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Abstract

This paper presents results pertaining to the response of the mid-latitude ionosphere to strong geomagnetic storms that occurred from
31 March to 02 April 2001 and 07-09 September 2002. The results are based on (i) Global Positioning Systems (GPSs) derived total
electron content (TEC) variations accompanying the storm, (ii) ionosonde measurements of the ionospheric electrodynamic response
towards the storms and (iii) effect of storm induced travelling ionospheric disturbances (TIDs) on GPS derived TEC. Ionospheric data
comprising of ionospheric TEC obtained from GPS measurements, ionograms, solar wind data obtained from Advanced Composition
Explorer (ACE) and magnetic data from ground based magnetometers were used in this study. Storm induced features in vertical TEC
(VTEC) have been obtained and compared with the mean VTEC of quiet days. The response of the mid-latitude ionosphere during the
two storm periods examined may be characterised in terms of increased or decreased level of VTEC, wave-like structures in VTEC per-
turbation and sudden enhancement in hmF2 and h’'F. The study reveals both positive and negative ionospheric storm effects on the ion-
osphere over South Africa during the two strong storm conditions. These ionospheric features have been mainly attributed to the
travelling ionospheric disturbances (TIDs) as the driving mechanism for the irregularities causing the perturbations observed. TEC per-
turbations due to the irregularities encountered by the satellites were observed on satellites with pseudo random numbers (PRNs) 15, 17,
18 and 23 between 17:00 and 23:00 UT on 07 September 2002.
© 2012 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction ionospheric disturbance sources such as enhanced equator-
ward winds, composition changes, and electric field pene-

Solar activity variations are known to occur as a result  trations are often observed at middle and lower latitudes.

of the ionosphere’s response to increased sunspot activity
or sporadic phenomena like Coronal Mass Ejection
(CMEs), solar flares or X-ray flares. All these processes
raise radiation levels resulting in increased plasma densities
in the ionosphere. A CME is a large-scale disturbance
propagating from the Sun’s outer corona into the solar
wind and is mostly associated with solar flares. Such spo-
radic phenomena often causes geomagnetic storm as they
propagate towards the Earth. During geomagnetic storms,
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These sources are believed to be closely related to substorm
activities at high latitudes, meanwhile electric field penetra-
tion or over shielding processes are associated with ring
current variations (Pi et al., 1993). According to Kintner
et al. (2007), mechanical, electrical and chemically inter-
related causal mechanisms are available for explaining
storm related dynamics. One of these is the transitionary
electric fields from the solar wind that propagates into
the inner magnetosphere to the mid-latitude and low lati-
tude over a 1-2 h period. This phenomenon leads to iono-
spheric uplift due to enhanced ExB drift and increased
TEC during the day (Fejer and Scherliess, 1998). The
mechanical process occurs when the high latitude thermo-
sphere is heated up by auroral processes (Joule heating).
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This drives thermospheric winds equatorward via the mid-
latitude, which also lifts the ionosphere. Accompanying the
thermospheric winds are composition changes in the ther-
mosphere which chemically remove plasma. Therefore, a
good knowledge of the competing electric fields as well as
thermospheric dynamics and composition changes is
required to explain mid-latitude ionospheric storms effects
(Kintner et al., 2007).

The study of low latitude ionospheric electric fields and
currents by Fejer (1998) using incoherent scatter radar
measurements from Arecibo (18°N, 67°W, dip latitude
30°N) and Jicamarca (11.9°S, 76.8°W, dip latitude 1°N)
showed that ionospheric parameters are often strongly dis-
turbed during periods of enhanced geomagnetic activity.
Their results show that perturbations are consistent with
the occurrence of strong prompt penetration electric fields
reaching the magnetic equator, and can last for several
hours after geomagnetic quieting. Two types of disturbance
electric fields (i.e. prompt penetration zonal and distur-
bance dynamo electric fields) were identified by Kumar
and Singh (1982) at the low latitudes. The prompt penetra-
tion electric fields are produced both during the southward
turning of the interplanetary magnetic field (IMF) compo-
nent (Bz) and during the terminating phase of a storm
when IMF (Bz) turns northward. Disturbance dynamo
electric fields are produced due to increases in radiation
and consequent Joule heating of the high latitude plasma
(Blanc and Richmond, 1980). Kumar and Singh (1982)
add that this additional heating may launch equatorward
winds, which in turn generate disturbance dynamo fields.

