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Abstract A nighttime electrified medium-scale traveling ionospheric disturbance (EMSTID) was observed
over Japan on 17 March 2003, after two moderate geomagnetic storms. Unlike typical northwest-southeast
alignment in quiet conditions, the EMSTID exhibited an unusual northeast-southwest orientation. Challenging
Minisatellite Payload neutral wind and ROCSAT-1 ion drift measurements showed significant thermospheric
wind and electric field variations from quiet-times. The study reveals a unique disturbance dynamo-driven
electrodynamical mechanism that triggers Perkins instability, generating unusually aligned nighttime EMSTID.
Notably, low electron density and weak inhomogeneity in sporadic-E layers in both locally (Wakkanai, Japan)
and over conjugate regions (Townsville, Australia) reveal that Perkins instability can be enhanced sufficiently to
generate EMSTIDs, even with weak E-F regions coupling within or across hemispheres. Additionally,
penetration electric fields during a substorm's expansion and recovery phases instantaneously modulated
EMSTID amplitudes. Such nighttime EMSTID, comprising unique features and near-instantaneous amplitude
modulation caused by substorm-induced electric fields, represents the novel observation of this study.

Plain Language Summary Plasma instabilities, driven by different forcings, give rise to density
irregularities in the Earth's ionosphere that significantly disrupt trans-ionospheric radio wave propagation,
thereby affecting space-based communication and navigation systems. Among these irregularities, medium-
scale traveling ionospheric disturbances (MSTIDs) are quasi-periodic perturbations in F-region plasma density,
typically characterized by horizontal wavelengths of a few hundred kilometers. Nighttime MSTIDs in the
northern hemisphere typically exhibit a northwest—southeast alignment and propagate southwestward, often
generated through Perkins instability seeded by E-F region coupling, and are commonly known as electrified
MSTIDs (EMSTIDs). Northeast-southwest aligned EMSTID was observed in detrended total electron content
maps over Japan on 17 March 2003, following two moderate geomagnetic storms. A comparative analysis of
thermospheric wind and vertical ion drift measurements between the storm day and quiet days revealed
significant storm-time modifications in both wind and electric fields. These disturbed conditions likely created a
favorable environment for the growth of Perkins instability, leading to the generation of the atypically aligned
EMSTID. Interestingly, ionosonde observation revealed that Perkins instability is sufficiently enhanced to
generate EMSTIDs, even with weak E-F region coupling within or across hemispheres. Additionally, EMSTID
amplitudes showed instantaneous modulation with substorm's expansion/recovery phases, suggesting the
penetration of electric fields.

1. Introduction

Medium-scale traveling ionospheric disturbances (MSTIDs) are wave-like undulations in F-region plasma
density with horizontal wavelengths within 100-400 km, velocities within 50-200 m/s, and periods of few hours
(Duly et al., 2013; Garcia et al., 2000; Hunsucker, 1982). Previously, studies reported that MSTIDs can be
classified into daytime, nighttime, dusk, and dawn MSTIDs based on their local time of occurrence, noting that
each type is typically driven by distinct generation mechanisms (Otsuka et al., 2011; Perwitasari et al., 2022;
Tsugawa et al., 2007). In the northern hemisphere over mid-latitudes, nighttime MSTID wavefronts are mostly
northwest-southeast (NW-SE) oriented with southwest (SW) propagation direction during geomagnetic quiet
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conditions (Ding et al., 2011; Otsuka et al., 2011; Shiokawa, Ihara, et al., 2003; Tsugawa et al., 2007). Perkins
instability, reinforced by E-F region coupling, is the primary generation mechanism of nighttime MSTIDs, ac-
counting for their preferential alignment and electrical nature, commonly referred to as electrified MSTIDs
(EMSTIDs) (Hamza, 1999; M. Kelley et al., 2003; M. C. Kelley et al., 2003; Perkins, 1973; Shiokawa, Otsuka,
et al., 2003).

The generation mechanism of MSTIDs during geomagnetic storms is an unresolved research topic. Previously, a
limited number of studies documented the occurrence of nighttime MSTIDs during geomagnetic storms,
particularly over mid- to high-latitude regions of the northern hemisphere (I. J. Kelley et al., 2023; Y. Liu
et al., 2020; Nishioka et al., 2009; Zhang et al., 2019, 2022). They suggested different factors that can trigger the
generation of MSTIDs, viz. electric field associated with subauroral polarization stream (SAPS), gravity wave
caused by ion-neutral frictional heating due to SAPS flow, prompt penetration electric field (PPEF), and
disturbance dynamo electric field (DDEF). These MSTIDs typically exhibit NW-SE orientation, which aligns
with the characteristics of quiet-time nocturnal MSTIDs.

