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There was a solar event around 1850 UT on 9th November 2004, associated with an abnormally large
solar wind flow pressure and large southward interplanetary magnetic field, causing an abnormally large
prompt penetration electric field between 1850 and 2100 UT. Abnormally large vertical F-region drifts
by Jicamarca backscatter radar were reported associated with the event. The F-region over Jicamarca,
Peru (14–16 LT) and Sao Luis, Brazil (16–18 LT) was lifted upward, broken into two portions and the
upper one was blown out of the range of the ionosonde. At Fortaleza, an off-equatorial station in Brazil,
the F-region was also lifted up but later the foF2 increased due to the flow of ionization from upper layer
blown up over the equatorial region. The F-region at Ascension Island (19–21 LT), an off-equatorial
station, was lifted up without any deformations till 1915 LT but descended at 1930 LT due to reversal of
electric field polarity. At Indian stations, Trivandrum and Waltair (00–02 LT), the F-region was pushed
down and later disappeared as a consequence of enhanced westward ionospheric electric field in the night
sector. The ionosonde did not receive any echo for a couple of hours till the next sunrise. The F-region
at Kototaban (03–05 LT), Indonesia also disappeared after a rapid descend. At Kwajelien (06–08 LT)
there was no equatorial type of sporadic-E at 07 to 09 LT due to the westward electric field.

1. Introduction

Day-to-day variability of the ionosphere–
thermosphere during geomagnetic disturbed con-
ditions is still not fully understood. The response
over equatorial and low latitude ionosphere result
from the disturbances in the electric fields and

thermospheric dynamics that propagate from
polar to equatorial latitudes. The interplanetary
and polar electric fields promptly penetrate to
equatorial latitudes as dawn-dusk electric fields
during the onset and growth phases of a geo-
magnetic storm with time scales of the order
of an hour to several hours. These are partially
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balanced by the development of a shielding layer in
the inner magnetosphere (Vasyliunas 1972; Kelley
et al. 1979). Rapidly changing polar electric fields
penetrate to equatorial latitudes unaffected by
shielding layer (Kikuchi et al. 1996). The prompt
penetrating electric field is eastward on the day-
side and westward during night side, therefore, it
enhances the daytime eastward electric field. In
the recovery phase of the storm, the electric field
due to shielding layer penetrates to equatorial
latitudes as an overshielding electric field with
opposite polarity, westward during dayside and
eastward during night side (Kelley et al. 1979). In
addition to the prompt penetration electric fields,
there are disturbance dynamo fields caused by
the disturbed winds that produce longer-lasting
dynamo electric field that affect the equatorial
electrodynamics within a few hours from the onset
of a storm and continue for several hours (Blanc
and Richmond 1980). The disturbance dynamo
is of opposite polarity (westward during day and
eastward during night).

Electrodynamics plays an important role in the
equatorial and low latitude ionosphere (Rastogi
et al. 1972; Abdu 1997; Rastogi and Chandra
1999). The configuration of the northward mag-
netic field and zonal electric fields of dynamo ori-
gin give rise to special features of the ionosphere at
low latitudes like equatorial electrojet, equatorial
sporadic-E (Es-q), equatorial ionization anomaly
and equatorial spread-F. On occasions, westward
current flows during the daytime due to the electric
field reversals known as counter electrojet. During
periods of counter electrojet, the equatorial type
of sporadic-E also disappears (Rastogi et al. 1971).
The equatorial anomaly is related to the electrojet
strength (electric field) and suppressed during the
period of counter electrojet.

There have been numerous studies related to
the geomagnetic storm effects in the density, com-
position and dynamics of the sub-auroral, mid-
dle and low latitude ionosphere and thermosphere
(Rajaram et al. 1971; Kelley 1989; Rastogi 1989;
Basu et al. 2001a, 2001b; Fuller-Rowell et al. 2002;
Fejer 2004). Prompt penetration and disturbance
dynamo electric fields, though of smaller magni-
tude, are the important sources of low latitude
ionospheric electrodynamic disturbances. Sharp
electric field perturbations with time scales typi-
cally shorter than about an hour are mostly due
to the prompt penetration of magnetospheric elec-
tric fields to middle, low and equatorial latitudes
(Fejer 2004). Quasi-period (DP2) magnetic field
fluctuations with time scale of about half an hour
to several hours at high latitudes and in the day-
side of magnetic equator are signatures of convec-
tion electric fields controlled by IMF-Bz (Nishida
1968). Slower varying electric field disturbances

with time scales of few hours to tens of hours
are identified as ionospheric disturbance dynamo
electric fields caused by enhanced energy deposi-
tion into the auroral ionosphere (e.g., Blanc and
Richmond 1980).

