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Abstract. lonospheric storms showing a strong depressioninputs at auroral latitudes to equatorial latitudes not usually
in daytimefoF2 values were sought which penetrated to low- reached. The ability of associated atmospheric and/or elec-
latitudes, as identified by vertical ionosondes operating atric field changes to coincidentally switch off the equatorial
Darwin and Townsville over the period 1992-1998. The 32E region electrojet remains to be explained, as indeed does
storms thus identified showed a seasonal occurrence peakirthe large range of variability in equatorial anomaly devel-
near the equinoxes with a bias to the summer side. Of thesepment from day-to-day evident in the TEC measurements
storms, three (27 March 1995, 25 October 1997, 8 Novembebputside periods of geomagnetic disturbance. Some possible
1997) combined Australian and South East Asian ionosondgositive storm effects occurring on the day preceding the neg-
observations with local afternoon TOPEX/Poseidon mea-ative storm phase are also noted.

surements of T.EC.' The equatorial anomaly is usually WeIIKeywords. lonosphere (Equatorial ionosphere; lonospheric
developed at this time of day and consequently these Stormaisturbances) _ Magnetospheric physics (Storms and sub-
were chosen for detailed study. The TOPEX/Poseidon satel-

lite provided vertical profiles of the ionosphere across bothstorms)
hemispheres, thus allowing the totality of storm behaviour to
be observed for the first time at low-latitudes and related di-
rectly to the ionosonde observations. The three storms were |ntroduction
remarkably consistent in their behaviour, the negative iono-
spheric storm day followed some 24-36 h after the begin-Major disturbances in the solar wind impacting the Earth’s
ning of a magnetic storm and the development of the equamagnetosphere result in magnetic storms as observed by
torial anomaly was suppressed. However, the suppressioground-based magnetometers. At any given location, an
of the equatorial anomaly was not the main cause of theonospheric storm often accompanies the magnetic storm.
strong depression ifoF2 observed by the Southern Hemi- The ionospheric storm is characterized by whether the ma-
sphere ionosondes. The latter was associated with an addjor effect is either a reduction (negative storm) or an in-
tional bite-out in both TEC anébF2 that occurred on the crease (positive storm) in ionospheric electron density (see
southern side of the magnetic equator. None of the thregeviews by Fuller-Rowell and Codrescu, 19976Bs, 1997;
storms produced any major negative disturbance outside thBuonsanto, 1999; Richmond and Lu, 2000; Danilov, 2001).
range of normal variability of TEC anfdF2 at the northern  The relationship between a magnetic storm and any associ-
latitude sites for which data was available, despite the abated ionospheric disturbance is complex and varies with geo-
sence of the anomaly. The satellite measurements show thgraphic location. Thus, ionosondes at different latitudes and
strength of the anomaly to be highly variable from day-to- |ongitudes may see a depression, an enhancement, a combi-
day and anomaly peaks are frequently not present even ORation of both, or no recognizable effectfoF2 during the
magnetically quiet days. Thus, an absence of anomaly peakseriod of any particular magnetic storm ¢fs, 1993; Fuller-
is contained within the normal variability of non-storm days. Rowell and Codrescu, 1997; Szuszczewiez et al., 1998).
The north-south asymmetry and seasonal occurrence are coGeneral reviews of F2 region dynamics have been given by
sistent with an enhancement of the normal summer-to-winteRishbeth (1998, 2000).
system carrying compositional changes induced by energy Negative ionospheric storms, as seen at high and middle
latitudes, are believed to be caused by auroral zone thermo-
Correspondence tK. J. W. Lynn spheric heating during the main phase of the magnetic storm.
(kenlynn@nbcnet.com.au) This heating alters the ratio of atomic oxygen relative to
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molecular nitrogen ationospheric heights by atmosphericup2 Data sources
welling. Such compositional change, in turn, produces an in-
crease in the electron recombination rate resulting in reducedfertical ionosonde data was obtained from Kel IPS71
electron densities in the F2 region of the ionosphere. Theéonosondes at Phu Thuy (Hanoi Institute of Geophysics,
auroral zone heating produces an equatorward wind whichVietnam) and Sumedang (The National Institute for Aero-
carries the compositional changes to lower latitudes. Cleanautics and Space, Indonesia, LAPAN), a Defence Science
evidence of such changes reaching the equatorial zone hasd Technology Organisation (DSTO, Australia) ionosonde
been lacking. Under undisturbed conditions, the low-latitudeat Darwin and IPS41 ionosondes of the Australian lono-
ionosphere is dominated by the effects of equatorial electricspheric Prediction Service (IPS) at Vanimo and Townsville.
fields developed by winds blowing across the Earth’s mag-The Kel IPS71 and the DSTO ionosondes were capable of