Another important phenomenon that can extensively affect the dynamics of magnetosphere-ionosphere (MI)
system are substorms. Although substorms are primarily localized in the nightside, their effects can extend
throughout the entire MI system, influencing global convection through processes like magnetotail reconnection
and dipolarization (Huang et al., 2004; Kikuchi et al., 2003; Sastri et al., 2003). However, precise role of sub-
storms in driving either eastward or westward electric fields at low and mid-latitudes remains a topic of debate, as
both directions have been observed (Chakrabarty et al., 2010, 2015; Gonzales et al., 1979; Huang, 2009; Huang
et al., 2004; Hui et al., 2017; Kikuchi et al., 2003; Sastri et al., 2003; Sibeck et al., 1998). Rathi et al. (2025) were
the first to report variations in EMSTID amplitudes linked to substorms. They observed expected typical
alignment, that is, NW-SE, with a delayed response characterized by an amplitude increase during one substorm
onset and a decrease during another.

Contrary to the findings of Rathi et al. (2025) and other reported storm-time EMSTID event studies, northeast-
southwest (NE-SW) aligned EMSTID was observed on 17 March 2003 over Japan following two moderate
storms. This distinctive NE-SW alignment of nighttime EMSTIDs over mid-latitudes is an important and novel
observation, as it challenges the existing understanding and highlights the previously underexplored aspects of
ionospheric dynamics. Furthermore, the atypically aligned EMSTID showed simultaneous enhancement/
reduction in its amplitudes during the expansion/recovery phase of a substorm. This study provides valuable
insights into the complex interactions between substorms and ionospheric disturbances, paving the way for
further investigations into the behavior of EMSTIDs during geomagnetic events.

2. Instruments and Data Analyses

Detrended total electron content (DTEC) maps have been used to examine the spatiotemporal evolution of TEC
perturbations caused by the MSTID on 17 March 2003. TEC data are obtained from over 1,000 dual-frequency
(1.57542 and 1.22760 GHz) GPS receivers in Japan operated by the Geospatial Information Authority of Japan.
Detailed procedure of TEC calculation (at 30-s intervals) and DTEC maps have been described in multiple
literature (e.g., Otsuka et al., 2002; A. Saito et al., 1998). After subtracting 1-hr running average (£30 min
centered on each) of TEC from the original TEC series for PRNs 2, 4-6, 8, 10, 14-18, 23-27, 29-30, with
conversion of slant to vertical TEC, DTEC maps were constructed with a spatial resolution of 0.15° X 0.15° in
latitude-longitude (with 7 X 7 pixel smoothing) considering an ionospheric shell at 300 km. TEC amplitude
perturbations caused by MSTIDs were determined by calculating the standard deviation of DTEC values within
the region 137.95°E-144.1°E, 37°N—44.55°N, which lies within the MSTID observation region. This region
covers at least one full MSTID wave (100400 km) over Japan (Otsuka et al., 2011; Shiokawa, Ihara, et al., 2003).

Interplanetary parameters, time-shifted to the Earth's bow shock nose, were obtained from the High-Resolution
OMNI data set. The time lag between the subsolar bow shock and ionosphere was further corrected using the
method described by Chakrabarty et al. (2005).

F-layer base height (h’F) variations were studied using manually scaled 15-min resolution data from ionosondes
located in Wakkanai (45.39°N, 141.69°E), Kokubunji (35.71°N, 139.49°E), Yamagawa (31.20°N, 130.62°E),
and Okinawa (26.68°N, 128.16°E) in Japan. To examine sporadic-E (Eg) activity, manually scaled 15-min res-
olution fEg and f, E5 data (critical and blanketing frequencies of the E layers) from Wakkanai, along with hourly
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Figure 1. (a) SYM-H variation during 16-17 March 2003. (b—p) Detrended total electron content maps over Japan on 17
March 2003. Shaded area in panel (a) represents the duration of medium-scale traveling ionospheric disturbance observation.

manually scaled data from the geomagnetic conjugate station, Townsville (19.3°S, 146.7°E), Australia, were
utilized.