Rastogi and Chandra (1974) first reported the
association between the IMF-Bz and the iono-
spheric drifts near dip equator, a measure of the
electric field in ionosphere. Rastogi and Patel
(1975) suggested for the first time that the solar
wind moving with a velocity V, across the IMF-
Bz is equivalent to an interplanetary electric field
(IEE), E = −V × Bz. On striking the magneto-
sphere, the electric field is transferred to polar elec-
trojet region and then to the equatorial latitudes
without any delay. They showed that a sudden
and large turning of IMF-Bz to northward direc-
tion imposes westward electric field on the EEJ
region causing a decrease of H field with a partial
or full counter electrojet and the disappearance of
Es-q. The transmission of the IEE to the equator
was shown to be almost instantaneous, after tak-
ing into account the position of satellite record-
ing IMF. This led to the disappearance of Es-q
type of sporadic E layer during the daytime iono-
sphere and appearance of the equatorial spread F
in the night-time ionosphere. Fejer et al. (1979)
suggested that the rapid increases and decreases
of the magnetospheric convection electric field can
cause immediate effect at the magnetic equator.

With the availability of solar wind parameters
recorded by instruments onboard satellites, several
case studies are reported on the analyses of mul-
tiple ground-based observations in relation with
satellite-based solar wind and IMF data during
some of the prominent magnetic storms (Basu et al.
2001a, 2001b; Sastri et al. 2002; Kil and Paxton
2006; Mannucci et al. 2008).

1.1 Motivation for the present analysis

The space weather event of 9 November 2004 with
sudden commencement at 1850 UT was unique
with large electric field of magnetospheric origin.
Fejer et al. (2007) reported vertical drifts of about
120 m/s at 2000 UT (1500 LT) on 9 November
2004, the largest daytime value ever measured by
the radar and associated with the main phase of the
geomagnetic storm. They have described in detail
the relations between the equatorial electrodynam-
ics with the solar wind and IMF parameters. This
was a major magnetic storm and studied by many
researchers (Maruyama 2006; Mannucci et al. 2008;
Yermolaev et al. 2008). The solar wind and the
IMF parameters are examined together with the
ground magnetic data and ionosonde data at equa-
torial latitudes in different longitude sectors. List
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Table 1. Observatories, coordinates and parameters used.

Station Code Latitude (◦N) Longitude (◦E) Dip (◦N) Parameters

Huancayo HUA −12.1 −75.3 0.9 ΔH

Fuquene FUQ 5.5 N −73.7 31.2 ΔH

Addis Ababa AAE 9.0 38.8 1.3 ΔH

Eilat ELT 29.7 35.0 44.1 ΔH

Tirunelveli TIR 8.7 77.7 1.9 ΔH

Alibag ABG 18.6 72.9 25.3 ΔH

Muntilupa MUT 14.4 121.0 15.3 ΔH

Davao DAV 7.1 125.6 −1.2 ΔH

Okinawa OKI 24.8 125.3 35.4 ΔH

Yap YAP 9.5 138.0 3.6 ΔH

Piura PIU −5.0 −81.1 31.1 ΔH

Jicamarca −12.1 −75.3 0.9 Drift, ionograms

Sao Luis −2.6 −44.2 −4.6 Ionograms

Fortaleza −3.9 −38.5 −7.0 Ionograms

Ascension Island ASC −8.0 −14.4 −11.6 Ionograms

Thumba TRD 8.5 76.5 1.6 Ionograms

Waltair 17.7 83.3 22.7 Ionograms

SHAR 13.7 80.2 13.8 Ionograms

Yamagawa 31.1 130.4 44.6 Ionograms

Kototaban KTB −0.2 100.3 −19.7 Ionograms

Kwajalien KJ609 9.4 167 8.9 Ionograms

of stations along with the coordinates and dip are
given in table 1.

2. Results

2.1 Solar wind and magnetic field

The 5-minute values of the parameters IMF-Bz,
solar wind flow speed V, solar wind proton density,
solar wind flow pressure and the resulting inter-
planetary electric field E (−V×Bz) are shown in
figure 1(a). The SYM/H index is also plotted in the
figure and shows sudden commencement (SC) of
the geomagnetic storm around 1850 UT associated
with the southward turning of IMF-Bz and sudden
increase of solar wind velocity, proton density and
the flow pressure. The IMF-Bz turned negative and
remained southward between 1900 and 2050 UT
reaching values of −30 nT. The solar wind speed
was about 625 km/s before the SC and increased
rapidly to 800 km/s. The electric field rose rapidly
from 2 mV/m with values exceeding 20 mV/m after
1945 UT. The IMF-Bz turned northward again at
2050 UT reaching values of almost 40 nT and as
a consequence, the electric field dropped to about
−30 mV/m. The proton density was less than
10/cc but increased sharply around 19 UT to val-
ues of about 35/cc. It decreased to less than 15/cc
at 1930 UT and then rose to another peak of 27/cc
at 2030 UT before decreasing to less than 10/cc
at 21 UT. Small peaks were seen later around

