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Abstract During geomagnetic disturbances, enhanced high‐latitude convection transports ionospheric
F2‐region plasma from the dayside midlatitude region into the polar cap, leading to structures such as
tongues of ionization (TOIs) and patches. In this study, we investigate the dynamic evolution of TOIs during
the 17 March 2013 storm using a high‐resolution coupled thermosphere‐ionosphere‐electrodynamics
model and Defense Meteorological Satellite Program (DMSP) satellite observations. Both model and
observations show the occurrence of two TOIs simultaneously. One originates in the morning convection
cell and the other one in the evening cell. DMSP observations also show similar signatures of two density
peaks inside the polar cap. Further diagnostic analysis and control simulations show that themorning TOI is
associated with auroral precipitation and is transported into the polar cap region by the convection
electric field. This study reveals that the plasma transport in both the afternoon and morning sectors play
critical roles in the dynamic evolution of polar ionospheric structures.

1. Introduction

During geomagnetic disturbances when the interplanetary magnetic field (IMF) Bz component is south-
ward, a two‐cell convection pattern is usually set up at high latitudes. This convection pattern has a distinct
structure: The dawn cell has a counterclockwise circulation, and the dusk cell a clockwise one (e.g., Heppner
& Maynard, 1987; Ruohoniemi & Greenwald, 1996).

This convection can transport plasma from the daytime midlatitudes into the polar cap region and cause a
tongue of ionization (TOI), which is characterized by a longitudinally narrow region of enhanced plasma
density from middle to high latitudes in the noon‐midnight direction (Knudsen, 1974; Sato, 1959; Sato &
Rourke, 1964). Ionospheric F‐region TOIs and patches are often associated with the formation of plasma
irregularities, which can disrupt trans‐ionosphere communication and navigation in the polar region
(Basu et al., 2002; Jin et al., 2017; Xiong et al., 2016). Hence, it is of critical importance to understand the
formation and dynamic evolution of the TOIs in the polar ionosphere.

The TOI was first reported by Sato (1959) using maps of ground‐based F2‐region critical frequency (foF2).
Using observations from multiple instruments including incoherent scatter radars, Global Position System
(GPS) total electron content (TEC), Defense Meteorological Satellite Program (DMSP) satellites and Super
Dual Auroral Radar Network (SuperDARN) radars, Foster et al. (2005) produced a global map of the TOI
and showed that it originates from a region of storm‐enhanced density (SED) and extends from the daytime
midlatitudes into the nightside polar cap in the antisunward convection flow channel. After that paper,
numerous studies were carried out to investigate the TOI evolution and its dependence on geophysical
conditions (e.g., David et al., 2016; Middleton et al., 2005; Thomas et al., 2013). Most of these previous studies
have concentrated on the TOI generated by the afternoon convection cell; the TOI associated with the
morning convection cell has been seldom reported. Zhang, Zhang, Moen, et al. (2013) reported a TOI in
the morning convection cell and investigated the polar cap patch segmentation from the morning TOI
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using GPS TEC and ground‐based observations. Based on optical imaging from ground charge‐coupled
device (CCD) camera and IMAGE (Imager for Magnetopause‐to‐Aurora Global Exploration) satellites,
Moen et al. (2007, 2015) showed that polar cap patches exit from both convection cells near the midnight.

In this paper, we report, for the first time, an event of double TOIs in the polar ionosphere during the 2013 St.
Patrick's Day storm, utilizing the recently developed high‐resolution Thermosphere Ionosphere
Electrodynamics General Circulation Model (TIEGCM). The temporal evolution of TOIs and the formation
mechanisms during the storm are examined. The DMSP observations are also compared with model results.

