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Abstract This study provides first storm time observations of the westward-propagating medium-scale
traveling ionospheric disturbances (MSTIDs), particularly, associated with characteristic subauroral storm time
features, storm-enhanced density (SED), subauroral polarization stream (SAPS), and enhanced thermospheric
westward winds over the continental US. In the four recent (2017-2019) geomagnetic storm cases examined

in this study (i.e., 2018-08-25/26, 2017-09-07/08, 2017-05-27/28, and 2016-02-02/03 with minimum SYM-H
index —206, —146, —142, and —58 nT, respectively), MSTIDs were observed from dusk-to-midnight local
times predominately during the intervals of interplanetary magnetic field (IMF) Bz stably southward. Multiple
wavefronts of the TIDs were elongated NW-SE, 2°-3° longitude apart, and southwestward propagated at

a range of zonal phase speeds between 100 and 300 m/s. These TIDs initiated in the northeastern US and
intensified or developed in the central US with either the coincident SED structure (especially the SED basis
region) or concurrent small electron density patches adjacent to the SED. Observations also indicate coincident
intense storm time electric fields associated with the magnetosphere—ionosphere—thermosphere coupling
electrodynamics at subauroral latitudes (such as SAPS) as well as enhanced thermospheric westward winds.
We speculate that these electric fields trigger plasma instability (with large growth rates) and MSTIDs. These
electrified MSTIDs propagated westward along with the background westward ion flow which resulted from
the disturbance westward wind dynamo and/or SAPS.

Plain Language Summary Traveling ionospheric disturbances (TIDs) are an important means of
storm time global dispersion of the solar wind and magnetosphere energy and momentum deposited at high
latitudes. While the meridional propagation of large-scale TIDs is very efficient, zonal propagation is also

very important. We provide the first observations of dramatic storm time zonal propagation of TIDs associated
with strong subauroral dynamics and structures storm-enhanced density, subauroral polarization stream, and
enhanced thermospheric westward winds. These are documented in a collection of Global Navigation Satellite
System (GNSS) total electron content observations in the continental US during several recent geospace storms
between 2016 and 2018. Medium-scale TIDs (MSTIDs) occurred predominately in the dusk-evening sector,
propagating westward at up to 200 m/s phase speed. Thermospheric westward winds showed simultaneous
enhancements, reaching up to 200 m/s. We suggest several magnetosphere—ionosphere—thermosphere coupling
electrodynamical processes at subauroral latitudes trigger plasma instability and MSTIDs, and poleward electric
fields induced by the disturbance wind dynamo facilitate the westward propagation of these electrified
MSTIDs. These observations provide new scenarios for subauroral dynamic processes at the mesoscale level.

1. Introduction

Solar wind and magnetospheric energy, momentum, and mass injection into high latitudes are the origin of
many ionospheric and thermospheric disturbances. Various heating processes in confined auroral regions excite
atmospheric waves or traveling atmospheric disturbances (TADs) that can subsequently propagate globally
(Francis, 1975; Hocke & Schlegel, 1996; Hunsucker, 1982; Lu et al., 2016; Richmond, 1978; Yeh & Liu, 1974;
Zhang, 2021). The TAD propagation in the magnetic meridian plane is efficient where ions are set to motion
by the oscillating neutrals. As a result, meridionally propagating traveling ionospheric disturbances (TIDs)
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developed and to a large degree, these TIDs are manifestation of TADs. TADs lose some kinetic energy to the
ions. The TAD and TID zonal propagations in the F region with a long periodicity (>the ion gyrofrequencies)
are constrained strongly by the presence of magnetic field and the ions act as drag force on TADs (e.g., C. H.
Liu & Yeh, 1969). Such constraints are eased if meridional polarization electric fields are embedded in TIDs to
drive zonal plasma motion, or if the ion density is low, or if waves have short periodicities. Some of these electric
fields embedded in TIDs have been recently confirmed at midlatitudes during quiet time postsunrise hours with
significant TID zonal propagation for a few hours (Zhang, Erickson, Gasque, et al., 2021).

Storm time ionospheric electric fields are dynamic at middle and subauroral latitudes and sometimes are very
intense at high and equatorial latitudes. Magnetosphere dawn-to-dusk electric fields, mapping to the ionosphere
and creating convection cells poleward to auroral latitudes, can be significantly intensified and quickly expand
or penetrate into low latitudes; solar wind and interplanetary electric fields (IEFs) can directly penetrate into the
ionosphere (e.g., Huang, 2019; Jaggi & Wolf, 1973; Kelley et al., 1979; Nishida, 1968). These prompt penetra-
tion electric fields (PPEFs) have a zonal component to drive upward or downward ion drifts perpendicular to B.
Therefore, they impact the intensity and location of equatorial ionization anomaly (EIA) and the development
of equatorial plasma bubbles. The PPEF meridional component drives the zonal ion drift perpendicular to B,
inducing important convection flow; in the dusk sector, this flow is in the opposite direction of Earth’s coun-
terclockwise (west-to-east) rotation. Subsequent shielding and overshielding can develop to cancel previously
established PPEF and even create reversal electric fields at midlatitudes and low latitudes. The subauroral polar-
ization stream (SAPS) electric field is poleward driving westward/sunward ion drift near the dusk sector (Foster
& Burke, 2002). SAPS is an intense electric field within a narrow channel location near the midlatitude trough
region as a result of storm time magnetospheric ring current dynamics coupling to the low conductivity iono-
sphere. Associated with the substantial ion flow, ion drag and frictional heating in the upper atmosphere lead to
significantly elevated thermospheric westward winds (H. Wang et al., 2011) and subsequently impact meridional
winds (Zhang et al., 2015), and also the likelihood of TAD/TID excitation and evolution (Guo et al., 2018) and
other thermospheric variations (W. Wang et al., 2012). Additional electric fields can also arise due to dynamo
action from the disturbanced neutral winds, with a large equatorward surge and a westward subrotation (Blanc &
Richmond, 1980). This disturbance dynamo establishes the anti-Sq type current system which, at midlatitudes,
has a poleward electric field component as well as a westward component during the day and an eastward compo-
nent at night.