2145 UT and 2245 UT. The variation of the flow
pressure is almost similar as there is no signifi-
cant change in the flow velocity after 19 UT. The
vertical F-region drift velocity, VzF measured at
Jicamarca is also plotted in figure 1(a) between 18
and 22 UT. The vertical drift velocity is almost
zero untill 1850 UT. Upward velocity is seen from
1850 UT and increases rapidly later to a peak value
of 120 m/s at 20 UT. The velocity is much greater
than the usual 20–25 m/s on normal days. The
vertical velocity turned downward at 21 UT. Thus
from 1850 UT to 21 UT electric field was abnor-
mally large eastward and from 21 UT onward west-
ward. Comparing with the interplanetary electric
field variations there is a good correspondence.

The deviation in the geomagnetic H component,
ΔH at equatorial stations in different longitude
sectors for the 4-hr interval (18–22 UT) are shown
in figure 1(b). The stations chosen are Huancayo
(HUA) and Fuquene (FUQ) in American sector
(75◦W); Addis Ababa (AAE) and Eilat (ELT) in
African sector (35–40◦E); Tirunelveli (TIR) and
Alibag (ABG) in the Indian sector (75◦E); Davao
(DAV) and Muntilupa (MUT) (121–125◦E) and
Yap (YAP) and Okinwa (OKI) (125–138◦E) in the
Fareast. Out of the pairs of stations chosen, one
is in the electrojet region and another away from
the electrojet region. The difference between ΔH
at an equatorial electrojet station and at the sta-
tion away from the electrojet is considered as an
index of the electrojet strength. From the varia-
tion of ΔH at HUA and FUQ, one can notice that
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Figure 1. (a) Variations of the IMF-Bz, solar wind flow speed, solar wind proton density, solar wind flow pressure, computed
electric field due to solar wind (−V×Bz) and Sym/H index from 5 minute values for the period 16 to 24 UT on 9 November
2004. Also shown is the vertical drift at Jicamarca during 18–22 UT. (b) Variations of the deviations in geomagnetic H
component at an equatorial station and at a station away from magnetic equator at five longitude sectors for 18–22 UT on
9 November 2004.

up to about 1845 UT the values at the two sta-
tions are almost same implying very weak electro-
jet. Between 1850 and 2100 UT, the values are
higher at HUA, implying normal electrojet. The
difference is largest around 20 UT (15 LT) when
electrojet is very strong (about 225 nT). Between
21 and 22 UT the values at HUA are lower than at
FUQ, implying counter electrojet. In the African
sector the values at AAE are almost similar to that
at ELT throughout the period 18–22 UT, which is
in the night hours (20–24 LT). Further east in the
Indian sector, corresponding to night hours (23–
03 LT) the values at TIR and ABG are similar
up to 1940 UT. From 1940 to 2040 UT, the val-
ues are larger at ABG than at TIR, implying west-
ward electric field. For the pair MUT and DAV, the

values are higher at MUT than at DAV dur-
ing 1940–21 UT or westward electric field. In the
Japanese sector, values at OKI are higher than at
YAP during the period 1900–2130 UT. The differ-
ence between YAP and OKI is also plotted in the
figure showing the counter electrojet or westward
electric field in the night hours with maximum
around 20 UT.

The SC was noted around 1850 UT with ampli-
tude greater than 200 nT at HUA and about
100 nT at FUQ. The amplitudes of SC are less in
the African sector with values of about 60 nT. In
the Indian sector, SC amplitude is about 100 nT
at TIR and 80 nT at ABG. The SC amplitudes
are about 60–70 nT in the 120◦E sector and about
25 nT in the Japanese sector.
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2.2 Ionosphere

