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Abstract The ionospheric F2-layer peak density (NmF2)
and its height (hmF2) are of great influence on the shape
of the ionospheric electron density profile Ne (h) and may
be indicative of other physical processes within the iono-
sphere, especially those due to geomagnetic storms. Such
parameters are often estimated using models such as the
semiempirical international reference ionosphere (IRI) mod-
els or are measured using moderately priced to expensive
instrumentation, such as ionosondes or incoherent scatter
radars. Global positioning system (GPS) observations have
become a powerful tool for mapping high-resolution iono-
spheric structures, which can be used to study the ionospheric
response to geomagnetic storms. In this paper, we describe
how 3-D ionospheric electron density profiles were produced
from data of the dense permanent Korean GPS network using
the tomography reconstruction technique. These profiles are
verified by independent ionosonde data. The responses of
GPS-derived parameters at the ionospheric F2-layer to the
20th November 2003 geomagnetic storm over South Korea
are investigated. A fairly large increase in the electron density
at the F2-layer peak (the NmF2) (positive storm) has been
observed during this storm, which is accompanied by a sig-
nificant uplift in the height of the F2 layer peak (the hmF2).
This is confirmed by independent ionosonde observations.
We suggest that the F2-layer peak height uplift and NmF2
increase are mainly associated with a strong eastward elec-
tric field, and are not associated with the increase of the O/N,
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ratio obtained from the GUVIinstruments aboard the TIMED
satellite. It is also inferred that the increase in NmF2 is not
caused by the changes in neutral composition, but is related
to other nonchemical effects, such as dynamical changes of
vertical ion motions induced by winds and E x B drifts, tides
and waves in the mesosphere/lower thermosphere region,
which can be dynamically coupled upward to generate ion-
ospheric perturbations and oscillations.

Keywords GPS - Ionosphere - F2-layer - Tomography -
Geomagnetic storm

1 Introduction

It is well known that geomagnetic storms may profoundly
affect the global ionosphere and upper atmosphere, inducing
great variations in parameters such as the total electron con-
tent (TEC), the F2-layer peak density (NmF2) and its height
(hmF2). These influences vary with location, season, local
time and solar activity. The responses of the ionosphere to
geomagnetic storms have been studied for several decades
using moderately priced to expensive instrumentation, such
as ionosondes and incoherent scatter radar (ISR) (Fuller-
Rowell et al. 1996; Szuszczewicz et al. 1998; Lei et al.
2004). However, it is well known that ionospheric storms
have a global impact on ionization, and under very disturbed
conditions, the ionospheric response to severe storms often
presents significant changes in the distribution of ionization
with latitude and altitude. Furthermore, ionosondes cannot
measure the topside ionosphere and sometimes suffer from
absorption during storms, whereas ISRs have geographical
limitations. Nowadays, the global positioning system (GPS)
satellites, being in high altitude orbits (~20,200km), are very
useful for studying the structure of the entire ionosphere, even
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the plasmasphere. Moreover, GPS is a low-cost, all-weather,
near real time and high-resolution atmospheric sounding
technique. Therefore, GPS has been widely used to moni-
tor the ionosphere (e.g., Afraimovich et al. 2000; Yamamoto
et al. 2000; Gao and Liu 2002; Yin et al. 2004).

As the F2-layer peak electron density value (denoted as
NmF2, proportional to the square of the F2 layer critical
frequency foF2) is of great influence on the shape of the ion-
ospheric electron density profile Ne(h), and also probably
related to various physical processes of ionospheric activities
as well as the F2-layer peak height (hmF2), the NmF2 and
hmF2 are essential parameters for monitoring ionospheric
activities and understanding the nature of the ionosphere.
Although many studies of geomagnetic storms have been
carried out in United states and Europe (e.g., Foster et al.
2002, 2004; Yin et al. 2004; Goncharenko et al. 2007), inves-
tigations on ionospheric behavior to storms in Asia are rel-
atively few due to a lack of dense sets of GPS observations,
etc. In this paper, the responses of the GPS-derived NmF2
and hmF2 to the super geomagnetic storm (20 November
2003) over South Korea are described using the data from
the dense Korean GPS network (KGN). First, ground-based
dual-frequency GPS observations are used to produce elec-
tron density profiles using the ionospheric tomography tech-
nique, which are verified by independent ionosonde data.
Then the responses of the key ionospheric F2-layer param-
eters NmF2 and hmF2 to the 20th November 2003 geo-
magnetic storm over South Korea are investigated to gain
insights into the effects of different physical conditions and
processes.

