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Abstract. We continue our three-fluid (electrons, ions, and neutrals) approach to describing the dynamic processes of solar wind-magnetosphere-ionosphere/thermosphere coupling based on the three-fluid generalized Ohm’s law, the plasma momentum equation, and the neutral momentum equation which include the electromagnetic coupling among the charged species and collisions among the three species. We study the responses of the ionosphere to a change in the magnetospheric convection. The driver is added only at the top boundary of the ionosphere. The whole system starts evolving in a self-consistent manner. The magnetic field distortion corresponding to a horizontal, instead of field-aligned, current propagates from the magnetosphere to the lower ionosphere. A strong transient Pedersen current is first produced in response and it then decreases to a steady state magnitude. We make runs with different heights of the upper boundary. The transient time for the system to settle appears to be proportional to the Alfven traveling time between the E-layer and the top boundary. It takes about 20 Alfven travel time for the system to reach a quasi steady state. In the quasi steady state, the neutral wind continues to vary slowly. We reverse the magnetospheric convection after 1 hour. An overshoot of the Pedersen current appears before the system settles in a new quasi steady state. We show that the electrostatic approximation commonly used in the magnetosphere-ionosphere coupling models is poor in 10 Alfven travel time, translating to more than 15 min. The assumption that the neutrals remain rest is poor in F-layer. In an hour after an IMF change, the error can be 50%.  

 1. Introduction

How to couple the nearly collisionless magnetosphere to the highly collisional ionosphere/thermosphere is one of the most challenging subjects in space physics. Many models have been proposed and investigated over the last decades. Most of the models of global nature can be classified as either field-aligned current coupling or electric field coupling although the earliest models, e.g. Vasyliūnas [1970] and Wolf [1970], allowed either as the driver, e.g. see reviews e.g., by Cowley [2000] and by Siscoe [2001]. 

The field-aligned current coupling is widely adopted in the magnetospheric community, in particular in global MHD simulation models [e.g., Fedder and Lyon, 1995; Raeder et al., 1995; Tanaka, 1995; Song et al., 1999]. In conventional field-aligned current coupling models, the ionosphere is treated as a height-integrated boundary of the magnetosphere. The field-aligned currents derived from the magnetosphere are diverged to/converged from horizontal Pedersen currents flowing into/out of this boundary. The steady state Ohm’s law in the neutral wind frame of reference links the horizontal Pedersen currents to the ionospheric horizontal electric field and produces the Hall currents. The derived electric field in the neutral wind frame of reference is used to calculate the magnetospheric boundary velocity, assuming the plasma motion to be produced by the electric drift. This approach is not self-consistent because in reality the neutral wind velocity is a function of height as well as time, governed by the neutral wind momentum equation which is not included in the approach. No single inertial frame of reference can be assigned to the neutral wind and, hence, to the Ohm’s law.

Alternative to the field-aligned coupling, widely used in the ionospheric community and inner magnetospheric coupling is the electric field coupling in which the magnetospheric electric field in a specified region, such as at or within the polar cap, is assumed given [e.g., see an excellent review by Richmond and Thayer, 2000]. Solving for and mapping the electric potential is a characteristic of these models. In these models, the ionosphere and the neutral wind/thermosphere, instead of being a height-integrated layer, can be treated as structured layers. With the given magnetospheric electric field, ignoring the induction electric field, the ion velocity is derived from the steady state ion momentum equation, and similarly for the electron velocity. The electric current is then derived while assuming the magnetic field time constant.  Because the ion dynamics and induction electric field are not included in the formalism, the electric field, ion velocity, and neutral wind velocity cannot be derived together self-consistently, except for steady state, in these models.

In addition to these global models, there are many local coupling models. Most of these local models focus on the horizontally nonuniform regions, such as auroral zone and field-aligned current regions using height integrated ionosphere approach [e.g., Lysak, 1999, Strangeway and Raeder, 2001]. Birk and Otto [1996] and Zhu et al. [2001] developed a self consistent magnetosphere-ionosphere/thermosphere model and focused on the applications to 2-D and 3-D situations. 


