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Abstract The generation of mediummscale traveling ionospheric disturbances (MSTIDs) in the midmlatitude
F region ionosphere, particularly in the presence of sporadic E (Es) layers or geomagnetically conjugate
features, has been the focus of extensive investigation using both observational and numerical modeling
approaches. Recent observations have revealed the occurrence of nighttime MSTIDs over the continental US
during storm conditions even without invoking the Es instability. While this phenomenon is considered to be
electrified and likely associated with the Perkins instability, the influences of stormmenhanced density (SED),
electric fields, and winds on the excitation of nighttime MSTIDs remain a complicated issue and require further
quantitative analysis. In this study, we develop a twomdimensional numerical model of the nighttime ionospheric
electrodynamics at midlatitudes using the ionospheric ion continuity equation and the electric field Poisson
equation to investigate the characteristics of MSTIDs in the SED base region during storm conditions. We
demonstrate that the magnetic inclination effect can explain the lower latitude preference of the MSTIDs during
magnetic storms, while the development of MSTIDs is primarily influenced by intense storm electric fields
under the background ionospheric condition of large density gradients associated with SED. However, the
impact of neutral winds on the MSTIDs growth varies, depending on their specific direction determined by the
strongly dynamic spatiotemporal variation of the thermosphere and ionosphere during storms. Therefore, the
MSTIDs stormtime scenario results from a combination of multiple important factors.

1. Introduction
Nighttime mediummscale traveling ionospheric disturbances (MSTIDs) have been detected by a variety of
observation methods, including Global Positioning System (GPS) Total Electron Content (TEC) observations,
allmsky air glow imaging in the midlatitude ionosphere. They are characterized by stratified fluctuations of the
electron density with vertical displacements and typically have horizontal wavelengths of 100–500 km with phase
speed ranging between 50 and 150 m/s (Kelley, 2011; Shiokawa & Idhara et al., 2003). In the northern Hemi-
sphere, the wave fronts of MSTIDs at night are mainly striped in the direction of northwest to southeast, which are
not aligned with the geomagnetic field line, and typically travel westward and toward the equator (Duly
et al., 2013; Kotake et al., 2007; Narayanan et al., 2014; Otsuka et al., 2013).

The Perkins instability is suggested to be the possible mechanism to explain the nighttime MSTIDs structures and
developments (Perkins, 1973). The external effective electric field E∗

0, when being applied to the wavy electron
density fluctuations, would induce polarization electric fields in order to maintain the current continuity across the
wavefronts with inhomogeneous Pedersen conductivity. If E∗

0 direction is northeastward in the northern hemi-
sphere, these electric fields generate upward ion drifts for lower conductivity regions. Perkins (1973) deduced the
linear growth rate of the instability pattern in the stable nocturnal midmlatitude Fmlayer in the presence of a
northeast electric field. Hamza (1999) extended the derivation of the Perkins instability to include the neutral
wind and gradients in the background density and conductivity. Also, Zhou and Mathews (2006) derived the
Perkins instability from physical arguments, noting that E → B forces raise and lower (in altitude) the bands of
electron density. However, the perturbation growth rate derived from the linear theory of the Perkins instability is
too small to explain the observation results. Other mechanisms need to be taken into account to yield the rapid
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growth of MSTIDs. Coupling to sporadic E (Es) layers have been theoretically explored (Cosgrove et al., 2004;
Tsunoda, 2006; Tsunoda & Cosgrove, 2001), which shows that the growth rate of the coupled instability exceeds
that of the Perkins instability (Yokoyama et al., 2009; Yokoyama & Hysell, 2010). Meanwhile, the observation of
the mirrored conjugacy of the MSTIDs structures and the numerical simulations of the Perkins instability
including effect of the conjugate F region suggest that the coupling with the conjugate ionosphere is important in
the evolution of MSTIDs (Duly et al., 2014; Otsuka et al., 2004).

Recently, Zhang et al. (2019, 2022) reported stormtime MSTIDs on TEC maps observed with high precision
GNSS measurements. They were associated with intense stormmtime electric field as measured by Millstone Hill
incoherent scatter radar and Super DARN radar. Kelley et al. (2023) further reported the polarized electric fields
in SuperDARN data. They indicated that the Perkins instability drove the MSTIDs development during severe
geomagnetic storms. Without involving the Es instability, Zhang et al. (2022) suggested the storm time iono-
spheric electric fields and neutral wind disturbance dynamo electric fields may result in sufficiently large growth
rates. Magnetosphere dawnmtomdusk 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 (Huang, 2019; Jaggi
& Wolf, 1973; Kelley et al., 1979; Nishida, 1968). These prompt penetration electric fields (PPEFs) and sub-
stantial midlatitude electric fields with a poleward component associated with Submauroral Polarization Stream
(SAPS) (Foster & Burke, 2002) may be large enough to produce visible MSTIDs via the Perkins instability.
Additional electric fields can also arise due to dynamo action from the disturbed neutral winds, with a large
equatorward surge and a westward subrotation (Blanc & Richmond, 1980).