Thermospheric zonal and meridional winds were derived from in situ cross-track wind measurements of the
accelerometer, Spatial Triaxial Accelerometer for Research onboard the Challenging Minisatellite Payload
(CHAMP) satellite (H. Liu et al., 2006; Reigber et al., 2002).

Additionally, to examine vertical ion drifts over mid-latitudes, 1s-averaged ion drift data of Ionospheric Plasma
and Electrodynamics Instrument, onboard ROCSAT-1 satellite were used.

3. Results

3.1. EMSTID With Northeast-Southwest (NE-SW) Aligned Phase Fronts Following Two Geomagnetic
Storms

Figure 1a shows SYM-H index during 16—17 March 2003, highlighting two moderate geomagnetic storms: first
began with a drop after 17:30 UT on 16 March, reaching minimum (—63 nT) by 19:37 UT. While the second
occurred as SYM-H values were still recovering from the first storm, marked by another dip to —60 nT at 05:41 UT
on 17 March. According to the Joint USAF/NOAA Report, both storms were likely driven by a coronal hole high-
speed stream, making these days geomagnetically active (daily averaged Kp = 3.9 and 4.7, Ap = 31 and 42).
Figures 1b—1p represent DTEC maps over Japan on the night of 17 March 2003, revealing NE-SW aligned wave-
like TEC perturbations associated with EMSTIDs, which appeared following the two moderate geomagnetic
storms on 16 and 17 March. The duration of EMSTID observation (2.5 hr, 12:30-15:05 UT, LT = UT + 9 hr) is
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Figure 2. Arrows over Detrended total electron content maps (for 17 March) represent CHAMP-measured wind on (a) 25 and (b) 17 March. Latitudinal variations of
zonal and meridional winds on (c, €) 25 and (d, f) 17 March. Colored curves in panels (g, h) represent ROCSAT-1 dayside meridional ion drift perpendicular to the
magnetic field on 17 and IQDs: 24, 25, and 26 March 2003.

represented by the shaded area in Figure 1a. These TEC perturbations extended latitudinally from 36°N to 46°N and
propagated westward (Figures 1c—1o and Movie S1).

3.2. Background Conditions

To examine background thermospheric wind conditions, zonal and meridional winds from CHAMP cross-track
measurements at ~408 km on 17 and 25 March (an international quiet day or IQD) are used, shown as vectors
over DTEC maps (of 17 March) in Figures 2a and 2b and as latitudinal profiles in Figures 2c—2f. The neutral wind
observations on 17 March at 13:22 UT and 25 March at 12:50 UT (Figures 2a and 2b) were selected for their close
match in time and location, with both aligned to the period of EMSTID activity observed in the DTEC maps on 17
March. On 25 March, winds were predominantly eastward with minimal meridional component beyond 30°N
(Figures 2c and 2e), whereas on 17 March, both zonal and meridional wind magnitudes decreased significantly
across all latitudes, with zonal winds turning westward and a weak southward component appearing around the
latitudes (>40°N) of EMSTID observation (Figures 2b, 2d, and 2f). Notably, only the wind data from 25 March,
the closest IQD to the event date, were used, as they most closely matched the 17 March observations in both time
and location during the EMSTID activity.

Figures 2g and 2h present ROCSAT-1 dayside meridional ion velocity (at 570 km) perpendicular to the magnetic
field, with blue curves for 17 March and green, magenta, and cyan for IQDs (24-26 March). Prior to EMSTID
observation on 17 March, ion velocity was strongly negative, indicating downward/southward drift, while during
the same local time on IQDs, values hovered around zero with minor variations (Figure 2g). During EMSTID
observation period, ion velocity on 17 March remained persistently downward/southward between 29°N and
35°N, contrasting with slightly to moderately upward/northward motion on IQDs (Figure 2h). Notably, daytime
ion drift data alone were selected due to consistent latitudinal (29°N-35°N), local (12:00-16:00 LT), and uni-
versal time coverage across all dates.

