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Abstract

:

A newly developed three-dimensional electrostatic fluid model solving continuity and current closure equations aims to study phenomena that generate ionospheric turbulence. The model is spatially discretized using a pseudo-spectral method with full Fourier basis functions and evolved in time using a four-stage, fourth-order Runge Kutta method. The 3D numerical model is used here to investigate the behavior and evolution of ionospheric plasma clouds. This problem has historically been used to study the processes governing the evolution of the irregularities in the F region of the ionosphere. It has been shown that these artificial clouds can become unstable and structure rapidly (i.e., cascade to smaller scales transverse to the ambient magnetic field). The primary mechanism which causes this structuring of ionospheric clouds is the   E × B  , or the gradient drift instability (GDI). The persistence and scale sizes of the resulting structures cannot be fully explained by a two-dimensional model. Therefore, we suggest here that the inclusion of three-dimensional effects is key to a successful interpretation of mid-latitude irregularities, as well as a prerequisite for a credible simulation of these processes. We investigate the results of 2D and 3D nonlinear simulations of the GDI and secondary Kelvin–Helmholtz instability (KHI) in plasma clouds for three different regimes: highly collisional (≈200  km ), collisional (≈300  km ), and inertial (≈450  km ). The inclusion of inertial effects permits the growth of the secondary KHI. For the three different regimes, the overall evolution of structuring of plasma cloud occurs on longer timescales in 3D simulations. The inclusion of three-dimensional effects, in particular, the ambipolar potential in the current closure equation, introduces an azimuthal “twist“ about the axis of the cloud (i.e., the magnetic field  B ). This azimuthal “twist” is observed in the purely collisional regime, and it causes the perturbations to have a non-flute-like character (   k ‖  ≠ 0  ). However, for the 3D inertial simulations, the cloud rapidly diffuses to a state in which the sheared azimuthal flow is substantially reduced; subsequently, the cloud becomes unstable and structures, by retaining the flute-like character of the perturbations (   k ‖  = 0  ).
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1. Introduction


The study of the evolution of plasma clouds in the near-Earth space environment has historically been of great interest to the space physics community. Experiments involving releases of metallic vapors, molecular vapors, and plasma into the ionosphere have been used as diagnostic methods to measure atmospheric parameters, plasma flows, and parallel electric fields. Long-range coupling to the environment is one of the most important aspects of the plasma releases, which concern the understanding of the formation of the ubiquitous striations and deformations of the plasma clouds. In addition, other experiments have been conducted in the ionosphere in order to induce natural large-scale ionospheric instabilities [1]. For example, barium clouds can become ionized due to photoionization [2] and exhibit development of striations and distortions [3,4]. The primary mechanism which causes this structuring of ionospheric clouds is the   E × B  , or the gradient drift instability (GDI) [5,6]. Therefore, in this work, we investigate the dynamics of three-dimensional plasma clouds using a newly developed three-dimensional electrostatic fluid code.



The gradient drift instability (GDI) is a collisional interchange instability that occurs when the neutral wind acts as an inertial force opposite to the density gradient and it depends on certain geometric conditions of the electric field, magnetic field, and density gradient. For the F region, which is the focus of our work, each of these must have components orthogonal to each other. Small perturbations along the density gradient interface can lead to the development of charge separation. This results in a perturbed electric field which undergoes a perturbed   E × B   drift with no immediate damping mechanism. This instability is a common mechanism by which irregular structures in the F region break down into smaller ones [7,8].