In addition, the global neutral atmosphere was
simultaneously monitored by the TIMED spacecraft in a
625-km circular orbit above the Earth. The global ultraviolet
imager (GUVI) instrument onboard the spacecraft produces
far-ultravioletimaging spectrograms of photons emitted from
the upper atmosphere, providing neutral composition infor-
mation (see, e.g., Christensen et al. 2003). The observations
from the TIMED/GU VI instrument provide possible mecha-
nisms of the ionsopheric behavior to this geomagnetic storm
and other solar activity indices as well.

2 Data and tomography method
2.1 GPS observation data

The KGN consists of more than 50 permanent GPS sites
(Fig. 1) that have been established since 2000 by the Korea
Astronomy and Space Science Institute (KASI), the Ministry
Of Governmental Administration and Home Affairs (MOG-
AHA), and the National Geographic Information Institute
(NGI) (Jin and Park 2006). The average distance between
GPS sites is about 20-50km, which provides high spatial
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Fig. 1 GPS site distribution of the permanent Korean GPS network
(KGN). GPS stations marked by stars are operated by the Korea Astron-
omy and Space Science Institute (KASI); GPS stations marked by
squares are operated by the National Geographic Information Institute
(NGI); GPS stations marked by circles are operated by the Ministry of
Governmental Administration and the Home Affairs (MOGAHA)

resolution coverage. These dense GPS observations can be
used to compute daily station positions, precipitable water
vapor (PWV) and TEC, which offer opportunities to inves-
tigate crustal deformation, climate and space environments
over the southern Korean Peninsula. For this study, the
ground-based GPS observations of the KGN network are
used to produce 3D (latitude—longitude—height) ionospheric
electron density profiles over South Korea and to study
the behavior of the ionospheric F2-layer during the 20th
November 2003 storm.

2.2 GPS ionospheric tomography method

The GPS consists of a constellation of up to 30 operating
satellites in six circular orbits 20,200 km above the Earth at
an inclination angle of 55° with a 12-h (sidereal) period.
Each GPS satellite broadcasts two spread spectrum L-band
radio signals with the frequencies f; = 1.57542GHz and
f> = 1.2276 GHz. As the ionosphere is a dispersive medium,
dual-frequency GPS receivers are able to evaluate the iono-
spheric effect by measuring the modulations on the codes
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and the carrier phases. The equations of carrier phase (L)
and code observations (pseudorange P) of dual-frequency
GPS are expressed as follows:

i _ i i i i ,
Lhj =2 j = P0.j = donk.j T duwop.j T ¢ (f - TJ)

i i
— Ak (bk,j + Nk,j)
P]é,J = /O(l)’] + ilon,k,j + dtlrop,j + C (Tl — 'L'])
+dy i+ dgij +E
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where subscript k stands for the frequency (k = 1, 2), super-
script i and subscript j represent the satellite and ground-
based GPS receiver, respectively, and other parameters are
as follows:

00, the true distance between the GPS receiver and satellite
dion and dyrop, the ionospheric and tropospheric delays

¢, the speed of light in vacuum space

7, the satellite or receiver clock offset

b, the phase delay of satellite and receiver instrument bias
dy, the code delay of satellite and receiver instrument bias
A, the carrier wavelength

¢, the total carrier phase between the satellite and receiver
N, the ambiguity of the carrier phase

g, other residuals

One can easily obtain the following equations from Eq. 1:

. . 11
Ly=Li;—L,;=—403( — — — |STEC+ By (2)
’ ’ 5
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Py=P;— P, =403 — — — |STEC+bs  (3)
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where STEC is the slant TEC of the GPS signal ray path,
(Bs = —hbj; + Nj )+ 2205 ; + Nj ). and by =
(dq1,; —dqo,j) + (dq| — dq5). The differential code biases
(b4) can be estimated as constant values for each day from
GPS carrier phase observations (the detailed processes are
described by, e.g., Sardon et al. 1994), and B4 can be obtained
as ZIN=1 (P4 + L4 — by)/N, where N is the number of sam-
ples for one arc of GPS observations. Thus, the precise STEC
can be derived from dual-frequency GPS carrier phase and
code observations (Jin et al. 2004, 2006). The STEC is defined
asthe line integral of the electron density whichis as expressed
as follows:

Rsatellite
STEC = Ne (A, ¢, h)ds 4)
Rreceiver

where N¢(X, ¢, h) is the ionospheric electron density; X, ¢
and # are the longitude, latitude and height, respectively. To
obtain Ne, the ionosphere is divided into grid pixels with a

small cell, where the electron density is assumed to be con-
stant, so that the STEC in Eq. 4 along the ray path i can be
approximately written as a finite sum over the pixels j as
follows:

M
STECZ‘ = Zaijnj (5)
j=1

where a;; is a matrix whose elements denote the length of
the path—pixel intersections in the pixel j along the ray path
i, and n; is the electron density for the pixel j. Each set of
STEC measurements along the ray paths from all observable
satellites at consecutive epochs are combined with the ray
path geometry into a linear expression:

Y =Ax+e ()

where Y is a column of m measurements of STEC, x is a
column of n unknown electron densities for cells in the tar-
geted ionosphere region and A is an m x n normal matrix
with elements a;;. The unknown electron densities x can
be estimated by the ionospheric tomographic reconstruction
technique. Many tomography algorithms are used in different
ways, e.g., singular value decomposition (Wall et al. 2001),
correlation function (Ruffini et al. 1998) and algebraic recon-
struction technique (ART; Gordon et al. 1970). One of the
most common approaches is the ART, which was first intro-
duced in computerized ionospheric tomography (CIT) by
Austen et al. (1988). This is an iterative procedure for solving
a linear equation. A modified version of ART is the so-called
multiplicative ART (MART), where the correction in each
iteration is obtained by making a multiplicative modifica-
tion to x (Raymund et al. 1990; Tsai et al. 2002). The ART
generally produces estimates of the unknown parameters by
minimization of the L2 norm, while the MART follows max-
imum entropy criteria and thus underlies different statistics.
In addition, the MART performs a multiplicative modifica-
tion in each iteration, and thus the inversion results are always
positive. Therefore, MART has the advantage over ART in
determining the electron densities that avoid unreasonable
negative values and is the one used in this study. Basically,
the MART algorithm is iterated cyclically:

Akaij
k+1 k Vi
X=X —— 7
J J ((ai’ )Ck)) ( )

where y; is the ith observed STEC in a column of m measure-
ments, x; is the jthresulted cell electron density in a column
of n unknowns, a;; is the length of link i that liesin cell j, Ay is
the relaxation parameter at the kth iteration with 0 < Ax < 1
and the inner product of the vectors x and g; is the simulated
STEC for the ith path. The electron density matrix x is there-
fore corrected iteratively by the ratio of the measured STEC
and the simulated STEC with a relaxation parameter of A
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Fig. 2 Flow chart of MART

until the residual does not change (see Fig. 2). This relaxa-
tion parameter value is chosen from the experience in which
the best A; value is identified, where the solution converges
quickly with a reasonable number of iterations and the resid-
uals are a minimum. Here, Ay = 0.01 has been chosen for
all iterations. In addition, it is noted that any iterative algo-
rithm requires an initial condition before the iteration begins.
Because of the poor STEC geometry, the initialization could
be extremely important for the tomographic reconstruction.
In practice, the closer the initial condition is to the true elec-
tron density distribution, the more accurate the reconstruc-
tion will be. Here, the latest IRI-2007 model (http://nssdcftp.
gsfc.nasa.gov/models/ionospheric/iri/iri2007) is used as an
initial guess for the reconstruction iteration.