Storm time electric fields, along with other processes, are responsible for middle and subauroral latitude iono-
spheric perturbations during geomagnetic storms. For example, storm-enhanced density (SED) is a highly struc-
tured ionospheric electron density gradient at middle and subauroral latitudes. TEC elevation along a narrow
channel is frequently observed with a base in the eastern US and extending across the continental US (CONUS)
into the western Canada and Alaska. The SED plasma is convected sunward through the cusp into the polar cap,
providing significant mass flux that fills the polar cap with high densities and forms the tongue of ionization.
Before the Global Navigation Satellite System (GNSS) era, SED was considered an ionospheric positive phase
effect at dusk during the early storm stage, called “dusk effect” (Buonsanto, 1999; Mendillo, 2006). The wide
availability of GNSS data has considerably advanced our understanding through the TEC observation of SED
spatial context and spatiotemporal evolution (Foster, 1993). Observations suggested a physical causal chain from
SAPS flow to SED plume (Foster et al., 2007). But other factors potentially driving the SED morphology include
the expansion or penetration of high-latitude electric fields mentioned earlier (Deng & Ridley, 2006; Heelis
et al., 2009; J. Liu et al., 2016; Lu et al., 2020; Zou et al., 2014), the storm time expansion of the EIA crest to
midlatitudes, equatorward surges of meridional winds, as well as other processes (see Foster et al., 2021; Zhang
& Aa, 2021, and references therein).

In this study, we investigate the development of medium-scale traveling ionospheric disturbances (MSTIDs)
during four geomagnetic storms using the GNSS TEC observations. The dense GNSS stations over CONUS
allow us to resolve MSTID structures. We also use the coincident observations of SAPS and thermospheric
neutral winds for the investigation of electric fields in MSTIDs. These events were on 2018-08-26 (year-month-
day), 2017-09-07, 2017-05-28, and 2016-02-03 with minimum Dst index ranging from —206 to —53 nT. SAPS
observations were available on 2017-09-07 with the Millstone Hill incoherent scatter radar (ISR) as well as with
midlatitude Super Dual Auroral Radar Network (SuperDARN) line-of-sight (LOS) data for all the events, and
thermospheric neutral winds were available for three of the events with the Millstone Hill High-Res Fabry—Perot
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interferometer (FPI). The analysis of these results represents an initial attempt to understand effects of the storm
time magnetosphere—ionosphere—thermosphere coupling and ionospheric electrodynamics on the zonally prop-
agating MSTIDs.

2. Data and Method

Dramatic MSTIDs developed in the dusk—midnight sector during the geomagnetic disturbances main storm phase
or near the beginning of storm recovery. Detailed solar wind magnetic/electric field and geomagnetic SYM-H
data are shown in the following Section 3 for all individual cases (Figures 2, 5 and 7); here we provide brief
remarks.

2.1. Event Overview

Case 1 during 2017-09-07/08 is characterized by a sharply intensified southward Bz, that is, a strong IEF
enhancement in the Ey component. In addition to GNSS observations, the Millstone Hill ISR provided plasma
drift measurements along with other plasma state parameters.

Case 2 during 2018-08-25/26 is characterized by a large SYM-H drop (—206 nT), the largest among the cases
examined here. MSTIDs were identified during the sustained southward Bz period that started 6+ hr prior to the
SYM-H minimum. In addition to GNSS observations, Millstone Hill High-Res FPI red-line (630 nm) data were
available to provide thermospheric winds.

Case 3 during 2017-05-27/28 was a weaker geomagnetic storm, but still initiated strong MSTIDs in GNSS data
at midlatitudes after 2 hr into the storm main phase when Bz was stably southward.

Case 4 during 2016-02-02/03 was a moderate geomagnetic storm with a minimum SYM-H —58 nT. MSTIDs in
GNSS data were also observed with similar main features as in other cases. Both Cases 3 and 4 are additionally
supported by the Millstone Hill FPI wind data.

2.2. GNSS, ISR, FPI, and Other Data

We analyzed GNSS TEC data to detect TIDs over the CONUS. GNSS processing algorithms that were used to
produce TEC were developed at MIT Haystack Observatory (Rideout & Coster, 2006; Vierinen et al., 2016). The
same data source and TID detection were used recently in TID studies to understand effects of the solar eclipse,
solar flare, geomagnetic storms and substorms, trans-polar dynamics, subauroral dynamics, lower atmospheric
coupling, etc. (e.g., Aa et al., 2021; A. J. Coster et al., 2017; England et al., 2021; Jonah et al., 2018; Lyons
et al., 2019, 2021; Nishimura et al., 2020; Sheng et al., 2020; Zhang, Coster, et al., 2019; Zhang, Erickson,
et al., 2019; Zhang et al., 2017, 2022).