2. Methodology

The TIEGCM self‐consistently solves time‐dependent equations of momentum, energy, and continuity for
the neutrals and ions of the coupled global ionosphere‐thermosphere (I‐T) system (Qian et al., 2014;
Richmond et al., 1992; Roble et al., 1988). Recently, TIEGCM v2.0 has been upgraded to a high‐resolution
version, which has a horizontal resolution of 0.625° × 0.625° in a geographic latitude‐longitude grid and a
vertical resolution of 1/4 scale height. The high‐resolution TIEGCM has shown a good capability in simulat-
ing mesoscale structures of the ionosphere and thermosphere during the 2017 Great American Solar Eclipse
(Dang, Lei, Wang, Burns, et al., 2018; Dang, Lei, Wang, Zhang, et al., 2018). In this study, we use the high‐
resolution TIEGCM to simulate the polar ionospheric responses to the 17 March 2013 geomagnetic storm.
The time step of the model simulation for this study is 5 s. A subcycling technique is used in the O+ conti-
nuity equation solver with a time step of 0.1 s. The convection pattern at high latitudes is specified by the
Weimer model (Weimer, 2005), which is driven by the observed solar wind and IMF conditions. The auroral
precipitation in the TIEGCM is specified by Roble and Ridley (1987) and Emery et al. (2008).

3. Results

Figures 1a–1c show the variation of solar wind and IMF parameters, as well as Sym‐H indices during the
2013 St. Patrick's Day storm. At about 06:00 universal time (UT) on 17 March 2013, a shock driven by a cor-
onal mass ejection arrived at the magnetosphere, characterized by the sudden enhancement of solar wind
density and velocity and the southward turning of IMF Bz. The Sym‐H index started to decrease at around
06:00 UT and reached a first minimum of around −110 nT at 10:00 UT. After that, it attained a second mini-
mum of −132 nT at 20:00 UT before recovery.

Figures 1d–1k display the time evolution of the simulated electron densities at pressure surface 2.0 (near the
F2‐region peak, ~300 km) in the Northern Hemisphere on 17 March during the storm. The polar maps of
electron densities as a function of geographic latitude and local time (LT) are shown on the top side of each
panel. The convection patterns with positive electric potential are shown as red and negative potentials with
blue contours. The outer boundary is 50°N geographic latitude. At 06:00 UT, in the storm initial phase, the
electron density started to increase in the noon sector, with a magnitude of 5 × 105 cm−3. At 08:00 UT, the
electron density enhancement occurred over a large part of the afternoon sector. An evident SED structure
can be seen in the afternoon sector at around 60°N. The ionospheric plasma in the afternoon sector was
transported in an antisunward direction into the polar cap region by the dusk cell of the convection pattern,
as indicated by the blue solid lines. Consequently, a TOI occurred in a narrow region from 65°N at noon to
latitudes greater than 80°N inside the polar cap, with a magnitude of 5.5 × 105 cm−3.

As time progressed, at 10:00 and 12:00 UT, the electron density perturbation caused by the geomagnetic
storm extended into the premidnight sector, leading to an electron density enhancement between 18 and
22 LT at middle latitudes. On the dayside, the electron density within the TOI structure in the afternoon sec-
tor increased to 8 × 105 cm−3. This was associated with the enhanced convection pattern during the storm
main phase. The storm‐enhanced TOI in the afternoon sector has been investigated in great detail in pre-
vious studies (e.g., Foster et al., 2005; Liu et al., 2016, 2017). Interestingly, another TOI feature can also be
clearly seen in the morning sector from ~10 UT. The morning TOI stretched from 9 LT at middle latitudes
to 12 LT at around 75°N, with a magnitude of 5 × 105 cm−3 at 10 UT. The TOI in the morning sector was
associated with the dawn cell of the ionospheric convection, which transported plasma from lower latitudes
on the morning side into the polar cap region. The morning TOI had a lower electron density than had the
afternoon TOI, and moved toward the noon, from about 8 LT at 10:00 UT to 10 LT at 12:00 UT. Note that the
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simulated electron density within the morning TOI structure was higher than that at lower latitudes. This
could be associated with both the local ionization enhancement due to the sunrise effect and the auroral
electron precipitation in the morning sector, as will be explained in detail later.

The TOI associated with the dusk cell started to deplete at 14:00 UT with an electron density of about 2 × 105

cm−3 and disappeared around 16:00 UT. On the other hand, after 14:00 UT, the TOI associated with the

Figure 1. Variations of the (a) solar wind speed and density, (b) interplanetary magnetic field Bz and By components, and (c) SYM‐H indices during the
17 March 2013 geomagnetic storm. (d–k) Polar maps of the simulated electron densities and their local time variations (times goes from right to left) at 65°N at
pressure level 2 (~300 km) in the Northern Hemisphere on 17 March 2013.
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morning convection cell also disappeared. However, a new TOI was
formed at noon at 16:00 UT. This newly formed TOI structure associated
with the dusk cell moved toward the afternoon sector and finally reached
15 LT at 20:00 UT. The TOI peak density varied from a magnitude of 5.8 ×
105 cm−3 at 16:00 UT to one of 8 × 105 cm−3 at 20:00 UT.