2.3 Reliability of GPS ionospheric tomography

The ionospheric reconstruction algorithm MART can
integrate the STEC from all available GPS receivers to all
GPS satellites visible from each site of the KGN network
above a user-specified elevation cut-off angle (usually 15°).
The unknown electron density profile is expressed in 4D
(longitude—latitude—height and time) voxel basis functions
over the following grid: longitude 124°E—130°E in 1°-incre-
ments, latitude 33°N-39°N in 0.5°-increments, altitude 100—
1,000km in 25-km increments and 1-h increments in time of
linear change in the electron density per voxel. As there are
a sparse number of ions in the ionosphere above 1,000 km,
the effect on the inversion for ionospheric electron density
profiles is very small and the ionosphere is only considered
up to an altitude of 1,000km. Furthermore, it is faster to
invert the unknown ionospheric density parameters due to
the reduced number of unknown variables. In addition, the
fewer leaving rays from the ionospheric space of above-
defined latitude and longitude range are not used, but are
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Fig. 3 Comparison of the electron density profiles derived from the
ground-based GPS tomography reconstruction (solid line), ionosonde
observation at Anyang stations (37.39°N, 126.95°E) (dot line) and IRI-
2007 estimation (dashed line) at 9:00 UT on 1st October 2003

useful to further obtain ionospheric profiles outside the lati-
tudinal/longitudinal boundary space. Using the STEC of all
ray paths passing the ionospheric grid cells from the KGN,
the 4D ionospheric electron density profiles can be derived
through the tomography reconstruction algorithm. To verify
the reliability of GPS ionospheric tomography reconstruction
results, the available ionosonde station (Anyang) in South
Korea provides an independent comparison with the GPS to-
mographically reconstructed electron density profiles. The
electron density profiles at 25-km height steps from GPS
reconstruction and ionosonde data match well in October and
November with a root-mean-square (RMS) of 0.3 x 10! elec-
trons/m>. For example, Fig. 3 shows a comparison of the
GPS reconstructed electron density profile at 9:00 UT on
Ist October 2003 with the available ionosonde data at Any-
ang station (37.39°N, 126.95°E) and the profiles from the
IRI-2007 model. It can be seen that the GPS tomographical-
ly reconstructed density profile is in good agreement with
the ionosonde data and the IRI-2007 model, but is closer to
the ionosonde, which confirms the validity of our GPS iono-
spheric reconstruction approach (Jin et al. 2007). Figures 5, 6
and 7 also show that our GPS reconstructed electron density
profiles agree well with the independent ionosonde observa-
tions during the storm time.

3 Results and discussions

3.1 Geomagnetic conditions

A strong geomagnetic storm commenced on 20th November
2003, as confirmed by the Dst index time series in Fig. 4
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Fig. 4 The geomagnetic storm index (Dst) (upper), K, (middle) and
AE indices (bottom) on 20-21 November 2003
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Fig. 5 Comparison of F2-layer peak densities (NmF2) from the
monthly median, ionosonde and GPS observations on 20th November

2003

obtained from the World Data Center in Kyoto (http://swdcdb.
kugi.kyoto-u.ac.jp/). The Dst or disturbance storm time index
in nanoteslas (nT) is a measure of geomagnetic activity used
to assess the severity of magnetic storms based on the average
value of the horizontal component of the Earth’s magnetic
field measured hourly at four near-equatorial geomagnetic
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Fig. 6 Comparison of F2-layer peak heights (hmF2) from the monthly
median, ionosonde and GPS observations on 20th November 2003

observatories. The storm started with the arrival of the shock
at about 8:00UT on 20th November 2003 and reached a
minimum Dst value of —472nT at 20:00 UT, accompanied
with an AE index up to 2,600nT and a maximum Planetary
K -index (Kp) value of nine at about 16:00 UT. Here, the AE
index is the auroral electrojet index obtained from a num-
ber of stations distributed in local time in the latitude region
that is typical of the northern hemisphere auroral zone, which
provides a measure of the overall horizontal current strength.
The planetary K-index (Kp) is a disturbed level of geomag-
netic field, which can be obtained from a number of magne-
tometer stations at mid-latitudes. As can be seen from these
indices, the magnetic activity returned to normal level by

22nd November 2003.