netic field. The resultanE x B force acting on ionization receiving obligue FMCW ionosonde transmissions. DSTO
produces an upward force (often referred to as the fountaifMCW ionosonde transmitters operated at Songkhla, Co-
effect). The uplifted ionization diffuses down the field lines cos Island, Darwin, Vanimo and Townsville with DSTO
to form the equatorial anomaly in electron density whoseoblique ionosonde receivers at Bangkok, Darwin, Derby and
southern peak sits over Indonesia. The electric field also proTownsville and the Kel IPS71 ionosonde at Sumedang. Some
duces the equatorial electrojet, a current flowing mainly atadditional scaled vertical ionosonde data was obtained via
E region heights along the magnetic equator. The eastwarthe World Data Center from Chung-Li, Kokubunji and Lear-
electrojet current and hence the electric field has been obmonth. All other ionogram scaling was done from the orig-
served to cease and even reverse in association with magnetigal ionograms at the site ionogram repetition rate to ensure
storms. The subsequent failure of the equatorial anomalynaximum accuracy and the preservation of detail. The lo-
to develop, as suggested by Sastri, 1988; Mikhailov, 1996cation of ionosonde sites, reflection points and oblique paths
could result in a reduction in electron density at equatorialare shown in Fig. 1.
anomaly latitudes. The relative importance of these and other TOPEX/Poseidon data was obtained on CD-ROM with ad-
low-latitude disturbance mechanisms associated with magelitional data downloaded from the TOPEX Poseidon Internet
netic storms has not been clear (Richmond and Lu, 2000)data site (see acknowledgements).
Some papers specifically describing a variety of ionospheric The TOPEX-Poseidon satellite makes 254 passes across
storm effects at low-latitudes in the South-East Asian andthe geographic equator every 9.9156 days. The 254 passes
Australian sector have been given by Tanaka (1981), Huanghen repeat exactly in subsequent 9.9156 day periods. The
and Chen (1985), Huang and Chen (1991), Ma et al., (1995)satellite orbit drifts slowly westward in the Sun-Earth frame,
Wilkinson (1995). taking some 60 days for a 24-h period to be sampled. The
TOPEX TEC measurements are given as a range correction
This paper examines the occurrence and characteristics afhich also includes a bias which is not well defined. In
negative ionospheric storms observed at low-latitudes andonverting to TEC, the bias was obtained experimentally as
South East Asian longitudes. Total Electron Content (TEC)—5.25 TEC units (TECU) by plotting TEC agairfsF2 val-
profiles obtained from the TOPEX/Poseidon satellite pro-ues for satellite passes over Darwin Sumedang and Vanimo.
vided direct observation of ionospheric storm behaviour si- TOPEX/Poseidon TEC measurements allow a world-wide
multaneously in both hemispheres. Such behaviour couldsampling of variability in the magnitude of the equatorial
only be inferred previously from data limited in geographic anomaly as a function of longitude, as well as of iono-
extent. The latitudinal TEC profiles allowed the relative im- spheric storm effects. The complication of satellite passes
portance of the cessation of the equatorial anomaly and theccurring at the same local time but at differing universal
penetration of compositional change to be determined. Theimes, combined with the limited sampling rate, makes it dif-
longitudinal spread of ionosondes provided verification of ficult to unravel the superimposed effects of differing time-
the large-scale nature of the events. dependencies without the help of other data sources.
However, TOPEX/Poseidon TEC data does supply an
Low-latitude storms are defined here as those producessentially instantaneous cross section of the equatorial
ing major all-daytime depressions foF2 at Darwin and  anomaly not easily obtained by any other means and is there-
Townsville. These sites lie on the outer slope of the southerrore used in this paper.
equatorial anomaly peak. Experience has shown that the ef-
fect of such storms is evident some distance northward into
the equatorial anomaly zone. Although referred to here a8 Negative ionospheric storm occurrence observed at
low-latitude ionospheric storms, these storms are merely the low latitudes
low-latitude component of negative ionospheric storm events
which extend south from the auroral zone in the hemispherd-or the purposes of this paper, negative ionospheric storms
of observation. This will be evident in the results presented.observed at low latitudes were identified by examining scaled
Three major low-latitude storms, for which both ionosonde hourly foF2 data provided by the Australian lonospheric
and TOPEX/Poseidon TEC observations were available, ar€rediction Service from their ionosondes at Darwin and
examined in detalil. Townsville. The identification of storms to be investigated
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Fig. 1. The location of ionosonde sites and reflection points (filled circle) relative to the magnetic dip equator.