Thus, the simulation results showed a complicated evolution of TOIs (also
in the supporting information Movie S1) during the geomagnetic distur-
bances. During the main phase of the 2013 St Patrick's Day storm, two
TOIs occurred simultaneously: one was located in the morning sector
and the other in the afternoon sector. The TOIs in the morning and after-
noon sectors were, respectively, associated with the dawn and dusk cells
of the convection pattern and stretched from the dayside middle latitudes
all the way into the polar cap region. To further illustrate the detailed evo-
lution of the double TOIs during the storm, the bottom side of each panel
in Figure 1 depicts the distribution of the electron densities at the Zp = 2
constant pressure surface (near the F2‐region peak) at 65°N at different
UTs. The electron density was plotted from 8 to 16 LT for the
dayside sector.

At 06:00 UT, during the storm initial phase, there was no evident TOI sig-
nature at 65°N. The electron density peaked at around 11 LT, with a mag-
nitude of 5.6 × 105 cm−3. As shown in Figure 1e, at 08:00 UT a TOI
structure started to occur at 12:30 LT in the afternoon sector. The TOI
at 10:00 UT moved to 13:30 LT and the electron density increased to

7.1 × 105 cm−3. At the same time, the electron density also increased in the morning sector, and another
TOI was generated, corresponding to the appearance of the TOI in the morning sector near 08 LT in
Figure 1e. The electron density within the morning TOI was about two thirds of that in the afternoon
TOI structure. Note that the Ne density enhancements at 65°N were equatorward of the polar cap region,
and thus, these density enhancements were the plasma density sources that once transported through the
cusp region did form the TOIs.

Then at 12:00 UT, as shown in Figure 1f, two prominent TOIs can be seen clearly. The TOI in the afternoon
sector occurred at about 14 LT and the morning one at 9 LT. The structure of double TOIs continued to be
seen until 14:00 UT. At 14:00 UT, the TOI in the afternoon was greatly reduced with an electron density of
about 4.5 × 105 cm−3 and finally disappeared after 16:00 UT. The TOI in the morning sector also disappeared
at 16:00 UT. However, a new TOI formed at noon, associated with the dusk convection cell. This TOI became
stronger after 16:00 UT. It moved toward the duskside continuously and arrived at 14 LT at 20:00 UT with a
magnitude of 6.2 × 105 cm−3.

In order to confirm the existence of double TOIs over the polar ionosphere during the storm, we employed
GPS TEC, NmF2 data from the Qaanaaq ionosonde (77.5°N, 69.2°W), and measurements from the DMSP
satellites. A polar map of GPS TEC at 09:45 UT during the storm is given in Figure 2. A TOI structure is
clearly seen in the morning sector at around 10 LT, with a magnitude of 20 TEC units. For the afternoon
sector, there were large gaps of GPS receivers over Russia, making it difficult to observe the full picture of
double TOIs during this period. However, a TOI‐like structure can still be noted at high latitudes on the
afternoon side. Figure 3 shows a comparison of NmF2 variations between ionosonde observations and
TIEGCM simulations at Qaanaaq on 17 March 2013. At 14 UT (10 LT), there is an NmF2 enhancement of
around 4 × 105 cm−3 in the model results, corresponding to the morning TOI. Unfortunately, the large data
gap in the same morning period prevents us from a direct comparison between the ionosonde data and
model prediction. In the afternoon at around 20 UT (15 LT), both exhibit a prominent NmF2 enhancement
within the afternoon TOI region.