A 3D finite difference model by Refs. [9,10] is employed to demonstrate the nature of meso-scale (i.e., medium scales ranging of   0.1    km  to a few  kms ) structuring in mid- and high-latitude plasma patches through a combination of primary gradient drift and secondary Kelvin–Helmholtz instabilities. The Kelvin–Helmholtz instability (KHI) is a fluid instability of a plasma. It is a shear-driven instability, where the existence of a velocity difference across an interface causes a small perturbation to growth, leading to vortex formation. A classic example is the generation of water waves by wind blowing over the surface of the water. Other work including 3D models [6] studied the evolution of purely collisional plasma clouds and showed that finite plasma temperatures, combined with fully three-dimensional plasma dynamics, provide a stabilizing effect on plasma clouds agreeing with analytical theory. This stability is associated with sheared azimuthal ion flows in the vicinity of the plasma cloud surface [6,11]. Previous three-dimensional models have limitations that are addressed by this work. For example, some of the neglected aspects of the 3D simulation of plasma clouds in Ref. [6] can be remedied by the inclusion of the ion inertia effects, as well as the ion–electron collision frequency. Thus, with the combined 3D effects in the potential equation (neglecting electron parallel dynamics in the continuity) and inertial effects, a better understanding and interpretation of plasma turbulence processes can be achieved than offered by 2D numerical models [12,13,14]. The objective of this work is to study the evolution of ionospheric plasma clouds in the F region using a nonlinear three-dimensional fluid model, motivated by the study of mid-latitude ionospheric disturbances relevant to space weather radar observations. Section 2 provides a summary of the mathematical framework and numerical model. Section 3 discusses the numerical results and the differences between the 2D and 3D models. Section 4 provides an in-depth discussion of the results and compares them to the literature. Finally, Section 5 has concluding remarks and discusses possible future work directions.




2. Materials and Methods


2.1. Basic Assumption and Equations


The ambient magnetic field (i.e., geomagnetic field) is assumed to be purely in the   z ^   direction and the background neutral wind is in the   x ^   direction. Both the electrons and ions are assumed to be warm (i.e.,    T e  =  T i  = 1000     K  or ≈   0.1   eV ). The plasma is assumed to be quasi-neutral (   n i  =  n e  = n  ) and we consider the electrostatic limit (i.e., the divergence of the current is zero   ∇  ·  J = 0  ), where T and n are the temperature and number density. We consider three regimes: highly collisional, collisional, and inertial. The collisional cases correspond to the lower F region and the inertial case corresponds to the high F region. We characterize the effect of collisions by the collisional dimensionless parameter R, which is defined as   R =  ν  i n   /  Ω  c i   −  ν  e n   /  Ω  c e    , where   ν  α n    is the collision frequency between species  α  (ions or electrons) and neutral particles, and   Ω  c α    is the cyclotron frequency of the species  α . The dimensionless parameter R can be calculated as a function of altitude using data from the IRI, NRLMSISE-00, and IGRF modules [15,16,17]. In particular, we reference Figure 7 from Ref. [13], which was used here to calculate the corresponding altitudes for each of the three different regimes (i.e., highly collisional, collisional, and inertial) for the 2D and 3D simulations.



The numerical model is primarily concerned with a large-scale motion of the convection of plasma (i.e., such things as plasma frequency, gyrofrequency are not resolved); therefore, it resolves timescales associated with the   E × B   and diamagnetic drifts. The model considers the equations representing continuity (mass conservation), energy, and current closure (charge conservation). These equations form a system of nonlinear partial differential equations which are discretized in space using the pseudo-spectral method, and time integrated using the Runge–Kutta method [13,14,18]. For simplicity, the full 3D non-linear model considers all Fourier basis functions (i.e., all periodic directions). Thus, our three-dimensional equations for a warm plasma cloud in a uniform magnetic field   B = B  z ^    and uniform background neutral wind are given by


    ∂ n   ∂ t   −   ∇ ϕ × B   B 2    ·  ∇ n = D  ∇ 2  n  ,  



(1)






   3 2   n α   k B    ∂  T α    ∂ t   +  3 2   n α   k B   V α   ·  ∇  T α  +  n α   k B   T α  ∇  ·   V α  = 0  ,  



(2)






        ∇  ·   n ∇   ∂ ϕ   ∂ t     ︸   KHI  Development   =    1  Ω  c i    +  1  Ω  c e      − 1   [    −   ν  i n    e  Ω  c i      ∇ 2   P i  +   ν  e n    e  Ω  c e      ∇ 2   P e   ︸  Asymmetry        +       ν  i n    Ω  c i    +   ν  e n    Ω  c e      u × B  ·  ∇ n − ∇  ·  [ n ∇ ϕ ]   ︸   GDI  Development   ] −    ∇  ·   n  V  E × B    ·  ∇ ∇ ϕ   ︸   KHI  Development    ,     



(3)




where n is the number density, D is the numerical diffusion constant,  u  is the neutral wind speed,  P  is pressure,  V  is velocity,   k B   is the Boltzmann constant, and   ν  α n    is the collision frequency defined above. The artificial diffusion, D, is necessary to deal with numerical errors and chosen to be as small as possible to have minimal physical impact on the results. The electric field is defined as   E = − ∇ ϕ  . The energy equation, Equation (2), is included in the numerical model; however, it has a negligible impact on the development of the GDI in this particular regime. In Equation (3), a physical description of each term is shown. Terms indicated by “KHI Development” represent the evolution of secondary KHI or any sort of inertial effect. The term indicated by “GDI Development” represents the evolution of the GDI in our regime. Finally, the term indicated by “asymmetry” is the reason behind our asymmetry in the domain due to pressure/temperature effects (discussed in further detail later in our results). Note, this is not the sole role behind each term in Equation (3); however, for our specific problem, this represents the importance of each term.