was therefore limited to the southern side of the magnetident. No negative ionospheric storms meeting the identifica-
equator. Only storms producing a major reduction in F2 crit-tion criteria were identified in 1996 near sunspot minimum.
ical frequencies at these sites were counted. Such an identiFhe equinoctial peak in the occurrence of magnetic storms
fication is necessarily subjective and far from complete buthas long been known but causation is still controversial. Re-
is representative of major negative storms at southern equasent studies of this variation are given byi@lde Gonza-
torial anomaly latitudes. Some 32 storms meeting the abovédes et al. (2001), Lyatsky and Tan (2003) and Chen (2004).
criteria were identified over the period 1992-1998. The results of Figure 2 show that this seasonal relationship
The occurrence of these storms (1992—1998) is shown incontin_ues to hold for the subset of ionpspheric storms with
. : . ._negative effect observed here at low latitudes.
Fig. 2. Figure 2 also shows the occurrence of magnetic dis-
turbance worldwide over this period as identified by values
of the magnetic ring current indeR;, <—40. The mag-
netic planetary index for , values>25 is also shown (see 4 Combined TOPEX and ionosonde observations

Fares Saba et al., 1997 for a discussion of their relationship).

Both magnetic disturbance indices exhibit similar equinoc-Of the 32 low-latitude ionospheric storms identified,
tial peaks in occurrence with a bias towards Southern Hemionly three coincided with afternoon passes of the
sphere summer. A detailed examination of magnetic andTOPEX/Poseidon satellite in the South East Asian longitu-
ionospheric storm magnitudes showed little relationship. In-dinal range. Afternoon passes were sought since this is when
deed, some of the largest magnetic storms occurring over théhe daytime equatorial anomaly is normally well developed.
period of interest produced no evident negative ionospheridbservations of these three storms are described below.
storm effects at the latitudes and longitudes considered here. Note that the magnetic equator is approximatelyn8rth

This does not preclude the observation of such effects elsesf the geographic equator at these longitudes (as shown in
where, since such effects are geographically limited in ex-Fig. 1).
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Fig. 2. lonospheric storm occurrence (Darwin and Townsville) as a - = = .

function of year and month compared to geomagnetic storm occur- 27Day (UT)28
rence @ ,>25 andDy; <—40) over the period 1992-1998.
Fig. 3. Dy, observedoF2 and and maximum oblique-path o-ray
frequency values (crosses) and associated medians (line) for the pe-
4.1 Storm 1: 27 March 1995 riod 24—-31 March 1995. The TOPEX/Poseidon pass on the negative
ionospheric storm day of 27 March is also shown (vertical line).

Figure 3 provides plots dbF2 for vertical ionosondes or o-
ray F2 maximum observed frequency for oblique paths cen-
tered on the storm day as observed at seven ionosonde re-
flection points within and slightly to the north of Australia.
Median values are also provided for comparison. All sitesblack. The corresponding TOPEX measurements of TEC are
shown in Fig. 3 exhibit a strong depression in maximum F2plotted in the lower part of Fig. 4 as a function of geographic
frequencies throughout the daylight hours of 27 Mar 1995, |atitude, with the negative storm-day pass shown in black.
extending into the evening. The observations of Fig. 3 coverTEC profiles on the previous day are shown in green. The
the longitudinal range 124144 and latitudinal range-2° slow drift of the TOPEX orbit in the Sun-Earth frame pro-
to —7° . The Sumedang ionosonde was not operating on thisluced a local time variation from 16:30 to 15:00 LT for the
date. time of equatorial crossing over the eight days plotted.

