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Abstract Topside ionospheric total electron content (TEC) observations frommultiple low-Earth orbit (LEO)
satellites have been used to investigate the local time, altitudinal, and longitudinal dependence of the topside
ionospheric storm effect during both themain and recovery phases of the March 2015 geomagnetic storm. The
results of this study show, for the first time, that there was a persistent topside TEC depletion that lasted for
more than 3days after the stormmain phase at most longitudes, except in the Pacific Ocean region, where the
topside TECs during the storm recovery phasewere comparable to the quiet time ones. The observed depletion
in the topside ionospheric TEC was relatively larger at higher altitudes in the evening sector and greater at local
times closer to midnight. Moreover, the topside TEC patterns observed by MetOp-A (832 km) were different
from those seen by other LEO satellites with lower orbital altitudes during the storm main phase and at the
beginning of the recovery phase, especially in the evening sector. This suggests that the physical processes that
control the storm time behavior of topside ionospheric response to storms are altitude-dependent.

1. Introduction

The ionospheric response to geomagnetic storms has been one of the primary subjects in space weather
research for decades [e.g., Gonzalez et al., 1994; Richmond and Lu, 2000]. During geomagnetic storms, the
enhanced injection of energy from the solar wind causes disturbances in the chemistry and dynamics of
the coupled thermosphere and ionosphere system [Prölss, 1995; Buonsanto, 1999]. Many studies have been
devoted to studying ionospheric storm effects near the F region peak [e.g., Fuller-Rowell et al., 1994; Burns
et al., 1995; Mendillo, 2006], but the ionospheric response to geomagnetic storms is still not fully understood
[e.g., Buonsanto, 1999; Mendillo, 2006; Burns et al., 2007].

One of the biggest challenges in ionospheric physics is to understand the topside ionospheric response to
geomagnetic storms and the physical processes that drive this response, because topside ionospheric obser-
vations have been relatively sparse [e.g., Förster and Jakowski, 2000]. There have been some studies that
describe the topside ionospheric behavior during the main phase of storms based on ground-based obser-
vations [e.g., Belehaki and Tsagouri, 2002; Garzón et al., 2011; Zhao et al., 2012; Zhu et al., 2016], spaced-based
topside ionosonde data, or in situ measurements [e.g., King et al., 1967; Greenspan et al., 1991; Heelis and
Coley, 2007]. Recently, more and more Global Positioning System (GPS) observations from receivers onboard
low-Earth orbit (LEO) satellites have been available. The total electron contents (TEC) from LEO satellites to
GPS satellites (upward looking TEC) measured by LEO satellites have provided a global view of the behavior
of topside ionospheric plasma. These LEO-based, upward looking TECs play an important role in climatology
studies of the topside ionosphere [e.g., Noja et al., 2013; Zakharenkova and Cherniak, 2015] and also offer
a great opportunity to explore the underlying physical mechanisms of topside ionospheric storm effects
[e.g.,Mannucci et al., 2005; Astafyeva, 2009; Lei et al., 2014, 2015]. Most of these topside ionospheric storm stu-
dies have focused primarily on the main phase of storms and suggested that the topside ionosphere can be
strongly affected by geomagnetic activities and behaved differently from the bottomside ionosphere.
However, the global topside ionospheric behavior during the storm recovery phase has been rarely studied.

The March 2015 great storm was triggered by a coronal mass ejection (CME) and followed by solar wind high-
speed streams [Zhang et al., 2015]. It was the strongest storm in the current solar cycle up to now. Some studies
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on the ionospheric response to the main
phase of this great storm have been
made [e.g., Astafyeva et al., 2015; Liu
et al., 2016; Ramsingh et al., 2015; Tulasi
Ram et al., 2016], but there have been
no studies to date that describe topside
ionospheric changes during both the
main and recovery phases of this major
storm. In this study, the upward look-
ing TECs obtained from GRACE, TSX
(TerraSAR-X), Swarm-A, Swarm-B, and
MetOp-A satellites have been used to
provide a comprehensive global pic-
ture of the local time, altitudinal, and
longitudinal variations of the topside
ionosphere during the storm, espe-
cially during the storm recovery phase.

2. Geophysical Conditions
of the March 2015 Storm

The March 2015 great storm was caused
by a CME with a sudden storm com-

mencement (SSC) time at 04:45 UT on 17 March (http://isgi.unistra.fr/), which was followed by solar wind
high-speed streams. Figure 1 shows the solar wind speed, the Y and Z components of the interplanetary mag-
netic field (IMF), and geomagnetic activity data during 15–22 March 2015. These data were obtained from the
OMNI database (http://omniweb.gsfc.nasa.gov/). F10.7 during 15–21 March stayed around 113 (Figure 1, first
panel), although it decreased to 108.3 on 19 March and increased to 121.5 on 22 March. The solar wind speed
had a sharp increase on 17March, and then sustained a high speed of about 600 km/s after 17March due to the
solar wind high-speed stream. IMF Bz was northward after the SSC, and it had a rapid southward (negative)
excursion and reached about�20nT at 06:00 UT. Then, after a few fluctuations, Bzwas still southward; it turned
northward at 10:20 UT. Later, Bz turned southward at about 12:00 UT on 17 March and persisted at a value near
~�20nT for nearly 12 h. IMF By turned westward (negative) at 06:00 UT and then became eastward up to 23nT
at 12:00 UT on 17 March. The maximum Kp value reached 8 on 17 March, and Kp still had some high values of
between 3 and 5 after 17 March. Dst dropped to a minimum value of about�228nT at 23:00 UT on 17 March,
after which it recovered gradually. According to the Dst index, the main phase of this great storm was from
about 08:00 to 23:00 UT on 17 March. Note that geophysical conditions were roughly constant during 18–21
March, which provided a great opportunity to study the behavior of the topside ionosphere during the recovery
phase of the storm.