The perspective of the M-I coupling has been changed fundamentally by a work done by Vasyliūnas [2001] who showed mathematically that the motion of the plasma flow can generate the electric field whereas an externally imposed electric field cannot produce plasma motion, a notion that has been pointed out by Dungey [1958]. In other words, the electric field coupling models reverse the causal relation between the plasma motion and the electric field. In fact, it is common knowledge that when an external electric field is imposed onto a plasma, the charge separation at the boundaries creates an electric field that is opposite to the imposed electric field and shields the imposed one from penetrating into the plasma.
To describe solar wind-magnetosphere-ionosphere/thermosphere coupling, Song et al. [2005a, b] developed a self-consistent formalism of three-fluid with the electromagnetic coupling and collisions among electrons, ions and neutrals. The three key equations, in addition to the Maxwell equations and continuity equations, are the (three-fluid) generalized Ohm’s law and the momentum equations for plasma and neutrals. These three equations describe the variations of three important measurable quantities: the current, plasma velocity and neutral wind velocity. Vasyliūnas and Song [2005] further derived the energy equations for such a three-fluid system to determine the temperatures or pressures in the fluid. They showed that the energy from the solar wind is coupled to the ionosphere through frictional processes instead of Joule heating as generally cited. In principle, the solution of this equation set plus the corresponding continuity equations and Maxwell equations provides a self-consistent description of the coupling from collisionless solar wind and the magnetosphere to collisional ionosphere and thermosphere as the collision frequencies vary from zero to finite values. We emphasize the time-dependent self-consistency of the theory because the neutral wind is solved as a function of height and time. In contrast, many of the conventional magnetosphere-ionosphere (M-I) coupling theories, as discussed above, use a single constant velocity to describe the neutral wind; whereas, neutral wind can be accelerated/decelerated at different rates at different heights in transient magnetospheric processes, such as those during substorms. When the time and height dependences of the neutral wind are included, the ionospheric processes and the coupled magnetospheric processes may be substantially different from those described by previous models and some existing observations may need reinterpretations. 

To understand the nature of the solutions of this equation set, Song et al. [2005a] explored the solutions for simplified steady states and found that the ionospheric currents and plasma velocity with self-consistent neutral wind are quite different from those with a fixed neutral wind. Song et al. [2005b] examined the wave-type solutions and dispersion relations. They found that the low frequency perturbations propagate along the magnetic field much more slowly than the Alfven velocity in the ionosphere due to a neutral inertial loading process as collisions become more and more important. 
The difficulty to solve the equation set numerically arises from the large range of the time scales in which particles respond to the changes in the field and collide with those of other types. At the lower end of the ionosphere, the plasma collision frequencies are in the range of 10-5 s whereas they are greater than 105 s on the top side of the ionosphere. In the present study we examine the solutions in a one-dimensional system responding to a change in the magnetospheric driver of the ionosphere/thermosphere system. This gives a simplified description of the ionospheric responses to an IMF change. Different from conventional models, the driver in our model is a horizontal plasma motion, instead of an electric field or field-aligned currents, at the top boundary of the system because, as discussed above, in MHD the electric field and current are secondary/derived quantities and should not be used as drivers [Vasyliūnas, 2001, 2005a, b, 2007]. The system is not coupled via the electric field and/or field-aligned currents vertically as conventional models are.
Given that the magnetosphere-ionosphere coupling has been a subject of debate for decades, we will focus on the fundamental and immediate consequences from the formalism and, while ensuring the results not in conflict with established general observations, avoid direct comparison with any specific observation. Such comparison will be made after the theory is developed to a relatively realistic stage. In section 2, we start with the three fundamental equations:  three-fluid generalized Ohm’s Law, plasma momentum equation, and neutral momentum equation plus two Maxwell equations; and outline the physical problems we are targeting and our simplifications. In section 3, we show the self-consistent solutions in a one-dimensional system including the ionospheric plasma motion, the current formation and evolution, neutral wind acceleration, and the responses of the system both in time and in height to a magnetospheric convection reversal, which can result from an IMF reversal.  We in section 4 discuss the physical insights we gain from the calculation and the differences from the conventional view.
2. Basic Equations and Numerical Setup

The three-fluid theory treats three species, i.e., electrons, ions, and neutrals [e.g., Gombosi, 1994; Schunk and Nagy, 2000].  The momentum equations for the three species can be combined and rewritten as the generalized Ohm’s law, the plasma momentum equation and the neutral momentum equation for three of the most useful measurable quantities [Song et al 2005]. The three equations are
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where e, Nη, j, V, E, U, B, m, and ((, are the elementary electric charge, the number density of  species η,  the electric current, the plasma bulk velocity, the electric field,  the bulk velocity of  neutrals, the  magnetic field,  the average mass of particles of species (, and the collision frequency between particles of species ( and (, respectively. The subscripts i, e, and n denote ions, electrons, and neutrals, respectively. We have assumed that mi(in>>me(en , that the ions are singly charged and that charge quasi-neutrality holds in the plasma, or Ne =Ni. For simplicity, we have neglected other forces and assumed that the fluid is cold. 