3.3. EMSTID Amplitude Modulations During Substorms With Low Electron Density and Weak Spatial
Inhomogeneity in Sporadic-E Layers

Figures 3a—3d represent temporal variations of z-component of the interplanetary magnetic field (IMF-Bz) in
GSM coordinates, Auroral Lower index (AL) and SYM-H, h’F from Wakkanai on 17 March, and IQDs on 26
March, 25, 24, and 13 February 2003, h’F on 17 March from Wakkanai, Kokubunji, Yamagawa, and Okinawa,
and TEC perturbations amplitude caused by EMSTIDs. Shaded area in Figures 3a—3d denotes EMSTID
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Figure 3. Temporal variations of (a) IMF-Bz, (b) AL and SYM-H, (c) h’F from Wakkanai on 17 and 26 March (blue and
cyan), 25, 24, and 13 February (orange, green, and black), (d) h’F from Wakkanai (solid), Kokubunji (dashed), Yamagawa
(dotted), and Okinawa (dashed-dotted), and electrified medium-scale traveling ionospheric disturbance (EMSTID)
amplitude (red-solid) on 17 March. Temporal variations of (e) foEg and () foEs-f,Eg on 17, 26 March, 13, 24, 25 February,
(g, h) same as (e, f) except at Townsville station with similar color scheme as (c). Vertical lines in panels (a—d) and shaded
areas in (a—h) represent onsets of two substorms and EMSTID observation period, respectively.

observation period. Interestingly, two substorms were present during the EMSTID observation, with onsets at
12:42:00 and 13:50:29 UT on 17 March, marked by sudden AL index drops (vertical dashed-dotted and dashed
lines). The onset timings were further confirmed by a sudden increase in proton and electron fluxes at various
energy levels, as measured by the LANL 1994-084 satellites, as shown in Figure S1 in Supporting Information S1.

During expansion/recovery phases of first substorm on 17 March 2003, h’F at Wakkanai showed no significant
variation compared to other quiet nights without any MSTID activity, and responses across stations were not
similar; h’F increased at Wakkanai, Yamagawa, and Okinawa but decreased at Kokubunji (Figures 3b-3d). In
contrast, during expansion/recovery phases of second substorm, h’F at Wakkanai showed notable enhancement/
reduction relative to quiet nights, with simultaneous changes in EMSTID amplitude and h’F observed across all
four stations during the expansion/recovery phases. While h’F enhancement/reduction across all stations during
expansion/recovery phases of second substorm started around 14 UT/14:30 UT, EMSTID amplitude increased/
decreased from 13:58 UT/14:32 UT (Figure 3d).

Figures 3e and 3f denote temporal variations of manually scaled (15-min resolution) foEg and foEs-fiEs,
respectively, at Wakkanai on 17 and 26 March, 13, 24, and 25 February 2003. Figures 3g and 3h are same as
Figures 3e and 3f except hourly scaled parameters from a geomagnetic conjugate station, Townsville. During
EMSTID observation (shaded area in Figures 3e and 3f), foEg and fEs-f,E5 from Wakkanai on 17 March and
quiet nights were significantly lower (foEg < 2.3 MHz, foEs-fi,Es < 0.7 MHz). Notably, as shown in Figures 3g
and 3h, foEg and foEs-fiEs parameters from Townsville were also significantly small across five nights
(foEs < 2.8 MHz, foEs-fyEs < 0.9 MHz).

4. Discussion
4.1. Generation of EMSTID With Northeast-Southwest Aligned Phase Front

Nighttime MSTID observations during geomagnetically active conditions are rare and mostly reported at mid-to-
high latitudes (I. J. Kelley et al., 2023; Y. Liu et al., 2020; Nishioka et al., 2009; Zhang et al., 2019, 2022). These
studies reported NW-SE aligned MSTIDs, a typical feature of quiet-time nocturnal MSTIDs in northern hemi-
sphere (Otsuka et al., 2011, 2021; Shiokawa, Ihara, et al., 2003; Tsugawa et al., 2007). However, MSTID
observed in this study during geomagnetically active night were NE-SW aligned and propagated westward
(Figures 1c—10), indicating a distinct electrodynamical scenario, distinct from previously proposed mechanisms,
highlighting the event's unusual nature.
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Perkins instability is widely considered the primary mechanism for nighttime MSTID generation during
geomagnetically quiet periods, as it accounts for their electrical nature, hence the term EMSTIDs and alignment
(Hamza, 1999; Perkins, 1973; Shiokawa, Otsuka, et al., 2003). At night, F-region plasma typically balances
upward motion from meridional winds and/or E X B drift with downward gravitational diffusion (M. Kelley
et al., 2003). Plasma density/field-line-integrated Pedersen conductivity (3 ) perturbations amplify when the
wave vector, perpendicular to the perturbation phase front, lies between the east and electric current
(Perkins, 1973).