3. Upward Looking TEC Database

The upward looking TECs obtained from the dual-frequency GPS observations measured by GRACE, TSX,
Swarm-A, Swarm-B, and MetOp-A satellites are used in this study. Table 1 shows the orbit information for
these LEO satellites. The procedure for the upward looking TEC retrieval was described in Yue et al. [2011]
and Zhong et al. [2016]. Before processing the data, the outliers are eliminated, and cycle slips are detected
and corrected. The pseudorange and phase TEC are obtained from the frequency differences of the observa-
tions. Then the pseudorange TEC is utilized to adjust the level of the phase TEC in each phase-connected arc
[see Mannucci et al., 1998]. The GPS satellite differential code bias (DCB) released by the International Global
Navigation Satellite Systems Service and the receiver DCB estimated from the least squares algorithm are
used to calibrate the leveled phase TEC, thus obtain the absolute slant TEC [e.g., Zhong et al., 2015a]. Themost
challenging work in LEO data processing is the determination of the LEO satellite DCB [Zhong et al., 2016].
The root-mean-square error (RMSE) of DCB is used to evaluate the performance of DCB (see equation (11)
in Yue et al. [2011]). The DCB RMSE mean during 15–22 March 2015 are 0.08, 0.12, 0.16, 0.16, and 0.13 TECU
(TEC unit, 1 TECU= 1016el/m2) for GRACE, TSX, Swarm-A, Swarm-B, and MetOp-A satellites, respectively

Figure 1. Variations of solar wind speed, interplanetary magnetic field
(IMF) By and Bz components, geomagnetic activity index Kp, and ring
current index Dst during 15–22 March 2015. The daily F10.7 index is
embedded on the top.
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(see Table 1 in Yue et al. [2011] for reference). The relatively low DCB RMSEs indicate that the slant TECs of
these LEO satellites had low noise and high stability. Yue et al. [2011] proposed that the accuracy of LEO slant
TEC is about 1–3 TECU, depending on the satellite. Based on the good quality of the slant TECs in this study,
we suggest that the accuracy of upward looking TEC should be about 1 TECU.

For the slant to vertical TEC conversion, a mapping function is commonly used based on the assumption
that ionospheric electrons concentrate in a layer. The height of the layer is called ionospheric effective
height (IEH). The IEH used in processing data is selected as a function of orbital altitudes of the LEO satel-
lites and solar F10.7 flux according to equation (8) of Zhong et al. [2015b] (e.g., for F10.7 = 113, the IEHs are
1585, 1815, 1704, 1815, and 2469 km for GRACE, TSX, Swarm-A, Swarm-B, and MetOp-A, respectively).
The geometry mapping function proposed by Foelsche and Kirchengast [2002] is used to convert the slant
TEC to vertical TEC at the location of ionospheric pierce point (IPP), i.e., the intersection between the signal
raypath and ionospheric effective height. A cutoff elevation angle of 40° is used in our study to mitigate the
error caused by the slant to vertical TEC conversion. Overall, the accuracy of the LEO-based vertical TEC mea-
surements is better than 1 TECU, and thus it is adequate for our study.

Note that IPP locations at low and middle latitudes for the ascending (or descending) orbits are mainly
around almost a constant local time in one day, and the daily change in orbital local time of LEO satellites
is usually very small. The orbital local time change is about 5min per day for GRACE, Swarm-A, and
Swarm-B (non-Sun-synchronous near-polar orbit), and the orbital local times are constant for TSX and
MetOp-A (Sun-synchronous orbit). The average local times of the geographic equator crossing for these
LEO satellites during 15–22 March were mainly in the morning sector (05:35–09:31 LT) and evening sector
(17:35–21:31 LT) (see Table 1). Therefore, the upward looking TECs from these satellites allow us to examine
local time dependence of topside ionospheric storm effects. Since the local time samplings of GRACE
and Swarm-B were close to TSX and MetOp-A, respectively, these upward looking TECs also provided an
opportunity to study the altitudinal dependence of the topside ionospheric response to the storm.