In Fig. 3, the magnetic disturband®,, index for the

seven-day period is also shown for comparison with the  of immediate note in Fig. 4 is the great variability of the
|0nosond§a data.. The negatlye ionospheric storm is seen t@quatorial anomaly from day-to-day in both magnitude and
be associated with a magnetic storm commencing near SUngcation. Also evident is a tendency for the anomaly peaks to
rise on the previous day and reaching its peak on the nighfoye further away from the magnetic equator with increas-
preceding the day of ionospheric depression. ing magnitude. The satellite pass corresponding to the day of

The vertical line running through Fig. 3 indicates the equa-critical frequency depression, as measured by the ionosondes
tor crossing time of the afternoon TOPEX/Poseidon satelliteand displayed in Fig. 3, is characterized by the absence of
pass at 15:54 LT on the 27 March 1995. the equatorial anomaly. At southern latitudes on this day, the

The location of TOPEX satellite passes through the South-TEC values are depressed well below the normal range of
east Asian region and northern Australia are shown in theanomaly variation, whereas the northern latitude values re-
upper part of Fig. 4, as observed over the eight day periodmain within the non-storm day range but towards the lowest
24-31 March 1995. The TOPEX pass occurring at the equavalues at latitudes where the northern anomaly peak usually
torial crossing time of 15:54 LT on 27 March is shown in occurs.
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Fig. 4. TOPEX/Poseidon passes and corresponding TEC values
observed between 16:30-14:05 LT over the period 24 March to 3 ) ]
April 1995. The ionospheric negative storm day TOPEX pass onFig. 5. Ds, observedoF2 and maximum oblique-path o-ray fre-

27 March is shown in black and passes on the preceding day, 26Uency values (crosses) and associated medians (line) for the period
March, in green. 22-29 October 1997. The TOPEX/Poseidon pass on the negative

ionospheric storm day of 25 October is also shown (vertical line).

4.2 Storm 2: 25 October 1997

start time is rather difficult to determine, although the first
Figure 5 provides plots d&F2 or o-ray maximum frequency sign of magne_tic d_isturbanpe is near da\_/vn on the previous
centered on the negative storm day, as observed at sevé?ﬁ"‘y- The vertical Ilne.runnlng through Fig. 5 indicates the
ionosonde reflection points ranging in longitude from New times of TOPEX/Poseidon satellite pass.
Guinea to Vietnam and in latitude from Northern Australiato TOPEX passes and their corresponding TEC plots are
Vietnam. Median values are also provided for comparison.shown in Fig. 6. The TOPEX pass for this event occurred
A strong depression in maximum F2 frequencies is presen@t 15:22 LT on 25 October 1997 and is marked in black
throughout the daylight hours on 25 October 1997, extendin the upper geographic plot and in the lower TEC plot of
ing into the early evening. The ionosondes at Sumedand-ig- 6. The storm day pass lay between Sumedang and Dar-
and Vanimo were in operation for this event, thus extend-Win, which both showed a strong negative storm depression,
ing the longitudinal and latitudinal range of observation on Whereas Vanimo, well to the east, showed no obvious effect.
the southern side of the magnetic equator. Sumedang is okt the Northern Hemisphere site of Phu Thuy, thE2 val-
particular importance since it is normally lies near the peakues were slightly depressed from the median at the time when
of the southern anomaly crest, whereas Vanimo lies closethe TEC profile showed the anomaly peaks to be absent. The
to the magnetic equator. The critical frequency of the iono-TEC profile on the preceding day is in green.
sphere at Sumedang was strongly depressed as it was at theThe TOPEX passes shown in Fig. 6 cover the period from
Cocos Island-Sumedang reflection point to the south and a21 to 31 October and range in local time from 16:10 to
Darwin. No obvious depression was observed at Vanimo forl4:10 LT. As before, the storm day pass is distinguished by
this event. In Fig. 5, the magnetic disturbarizg index for ~ a complete absence of any equatorial anomaly with Northern
the seven-day period is also shown for comparison with theHemispheric values lying at the bottom of the normal range
ionosonde data. In this case, the magnetic storm is relativelpf anomaly variation, whereas the Southern Hemispheric val-
weak, slow to recover and irregular in form. The relevant ues fall well below the normal variation. The ionosonde at
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Fig. 6. TOPEX/Poseidon passes and corresponding TEC values obFig. 7. Dy, observedoF2 and maximum oblique-path o-ray fre-
served between 16:10-14:09 LT) over the period 21-31 Octobequency values (crosses) and associated medians (line) for the pe-
1997. The negative ionospheric storm day TOPEX pass on 25 Ocriod 5-12 November 1997. The time of the TOPEX/Poseidon pass
tober is shown in black and on the preceding day, 24 October, inon the negative ionospheric storm day of 8 November is also shown
green. (vertical line).