The dispersive ionospheric medium affects GPS signals
in a number of ways as they pass from the satellites to
the ground receivers. One of the significant effects is that
the GPS signals traversing the ionosphere experiences an
additional delay proportional to the TEC. TEC between
a dual frequency receiver and the GPS satellites is calcu-
lated from L1 and L2 carrier signals and codes transmitted
simultaneously by the GPS satellites. Since the frequencies
that are used in the GPS system are sufficiently high, the
signals are less affected by the ionospheric absorption and
the Earth’s magnetic field, both in the short-term and
long-term changes in the ionospheric structure (Kumar
and Singh, 1982). TEC is defined as the total number of
free electrons in a cylinder of 1 m? cross-section between
a receiver and a satellite along the line of sight. However,
sudden variations in TEC degrade the phase and amplitude
of the received GPS signal. The degradation of the signals
is an impediment to the trans-ionospheric communication
and navigation. In the mid-latitude zone, signal degrada-
tion due to large variations in TEC are mostly associated
with geomagnetic storms. These storm induced TEC
variations introduce additional range errors in the mid-
latitudes. Tonospheric response to geomagnetic storms in
terms of TEC varies, depending on the geographic location
of the receiver, and the strength and local time of
occurrence of the storm (Dashora et al., 2005) [references
here in].

Therefore, a complete understanding of the processes
that lead to ionospheric TEC variations during each storm
in real time is needed to account for the errors in GPS nav-
igation. The effect of a geomagnetic storm on the derived
GPS TEC at low latitudes at Varanasi (geomagnetic lat.
14.92°N, geomagnetic long. 154°E) during the period
May 2007 to April 2008 was investigated by Kumar and
Singh (2010). This study found that TEC increased during
the main phase of the storm during March 2008, while in
the case of the November 2007 storm, TEC decreased dur-
ing the main phase of the storm, but increased during the
recovery phase of the storm. The ionospheric TEC at
mid-latitudes examined by researchers such as e.g., Essex
et al. (1972) and Prélss et al. (1991) was shown to have a
major response to geomagnetic storms and substorms.
The response is mainly attributed to combined effect of
dynamical and chemical processes. Thermospheric circula-
tion variations due to Joule heating and energetic particle
precipitations in the auroral zone, and electric field pertur-
bations are thought to be the major sources of the dynam-
ical disturbances in the middle and lower latitude
ionosphere (Fuller-Rowell et al., 1981). During substorms
travelling atmospheric disturbances (TADs), also triggered
by high-latitude Joule heating and particle precipitations,
can cause TIDs on a global scale (e.g., Prolss and Jung,
1978; Fuller-Rowell et al., 1981; Prolss et al., 1991).

1.1. Data and methods

The ionospheric data used in this study was obtained
from three ionosondes and six GPS receivers as shown in
Table 1. TEC is a key parameter in describing the iono-
sphere and the correct ionospheric effects which lowers
Global Navigation Satellite System positioning (GNSS)
accuracy. The influence of the ionosphere on GNSS
measurements depends on the GNSS wave frequency
and on the TEC. The received codes from GPS satellites
at the two frequencies (f1=157542MHz and
f2 =1227.60 MHz) often show a differential bias due to
different hardware paths inside the transmitter. The phases
also experience offsets as a result of unknown carrier phase

Table 1
Geographical coordinates of the ionosonde and GPS receivers used in this
study.

Station Station code Longitude (°E) Latitude (°S)

Ionosonde stations

Grahamstown GR13L 26.50 33.32
Louisvale LVI12P 21.24 28.51
Madimbo MUI2K 30.88 22.38
GPS stations

East London ELDN 27.83 33.04
HartRAO HRAO 27.69 25.89
Pretoria PRET 28.28 25.73
Springbok SBOK 17.88 29.67
Sutherland SUTH 20.81 32.38
Ulundi ULDI 31.42 28.29
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ambiguities and differential equipment phase delays
(Wanninger, 1993). Satellites are mostly observed along
oblique signal paths which pierce the ionosphere at an
assumed ionospheric shell height commonly known as the
ionospheric pierce point (IPP). The IPP corresponds to
the height typically associated with the peak electron den-
sity in the ionosphere (~350 km for this study).

A radio signal propagating through the ionosphere
experiences a group delay and phase advance due to the
ionosphere’s dispersive nature. This delay or advance is
proportional to the TEC along the signal path and inver-
sely proportional to the square of the carrier frequency
(/) and is given, to first order, by Hoffmann-Wellenhof
et al. (1992). TEC is determined from GPS measurements
by combining the dual frequency carrier phase and code-
delay along the satellite-receiver line of sight. The pseudor-
ange is increased by the ionospheric effect and is given in
units of length by Hoffmann-Wellenhof et al. (1992).
Code-based TEC (TECp) is noisier than phase-based TEC
(TECy), largely due to multipath, but the latter suffers an
unknown integer ambiguity offset and is subject to cycle
slips associated with rapid ionospheric scintillations.
Code-and carrier phase-based TEC are calculated from
the difference between the two pseudo ranges and carrier
phases as in Opperman et al. (2007). Corrected TEC] is
obtained from TECp by use of a levelling process by which
continuous sections of 7EC,; are adjusted to the mean of
corresponding sections of TECp. The resultant product is
the GPS-derived slant TEC (STEC) along the signal path
between satellite and receiver (Opperman et al., 2007).
STEC calculated along oblique signal paths are mapped
to vertical TEC (VTEC) by means of a single layer model.
STEC mathematically is defined as:

S
STEC = / N.ds, (1)
R

where TEC is measured in TEC Units (TECU) with 1
TECU = 10'® electrons per m?, R and S stand for the recei-
ver and satellite positions respectively in km. The line inte-
gral is assumed to include all the electrons in a column with
a cross-section of 1 m? and extending from receiver to satel-
lite. The single layer mapping function takes the form
below.