Perkins instability grows only when the perturbation wavevector, k, aligns suitably with respect to the effective
electric field (E.; = E + U X B), as described in Equation 1 (Huang et al., 1994; Makela & Otsuka, 2012;
Perkins, 1973).

_|Eg| cos Dsin(© —a)sina g sin? Dsin(© — a) sina
B BH B <vi,> H cos ©

(1

Where D, ©, and a, H, g, and <v;,> represent dip angle, angle between E . and geomagnetic east, angle between
k and geomagnetic east, atmospheric scale height, gravitational acceleration, and density-weighted height-
integrated ion-neutral collision frequency, respectively. Figure 4a shows geomagnetically quiet conditions.
During such nights, background southwestward F-region dynamo electric field, Eqp, is weaker than the north-
eastward U X B field induced by southeastward diurnal tide-driven winds (U = U, + U, in the northern
hemisphere (Hedin et al.,, 1996; Rishbeth, 1971), resulting in a northeastward Pedersen current,
J=2pEqp +UXB)= Y (U X B). Here, subscripts, z and m correspond to zonal and meridional components,
respectively. To maintain divergence-free J across Y, p perturbations, polarization electric fields (E ) form within
them, driving vertical Ep, X B drifts that amplify the initial perturbations. When k points northeastward or
southwestward (shaded area in Figure 4a), the growth rate becomes positive, enabling Perkins instability to
generate NW-SE aligned MSTIDs commonly seen during geomagnetically quiet nights over mid-latitudes.

During magnetic storms, direction of background electric field and neutral wind is different from the magnetically
quiet condition. CHAMP wind measurement on IQD, 25 March, showed predominantly eastward with minimal
meridional component beyond 30°N, while on 17 March, both components weakened across all latitudes, with
zonal winds turning westward and weak southward component appearing near latitudes (>40°N) of EMSTID

PATGIRI ET AL.

6o0f 11



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL116392

observation (Figures 2c—2f). Notably, ~2-3 hr after the onset of magnetic storms, dissipating sub-auroral currents
and particle precipitation heat the auroral region, building a poleward pressure gradient (equatorward pressure
gradient force) driving equatorward meridional winds (Blanc & Richmond, 1980; Fejer et al., 1983, 2008). In the
upper thermosphere, where ion-drag plays an important role, neutral wind experiences strong drag forces, causing
it to blow across isobars rather than parallel to them (Fujiwara & Miyoshi, 2009; Fuller-Rowell, 1995; Fuller-
Rowell et al., 1994). According to Emmert et al. (2004), the westward wind observed over mid-latitudes in
the upper thermosphere can be partly attributed to the Coriolis deflection of equatorward winds. Additionally, ion
drag forcing plays a significant role, as the storm-time penetration electric fields can drive westward plasma flows
that transfer momentum to the neutral atmosphere. However, distinguishing the relative roles of ion drag driven
by electrodynamical forcings and Coriolis deflection in neutral wind forcing is challenging (Meriwether, 2008).

According to Blanc and Richmond (1980), westward winds near 150 km drive equatorward/downward Pedersen
currents via U X B. Due to higher ion collision-to-gyro frequency ratios, ions move slightly while electrons
remain nearly stationary, generating equatorward/downward current. To keep the current divergence-free,
poleward/upward electric fields (along —U X B) form, driving eastward Hall currents on the dayside (due to the
downward/northward B). At night, low conductivity makes Hall currents negligible. Disruption of the dayside
Hall current at dusk caused by strong longitudinal density gradients at the terminator, leads to charge accumu-
lation and the formation of a dusk-to-dawn DDEF.