Phu Thuy shows a slight depressiorfoft2 from the median  fa)|. The geomagnetic storm,; values have recovered to
at this time that may be associated with the absence of thgormal levels on the day of ionospheric storm depression.

anomaly. In the weeks prior to the geomagnetic storm, Vanimo was
notable for a marked increase in ionospheric height in the
post sunset period followed by a greater fall in height as-

Figure 7 provides plots 6bF2 or o-ray MOF centered on the Sociated with a strong and sharp upward spikéoi?. This
storm day, as observed at seven ionosonde reflection point@0St-Sunset spike can be seen in Fig. 7 on the 5 and 6 Novem-
Median values are also provided for comparison. A strongber- This characten_suc pattern_was destroyed on th_e mght of
depression in maximum F2 frequencies is present at somé November, the night preceding the day of negative iono-
sites throughout the daylight hours on 8 November 1997,spher|c storm depress[on, but had started to recover on the
extending into the early evening. The observations of thishight of the 8th (negative storm day). The normal pattern
ionospheric storm cover the longitudinal range frome1@g ~ Was resumed on the following nights, though never again as
141° east and latitudinal range fror22° to 21°. The effects ~ Strong.
of this storm were seen at lower latitudes than for storms 1 The vertical line running through Fig. 7 indicates the time
and 2, with a significant depressionfoiF2 occurring at Van-  of the TOPEX/Poseidon satellite passes on the storm day.
imo. TOPEX passes and their associated TEC measurements
In Fig. 7, the magnetic disturbanc®,, index for  for a period centered on this storm are plotted in Fig. 8. Two
the seven-day period is shown for comparison with thesuccessive TOPEX passes on the storm day fell within the
ionosonde data. The negative ionospheric storm is seen tlongitudinal range for which ionosondes measurements were
be associated with a magnetic storm commencing near suravailable. Equator crossings for these two passes were sepa-
rise on the previous day and reaching its peak near middayated by 3152 km in space and 1.9 h in Universal Time but at
on that day. This storm has a particularly clear-cut rise andessentially the same Local Time. Both passes showed a very

4.3 Storm 3: 8 November 1997
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Fig. 9. Plotted differences ifioF2 (black) and virtual height (red)
from median values over the period 6—13 November 1997 (storm 3)
from ionosondes at Darwin, Sumedang, Vanimo and Phu Thuy.

TEC units

Measurements were made of the minimum virtual height
of the F2 layer (i.eh’'F2 in daytime and:’F at night) for
a seven-day period centered on the ionospheric storm of
Latitude 8 November 1997. These values were subtracted from the
_ _ _ corresponding median values of virtual height to give a mea-
Fig. 8. TOPEX/Poseidon passes and corresponding TEC values Obéurement of height changé. Similarly, a measurement of

served between 14:08—12:0_8 LT over the_perlod 31 October to 1 fwas obtained from the median and observed valuésra
November 1997. Two negative ionospheric storm day passes on . . -
previously shown for this storm in Fig. 7.