VTEC = STEC x 11 (R8s’ 2)
B R + hy, ’

where R and A, are the mean radius of the earth and
height of the ionosphere respectively, both measured in
km, and z, is the zenith angle (in degrees or radians) at
the observation site. For a known satellite position, z,
can then be calculated and the approximate coordinates
of the IPP can be determined.

The Adjusted Spherical Harmonic (ASHA) analysis
model was used in this study and uses spherical harmonics
filter to estimate TEC (Opperman et al., 2007) as:

TEC(4,¢) = Ziﬁnm [cos(P)|{ anmsin(ml.)

n=0 m=0

+ byncos(mh)}, (3)

where 4 is ionospheric pierce point (IPP), Sun fixed longi-
tude € [0°;360°]; ¢ =1IPP co-latitude € [0°;180°]; P,, is
equal to normalised associated Legendre function of degree
n and order m. a,,,b,, = are the desired Spherical Har-
monic Model (SHM) coefficients and n,m are the degree
and order of SHM expansion.

Further details of the ASHA model based derivation of
TEC can be found in Opperman et al. (2007). The derived
TEC was then further processed to obtained the perturba-
tions in the VTEC. The data for each GPS receiver for a
number of quiet days before and after the event was used
to calculate the background TEC (mean VTEC) of the data
points for every 30 seconds in order to smooth out the quiet
day data. The quiet day mean VTEC (VTEC) was then used to
compute the VTEC perturbation using the expression below.

VIEC perturbation = VIEC 50100 — VIEC.

The diurnal and latitude variations of the VTEC was also
examined in this study. This was done by processing data
for all the available receivers together and interpolating using
the coordinates of a reference (a central) receiver station to
obtain the SHM coefficients. The TEC calculated using the
SHM coefficients is then used to investigate the diurnal and
latitude pattern of TEC over the South African region.

2. Results and discussion

In this paper, SF events during high solar activity period
(2001-2003) were studied and two of these among others
(Table 2) are analysed and presented below. The selection
of these two SF events was aimed at illustrating the occur-
rence of weak and strong SF over South Africa during
strong storm periods. The statistical features of SF phe-
nomena over the South African region has been reported
by Amabayo et al. (2011). Some of the SF events observed
during the high solar activity period (2001-2003) are pre-
sented in Table 2.

This table shows that most of the SF events occur during
geomagnetically quiet conditions (i.e. K-index < 5). The K-
index used in this study is archieved at the Hermanus Mag-
netic Observatory located in Hermanus (19.22°E, 34.42°S),
South Africa. The K-index is the overall geomagnetic
condition of the ionosphere over the past 3 h and ranges
quasi-logarithmically from 0 to 9. It is directly related to
the maximum amount of fluctuation (relative to a quiet
day) in the geomagnetic field over a 3-h interval. In Table 2,
K-index 4-3 implies that 4 corresponds to the first 3-h (say
18-21 UT) and 3 to next 3-h (21-24 UT).

2.1. MarchlApril 2001 spread F event

SF event (in Fig. 1) is an example of weak SF occurrence
during a strong geomagnetic storm activity. The SF
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Table 2

Statistics of some selected days of SF occurrence.

Station Date Time (UT hour) K-index Station Date Time (UT hour) K-index
MUI12K 2001-03-05 03:00-03:30 4 GRI13L 2002-07-08 18:00-23:30 1-3
MUI12K 2001-06-04 21:30-23:30 2 GRI13L 2002-07-09 00:00-03:30 2
MUI12K 2001-06-05 00:00-03:00 1 GRI13L 2002-07-11 00:00-04:00 0
GRI13L 2001-07-17 18:00-23:30 1 GRI13L 2002-08-03 00:00-03:30 4-3
MUI12K 2001-09-07 18:30-19:00 0 GRI13L 2002-08-03 20:00-23:30 2-3
GRI13L 2001-09-09 18:30-22:00 0 GRI13L 2002-08-04 00:00-01:30 4
GRI13L 2001-09-15 22:30-23:30 3 GRI13L 2002-08-04 20:00-23:30 2-0
GRI13L 2001-09-16 00:00-02:00 2 GRI13L 2002-08-05 00:00-01:30 0
GRI13L 2001-11-01 22:00-23:30 2 GRI13L 2002-08-27 18:30-23:00 1-4
MUI12K 2002-01-01 22:00-23:30 1 GRI13L 2002-08-28 00:30-02:00 3
GRI13L 2002-04-14 00:00-03:30 3 GRI13L 2002-09-02 20:00-23:30 0
GRI13L 2002-05-14 03:00-04:30 4 GRI13L 2002-09-03 00:00-03:30 0-1
GRI13L 2002-05-14 18:00-21:30 5-4 GRI13L 2002-09-05 02:00-03:30 1-3
GRI13L 2002-05-17 01:00-02:30 1 GRI13L 2002-09-06 00:00-03:30 2
GRI13L 2002-07-04 22:00-23:30 2 GRI13L 2003-05-30 01:30-03:00 6-4
GRI13L 2002-07-05 00:00-03:30 1 GRI13L 2003-09-08 00:00-02:45 0
GRI13L 2002-07-06 18:00-23:30 4-3 GRI13L 2003-09-19 02:00-03:45 4-3
GRI13L 2002-07-07 00:00-03:30 4-0 MUI12K 2003-10-29 00:30-02:00 4