Numerical simulation is an important tool to study the development and evolution of MSTIDs. The previous twom
dimensional simulation assumed that the integral plasma density between magnetic flux tubes was the same (i.e.,
there was no horizontal gradient in the integral density). The stormtime ionospheric variation is characterized by
large density gradients at midm and submauroral latitudes, including the dynamic evolution of SED (Foster, 1993)
and midlatitude ionospheric trough (Shinbori et al., 2018). The SED structure has a large area of enhancement
base region and a long and narrow plume extended into dayside high latitudes (Foster et al., 2021). Such gradients
may be an important new aspect for the Perkins instability as suggested by Hamza (1999), but have been ignored
in previous simulations which focused primarily on geomagnetic quiet conditions. In our simulations, we have
considered the integral density in the continuity equation with horizontal gradients. Therefore, these MSTIDs and
instability study provide some realistic specification of the ionospheric conditions with density gradients as well
as the large electric fields and winds during a magnetic disturbance period.

2. Model and Methods
2.1. Model Description
In this study, a twomdimensional model is employed to investigate MSTIDs. Positive ions consist of O↑ as the
major species for the F region. The ion and electron momentum and continuity equations are written as

q↓E ↑ Vi → B ↔ ↑ mig ↗ ∇Pi
n ↑ miIin ↓U ↗ Vi↔ ↘ 0, ↓1↔

↗q↓E ↑ Ve → B ↔ ↑ meg ↗ ∇Pe
ne

↑ meIen ↓U ↗ Ve↔ ↑ meIei ↓Vi ↗ Ve↔ ↘ 0, ↓2↔

Pn
Pt ↑ ∇ · ↓nV↔ ↘ 0, ↓3↔

where q, E, B, g represent elementary charge, electric field, magnetic field and gravitational acceleration,
respectively, Vi and Ve are the velocity of ion and electron, mi and me are the mass of ion and electron, n denotes
the plasma number density (electrical neutrality approximation, n ↘ ni ↘ ne), Iin, Ien, Iei represent the ion/electron
collision frequency with neutrals and electronmion collision frequency, respectively, and U denotes the neutral
wind. The electric field can be written as

E ↘ ↗∇K ↘ E0 ↗ ∇B, ↓4↔
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where H ↘ H0 ↑ B is the electric potential, H0 represents the background electric potential and B denotes the
polarization electric potential. E0 is the background electric field. H needs to satisfy the following current
conservation condition,

∇ G J ↘ ∇ G )q[]
j

ni,jVi,j ↗ neVe⌊⌋ ↘ 0, ↓5↔

where J represents the current. Because the variation of H along a field line is small, one can assume the magnetic
field lines are equal potential. A set of equations integrating along magnetic field lines can be derived to describe
the plasma instability in the midmlatitude F region,

PM
Pt ↑ g

N cos I PM
Py ↑ z → ∇⊥K

B G ∇⊥M ↘ 0, ↓6↔

PO
Pt ↑ ⌈z → ∇⊥K

B ↗ z → g
N ⌉ G ∇⊥O ↘ e sin2 Ig

NBHn
M ↑ O PK

Py
cos I
BHn

↑ Uz
sin I
Hn

O, ↓7↔

∇⊥ G ≃O ⇐∇⊥K ↑ B↓z → U⊥↔⇒⇑ ↘
PM
Py

ge cos I
N ↗ 2TkB

e ∇2
⊥O ↗ PO

Px cos I⌈2TkB
eHn

↑ Mg
e ⌉, ↓8↔

where U represents the Slant Total Electron Content (STEC) obtained by integrating the electron density along the
magnetic field line, z denotes the Pedersen conductivity integrated along the magnetic field line, Hn represents the
neutral atmospheric scale height, and they are given by

M ↘{ n dz, O ↘ { enIin
NB dz, 1

Hn
↘ 1

Iin

PIin
Ph , ↓9↔

N is ion cyclotron frequency, I denotes the magnetic inclination, T is plasma temperature (isothermal approxi-
mation, T ↘ Ti ↘ Te).