For Equation (3), we can rewrite   ∇ =  ∇ ⊥  +  ∇ ‖   , where   ∇ ⊥   represents the direction perpendicular to the magnetic field (i.e.,   x ^   and   y ^  ), while    ∇ ‖  =  ∂  ∂ z     represents the direction parallel to to the magnetic field (i.e.,   z ^  ). The geometry for this numerical model is the following:   x ^   is north,   y ^   is east, and   z ^   is down or vertical, as shown in Figure 1. Additionally, it is beneficial to set   x ^   to be along the direction of neutral wind, since it is the direction of motion of the plasma cloud, thus determining which interface will be unstable to the GDI (the interface at which the GDI will grow).




2.2. Initial Conditions


The density was initialized such that there is a plasma cloud of high density surrounded by a lower density background plasma. This configuration is unstable to the GDI on the right interface of the   x y   plane (i.e., the leading edge of the cloud). The density was modeled using a Gaussian-type function and can be expressed in 3D as:


  n  ( x , y , z )  =  n 0   a exp  −       x −  x 0    r 0    2  +     y −  y 0    r 0    2  +     z −  z 0    r 0    2   p   + d   ,  



(4)




where   d = 1  ,   a = 5   (i.e., the cloud-to-background density ratio is 5 to 1), and p is the power on the Gaussian argument. The cloud’s radius is defined by the value   r 0  . The parameters were chosen to be similar to case B1 in the work by Ref. [6]; thus, for our spherical cloud, the radius was set to 100  m . Additionally, the density was initialized with a random noise perturbation of   ± 0.07     n 0  , where    n 0  =  10 11      m  − 3   .



The Gaussian exponent, p, determines how steep the density gradient is, which in turn determines how strong the GDI is. For the simulations presented here, these values were chosen as the following:   p = 3  ,    r 0  = 100  ,    x 0  =  y 0  =  z 0  = 320  .





3. Results


3.1. 2D Simulations of Nonlinear Evolution of the GDI and the KHI


In this section, we investigate the results of the gradient drift instability (GDI) in a plasma cloud using our previously developed two-dimensional fluid numerical model [8,13]. We consider three regimes: highly collisional, collisional, and inertial. Figure 2 shows a 2D simulation of a plasma enhancement cloud for a highly collisional regime with an ion-neutral collision frequency of    ν  i n   = 29.6    Hz , which corresponds to an altitude of approximately 200  km . Due to the direction of the density gradient and its interaction with the neutral wind in the   x ^   direction, the plasma cloud drifts to the right, as shown in Figure 2b. There are no signs of the trailing edge rolling up into themselves. Instead, a smooth tail extends out because of the high collisionality. In Figure 2c, the leading edge (i.e., right side) becomes unstable to the GDI and begins to bifurcate as a nested finger-like structure extends outwards. Figure 2d shows the continued growth and extension of the nested secondary finger-like structure. The leading edges begin to bifurcate further as a secondary GDI-induced bifurcation forms, as shown in Figure 2e,f. Due to the fast neutral wind, a tail is observed to grow over time. Therefore, it is clear that the GDI dominates the structuring of a plasma cloud in the highly collisional regime. Additionally, it is worth noting here that for these simulations, the boundary conditions are double periodic, since the cloud leaves the domain on the right side and will loop around to reappear on the left side.