occurrence observed here are within a short frequency
range (2-6 MHz) compared to those observed in 2002
(Figs. 7 and 8). The interest in this particular SF event is
to illustrate the occurrence of weak SF over South Africa
during very strong geomagnetic storms. Fig. 1 shows that
the overlapping echoes from the scattering medium causing
the SF events appeared from 01:00 to 01:30 UT at a virtual
height of ~300 km on 31 March 2001. The virtual height at
which the diffuse echoes get reflected increased to ~450 km
from 02:00 to 03:30 UT on the same day. The change in vir-
tual height continues up to 04:30 on 02 April 2001. The
variability of this height signifies the delay imposed on
the signals by the spatial density variations in the scattering
medium.

According to Lu (2006), co-rotating high speed solar
streams, CMEs and interplanetary shocks are the most
common causes of geomagnetic disturbances in the Earth’s
magnetosphere and ionosphere. To understand the cause
and effect of irregularities causing such SF, the variability
of auroral electrojet (AE) index and the disturbance storm
time (Dst) index was investigated. In addition, solar wind
parameters such as ion number density (Nion), solar wind
speed (Vp) and IMF component Bz were also analysed for
the periods of SF events (see Fig. 2). Fig. 2(a) shows north-
ward Bz at ~01:00 UT on 31 March 2001 followed by a
southward direction change of Bz component up to
~06:00 UT on 31 March 2001. The southward Bz polarity
ostensibly marked the sudden storm commencement (SSC)
due to the arrival of solar wind shock waves as observed by
the ACE satellite (00:00-02:00 UT) on 31 March 2001. A
distinct shock wave observed at ~06:00 UT on 31 March
2001 initiated the expansion phase of the strong geomag-
netic storm with long lasting recovery phase. It can be seen
from Fig. 2 that the southward polarities of IMF (Bz) are
very well correlated with decrease and increase of Dst and
AE indices respectively. The auroral activity increased

(AE =500 nT) from midnight on 31 March 2001 before
the storm started and decreased from around 09:00 to
11:00 UT. The onset of increased auroral activity coincides
with increased solar wind plasma speed from midnight in
Fig. 2(e) and this was preceded at 20:00 UT (on 31 March
2001) by an increased solar wind speed. The speed again
increased up to 800 km/s at 06:00 UT on 01 April 2001
when auroral activity also increased.

Fig. 2(f) shows sharp electric field gradients between
~01:00 UT (on 31 March 2001) and ~00:00 UT (on 01
April 2001). Rapid increase in the ion number density
and speed of the solar wind often leads to compression of
the dayside magnetosphere. The effect of the resulting
storm increases magnetic reconnection on the dayside mag-
neto pause allowing solar wind particles to flow into the
ionosphere. Reconnection is normally accompanied by a
sudden release of energy stored in the oppositely directed
magnetospheric magnetic fields. This leads to increased
Poynting flux into the ionosphere and enhanced magneto-
spheric convection. Strong neutral winds are then created
as a result of the corresponding Joule heating. Perturba-
tions within thermospheric wind system may produce addi-
tional electric fields by dynamo effect (Kumar et al., 2008).
Space Weather Prediction Centre (SWPC) of the United
States reported a high energy solar particle event on 29
March 2001 at 16:35 UT that reached the Earth on 30
March 2001 at 06:10 UT. This was associated with the
release of the halo CME at 10:26 UT on 29 March 2001
caused by a solar flare activity on this day at 10:15 UT
(http://www.swpc.noaa.gov/ftpdir/warehouse/).

