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Abstract lonospheric observations from the ground-based GPS receiver network, CHAMP and GRACE
satellites and ionosondes were used to examine topside and bottomside ionospheric variations at low
and middle latitudes over the Pacific and American sectors during the October 2003 superstorms. The
latitudinal variation and the storm time response of the ground-based GPS total electron content (TEC)
were generally consistent with those of the CHAMP and GRACE up-looking TEC. The TECs at heights
below the satellite altitudes during the main phases were comparable to, or even less than, the quiet
time values. However, the storm time CHAMP and GRACE up-looking TECs showed profound increases at
low and middle latitudes. The ground-based TEC and ionosonde data were also combined to study the
TEC variations below and above the F, peak height (h,,,F>). The topside TECs above h,,F5 at low and middle
latitudes showed significant increases during storm time; however, the bottomside TEC below h,,,F, did not
show so obvious changes. Consequently, the bottomside ionosphere made only a minor contribution to the
ionospheric positive phase seen in the total TEC at low and middle latitudes. Moreover, at middle latitudes F»
peak electron densities during storm time did not have the obvious enhancements that were seen in both the
ground-based and topside TECs, although they were accompanied by increases of h,,,F,. Therefore, storm time
TEC changes are not necessarily related to changes in ionospheric peak densities. Our results suggest that TEC
increases at low and middle latitudes are also associated with effective plasma scale height variations
during storms.

1. Introduction

The interactions between coronal mass ejections and the Earth’s magnetosphere generated several
geomagnetic storms at the end of October 2003 when the Sun was extremely active [Gopalswamy et al.,
2005]. The meridional component of the interplanetary magnetic field (IMF B,) turned southward and
stayed southward for a long period of time on 30 and 31 October. As a result, the ring current index, Dst,
had sharp decreases on both days and reached two minima of about —360 nT and —400nT in the two
superstorms (see Figure 1). Many studies were devoted to examining the response of the ionosphere
and thermosphere system to these two superstorms [Abdu et al, 2007, 2008; Anderson et al., 2006;
Batista et al., 2006; Balan et al., 2011; Basu et al., 2005, 2007; Foster and Rideout, 2005; Lin et al., 2005a,
2005b; Lei et al., 2011, 2012, 2014; Liu and Liihr, 2005; Mannucci et al., 2005; Sahai et al., 2005; Sutton
et al., 2005; Tsurutani et al., 2007, 2008; Yizengaw et al., 2005; Zhao et al., 2005].

This is a follow-up to the study of Lei et al. [2014]. They used ionospheric observations from multiple low
Earth orbit (LEO) satellites and investigated the ionospheric response to these two superstorms over the
Pacific and American sectors. Satellite total electron content (TEC) profiles revealed substantial increases
in TEC in the daytime at low and middle latitudes during both superstorms. However, the up-looking
TECs did not provide information about the changes in electron densities below the satellite altitudes. In
this study, we use ground-based GPS TEC in conjunction with CHAMP and GRACE up-looking TECs to
examine whether the enhancements of the up-looking TEC are consistent with those of the ground-
based TEC observations.

Ground-based TEC is widely used to describe the total ionization of the ionosphere, while the up-looking TEC
of LEO satellite gives the state of the topside ionosphere above the satellite orbits. Hence, we can obtain the
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Figure 1. Variations of (a) the north-south component of the interplanetary magnetic field (IMF B,) observed by the
ACE satellite and (b) Dst during 28-31 October 2003. The three shaded time intervals are the periods in which we
are interested.

TECs above and below the CHAMP and GRACE satellite altitudes by combining ground-based and LEO-
based TECs. Meanwhile, the TECs above and below the F, peak height at low- and middle-latitude iono-
sonde stations are calculated using ionosonde observations of ionospheric density profiles up to the F, peak.
Ground-based TECs at the same locations were used to provide additional information about the storm time evo-
lution of the topside and bottomside ionosphere. Therefore, another and the primary objective of this study is to
explore whether the response to the October 2003 storms was different in the daytime topside and bottomside
ionosphere, by combining the observations from the ground-based GPS receiver network, CHAMP and
GRACE satellites and ionosondes over the Pacific and American sectors. We also investigated the possible
different low and middle latitude responses of the ionospheric peak density and the topside ionosphere
to major geomagnetic storms using this comprehensive data set of both ground- and space-based
observations. This kind of study can shed light on the complicated response of the entire ionosphere-
thermosphere system to geomagnetic perturbations and the mechanisms that drive this response.