4. Observational Results
4.1. Upward Looking TEC in the Evening Sector

Figure 2 shows the variations of the upward looking vertical TECs from GRACE, TSX, Swarm-A, Swarm-B, and
MetOp-A satellites as a function of IPP location in the evening sector during 15–22 March 2015. Note that UT
days run from right to left in this figure. On the quiet days of 15 and 16 March, the upward looking TECs from
GRACE, TSX, Swarm-A, and Swarm-B (Figures 2a–2d) generally showed one-peak structure at low latitudes
along the magnetic dip equator. This latitudinal structure was more likely due to the fact that the LEO orbital
altitudes were around or above the F2 peak height. For the MetOp-A TEC (Figure 2e), the latitudinal gradient
was relatively smaller at low and middle latitudes than it was in the other satellite data (note that a different
color scale is used for MetOp-A TEC). Due to the higher orbital altitude of MetOp-A (832 km), this relatively
smaller latitudinal gradient of TEC may be associated with a larger contribution of plasma from the plasma-
sphere to the upward looking TEC or due to the magnetic field lines being connected to middle latitudes
where the horizontal gradients are not very large at this altitude. However, more research is needed to better
understand this lack of large latitudinal variations. The upward looking TEC seen by TSX (18:01 LT) was greater
than that of Swarm-B (21:14 LT), although these two satellites had the same orbital altitude during this period.
In general, the TEC value and distribution differences between different satellites were mainly associated
with their different orbital altitudes, although they were also partly associated with the different local time
sampling of satellites, as in the case of TSX and Swarm-B.

Table 1. Orbit Information for the LEO Satellites that Provided TEC Data in This Study

Satellite Altitude Orbit Local Time (Descending/Ascending) Inclination

GRACE 410 km Circular 05:35/17:35 89°
TSX 520 km Sun-synchronous 06:01/18:01 97.44°
Swarm-A 467 km Circular 07:36/19:36 87.4°
Swarm-B 520 km Circular 09:14/21:14 88°
MetOp-A 832 km Sun-synchronous 09:31/21:31 98.7°
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On 17 March, the upward looking TECs from GRACE, TSX, Swarm-A, and Swarm-B (Figures 2a–2d) showed
increases at low and middle latitudes at ~08:00 UT (about 3h after the SSC time indicated by the red arrows).
These increases were generally symmetric with respect to the magnetic equator and most likely associated
with a prompt penetration electric field (PPEF). The PPEF drives an enhanced equatorial fountain effect during
daytime and in the evening [e.g., Mannucci et al., 2005; Mendillo, 2006] and pushes the plasma to higher
altitudes, where chemical loss of the plasma is lower [e.g., Balan et al., 2010]. The TEC enhancement during
the initial and main phases of storms associated with the PPEF has been extensively studied [e.g., Huang
et al., 2005; Lei et al., 2008, 2014; Tsurutani et al., 2008; Wang et al., 2010]. After this there were no obvious
changes in the upward looking TECs at 12:00–15:00 UT. This lack of change was probably associated with the
northward IMF Bz during 10:20–12:00 UT. IMF Bz turned southward at 12:00 UT and persisted southward for
~12h, so the upward looking TECs (Figures 2a–2d) in low and middle latitudes increased obviously from
16:00 UT on 17 March to 02:00 UT on 18 March. And the greatest TEC enhancements occurred around 23:00 UT
on 17 March, with average TEC increments at low latitudes (�30° to 30°) of about 27, 22, 24, and 14 TECU for
GRACE, TSX, Swarm-A, and Swarm-B, respectively. The TEC enhancements also extended to higher latitudes
with respect to quiet time. Furthermore, the upward looking TECs showed asymmetry over the American sector
at about 00:00 UT on 18 March. The greatest TEC enhancements were observed in the southern hemisphere
above South America, extending from the equator to about �50° in latitude. However, over North America,
TEC increases were limited to lower latitudes, while TEC depletions were observed at latitudes higher than
~40°. In summary, the upward looking TECs from GRACE, TSX, Swarm-A, and Swarm-B in the evening sector
(Figures 2a–2d) had a similar response to the storm during the main phase, although the magnitude and
latitudinal extension of the topside TEC variations were different due to the different orbital altitudes and local
time sampling. However, the TEC observed by MetOp-A (Figure 2e) showed quite different variations from
those seen by other LEO satellites in the evening sector. Compared with the quiet time level, the MetOp-A
TEC in low and middle latitudes did not show obvious enhancements during the entire storm main phase.
Moreover, the topside TEC above MetOp-A at middle latitudes was even depleted.

Figure 2. Variations of the upward looking vertical TEC as a function of latitude and longitude for (a) GRACE, (b) TSX,
(c) Swarm-A, (d) Swarm-B, and (e) MetOp-A satellites in the evening sector during 15–22 March 2015 (time from right to
left). The TEC data above 40° elevation angle are used in the plot. The vertical lines indicate 00:00 UT of each day. The grey
curve shows the magnetic dip equator. The red, blue, and green arrows indicate the SSC time, the start times of the main
and recovery phases, respectively.
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At the beginning of the storm recovery phase, at 02:00 UT on 18 March, the upward looking TECs from
GRACE, TSX, Swarm-A, and Swarm-B (Figures 2a–2d) dropped rapidly at low latitudes when the LEO satellites
passed over the Pacific Ocean. However, the MetOp-A TEC (Figure 2e) remained unchanged at low latitudes
over the Pacific Ocean, and its decrease occurred about 6 h later than the TECs from other satellites. Despite
the spatial and temporal differences, large TEC depletions were obvious in all upward looking TECs on 18
March at low latitudes. In the case of the upward looking TEC variations at middle latitudes, the negative
storm effects at high latitudes extended to middle latitudes in all observations in Figure 2, especially for
North America and South Indian Ocean regions, where the geomagnetic poles are located. It is interesting
to note that this depletion persisted for many days. The upward looking TECs at low latitudes along the
dip equator recovered gradually, and they returned to near their quiet time levels on 22March when the solar
F10.7 flux was 121.5, higher than the preceding days. However, the upward looking TECs at middle latitudes
remained lower than the quiet time levels, and thus recovered more slowly.