In order to detect TIDs, we calculated differential TEC using an approach that removes the smooth background
ionospheric variations. Such background variations are determined by a low-pass filtering procedure using the
Savitzky—Golay filter (Savitzky & Golay, 1964). The filter algorithm uses a convolution process with least squares
fitting of successive subsets of windows of a given length (e.g., 30 or 15 min) involving time-adjacent TEC data
points from the same GNSS satellite—receiver pair and a linear basis function set. Since we are interested in
MSTIDs, this study used a 15 min window to minimize influences of large-scale TIDs (LSTIDs) and also of
large TEC gradients associated with SED plume or midlatitude main trough. A 30 min window was used for the
faint disturbance event Case 4. These strategies appear very successful as demonstrated in the distinct differences
between the calculated ATEC and the original TEC in the result sections. A 25° cutoff elevation for receiver—
satellite raypaths was used to eliminate data close to the horizon. Data at the start and the end of each continuous
segment from the same GNSS satellite-receiver pair were disregarded to avoid potential “edge” effects (Zhang,
Coster, et al., 2019; Zhang, Erickson, Vierinen, et al., 2021). Similar differential TEC analysis methods have been
explored extensively since the work of A. Saito et al. (1998), with some revisions for real-time applications (e.g.,
Belehaki et al., 2020). The accuracy of this method is based on the accuracy of the GNSS phase measurement,
which is less than 0.03 TEC units (A. Coster et al., 2012), as all satellite and receiver bias terms cancel out in
a differential sense. Figure 1 demonstrates TID detection from GNSS TEC data for four receiver—satellite pairs
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Figure 1. Demonstration of traveling ionospheric disturbance (TID) detection from Global Navigation Satellite System (GNSS) TEC observations for Case 1 (a),
Case 2 (b), Case 3 (c), and Case 4 (d). In the top frame of each case panel shows TEC from a receiver and satellite pair (blue), background trend (red), and detrended
differential TEC (black). Ionospheric pierce location and satellite elevation are in the other two frames. Notice that Case 4 used a 30-min sliding window, whereas
other cases used 15-min. T1 and T3 in (b) correspond to those in Figure 6. The green arrow marks a specific characteristic time associated with the TID morphological

change as detailed in the text.

corresponding to the four cases of interest in this work. Some of the characteristic variations in this figure will be
further examined in the next section.

This study also utilized eastward ion drift data at ~300 km altitude as derived from the ISR observation at Mill-
stone Hill (42.6°N, 71.5°W). This same data set was described in Zhang, Erickson, et al. (2019). Thermospheric
winds in the F region were also measured for Cases 2—4 by the colocated FPI using the Doppler shift of the
red-line 630 nm airglow emission. Detailed technical descriptions of the FPI system are provided along with
the data in the Madrigal database (http://openmadrigal.org) and by Kerr (2019); Zhang et al. (2015) provided
a brief version where local wind components are determined based on the LOS neutral motion measurements
in zonal (east and west) and meridional (north and south) directions with 45° elevation. In this study, we pres-
ent only the original LOS data in the four directions to preserve important spatial variations in the wind data
(Emmert et al., 2003). Particularly, the horizontal spatial separation of E-W or N-S emission layers at 630 nm
(i.e., ~250 km) is ~500 km.

To supplement the ion drift data from the Millstone Hill ISR, we present observations from five midlatitude
SuperDARN radars: Blackstone (BKS, 37.10°N, 77.95°W), Fort Hays East and West (FHE and FHW, 38.86°N,
99.39°W), and Christmas Valley East and West (CVE and CVW, 43.27°N, 120.36°W). SuperDARN radars
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Figure 2. Solar and geomagnetic conditions during 2017-09-07/08, 2017 (Case 1). From top to bottom panels are
interplanetary magnetic field components in By and Bz, interplanetary electric field components Ey, and SYM-H index. The
light-green shaded area is when medium-scale traveling ionospheric disturbances (MSTIDs) were observed in the continental
US as shown in the following two figures.

measure the LOS Doppler velocity of backscattered high-frequency (HF) radio signals from field-aligned,
decameter-scale plasma irregularities at £ and F region altitudes (Chisham et al., 2007; Greenwald et al., 1995;
Nishitani et al., 2019). Note that observations were not available from the FHE or FHW radars during Cases 2
and 4.

We examined also ionosonde observations at Millstone Hill, Wallops Island (37.8°N, 75.5°W), and Eglin AFB
(30.5°N, 273.5°W). They are located in the eastern US at midlatitudes where MSTIDs, SED, or SAPS features
are identified. We browsed ionograms to find out the Es-layer information. These ionograms were taken with
typically 5-15 min intervals.

3. Result and Analysis

We present the observational results during the four storms as follows: we start with a description of solar wind
and geomagnetic conditions, then present MSTIDs at subauroral/midlatitudes and their corresponding TEC
maps, and finally demonstrate the zonal propagation in keograms along with time variations of ionospheric zonal
drifts or thermospheric zonal winds. We also provide (as supplementary) animations of dTEC maps at the 1-min
cadence for all the events to demonstrate the dramatic propagation and evolution of MSTIDs.

3.1. Case 1 (2017-09-07/08)

This geospace storm started with Bz oscillations before being stably southward between 21:00 and 23:00 UT
on 2017-09-07 and subsequently sudden intensification at 23:00 UT (Figure 2). This latter excursion took 3 hr
and ended with Bz returning northward at 02:00 UT on the following day. Corresponding IEF Ey is suddenly
elevated. During this 3-hr period between 23:00 and 02:00 UT, GNSS TEC exhibited dramatic changes with
SED plumes, equatorward-propagating LSTIDs passing through the CONUS (Zhang, Erickson, et al., 2019), and
MSTIDs. Shown in Figure 3 are those MSTIDs (marked as T1) in the differential TEC data on the left column
and the corresponding TEC with SED plume on the right column. Notice that those MSTIDs reported in Zhang,
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UTC 2017-09-07 23:25:00 ATEC UTC 2017-09-07 23:25:00 TEC
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Figure 3. Characteristic maps of Global Navigation Satellite System (GNSS) TEC (right column) and corresponding
differential TEC (left column) at four 10-min interval instances for Case 1 during 2017-09-07/08. Some clear traveling
ionospheric disturbance (TID) wavefronts apparently parallel to each other are marked as T1. TEC enhancement structures of
interest are marked as S1 and S2; a large TEC depletion structure is marked as H1.
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Erickson, et al. (2019) for the same period have larger scales because of using a 30-min detrending window
as compared to the 15-min window in the present study. These MSTIDs have wavefronts elongated along the
NW-SE direction. They are zonally separated by 2°-5° longitude (200-500 km) and propagated southwestward.