Figure 3 shows the results of a 2D plasma enhancement cloud simulation in a collisional regime with    n n  =  10 16      m  − 3   ,    ν  i n   = 2.96    Hz , and that corresponds to an altitude of approximately 300  km . As the cloud moves further to the right, the leading edge of the cloud becomes unstable to the GDI, and a finger-like structure begins to form, as seen in Figure 3c. Figure 3d shows the continued growth of the GDI. The trailing edges begin to curl into themselves, indicating the onset of secondary KHI. Further in time, the finger-like structure emerges from the middle of the cloud that represents the fastest growing mode from a random noise perturbation. Figure 3e,f shows the tip of the center finger-like structure develops into a secondary KHI, as evidenced by the mushroom-like structure. Compared to the previous 2D simulation in Figure 2, it is clear that the primary GDI still dominates the structuring of a plasma cloud in the collisional regime, even with the presence of secondary KHI.



Figure 4 shows the simulation of a 2D plasma enhancement cloud in the inertial regime with    n n  =  10 15      m  − 3   ,    ν  i n   = 0.296    Hz , which corresponds to a higher altitude of approximately 450  km . Figure 4b shows the plasma cloud moving to the right as the trailing edges begin turning in on themselves into the start of a vortex. Figure 4c shows the initial formation of a finger-like structure emerging from the center of the the leading edge of the cloud indicating a GDI. Figure 4d,e shows the continued development of the trailing edge of the cloud to form vortices. The GDI begins to roll in on itself due to a secondary KHI, as seen in Figure 4f as the trailing edge vortices continue to roll up. Additionally, Figure 4f shows the increasing growth of the secondary KHI of the primary GDI. Due to the low collisionality in the inertial regime, this leads to no tail development (i.e., cloud is not elongated along the   x ^   direction). Rather, the trailing edge vortices dominate the tail structure. Therefore, the plasma cloud structure is dominated by the development of the KHI in the inertial regime.




3.2. 3D Simulations of Nonlinear Evolution of the GDI and the KHI


In this section, we investigate the gradient drift instability (GDI) in a plasma cloud using the nonlinear 3D fluid model discussed in Sec. 1.1. All figures in this section represent simulations that are taken at the exact time frames of the 2D simulations. Initially, the 2D slices taken in the mid-plane of   z ^   shown in Figure 5a,b exhibit a very similar trend to the 2D simulation results for the high-collisionality case in Figure 2. However, the results start deviating starting from Figure 5c. Similar to Figure 2b, Figure 5b shows the entire cloud moving smoothly along the   x ^   direction with no curling edges due to high ion-neutral collision frequency. As the   x y   plane leading edge becomes unstable to the GDI, the cloud begins to bifurcate initially as it drifts along the   x ^   direction, only for the finger-like structures to start curving around or show a distinct “twist” of the   x y   plane leading edge fingers. Compared to 2D simulation results from Figure 2, the inclusion of the 3D effects plays a role in the evolution of the 3D plasma cloud in a highly collisional regime. Likewise, for the 3D simulation results for the highly collisional regime, it is clear that the GDI dominates the evolution of the plasma cloud, as evident by the elongated very smooth cloud along the   x ^   direction.



To further understand the difference in the observed behaviour of the plasma cloud in a highly collisional regime when the 3D effects are taken into account, we can look at a 2D slice taken in the mid-plane of   y ^   shown in Figure 6. In Figure 6c, finger-like structures begin to form on the   x z   leading edge of the cloud, and as time progresses, the structuring leads to formation of the very fine scaled fingers shown in Figure 6d,e. These elongated fingers have a larger scale length in the   x ^   direction than that in the   z ^   direction, as observed in Figure 6f.



Figure 7 shows the results of 2D slices in the   x y   plane taken at the mid-plane of   z ^   in a collisional regime with    n n  =  10 16      m  − 3   ,    ν  i n   = 2.96    Hz , and at an altitude of ≈300  km . Compared to the 2D simulations results in the collisional regime, Figure 7b follows a similar trend as the plasma cloud drifts along the   x ^   direction, as the trailing edge rolls up to form vortices in the   x y   plane. In Figure 7c,d, we can see the emergence of the GDI as a finger extending outward from the leading edge of the plasma cloud in the the   x y   plane. In comparison to results from Figure 3, there is a much more pronounced bifurcation that can be seen in Figure 7e induced by the primary GDI extending in the   x ^   direction. Figure 7f shows the beginning of the formation of a secondary KHI at the tip of the finger-like structure. Generally, we notice the GDI growing more slowly compared to the results of Figure 3. Similarly, the GDI dominates the structuring development of the cloud in the collisional regime despite the early signs of secondary KHI in Figure 7f.