To investigate the variations of the upward looking TECs at low latitudes quantitatively, Figure 3 shows the
mean TECs within a magnetic latitude range of �30° to 30° as a function of equator-crossing longitudes
and UT. The mean TECs from GRACE, TSX, Swarm-A, and Swarm-B (Figures 3a–3d) had a similar response
to the storm during the main phase. They had obvious increases at 08:00–12:00 UT, followed by declines
at 12:00–15:00 UT, increased again at 16:00–19:00 UT on 17 March and then reached their maximums at
the end of the main phase. The maximum mean TECs around 00:00 UT on 18 March were 55.9, 40.4, 46.1,
and 26.0 TECU for GRACE, TSX, Swarm-A, and Swarm-B, respectively. Although Swarm-B and MetOp-A had
similar local time sampling, MetOp-A TEC did not show any evidence of enhancements during the main
phase (Figure 3e). Moreover, there was a weak enhancement in MetOp-A TEC after the end of themain phase,
when the other upward looking TECs underwent rapid decreases. On 18 March, noticeable decreases were
observed for all mean TECs at low latitudes, and the greatest depletions from their quiet time average levels
were �18.8, �10.7, �14.2, �7.3, and �3.9 TECU for GRACE, TSX, Swarm-A, Swarm-B, and MetOp-A, respec-
tively. During 19–21 March, almost all mean TECs were smaller than their respective quiet time baselines.
The mean TECs returned to their quiet time levels on 22 March, except for the MetOp-A TEC. Therefore,
the mean TECs from LEO satellites with lower orbital altitudes recovered faster than MetOp-A (832 km), which
indicates that the recovery rate of topside TEC might depend on altitude. In addition, we can see that the
longitudinal structures of the upward looking TECs during the recovery phase behaved differently from those
of quiet time. The mean TECs over the Pacific Ocean region (180°–240° longitudes) during the recovery phase
were generally comparable with those of quiet time, whereas the TECs in other regions showed more deple-
tion, especially for MetOp-A data. The longitudinal structure of upward looking TECs will be discussed in
detail in the discussion section.

Figure 4 shows the corresponding storm-induced percentage changes compared with the quiet time,
upward looking TECs on 15 March in the evening sector. To calculate the percentage changes, first, the daily
TECs were interpolated to a uniform grid (5° in latitude and 5° in longitude). Then the daily TEC differences
between 16–22 March and 15 March were divided by the corresponding TEC on the grid on 15 March. The
reason for selecting 15 March as the quiet time reference is that the solar flux on this day was comparable
to those on 17 and 18 March, and geomagnetic activity was quiet on 15 March. On 16 March, the upward
looking TECs at low latitudes along the magnetic dip equator showed greater variability for the LEO satellites
with lower orbital altitudes. This variability might be related to the day-to-day variation of the equatorial ioni-
zation anomaly. On 17 March, the upward looking TECs from GRACE, TSX, Swarm-A, and Swarm-B (Figures
4a–4d) at low andmiddle latitudes mainly showed increases during themain phase. It is also clear that almost
no TEC increase at low latitudes was observed by MetOp-A during the storm main phase (Figure 4e). Note
that in Figure 4e, the relatively large positive changes around the south geomagnetic pole on 17Marchmight
be due to the relatively low absolute TEC values on 15 March. On 18 March, MetOp-A TEC showed a slight
increase at low latitudes over the Pacific Ocean; at the same time, the TECs from other satellites were signifi-
cantly depleted. As seen in all TEC observations in Figure 4, the greatest depletions were observed on 18
March, and the TEC depletions lasted for more than 3 days. The average percentage changes within a geo-
graphic latitude range of �60° to 60° during 19–21 March were �20%, �26%, �19%, �32%, and �35%
for GRACE, TSX, Swarm-A, Swarm-B, and MetOp-A data, respectively. These results indicate that the negative
storm effect was relatively stronger at higher altitudes in the evening sector. The MetOp-A TEC recovered
slowly at both low and middle latitudes, while the TECs from the other satellites recovered faster at low
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latitudes than at middle latitudes. Note that the upward looking TECs at low latitudes over the Pacific Ocean
did not show this depletion, especially for MetOp-A data; instead, they were comparable with the quiet time
TECs. The upward looking TECs returned to near their quiet time levels on 22 March; the termination of the
TEC depletion might be possibly associated with increased F10.7 on 22 March as mentioned earlier.