2. lonospheric Data Set

In this study, TEC observations from the ground-based GPS Receiver Network and two LEO satellites
(i.e., CHAMP and GRACE) were the main data sources used. The TEC derivations were examined for both
ground-based receivers [e.g., Klobuchar, 1996; Mannucci et al., 1998; Rideout and Coster, 2006; Astafyeva,
2009] and LEO satellites [e.g., Yue et al., 2011; Zhong et al., 2015]. Due to the dispersive character of the
ionosphere, the line of sight TEC from the receiver to the GPS satellite can be measured using the GPS
dual-frequency signals [e.g., Klobuchar, 1996; Mannucci et al., 1998; Rideout and Coster, 2006]. Generally,
before processing the GPS data, outliers are eliminated and cycle slips are detected. The relative line of
sight TEC can then be obtained after leveling the carrier phase observations to the pseudorange
measurements. The GPS satellite biases released by the Global Navigation Satellite Systems (GNSS)
community and the estimated receiver bias are first subtracted from the relative TEC to obtain the
absolute TEC. The absolute line of sight TEC is then converted to the absolute vertical TEC using a mapping
function. The ground-based GPS data were obtained from the Massachusetts Institute of Technology (MIT)
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Figure 2. Latitudinal variations of ground-based TEC at different longitudes in the North Hemisphere during 28-30
October, 2003. Top: 80°W; middle: 100°W; bottom: 120°W.

Haystack Observatory Madrigal database (http://madrigal.haystack.mit.edu/). A detailed description for the
LEO TEC retrieval can be found in Lej et al. [2014]. During this study period, CHAMP and GRACE flew at ~400
and 500 km, respectively, and the local times were 12:57/00:58 LT for CHAMP and 15:52/03:53 LT for GRACE
in low and middle latitudes. CHAMP and GRACE data on the dayside were used in this study.

We also used simultaneous ionosonde data from four stations in the American sector: Dyess (32.4°N, 99.8°W;
magnetic latitude (MLAT) 41.4°N, magnetic longitude (MLON) 32.0°W), Eglin (30.5°N, 86.5°W; MLAT 40.4°N,
MLON 16.8°W), Ramey (18.5°N, 67.1°W; MLAT 28.8°N, MLON 5.0°E), and Jicamarca (12°S, 76.8°W; MLAT 1.7°S,
MLON 5.0°W). The ionospheric peak height (h,,F,) and peak density (N,,F,) along with the integrated
electron content below the F, peak, namely, the bottomside TEC, were used to further provide information
about ionospheric densities in the F, layer.

In order to investigate the respective evolution of the topside and bottomside ionosphere during storm
times, the differences between the ground-based TEC and up-looking TECs from CHAMP and GRACE were
utilized to give the TEC below the satellite orbits. We call these TEC differences as down-looking TEC to
distinguish them from the ionosonde bottomside TEC. Additionally, the difference between GPS TEC and
ionosonde bottomside TEC stands for the TEC above the F, peak, which is designated the topside TEC in
our study.

3. Observations and Results

The CHAMP and GRACE up-looking TECs in Leij et al. [2014] showed significant increases during the two main
phases. However, the LEO observations only provided TEC values above the satellite altitudes. In this study,
we combined the ground-based and LEO-based TECs to explore the topside and bottomside ionospheric
response to the October 2003 superstorms. Before doing that, we analyzed the variations of ground-based
GPS TEC profiles in the Pacific and American sectors. As shown in Figure 2, the daytime ground-based
GPS TEC at 80°W-120°W during quiet time was about 70-100 total electron content unit (TECU, 1
TECU=10"%elm™2) at low latitudes, which was probably associated with the equatorial ionization anomaly
(EIA) crest, and 30-40 TECU at middle and high latitudes. However, during storm time, significant increases
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Figure 3. Comparison of the up-looking TECs from (b—e) CHAMP and (g—j) GRACE satellites with ground-based TECs (cyan)
sampled along the LEO satellite orbits during the quiet time on 28 October 2003. The corresponding satellite orbits are

shown in Figures 3a and 3f, in which the dashed lines represent the magnetic dip equator and geomagnetic latitudes of 30°N
and 30°S. The UTs when the satellite passed over the magnetic latitudes of 30°N and 30°S for each orbit are also given.