November are shown in blue and black. Two passes on the previ
ous day are shown in green showing a possible positive ionospheric Values ofsh andsf thus obtained are plotted in Fig. 9 for
storm effect. three sites that showed a significant depressidoR2 (Dar-

win, Sumedang and Vanimo) and one site where no major de-

. . . pression irfoF2 could be recognized (Phu Thuy). In all three

strong storm bite-outin TEC on the southern side of the mag;oq \where values doF2 were seen to be depressed, there
netic equator. The b.'te'OUt was greatest and extended f“rth%as an associated increase in virtual height. No variation in
towards thg mggnetlg equator on the 'second' pass (04:44 Ulirtual height was observed at the northern hemispheric site
black TEC_ in F_|g. 8),in cornpanson_wﬂ_h_ the first (02:51 UT, of Phu Thuy over the period of the storm. The increase in vir-
blue TEC in Fig. 8), showing that significant changes couldy, .| pejght associated with the ionospheric storm is seen to

oceur at the space gnd time separations involved. The TEGq o er mych more rapidly at all sites than the corresponding
profiles on the previous day (green) show a strong anomal)ﬁepression ifioE2

and a positive increase at southern middle latitudes. ] o ] ) ) _
Figure 8 also shows, that far from being depressed, TEC The increase in virtual height associated with negative
values were at the higher end of the normal range at all northl0nospheric storms in daytime is mainly due to the nonlin-
ern latitudes beyond the anomaly region when negative storna" incréase in time delay through the E and F1 layers which
conditions were present in the Southern Hemisphere. At théPProaches infinity as the critical frequency of the F2 layer
northern anomaly site of Phu Thuy, tieF2 values were less decreases to that of the F1 or less (the G condition). As well,
than the median at the time of the TEC profile which would TEC measurements of ionospheric slab thickness show an

seem to correspond to the absence of the anomaly peaks jpcrease at such times which also increases the time delay.
the profile. Thus, the increase in virtual height may have little geophys-

ical meaning other than as a marker of a significant drop in
foF2. However, it does have important practical applications,
5 Height measurements since the range of oblique propagation is a function of vir-