Equations 6–8 are solved with a finite difference method in a special Cartesian coordinate because the midm
latitude magnetic field lines point northward and downward with an inclination in the northern hemisphere,
where the x and y axes are directed northmupward and eastward perpendicular to the magnetic field line,
respectively, and zmaxis points along the magnetic field B. Figure 1 shows the coordinate and the twomdimensional
computational plane of the model. The model covers the inclined plane of 200 km → 120 km at midmlatitude, with
a grid spacing of 2 km. Periodic boundary conditions are applied in the x and y direction because the parameters on
the x–y plane are integral and they can be mapped to the horizontal plane. As the addition of gradient destroys the
applicable condition of periodic boundary, periodmlike boundary conditions are introduced, which make the
simulated region at the boundary extend outward according to gradient.

The firstmorder form of Equations 6–8 contain the background terms and the disturbance terms of the three
variables U,z and H. Given the initial equilibrium ionospheric parameters and small perturbations imposed on z,
the initial electric potential H0 and the polarization electric potential B can be obtained from Equation 8 by solving
the elliptic equation. The electric field E can be calculated simultaneously from Equation 4. Then, through the
effect of polarization electric field, the initial perturbations occur in U. The second order vanmLeer scheme is used
to solve Equations 6 and 7 (Van Leer, 1977).

2.2. Ionospheric Equilibrium State Conditions
The model needs to input initial equilibrium ionospheric parameters and we describe the configuration of these
parameters in this section. Miller (1996) and Zhou (2004) showed that the equilibrium state with the presence of
neutral wind can be expressed as

e sin2 Ig
NB M0 ↗ O0

E0y cos I
B ↑ Uz sin IO0 ↘ 0ω ↓10↔
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The initial integral plasma density (or TEC) with a value of about 3.3 TECu
used in the model is obtained by integrating the empirical formula of the
ionospheric plasma density profile which is a Chapman layer similar to that in
the work of Li et al. (2021). U0 is the slant TEC related to I. The horizontal
variation of integral density (dUh) across the whole calculation plane is
defined as

dMh ↘ M0,max ↗ M0,min
M0,min

→ 100!ω ↓11↔

In our calculation, the horizontal density variation is set as 1.9% for quiet time
condition, while for the stormtime MSTIDs simulation, the TEC is changed to
20 TECu and dUh is changed to 3.9% according to Zhang et al. (2022).

2.3. Parameter Settings
The seeding perturbation induces oscillatory motion of the plasma layer along
the magnetic field lines, resulting in variations in the integrated Pedersen
conductivity. In the following simulation experiment, a cosinemshaped

perturbation Tz is introduced to the equilibrium conductivity plane at the onset. The specific form of the
initial perturbation is described as follows:

O ↘ O0 ↑ TO ↘ O0 ↑ O0a0 cos↓kxx ↑ ky y↔, ↓12↔

where the initial perturbation Tz is characterized by an amplitude of a0 ↘ 0.05. The wavenumber kx ↘ 2k/
100 km↗1 and ky ↘ 2k/60 km↗1 represent the spatial frequencies in the x and y directions, respectively. Equation 6
shows that the change of integrated plasma density U over time is influenced by the coupling of its own horizontal
gradient with the gravitational field and the polarization electric field. Therefore, the initial perturbation in z can
influences U through the polarization electric field when the horizontal gradient in U is considered.

A series of numerical experiments were performed for investigating the effects of ionospheric conditions on the
development of MSTIDs. We first ran the controlled experiments (Case 1—Case 4) with electric fields and
neutral winds during the magnetically quiet time to verify whether the development of MSTIDs reproduced by
this model through Perkins instability consists with prior theoretical expectations. Then, we conducted other
controlled experiments (Case 4—Case 7) to study the impact of magnetic inclination on MSTIDs growth. Case 8
utilized a strong electric field decreasing with time, ionospheric plasma density and magnetic inclination I ↘ 45°

consists with the observation during magnetic storm time (07/08 September 2017) reported in Zhang et al. (2022).
Case 9 applied the same plasma density and magnetic inclination but with a complex wind and a weaker electric
field similar to another observation (26 August 2018) reported in Zhang et al. (2022). Table 1 shows the
configuration of Case 1—Case 7.

3. Numerical Results
3.1. Effects of Electric Field, Neutral Winds and Magnetic Inclination
Figure 2 illustrates the spatial distribution of the integrated plasma density and the corresponding percentage
change of the perturbation in the x–y plane over a simulation period of 3,600 s in Case 1. And the results are
presented at 1,200 s intervals. Notably, the structures exhibit a distinct pattern with a northwestmsoutheast
orientation, which gradually develops and propagates in a southwestward direction as time progresses. The
maximum amplitude of increase reaches 0.2% in density and 40% in conductivity (not shown) at t ↘ 3,600 s.