occurred at low and middle latitudes. During the main phase on 29 October (MP1), TEC reached ~160 TECU at
80°W, and it was even greater at 100°W and 120°W. At 100°W, the maximum of TEC reached about 280 TECU,
and the increase extended to a latitude of 50°N. It is also noticeable that the increase of TEC was seen from
20°N to 40°N at 120°W. During the main phase on 30 October (MP2), the increase was slightly weaker than
during MP1 at 80°W and 100°W, although no data were available at low latitudes at 80°W. At 120°W,
substantial increases in TEC were observed from 20°N to 40°N, and the enhancements were stronger than
those during MP1. In addition to the prominent enhancements at low and middle latitudes, strong
increases of TEC also extended to higher latitudes during both MP1 and MP2, particularly at 100°W and
120°W. Chi et al. [2005] and Lin et al. [2005a] demonstrated that this feature could be associated with the
ionospheric TEC plume, an ionospheric signature of the plasmaspheric tail [Foster et al., 2002]. As revealed
in Lei et al. [2014], the different ionospheric response at different longitudes was related to local time
differences in the upward plasma drift.

Given that ground-based GPS TEC showed a similar increase during the two main phases to that seen in
the LEO-based up-looking TEC, we further compared the up-looking TEC with ground-based GPS TEC
along the satellite orbits during the three time intervals in which we were interested (Figure 1). Figure 3
shows a comparison of CHAMP and GRACE up-looking TECs with ground-based TECs during quiet time
on 28 October 2003. The ground-based TECs were sampled along the LEO satellite orbits at the

LEI ET AL.

TOPSIDE IONOSPHERE RESPONSE TO STORMS 6977



@AG U Journal of Geophysical Research: Space Physics 10.1002/2015JA021310

Oct.29  (f) GRACE
80 T - 1=
5 5 s
8 2 40f.._.__ 3 : f
° =7 e -
3 g OfTiee O
2 2 Sl -
g 5 —or> 1
- .}
-80 =1 = .
180 210 240 270 300 330 360
Longitude (deg)

~ 200 —
3 o 3
o B0 i
£ 100} - - - -4 e et R - Lt
O 1 ; A g 1 1 o
50 - - o M NGy - i
> i R T S

-80 -60 -40 -20 0 20 40 60 80

(c)

5 200 T | — =)
3 ! ! ! : . ! ! 3
! 150 ! o
Z 400 e
(@] (@]
g = ‘ 2
> o= h | 1 | h | >

-80 -60 -40 20 0 20 40 60 80

(d)

—~ 200 —~
3 3
ht 150 o
Z 400 E
(@] (@]
w50 L
= =
> >

-80 -60 -40 -20
~ 200 —
3 3
Q 150 Q
£ 100 =
O
w50 (Ll-j
= =
> 9 : = 0

-80 -60 -40 -20 0 20 40 60 8 -80 -60 -40 -20 0 20 40 60 80

Latitude(deg) Latitude(deg)

Figure 4. Comparison of the up-looking TEC from (b-e) CHAMP and (g-j) GRACE satellites with ground-based TECs
(cyan) sampled along the LEO satellite orbits during the main phase of the 29 October superstorm (MP1). The corre-
sponding satellite orbits are shown in Figures 3a and 3f, in which the dashed lines represent the magnetic dip equator
and geomagnetic latitudes of 30°N and 30°S. The UTs when the satellite passed over the magnetic latitude 30°N and 30°S
for each orbit are also given.

ionospheric pierce point, the intersection between the slant GNSS signal raypath and the ionospheric
spherical shell. As shown in this figure, the CHAMP up-looking TECs were larger by about 20-30 TECU
than the GRACE TECs, since the GRACE satellite flew about 100 km higher than the CHAMP satellite.
Clearly, the CHAMP and GRACE up-looking TECs were greater at the equatorial and low latitudes than at
high latitudes. The maximum TECs for CHAMP and GRACE data were about 80 and 60 TECU, respectively.
For ground-based TEC profiles (cyan dots), the latitudinal variations were generally consistent with those
of the up-looking TECs for both CHAMP and GRACE, although the ground-based TECs were larger than
the LEO up-looking TECs.