4.2. Upward Looking TEC in the Morning Sector

Figure 5 shows the upward looking TECs in the morning sector using the same format as Figure 2. During 15–
16 March, the quiet time, upward looking TECs from GRACE and TSX (Figures 5a and 5b) did not have a clear
one-peak structure, which might be associated with little or no photoionization at this early morning local
time (05:30–06:00 LT). The upward looking TECs at middle latitudes above the southern hemisphere were
greater than the northern hemisphere, especially above South America. The north-south asymmetry of TEC
was also observed by Swarm-A (Figure 5c). The Swarm-B TEC (Figure 5d), which was observed at a later local
time (09:14 LT), showed a one-peak structure, and it was generally symmetric with respect to the dip equator.
The MetOp-A TEC (Figure 5e) also had a relatively smaller latitudinal gradient at low and middle latitudes
during quiet time, similar to its TEC observations in the evening sector (21:31 LT).

On 17 March, the upward looking TECs from GRACE and TSX (Figures 5a and 5b) showed increases at low and
middle latitudes from 09:00 to 12:00 UT and increases at low latitudes over the Pacific Ocean at ~15:00 UT. The

Figure 3. Variations of mean TEC as a function of equator crossing longitude and UT for (a) GRACE, (b) TSX, (c) Swarm-A,
(d) Swarm-B, and (e) MetOp-A satellites in the evening sector during 15–22 March 2015 (time from right to left). The TEC
data with the IPP magnetic latitude range from �30° to 30° and above 40° elevation angle are used in the mean TEC
calculation. The horizontal dashed lines indicate the averaged mean TEC during 15–16 March as proxy of the quiet time
average levels, with 28.8, 18.0, 21.8, 11.7, and 5.9 TECU for GRACE, TSX, Swarm-A, Swarm-B, and MetOp-A, respectively.
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Figure 5. Same as Figure 2 but for the upward looking vertical TEC in the morning sector.

Figure 4. Percentage changes of the upward looking vertical TEC for (a) GRACE, (b) TSX, (c) Swarm-A, (d) Swarm-B, and
(e) MetOp-A satellites in the evening sector during 16–22 March 2015 compared with the quiet time values on 15 March
2015 (time from right to left). See text for details.
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TECs did not show any increases at later UTs during the main phase in these two local time sectors. The upward
looking TECs from Swarm-A and Swarm-B (Figures 5c and 5d) showed increases from~08:00 UT on 17March till
the end of themain phase; also, the increases in the southern hemisphere were greater than the northern ones
from 08:00 to 12:00 UT. As the storm progressed, the boundary of the TEC increases moved toward lower lati-
tudes. The MetOp-A TEC also began to increase at ~08:00 UT. Similar to those from Swarm-A and Swarm-B, the
boundary of the TEC increases seen by MetOp-A also moved toward lower latitudes as the storm progressed.
The most obvious enhancement of MetOp-A TEC was observed at low latitudes over the Pacific Ocean. In all,
the upward looking TECs in earlier local time sectors (05:30–06:00 LT) only showed increases during 09:00–
15:00 UT on 17 March, whereas TEC increases in later local time sectors (07:30–09:30 LT) were generally
observed during the entire main phase of the storm. The variations of the latitudinal boundary of the TEC
increase were probably associated with changes in neutral composition; this will be discussed further later.

On 18 March, the upward looking TECs from GRACE and TSX (Figures 5a and 5b) at low latitudes over the
American-Atlantic-African region showed large enhancements, although there was little increase during the
main phase in these regions in the early morning. In the meantime, the topside TEC depletion extended from
high latitudes to middle latitudes. The increase at low latitudes over the American-Atlantic-African region can
be also observed in Swarm-A TEC (Figure 5c). For the Swarm-B TEC (Figure 5d), no TEC increase was observed
above the American sector. With a similar local time of 09:31 as Swarm-B (09:14 LT), but at a higher orbital alti-
tude, the MetOp-A TEC (Figure 5e) did not show any increases above the American-Atlantic-African region on
18 March. Instead, the topside TEC depletions at both low andmiddle latitudes were observed. On the next day
(19 March), the topside TEC depletions occurred at almost all latitudes over the American-Atlantic-African

Figure 6. Same as Figure 3 but for the mean TEC in the morning sector. The quiet time average levels of mean TECs are
7.20, 6.59, 8.75, 9.76, and 6.64 TECU for GRACE, TSX, Swarm-A, Swarm-B, and MetOp-A, respectively.
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region. However, the GRACE TEC at low latitudes showed a large enhancement again over the Pacific Ocean. In
addition, the upward looking TECs observed by TSX, Swarm-A, and Swarm-B at low latitudes over the Pacific
Ocean were roughly comparable with their quiet time values but were greater than the TECs at other longi-
tudes. The longitudinal structure of upward looking TECs from 20 to 22 March showed a similar pattern to
the one that occurred on 19 March. Therefore, from 19 to 22 March, the upward looking TECs in regions other
than the Pacific Ocean region recovered very slowly. All the TECs seen in Figure 5 did not return to their quiet
time level even on 22 March in the morning sector, 5 days after the storm main phase.