3.2 Disturbance of GPS observed F2-layer parameters

As the F2-layer peak electron density (NmF2) and its height
(hmF2) are of great influence on the shape of the iono-
spheric electron density profile Ne (h), the NmF2 and hmF2
are key parameters for monitoring ionospheric conditions to
understand the nature of ionospheric activities. Therefore,
the behavior of the ionospheric F2-layer was investigated in
detail over South Korea in terms of the NmF2 and hmF2
during the geomagnetic storm (20 November 2003). The
peak density (NmF2) and its corresponding height (hmF2)
can be easily obtained from the ground-based GPS recon-
structed results of electron density profiles with the ion-
ospheric height. By checking the solar geophysical index
series (Dst, K}, and AE) from the World Data Center in Kyoto
in November 2003, the days 1-19 and 22-30 of November
are magnetically quiet. The monthly median value of electron
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density profiles during these quiet days is taken as the ref-
erence and the deviation can be regarded as the variation of
ionospheric F2 peak density and height during the geomag-
netic storm.

Figures 5 and 6 show the NmF2 and hmF2 hourly time
series of monthly median, ionosonde data and GPS obser-
vations at the grid site (37.5°N, 127.0°E) on 20th Novem-
ber 2003, where the monthly median is calculated from one
month of GPS-derived electron density profiles. It can be
seen that there are anomalous variations during this storm,
which is also confirmed by independent ionosonde observa-
tions at Anyang station. Some ionosonde results are blank,
as it cannot measure the ionosphere due to suffering from
absorption during this storm. The GPS-derived F2-layer peak
density (NmF2) has an anomalous change at 9:00 UT and
increases from 10:00UT until 19:00 UT. The F2-layer peak
height (hmF2) suddenly rises from 8:00 UT when the shock
of this storm just started, and reaches the maximum height at
about 16:00 UT with a maximum K, value of nine, and then
gradually descends until 21:00 UT. The significant increases
of F2-layer peak height and density last for about 10h and
is classified as a long-duration ionospheric positive storm
(Huang et al. 2005a). The electron density profile compari-
son also shows the same enhancements of the F2-region from
10:00UT to 19:00 UT. For example, Fig. 7 is a comparison
of electron density profiles between the GPS, ionosonde data
and monthly median at 13:00 UT. It can be clearly seen that
the electron density profiles are significantly increased above
the F region on 20th November 2003, especially the NmF2,
which increased by about 45% accompanied by a significant
uplift in the height of the F2 layer peak (the hmF2), while
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on the quiet day (23 November 2003) the electron density
profiles are almost close to the monthly median value. In
addition, the responses of the NmF2 and hmF?2 to this storm
at different latitudes (i.e. different grid sites) were analyzed,
and almost similar results were obtained, which is mainly due
to the small area of South Korea. As the TEC is the integrated
electron density along a path through the ionosphere (Eq. 4),
the TEC variations over South Korea during this storm are
similar to the NmF2 behavior.

3.3 Variations in thermospheric composition

It is well known that in the F region the increase/loss rate
of electron density depends mainly on the molecular nitro-
gen concentration [N>] with some contribution from molec-
ular oxygen concentration [O>], while the production rate
depends on the atomic oxygen concentration [O]. Other
mechanisms (meridional winds, electric fields) also lead to
redistribution of electron density in height as they move
plasma up or down the field lines. To describe changes in
the thermospheric composition, the experimental data of the
O/N; column density obtained by the GUVI instrument on
board the TIMED satellite is used. The GUVI column O/N»
ratio is determined from the O (135.6nm) and N; (LBH)
emissions (Strickland et al. 1995, 2004; Christensen et al.
2003) and is estimated with 1.75° x 1.75° spatial resolu-
tion (detailed discussions of the definition of O/N; column
density ratio and the analysis technique can be found in the
earlier-referenced papers). The estimated errors in O/N; may
reach ~10% for high O/N; values and latitudes above 60°,
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Fig. 8 GUVI O/N; ratios on 20th and 23rd November 2003. The data
were recorded around 12:00 UT for longitudes 0°~150°E and latitudes
20S°-60°N

but are expected to be close to 5% for low O/N; values as well
as at lower latitudes. Although some questions about absolute
O/N, values still need to be resolved due to uncertainties in
cross sections, relative variations in O/N; ratio should not
be affected, as discussed by Christensen et al. (2003) and
Strickland et al. (2004).