Equations (1), (2), and (3) describe the behavior of the current, plasma motion, and neutral wind, as well as their corresponding species: electrons, ions, and neutrals, respectively. For illustration purposes, we discuss the ionosphere near the north pole, far from the regions of field-aligned currents. This region can be simplified as 1-dimensional, in the z-direction, vertically stratified in the absence of the vertical flow. The ionosphere/thermosphere region we are interested is from 80 km to 1000 km. Figure 1 shows the height-dependent gyro-frequencies, collision frequencies, plasma density, and Alfven velocity, at the north magnetic pole during the winter solstice. They are calculated based on Kelley [1989], Richmond [1995] and Schunk and Nagy [2000] using values from the MSIS model [Hedin, 1987, 1988] and the International Reference Ionosphere (IRI) model [Bilitza, 2001] assuming constant magnetic field strength. The main cause for the changes in the ion gyrofrequency is the ion mass. At 1000 km height, the ion mass is about 2.8 times the proton mass and the plasma density is about 45000 cm-3. Below the ion gyrofrequency, which is less than 273 s-1, our fluid treatment is valid.  The ionosphere appears to consist of an F-layer centered around 300 km and an E-layer near 100 km. The collision effects become dominant below 200 km where the collision frequencies become larger than the ion gyrofrequency. The Alfven speed is about 3000 km/s at the top and decreases in the F-layer. It increases rapidly below the E-layer where the plasma density drops sharply.

For simplicity we assume no flow and current along the magnetic field. Vectors, such as j, E, V, and U as well as the variation of the magnetic field, are of two components in the horizontal plane. After these approximations, an interesting feature of (1) to (3) is that they contain no spatial derivatives. In other words, temporal variations cannot be communicated between different heights with these three equations. The communication in the vertical direction can be accomplished by the electromagnetic field through the Maxwell equations. In nonrelativistic fluid,
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where (0 is the permeability in vacuum. In our calculation, B0 = -50,000 nT is taken as constant with height and is downward. Since the perturbed magnetic field is much smaller than the background field, B is taken as B0 in the zeroth order variable and the variation of the magnetic field in both space and time is treated as the first order variable. We further, in our following calculation, neglect the time derivative of the current in (1) which is of the order of electron characteristic time scales, such as the plasma oscillation and electron gyro periods. The x-direction is antisunward, the y-direction is dawnward and the z-direction is upward. Combining (1) to (5), dropping smaller collision terms and assuming the densities being time constant, we have
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The system starts with V = U = 0 and B = B0. At t = 0, the plasma velocity is given a push at the top boundary in the x-direction. It reaches V0 = 0.001 VA0 in 1 s via an arctangent function, where VA0 is the Alfven speed at 1000 km at the top boundary. This may correspond to the time scale of reconnection onset, the ion gyro period at the subsolar magnetopause. At the top boundary the first order spatial derivative of the magnetic field is assumed to be zero. At the bottom boundary we assume that the spatial derive of the plasma velocity is zero and the magnetic field constant. Equation set (6)-(8) is solved numerically using forward time centred space (FCTS) method [Morton and Mayers, 2005]. The spatial resolution of the calculation is 1 km and the time step is 10-6 s, smaller than any characteristic time scales in the equation set. Here we note that the collision periods in the bottom side ionosphere are extremely small and dictate the time step of the whole calculation.
3. Self-consistent Solution of the Dynamically Coupled System
3.1. Plasma Motion
Figure 2 shows the plasma velocity, in VA0, as functions of time and height. The initial motion at the top of the ionosphere propagates along the field downward through Alfvenic perturbations while collisions reduce the amplitudes of the perturbations and the neutral inertia-loading reduces the propagation speed for lower frequency perturbations [Song et al., 2005b]. The typical Alfven speed in the system is 800 km/s. The Alfven transient time is about 1 sec. The perturbations are partially reflected due to the density gradient. These upward waves are reflected again at the top boundary where the driver is imposed. Figure 3 gives a close look at this initial transition. The top side velocity transition completes in 1 sec as assumed.  The initial perturbation reaches the bottom of the system in about 1 sec. The full strength of the driver is felt at the bottom in 2 sec. Large velocity fluctuations occur in the first 10 sec, see Figure 2b. The antisunward velocity profile reaches an overall quasi-steady shape for plasma in about 20 sec., or longer than 20 Alfven travel times although, as to be shown later, the neutrals continue to accelerate afterward. We also made calculations with the upper boundary at 500 km and 2000 km, not shown, and found that the times for steady state are 12 sec and 39 sec, respectively, confirming that it takes about 20 Alfven travel times for the system to reaches quasi-steady state. 
The dawn-dusk component of the velocity, Vy, is a fraction of the antisunward velocity. To understand the dawn-dusk flow, let us first take a look at (6). The first term on the right of (6) is the magnetic tension force which can be considered as Alfvenic, the second term the plasma-neutral collisional frictional force, and the third the effect of the electron collisions to the whole plasma flow. The last effect is less important in the F-layer and the first effect is less important in the E-layer. 