Several research groups have attributed mid-latitude SF
with locally generated instabilities within the bottomside of
the F region. The F region electric field drifts are believed
to be caused by differences in the ionisation. To investigate
ionospheric response towards the above storm, ionospheric
data for hmF2 and h'F was extracted using SAO Explorer
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Fig. 1. Grahamstown (GR13L) ionograms showing occurrence of post-midnight occurrence of weak SF from 31 March 2001 to 02 April 2001.

software (Reinisch et al., 2005). The data during SF
occurrence from Grahamstown (26.50°E, 33.32°S) was
compared with that from Madimbo (30.88°E, 22.38°S) sta-
tion (Fig. 3). This helps to understand and trace the

mechanisms responsible for the SF occurrence over this
region. The values of hmF2 and h'F observed at Grahams-
town are slightly higher compared to those observed at
Madimbo, except around midday on 02 April 2001 when
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10
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h'F at Madimbo became higher. The highest value of 'F  midnight to 03:00 UT during the recovery phase of the
(=400 km) between 18:00 and midnight on 01 April 2001 storm on 01 April 2001 during which SF was observed.
(Fig. 3(b)) is consistent with the main phase of the storm  The uplift and decrease of h'F is attributed to positive
in Fig. 2. The value of h'F decreased below 400 km from  and negative storm effects respectively. Depletion of the
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Fig. 1. (continued)

ionospheric plasma due to storm induced effects often  the height of the F2 layer is unstable and thus shows high
causes thinning of the F layer, particularly at night. At  variability (evident between ~00:00 and 06:00 UT and
night recombination takes place and this leads to decrease 18:00 and 06:00 UT on 31 March 2001). The ionosphere
in electron/ion density and hence a decrease in TEC is  being embedded in the thermosphere is subject to the influ-
expected. During increased ionospheric activity periods,  ence of thermospheric winds. These neutral winds blow
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Fig. 2. (a) IMF (Bz) with several southward turnings during the peak storm phases. Variability of hourly (b) Dst and (c) AE indices. (d) Ion number
density (Nion) with sharp gradients. (e) Solar wind plasma flow speed (Vp) during the disturbed days. (f) Variability of convection electric field (E). (Data

source: ACE website http://cdaweb.gsfc.nasa.gov/cdaweb/sp_phys/.)

and drag the ionosphere along, and hence influences the
dynamics of the ionosphere at such locations (Davies,
1990). Changes in the flow of the winds at a given time
and location causes diurnal variations of ionospheric
parameters such as hmF2, h'F and TEC. During severe
storms, increased influx of charged and energetic particles
into the ionosphere can enhance the amplitude of iono-
spheric irregularities. The time derivative of h'F (Vd) shows
a high variability in the ionospheric plasma from 00:00 to
06:00 UT during the strong storm on 31 March 2001
(Fig. 3(c)). However, the drift velocity (Vd) reflected in

Fig. 3(c) is slow, except on 31 March 2001 between 00:00
and 06:00 UT. The high variablity of Vd within this inter-
val coincides with the SSC of the strong storm. This may be
attributed to the impulse caused by arrival of the shock
waves on the magnetosphere within this interval.

An attempt was made to investigate the derived VTEC
data from available GPS receiver stations. This was aimed
at reconciling the GPS measurements and the F region ion-
ospheric parameters obtained from ionosonde data.

The VTEC observed from all the four stations shows a
decrease in TEC from ~8:00 to 10:00 UT and 11:00 to
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(Vd) of F2 layer bottom height (h'F).

March 30 March 31
100 100
(a) —uLDI (b) ——SBOK
90 —— SBOK || 90r
80 ——ELDN |/ sol
——HRAO
70 __ 70}
o] o}
O 60 O 60}
w L
S) £ 50
O (@]
g 40 W 4ot
> >
30 30t
20 20t
10 10k
0 0
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
UT (Hours) UT (Hours)
April 01 April 02
100 et —— 100
(c) —uLDI (d) —T
90p —SBOK 90¢ —— SBOK ]
80} ——ELDN 80}
——HRAO
= 9 __ 70}
o]
o 60| o 6ol
w i)
£ 50 £ 50t
O (@]
o 40r &40t
> >
30t 30l
20t 20t
10 10}
0 0 M R K
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24

UT (Hours)

UT (Hours)

Fig. 4. Variability of the VTEC during quiet and disturbed days for different four stations.

16:00 UT on 31 March 2001 (Fig. 4(b)). The decrease in the
TEC at these intervals coincides with the arrival of shock
waves as observed by ACE satellite (Fig. 2). The normal
diurnal pattern of TEC exhibits a steady increase from
about sunrise to an afternoon maximum when the Sun is
overhead and then falls to a minimum just before sunset
as in Fig. 4(a), (¢c) and (d). The decrease in TEC
(Fig. 4(b)) is attributed to storm induced ionospheric

plasma density perturbations occurring during the onset
of decreased solar wind speed in Fig. 2(e).