Figure 3 showcases the integrated Pedersen conductivity and the corresponding polarization electric field in the
x–y plane at the same time, revealing a similar structural pattern to that observed in the plasma density. The
polarization electric field is directed toward the northeastward (southwestward) within the simulation plane, while
the E → B ion velocity points toward the northwestward (southeastward), corresponding to the density or con-
ductivity decrease (increase) fronts (see arrows in Figure 3a).

Figure 1. Coordinates and the twomdimensional computational plane of the
model.
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To quantify the rate of growth, we utilize the maximum percentage change in the integrated plasma density U
compared to the initial stationary density U0. Figure 4 illustrates the maximum variation of U over time in Cases 1
to 4. In contrast to Case 1, in which no additional external influences are applied, Case 2 introduces a perpen-
dicular neutral wind Uperp of 86 m/s toward the southeast (primarily eastward), which products a northeastward
U∗

SE → B effective electric field favorable for Perkins instability. This leads to a significantly accelerated growth
rate, as seen in Figure 4, where the blue solid line surpasses the black solid line at corresponding time points.
Conversely, in Case 3, the presence of a neutral wind Uz of –30 m/s antiparallel to the magnetic field B (which will
not produce the wind dynamo action) retards the growth of the seed perturbation. In Case 4, a doubled electric
field contributes to the perturbation development, albeit at a slightly slower phase speed compared to Case 2.

We further investigate the influence of the magnetic inclination for the given electric field E0 ↘ 11.2 mV/m. As
shown in Figure 5, a smaller magnetic inclination leads to a more rapid growth of the seed perturbation (Case 5),
while an increase in the magnetic inclination causes the perturbation to grow progressively slower (Case 6, and 7).
These results are consistent with the observations of Otsuka et al. (2013), who reported a higher occurrence rate of

Table 1
The Ionospheric Environmental Parameters in Case 1—Case 7

XmDirection
electric field Ex

YmDirection
electric field Ey Electric field E0

XmDirection
wind field Ux

YmDirection
wind field Uy

Perpendicular
wind field Uperp

ZmDirection
wind field Uz

Magnetic
inclination I

Case 1 4.8 mV/m 2.8 mV/m 5.6 mV/m 0 0 0 0 35°

Case 2 4.8 mV/m 2.8 mV/m 5.6 mV/m ↗50 m/s 70 m/s 86 m/s 0 35°

Case 3 4.8 mV/m 2.8 mV/m 5.6 mV/m 0 0 0 ↗30 m/s 35°

Case 4 9.6 mV/m 5.6 mV/m 11.2 mV/m 0 0 0 0 35°

Case 5 9.6 mV/m 5.6 mV/m 11.2 mV/m 0 0 0 0 25°

Case 6 9.6 mV/m 5.6 mV/m 11.2 mV/m 0 0 0 0 45°

Case 7 9.6 mV/m 5.6 mV/m 11.2 mV/m 0 0 0 0 55°

Figure 2. Integrated plasma density (a, b, c, d) and the percentage change (e, f, g, h) with respect to the initial plasma density at Time ↘ 0, 1,200, 2,400 and 3600 s in
Case 1.

Journal of Geophysical Research: Space Physics 10.1029/2023JA032051

WANG ET AL. 5 of 14

 21699402, 2024, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JA

032051 by M
assachusetts Institute of Technolo, W

iley O
nline Library on [17/06/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



nighttime MSTIDs at lower latitudes compared to higher latitudes, both on a monthly and hourly basis. This
magnetic inclination dependence in the evolution of MSTIDs can be partially responsible for the latitudinal
difference of the MSTIDs occurrence rate.

3.2. The Effects of Electric Field and Neutral Winds During Magnetic Storm Period
In a recent study by Zhang et al. (2022), the analysis of MSTIDs in the duskmmidnight sector during four
geomagnetic storms was conducted using highmresolution Global Navigation Satellite System (GNSS) Total
Electron Content (TEC) data. The findings suggested that during intense storm periods, electric fields with a
poleward component and enhanced westward winds in the thermosphere can drive the Perkins instability in the F
region, even in the absence of sporadicmE layers. These electrified MSTIDs propagate westward, coinciding with

Figure 3. (a) Integrated Pedersen conductivity and the velocity of ion drift (arrows) contributed by the polarization electric
field in poleward (b) and eastward (c) directions perpendicular to B at Time ↘ 2,400 s.

Figure 4. Simulation of geomagnetic quietmtime scenarios. The maximum variation of U as a function of time in Case 1
(control group), Case 2 (added perpendicular wind field compared to control group), Case 3 (added wind field antiparallel to
B compared to control group) and Case 4 (doubled the electric field strength compared to control group).
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the background westward ion flow resulting from disturbance westward wind dynamo and/or SubmAuroral Po-
larization Streams (SAPS).