tual rather than real height. The increase in time delay may
Negative ionospheric storm disturbances at middle andesult in the F2 trace moving above the height range of the
higher latitudes are characterized by an increase in virtualonosonde, so thd&bF2 variations cannot be tracked accu-
height associated with the decrease in F2 critical frequencyrately throughout a storm period.
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6 Positive ionospheric storm effects? The TEC measurements show that the normal equatorial
anomaly was highly variable in both magnitude and location.
Negative ionospheric storms may also have associated po§-he absence of an equatorial anomaly at a particular longi-
itive storm effects, although the latter need to be strong ortude and time was not uncommon, even during magnetically
otherwise distinctive before they can be safely recognizedundisturbed days. The distinguishing feature of the negative
against the normal range &F2 variability. At ionosonde ionospheric storm days was the large bite-out in both TEC
sites where a major depression in day valuefb®? occurs, andfoF2 on the Southern Hemisphere side, resulting in val-
positive storm effects have been reported on the precedinges well below those seen on non-storm days. In contrast, the
day (but still within the magnetic storm period). Some pos- Northern Hemisphere TEC values were consistent with those
sible positive storm effects associated with the three stormseen on non-storm days when the equatorial anomaly was
discussed here are described below for the sake of completaveak or absent and no clear negative storm effect was appar-
ness but their closer investigation lies outside the scope andnt infoF2 at the few northern ionosonde sites for which data
data availability of the present paper. was available. Thus, the absence of the equatorial anomaly
Storm 1 showed a possible positive storm effect on thewas not itself the reason for the depressed valuésH& seen
night before the negative ionospheric storm, with values ofby the southern ionosondes.
foF2 well above the medians at all reflection points shown The results of this paper suggest that major negative iono-
in Fig. 3. No such consistent increase across southerispheric storms seen at low latitudes do not differ significantly
ionosonde sites was seen on nights preceding Storms 2 arfdlom those observed at higher latitudes. The only distin-
3 (Figs. 5 and 7). No night TOPEX/Poseidon passes in theguishing feature of the storms discussed here appears to be
necessary time interval were available to provide confirma-their penetration into the equatorial region and the effect on
tion of this possible night event. the equatorial anomaly. References typically describe nega-
An increase irfoF2 occurred in the daytime at Learmonth tive ionospheric storms reaching no further equatorward than
during storm 2 but was not unambiguously confirmed else-middle latitudes.
where or in the TEC profile. If the compositional change explanation of the negative
Storm 3 showed a daytime positive increastol? at sites ~ Storm is accepted, then both the hemispheric asymmetry and
south of Vanimo on 7 November 1997, the day preceding thghe yearly period of occurrence can be explained as a storm
negative storm and most notably at Vanimo-Darwin, Darwin enhancement of the normal summer-to-winter wind given
and Learmonth (see Fig. 7). The TEC profiles on this dayby the HWM93 model (Hedin, 1987). This enhanced wind
showed a very strong equatorial anomaly (at the upper end ofarries compositional changes equatorward induced by addi-
the normal range) and a strong and positive increase in TE@ional auroral zone energy inputs associated with the mag-
extending from the anomaly into middle latitudes (shown in netic storm, as discussed by Araujo-Pradere et al. (2002) in
Fig. 8 by the green TEC passes). The TEC measurementéeir development of an ionospheric storm model. The com-
thus confirm the ionosonde observations of an extended pogpositional change at F2 heights reaches lower latitudes dur-
itive increase in ionospheric electron density. The TEC pro-ing the night preceding the negative storm day, some 24 h or
files (green) on 7 November 1997 are unusually consistentmore after the magnetic storm commencement. The effect
considering their 3150 km separation in space (at the equaef the compositional change now present at low-latitudes be-
tor) and 1.92 h separation in universal time, indicating a largecomes apparent as reduced F2 values of electron density as-
scale event. sociated with higher recombination rates are seen when the
region rotates into daylight.
The change in direction of meridional wind sets in approx-
7 Discussion and conclusions imately at the equinoxes. This directional change, combined
with the tendency of magnetic storm occurrence to peak at
The three negative ionospheric storms observed at lowthe equinoxes (Qia de Gonzales, 2001), is consistent with
latitudes for which afternoon TOPEX/Poseidon TEC mea-the results shown in Fig. 2 for peak Southern Hemisphere
surements were available were remarkably consistent in theinegative ionospheric storm occurrence on the summer side
behaviour. All occurred on the second daylight period af- of both equinoxes. Sixteen ionospheric storms examined by
ter the commencement of the magnetic storm. The day ofSastri (1988) at Northern Hemisphere sites all occurred in the
maximum ionospheric storm depression occurred during thenorthern summer and equinoctial months in agreement with
recovery inDy; (as can be seen in Figs. 3, 5 and 7). This the seasonal dependence reported here and elsewhere (e.g.
was particularly evident for the magnetic storms commenc-Essex et al., 1981; Titheridge and Buonsanto, 1988).
ing on 26 March 1995 and 7 November 1997 which took a The compositional changes associated with the auroral
simple form of build up and recovery. All ionospheric storm zone magnetic storm heating and uplift are prevented from
days studied showed an absence of any equatorial anomahgaching low-latitudes in the northern winter hemisphere at
development combined with a north-south asymmetry, suchhis time by the northward direction of the prevailing wind
that the additional negative storm effects in both TEC and(Forbes, 1989a, b; Biss, 1993; Fuller-Rowell et al., 1996).
foF2 were confined to the Southern Hemisphere at all lati-This hemispheric difference between summer and winter
tudes covered by the TOPEX/Poseidon satellite. will be emphasized at low latitudes because of the increased