The VTEC at the IPPs was also plotted to examine the
locations of TEC gradients which may have led to TEC
perturbations. The diurnal and Iatitudinal pattern of
VTEC was also examined by looking at different longitudi-
nal sectors. This was done by computing TEC using data
from all the receivers combined with one receiver chosen
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as the interpolation point. The V'TEC along particular IPP
longitudes was plotted. The IPPs of the satellites visible at
each receiver station are shown in Fig. 5(a) and (b). This
helps to explain the observed diurnal and latitudinal distri-
bution of TEC over South Africa during the strong storm
event. The choice of the latitude range entirely depends on
the IPP latitude coverage for the day. Fig. 5(a) and (b)
shows that the IPPs based on the four receivers in
Fig. 4(b) and (c) displays a fair coverage of the South Afri-
can region. The ASHA algorithm interpolation yields good
TEC results in regions well covered by the IPPs. The
ASHA algorithm extrapolation outside the IPP coverage
gives rise to wrong TEC (i.e. high £TEC). Therefore, the
diurnal and latitudinal TEC variability in Fig. 6 were
obtained by using the IPP latitude range of —34° to
—23°, The TEC variation along particular IPP longitudes
was then investigated as below. It should be noted that
the fewer the receiver stations used, the poor the IPP cov-
erage which in turn affects the TEC values.

The diurnal trend in Fig. 6 shows that the TEC is low
during the nighttime (00:00 to 05:00 UT and 18:00 to
24:00 UT) and high during the day. The peak of the TEC
can be observed between 07:00 and 12:00 UT. The TEC
values during these intervals are higher at low mid-latitudes
(~23.5-29.5°S) and lower at mid-latitudes (~30-34°S). The
diurnal and latitudinal pattern of TEC observed at the four
selected meridian longitudes (17°E, 23°E, 27°E and 33°E)
are identical. This implies that the TEC over South Africa
on this day was independent of longitude. The occurrence
of TEC decrease (or depletion) due to the satellite signals
encountering ionospheric irregularities can be observed
between ~06:00 and 11:00 UT. The TEC decrease within
this time interval (also observable in Fig. 4(b)) occurs in
the IPP latitude range TEC values during these intervals
are higher at low mid-latitudes 34° to TEC values during
these intervals are higher at low mid-latitudes31° (mid-
latitude zone) for all meridian longitudes considered. The
TEC values on the right panel of Fig. 6 occur during the
recovery of the ionosphere from main phase of the strong
storm.

2.2. 07 September 2002 spread F event

This event is another example of SF occurrence during
high solar activity observed at three ionosonde stations
during spring in 2002. Although only Madimbo and Lou-
isvale ionograms have been shown, there was also SF
observed from Grahamstown starting from 00:00 to 03:30
UT on 07 September 2002. The intensity of the SF
observed from Grahamstown (not shown) was lower than
the intensity observed from Madimbo and Louisvale
(21.24°E, 28.51°S) as shown in Figs. 7 and 8. The frequency
at which reflections occur can be observed to increase from
8 MHz up to 11 MHz. The irregular structure suddenly
appeared at 18:30 UT at Madimbo and 19:00 UT
(30 min later) at Louisvale. These perturbations are most
likely associated with the occurrence of prompt penetration
electric fields, produced during the southward turning of the
IMF component (Bz). This prompt penetration phenomenon
can cause ionospheric uplift due to enhanced E x B drift and
increased TEC. These F region electric field drifts are
believed to be a consequence of the differences in the ionisa-
tion. Geomagnetic and solar wind data obtained from ACE
satellite was examined as shown in Fig. 9.

During a magnetic storm the plasmasphere opens up
due to magnetic reconnection and loses its plasma to the
magnetotail, consequently depleting plasma in the iono-
sphere in the process (Fuller-Rowell et al., 1990, 1994).
Hence, during and after a geomagnetic storm, both positive
and negative ionospheric changes in ionospheric density
are observed, mostly noticeable in the F2 layer. According
to Prolss (1993), these positive and negative ionospheric
storm effects are believed to have strong local time depen-
dence. Negative storm effects are the dominant characteris-
tic in the ionospheric response to geomagnetic activity
enhancements (Belehaki and Tsagouri, 2001). Generally it
has been accepted that negative storm effects are attributed
to neutral composition changes during which increases in
molecular ion species tend to hasten the ion recombination
which in turn may slow the rate of increase or cause a
decrease in plasma density (Fuller-Rowell et al., 1994).
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Fig. 6. The variation of VTEC with time of the day and IPP latitude on 31 March 2001 (left panel) and 01 April 2001 (right panel).