At the beginning of the transient process, when t is less than 10 sec, in the topside F-layer, a dawnward flow is produced by the secondary effect associated with the sunward bending of the field shown in the last term of (6) where we describe bending with a perspective from a higher altitude. The dawnward bending of the field line associated with this flow produces an additional antisunward flow perturbation which results in a higher antisunward flow velocity than the driver velocity for a short period of time. 
In the E-layer, while the collisions reduce the flow speed, the bending of the field affects the flow tangentially, the last term, instead of the first term of the right, of (6). In this case, the sunward bending of the field line produces a strong duskward flow in the E-layer.
The velocity profile continues evolving in the quasi-steady state as the neutral wind velocity changes.
3.2. Evolution of Magnetic field and Currents 
Figures 3b and 3c show, respectively, the x-component of the magnetic field, in B0, and y-component of the current, in eVA0Ne0, derived from (5), where Ne0 = 45000 cm-3 is the charge density at 1000 km and the ion mass is 2.8 of proton mass at this height,  in the first 2 seconds. In this dynamic stage, the kinks in the magnetic field line, which correspond to the (horizontal) electric current, propagate down from the top ionosphere. The F-layer current is particularly strong in the first second.
Figures 4 and 5 show the two horizontal components of the magnetic field and the current, respectively, in the first 30 sec.  In about 20 seconds, the ionosphere reaches the quasi steady state and the above F-layer field line moves with the same speed as at the top boundary. In the quasi-steady state, the field line cannot be continuously bent when the top side continues to move while the bottom side stays still and slippages occur in between. Above the E-layer, the slippages are proportional to the vertical shear of the horizontal velocity as shown in Figure 2. The slippage is also associated with a change in the current although the density and collision frequency profiles also play a role in it. This can be easily understood by taking spatial derivative of the steady state equation of (2).
In quasi steady state, the Pedersen current proportional to miNein. In the F-layer, a peak in the Pedersen current is produced by the density profile. In the lower portion of the ionosphere where collisions are important, the rapid increase in the collision frequency in the upper part of the E-layer and the rapid decrease in the density at the bottom of the E-layer produces a peak in the Pedersen current. Although the F-layer Pedersen current is weaker, it is thicker compared with the E-layer Pedersen current. It is significant in the overall Pedersen effect. The Pedersen current reaches its peak value more quickly than the Hall current and starts decreasing. There is an antisunward Hall current in the F-layer around t = 2~3 sec in correlation to the dawnward plasma flow. 
3.3. Neutral Wind Acceleration

The neutrals are accelerated by the collisions with ions, the main part of the first term on the right of (3), and by electrons, the main part of the last term of (3). Figure 6 shows the neutral wind velocities for 30 seconds and for an hour. The neutral wind acceleration is, not surprisingly, mainly in the antisunward direction because it is driven by the plasma flow through collisions. The fastest acceleration occurs near 350 km in the F-layer where neutral-ion collision frequency, miNe(in/mnNn, is the highest. At this height the collision time, equivalent to the acceleration time, is about two hours in our case. This is the time scale for the neutrals to catch up with the ions and when the current goes to zero. In one hour, the neutrals are accelerated to a half of the driving plasma speed. It is important to point out that there is little acceleration in the E-layer. The neutrals at the top boundary pick up some plasma speed.
In the dawn-dusk direction, the neutral velocity is much smaller. It is, however, interesting that the neutrals in the E-layer and F-layer move initially in the opposite directions and later all duskward. In general, the neutral-ion collision frequency, (inmiNe/mnNn, is much larger in the F-layer than that in the E-layer and hence the F-layer neutrals respond to the plasma motion more quickly. The small initial dawnward motion in the F-layer is caused by the dawnward plasma motion as discussed above. At later time, the plasma in the F-layer keeps a small duskward flow, which is so weak that it cannot be seen in Figure 2. Since the neutral velocity is in general much smaller in the dawn-dusk direction, the duskward F-layer neutral wind can be seen in Figure 6d, noting that at the end of 1 hour, the neutral wind speed reaches about 50% of the plasma speed in the F-layer. The E-layer neutral wind is accelerated by the large E-layer plasma flow over a longer time scale because of the smaller neutral-ion collision frequency there.  
3.4. IMF Reversal