Case 8 introduces a specification of electric field which are similar to storm electric field during a strong magnetic
storm event (07/08 September 2017, shown in Figure 6). The most active period of MSTIDs was between 23:00
and 03:00 UT (or between 18:00 and 22:00 LT) as also lightmgray shaded area in Figure 6 when IEF Ey was
substantially elevated during the main phase and the early recovery phase of the storm.

Figure 7 illustrates the maximum variation of U and the timemvarying electric field introduced in Case 8. Note that
the ionospheric electric field is about 10% of IEF around the equatorial region (Huang et al., 2005); however, the
ionospheric electric field at high latitude, especially in the SAPS region, can have a similar intensity of IEF
(Zhang et al., 2022). Thus, we set evolution of electric field in Case 8 as follows. Initially, the electric field starts
from a small value of 3 mV/m and is oriented northeastward at an angle of 60° to the eastward direction. It reaches
its maximum value of 30 mV/m at t ↘ 900 s and subsequently decreases to 20 mV/m and 10 mV/m at t ↘ 1,800 s
and t ↘ 2,700 s, respectively (indicated by the black solid line). In contrast, we maintain a constant highmvalue
electric field equivalent to the last simulation period at t ↘ 1,800 s and t ↘ 2,700 s, represented by the blue
and red solid lines in Figure 7a, respectively. The simulation period from t ↘ 0–900 s represents the magnetic
quiet period before the onset of the magnetic storm, where the electric field remains a small value and the
disturbance grows slowly. At t ↘ 900 s, the occurrence of the magnetic storm is simulated. As the equivalent
electric field increases abruptly, the disturbance experiences accelerated growth, which subsequently slows down
as the electric field gradually decreases. Our simulation results align with the observations during the storm period
on September 7–8, 2017 (Zhang et al., 2022).

Case 9 includes an additional specification of the winds which were available during another geomagnetic storm
(26 August 2018). Figure 8 is the Millstone Hill FPI equatorward and eastward winds during this night. These
winds 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 (or between 20:00 and 01:00 LT). Furthermore,
increased ionospheric plasma density and steep horizontal gradients are incorporated into the simulations in Case
8 and Case 9 to better simulate the ionospheric conditions observed during storms.

The results of Case 9 are presented in Figure 9, illustrating the maximum variation of z,U and the variations in the
wind field. In this particular simulation, the electric field has a magnitude of 15.1 mV/m, which is weaker compared
to Case 8. Throughout the entire simulation period, a significant westward wind with a speed of 200 m/s persists,
while a poleward wind of 50 m/s transitions to equatorward, reaching a speed of 150 m/s at t ↘ 900 s and

Figure 5. Simulation of dip angle effects. The maximum variation of U as a function of time in Case 4 (I ↘ 35°), Case 5
(I ↘ 25°), Case 6 (I ↘ 45°) and Case 7 (I ↘ 55°).
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accelerating further to 300 m/s at t ↘ 1,800 s. The perturbations with small amplitude gradually emerge above the
integrated plasma density and exhibit slow growth over time. However, there is minimal change observed in the
perturbation of the integrated conductivity, and the overall disturbance even diminishes as the wind field veers
southward.

Figure 6. Solar and geomagnetic conditions during 2017m09m07/08. (a) Interplanetary magnetic field components in By and
Bz; (b) Interplanetary electric field components Ey; (c) SYMmH index. The lightmgreen shaded area is when mediummscale
traveling ionospheric disturbances were observed in the continental US according to Figure 3 in Zhang et al. (2022).

Figure 7. The results and conditions in Case 8 with stormtime density gradients and electric field intensification. (a) The
maximum variation of U; (b) Electric filed E0 used in this simulation.
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4. Discussion
In this section, we further discuss the results obtained from the twomdimensional numerical simulation of MSTIDs
in the F region. In Case 1, where the electric field is directed northeastward, consistent with Perkins's predicted
direction (Perkins, 1973), our results demonstrate that the Perkins instability can selfmconsistently generate small
perturbations in conductivity within the model. In the presence of a horizontal gradient in plasma density, the
polarization electric field enhances the vertical oscillations of plasma along the magnetic field lines through the

Figure 8. Wind fields observations during storm period. Panels (a) and (b) show Millstone Hill FPI redmline northward and
eastward winds at 2018m08m26. The shaded area is when mediummscale traveling ionospheric disturbances were observed in
the continental US according to Figure 6 in Zhang et al. (2022).