2.2.1 Ionosphere: 75◦W

To study the ionospheric effects of the storm
at an equatorial station in the 75◦W longitude
sector, ionograms at Jicamarca are examined.
Figure 2 shows the quarter hourly ionograms
over Jicamarca from 1900 to 2145 UT (1400 to
1645 LT). The ionogram at 1400 LT shows the crit-
ical frequency of the F2 layer, foF2 around 14 MHz
and the minimum virtual height of the F2 layer
around 350 km. Subsequent ionograms show the
base height of the F2 layer increasing steadily to
550 km at 1445 LT, 700 km at 1500 LT and ris-
ing further to 850 km at 1515 LT, 1050 km at
1530 LT and finally rising to outside the range
of the ionosonde. It also splits in two layers. The
magnitude of the rise of the F2 layer is very
unusual. The foF2 values also decrease to about
7 MHz at 1600 LT and later rise to 10 MHz at
1645 LT. For comparison, the hourly ionograms at
Jicamarca on 8 November 2004 are shown from
18 to 22 UT (13 to 17 LT) in figure 3. The foF2
values decrease steadily from 11 MHz at 13 LT
to 8.5 MHz at 17 LT on this day. There are no
drastic changes in the F-layer heights during this
period. Thus the foF2 values in the afternoon of
9 November are comparatively smaller than on
8 November.

The variation with time of the F-layer critical
frequency, foF2, height of maximum electron den-
sity, hmF, and the minimum virtual height, h′F at
Jicamarca from 11 to 18 LT on both the days (8
and 9 November 2004) are shown in figure 4. The
F-layer vertical drift measured by the VHF radar
at Jicamarca and the difference in the deviation
in geomagnetic H component, ΔH at Huancayo
and at Piura for 9 November are also shown in
the figure. Compared to 8 November, foF2 values
are higher on 9 November before 15 LT and lower
between 15 and 16 LT. Peak values of 14 MHz
are observed around 13–14 LT on 9 November as
compared to 10 MHz on 9 November. The height
of maximum ionization, hmF is slightly lower on 9
November untill 1445 LT. As the F-layer splits in
two parts at this point there are two lines shown
in the figure. The thin line shows the lower trace
while thick line shows the upper part. Considering
the upper part, the height shoots up to 850 km
and then remains out of the range of ionosonde for
half an hour. The lower part also shows increase
in height for an hour and then falls below the
values on 8 November. The variation of h′F on
9 November shows a rapid increase of 100 km in
half an hour from 17 UT (12 LT) followed by
steady decrease reaching the normal values around
2030 UT (1530 LT). However, there is no such
increase in hmF during this period. The unusual

Figure 2. Selected ionograms over Jicamarca on 9 November 2004.
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Figure 3. Selected ionograms over Jicamarca on 8 November
2004.

high values of h′F between 1700 and 1830 UT
(1200–1330 LT) on 9 November 2004 needs to be
examined. The variation of the F-layer vertical
drift on 9 November is most interesting with val-
ues less than 20 m/s before 1845 UT (1345 LT)
and increasing to more than 120 m/s at 2000 UT
(1500 LT). The vertical drift was downward from
2100 UT (1600 LT) onwards. Such large vertical
drifts at Jicamarca were reported for the first time
(Fejer et al. 2007). The variation of the difference

Figure 4. Variations of the ionospheric parameters, foF2,
hmF, h′F at Jicamarca during 16–23 UT on 8 and 9
November 2004. Also shown are the vertical drift mea-
sured at Jicamarca and the difference of the deviations in
geomagnetic H components at Huancayo and Piura.

in ΔH at Huancayo and Piura, an index of the elec-
trojet shows negative values at 1600 and 1630 UT
(1100 and 1130 LT), values less than 75 nT untill
1800 UT (1300 LT), close to zero from 1745 to
1845 UT (1245 to 1345 LT) and then values exceed-
ing 100 nT for most part of time untill 1545 LT.
The maximum value of about 175 nT is at 2000 UT
(1500 LT) coinciding with the maximum upward
drift velocity. Thus electric field was largest at
1500 LT giving rise to strong electrojet. The large
electric field resulted in the large upward motion
of F-layer and decrease of foF2. The weak electro-
jet and low vertical drift before 1900 UT (1400 LT)
gave rise to lower hmF and higher foF2 values on 9
November (up to 4 MHz). The h′F values are sig-
nificantly higher on 9 November between 17 and
19 UT (12 and 14 LT) compared to the values on
8 November.

2.2.2 Ionosphere: 45◦W

To study the effects in ionosphere in the longitude
sector 45◦W, ionograms at Sao Luis (44.2◦W, dip
4.6◦S) and Fortaleza (38.5◦W, dip 7◦S) are exam-
ined. The ionograms at Sao Luis are shown in
figure 5. The rise in the F-layer and the splitting
of F-region into two parts (2045 UT, 2115 UT)
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Figure 5. Selected ionograms over Sao Luis on 9 November 2004.