Figure 8 presents the O/Nj ratio in the range of 0°~150°E
and 20S°-60°N on the storm day (20 November 2003) and
on the quiet day (23 November 2003). The distinctive fea-
ture of the measurements is a large latitudinal gradient of
O/N> in high latitude regions on 20th November 2003 and
lower values at high latitudes on the quiet day (23 November
2003). Itillustrates that the transition from equinox to solstice
thermospheric circulation is already well underway. Further-
more, during the quiet time on day 23, the O/N; ratio is
decreased near the magnetic poles, indicating sensitivity of
thermospheric composition to high latitude heating. Gener-
ally speaking, the variations in neutral composition (O/Nj
ratio) will trigger the increase/loss of ionospheric electron
density. Compared with the quiet day (23 November 2003),

the O/N> ratio on the storm day (20 November 2003) is
greatly increased in high latitude Asia and but has no signifi-
cant change in South Korea, where the increased NmF2 was
observed, indicating that the increased NmF2 in South Korea
is not caused by changes in neutral composition, and other
possible nonchemical effects. Nonchemical causes include
dynamical changes of vertical ion motions induced by winds
and ExB drifts; e.g., Mendillo et al. (2002) suggested the
wind variability effect on the ionospheric variability. Another
interesting cause is tides and waves in the mesosphere and
lower thermosphere (MLT) region that can be dynamically
coupled upward to generate ionospheric perturbations and
oscillations (Forbes et al. 1993).

In addition, the phenomenon of F2-layer parameters’
responses to the storm is possibly due to the electrodynam-
ics of the F-region. It is known that the shape factor is the
most sensitive parameter to the variations of H+/O+ ratio at
the F2 peak, or equivalent to the transition level at which
[O+]=[H+] (Davies et al. 1976). Large downward fluxes
of H+ can decrease the O+ to H+ transition levels, thereby
increasing the topside content and hence the F2 peak height.
In addition, the variability of F2-layer parameters are quite
complex due to their relations to solar and geomagnetic activ-
ities or the latitude (Kersley and Hosseinieh 1976; Davies and
Liu 1991). Also the NmF2 and hmF?2 variability has single
day anomalies, day-to-day fluctuations and long-term peri-
odicities of 1 month or more (Bhuyan et al. 1986). Therefore,
the F2-layer peak features of the storm need further inves-
tigation, with more observations in the future at different
locations and solar activity conditions.

3.4 Solar active indices

The electric fields, thermospheric meridian winds, a
“composition bulk” and high latitude particle precipitation
have been suggested as probable physical mechanisms to
explain the ionospheric response to the storm induced distur-
bances (Fuller-Rowell et al. 1994; Foster 1993; Foster and Vo
2002; Tsurutani et al. 2004). The increase in hmF?2 is likely
to be associated with a strong eastward electric field and
with enhanced equatorward winds relative to quiet periods.
A large depletion of ionization results from an increased
recombination rate (Buonsanto and Foster 1993). We obtai-
ned the helio-geophysical background for the 20th November
2003 storm from several data sources. The interplanetary
magnetic field (IMF) data, presented here in geocentric solar
magnetospheric system (GSM) coordinates, are obtained
from ACE MAG level 2 data, and the solar wind velocity
and density are obtained from ACE SWEPAM level 2, both
provided by the ACE Science Center (ASC) (http://www.srl.
caltech.edu/ACE/ASC/). ACE orbits the L1 libration point,
which is a point of Earth-Sun gravitational equilibrium about
1.5 million kilometers from the Earth and 148.5 million
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Fig. 9 The magnetic field strength |A], y component of IMF (By) and
z component of IMF (Bz) and the solar wind parameters (flow speed
V, Vy and Vz) on 20th November 2003