Figure 8 shows the results of 2D slices in the   x y   plane at the mid-plane of   z ^   in the inertial regime with    n n  =  10 15      m  − 3   , and    ν  i n   = 0.296    Hz , and an altitude of ≈450  km . Figure 8a,b shows the initial plasma cloud as it begins drifting along the   x ^   direction in the   x y   plane, which is very similar to the 2D results in Figure 4. These results are also similar to those of the 2D simulations in the inertial regime with the exception of the growth rate, which is observed to be slower than Figure 4, even more so in the inertial regime compared to the collisional one. The 3D simulations of the inertial regime show that the KHI dominates the structure development of the plasma cloud as expected due to low ion-neutral collisions. For all of the 2D and 3D simulation results presented here, there is some asymmetry being observed, particularly in the trailing edge of the plasma cloud. This asymmetry is observed in the collisional and inertial regimes, and it is due to temperature (pressure) effects in our current closure equation Equation (3). In particular, an ambipolar potential develops that balances the electron pressure along the magnetic field. This ambipolar field causes the cloud to spin around its axis along B. The pressure term in Equation (3) is axisymmetric (which is also midplane symmetrical); however, the other terms have midplane antisymmetry and not axisymmetry. Then, when all terms are added together, this results in an asymmetry all around that we observe.





4. Discussion


In Section 2, we present both nonlinear two-dimensional and three-dimensional simulations of the GDI and KHI, applicable to the plasma enhancement cloud. For the three-dimensional highly collisional simulation, at an early time in the evolution of the cloud, structures exhibit a “twist” as they develop, shown in Figure 5c. This is because of the ambipolar potential produced by the first term in Equation (3) (i.e., electron pressure terms parallel to  B  in the potential equation) causing the cloud to rotate about its center field-aligned axis, which is aligned with the magnetic field in   z ^  . The rotation rate varies with the position along the length of the cloud (along  B ), meaning the propagation rate is not uniform and it increases away from the mid-plane of   z ^  ; therefore, this “shears” the cloud into a twist or “barber pole configuration” [6].



This shear in the azimuthal rotation observed in Figure 5c,d can force the GDI, which is primarily an electrostatic flute mode (i.e., generates perturbation in the density transverse to the magnetic field  B  (  k  ‖ = 0   )), to have a finite   k ‖   [19]. This result is consistent with previous 3D simulations of purely collisional plasma clouds [6] and with the behaviour described by Ref. [11]. Over time-scales of seconds, longer wavelength phenomena which are also propagating around the cloud start to dominate and eventually produce the bifurcation of the cloud shown in Figure 5f. This is different from the 2D highly collisional results where the finger-like structure emerges from the GDI-induced bifurcation unconstrained by azimuthal “shears“, as shown in Figure 2c.



Figure 9 illustrates the azimuthal “twist” for the 3D simulations for each of the three regimes: highly collisional, collisional, and inertial. These plots demonstrate the evolution of the cloud particularly at early times, before any structuring dominates the cloud evolution. The density value is chosen close to the surface of the cloud, since the numerical simulations of Ref. [6] observe azimuthal flows in the vicinity of the cloud surface. In the highly collisional regime, we observe the azimuthal “twist”, and as we move further away from (above) the mid-plane of   z ^   (black dashed line), the rotation becomes more prominent and it alters the flute-like character of the GDI, as evident by the narrow finger-like structures growing in the   x z   plane, indicating a finite   k ‖   in Figure 6. However, for the collisional and inertial simulations, there is little to no azimuthal rotation observed at the early times of the simulations. Instead, much later in time (not shown here), at the non-linear stage where the secondary KHI dominates the structuring, we observe some azimuthal “twisting” in that phase, particularly in the trailing edges. However, this azimuthal rotation is not significant enough to introduce a non-flute-like character in our structuring process (i.e.,    k ‖  = 0  ). Similarly, for the collisional 3D simulations, the presence of ion inertia, even when not fully dominating the structuring process, still plays a role in the reduction in the azimuthal “shear” that we observe in the highly collisional case. Additionally, Figure 10 shows the counter-clockwise azimuthal twist for the highly collisional simulations at three different times, as we move away from the mid-plane of   z ^   before any structuring dominates and the cloud bifurcates.