The DMSP consists of multiple polar‐orbiting satellites, orbiting the Earth every 102 min at 835–850 km alti-
tude. Data from the DMSP satellites have been utilized to identify the TOI structure over the polar cap by
examining density enhancements along the orbit (e.g., Garcia et al., 2000; Hosokawa et al., 2009; Wang
et al., 2016). Figure 4 shows the (a, e) spacecraft track, (b, f) ion density, (c, g) plasma temperature, and

Figure 2. A polar map of the GPS TEC in the Northern Hemisphere at 09:45
UT on 17 March 2013.
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(d, h) electron energy flux measured by DMSP F16 and F17 at around 10:00 UT. In Figure 4 (left column),
DMSP F17 passed through the dayside polar ionosphere from 17 LT, 73°N, to around 6 LT, 62°N. Two
strong ion density peaks were clearly seen in Figure 4b: one peak occurred at 10:05 UT and was located at
78°N and 13 LT with a density peak of 1.9 × 105 cm−3, and the other occurred at 10:10 UT and was
located at 68°N and 10 LT with a density peak of 1.5 × 105 cm−3. The beginning and ending of the two
regions of ion density enhancements were respectively denoted as “A,” “B,” and “C”, “D”. They were also
labeled along the spacecraft track in Figure 4a. At 10:00 UT, the two regions of the observed ion density
enhancements had a similar signature to the double TOIs in the TIEGCM results (Figure 1f). The DMSP
ion density structure in “A‐B” agreed well with the TIEGCM TOI structure in the dusk cell, which started
from the middle‐latitude afternoon sector and extended into the polar cap around noon. Note that ion
densities are different between DSMP observations and TIEGCM simulations, as the DMSP orbit height is
near 800 km, but TIEGCM results are near the F2 peak. The second region of ion density enhancement
(C‐D) corresponded to the TOI structure in the morning sector. We have also overlaid the TIEGCM on
the time sequence of DMSP observations, as shown by the red lines in Figure 4b. The simulated double‐
TOI structure generally agrees well with the DMSP observations, although the modeled ion density was
much larger than the observations as the altitudes of the two data sets are different. The plasma
temperatures from DMSP observations were shown in Figures 4c and 4g. They generally varied inversely
to the ion density variations due to the electron cooling, which is a typical feature of the classical polar
TOI (or patches) induced by the convection electric field. Te decreases with ion density enhancement
within the double‐band structures, while Te increases between the two‐band structures. This is different
from the “hot polar patches” defined by Zhang et al. (2017), in which the electron temperature increases
with the ion density enhancement due to energetic electron precipitation. We also show electron and ion
temperatures from the model in the supporting information (Figure S1), which gives similar characteristics.

We further examined the variations of precipitating electron energy flux to exclude the possibility of DMSP‐
observed density peaks being caused directly by auroral precipitation. As shown in Figure 4d, significant
auroral electron precipitation can be seen before 10:02 UT and after 10:10 UT, which represented the auroral
oval on the duskside and dawnside. Neither two regions of the observed ion density enhancements were
located within these auroral regions. The energy flux of precipitating electrons in the regions of double
TOIs (A‐B and C‐D) was low, showing that no strong electron precipitation occurred within the regions of
ion density enhancement. One can note that in Figure 4b an ion density enhancement also occurred
between B and C in the polar cap, which might be associated with the polar rain electrons from the solar

Figure 3. Universal time variations ofNmF2 at Qaanaaq (77.5°N, 69.2°W) observed by the ionosonde and simulated by the
TIEGCM on 17 March 2013.
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wind (e.g., Zhang et al., 2007). The observations from DMSP F16 are in Figure 4 (right column). Both DMSP
F16 satellite observations and the overlaid TIEGCM simulations show a double‐TOI structure that agrees
with that seen by DMSP F17. Note that the DMSP observation in Figure 9n in Hosokawa et al. (2010) also
exhibited a double‐band structure of ion density, which agrees with our result. Our result indicates that
the two regions of enhanced ion density observed by DMSP were associated with TOI structures that were
transported by the convection cells, instead of being produced by local precipitation.