These MSTID wavefronts exhibited certain overlapping in space and time with the SED structure and other TEC
enhancement structures (marked as S1 and S2 for 23:35 UT), although the 15-min window detrending has effec-
tively removed structures with large TEC gradients, leaving well-organized MSTIDs in dTEC data. The S1 TEC
structure is larger in size with a clear base in the south and may be identified as a SED with both a long plume and
a TEC-elevated base; S2 is a smaller TEC substructure separated from the S1 SED but has additional branches.
The MSTIDs are hosted predominately by S2. A large depletion marked as S3 for 23:55 UT is collocated with the
bubble-like ionospheric superdepletion structure identified by Aa et al. (2019).

The temporal evolution and zonal propagation of MSTIDs are better illustrated in keograms as shown in the left
column of Figure 4. The vertical strips indicate the near simultaneous disturbance along all relevant longitudes
and its successive presence, most likely caused by the equatorward propagating LSTIDs with zonal wavefronts.
The MSTID signatures can be identified at 32°-40°N latitudes, most significantly at the southern latitudes of
32°N on the nightside near the dusk terminator. These MSTIDs propagated westward as marked by arrows at a
speed (230 m/s) close to or slower than the terminator speed (~400 m/s). The most active period of MSTIDs was
between 23:00 and 03:00 UT as also light-green shaded area in Figure 2 when IEF Ey was substantially elevated
during the main phase and the early recovery phase of the storm.

The sudden appearance of MSTIDs in these midlatitude regions was close to 65°=75°W almost right at ~23:00
UT. Figure la shows clearly the dTEC disturbance onset at ~23:15 UT (green arrow) and subsequently large
fluctuations. The preonset fluctuations were also observed starting at ~21:00 UT when Bz turned southward
(Figure 2). This ~23:15 UT onset was close to the start time of significantly elevated IMF Ey and dramatic F2
region westward ion velocity enhancements peaking at 2 km/s (Figure 4(1d)), as measured by the Millstone
Hill ISR for 45°N (slightly northward of the radar). The SAPS was measured in the proximity of Millstone Hill
radar as well as to the west of the site as shown in the SuperDARN LOS velocity data (Figure 12a). However,
the MSTIDs appeared in broad latitudes including Millstone Hill as well as at least 10° equatorward in latitude.
Both the SAPS drift and MSTID zonal propagation were westward near dusk; however, MSTID propagation was
much slower. The SAPS duration at Millstone Hill was brief (<1 hr), but the MSTIDs equatorward propagation
at Millstone Hill was active 1-3 hr beyond the SAPS time.

3.2. Case 2 (2018-08-25/26)

The Case 2 event developed during the sustained large southward IMF Bz for nearly 16 hr between 2018-08-25
and 2018-08-26. During this period, IEF Ey was stably positive (dawn to dusk), and SYM-H reached a minimum
of —206 nT, the strongest among the four cases (Figure 5).

During this intense geospace disturbance period, the SED plume formed over the CONUS at the storm main phase
(Figure 6). By 00:30 UT on the 26th, the SED plumes near the dusk showed a characteristic base in the north-
eastern US which was on the nightside, and the plume was on the dayside elongated in the northwest-southeast
direction. As the midlatitude ionospheric trough moved into the northeastern US on the night side, TEC in the
SED base region remained elevated but the TEC magnitude within the plume decreased. The SED base and
plume gradually moved westward but slightly behind the solar terminator (i.e., on the nightside). By 04:00 UT,
the SED base and plume were visible only on the US west coast, whereas the east coast saw the midlatitude trough
as well as the extended TEC depletion further equatorward of it.

Dramatic TID activities were observed (see left panels in Figure 6) during the SED plume presence. The zonal
alignment of wavefronts are LSTIDs (even though the differential TEC was derived from 15-min window
detrending, they remain visible). The MSTIDs marked as T1 with multiple fronts occurred on the nightside near
the US east coast and were intensified in amplitude further to the west at 02:30 UT and later. They were elongated
NW-SE and separated by 2°-3° in longitude. The T3 structure elongated NE-SW (rather than NW-SE as for the
T1 structure) was observed in the southern US on the dayside and rotated counterclockwise to be approximately
along the terminator near dusk. Unlike T1, T3 appears to be initiated in the US south. The T1 and T3 differences
can also be seen in the original differential TEC data in Figure 1b (separated by the green arrow). At 00:30 UT,
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Figure 4. Traveling ionospheric disturbance (TID) zonal propagation for Case 1 (left) and Case 2 (right) at three latitudes: (1a, 2a) 40°N, (1b, 2b) 36°N and (lc, 2¢)
32°N. Short black arrows marked as T1, T3, and T4 correspond approximately wavefronts in Figures 3 and 6. Long green, yellow, and black arrows represent the

primary TID propagation directions. Additional panels (1d) and (1e) show Millstone Hill incoherent scatter radar measurements of the F2 region eastward ion drifts and
vertical ion drift V,, and panels (2d) and (2e) show Millstone Hill FPI red-line poleward and eastward winds.
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Figure 5. Solar and geomagnetic conditions during 2018-08-25/26, 2017 (Case 2). From top to bottom panels are
interplanetary magnetic field components in By and Bz, interplanetary electric field components Ey, and SYM-H index. The
shaded area is when medium-scale traveling ionospheric disturbances (MSTIDs) were observed in the continental US.

the periodic small patches (marked as T2) near 50°N geographic latitude separated by ~5° in longitude were
moving westward at a speed much slower than the SAPS ion drift. This storm time auroral/subauroral phenome-
non, also present in other cases, deserves dedicated future studies.