Figures 4 and 5 show the comparison between CHAMP and GRACE up-looking TECs and the ground-based
GPS TECs during two main phases of the October storms. Both CHAMP and GRACE up-looking TECs had
significant increases, with obvious EIA features, during storm time. Additionally, during MP2 the CHAMP
up-looking TEC (Figures 5c and 5d) had a more significant absolute increase than the GRACE up-looking
TEC (Figures 5g and 5h). Consequently, the maximum of CHAMP up-looking TEC during MP2 was much
larger than during MP1, whereas GRACE up-looking TECs during two main phases were comparable.
As suggested by Lei et al. [2014], the local time differences in the CHAMP and GRACE TEC enhancements
are attributed to the corresponding differences in the upward vertical drifts that were observed by the
ROCSAT satellite.
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Figure 5. Comparison of the up-looking TEC from (b-d) CHAMP and (f-h) GRACE satellites with ground-based TECs
(cyan) sampled along the LEO satellite orbits during the main phase of the 30 October superstorm (MP2). The corresponding
satellite orbits are shown in Figures 3a and 3f, in which the dashed lines represent the magnetic dip equator and
geomagnetic latitudes of 30°N and 30°S. The UTs when the satellite passed over the magnetic latitude of 30°N and 30°S
for each orbit are given.

In Figures 4 and 5, the ground-based TECs during the two main phases tracked the latitudinal variation
and the storm response seen in the LEO-based up-looking TECs well. The differences between the
ground-based and LEO-based TECs were still obvious before the storm onset, whereas they became
relatively less prominent during the main phase. Besides the EIA features, the observed enhancements
in the LEO-based TECs were also seen in the ground-based TECs at middle and higher latitudes. For
example, larger ground-based GPS TEC bumps occurred at 54°S at 21:07 UT (Figure 4i) and 48°N at
about 21:40 UT (Figure 5d).

To quantitatively show the ionospheric response below the LEO orbits, we calculated the differential value between
ground-based GPS TEC and LEO up-looking TEC; this value is referred to as down-looking TEC. Figures 6a-6¢ show
the variations of the TEC below CHAMP (CHAMP down-looking TEC) during 28-30 October. As shown in Figures 63,
the CHAMP down-looking TECs were less than 45 TECU during quiet time. Interestingly, there were weak double-
crest latitudinal structures. This indicates that the F, peak height was beneath the CHAMP satellite. During the
main phases on 29 and 30 October (Figures 6b and 6c), the CHAMP down-looking TECs were even smaller
than during the quiet time. This implies that the F, peak height was lifted to such an extent that it
reached an altitude near or above the CHAMP altitude, as we will discuss later.

Figures 6d-6f display the variation of TEC below GRACE (GRACE down-looking TEC) during 28-30 October. It
is also clear that during quiet time, in Figures 3g-3j the GRACE down-looking TEC was generally lower than
~55 TECU, with the exception of the orbit at around 17:00-18:00 UT, when the maximum down-looking TEC
reached 81 TECU. This is probably associated with longitudinal variations in the ionosphere. Note that
the GRACE down-looking TEC was greater than the CHAMP down-looking TEC due to the higher orbital
altitude of the GRACE satellite. During quiet time, the GRACE down-looking TEC was comparable to, or
slightly lower than, the up-looking TEC. However, during storm time, the GRACE down-looking TEC did
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Figure 6. Differences between ground-based GPS and up-looking TECs for each orbit during quiet time and the two
main phases of the storms. (a-c) CHAMP; (d—f) GRACE. Different colors represent the TEC data along different orbits in
Figures 3-5. Note that only are positive differential TECs shown here, although the ground-based TECs are occasionally
smaller than the up-looking TECs.

not significantly change, whereas the up-looking TEC increased greatly at low and middle latitudes (right
columns in Figures 4 and 5). As a result, during storm time the GRACE down-looking TEC was much smaller
than the up-looking TEC. In addition, the double-crest feature occurred during both quiet and storm
times. Again, this demonstrated that the GRACE down-looking TEC were mostly determined by the electron
densities near the F, peak region below the satellite.