The line plots in Figures 6a–6c clearly show that during themain phase of the storm, the topside TEC increases at
09:00–12:00 UT weremore obvious in GRACE and TSX data, whereas the topside TEC increases at 15:00–19:00 UT
were more evident in Swarm-A, Swarm-B, and MetOp-A data at later local times (Figures 6c–6e). These results
indicate that the topside ionospheric responses to the storm main phase depended strongly on a specific local
time in the morning sector. The most noticeable decreases in the topside TEC at low latitudes were observed
on 19 March for all the mean TECs, and the greatest depletions from their quiet time average levels were
�4.7, �4.5, �4.6, �4.9, and �3.4 TECU for GRACE, TSX, Swarm-A, Swarm-B, and MetOp-A, respectively. During
19–22 March, it is interesting to note that almost all the mean TECs were smaller than their quiet time reference
values. The upward looking TECs at earlier local times appeared to undergo more obvious depletions than those
at later local times.

Like the TECs in the evening sector, the longitudinal structure of the upward looking TEC in the morning
sector also behaved differently from that of quiet time. During quiet time, the Pacific Ocean region (180°–240°
longitudes) generally had lower mean TECs than other regions. However, during the recovery phase, the mean
TECs over the Pacific Ocean region were comparable with those of quiet time, while the Atlantic Ocean and
African regions (300°–60° longitudes) had smaller TECs.

Figure 7 shows the percentage changes of upward looking TECs in the morning sector. On 16 March, the
day-to-day variations at low latitudes were less obvious than those in the evening sector. During the storm
main phase, the most obvious TEC increases were seen over the Pacific Ocean region in all observations.
Unlike the case in the evening sector, when the TEC observed byMetOp-A did not showmany changes during

Figure 7. Same as Figure 4 but for the percentage changes of the upward looking vertical TEC in the morning sector.
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the main phase, the MetOp-A TEC had an noticeable increase that was roughly of the same magnitude as the
percentage changes seen by Swarm-A and Swarm-B. It is clear that the boundary of the depletion at high
latitudes extended to lower latitudes as the storm progressed.

On 19 March, the percentage increase of the topside TEC at low latitudes above the American-Atlantic-African
region was more obvious (more than 200%) in GRACE data, whereas it was less obvious in TSX data at a higher
orbital altitude. It implies that plasma density increases associated with the TEC enhancements seen by GRACE
occurred mainly below 500 km. However, the topside TEC above the American-Atlantic-African region seen by
Swarm-A in a later local time only showed a weak increase (Figure 7c). Nevertheless, above the same region,
Swarm-B TEC did not show obvious changes (Figure 7d), and MetOp-A TEC even showed a relative decrease
(Figure 7e). The results indicate that plasma density increase might be larger mostly at earlier local times or at
lower altitudes. This increase might be associated with the plasma enhancement that was produced during
the main phase (see Figure 2; the greatest TEC enhancement above the American-Atlantic-African region
around the end of the main phase) and its residual at low altitudes above the American-Atlantic-African region.

The greatest depletion in the morning sector was observed on 19 March. The average percentage changes
within a geographic latitude range of �60° to 60° during 19–21 March were �35%, �38%, �31%, �34%,
and �30% for GRACE, TSX, Swarm-A, Swarm-B, and MetOp-A data, respectively. These results indicate that
the negative storm effect was stronger at earlier local times or at lower altitudes. Furthermore, it is clear that
the upward looking TECs over the Pacific Ocean region were comparable to the quiet time levels observed by
all the satellites during the storm recovery phase. This region appears unique in that it did not have negative
storm effects for both the morning and evening local times and that the storm effect seems to recover faster
in this region than in other regions.

5. Discussion

During the March 2015 storm recovery phase, a long-duration depletion was observed in the upward looking
TEC data in both the morning and evening sectors at different satellite orbital altitudes. Observations of TEC
data above 2000–3000 km based on radio beaconmeasurements from geostationary satellites showed that it
took 6–8 days for the plasmasphere to recover to its quiet time levels [Kersley and Klobuchar, 1980, and
references therein]. However, to the best of our knowledge, the long-lasting TEC depletion in the topside
ionosphere observed by LEO satellites in the storm recovery phase has not been reported before. Negative
storm effects seen at middle and high latitudes around the F2 peak height during storm recovery phase
are mainly attributed to thermospheric neutral composition variation [e.g., Burns et al., 1991; Fuller-Rowell
et al., 1994; Rishbeth, 1998]. However, it is not clear whether neutral composition change can directly affect
storm time behavior of the topside ionosphere and its recovery.

To examine the effect of neutral composition change on this long-duration depletion in the topside ionospheric
TEC, thermospheric O/N2 ratios measured by TIMED/GUVI during 15–22 March are shown in Figure 8. The
equator-crossing local time was from 10:37 to 09:02 LT. On 17 March, as the storm progressed, the depletion
of O/N2 extended from high latitudes to lower latitudes comparedwith the quiet time pattern. In themeantime,
O/N2 at low latitudes became enhanced. During the main phase of the storm, the boundary of neutral compo-
sition depletion showed good agreement with the boundaries of upward looking TEC increases in themorning
sector (Figures 5c–5e). On the first day of the recovery phase (18 March), there was a distinct depletion of O/N2

at middle and high latitudes; however, O/N2 at low latitudes remained enhanced. From 19 to 22 March, O/N2 at
middle and high magnetic latitudes still showed obvious depletions and recovered very slowly, whereas O/N2

at low latitudes went back to quiet time values gradually. Since O/N2 only showed long-lasting depletions at
relatively high latitudes, the variation of neutral composition cannot directly explain the long-duration deple-
tion of the topside TEC at both low and middle latitudes.