The spatial-temporal evolution of the MSTIDs as shown in the keograms in the right column of Figure 4 exhib-
ited clear westward propagation at subrotational speed of the earth at 190 m/s. They were most pronounced in the
south of Millstone Hill between 01:00 and 06:00 UT on 2018-08-26. This time period saw dynamical thermo-
spheric wind disturbances. Figures 4(2d) and 4(2e) are the Millstone Hill FPI equatorward and eastward winds
during this night as well as corresponding 30-day averages centering on this night. These wind data indicated the
equatorward wind surge with 300 m/s maximum speed around 05:00-06:00 UT (or 00:00-01:00 LT) was likely
caused by auroral heating. The westward wind surge by ~200 m/s was even more dramatic for more than ~5 hr
between 01:00 and 06:00 UT. The onset of this westward wind surge seems to advance the equatorward winds by
hours, although the exact surge onset could not be determined. This westward wind variation is similar to those
identified as a SAPS effect causing large ion drag forcing in H. Wang et al. (2011), W. Wang et al. (2012), Zhang
et al. (2015), Ferdousi et al. (2019), and Aa et al. (2021). Evidence of SAPS presence can be seen in Figure 12b
from the HF backscatter echoes to the west of Millstone Hill, adjacent to the major areas of active MSTIDs in the
southeast. We note here the westward wind velocity is comparable to the MSTID westward propagation velocity.

3.3. Case 3 (2017-05-27/28)

Case 3 was during a stable IMF Bz southward period on 2017-05-27/28 (Figure 7). Sudden IEF Ey enhancement
started at 22:00 UT with a sudden Bz southward turning. SYM-H minimum reached —142 nT. Therefore the
disturbance in this period was less intense as in Cases 1 and 2, but Cases 3 and 2 were both in summer of Northern
Hemisphere.

The SED structure developed (Figure 8) following the abrupt Bz southward turning at 22:00 UT. Three hours
later, the area of the SED base (i.e., the southern end of the plume) became substantial at 01:00 UT and covered
over the central US, not too far from the dusk terminator. SAPS echoes were found primarily to the north of
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Figure 6. Characteristic maps of Global Navigation Satellite System (GNSS) TEC (right column) and corresponding
differential TEC (left column) at four instances for Case 2 during 2018-08-26. Some clear traveling ionospheric disturbance
(TID) wavefronts apparently parallel to each other are marked as either T1, T2, T3, or T4.
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Figure 7. Solar and geomagnetic conditions during 2017-05-27/28 (Case 3). From top to bottom panels are interplanetary
magnetic field components in By and Bz, interplanetary electric field components Ey, and SYM-H index. The shaded area is
when medium-scale traveling ionospheric disturbances (MSTIDs) were observed in the continental US.

the plume (Figure 12c¢). Inside the SED at ~50°N latitude, the multiple periodical patches marked as T1 on the
dayside were present, similar to Case 2. The MSTIDs which initially developed in the northeast US on the night-
side expanded westward as the terminator swept westward. Multiple fronts separated by 2°-3° in longitude were
elongated NW-SE, similar to those in Cases 1 and 2. LSTIDs with long wavefronts aligned in the zonal direction
were concurrent and adjacent to these MSTIDs. During the TID evolution, the SED base was moving/corotating
westward and electron density structures toward the midnight sector (to the east side of the SED, marked as S1
and S2) appeared to have detached from the SED or formed independently from the SED. These structures and
MSTIDs coexisted. Figure 1c shows also the TEC hole (near the green arrow), corresponding to the density
depletion at 03:10 UT adjacent to S1 on the TEC maps (Figure 8), and the subsequent (eastside) MSTIDs.

The onset of these westward-propagating MSTIDs were at ~00:30 UT during the time when SAPS was active
(Figure 12c), and they remained sufficiently visible until at least 07:00 UT. They propagated westward at a speed
of ~200 m/s (Figure 9). The MSTIDs propagated through Millstone Hill between 70° and 75°W longitudes at
02:00 UT. At this moment, the Millstone Hill FPI also measured thermospheric winds in both east and west
directions at 45° elevation. The airglow emission locations might be 70°W for the east beam and 75°W for the
west beam. Figure 9(3e) indicates 200 m/s eastward winds at 70°W and —200 m/s westward 75°W. Note these
FPI data are considered as being good quality. This wind observation suggests a large wind shear in the zonal
direction when MSTIDs were growing near Millstone Hill (Figure 9(3a)). Corresponding to the MSTID westward
propagation at 200 m/s, the winds on the west of Millstone Hill were apparently strongly westward at a similar
speed before 03:00 UT. No more MSTID passage was observed after 03:00 UT as the zonal wind returned to
nominal speeds.

3.4. Case 4 (2016-02-02/03)

Case 4 during 2016-02-02/03 had a stable IMF Bz being southward and IEF Ey down-to-dusk for 7 hr (22:00-05:00
UT; Figure 10). The SYM-H reached a minimum at merely —58 nT. This was a winter case with minor geomag-
netic disturbances.
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Figure 8. Characteristic maps of Global Navigation Satellite System (GNSS) TEC (right column) and corresponding
differential TEC (left column) at four instances for Case 3 during 2017-05-27/28. Some clear traveling ionospheric

disturbance (TID) wavefronts apparently parallel to each other are marked as either T1 or T2. TEC enhancement structures
are marked as S1 or S2.
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Figure 9. Traveling ionospheric disturbance (TID) zonal propagation for Case 3 (left) and Case (4) at three latitudes: (3a, 4a) 40°N, (3b, 4b) 36°N, and (3c, 4c) 32°N.
Short black arrows marked as T1 correspond approximately wavefronts in Figures 8 and 11. Additional panels (3d) and (4d) show Millstone Hill FPI red-line winds.
The full dots are data with good quality (quality flag 0) where bad points were filtered out, and the circle dots are data slightly worse (quality flag 1) but better than the
lowest quality data (flag 2). The reduced quality was caused by aurora (e.g.), slight contamination, or just bright twilight as noted in the data document.
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Figure 10. Solar and geomagnetic conditions during 2016-02-02/03 (Case 4). From top to bottom panels are interplanetary
magnetic field components in By and Bz, interplanetary electric field components Ey, and SYM-H index. The shaded area is
when medium-scale traveling ionospheric disturbances (MSTIDs) were observed in the continental US.