are again seen. The time variations of the F-layer
parameters, foF2, hmF and h′F over Sao Luis on 9
November 2004 are shown in figure 6. The results
are similar to those observed at Jicamarca. foF2
values are close to 14 MHz up to 1930 UT
(1630 LT), decrease rapidly to about 7 MHz at
18 LT (21 UT) and increase again rapidly to val-
ues of about 14 MHz. The variation of hmF shows
increase from 1600 LT and from 1945 UT (1645 LT)
splitting into two parts. The top layer reaches to
altitude of 800 km at 2030 UT (1730 LT) and
moves outside the range of the instrument. The
lower layer moves down to altitude of 350 km. The
variation of h′F is also similar to that observed at
Jicamarca. There is an increase in h′F at 17 UT
(14 LT) and h′F values remain high untill 18 UT
(15 LT). The rapid rise of the F-layer and splitting
into two portions and reaching to altitudes outside
the range of the instrument occur at same UT at
the two locations.

The ionograms at Fortaleza (at the edge of
EEJ) are shown in figure 7. The rise in F-layer
peak height and decrease in foF2 around 2100 UT
(1800 LT) are noted but it does not go outside the
range of ionosonde. The minimum value of foF2

Figure 6. Variations of the ionospheric parameters foF2,
hmF, h′F during 16 to 23 UT over Sao Luis on 9 November
2004.
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Figure 7. Selected ionograms over Fortaleza on 9 November
2004.

(around 2100 UT) is close to 11 MHz compared to
less than 7 MHz at Sao Luis. Large values of foF2
are seen around 2230 UT (1930 LT) associated with
the strong ionization anomaly due to large vertical
upward drift and very high altitudes of F-layer.

2.2.3 Ionosphere: 14◦W

Further east at Ascension Island (14.4◦W, dip
11.6◦S) the event is in the evening hours. The iono-
grams in figure 8 show F-layer (h′F) rising from
250 km at 19 UT (18 LT) to more than 400 km at
2015 UT (1915 LT). It descends rapidly to 300 km
at 2030 UT (1930 LT).

2.2.4 Ionosphere: 75◦E

In the Indian longitude region, the ionograms at
Thumba, close to dip equator for the night of 8–9
November are shown in figure 9(a). The ionogram
at 2300 LT (18 UT) is normal with no spread-F
and h′F around 250 km. The ionogram for 1900 UT
(0000 LT) shows range spread with h′F of 300 km.
Subsequent ionograms at 1930 UT (0030 LT) and
2000 UT (0100 LT) show fully developed spread-F.
At 0130 LT, h′F is lower than 300 km and spread-F
is weaker. By 2130 UT (0230 LT), spread-F has
disappeared and h′F is only 220 km. The critical
frequency of the F-layer is less than 4 MHz from
1800 to 2200 UT (2300 to 0300 LT) but drops after-
wards with values of just above 2 MHz at 2330 and
0000 UT (0430 and 0500 LT).

The ionograms at Thumba for the night of
10 November are shown in figure 9(b). There is
no spread-F as seen in ionograms from 1900 to
2045 UT (0000 to 0145 LT). The height of the layer
(h′F) decreased steadily from about 220 km to less
than 200 km at 2015 UT (0115 LT). The criti-
cal frequency also decreased from about 8 MHz at
1900 UT (0000 LT) to about 2 MHz at 2045 UT
(0145 LT). No echo was seen at 2100 and 2115 UT
(0200 and 0215 LT). Echoes were seen again from
2130 UT (0230 LT) and the critical frequency
also increases to 2.8 MHz at 2200 UT (0300 LT).
There is decrease in the critical frequency later on
and echoes disappear again from 2300 to 0000 UT
(0400–0500 LT). Fresh ionization is seen follow-
ing the layer sunrise from 0015 UT (0515 LT)
onwards. An examination of the height of maxi-
mum ionization, hmF and the critical frequency,
foF2 at Thumba during the night of 9–10 Novem-
ber showed layer peak height decreases steadily
from 365 km at 02 UT (21 LT) to 280 km at
04 UT (23 LT) and during this time foF2 increased
from 9 to 11.5 MHz. There was a minor increase
in the layer peak height from 18 UT (23 LT) to
19 UT (00 LT) and later it decreases untill 2045 UT
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Figure 8. Selected ionograms over Ascension Island on 9 November 2004.

Figure 9. Selected ionograms over Thumba (a) on 9 November 2004 and (b) on 10 November 2004.
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(0145 LT). During this descend of the layer peak,
foF2 decreases fast and there are no echoes between
2100 and 2130 UT (0200 and 0230 LT) and again
from 2300 to 0000 UT (0400–0500 LT). Thus as a
consequence of the unusually large westward elec-
tric field during the local post midnight hours of 9
November 2004, the F-layer remained at lower alti-
tude (less than 200 km at 0100 LT) and there was
absence of spread-F.