4. Discussion and Conclusions

As indicated in Figures 1 and 4, TOIs occurred simultaneously in the morning and afternoon sectors during
the 2013 St. Patrick's Day storm. Most of the TOIs reported in previous studies were found to be associated

Figure 4. (a, e) The satellite tracks and the measurements of (b, f) ion density, (c, g) electron and ion temperature, and
(d, h) precipitating electron energy flux of the overpassing DMSP (left) F17 and (right) F16 satellites on 17 March 2013.
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with the dusk convection cell (e.g., Foster et al., 2005; Hosokawa et al., 2010; Thomas et al., 2013), due to the
relatively dense plasma at middle latitudes in the afternoon sector. In the past decade, global GPS TECmaps
have been widely used to study the structure of the polar ionosphere, including TOIs and polar cap patches
(e.g., Foster et al., 2005; Liu et al., 2015; Zhang, Zhang, Lockwood, et al., 2013; Zhang, et al., 2015). However,
lack of a full data coverage and low spatial and temporal resolution of the GPS TEC maps have limited the
identification of smaller‐scale structures like the double TOIs described in this paper. During the St. Patrick's
Day event, there was a large gap of GPS receivers over Russia in the afternoon sector, and there were many
smaller gaps in the morning sector around 9‐12 UT, making it difficult to compare GPS data with the model
results and validate the existence of double TOIs. Besides the observations, numerical models are also uti-
lized to investigate the behavior and evolution of the TOI structure during storms (e.g., Liu et al., 2016,
2017; Sojka et al., 2012). These models, however, usually had a spatial resolution larger than 2° in longitude
and latitude and so cannot resolve mesoscale structures such as double TOIs in the polar ionosphere well. In
this study, the measurements made by the DMSP satellites have also provided a similar signature of double
TOIs, showing two bands of ion density enhancements when they passed through the polar cap region from
local afternoon to the morning sector.

The formation of double TOIs is closely related to ion convection and plasma density variations at lower lati-
tudes, that is, the TOI source region. The variations of the IMF configuration during storm time impact the
magnetic reconnection between the IMF and the geomagnetic field. This process further affects the iono-
spheric convection pattern and the dynamics of TOIs (Deng & Ridley, 2006; Weimer, 1996). As shown in
Figure 1, the convection pattern changed greatly during the storm in response to IMF variations. During
10:00–14:00 UT, in the dawn convection cell, there were poleward E × B drifts along the potential line from
middle and auroral latitudes into the polar cap region, leading to the antisunward transport of the plasma
and thus the TOI structure in the morning sector.

Regarding the afternoon TOI source region, as shown in Figure 1, the electron density at middle latitudes
and auroral regions changed at different UTs and different stages of the storm. TOIs can be more easily
formed if there is a larger electron density in the lower‐latitude source region. Sojka et al. (2012) showed that
the longitudinal dependence of ionospheric electron density at middle latitudes during storms is mainly
caused by the longitudinal variations of both neutral winds and electric fields. Heelis et al. (2009) and
David et al. (2011) showed that lifting of plasma to higher altitudes contributes to the SED formation in
the afternoon, which is suggested to be the source of the TOI structure. In terms of the plasma velocity
observed by high‐frequency coherent radars, Milan et al. (2002) found that the plasma transport in the polar
cap provides plasma sources from both dawn and dusk sectors with the radar scans. Using model simula-
tions, Zou and Ridley (2016) found that the plasma from both dawn and dusk sectors contributes to the for-
mation of SED.

On the other hand, the formation of double TOIs, especially the morning TOI, is complicated and associated
with both the electron density in the source region and the ionospheric convection pattern. Furthermore, the
finding of the occurrence of double TOIs and their evolution in this study point to a new source of polar ioni-
zation, as almost all previous studies suggest that TOI and polar patches are the results of transportation of
plasma from the afternoon/noon sector, whereas our results show that plasma can also be transported into
the polar cap from the middle latitude and auroral regions through the morning sector, as shown in Figure 1.
The importance of identifying and studying TOI and patches, including double TOIs, is also related to their
potential space weather application in that radio scintillation tends to occur near the edges of these mesos-
cale structures. For this purpose, we carried out a diagnostic analysis of the ion continuity equation to
explore the physical mechanisms responsible for the formation of the morning TOI. Since near the F2 peak
ionospheric ion composition is dominated by O+, the ion continuity equation can be described as

∂NOþ

∂t
¼ qOþ−βNOþ−∇· NOþ V

!
Oþ

� �
(1)

Similar to Lei et al. (2008), for convenience, the terms ∂NOþ
∂t , qOþ , and βNOþ are referred as op_dt, prod, and

loss. The transport term −∇· NOþ V
!