We reverse the direction of the plasma flow at the top boundary to investigate the possible ionospheric consequences due to a reversal of the IMF, from southward to northward. Figure 7 shows the results of the first 30 sec after the reversal.
With some oscillations, the plasma flow reverses to sunward quickly. The dawn-dusk plasma flow swings back and forth a few times in the F-layer but in the E-layer, it reverses relatively quickly. The magnetic field, on the other hand, is settled more quickly in the dawn-dusk direction but more fluctuating in the x-direction.
 The most prominent response to the IMF reversal is the dawn-dusk (Pedersen) current. There is an overshoot in the current by a factor of 3 in the E-layer and over 50% in the F-layer. The Hall current also overshoots but with about 50%.
The response in the neutrals is negligible in the first few minutes after the reversal.
4. Discussion

4.1. The M-I coupling Mechanism

Given that (1) to (3) hold at each height in the absence of field aligned flows, in order to drive the system, variations have to be able to propagate along the field. Previous models introduced some mechanisms for this purpose. They either imposes a driver, such as an electric field, at every height, or a driver with variations along the field, e.g., field-aligned currents. In the latter mechanism, when the variations along the field cannot be specified, height-integrated formalism is often employed. These imposed drivers deep into the system introduce a component of non-selfconsistency to the system. 

As pointed out by Vasyliūnas [2005], the flow is driven by forces. In quasi neutral plasma, there is no force associated with the electric field, e.g., see (2). Here we should point out that in 2-fluid for electron and ion flows when the electric field appears explicitly in the momentum equations, the electric field acts only to move the two components together and does not drive the plasma as a whole. If imposing an external electric field in a plasma, say in the y-direction in our coordinates, an internal electric field will be created in a plasma oscillation period by a charge separation at the places where the external electric field is introduced. The net electric field inside the system will be zero if the plasma is at rest. Therefore, for magnetosphere-ionosphere coupling purposes, when imposing an “external electric field”, one is imposing a plasma motion instead. It is easy to prove that in single particle theory, the particle electric drift refers to the (self-consistent) internal electric field and not externally imposed electric field [e.g., Tu et al., 2007]. 
In our model, the ionosphere is driven by the (horizontal) plasma flow in the magnetosphere via the magnetic tension force. There is no field-aligned current required. Field-aligned currents are only an end effect at places where the flow is not uniform. The Pedersen current is therefore not produced to link the upward and downward field-aligned currents, but propagates down directly from the magnetosphere as the kinks on the field lines. The coupling of the magnetosphere and ionosphere is through the magnetic tension force.

A quasi steady state is reached when the tension force is balanced by the neutral collision force. In the steady state, there is a slippage along a field line associated with the Pedersen current; i.e., the segment of the field line below the current moves more slowly from above it. This slippage allows that the segment of the field line at the bottom of the ionosphere remains attached to the earth while the top side segment moves with the magnetospheric convection.

4.2. The Dynamical Coupling Time

When the magnetospheric convection changes, the field lines will be distorted and the additional tension force will accelerate the local plasma at each altitude until a new quasi steady state is reached. In the quasi steady state, the neutrals continue to be accelerated by the plasma through collisions in much longer time scales. 
As explained above, in our model, we do not assume that the horizontal electric field is constant along the magnetic field and no potential mapping method is employed. The electric field as a function of height, normalized by V0B0, can be self-consistently derived from (1) and is shown in Figure 8 for 20 Alfven travel time. The variations in the electric field can be over 50% during the transition time. After the quasi steady state is reached, the electric field is constant and the potential mapping becomes a useful method to simplify calculations. We should mention that the time scale for the potential mapping is longer than 10 Alfven travel time and not the travel time of light. 
The key relationship used in conventional M-I coupling theories is Ohm’s law in the neutral frame of reference. It can be derived from the steady state equations of (1) and (2) by eliminating V, see i.e., Song et al., [2001]. 
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 is the conductance tensor. We should first point out that such derived Ohm’s law assumes quasi steady state both in the magnetic field and the plasma motion. As we have shown above, this assumption is not valid within 20 Alfven travel times and very poor in 10 Alfven travel time. This 10-Alfven travel time can be easily obtained from Faraday’s law, given that the beginning magnetic field perturbation of 4.2 x10-3B0, from Figure 2c, velocity of 10-3VA0, Figure 2a, VA0 = 3000 km/s, and height of 900 km. 
If the source of the perturbations is 15 Re above the polar ionosphere, the Alfven travel time is about 1.5 min, translating to at least a 15-min transition time. The strong enhancements, in the first 10 Alfven travel times, by a factor of 3 of the dawn-dusk current after the reversal of magnetospheric convection in our calculation, see Figure 5b, translate to an enhancement of the Pedersen current. 
4.3. The Neutral Wind Effect in M-I coupling 