The MSTIDs started to occur on the nightside at the start of storm recovery phase in the region where the midlat-
itude ionospheric trough has extended into (Figure 11). Electron density bands marked as S1 and S2 in the TEC
maps were aligned in the NW-SE direction in this region. MSTIDs marked as T1 clearly overlapped with these
TEC structures but MSTIDs were much more organized structures. Similar to previously shown cases, SAPS
echoes can be seen in the northwest adjacent to MSTIDs (Figure 12d). The MSTID wavefronts were NW-SE and
they were initiated in the northeastern US but evolved southwestward. These MSTIDs were located very close to
the midnight sector. The MSTID intensification at 04:45 UT and later in these maps can be seen in the original
differential TEC data shown in Figure 1d.

The westward propagation of these MSTIDs is best demonstrated in the longitude-UT keograms for a few latitude
bins (Figure 9). Over the 6-hr time span at night for a given location, multiple MSTIDs passed over gradually at
70-100 m/s phase speed. The speeds decreased as the waves arrived in the central US. Some intensification at
Millstone Hill can be seen starting at 02:00 UT (the green arrow in the top panel) with high wave amplitudes.
This appears coincident with the elevated westward neutral wind at Millstone Hill (Figure 9(4e)). The zonal wind
speed was at ~100 m/s.

4. Discussion

The observation results described in the previous section indicate that those MSTIDs at midlatitudes were in
the nighttime sector (dusk to midnight) and coincident with storm-related features during the intervals of stably
southward IMF Bz. Multiple wavefronts were 2°-3° longitude apart, elongated predominately NW-SE, and prop-
agated westward at a range of phase speed between 100 and 300 m/s. They were normally originated in the north-
eastern US and as they propagated into the central US, they were either intensified or well organized. They were
concurrent with the SED structure (especially the SED base region) or with other smaller electron density patches
lagged behind (i.e., to the east of) the SED. The onset of the MSTIDs appeared to accompany with a SAPS or
almost synchronized with the elevated westward thermospheric winds.
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Figure 11. Global Navigation Satellite System (GNSS) TEC maps (right column) and corresponding differential TEC maps (left column) at four instances for Case 4
during 2016-02-03. Note: since the disturbances are relatively weak, we have used (only in this case) a 30-min sliding window for detrending in order to detect larger
waves. Some clear traveling ionospheric disturbance (TID) wavefronts apparently parallel to each other are marked as T1. TEC enhancement structures are marked as S1.
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Figure 12. Line-of-sight (LOS) velocity measurements from the Blackstone (BKS), Fort Hays East (FHE), Fort Hays West (FHW), Christmas Valley East (CVE), and
Christmas Valley West (CVW) midlatitude Super Dual Auroral Radar Network (SuperDARN) radars corresponding to (a) Case 1 (2017-09-07/08), (b) Case 2 (2018-08-
25/26), (c) Case 3 (2017-05-27/28), and (d) Case 4 (2016-02-02/03). Positive (green-blue) and negative (yellow-red) LOS velocities indicate plasma motion toward or
away from each radar, consistent with a westward subauroral polarization stream (SAPS) channel over North America during each event.

Some of the above-mentioned features are consistent with nonstorm midlatitude MSTIDs at night (e.g., Kil
& Paxton, 2017; Kotake et al., 2007; Martinis et al., 2011; Otsuka et al., 2004, 2013; S. Saito et al., 2007,
Shiokawa, 2003; Shiokawa et al., 2002; Tsugawa et al., 2007; Valladares & Sheehan, 2016), especially, in terms
of timing and the electrified wavefront orientation and propagation. Those ionospheric waves have been ascribed
to the effect of Perkins instability (e.g., Kelley, 2011; Makela & Otsuka, 2011; Perkins, 1973; Yokoyama, 2013;
Zhou & Mathews, 2006). The external effective (DC) electric field E}, when being applied to the wavy electron
density fluctuations, will induce polarization electric fields in order to maintain the current continuity across the
wavefronts with inhomogeneous Pedersen conductivity. If Ej direction is northeastward in the northern hemi-
sphere, these electric fields generate upward ion drifts for lower conductivity regions. The net ion velocity estab-
lished by these vertical drifts and the downward velocities caused by the gravity-induced diffusion will grow as a
function of height, causing the unstable low-density zone by transporting lower density plasma at low altitudes to
high altitudes. This Perkins instability has a growth rate y = sin(¢ — a)sina cos D E;/(BH) where 6 and a are the
angles between E; and the geographic eastward and between the electron density wave vector and the geographic
eastward, respectively, D is the geomagnetic dip angle, B geomagnetic field intensity, and H the neutral scale
height. The effective electric field is defined as Ej = E, + U X B where E is the external electric field, often
associated with the F region dynamo during quiet times, and U is meridional winds. This growth rate may be
very small, given the velocity E;/B = E/B + U X B/B is often smaller than 100 m/s at midlatitudes. Additional
electrical fields such as those associated with the Es instability may be large enough to produce visible MSTIDs
via the Perkins instability (e.g., Cosgrove & Tsunoda, 2004; Duly et al., 2014; Narayanan et al., 2018; Yokoyama
et al., 2009).

Tonosonde observations (not shown here) at Millstone Hill, Wallops Island (37.8°N, 75.5°W), and Eglin AFB
(30.5°N, 273.5°W) indicated that the MSTIDs events reported here in TEC observations were largely Es-layer
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irrelevant. MSTIDs were above Eglin AFB for all the cases, however, no Es-layer occurred during the intervals
of Cases 1-3 MSTIDs, and for Case 4 only a weak Es-layer (with foEs < 3 MHz) occurred briefly (03:00-04:00
UT). Case 2 MSTID interval had no Es-layer at Wallops Island and moderately active Es-layers after 03:15 UT at
Millstone Hill which, however, was far from the main MSTID region; for Cases 1, 3, and 4 MSTID intervals, no
Es-layers were observed at Millstone Hill (no ionosonde data were available at Wallops Island).