The ionograms over SHAR, an off-equatorial sta-
tion in India, in the early hours of 10 November
are shown in figure 10. The ionogram at 1915 UT
(0015 LT) shows clean F-region traces with no
spread-F. Strong flat type of sporadic-E is seen
with multiple echoes (six). F-layer traces with
two multiples are seen above the blanketing fre-
quency (about 3 MHz). There are two additional
traces slightly above the E-layer traces up to about
3 MHz. These are likely due to the off-vertical
echoes appearing at a slightly higher range and
marked as slant echoes in the ionogram. The iono-
gram at 1945 UT (0045 LT) shows similar multiple
echoes with slant traces from sporadic-E. The crit-
ical frequency of the F-layer, foF2, has decreased
little. At 2015 UT (0115 LT), one can notice
reduced number of multiple echoes from sporadic-
E but some patchy nature. The foF2 has further
decreased. The ionogram at 2100 UT (0200 LT)
shows further decrease in foF2 and four multi-
ple echoes of sporadic-E. The F-region trace is
hardly visible at 2115 UT (0215 LT) and three
multiple echoes of sporadic-E are seen. There is
no F-region trace at 2200 UT (0300 LT). The
ionogram at 2230 UT (0330 LT) shows enhanced
sporadic-E with six multiple echoes. At 2300 UT
(0400 LT) one can see sporadic-E around 130 km
and faint echoes from F-region at 600 km (virtual
height). At 2315 UT (0415 LT) very weak echoes
from sporadic-E are seen around 140 km and faint
echo from F-layer at virtual height of 670 km. At
2330 UT (0430 LT) there is no echo from F-region
but sporadic-E is seen around 115 km. There are no
echoes at 2345, 0000 and 0015 UT (0445, 0500 and
0515 LT). At 0030 UT (0530 LT) there are echoes
from F-region above 450 km but these are from
fresh ionization after the layer sunrise. Thus strong
blanketing type sporadic-E with multiple echoes is
seen at SHAR lasting for more than 3 hours.

The ionograms at Waltair, further northeast of
SHAR, show similar strong sporadic-E (figure 11).
The ionogram at 2000 UT (0100 LT) shows spora-
dic-E with three multiples. A sporadic-E trace just
above the normal trace is likely the off-vertical
slant trace. One can see multiple sporadic-E traces
in ionograms at 2030, 2045 and 2100 UT (0130,
0145 and 0200 LT) with decreasing foF2. The iono-
grams at 2130, 2230 and 2245 UT (0230, 0330 and
0345 LT) show 4–5 multiples of sporadic-E with

no trace from F-region. There are no echoes from
2300 to 0015 UT (0400–0515 LT). F-region traces
appear at 030n UT (0530 LT) around 450 km after
the layer sunrise.

The occurrence of sporadic-E at low latitudes in
India is highest during J-solstices both during day-
time and night-time (Chandra and Rastogi 1974).
The strong sporadic-E seen during the night of
10 November 2004 appears to be associated with
the unusual large westward electric field imposed
in the equatorial region in the Indian sector. The
absence of F-region in ionograms at Thumba was
also shown to occur with maximum frequency dur-
ing J-solstices of low sunspot years (Chandra and
Rastogi 1971).

2.2.5 Ionosphere: 130◦E

In the far-east, selected ionograms at Kototaban
during the night of 9–10 November 2004 are shown
in figure 12. At 1900 UT (0200 LT) weak spread-F
is noted. Subsequent ionograms show F-layer
descending from 270 km at 1900 UT (0200 LT) to
200 km at 2000 UT (0300 LT) and at the same
time sporadic-E is seen from 1915 UT (0215 LT)
onwards. F-layer traces become weak in ionograms
from 2030 to 2130 UT (0330–0430 LT) and dis-
appear at 2145 UT (0445 LT). However, sporadic-
E is present. There are no echoes at 2200–2230 UT
(0500–0530 LT). F-layer echo appears at 2245 UT
(0545 LT) but after the layer sunrise above 300 km.

Examination of ionograms at Yamagawa dur-
ing the nights of 8 and 9 November 2004 showed
clear F-region traces with F-layer descending from
300 km to about 230 km between 1800 and
2020 UT (0300–0530 LT) on 8 November 2004. The
critical frequency decreases from 6.0 to 5.5 MHz.
On 9 November 2004, the F-layer traces are clear
but the critical frequencies are much lower than on
8 November 2004. The layer descends much faster
during the night of 9 November 2004 to 200 km
at 0400 LT (1900 UT). Sporadic-E traces with a
multiple are seen from 2000 UT (0500 LT).