The Space Weather Prediction Centre (SWPC) reports CME _list/). This event was attributed to a halo CME
show that high energy solar particle (>10 MeV) event  released on 05 September 2002 at 16:50 UT (associated
started on 07 September 2002 at 04:00 UT (http://  with a C5 flare on 05 September 2002) which affected the
www.swpc.noaa.gov/ftpdir/ or http://cdaw.gsfc.nasa.gov/  Earth’s environment. The occurrence of shock waves
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Fig. 7. lonograms showing intense SF occurrence between 18:00 and 23:00 UT as observed from Madimbo on 07 September 2002.

between ~15:00 UT (on 07 September 2002) and 06:00 UT
(on 08 September 2002) is initiated by the ring current
direction change, thus the southward turnings of the Bz
indicate a reconnection process, during which the magnetic
field lines of the Earth open up and thus allowing solar

wind particles to penetrate the ionosphere. The induced
strong storm with minimum Dst of ~ —200 nT is sufficient
to influence changes in the ionosphere. The increase in ion
number density from 12:00 UT (on 07 September 2002) to
~08:00 UT (on 08 September 2002) which shoots up at
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~06:00 UT on 08 September 2002 are evidences of changes
induced in the ionosphere due to the storm. The increased
ionisation associated with positive storm effects are attrib-
uted to the neutral wind effect starting at auroral latitudes
where perturbed interactions between the solar wind and

(a)

(b)
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Fig. 8. Ionograms showing intense SF between 18:00 and 23:00 UT as observed from Louisvale on 07 September 2002.

the magnetosphere yield increased energetic particle precip-
itation, convection electric fields and associated Joule heat-
ing. The induced electric field due to convection was highly
variable during the period above (12:00 UT to ~08:00 UT)
and there was a sudden increase of plasma speed. The Joule
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heating raises the thermosphere temperature at auroral lat-
itudes, resulting in enhanced equatorward winds and TIDs
(Jodogne and Stankov, 2002).

A further investigation of the effect of the irregularities
induced by the storm on the ionosphere was conducted
using ionosonde data. The depression and uplifting of the
ionospheric parameters during perturbed conditions was
studied by analysing the hmF2 and h'F. These two param-
eters are chosen because they are not affected much by the
occurrence of SF and hence their variability is paramount
in identifying perturbations in the F layer. The data for
these parameters was compared for two stations
(Fig. 10). The ionospheric storm effect in Fig. 10 is
explained in terms of positive and negative storm effects.
The values of hmF2 and h’'F shoot up between ~18:00
UT (on 07 September 2002) and 06:00 UT (on 08 Septem-
ber 2002), and remained low for the other periods of the
days. Higher values of h'F with respect to hmF2 during this
period may be attributed to enhancement of the iono-
spheric plasma due to the strong positive storm effect.

The effect of the nighttime enhancement caused by an irreg-
ularity is higher at Louisvale compared to Madimbo. The
high rate of plasma density depletion could be the cause
of lower values of hmF2 and h'F from Louisvale than
Madimbeo.

The effect of the storm on GPS TEC was also investi-
gated using available data from the selected dual frequency
GPS receivers. The result of derived V'TEC and the pertur-
bations observed from the stations with reliable data are
shown in Fig. 11(a) and (b) respectively.

The VTEC is observed to depart by ~5 and ~20 TECU
from the mean value at PRET/HRAO and SUTH/ SBOK
on 08 September 2002 respectively. The VTEC and mean
VTEC are approximately the same on 07 and 09 September
2002 (Fig. 11(a)). There is a sudden TEC increase just after
18:00 UT observed at HRAO and SBOK on 07 September
2002. This nighttime TEC enhancement may be attributed
to a combination of processes (e.g. neutral wind composi-
tion changes and TIDs) as a result of storm induced pertur-
bations. Under ordinary conditions, the diurnal pattern of
TEC (i.e. a normal curve) is that TEC is low during the
night and high during the day. The reason for this is that
during daytime, EUV (extra ultraviolet) from the Sun
ionises the atmosphere of the Earth thus increasing the
TEC, while the nighttime values of TEC are reduced due
to chemical recombination (Davies, 1980). Rapid TEC
fluctuations may occur instead of smooth variations during
ionospheric disturbance due to magnetic storms or density
perturbations. The perturbations induced in the TEC was
examined for the four stations as discussed below.

The perturbed VTEC observed in Fig. 11(b) reflect tur-
bulent ionosphere under the influence of strong geomag-
netic disturbance. A variable VTEC perturbation can be
observed in Fig. 11(b) from 18:00 UT (on 07 September
2002) to 00:00 UT (09 September 2002). Sudden increase
in auroral and storm activity was observed previously
observed at 18:00 UT (see Fig. 8) which in turn led to
increased ion number density and prompt penetration of
electric fields. The sudden increase in VTEC at 18:00 UT
(on 07 September 2002) may be attributed to the injection
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Fig. 11. (a) Variability of the disturbed V'TEC (solid lines) and the mean V'TEC (dashed lines) for the four stations. (b) The derived TEC perturbation for
GPS stations with data availability during the geomagnetically disturbed period.

of energetic particles in to the ionosphere system during a
reconnection process. The perturbed VTEC in Fig. 11(b)
shows higher values at SBOK and HRAO than PRET
and SUTH (between 17:00 and 00:00 UT on 07 September
2002), where negative storm effects were observed as
depicted by the depression of the TEC.