The results in Figures 2-6 indicate that the increase of the ionosphere TEC above the satellite orbits during
the October 2003 storms was the main cause of the positive storm effect seen in the ground-based GPS
TEC, given that the ionosphere below the satellite orbits did not significantly change during this time.
However, it should be pointed out that the LEO satellites only provided up-looking TEC observations
above their orbital altitudes. Next, we use ionosonde data from Dyess, Eglin, Ramey, and Jicamarca
to provide more information about the evolution of the topside and bottomside ionosphere during
storm time.

Figure 7 shows the variations of ground-based GPS TEC, bottomside TEC, and topside TEC at four
ionosonde stations during 28-30 October. In daytime, the bottomside TEC was ~20 TECU and the
topside TEC was greater than the bottomside TEC by a factor of 2-5 with the exception at Jicamarca, in
which the topside TEC was comparable to the bottomside TEC. At the low and middle latitudinal
stations (Dyess, Eglin, and Ramey), both the ground-based GPS TEC and topside TEC showed significant
increases, except that at Eglin the ground-based GPS and topside TECs did not show such changes
during MP2. The different topside ionosphere responses to the storms at Dyess and Eglin are consistent
with the results in Figure 2.
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Figure 7. Comparison of ground-based bottomside and topside TECs at Dyess, Eglin, Ramey, and Jicamarca during
28-30 October, 2003. The blue lines with circles represent the ground-based GPS TEC; the green diamond lines denote the
bottomside TEC below the F5 peak height calculated from ionosonde measurements, and the red asterisks represent the
topside TEC (the difference between GPS TEC and bottomside TEC).

Figure 8 depicts the absolute changes of the storm time ground-based GPS TEC, bottomside TEC, and topside
TEC at these four ionosonde stations compared with the prestorm TECs. Note that in order to obtain the
bottomside TEC changes, the ionosonde data gap before 20:00 UT on 28 October at Eglin was filled by
the quiet time values at Dyess. This is an appropriate substitution as these two stations are close and
they share similar quiet time, ionospheric structure. Clearly, the storm time changes in the bottomside TEC
were much smaller than those in the topside TEC at the low and middle latitudinal stations (Dyess, Eglin,
and Ramey), so that the topside TEC approximated the ground-based GPS TEC (the total TEC) during
storms. At these three stations, both ground-based GPS TEC and topside TEC showed significant increases,
except that at Eglin the ground-based GPS TEC and topside TEC during MP2 underwent a slight decrease.
Overall, the bottomside TEC during storm time at these three stations did not show such a significant
increase relative to the quiet time reference data, except at Ramey during late MP2, when the increase of
the bottomside TEC reached about 40 TECU. At Jicamarca, an equatorial station, the ground-based GPS
TEC, bottomside TEC, and topside TEC did not show the strong changes seen at the other three stations.
In summary, increases in the low- and middle-latitude topside ionosphere were prominent during the
October 2003 superstorms, and the bottomside ionosphere only made minor contributions to the
observed ionospheric positive phase in the total TEC at low and middle latitudes.

4, Discussion

In this study, the ground-based GPS TEC, up-looking TEC from CHAMP and GRACE, and bottomside TEC
derived from ionosonde observations were used to study the different responses of the topside and
bottomside ionosphere to the October 2003 storms. It was found that during the main phases of the
storms, the bottomside TEC at low and middle latitudes comprised a much smaller portion of the total TEC
compared with its influence during the quiet time reference period. The topside TEC was comparable
to the total TEC in the storm period, and a significant enhancement of TEC occurred in the topside
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Figure 8. Changes of ground-based bottomside and topside TECs between storm time on 29 and 30 October and quiet
time at Dyess, Eglin, Ramey, and Jicamarca.

ionosphere. Near the equator, the topside TEC tended to be comparable to the bottomside TEC in the main
phases of the storms. No significant enhancement of TEC occurred in the topside ionosphere at these
latitudes. Zhao et al. [2012] used the ground-based GPS TEC and bottomside TEC from the ionosonde data to
examine the ionosphere response to the 20-22 November 2003 storm, and they also indicated that the
bottomside ionosphere did not significantly change during storm time. Besides the combination of ground-
based GPS TEC and ionosonde data, we compared the LEO-based TEC with the ground-based TEC along the
LEO satellite path for each orbit. We found a good consistency between the upward looking TEC and the
ground-based TEC during the October 2003 storms. By combining the ground-based and LEO-based TECs,
we also found that the TEC below the orbits of the LEO CHAMP and GRACE satellites did not show a
significant enhancement during the main phases of the October 2003 storms, whereas TEC above the
altitude of the CHAMP and GRACE satellites showed strong increases, which suggests that the main response
to the geomagnetic storms took place in the topside ionosphere above the satellite orbital heights during
these events.