In the collisional two-dimensional simulations, we notice that early in the nonlinear stage, a leading edge finger structure has formed. The high-density finger grows outward into the low-density plasma. Subsequent nonlinear evolution involves the elongation of the finger structure. The behavior of the plasma and structure evolution for the inertial regime is very different from that of the collisional regime, as the finger-like structure forms mushroom heads that tend to thicken. The finger structure in the inertial regime is wider (i.e., undergoing an inverse cascade in the y direction), seen in Figure 4e for 2D simulations, and Figure 8f for 3D simulations. This is in contrast to the 2D and 3D simulation results in the collisional case (Figure 3d,e), where no inverse cascade is observed.



Finally, for the two-dimensional collisional plasma enhancement cloud simulation, the structuring occurs on a much faster timescale, which is consistent with previous work [20], as shown in Figure 3, compared to three-dimensional collisional simulations where the structuring develops slower, as seen in Figure 7. In particular, for the 3D simulations for the inertial regime, the slowing down of the structuring process is more pronounced, as seen in Figure 8f, compared to 2D inertial results in Figure 4f. In other previous two-dimensional simulations, results have shown that the structuring of a plasma patch occurs on faster timescales that lead to the patch disintegrating into small-scale structures [12]. In 2D simulations, there is a rapid structuring process in the nonlinear phase that can be explained as follows. As the perturbation develops, very steep localized density gradients develop in the finger structure. Since the growth rate of the instability is inversely proportional to the density gradient scale length, the structuring proceeds faster. In contrast, the inclusion of three-dimensional effects leads to some reduction in the growth rates for the GDI, as observed from our results in Section 2. This can be further investigated in the future by including parallel dynamics, which is known to produce a significant slowing down of the structuring process in 3D simulations due to the parallel electric field shorting out the transverse electric field caused by the instability [10,20,21].