Figure 9. The results and conditions in Case 9. (a) The maximum variation of z; (b) The maximum variation of U;
(c) Northward wind UN applied in this simulation; (d) Eastward wind UE applied in this simulation.
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E → B drift mechanism, resulting in visible patterns in the density plane. According to Equation 6, after the
ionospheric equilibrium is reached, disturbances can propagate through the polarization electric field ∇⊥H,
inducing density perturbations when the background density gradient ∇⊥U is nonmzero, that is, through a nonlinear
process. The result could differ from twomdimensional simulations lacking horizontal gradients, where fringes are
only observed in the conductivity plane. It is important to note that the simulation results for Case 1 (Figure 2h)
indicate that the maximum amplitude of the density disturbance reaches only 0.2% at t ↘ 3,600 s. Similarly, the
maximum amplitude of the polarization electric field in Figures 3b and 3c is approximately 0.6 mV/m. These
magnitudes are considerably smaller than that expected on the basis of observations (Shiokawa & Otsuka
et al., 2003). The present results confirm the production of the observed MSTIDs cannot be attributed to the
Perkins instability process alone. Chou et al. (2018) demonstrate that the CGW perturbations comprising both
ionospheric E and F regions could affect the ionospheric electrodynamics, leading to MSTIDs through wind
dynamo. Therefore, electrodynamic processes, including the Es instability, and their coupling with gravity waves
in the thermosphere were needed to be consistent with the observation results under geomagnetic quiet conditions.

In Case 2, a rapid increase in the maximum variation of disturbance in U occurs when a southeastward wind U∗
SE

perpendicular to the B is introduced. According to Perkins instability, a northeastward electric field in the
Northern Hemisphere is conducive to the development of instability with wave vector pointing southwestward.
The equivalent electric field generated by the wind U∗

SE → B points to the northeast, which is the favorable di-
rection for Perkins instability. Conversely, in Case 3, when a wind antiparallel to the magnetic field (Uz) with an
equatorward component is included, the growth of disturbances in the model is slower compared to Case 1. This
result is consistent with the predicted growth rate of Perkins instability (Zhou & Mathews, 2006). This is fore-
seeable because equatorward meridional wind pushes plasma to the higher altitudes where the Pedersen con-
ductivity is expected to decrease in the F region (Narayanan et al., 2018).

Moreover, the results of Case 4—Case 7 indicate that smaller magnetic inclination leads to faster perturbation
growth rates under constant electric field conditions. According to the equilibrium Equation 10, changing the
magnetic inclination under constant electric field conditions will alter the equilibriummstate integrated conduc-
tivity. This implies that the electron density weighted fieldmline integrated ionmneutral collision frequency 3IinI
changes, that is, ⇔Iin↖ ↘

∫ nIin dz
∫ n dz , corresponding to variations in the Fmlayer height. The seeding perturbations

responsible for generating MSTIDs originate from a diverse range of sources. The abundant energy activity in the
high latitude region transmits a large number of the equatorward propagating LSTIDs with zonal wavefronts,
which may lead to MSTIDs through coupling the processes being associated with SAPS at midm and subauroral
latitudes. During their continuous evolution and propagation, MSTIDs became much more evident at lower
midlatitudes (Kelley et al., 2023; Zhang et al., 2019, 2022). We note that the magnetic field configuration in the
midmlatitude region is particularly conducive to the development of those seeding perturbations because during
their equatorward propagation, the magnetic field configuration changes persistently with the magnetic incli-
nation decreasing. The higher incidence of MSTIDs observed in middle and low latitudes is also consistent with
this result (Otsuka et al., 2013).

To examine the linear development stage of MSTIDs, according to the Perkins instability theory, sinusoidal
perturbations (kx ↘ 2k/100 km↗1, ky ↘ 2k/60 km↗1) with a 5% amplitude were utilized under conditions of varying
electric fields, winds, and magnetic inclinations. Figure 10 illustrates the theoretical variations of the growth rate
of disturbances with different magnitudes of electric fields at x ↘ 60°, and the growth rate variations with or
without horizontal gradients. Note that theoretical growth rate is calculated from the formula given in
Hamza (1999) and Zhou and Mathews (2006), and the growth rate is rewritten as follows:

M ↘ cos I
BHn

}↗E0y ↑
ky

k2k · ↓E0 ↑ U⊥ → B↔⟨ ↑ sin I
Hn

Uzω ↓13↔

where k is the wave vector and k represents its magnitude. Using the parameters shown in Table 1, the theoretical
growth rates for Cases 2 and 3 are 1.40 → 10↗3s↗1 and 2.35 → 10↗4s↗1, respectively. And the growth rates obtained
from the model results are 1.30 → 10↗3s↗1 and 1.73 → 10↗4 s↗1 for Cases 2 and 3, respectively. Figure 11 is similar
to Figure 10 but as a function of magnetic inclinations according to Cases 4–7. All model results are derived from
the results of the linear development stage of disturbances. The disturbances in simulations in Figures 10 and 11
develop in a manner largely consistent with Perkins' theory (Perkins, 1973), although there are still a little
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difference between the simulated and theoretical values. The inclusion of
horizontal gradients slightly increases the growth rate of disturbances, which
is a kind of gradient drift instability. As the electric field increases or the
magnetic inclination decreases, the enhancement of growth rate becomes
more pronounced. The results obtained from Case 1—Case 7 within this
theoretical solution model once again demonstrate that the perturbation
growth rate predicted by Perkins instability theory is insufficient when
considering only the background conditions of the ionospheric F layer during
the magnetically quiet period. Nevertheless, during magnetic storms, the
ionospheric electric field can experience significant amplification, which may
be intense enough to trigger the Perkins instability with a sufficiently large
linear growth rate. Observations indicate that zonal ion drift speeds can surge
up to 1,000 m/s during these periods (Zhang et al., 2017). Similar abrupt surge
in the electric field can be attributed to several factors. Firstly, when the
magnetospheric convection is enhanced following a southward turning of the
interplanetary magnetic field (IMF), highmlatitude ionospheric electric fields
penetrate toward the lowmlatitudes, subsequently generating an eastward
interplanetary penetrating electric field within the ionosphere (Huang, 2019;
Nishioka et al., 2009). Secondly, electric fields associated with SAPS exhibit
a pronounced polar component and can persist for over 30 minutes (Erickson
et al., 2011; Foster & Burke, 2002). Consequently, the northeast direction
emerges as the most plausible vector for the sudden intensification of the
ionospheric electric field during a magnetic storm.

In Case 8, we recurrence the observed scenario during storm time, which potentially enhance the growth rate of
Perkins instability. When the simulated electric field is artificially amplified (Figure 7b), the growth of small
perturbation is obviously accelerated. The disturbance intensity has exceeded 4% at t ↘ 3,400 s, which is
equivalent to the TEC variation amplitude often observed by GNSS receivers. It is worth noting that even though
we also increase the simulated electric field in Case 4 (with smaller density gradients), the disturbance amplitude
only reaches 1.2%, which is smaller than that of the magnetic storm event simulation. According to Equation 6,
this difference between Cases 8 and 4 can be attributed to the increased plasma density and horizontal gradient.
Furthermore, observational evidence indicates that MSTIDs are typically located near the SED base region,
characterized by a substantial density gradient (Zhang et al., 2022). Regardless of whether the electric field
maintains a high value over an extended period or decreases over time, the results consistently emphasize the

decisive role played by the electric field in the development of MSTIDs
during storm time. As shown in Figure 12, the changes in integrated con-
ductivity in Case 8 provide a more intuitive representation of the model's
nonlinear processes. At Time ↘ 2,760 s, stripes appear and become more
pronounced with distortion after 400 s. The larger growth rate associated with
stormmenhanced electric fields in Case 8 leads to the perturbations with the
nonlinear behavior. However, secondary perturbations might not emerge
within such a short timeframe. Further investigation is required to fully un-
derstand its nonlinear behavior.

It is very important to note that Case 9 used a modest electric field value. In
more severe magnetic storm events, the electric field magnitude could be even
greater. The growth of the disturbance exhibits a distinct difference compared
to all previous Cases. The amplitude of density disturbance increases very
slowly, and the conductivity disturbance, which started with an 5% initial
perturbation amplitude, even dissipates. This discrepancy can be attributed to
the stringent constraints imposed by Perkins instability theory on the direction
of the effective electric field E* ↘ E0 ↑ U → B. The observed strong winds in
westward will cause Uw → B with southward component, which is against
Perkins instability growth. For the meridional winds, however, the scenario for
the southward direction in the Northern Hemisphere in x–z plane is shown in

Figure 10. The linear growth rate as a function of the electric fields. Solid
line indicates the growth rate according to Perkins' theory. The symbols (*,
∇) denote the growth rate calculated based on model results with or without
horizontal gradients.

Figure 11. Similar to Figure 10 but as a function of magnetic inclinations
according to Cases 4–7.
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Figure 13. The component U∗
S (perpendicular to B) will cause U∗

S → B with eastward component, which is in favor
of Perkins instability, but the other component, antimparallel to B, is against Perkins instability growth (see the
results of Case 3). Therefore, the influence of meridional wind on disturbance growth is regulated by magnetic
inclination and the magnitude of B. Perkins theory necessitates the wave vector to lie between the northeastward
(the direction of effective electric field) and the eastward geographic direction in the Northern Hemisphere in
Perkins coordinates. The prevailing wind direction in the observation and simulation is southwestward, which
provides a southwestward component U∗

sw perpendicular to B and a component antimparallel to B. The wind
U∗

sw → B alters the direction of the effective electric field E* to southeastward (unfavorable direction for the
southwestward wave vector, which is used in our simulation.) and the antiparallel component also is against the
Perkins instability growth. Thus, both components lead to the dissipation of the conductivity disturbance in Case 9.
The initial integral density profile in Case 9 exhibits a smooth distribution with a certain horizontal gradient. The
wellmstructured perturbations have leaded to organized polarization electric fields Ep. The density perturbation
arises and evolves due to the diverse plasma flow driven by the polarization electric field Ep → B (Figure 9b).

