibited higher daytime valfiod was responsible to create an ionospheric-thermospheric
ues Contrasting to the quiet day Figure 5 (bottom pane]) a|s(§:0nditi0n characterized by stressed modifications in elec-
shows the absence of pre-reversal enhancement in the Brazitic fields (equatorial vertical drifts) and neutral composition

ian region which supports the suppression of EIA. Mannuccichanges.
et al. (2009) reported a decrease in the ratio dNring Before the sudden storm commencement on 7 November,

10 November for the geographic latitudes undez0® S, the vertical drifts already showed a disturbed pattern denoted
which was the most plausible explanation for the suppresby & prompt penetration electric field event that raised the
sion of EIA and TEC decrease from low to middle latitudes Vertical drift to~35m s *. This PPEF caused no significant
seen in Fig. 11. This remarkable decrease in TEC duringl EC response. After that, the vertical drifts became negative
10 November is an indicator of the ionospheric storm neg-during daytime, being related to an westward zonal electric
ative phase, during which the long lasting disturbed ther-field that was probably the cause of an inhibition of the EIA
mospheric winds and compositions changes are predominarturing post-sunset hours. This may be related to a fast dis-
over the electric fields. turbance dynamo resulting from the energy input in the polar
caps due to 8, southward turning and its consequent PPEF
that was previously mentioned.
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Fig. 11. Left: TEC maps for 6 November (quiet day) at 16:00 UT (13:00 BST) (top panel) and 22:00 UT (19:00 BST) (bottom panel). Right:
respective TEC response on 10 November.

The enhanced TEC observed in the first hours ontical drifts. In contrast, higher vertical drifts resulting from a
8 November were probably due to an PPEF event whichpenetration event were observed in the evening on 7 Novem-
caused an eastward electric field on the post-sunset sectdwer but were not sufficient to develop the EIA.
raising the F layer and intensificating the EIA development.

s On 9 November, a great penetration electric field which
Although, the quiet time pattern also shows a weaker EIA deyiseq the vertical drifts te-120m st was observed. This

velopment for these hours, which is a late response of plasmg, oyt reports a much higher penetration efficiency from IEF

difusion due to the pre-reversal enhancement. EIA developy, qyatorial electric fields compared to the penetration that
ment is noticeable on 8 November after 22:30 UT (17:30LT j.c\;rred on 7 November. Consequently, by considering the

— Jicamarca; 19:30 BST), resulting from a slight raise of ver-eqits of this whole event, it was not possible to compute
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the magnitude of the ionospheric electric field by consider-Basu, S., Basu, S., Valladares, C. E., Yeh, H.-C., Su, S.-Y., MacKen-
ing only proportionality factors (Kelley et al., 2003), owing  zie, E., Sultan, P. J., Aarons, J., Rich, F. J., Doherty, P., Groves,
to the complex dynamic factors that are involved during pen- K. M., and Bullett, T. W.: lonospheric effects of major magnetic
etration of an electric field. On this day, the superfountain Storms during the International Space Weather Period of S.ep.tem-
effect was attributed 1o raise the ionosphere to higher alti- | & 2 0 Sl S PR T T ol
tudes where the recomblnatlon is .Iess effective, causing the tudes, J. Geophys. Res., 106, 30389-30413, 2001,
TEC qbsolute values to remalr_l hlgher over equato.rlal a.lnqSittencourt, J. A. and Abdu, M. A.: A theoretical comparison be-
low latitude SeCtorS than th,e quiet time pattern. ’A_‘t th!s point tween apparent and real vertical ionization drift velocities in the
we can also consider the disturbed thermospheric winds and equatorial F region, J. Geophys. Res., 86, 2451-2454, 1981.
composition changes as possible contributions for the TEGgjanc, M.: Magnetospheric convection effects at mid-latitudes, 1 .
changes. Saint-Santin observations, J. Geophys. Res., 88, 211-213, 1983.
On 10 November, the ionospheric responses are chara®lanc, M. and Richmond, A. D.: The ionospheric disturbance dy-
terized by lower TEC (from low to mid-latitudes) and EIA ~ namo, J. Geophys. Res., 85, 1669-1686, 1980.
inhibition denoting a dominant disturbance dynamo mech-Buonsanto, M. J.: lonospheric Storms — A review, Space Sci. Rev.,
anism associated to the non-electrodynamic forcing. These 88, 563-601¢0i:10.1023/A:1005107532631999. _
two components prevail in the ionospheric negative phaséUon: R. K., McPherron, R. L., and Russell, C. T.. Terrestrial
scenario. Though the vertical drifts assumed a near quiet magnetosphere: a half-wave rectifier of the interplanetary elec-

. tric field, Science, 189, 717-718, 1975.
time pattern, except for the absence of pre-reversal enhanc%—e la Beaujardiere, O., Watermann, J., Newell, P., and Rich, F.: Re-
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sition changes (non-electrodynamic forcing) dominated thegcher, E., Tsurutani, B. T., and Guarnieri, F. L.: Interplanetary ori-
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ative phase of the ionospheric storm. 72, 280-284, 2010.

In this study the total electron content during the super-Fejer, B. G.: Equatorial ionospheric electric fields associated with
storm presented both expected and unexpected responses thafhagnetospheric disturbances, in: Solar Wind-Magnetosphere
are very useful to test our current understanding of ionspheric  ©0uPling, edited by: Kamide, Y. and Slavin, J. A., pp. 519-545,
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. . . . ;i Recent results and future challenges, J. Atmos. Sol. Terr. Phys.,
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