5. Conclusions


A nonlinear fully three-dimensional numerical model was used to investigate the GDI and KHI associated with the evolution of ionospheric plasma clouds. These results were presented and then contrasted to our two-dimensional fluid model, as well as other previous similar three-dimensional simulations [6,19,20]. Three different regimes were taken in consideration, a highly collisional (i.e., altitude ≈ 200  km ), collisional (i.e., altitude ≈ 300  km ), and an inertial regime (i.e., altitude ≈ 450  km ). The two-dimensional simulations of both collisional and inertial regimes were as expected and in agreement with previous studies that show that the behavior of plasma clouds have a dependence on the altitude due to the collisionality [7,12,22]. However, for the three-dimensional simulation results, we generally observed slower growth rates, particularly in the inertial regime. Additionally, we showed that the inclusion of three-dimensional effects without the parallel dynamics (in the continuity equation) still plays a role in the evolution of plasma clouds. This is further highlighted in the 3D highly collisional simulation results, where the ambipolar potential causes the cloud and surrounding plasma to rotate around the axis of the cloud which is aligned with  B . This azimuthal rotation or “shear” is also consistent with previous work that shows that the inclusion of the parallel electron pressure term in the potential equation impacts the purely collisional 3D plasma cloud. Additionally, in our 3D simulations, for a spherical plasma cloud, we observe that the local perturbations propagate in the azimuthal direction and that the propagation depends strongly on the latitude above or below the mid-plane of   z ^  . In particular, the propagation rate is small at the mid-plane, and it increases sharply above and below. As a consequence, the structures are convected into a “barber pole configuration” and lose their flute-like character (i.e.,    k ‖  ≠ 0  ). We also investigate the azimuthal flow in collisional and inertial regimes to find that the inclusion of ion-inertial effects significantly reduces the azimuthal “twist” and retains the flute-like characters of the GDI. Future work will include other additional effects, such as electron parallel dynamics in the continuity equation, as well as the calculations of the ion and electron transport coefficients. Additionally, a better understanding of the local linear theory analysis is needed to investigate the growth rates for the gradient drift instability (GDI) with finite   k z   [21]. In order to obtain higher spatial resolution simulations for proper comparison to experimental observations, a full parallelization must be implemented to the current 3D numerical model. The results presented here offer a form of validation to our nonlinear 3D model by comparing our results to previously understood benchmark problems, such as the evolution of plasma clouds. However, the ultimate goal is to apply our model to study mid-latitude ionospheric phenomena, such as Subauroral polarization streams (SAPS), Polar Cap Patches, and mid-latitude ionospheric disturbances relevant to space weather radar observations.
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Figure 1. A diagram illustrating the geometry of a 3D plasma cloud in a background plasma with labeled axes and important vectors. The density inside the cloud is high, while the background plasma has a low density. The magnetic field is in the   z ^   (i.e., vertical) direction. The neutral wind is in the   x ^   direction (i.e., north). This configuration is unstable to the GDI on the leading edge of the cloud (i.e., along the neutral wind direction). The density was modeled using Equation (4). 
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Figure 2. Density color plots of the 2D simulations showing the evolution of a plasma enhancement cloud in a highly collisional regime. The trough of the GDI-induced bifurcation becomes unstable to a secondary GDI. Panels (e,f) show the continuation of the secondary instability development emerging from the center of the plasma cloud. Note that since the neutral wind is fast, the cloud elongates in the   x ^   direction as the tail gets longer further in time. In the highly collisional regime, the plasma cloud structure is dominated by the development of the GDI. 
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Figure 3. Density color plots of the 2D simulations showing the evolution of a plasma enhancement cloud in a collisional regime. Panel (a) shows the initial cloud. Panel (b) shows the cloud moving to the right. A finger-like structure extends from the center of the cloud, as seen in Panels (c,d). In Panels (e,f), a GDI-induced bifurcation begins to form as the tip of the finger-like structure curls into itself into a secondary KHI indicated by the “mushroom heads”. 
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Figure 4. Density color plots of the 2D simulations showing the evolution of a plasma enhancement cloud in an inertial regime. Panel (a) shows the initial cloud. In panel (b) the cloud begins moving to the right with the trailing edge rolling up. Panels (c,d) show the beginning of a GDI developing as the finger-like structure starts forming on the leading edge. Panel (e) shows the continued growth of the GDI, as well as the trailing edge vortices continuing to roll up. Panel (f) shows the continued vortex mixing, as well as the onset of a secondary KHI. 
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Figure 5. Density color plots of 2D slices at the mid-plane of   z ^   showing the evolution of a 3D plasma enhancement cloud simulation in a highly collisional regime. Panels (c,d), show the   x y   leading edge becomes unstable and starts to bifurcate. Panels (e,f), show the continual growth of the bifurcation as finger-like structures curl up along the   y ^   direction. Note that the cloud elongates in the   x ^   direction as the tail grows, as seen in Figure 2. 
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Figure 6. Density color plots of 2D slices at the mid-plane of   y ^   showing the evolution of a 3D plasma enhancement cloud simulation in a highly collisional regime in the   x z   plane. Panel (b) shows the cloud drifting along the   x ^   direction. Panels (c,d) show the formation of leading edge fingers in the   x − z   plane. Panels (e,f) show the continued growth of these finger-like structures as the cloud elongates along the   x ^   direction. 
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Figure 7. Density color plots of 2D slices at the mid-plane of   z ^   showing the evolution of a 3D plasma enhancement cloud simulation in a collisional regime. Panel (a) shows the initial cloud. Panel (b) shows the cloud then begins to move to the right, with the trailing edges slightly rolling up. In panels (d,e), a bifurcation begins as a finger-like structure extends from the plasma cloud. In Panel (f), the tip of the finger-like structure curls into itself, forming a secondary KHI. 
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Figure 8. Density color plots of 2D slices at the mid-plane of   z ^   showing the evolution of a 3D plasma enhancement cloud simulation in an inertial regime. Panel (a) shows the initial cloud. Panel (b) shows the cloud then begins to move to the right. A finger-like structure extends from the center of the cloud, as seen in Panel (c,d). In Panel (e,f), a GDI-induced bifurcation begins to form as the tips of the finger-like structure curl itself into a secondary KHI indicated by the “mushroom heads”. In the inertial regime, the plasma cloud structure is dominated by the development of the KHI. 
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Figure 9. Contour plots of different latitudes above the mid-plane of   z ^   at a single density value, for each of the three regimes: highly collisional (i.e.,    ν  i n   = 29.6    Hz ), collisional (i.e.,    ν  i n   = 2.96    Hz ), and inertial (i.e.,    ν  i n   = 0.296    Hz ). 
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Figure 10. Early time evolution of contour plots of different latitudes above the mid-plane of   z ^   at a single density value, showing the highly collisional regime (i.e.,    ν  i n   = 29.6    Hz ) with a counter-clockwise azmithal twist. 
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