2.2.6 Ionosphere: 167◦E

The ionograms at Kwajalein for 8 and 9 Novem-
ber 2004 are shown in figure 13. At 12 UT (23 LT)
on 8 November 2004, clear F-layer trace with high
multiples are noted with layer base height around
285 km. High multiples are usually seen in the post-
sunset period with F-layer rising. Rapid rise of the
F-layer is seen in subsequent hourly ionograms of
13 to 15 UT (00 to 02 LT). Spread-F starts develop-
ing near the base of F-layer at 14 UT (01 LT) and
is fully developed at 15–16 UT (02–03 LT). The
layer starts descending (17–18 UT or 04–05 LT)
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Figure 10. Selected ionograms over Sri Harikota on 10 November 2004.
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Figure 11. Selected ionograms over Waltair on 10 November 2004.

and fresh ionization is seen at 19 UT (06 LT). The
ionograms at 20 UT (07 LT) show development
of equatorial type sporadic-E indicating the elec-
tric field reversal to eastward. The ionograms on 9
November 2004 show almost clear F-layer trace at
12 UT (23 LT). Fully developed spread-F is seen
in subsequent ionograms of 13–18 UT (00–05 LT).
The F-layer height is lower than on 8 November
2004. Spread-F is seen only above 5 MHz at 19 UT
(06 LT) and near the critical frequencies at 20 UT
(07 LT). Thus spread-F persists even after the sun-
rise. There is no equatorial type of sporadic-E seen
at hourly ionograms of 20 to 22 UT (07–09 LT)
indicating the electric field is still westward. As a
consequence, there will not be vertical ExB upward

plasma drift and no ionization anomaly. The very
high value of the critical frequency of F-layer at
22 UT (09 LT) on 9 November 2004 indicates that
there is no fountain effect.

3. Discussion

Several case studies have been made in recent years
to study the equatorial ionospheric response to
space weather events. Abdu et al. (2007) described
the ionospheric responses to the major magnetic
storm disturbances of October 2003 in Brazilian
and Japanese–Asian longitude sectors. Prompt
penetration of polar cap electric fields produced
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Figure 12. Selected ionograms over Kototaban on 9 November 2004.

large F-region plasma uplift on the dayside and
downward on the night-side. Later Abdu et al.
(2008) described striking difference in the intensity
of prompt penetration electric field over Jicamarca
and eastern Brazil sectors, and attributed effects
arising from the particle precipitation in the South
Atlantic anomaly region.

Veenadhari et al. (2010) described the penetra-
tion of magnetospheric electric fields to the mag-
netic equator during the magnetic storms of 31
March 2001 and 6 November 2001. They reported
an enhancement of EIA during the main phase
and its reduction during the recovery phase of
the storm. Maruyama et al. (2005) studied the
effect of March 2001 storm during the daytime and
night-time ionosphere and have discussed the rel-
ative importance of prompt penetration and dis-
turbance dynamic effects. De Jesus et al. (2010)
have described the effect of the intense of geo-
magnetic storm of 14 December 2006 on the iono-
spheric F-region in the South American sector and
reported unusual uplifting of the F-region during
the pre-reversal enhancement due to the prompt
penetration of the electric field.

Tulasi Ram et al. (2008) described multi-
instrumental (ground-based and satellite-borne)
and multi-station study of the ionosphere during
five geomagnetic storms during 2004–2006. Bagia

et al. (2011) have recently reported the response
of the equatorial and low latitude ionosphere–
thermosphere to the geomagnetic storm of 15
May 2005 from observations in the longitude sec-
tors of 70◦–78◦E and 270◦–288◦E based on GPS
observations. Dashora and Pandey (2007) studied
the TEC near the anomaly crest in the Indian
region recorded by a GPS receiver at Udaipur and
attributed the reduced TEC following the storm by
weakened electric field due to disturbance dynamo.

The space weather event of November 2004
has been studied by Fejer et al. (2007) using Jica-
marca VHF radar, magnetometers in Peruvian
(Jicamarca and Piura) and Pacific (Yap and Oki-
nawa) regions and ionosonde data from Sao Luis in
Brazil. Prompt penetration electric field of about
3 mV/m, highest ever was recorded at Jicamarca
during the main phase of the storm on November
9, 2004. Fejer et al. (2007) pointed that

• Following the SC at 1850 UT on November 9,
upward drift increased reaching a value of about
120 m/s around 2000 UT. The magnetometer
data from Pacific region also showed exception-
ally large westward current perturbation peaking
around same time.

• Equatorial electric field and magnetic field
decreased rapidly from about 2100 UT.
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Figure 13. Selected ionograms over Kwajalien on 8 and 9 November 2004.