Oþ
� �

is split into the transport processes by electric fields (trans_E×B),

neutral winds (trans_wind), and ambipolar diffusion (amb_diff). Thus, equation (1) is further written as
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op�dt ¼ prod−lossþ trans�E×Bþ trans�windþ amb�diff (2)

Figures 5a–5f show a snapshot of the polar maps of electron density and the terms (time rate of change of
O+) in equation (2) at pressure surface 2 at 10:00 UT. The change of O+ (op_dt) in Figure 5d is generally con-
sistent with the term trans_ExB (Figure 5c), which represents the transport effect by the convection pattern.
In the morning sector, there is an evident transport of O+ induced by the convection electric field from the
auroral zone into the polar cap region. The production of O+ by precipitation (Figure 5b) is also a significant
contributor. At around 6–10 LT between 60°N and 80°N in Figure 5b, a large production of O+ occurred,
which is mainly associated with the electron precipitation. Compared to the effects of O+ production and
electric field transport, neutral winds and ambipolar diffusion in Figures 5e and 5f contribute less to the
TOI. The term analysis illustrates that auroral precipitation and electric field transport play major roles in
the formation of the morning TOI.

Ionization due to auroral particle precipitation has long been suggested as a source of polar cap patches
(TOIs are continuous structures) (Weber et al., 1984). MacDougall and Jayachandran (2007) suggested that
auroral precipitation actually dominates polar cap patch production.We also conducted a control simulation
to examine the auroral effect on the morning TOI, in which the auroral precipitation was decreased to one
fifth of the original values. The results are shown in the right panels of Figures 5g–5i. Figure 5h shows a great

Figure 5. Polar maps of (a) electron densities and (b–f) terms simulated by the TIEGCM at 10:00 UT on 17 March 2013. (g–i) Similar to (a)–(c), respectively, but for
the simulation results with 1/5 auroral electron precipitation of the default values.
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decrease in O+ production due to the reduction of auroral precipitation. Consequently, the morning TOI in
Figure 5g almost disappeared. The TOI structure in the afternoon sector does not change much, since the
source of the afternoon TOI is the large plasma density at middle latitudes and is not influenced greatly
by the change of auroral precipitation. This indicates that the source of the morning TOI is associated
with dayside auroral precipitation and the transportation of the plasma into the polar cap region by
dawnside convection electric field.

The electron density changes within the regions of double TOIs can directly modulate the variation of the
polar ionospheric conductivity/conductance, which has been suggested to play a significant role in the elec-
trodynamic coupling in the magnetosphere and ionosphere system (Cowley, 2000; Lotko et al., 2014; Ridley
et al., 2004). Moreover, the ionospheric conductance variations caused by TOIs could also influence local
Joule heating and ion drag, which are directly linked to the dynamic and energetic processes in the coupled
I‐T system. Using coupled I‐Tmodels, Sheng et al. (2015) and Zhang, et al. (2015) showed that thermospheric
winds and density at high latitudes can be significantly disturbed by the effect of Joule heating and ion drag.
Therefore, the ionospheric conductance changes associated with double TOIs may have a potential impact
on the dynamics, electrodynamics, and energetics of the coupled magnetosphere‐ionosphere‐thermosphere
system and is therefore worthy of further exploration.

As illustrated in the TIEGCM simulations, the double TOI structure can last for more than 2 hr. In Figure 6,
we display four consecutive passes of DMSP F17 satellites during its passing through the polar region in the
Northern Hemisphere. Generally, the DMSP observations again agreed well with the model results, as
shown in Figure 6 (middle row). No double‐TOI structure appeared before the orbit of 10:00 UT, as