In the topside ionosphere and plasmasphere, hydrogen and helium ions are the dominant ions; thus, the influ-
ence of plasma diffusion becomes more important than the photochemical process [Prölss, 2004]. Moreover,
plasma production in the topside ionosphere and plasmasphere is relatively low; instead, most of the plasma
comes from the underlying ionosphere via the upward plasma flow along magnetic field lines during the day-
time. The plasma in the topside ionosphere and plasmasphere has a return flow at night to maintain the night-
time ionosphere. Transport along magnetic field lines plays a crucial role in ionosphere-plasmasphere coupling
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during both quiet and storm times [e.g., Park, 1970; Kersley and Klobuchar, 1980; Lee et al., 2013]. The magnetic
field lines at higher altitudes in the topside ionosphere are connected to the bottomside ionosphere at higher
magnetic latitudes (e.g., themagnetic field line at 1000 km over themagnetic equator is connected to themag-
netic latitude of approximately 17°). In addition, although Burns et al. [1989] concluded that high-latitude ther-
mospheric compositional recovery had a time scale of 12h to 1day based on model simulations, the long-
lasting low O/N2 ratio at middle and high latitudes was observed during the storm recovery phase (Figure 8),
which suggests that the relaxation time of neutral composition during this storm recovery phasemight be rela-
tively longer, thus long-lasting low plasma density near the F2 peak height at middle and high latitudes. This has
consequences for the recovery of the topside ionosphere as it takes more time to refill the topside ionosphere
and plasmasphere from the bottomside ionosphere at middle and high latitudes where plasma density is low
and recovers slowly. Therefore, plasma diffusion through magnetic field lines and the long-lasting low O/N2

ratio near the F2 peak height at middle and high latitudes might be primary factors of the long-duration deple-
tion in the topside ionosphere, rather than the direct local effect of the neutral composition change. In addition,
the direct transport of plasma and disturbance dynamo caused by changes in neutral winds might also contri-
bute to the observed long-duration depletion in the topside ionosphere. Moreover, some other possible causes
that were proposed for the annual variation of the plasmaspheric density, such as variation of O+ levels in the
topside ionosphere [Guiter et al., 1995] or variation of scale height in plasmaspheric thermal structure [Richards
et al., 2000], might also be associated with the long-duration depletion of upward looking TEC. Overall, it is hard
to fully explain the mechanism based on the observations in our study, and a full explanation of the causes of
the long-duration TEC depletion in the topside ionosphere needs further investigations.

The topside ionospheric responses to the storm in MetOp-A TEC showed a different pattern from those seen
by other satellites. The MetOp-A TEC (Figure 2e) did not show an obvious increase during the storm main
phase in the evening sector; instead, MetOp-A TEC at middle latitudes was even depleted. Swarm-B had simi-
lar local time sampling with MetOp-A, but there was an obvious positive storm effect in the Swarm-B TEC dur-
ing the storm main phase. This suggests that the plasma lifted by the fountain effect did not reach up to the
orbital altitude of MetOp-A (832 km) in this storm around 21:30 LT, if the TEC enhancement was caused
mainly by electric field perturbations. Moreover, since the O/N2 at high magnetic latitudes decreased as
the storm progressed, plasma in the topside ionosphere and plasmasphere might diffuse downward to com-
pensate the loss of plasma at the bottomside ionosphere at high magnetic latitudes.

In the evening sector, about 6 h after the storm main phase, the Swarm-B TEC was obviously depleted
(Figures 2d and 4d), whereas a slight increase was observed in the MetOp-A TEC at low magnetic latitudes
(Figures 2e and 4e). This not only suggests that the depletion seen in Swarm-B mainly happened below
832 km but also indicates that the cause of this depletion (probably neutral composition change) cannot
effectively influence the plasma at and above the orbital altitude of MetOp-A. The slight increase seen by
MetOp-A might be due to the uplifting of the plasma from the F region ionosphere during the storm main
phase (see Figure 5e; over the Pacific Ocean on 17 March), after which the plasma stayed in this high-altitude
region where loss was small. Nevertheless, the MetOp-A TEC also showed an obvious depletion later, which
might be associated with downward plasma diffusion.