The remaining question is what were the causes of the increases of TEC in the low- and middle-latitude
topside ionosphere during these two superstorms? Before addressing this question, we analyzed the
characteristic parameters of the F, layer, the peak density (N,,F,), and the peak height (h,,F5), which can
provide some information about ionospheric dynamical processes. As shown in Figure 9, at Dyess and
Eglin, N,,F> during the main phases did not show the significant increase seen in both the topside TEC
and total TEC. However, h,,F> at these two stations was considerably higher. The F, peak had been
uplifted by about 130km at these two stations. At Ramey (Figure 9c), N,,F, during storm time had a
prominent increase and h,F, increased by 120 km during MP1 and 200 km during MP2. At Jicamarca,
N,,F> had a slight decrease during storm time, whereas h,,F, had been uplifted from 360 km to nearly
700 km. Note that the storm time h,,F,s at these stations reached the heights near or above the CHAMP
orbital altitude.
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Figure 9. Evolution of the peak density N,F> (in units of 10" m_3) and peak height h,,F> (in units of kilometer) obtained
from the ionosonde measurements at Dyess, Eglin, Ramey, and Jicamarca during 28-30 October 2003. The intervals on
which we focused are marked by the gray bars.

Referring back to Figure 7, during quiet time the topside TECs at low and middle latitudes were larger than
the bottomside TECs, which indicates that the thickness of the topside ionosphere is greater than that of the
bottomside ionosphere in this region. Thus, during storm time, even though the ionosphere thickness is
not altered, the absolute TEC change in the topside ionosphere would be greater than in the bottomside
ionosphere, associated with the change of the N,,f, and greater thickness of the topside ionosphere. In
Figure 10 we show that the ratios of the storm time TECs and N,,F, over four ionosonde stations with
respect to the quiet time values in order to address whether the greater changes observed in the topside

TEC were related to the changes in N,,F, or/and ionospheric thickness, given that ZIES = ZNmfz | 2 (where 7

TEC NmF,

denotes ionospheric thickness). As shown in this figure, the variations of the relative changes in N,,,F, were
generally consistent with those in the bottomside TEC during both quiet and storm time. Additionally, the
relative changes in the ionospheric parameters were much larger at night than in the daytime, which was
possibly associated with the nighttime low backgrounds. Here we focused on the ionospheric response
during MP1 and MP2. As shown in Figure 10, a distinct increase in N,,F, was observed at Ramey with a
maximum enhancement of a factor of 5-7, which was in accord with the relative enhancements in both the
bottomside and topside TECs. In Figure 8, the absolute TEC changes at Ramey were comparable to those at
Dyess. However, during MP1 and MP2 the relative TEC changes at Ramey (Figure 10c) were much greater
than at Dyess (Figure 10a). This could be due to the fact that the October 2003 storms occurred at evening
local times over Ramey, when the prestorm electron density was relatively lower. If the ionospheric response
during MP1 and MP2 is considered, the relative increases of N,,F, at Dyess (Figure 10a) and at Eglin during
MP1 (Figure 10b) were not as strong as those of the TECs, although they were accompanied with the
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Figure 10. Ratios of the storm time TECs and N,,F, on 29 and 30 October to the quiet time values at Dyess, Eglin, Ramey,
and Jicamarca. The intervals on which we focused are marked by the gray bars.

increases of h,,F,. This implies that besides N,,F,, the topside ionospheric thickness or profile shape had
significant changes during the main phases of storms. Thus, the TEC changes seen during storms were not
necessarily related to changes in ionospheric peak densities.