Figure 6. (top row) The satellite tracks and the measurements of (middle row) ion density and (bottom row) precipitating electron energy flux for four flybys
of the DMSP F17 satellite on 17 March 2013. The TIEGCM electron density simulations at pressure surface 2 (~300 km, near the F2‐region peak) are overlaid on the
DMSP ion density with red lines in the middle‐row panels. The beginning universal time of each flyby is marked on the top.
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shown in Figure 6 (first column) around 08:16 UT. For the subsequent flybys after 10:00 UT, the double‐TOI
structure at 11:40 UT still existed in both ion density observations and TIEGCM simulations. As compared
with the features at 10:00 UT, the measured ion density at 11:40 UT was much smaller and the double‐band
structures were located closer together, indicating that the double‐TOI structure was weakening as time
progressed. Finally, the double‐TOI structure disappeared during the pass that occurred around 13:22 UT
from the results of DMSP ion density and simulated electron density. We have also examined the temporal
variations of GPS TEC, which, however, did not show a prominent double‐TOI structure after 10:00 UT (not
shown here). The deviations of the continuation of the morning TOI between simulations and GPS TEC
could be associated with several aspects. On one side, as given by the DMSP observations in Figure 6, the
magnitude of double TOIs was only one third of the values at 10:00 UT and the spatial coverage was much
smaller. Hence, GPS TEC may not be capable of perfectly catching such an F2‐region mesoscale structure
within several longitude degrees, due to its relatively low spatial resolution and the height integration of
electron density. On the other hand, based on the empirical convection and auroral model, the TIEGCM
results cannot perfectly agree with the observations. Therefore, whether and how long the double
TOI‐structure can last during the storm time is still worth further exploration, possibly by conducting more
comprehensive and statistical studies of double TOIs for different storm events.

It should be noted that an empirical convection model (Weimer, 2005) driven by the observed solar
wind/IMF conditions was used in the TIEGCM here to represent the convection pattern in the high
latitudes. The comparison between the Weimer model and SuperDARN observations (Movie S2 in the
supporting information) show that the Weimer model generally reproduced the observed features regulated
by IMF Bz and By during the storm. The SuperDARN structures are, however, more dynamic and finer than
the Weimer ones. This deviation may cause the simulation results to depart from the actual dynamic and
complicated ionospheric convection (such as the pulsed reconnections). In this respect, the simulated
double‐TOI structure associated with the Weimer convection model is more steady and continuous; how-
ever, the observed double‐TOI structure (such as DMSP observation) in realistic conditions might be more
like a series of polar cap patches rather than a continuous TOI. Also, the potential pattern of the Weimer
model might not represent well plasma trajectories, especially in themiddle‐latitude region. The ionospheric
trough in the midlatitudes is a region where the counterclockwise corotation electric field cancels the dusk‐
sector clockwise electric field, leading to plasma stagnation and hence density depletion in darkness (e.g.,
Moffett & Quegan, 1983; Rodger, 2013). The formation of the midlatitude trough is closely related to both
the convection and corotational electric fields, of which the latter is not reflected in the Weimer model.
Here the Weimer pattern does not properly define the plasma trajectories outside the polar cap associated
with the ionospheric trough due to the lack of representation of corotational field. However, inside the polar
region where the corotation electric field is weak, the Weimer potential contours are still reasonable. Thus,
this weakness of the Weimer model does not influence the overall findings and analysis of double TOIs in
this paper. To provide a more accurate and dynamic polar electric field, a solar wind‐driven, two‐way
coupled magnetosphere‐ionosphere‐thermosphere model is desired. Furthermore, the auroral model used
in TIEGCM is from Roble and Ridley (1987) and Emery et al. (2008), which is based on the estimated hemi-
spheric power of precipitating electrons and can also introduce uncertainties from the actual conditions. A
more accurate auroral model is also required to better simulate the auroral ionosphere. Meanwhile, the
upper boundary of the model is around 600–700 km, depending on solar activity. Lack of the coupling with
the plasmasphere might induce an underestimated TEC and an inaccurate plasma flux at the model's upper
boundary. Nevertheless, by comparing the simulation results with DMSP observations, this study clearly
shows the existence of double TOIs during geomagnetic storms and suggests its possible influence on the
dynamic and energy processes in the coupled magnetosphere‐ionosphere‐thermosphere system in the
polar region.

In summary, we have investigated the dynamic evolution of TOIs during the 17 March 2013 geomagnetic
storm, using a high‐resolution coupled thermosphere‐ionosphere‐electrodynamics model. This high‐
resolution modeling capability allows us to simulate better the mesoscale structures of the ionosphere. We
show, for the first time, that double‐TOI structures can occur in the polar cap during the storm main phase:
one is seen in the afternoon sector and the other one in the morning sector. Double TOIs are each driven by
the dusk and dawn cells of the ionospheric convection electric fields. The DMSP observations also showed a
similar signature of double TOIs in the polar ionosphere. The diagnostic analysis and control simulations
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indicate that themorning TOI plasma originates from the auroral electron precipitation and transported into
the polar cap region by convection.
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