During geospace storms, several intensified electric fields, as described in Section 1, can be very significant and
provide large Perkins instability growth rates. Zhang, Erickson, et al. (2019) suggested that the poleward SAPS
electric fields, which drove 2 km/s ion drifts in Case 1, are sufficient to induce Perkins instability with a large
growth rate. Indeed the SAPS electric field contributes to E and is likely a factor of 20-50 of other terms in E,.
As LSTID wavefronts enter into the SAPS channel or its vicinity where the westward ion drift near dusk is signif-
icant, the westward neutral wind enhancement and frictional heating to neutrals and ions, both processes being
associated with SAPS, as well as large electron density gradients such as SED, can all modify the thermospheric
and ionospheric conditions for LSTID propagation and likely cause some rotation of LSTID wavefronts from
zonal to meridional; Figure 4(1e) shows fluctuations of the F2-region vertical ion drift. The peak-to-peak vertical
ion drift change is substantial, reaching 150 m/s near the SAPS peak. Moderate to intense SAPS signatures were
observed by the midlatitude SuperDARN radars for several hours during all these different levels of geomagnetic
disturbance cases, with LOS velocities exceeding 500 m/s; they were located northwest adjacent to MSTIDs
which were initially in the southeast. Therefore, supported by the large SAPS electric field, Perkins instability
over the rotated wavefronts can quickly grow and lead to MSTIDs.

Storm time expansion or penetration of high-latitude convection (Thomas & Shepherd, 2018; Zhang et al., 2007)
into midlatitudes will have similar effects as SAPS in imposing poleward electric fields at midlatitudes and there-
fore will play a role in the MSTID development. As described in Section 1, SED plume is found to be related
to the horizontal (sunward) flow related to SAPS as well as vertical and horizontal plasma flows due to PPEF.
Among the events presented in this study, Case 1 demonstrated the SED and SAPS relationship via the strong
poleward electric field; SEDs in Cases 2 and 3 are likely signatures of SAPS or PPEF, although direct electric
field measurements of SAPS or PPEF were not available. Therefore, we speculate the MSTIDs result also from a
storm time electric field induced Perkins instability, although it must be pointed out that other plasma instabilities
(such as gradient drift instability, and Kelvin—Helmholtz instability) need additional clarification.

The intensity of electric fields associated with SAPS or PPEF and thermospheric responses are also hinted in
the zonal neutral wind responses in Cases 2—4. In all those intervals with westward wind enhancements, the
meridional wind enhancements were either too weak or lagged behind the zonal wind variations. Therefore, these
westward wind enhancements were unlikely caused by the equatorward wind surge (originated by the auroral
heating) via Coriolis forcing as part of DDEF processes. These were more likely associated with SAPS or PPEF
which provided strong ion drag effects.

Enhanced storm-time PPEF, specifically the eastward electric field, was suggested to be associated with the
Perkins instability leading to “super-MSTIDs” observed in Japanese longitudes at lower midlatitudes, ~35°N
geographic or ~25°N magnetic latitudes, in the Nishioka et al. (2009) study. This eastward electric field has
a similar effect as the poleward (SAPS) electric field in generating the Perkins instability where the effective
electric field Ej must have a northward, eastward, or northeastward component to provide positive growth rates.

It is very interesting to note that the observed westward propagation of MSTIDs had similar speed as the west-
ward wind in all the cases. This fact means that even though the MSTIDs excitation is benefited from large
poleward electric fields such as SAPS and PPEF, the MSTID zonal propagation could be sustained because
of the comparable disturbance zonal wind speed. In this scenario, the bulk plasma motion is westward as the
neutral motion is, because of the poleward electric field generated by the westward disturbance wind as part of
the midlatitude F region dynamo on the nightside (DDEF). The MSTID westward propagation was on top of the
westward drifting of the bulk plasma which moves along with the neutrals. At high latitudes, the MSTIDs zonal
propagation is also similarly affected by the background convection electric field (Shiokawa et al., 2012).

The above-mentioned consistence in the directions of the MSTID westward propagation and the westward back-
ground ion drift agrees with the Perkins instability theory in the F' region. During nonstorm conditions at night,
the westward propagation of MSTIDs is opposite to the background (eastward) F region ion drift driven by
the neutral wind dynamo (e.g., Makela & Otsuka, 2011), unless the large electric field associated with the Es
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Figure 13. Sample medium-scale traveling ionospheric disturbances (MSTIDs) maps during nonstorm/non-substorm conditions corresponding approximately to the
four storm periods: (a) 2017-09-05 23:30 UT, 2 days before Case 1; (b) 2018-08-24 04:00 UT, 1 day before Case 2; (c) 2017-05-26 04:00 UT, 3 days before Case 3; (d)

2016-02-06, 4 days after Case 4.

instability is involved via the E—F region coupling. Therefore, storm time electric fields with a poleward compo-
nent can lead to the growth of F region Perkins instability, without invoking the Es instability, and thereby elec-
trified MSTIDs which propagate westward, in the same direction as the background ion drift.

Finally, gravity waves (GWs) can also generate MSTIDs at midlatitudes. Storm time GWs/TADs excited by auro-
ral processes are known for driving TIDs of various scale sizes, including MSTIDs, to propagate through midlat-
itudes (Hunsucker, 1982). These TIDs, however, are characterized with predominately equatorward propagation,
unlike the zonally propagating MSTIDs in this study. In the DDEF theory, zonal wind disturbances responding
to the equatorward wind surge (although not present in the cases we have examined as mentioned above) would
carry poleward polarization electric fields and potentially have an impact on MSTID excitation and propagation
at midlatitudes.