As demonstrated by Lei et al. [2014], the ROCSAT data showed that a maximum increment of vertical drifts
reached 130m/s at 13:00 LT and 95 m/s at 16:00 LT, associated with prompt penetration electric fields
during the two main phases of the October 2003 storms. Thus, the increase of h,F, at low and middle
latitudes is consistent with the vertical drift enhancement seen by the ROCSAT satellite. The enhanced
daytime electric field tends to move the plasma from the equatorial region into higher latitudes through
the fountain effect. Meanwhile, the increased upward vertical drifts also transport local plasma in the
bottomside ionosphere or the F, layer to higher altitudes where the chemical recombination rate is
low, so that plasma accumulates in the topside ionosphere. The plasma transported upward from the
bottomside ionosphere would be compensated for by daytime ionization. As a result, the F, layer was
raised. A large increase was observed in the topside TEC at Dyess during MP1 and MP2 and at Eglin
during MP1, although bottomside TEC and N,,F> showed a weaker increase at these two stations. This is
in accord with the results of Maruyama et al. [2004], who showed that increases of the ground-based
TEC at middle latitudes over Japan were not reflected in N,,F, at the same locations during the November
2001 storm. The increased upward drifts changed the shape of the topside ionosphere (Figure 11 of Lei
et al. [2014]). Namely, the topside effective plasma scale height — dh/d(In(Ne)) [Lei et al., 2008], which
was most likely associated with this transport process, increased significantly. Our observations are
consistent with the simulations reported by Tsurutani et al. [2008] and Huba et al. [2014]. For the equatorial
station Jicamarca, the plasma transported from the bottomside ionosphere was further moved away
from the equatorial region, so that the enhanced upward drifts during storm time caused weak positive
or negative responses in TEC.
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Although the increase of the electric field could be the major contributor to the increases in the topside
effective scale height or the topside thickness, the enhanced equatorward wind during storm time should
also play an important role in producing changes in electron densities [e.g., Lin et al., 2005b; Lei et al.,
2008; Balan et al., 2010]. An equatorward winds can raise the F, region to a higher altitude and also tend
to counteract field-aligned ambipolar diffusion, thus causing changes in the shape of ionospheric density
profile. Conversely, a poleward wind will push the F, peak down. Given that these two superstorms
happened in October, which is more or less in equinox, the storm-induced wind circulation change should
be equatorward and contribute to the enhancement of the topside TEC. However, due to the absence of
wind observations, the contribution of neutral winds cannot be evaluated.

As discussed above, ionospheric dynamics mainly contributed to the observed ionospheric positive responses
in TEC during the main phases of the October 2003 storms at low and middle latitudes. However, the
ionospheric response at different latitude varied, since the response at the equatorial station Jicamarca
differed from that of low and middle latitudinal stations. In addition, the evolution of the ionosphere
should change with storm phase. At higher latitudes and in the later phases of a storm, thermospheric
composition should also play an important role [e.g., Prélss, 1995; Burns et al., 1991]. Our further analysis
has shown that both the bottomside and topside TEC had a strong depletion at Millstone Hill (42.6°N,
71.5°W; MLAT 52.9°N, MLON 0.3°E), i.e., evident negative phases during the main phases of the October
2003 storms (not shown). This suggests that the bottomside and topside ionospheric response to a
storm depends on latitude, longitude, local time, and the storm phase.

5. Summary

In this paper, we focused on describing the response of the topside and bottomside ionosphere at low and
middle latitudes to the October 2003 storms by combining ground-based and LEO-based TECs, and
ionosonde data. We found that the latitudinal variation and the storm time response of the ground-based
GPS TEC were consistent with those of the CHAMP and GRACE up-looking TEC. The TECs below CHAMP and
GRACE altitudes occupied a large proportion of the total TEC during quiet time, whereas they became less
significant at low and middle latitudes during the main phases of the storms when a strong ionospheric
positive phase in TEC occurred. Meanwhile, compared with the prestorm values, the storm time N,,F, at
middle latitudes had less significant increases that were seen in both the ground-based and topside TECs.
This suggests that the TEC change in a storm does not necessarily depend on the storm time behavior of
NpFa. Furthermore, the bottomside ionosphere was hardly affected by the ionospheric positive TEC phase
that occurred in total TEC at low and middle latitudes. Instead, increases of TEC in the topside ionosphere
were prominent during the main phases. We suggest that the observed TEC changes at low and middle
latitudes are also associated with effective plasma scale height variations due to enhanced prompt
penetration electric fields during storm time.
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