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distance compositional changes must be carried. This comtrast to the results presented here, the main ionospheric ef-
positional change is usually attributed to a reduction in thefect consisted of a depression in electron density in daytime
O/N; ratio, though other changes may also be involved.on the 7 November, the day preceding the low-latitude nega-
Satellite measurements of such a reduction associated wittive ionospheric storm effect at South-East Asian longitudes,
negative ionospheric storms have been given by Stricklandvith a partial recovery occurring on 8 November. Huang
et al. (2001) based on far ultraviolet imaging, though not atand Foster, 2001, show that an interplanetary shock impacted
low latitudes. Mansilla (2003) has reported direct satellitethe Earth’s magnetosphere at approximately 16:00UT on
measurements of compositional change in the neutral atmo? November, resulting in a sudden reduction in solar wind
sphere at equatorial latitudes associated with geomagnetipressure. They propose two possible mechanisms for the
storms but were unable to determine their origin or iono-negative ionospheric storm effect on this day. The first in-
spheric effect. GPS measurements of TEC were recentlyolves an outward expansion of the magnetosphere and con-
used by Fedrizzi et al. (2001) to identify a north-south asym-sequent drop in ionospheric density produced by the decrease
metry in negative ionospheric storm effect. in solar wind pressure; the second is the effect of magneto-
A notable feature of the storms discussed in this paper ispheric electric fields penetrating into the ionosphere. The
their apparent ability to switch off the normal occurrence of explanations provided are in stark contrast to the delayed ef-
the equatorial anomaly. The same electric field which pro-fect of compositional change reaching low-latitudes in the
duces the equatorial anomaly also drives the equatorial elecSouthern Hemisphere proposed here. Given the complexity
trojet current that flows mainly at E region heights along of ionospheric storm effects, these proposals may not nec-
the magnetic equator. The electrojet is often taken as assarily be in conflict. However, such results do empha-
surrogate for the electric field which is usually inaccessiblesize the need to combine a large range of ground and satel-
to direct measurement. There is typically a delay of somelite equipments, simultaneously measuring magnetospheric,
hours between the electrojet and the anomaly reaching theionospheric, atmospheric composition, winds and electric
maximum values. The cessation of the daytime equatoriafields over the surface of the Earth before a complete pic-
anomaly in association with negative ionospheric storms hasure of any given magnetospheric/ionospheric storm can be
been inferred in the past (e.g. Sastri, 1988) by measuringbtained.
the strength of the equatorial electrojet using magnetome- The equatorial anomaly on the days preceding the nega-
ters. However, the limited geographic coverage availabletive ionospheric storms, at times when bdd2 and TEC
from ionosonde data alone meant that the relative effects omeasurements were available, ranged widely from reduced
the cessation of the anomaly and any major compositionato very strong.
change during daytime negative ionospheric storms could not The consistent absence of the equatorial anomaly on neg-
unambiguously be distinguished at low latitudes. A recogni-ative storm days would then seem to be associated in some
tion that the two effects can overlap at equatorial latitudesway with the same atmospheric disturbance conditions which
and their relative importance with regard to ionosonde obserbrought compositional changes to low-latitudes. The dis-
vations between the effects of anomaly cessation and comturbed wind conditions at such times are often referred to
positional change is made possible here by the availability ofas producing a disturbance dynamo with additional electric
complete latitudinal profiles of TEC. The results of this paperfield effects produced over a large part of the Earth’s surface.
suggest that, for the storms discussed in this paper, compo- Positive storm effects are most easily recognized when
sitional changes appear to have been the main cause of they combine a major increase and recoverjol2 within
major depressions ifoF2 seen by the ionosondes. a short period (hours). Examples of clear and positive storm
Whilst a relationship between the negative ionosphericeffects, and negative storm effects in TEC are given by Es-
storms observed at low latitude discussed here and a cesssex et al. (1981). Possible positive storm effects were seen
tion of the equatorial anomaly seems clear, this is not theon the night before Storm 1. No relevant TEC passes were
only source of equatorial anomaly variability. Changes in available at this time for comparison. A clear and positive
the east-west electric field as identified by a counter electroincrease in both TEC anfdF2 was observed during the day
jet can alter (Forbes, 1989a) and suppress the development pfeceding negative Storm 3. If these and other possible pos-
an equatorial anomaly (Rastogi, 1999) whilst occurring un-itive storm effects are indeed storm related, they indicate a
der the quietest of geomagnetic conditions. The great day-togreat degree of variability from storm to storm, in contrast
day variability in anomaly strength outside periods of mag- with the consistency of the negative storm effects.
netic disturbance was one of the more obvious features of the It is clear from the TEC measurements that the positive
TOPEX/Poseidon TEC profiles and represents a subject foenhancement of the diurn&dF2 variation on 7 November
investigation in its own right (Stening, 2003). Du and Sten- 1997, seen at Vanimo-Darwin, Darwin and Learmonth, the
ning (1999) examine the origins of equatorial electric fields day before ionospheric Storm 3, is due to the strong equato-
and possible sources of variability. rial anomaly on this day and to an accompanying extension
The ionospheric effect of the magnetic storm commencingof high electron density values into the middle latitudes of
on 7 November 1997 (discussed here as storm 3) was ddhe Southern Hemisphere. The increase in the TEC from the
scribed by Huang and Foster (2001) as observed at the Millsouthern equatorial peak in Storm 3, which exceeds the nor-
stone Hill incoherent scatter radar in North America. In con- mal range of TEC variability at middle latitudes, is consistent
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