Meteorological and low atmosphere disturbances can excite GWs that will land in the ionosphere as primary GWs
or provide body forcing and excite secondary GWs to generate concentric-type TIDs (Vadas & Azeem, 2021). The
observed MSTIDs for the present study, however, are clearly not concentric. GWs near the terminator have often
been observed, for example, Zhang, Erickson, Gasque, et al. (2021) identified eastward propagating electrified
TIDs during postsunrise hours, and Figure 6 shows MSTIDs near the sunset terminator at 01:30 UT on 2018-08-
26 (marked as T4). To provide further contrasts of MSTIDs between storm/substorm and non-storm/substorm
conditions, Figure 13 depicts sample non-storm/non-substorm MSTIDs close to the periods of the four storm
events studied here. Figure 13a corresponding to Case 1 had regional fluctuations near the dusk terminator,
however, these structures were less organized and appeared to have concentric wavefronts. Figure 13b corre-
sponding to Case 2 shows well-organized regional MSTIDs in the southern California which are a nominal distur-
bance feature (Kotake et al., 2007). Figure 13c corresponding to Case 3 appears to be MSTIDs spreading the
southern CONUS with a clear circular boundary in the north. Figure 13d corresponding to Case 4 shows minor
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disturbances in the northeast US that could be related to a minor elevation of AE index (~100-200 nT). Clearly,
all these storm-irrelevant MSTIDs are quite different from the storm-induced MSTIDs in a variety of ways.

5. Summary

Geomagnetic storms and substorms can initiate a variety of TIDs; the present study focuses on the subauroral and
midlatitude regions where the characteristic SED plume and SAPS develop. This paper provides the first observa-
tions of storm-time MSTIDs in the vicinity of the SED and SAPS at middle and subauroral latitudes using GNSS
TEC data from the dense receiver networks in the CONUS during several intervals of recent geospace storms.
MSTIDs there exhibited dramatic changes with the onset of SED/SAPS but eventually, they propagated away and
impacted the surrounding ionosphere. Ionospheric ion drifts and thermospheric winds during the MSTID inter-
vals are also analyzed using the ISR and FPI observations at Millstone Hill and midlatitude SuperDARN. These
storms occurred on 2018-08-25/26, 2017-09-07/08, 2017-05-27/28, and 2016-02-02/03 with minimum SYM-H
index —206, —146, —142, and —58 nT, respectively.

MSTIDs in these four cases were observed (a) during the intervals of IMF Bz being stably southward; (b) at night
(from the dusk-to-midnight local times); (c) with multiple characteristic wavefronts often elongated in NW-SE,
2°-3° longitude apart, and westward propagating at a range of zonal phase speeds between 100 and 300 m/s; (d)
initially in the northeastern US and being intensified or developed in the central US; (e) concurrent with the SED
structure (especially the SED base region), or with other smaller electron density patches lagged behind (i.e., to
the east of) the SED; (f) onset with the SAPS presence; (g) with zonal propagation being nearly synchronized
with the elevated westward thermospheric wind.

We suggest several storm-time electric fields could be responsible for the MSTID excitation and subsequent
propagation. An intense SAPS poleward electric field or penetration/expansion of the high-latitude convection
electric field, both of which were signified by enhanced thermospheric westward winds, may be intense enough
to trigger the Perkins instability with a sufficiently large linear growth rate. Enhanced westward winds continued
to evolve, leaving the region of the strong ion—neutral coupling dominated by SAPS or penetration poleward
electric field. Storm time neutral dynamics could also contribute to the enhanced thermospheric westward winds.
These winds generated the polarization electric field via dynamo action at the nightside. The bulk of ions thus
had westward drift which facilitated the westward propagation of MSTIDs. The consistent direction of westward
ion drift and MSTID propagation agrees with the F region Perkins instability theory. Our discussion outlines
a preliminary ionosphere—thermosphere—magnetosphere electrodynamical coupling framework to understand
storm-time MSTIDs in the vicinity of the SED structure.

Data Availability Statement

GNSS TEC, Millstone Hill FPI, and ISR data are all available from Madrigal database (http://cedar.open-
madrigal.org/openmadrigal/). Original line-of-sight TEC data can be found here: https://w3id.org/cedar?ex-
periment_list=experiments2/2016/gps/02feb16%26file_list=los_20160202.001.h5, https://w3id.org/cedar?-
experiment_list=experiments2/2017/gps/07sepl7%26file_list=los_20170907.004.h5, https://w3id.org/
cedar?experiment_list=experiments2/2017/gps/25may 17 %26file_list=los_20170525.001.h5, and https://w3id.
org/cedar?experiment_list=experiments4/2018/gps/25aug18%26file_list=los_20180825.001.h5. Millstone
Hill ISR data here: https://w3id.org/cedar?experiment_list=experiments/2017/mlh/06sep17%26file_list=m-
1h170906g2.003.hdf5 and  https://w3id.org/cedar?experiment_list=experiments/2017/mlh/07sep17%26file_
list=mlh170907g.003.hdf5. Millstone Hill Hi-Res FPI data can be downloaded from Madrigal too: https://w3id.
org/cedar?experiment_list=experiments/2016/kfp/02feb16%26file_list=kfp160202¢g.7100.hdf5,  https://w3id.
org/cedar?experiment_list=experiments/2017/kfp/28may17%26file_list=kfp170527g.7100.hdf5, https://w3id.
org/cedar?experiment_list=experiments/2016/kfp/26aug16%26file_list=kfp160825g.7100.hdf5. To download
data from Madrigal using these URLs, the first time user will need to provide brief user information. The raw
SuperDARN data used in this study are available from the British Antarctic Survey (BAS) SuperDARN data mirror
(https://www.bas.ac.uk/project/superdarn). Solar wind and geomagnetic index data can be found from NASA
OMNIWeb https://omniweb.gsfc.nasa.gov/form/omni_min.html. MSTID Animations for the four events are
included in this paper as supplementary and also available at Github: https://github.com/shunrong-zhang/MSTIDs.
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