Pronounced negative ion drift on 17 March indicated westward dayside DDEF over mid-latitudes, persisting
during the EMSTID event, unlike on other quiet days (Figures 2g and 2h). Although the ion drift measurements
indicate the presence of DDEF, no reversal of zonal wind was observed at low latitudes at satellite altitudes
(Figure 2d). This discrepancy may be attributed to different wind patterns that likely reversed below ~200 km, the
altitude region critical for the formation of disturbed dynamo electric fields (Blanc & Richmond, 1980). Since
energy input peaks at lower altitudes (below 150 km) during disturbed times (Richmond, 2021), the likelihood of
wind reversal is higher there, consistent with the substantial reduction of eastward winds observed at higher
altitudes. Daytime DDEF on 17 March 2003 suggests the possible persistence of eastward DDEF at night,
coinciding with the appearance of NE-SW EMSTID phase fronts. At night, eastward/poleward electric fields
(Epp/Epp,,) and westward/southward winds (Upp/Upp,,) generated a southeastward Pedersen current,
J=YpEpp+ UppXB), where Epp, =Epypy. + Epyp,,, and Upp, = Upp,, + Uy, (Figure 4b). This configuration
represents an unstable Perkins instability condition after two moderate storms, with the shaded unstable k region
in Figure 4b matching the observed NE-SW EMSTID alignment.

Although Perkins instability is the primary generation mechanism of nighttime MSTIDs, its low growth rate and
inability to explain preferred propagation directions are major limitations (Garcia et al., 2000; M. C. Kelley &
Makela, 2001). Studies have suggested that polarization electric fields within frontal Eg irregularities reinforce
Perkins instability, while southwestward propagation results from rotational wind shear in Eg layers (Cosgrove &
Tsunoda, 2002; Otsuka et al., 2007; S. Saito et al., 2007; Tsunoda & Cosgrove, 2001; Yokoyama et al., 2009). E-
and F-regions are not only coupled in one hemisphere but also with geomagnetic conjugate locations in the other
hemisphere, as large-scale polarization electric fields (>10 km) map efficiently between hemispheres (Farley,
1960; La Belle, 1985; Narayanan et al., 2018; Spreiter & Briggs, 1961; Yokoyama, 2014). Parameters like foE¢
and foEq-f, Es, indicating Eg-layer density and its spatial inhomogeneity strength, show strong correlation with
MSTID activity (Otsuka et al., 2008).

To examine Eg activity on 17 March, we examined temporal variations of foEg and foEs-f E5 from Wakkanai and
geomagnetic conjugate station Townsville, and compared them with four geomagnetically quiet nights without
EMSTIDs observation (Figures 3e—3h). Townsville is located in the conjugate region corresponding to the
southernmost extent of MSTIDs observed over Japan. Since, both parameters were significantly lower
(foEs £ 2.8 MHz, foEs-f,Es < 0.9 MHz) on 17 March at two stations, suggesting weak Eg activity, we conclude
that Eg-layer polarization electric fields were unlikely to have generated the EMSTID.

In conclusion, the observed NE-SW aligned EMSTID on 17 March 2003 is attributed to a combination of Perkins
instability and storm-induced effects, particularly westward winds and associated electric fields generated after
storms. Notably, this work shows that Perkins instability can generate EMSTIDs even under conditions of low
electron density in Eg layers or when E-F regions coupling is weak in single as well as both hemispheres.
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4.2. Role of Transient Electric Fields During Substorm in the Variation of EMSTID Amplitude

Over the past few decades, extensive research has been conducted on the effects of PPEFs and shielding electric
fields in mid- and low-latitude regions (Fejer et al., 2007, 2008; Gonzalez et al., 1989, 1994; M. Kelley
et al., 2003; Tsurutani et al., 2008; and references therein). On the other hand, there have been serious debates on
how mid- and low-latitude ionosphere responds to the expansion onset of substorms, particularly in terms of
transient electric field penetration. Previous studies have reported both eastward (Chakrabarty et al., 2010;
Huang, 2009; Huang et al., 2004; Hui et al., 2017) and westward (Gonzales et al., 1979; Kikuchi et al., 2003;
Sastri et al., 2003; Sibeck et al., 1998) electric fields in the dayside low-latitudes ionosphere during substorms
onset. In this study, two substorm events were identified during EMSTID observations, as indicated by AL index
depletion (Figure 3b) and increased energetic particle (electron and proton) fluxes measured by geosynchronous
satellite, LANL 1994-084, near magnetic midnight local time (Figure S1 in Supporting Information S1).

During the first substorm's expansion/recovery phases on 17 March (onset at 12:42:00 UT), h’F at Wakkanai
showed no significant variation compared to geomagnetically quiet nights (Figures 3b and 3c). Additionally, h’F
at Wakkanai, Yamagawa, Okinawa, and Kokubunji showed inconsistent trends, with the first three exhibiting
enhancements and Kokubunji showing a notable reduction (Figure 3d). These four ionosondes span from high to
low latitudes region of Japan. These inconsistencies suggest that the first substorm did not drive large-scale F-
layer altitude changes. Notably, significant changes in EMSTID amplitude with substorm's phases were also
not visible (Figure 3d). The effect of wind on F-layer altitude variation is not considered as the meridional wind on
17 March 2003 was significantly smaller (Figure 2f).