The phenomena of TEC decrease and increase was fur-
ther investigated by analysing TEC along the ray path
between individual satellites and the receiver stations.
The results are an indication of the satellite paths that
encountered the ionospheric irregularities responsible for
the TEC perturbations observed at the receiver stations
(Fig. 12). It should be noted that TEC observations when
the satellites are below 20° elevation are considered as mul-
tipath effect in this study.

The TEC observed along the ray path between pseudo-
random number (PRN) 15 and the receiver at Pretoria
shows a decrease (>8 TECU) between 19:00 and 21:00
UT. This was followed by a TEC increase and a decrease
from 21:00 to 23:00 UT. A similar TEC pattern was
observed along the ray path between PRN 17 and the recei-
ver at Pretoria. It can be observed that PRN 17 encountered
small scale irregularities between 21:00 and 22:00 UT. The
decrease and increase in the TEC observed along the ray
path between PRN 15 and Springbok lags behind the obser-
vation made at Pretoria by ~2 h. Series of the small scale

irregularities were encountered along this path between
~20:30 and 23:00 UT. The nature of the TEC along the
ray path between PRN 17 and Springbok is similar to that
of PRN 15 and also lags behind by about the same duration
of time (2 h). The TEC along the ray path between PRNs 15
and 17, and the receivers at Pretoria and Springbok shows
opposite signs within a given interval of time (i.e. TEC
increase and decrease, and vice versa). This can be observed
for example between 18:00 and 19:00 UT when TEC
increase and decrease were observed between these two
receivers and PRN 17. The trend of TEC observed along
the ray paths between satellites 18 and 23, and Springbok
also reveals presence of small scale irregularities at the inter-
vals 19:00-23:00 UT and 19:00-20:00 UT. TEC enhance-
ment was observed along the ray paths between PRNs 15
and 17 and Sutherland between 21:00 and 22:00 UT. The
fact that these observations were made above 20° implies
presence of density irregularities that caused the observed
TEC perturbations. The local time difference between these
receivers was considered and time shifts were observed
between HartRAO and Pretoria which have ~0.6° longi-
tude difference (Table 1). The dynamical causes of negative
TEC phase effects are quite distinct from those due to
enhanced chemical losses. Composition changes resulting
from storm-induced modifications to thermospheric circu-
lation are known to be the dominant driving mechanisms
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Fig. 12. Elevation angle and STEC as observed at the four GPS receiver stations as a function universal time (UT).

of the daytime negative phase at mid-latitudes. Time shift of ~ attributed to the effect of enhanced equatorward winds
about 13 min were obtained after removing local time  which launch TIDs during their propagation (Jodogne
effects between HartRAO and Pretoria. This time shift is  and Stankov, 2002).
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receiver stations.

After establishing the ray paths encountering irregulari-
ties, the next interest in this study was to trace the IPP loca-
tions of the irregularities. The VTEC observed by each
satellite was mapped on the IPPs (arcs) of the satellites
and the results are presented in Fig. 13. The observations
in Fig. 12 shows that significant TEC gradients were
observed along the ray paths to the satellites (15, 17, 18
and 23) as viewed from the four receiver stations. It should
be noted that the labels in red and blue represent the start
and end of the IPP arcs respectively. Some arbitrary letters
have been added to the PRNS to indicate the receiver station
from which each satellite was observed. The labels SB
(e.g. 17SB), SU (e.g. 17SU), H (e.g. 17H) and P (e.g. 17P)
refer to PRN 17 as observed from Springbok, Sutherland,
HartRAO and Pretoria respectively. The decrease and
increase in the TEC as a result of the irregularities encoun-
tered by the satellites are observable in the IPP positions
between 16° and 25° longitude and —34° and —28° latitude.

2.3. Conclusions

Negative storm effects were observed on the ionosphere
over the mid-latitude South African region during the
strong geomagnetic storm from 31 March to 02 April
2001. The storm induced perturbations in the ionospheric
electron concentration were examined on the ionosonde
and GPS data. Increase in the TEC perturbation of magni-
tude >15 TECU were observed between 17:00 and 21:00
UT (at Springbok and HartRAOQO) during the expansion
phase of the storm on 07 September 2002. A trough in
the TEC perturbation was observed during the substorm
and recovery phases of the storm on 08 September 2002
between 06:00 and 12:00 UT. The TEC perturbation in
Fig. 11 revealed storm-induced TIDs as the source of the
irregularities observed over South Africa during the period
examined. The question of the size of the irregularity struc-

tures responsible for these perturbations remained unsolved
in this study. Another signature of the storm-induced irreg-
ularity over the South African region is the observed SF.
The differences in the SF phenomenon observed at the three
ionosonde stations on 07 September 2002 demonstrates
existence of varying irregularity sizes. Therefore, this study
has shown that the mid-latitude ionosphere was greatly per-
turbed during the two strong storms.
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