Additionally, in themorning sector, the MetOp-A TEC showed depletion at all latitudes after the end of the main
phase (Figure 5e), whereas the Swarm-B TEC continued to show an increase at low magnetic latitudes at the

Figure 8. Variations of O/N2 ratio observed by GUVI as a function of latitude and longitude during 15–22 March 2015 (time
from right to left).
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same time (Figures 5d). Note that the boundary of the neutral composition disturbance zone extended from
high latitudes to lower latitudes as the storm progressed (see Figure 8), the boundaries of the TEC increases seen
by Swarm-B andMetOp-A (with similar local-time samplingwith GUVI) appeared to bemoved toward lower lati-
tudes (Figures 5d and 5e). After the end of the main phase, the upward looking TEC increase seen in Swarm-B
was mainly attributed to the enhanced O/N2 ratio at low latitudes, whereas the depletion in MetOp-A TEC at all
latitudes might be due to the diffusion through magnetic field lines and the obvious O/N2 depletion at middle
and high latitudes. These results also suggest that plasma diffusion through magnetic field lines is more impor-
tant than the direct local effect of the neutral composition change on topside TEC at high altitudes.

The dependence of long-duration depletions on local time was investigated based on the observations of
TSX and Swarm-B, which had the same orbital altitude but different local-time sampling. From the results
above, their average percentage changes during 19–21 March were �26% (18:01 LT, TSX) and �32%
(21:14 LT, Swarm-B) in the evening sector, �38% (06:01 LT, TSX) and �34% (09:14 LT, Swarm-B) in the morn-
ing sector. These results indicate that the depletion was relatively stronger at local times closer to midnight.

The upward looking TEC observations reveal that the topside ionospheric TEC depletion or recovery rate
depended on longitude in the March 2015 storm (Figures 2–7). To further investigate the characteristics of
the longitudinal structure, Figure 9 shows the variations of mean TECs at low latitudes versus equator-
crossing longitude during quiet time (14–16 March; Figure 9, grey lines) and the storm recovery phase

Figure 9. Variations of mean TEC as a function of equator crossing longitude for 14–16 March (grey) and 19–21 March
(blue). The TEC data with the IPP magnetic latitude range from �30° to 30° and above 40° elevation angle are used in
the mean TEC calculation.
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(19–21 March; Figure 9, blue lines). As shown in Figure 9, the common feature during quiet time was that the
mean TECs (Figure 9, grey lines) over the Pacific Ocean region (Figure 9, grey shaded area) were generally
lower than those in other regions, and most of the time the Pacific Ocean region was the region of lowest
topside TEC in the longitudinal structure. During the recovery phase, the upward looking TECs (Figure 9, blue
lines) showed long-duration depletions as mentioned above and were generally lower than those of quiet
time at almost all longitudes. However, the mean TEC over the Pacific Ocean was comparable with and even
greater than the quiet time level. Also, the strongest depletions occurred in the morning sector around the
Atlantic Ocean and African regions (300°–60° longitudes), but there were no such depletions occurred in this
region in the evening. Since there are only a few studies of longitudinal variations of topside ionosphere
[Pedatella et al., 2011; Su et al., 2015], the climatology of the topside ionosphere needs further investigations
to better understand the storm-induced longitudinal variation. Note that the greatest TEC enhancement
observed by MetOp-A (above 832 km) during the storm main phase was also over the Pacific Ocean region
in the morning sector (see Figure 5e). Although the relaxation time of electron density at the F2 peak was
reported to be about 2–3 h [Jee et al., 2007], if the relaxation time in the topside ionosphere is much longer
than that at the F2 peak, the great enhancement during the main phase might be one of the factors that
caused the storm-induced longitudinal variation.

6. Concluding Remark

In this study, the topside TECs measured by GRACE, TSX, Swarm-A, Swarm-B, and MetOp-A satellites have
been utilized to examine the topside ionospheric response to the March 2015 great storm, especially during
the recovery phase. The combined upward looking TEC measurements provide a global view of the topside
ionospheric response to the geomagnetic storms.

Our results have demonstrated for the first time that topside ionospheric TEC depletions last for many days at
low and middle latitudes at most longitudes except those corresponding to the Pacific Ocean during the
entire storm recovery phase. Since the magnetic field lines in the topside ionosphere are connected to the
bottomside ionosphere at higher magnetic latitudes, the field-aligned plasma diffusion effect and the
long-lasting low O/N2 ratio in the bottomside ionosphere at higher latitudes might play significant roles in
producing the long-duration TEC depletion in the topside ionosphere. Furthermore, the topside ionospheric
depletion depends on local time during the recovery phase; the depletion is relatively stronger at local times
closer to midnight.

There is also an altitudinal dependence of the topside ionospheric response to storms. The topside TEC above
the highest satellite (MetOp-A, 832 km) shows a quite different pattern compared with TECs measured by
other LEO satellites with lower orbital altitudes during the storm main phase and at the beginning of the
recovery phase, especially in the evening sector. It appears that the differences between MetOp-A TEC and
the TECs from other satellites might primarily be attributed to the fact that field-aligned plasma diffusion is
more important than the uplift of the ionosphere and composition changes at these altitudes.

The combined observations also revealed that the topside ionospheric TEC recovery rate is strongly depen-
dent on longitude. During the long recovery, the upward looking TECs over the Pacific Ocean region were not
depleted, and roughly comparable to the quiet time ones, especially in the morning sector. Statistical studies
andmodeling of the topside ionosphere are required to further address the dependence of the topside iono-
spheric response to storms on local time, altitude, and longitude.
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