During storm time, the electric fields and winds undergo rapid changes.
Perturbations exhibit varying responses to different background conditions at
distinct developmental stages. Our simulation results indicate that small
perturbations can develop into observable MSTIDs when the electric fields
and winds are favorable for Perkins instability. Conversely, for the cases in
which the effective electric fields are unfavorable, as demonstrated in Case 9,
the amplitude of sinusoidal small perturbations in conductivity gradually
decreased, but the sinusoidal shape remained intact.

Dramatic TID activities were observed during the 2018m08m25/26 magnetic
storm event, MSTIDs were either intensified or well organized in the central
US. Moreover, observed LSTIDs with large wavefronts elongated in the zonal
direction were concurrent and adjacent to these MSTIDs. The temporal
evolution and zonal propagation of MSTIDs during magnetic storms suggest
that, they most likely seeded by the equatorward propagating LSTIDs with
zonal wavefronts (Zhang et al., 2022). These initial perturbations leading to
MSTIDs seem to exceed the 5% value in integrated conductivity used in Case
9. Simulations used also wind measurements at Millstone Hill, which is very
far from the region where dominant MSTIDs were observed. Although
simulations indicate that this particular southwestard wind pattern isn't
favorable for Perkins instability growth, in the cases where there are already

Figure 12. Integrated conductivity in Case 8 at Time ↘ 2,760 s and 3,160 s.

Figure 13. The projection of southward wind in x–z plane.
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significant initial disturbances, intensified stormtime electric fields can facilitate the perturbation to grow and
winds can pull all the plasma features to move along southwestward via drag and dynamo action, despite they
reduce the growth rate. Nevertheless, the contribution of neutral winds to the instability growth or suppression
varies, depending on the wind direction. The timing of stormtime electric fields and winds may determine the time
history of MSTIDs initiation, growth, and decay. The complication of strongly dynamic ionospheremthermosphere
coupling necessitates a sophisticated ionospheremthermosphere model system to comprehensively account for the
interplay between plasma and neutral components during the instability development.

Several important issues still need to be addressed when simulating MSTIDs in twomdimensional space. While the
simulation results align well with the observed propagation direction and changes in perturbation development,
the effect of conjugate ionosphere remains unknown, so is the EmF region coupling, although no Esmlayer was
identified in the storm cases examined by Zhang et al. (2022). Furthermore, the horizontal transport process along
the magnetic field lines is anticipated to redistribute the accumulated plasma, which could possibly shed light on
the late dissipation process of MSTIDs. Future investigations are desired to explore the inclusion of these factors
in threemdimensional numerical models to provide more realistic MSTIDs simulations.

5. Conclusion
In this study, we have conducted a comprehensive investigation into the development of stormmtime MSTIDs at
midlatitude using a twomdimensional ionospheric electrodynamic model. The main results of this work are
summarized as follows:

1. The results of our simulations of MSTIDs suggest that, in order to reproduce the electron density perturbations,
it is essential to consider the storm induced horizontal gradient of the electron density at midlatitudes as initial
ionospheric background. The polarization electric field plays a primary role in this nonlinear process.

2. MSTIDs exhibit faster growth rates at midlatitudes with lower magnetic inclination for a given electric field.
This inference potentially explains the contrasting incidence of MSTIDs latitudinal preference for the same
geographical longitude region.

3. The simulations further demonstrated that during storm time, the presence of enhanced electric fields aligned
favorably for Perkins instability can drive the growth of MSTIDs in the F region, without invoking the Es
instability. Specifically, the amplitude of density disturbance increased from 0% to 4.5% in about 1 hr under the
influence of 30 mV/m applied electric field.

Data Availability Statement
Model results are available from the website http://doi.org/10.17605/OSF.IO/CNXRH (Wang et al., 2024). Solar
wind and geomagnetic index data can be found from NASA OMNIWeb https://omniweb.gsfc.nasa.gov/form/
omni_min.html. Millstone Hill HimRes FPI data can be downloaded from Madrigal: http://cedar.openmadrigal.
org/single?isGlobal↘on&categories↘10&instruments↘5360&years↘2018&months↘8&days↘26.
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