In many conventional models, in particular the global MHD models, the neutral wind is assumed stay still, E = E’ in (9). Figure 9 shows the error from this approximation. The error can be as large as 50% in the F-layer in one hour and increases with time as the neutrals pick up the plasma flow speed. The error in the electric filed remains negligibly small in the sunward direction in all heights in a few hours. Since the error is largest in the F-layer, additional care is needed when interpreting observations or injecting measurements to models from different heights.
5. Conclusions

We have applied a three-fluid formalism to an incompressible 1-dimensional ionosphere/thermosphere without vertical flow to study the magnetosphere-ionosphere coupling. This simplified ionosphere may describe the essence of the situation well within the polar caps. In this 1-dimensional model, the ionosphere/thermosphere system is driven by a (uniform) horizontal magnetospheric flow at the top boundary. The ionosphere/thermosphere system is driven via the magnetic tension force. The horizontal electric field varies both in time and height, instead of being simply mapped down.  The horizontal currents propagating down from the magnetosphere associated with the kinks on the magnetic field lines. This is in contrast to the notion that horizontal currents result from field-aligned currents. Furthermore, the neutral wind velocity also varies in time and height. This removes the inconsistency introduced by assuming a single time-independent frame of reference of the neutral wind widely used in many magnetosphere-ionosphere coupling models.
Time-dependent solutions are derived self-consistently for this 1-D model. The system responds to the magnetospheric driver very quickly in a time scale of the Alfven travel time. However, large perturbations persist for about 10 Alfven travel time and the system reaches a quasi steady state in 20 Alfven time, a dynamic process substantially longer than that has been generally predicted. During the transition period, enhanced flow and Pedersen currents may occur. Velocity reversals in height may also occur in both plasma and neutral wind during the transition. The horizontal electric field typically overshoots 50% before settling to a quasi steady state. The acceleration of the neutral wind appears fastest in the F-layer where a steady state can be reached in few hours.
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Figure Captions

Figure 1. Ionospheric parameters used in the calculation. The collision frequencies and gyrofrequency as functions of altitude, left panel, are calculated based on formulas given by Kelley [1989]. The electron density, right panel, and the ion mass, included in the Alfven speed and the ion gyrofrequency, are derived from International Reference Ionosphere model. The magnetic field is assumed constant of height.
Figure 2. The horizontal plasma velocity, normalized by VA0, as functions of height, for the first 30 sec after the top boundary starts moving with  Vx in antisunward and Vy dawnward.
Figure 3. The x-component of the plasma velocity normalized by VA0, panel a, and magnetic field normalized by B0, panel b, and the y-component of the current normalized by eNe0V0, panel c, for the first 2 sec.

Figure 4. The horizontal components of the magnetic field, normalized by B0, as functions of height, for the first 30 sec.

Figure 5. The horizontal components of the current, normalized by VA0, as functions of height, for the first 30 sec.

Figure 6. The horizontal neutral wind velocity, normalized by VA0, as functions of height, for the first 30 sec, panels a and b, and for 1 hour, panels c and d.  

Figure 7. The horizontal plasma velocity normalized by VA0, panels a and b, the horizontal components of the magnetic field normalized by B0, panels c and d, and horizontal components of the current normalized by eNe0V0, panels e and f, as functions of height, for 30 sec after the flow reversal at the magnetospheric boundary. 

Figure 8. The y-component of the electric field, normalized by B0VA0, as functions of height, for the first 20 sec after the top boundary starts moving, panel a, and 20 sec after the flow reversal at the magnetospheric boundary, which occurs 1 hour after the start of the calculation. 

Figure 9. The y-component of the electric field in the neutral wind frame of reference, normalized by B0VA0, as functions of height for 1 hour after the start of the calculation.
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