In contrast, the second substorm (onset at 13:50:29 UT on 17 March) had a pronounced impact. h’f at all four
stations showed a significant increase/decrease during expansion/recovery phases, which were absent on
considered quiet nights at Wakkanai station (Figures 3b-3d). EMSTID amplitude also exhibited a clear
enhancement/decrement with the substorm's expansion/recovery phases (Figures 3b and 3d). While h’F began to
enhance around 14:00 UT and decreased around 14:30 UT across all stations, the EMSTID amplitude showed a
corresponding increase from 13:58 UT and a decrease from 14:32 UT, respectively. The changes in h’F and
EMSTID amplitude are not perfectly synchronous, likely due to the difference in data resolution, 15 min for h’F
and 30 s for TEC. This nearly synchronized variation strongly suggests a direct influence of substorm-imposed
electric fields on the mid-latitude ionosphere. Since h’F was close to 300 km at substorm onset over Wakkanai,
Kokubunji, and Yamagawa, effects of chemical loss on the h’F variations are negligible (Bittencourt &
Abdu, 1981). While h’F over Okinawa was slightly lower (~275 km), the consistent variations across all four
stations aligned with substorm phases confirming that the substorm-imposed electric fields were the primary
mechanism driving F-layer altitude fluctuations.

Before and after the second substorm onset (13:40-14:20 UT and 22:40-23:20 LT), negative IMF-Bz (i.e.,
positive y-component of interplanetary electric field) indicated a downward E X B drift due to a westward PPEF,
yet this effect was not evident in h’F variations (Figures 3a and 3d). Instead, transient eastward/westward electric
fields during the substorm's expansion/recovery phases appear to be the dominant driver of F-layer altitude
changes and EMSTID amplitudes.

Notably, the growth rate of the Perkins theory is proportional to |Eet| = |E, + Upp X B| (Equation 1), which
is southeastward in our case. Additional eastward/westward electric field will enhance/reduce the resultant value
of |[Egl, causing enhancement/reduction of growth rate. In addition, polarization electric field of EMSTID, Ej is
proportional to |E ! (Otsuka et al., 2007). Eastward/westward electric field during expansion/recovery phase of
substorm probably caused EMSTID amplitude enhancement/reduction resulted from amplified/reduced E, X B
drifts inside EMSTID wavefronts. The upward/downward drift calculated from the F-layer altitude variations
observed by ionosondes was ~17 m/s. Equating 17/cos(D) with electrodynamical drift, (E x B)/IBI*, would
correspond to an electric field of ~0.8 mV/m. Therefore, the magnitude of electric fields imposed by the substorm
was ~0.8 mV/m.

This study provides new insights into the long-debated role of substorm electric fields in mid-latitude ionospheric
dynamics. Most importantly, our findings demonstrate the instantaneous modulation of EMSTID amplitudes by
eastward/westward electric field during substorm's expansion/recovery phase. To our knowledge, the only prior
study reporting such an effect is Rathi et al. (2025). Unlike our observations, they reported observations of electric
fields of single polarity during each substorm with a delayed response of EMSTID amplitudes to substorm onset.
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5. Conclusion

We report an observation of unusually aligned (NE-SW) EMSTID in detrended TEC maps over Japan on 17
March 2003 after two moderate storms. The following are the key findings:

1. The quiet-time dynamo electric field and neutral wind in the F-region, which are essential for developing the
Perkins instability and generating typically aligned (NW-SE) EMSTIDs, cannot explain the unusual alignment
of the observed EMSTID.

2. Eastward DDEF and westward wind helped in developing Perkins instability to generate NE-SW aligned
EMSTID during the recovery phase of the storm.

3. Perkins instability can sufficiently be enhanced to generate EMSTIDs, even when E-F region coupling is weak
in both hemispheres.

4. F-layer altitudes and EMSTID amplitudes were modulated instantaneously in response to the penetration of
eastward/westward electric field during expansion/recovery phase of the second substorm. This result in-
dicates that EMSTID amplitudes respond instantaneously to the direction and intensity change in the back-
ground electric fields.
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