Relatively large downward drift was observed
from about 2100 to 0130 UT but magnetome-
ter data was of quiet day pattern except for
rapid perturbations. This indicated that while
the initial decrease of drift was due to prompt

penetration, longer lasting downward drifts
were mainly due to the disturbance dynamo
fields.

• Large disturbances were again seen between 0130
and 0700 UT both in the Pacific and Peruvian
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regions. The drifts over Jicamarca were
predominantly upward except for when rapid
changes in solar wind electric field was seen.
The perturbations in magnetic field were of
opposite polarity due to the fact that prompt
penetration electric field change polarity around
0000–0100 UT.

• Large upward drift and westward current per-
turbations between 0400 and 0700 UT, a period
of steady solar wind and reconnection electric
field and decreasing Dst index indicated that
except for brief periods of rapid changes in either
solar wind and magnetosphere drivers, equatorial
prompt penetration electric fields were either ab-
sent or smaller than the disturbance dynamo field.

• Between 0700 and 0900 UT large and short-
lived velocity perturbations when solar wind elec-
tric field and polar cap potentials were large
and steady but with large variations in ASY-H
indicated overshielding electric fields following a
weakening of ring current.

Fejer et al. (2007) concluded that during the main
phase of the November 9, 2004 storm event, the
prompt penetration electric field (eastward) had
a life time of about one hour but not propor-
tional to solar wind electric field. Rapid decrease of
solar wind and polar cap potential after the storm
resulted in equatorial westward electric field last-
ing for about 4 hours, which were mainly due to
disturbance dynamo. Large magnitude short-lived
prompt penetration electric fields and long lasting
disturbance dynamo electric fields were observed in
the night-side over Jicamarca and in the dayside in
the Pacific during 10 November 2004. In this case,
disturbance dynamo fields largely dominated.

Thus the large prompt penetration electric field
between 19 and 21 UT resulted in large uplift of
F-layer at Peruvian and Brazilian longitudes, bro-
ken into two parts and upper part blown out of
the range of ionosonde. The local times at the
two stations were 14–16 h and 16–18 h. At Ascen-
sion Island, the F-layer rose between 1900 and
2015 UT (1800 and 1915 LT) but descended rapidly
at 2030 UT (1930 LT) as the electric field reversal
occurs around this time. Further east in the Indian
region (00–02 LT) F-layer descended with very low
foF2 values at Thumba, near dip equator and there
was no spread-F during the night. There was no
echo seen for some time in the pre-sunrise period.
The F-layer descent with low foF2 values and no
echo condition for some time were also noticed at
Sri Harikota and Waltair located away from the
dip equator. Very strong sporadic-E with several
multiples was seen both at Sri Harikota (0015–
0330 LT) and Waltair (0100–0345 LT). These are
associated with the large prompt penetration west-
ward electric field in the night-side. Finally at

Kwajalein the electric field is westward as indicated
by absence of equatorial type of sporadic-E during
07–09 LT on 10 November and also very high val-
ues of foF2 at 09 LT (no development of ionization
anomaly).

4. Conclusion

An abnormally large increase of the flow pressure
of the solar wind and large southward Interplan-
etary Magnetic Field from 1850 to 2100 UT on 9
November 2004 caused an abnormally large equa-
torial prompt penetration dawn to dusk electric
field.

In the American longitude sectors, the F-region
over Jicamarca (75◦W) and Sao Luis (44◦W) was
lifted upward, broken into two portions and the
upper one was blown out of the range of the
ionosonde. At Fortaleza near the edge of electrojet,
the F-region lifted up but did not go outside the
range of ionosonde.

Further east at Ascension Island (14.4◦W), the
event is in the evening hours and the F-region was
lifted up from 1800 to 1915 LT without any defor-
mation. It descended rapidly at 1930 LT due to the
reversal of electric field polarity.

At Indian stations (77◦–83◦E) Trivandrum, near
dip equator and Waltair (dip 22.7◦N) the F-region
was pushed down and later disappeared, as a con-
sequence of enhanced westward ionospheric elec-
tric field in the night sector. The ionosonde did not
receive any echo for couple of hours untill the next
sunrise. Strong sporadic-E with multiple traces was
seen both at SHAR and Waltair during the night
of 10 November and appears to be associated with
the unusual large westward electric field imposed
in the equatorial region in the night-side Indian
sector.

Further east, the F region at Kototaban (03–
05 LT), Indonesia also disappeared after a rapid
descend. At Kwajalein (05–07 LT) the westward
equatorial electric field resulted in the absence
of equatorial type of sporadic-E from 07–09 LT
and high value of foF2 in the absence of the
development of ionization anomaly.
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