kilometers from the Sun. With a semimajor axis of approxi-
mately 200,000 km, the elliptical orbit affords ACE a prime
view of the Sun and the galactic regions beyond. Proton fluxes
and the magnetic field component parallel to the Earth’s
rotation axis at geostationary orbit distance from the Earth
are obtained from GOES-10 satellite data at the Space
Environment Center (http://sec.noaa.gov/Data/). The helio-
geophysical conditions during the 20th November 2003 storm
are depicted in Fig. 9. This figure shows the magnetic field
strength and its components in y/z directions and solar wind
(SW) parameters. It is noticeable that the Bz component of
the IMF displays large variability, starting at about 09:00 UT
on 20th November 2003. It rapidly dropped to strongly neg-
ative values (reaching a minimum value of about —50nT),
namely enhanced equatorward winds. While the By com-
ponent of the IMF also displays large variability, starting
at about 09:00UT on 20th November 2003, it rose rapidly
to strongly positive values (reaching a maximum value of
about 40nT), indicating a strong eastward electric field. The
positive values of the By component are from about 9:00
to 17:00 UT on 20th November 2003. As first suggested by
Dungey (1961), the Bz orientation has an important influence
on the magnetosphere and high latitude ionosphere, and the
more negative Bz is, the more important are the effects on
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the ionosphere (Davis et al. 1997), especially arousing the
hmF2 rise (Lei et al. 2004). Moreover, an abrupt increase in
the SW velocity (from about 450 to 750 km/s) starts at about
09:00 UT on 20th November 2003. These enhancements have
lasted for about 8 h, and afterwards the SW velocity returns
to typical values of about 500 km/s, whereas SW density dis-
plays three additional bursts, the largest one occurring from
9:00 to 16:00 UT on 20th November 2003, especially in the
y and z components. These variations with a strong eastward
electric field and with enhanced equatorward winds possi-
bly result in uplift of the hmF2 (Goncharenko et al. 2007).
Huang et al. (2005a,b) suggested that the enhanced iono-
spheric electric field is responsible for the generation of the
positive storm by moving the F region plasma upward through
ExB drifts, and the lower recombination rate at high alti-
tudes will cause a large increase in the F region electron
density. A simulation study by Swisdak et al. (2006) con-
firmed that the electric field played a dominant role on the F
region behavior to the storm. In addition, if the entire iono-
sphere is uplifted, the neutral wind system will be changed
as the plasma at low altitude and corresponding ion neutral
drag reduce, and the magnetic field will be diffused due to
uplifted heavy ions. Therefore, the increase of the F2-layer
parameters due to plasma uplift during the storm is possibly
one of the most dramatic consequences of magnetosphere—
thermosphere—ionosphere coupling (Mannucci et al. 2005).

4 Conclusion

The ionospheric responses to geomagnetic activities as well
as its physical mechanisms have been studied over the last
three decades using expensive ionosonde and ISR techniques.
Some problems, however, are still not well resolved and
understood, especially the F2-layer behavior to geomagnetic
storms. Nowadays, continuous GPS observations provide an
important tool to image the three-dimensional time-evolving
ionospheric structure, which can be used to monitor iono-
spheric behavior during ionospheric activity. In this paper,
the responses of the key ionospheric F2-layer parameters
(NmF2 and hmF2) to the 20th November 2003 super storm
over South Korea have been studied using the GPS iono-
spheric tomography technique. A strong increase of NmF2
during this storm has been found, accompanied by a signif-
icant hmF2 uplift, which is also confirmed by independent
ionosonde observations. The uplift of the F2 layer is mainly
associated with a strong eastward electric field. The increase
of electron density in the F2-layer peak depends mainly on
the molecular nitrogen concentration [N;] with some con-
tribution from molecular oxygen concentration [O], while
the production rate depends on the atomic oxygen concentra-
tion [O]. However, the O/N; ratio from the GUVI instrument
on board the TIMED satellite shows no significant change
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during this geomagnetic storm. It suggests that the increase
in NmF?2 is not caused by changes in neutral composition,
but is related to other possible nonchemical effects, such as
dynamical changes of vertical ion motions induced by winds
and ExB drifts, tides and waves in the mesosphere/lower
thermosphere (MLT) region, which can be dynamically cou-
pled upward to generate ionospheric perturbations and oscil-
lations.
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