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Abstract We examine the forces that determine zonal wind structure in the low-latitude evening

thermosphere and its relation with ion-neutral coupling. These winds drive the evening F region dynamo

that affects the equatorial ionization anomaly (EIA) and the generation of plasma irregularities. Forces are

calculated using the Thermosphere-Ionosphere-Electrodynamics General Circulation Model coupled with

the Global Ionosphere-Plasmasphere model. At 19 LT, the horizontal pressure gradient dominates the net

acceleration of neutral winds below ∼220 km, while it tends to be offset by ion drag and viscosity higher

up. The eastward pressure-gradient acceleration above 200 km increases approximately linearly with height

and tends to be similar for different latitudes and different levels of solar activity. The pressure-gradient

and ion-drag forces in the central F region approximately balance for field lines that pass through the EIA.

Viscosity is an important additional force at non-EIA latitudes and in the bottomside and topside EIA

ionosphere. An increase in E region drag on plasma convection due to increased nighttime ionization

causes both the ion and neutral velocities in the F region to decrease, while the velocity difference tends to

be maintained. The presence of a low-latitude evening time vertical shear in the zonal wind is associated

primarily with a strong eastward pressure-gradient acceleration at high altitude that reverses the daytime

westward wind and a weak low-altitude pressure-gradient acceleration of either eastward or westward

direction that fails to reverse the low-altitude westward wind present in the afternoon.

1. Introduction

Plasma convection in the nighttime low-latitude ionosphere is strongly influenced by thermospheric winds

through the F layer dynamo effect [Rishbeth, 1971a, 1971b; Heelis et al., 2012; Rodrigues et al., 2012; Richmond

et al., 2015; Eccles et al., 2015]. Eastward or westward zonal winds tend to drag the plasma along, subject to

the “frozen-in” constraint that all plasma particles on a geomagnetic field line essentially move together in

the low-collision F region and to the constraint that electric current in the coupled E and F regions is diver-

gence free. One notable phenomenon inmodel simulations of the low-latitude evening ionosphere is a shear

in the wind from westward at low altitudes (below roughly 180 km) to eastward at high altitudes (above

roughly 250 km) [Rodrigues et al., 2012; Richmond et al., 2015], and this is associated with a shear of plasma

convection from westward on low-apex field lines to eastward on higher-apex field lines, with the transition

around roughly 300 km [Kudeki et al., 1981; Tsunodaet al., 1981; Fejer, 1981; Fejer et al., 1985;Aggsonet al., 1987;

Coley and Heelis, 1989; Haerendel et al., 1992; Eccles et al., 1999; Kudeki and Bhattacharayya, 1999;Mathew and

Nayar, 2011; Lee et al., 2015]. Although a few observations of neutral winds above 160 km in the low-latitude

evening thermosphere [Kiene et al., 2015] fail to confirm the modeled wind shear, the consistency of mod-

eled and observed plasma convection shears suggests that the modeled neutral wind shear is likely to be a

common feature of the low-latitude evening winds. The longitude variation of the zonal plasma convection

affects the vertical plasmadrift through the condition of a curl-free electric field [Eccles, 1998b; Richmondetal.,

2015; Eccles et al., 2015]. The vertical drift affects the amplitude of the equatorial ionization anomaly (EIA) and

is associated with plasma instabilities that can lead to deleterious radio wave scintillations [Anderson, 1981;

Anderson et al., 2004; Basu et al., 2004]. The neutral wind shear also facilitates the generation of plasma insta-

bilities [Hysell and Kudeki, 2004; Kudeki et al., 2007; Woodman, 2009]. Because the neutral winds have such a

strong influence on the low-latitude evening ionosphere, it is important to understand the processes that

determine these winds and their variability.
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A complication of understanding the nightside winds is that not only do the winds drive the plasma con-

vection through neutral-ion collisions but also the convection feeds back on the winds through the ion-drag

effect caused by these same collisions. The ion-drag force is associated with electric currents flowing within

and between the F and E regions, transferring momentum from the rarefied air in the F region to the much

denser air in the E region. Rishbeth [1971a, 1971b, 1981] hypothesized in his theory of the F layer dynamo

that the ion-drag force on the F region wind and the associated meridional electric current density of the

F region dynamo automatically adjust to balance the horizontal pressure-gradient force on the air associated

with the day-to-night pressure differences in the upper thermosphere. Since the F region ion-drag force is

proportional to the difference between the ion and neutral velocities, Rishbeth’s hypothesis implies that a

change in the ion velocity should be accompanied by a corresponding change in the F region neutral velocity

in a way that maintains an adequate ion-neutral velocity difference. As shown by Richmond and Fang [2015],

a factor affecting the low-latitude evening F region ion convection velocity is the E region conductivity. One

goal of the present paper is to determine howwell the ion-neutral velocity difference is maintainedwhen the

ion velocity changes due to nighttime E region conductivity changes.

Rishbeth’s [1971a, 1971b] concept of a balance between pressure-gradient and ion-drag forces in the F region

has been used in numerical models of the electric fields generated by the F layer dynamo [Rishbeth, 1971b;

Matuura, 1974], under the implicit assumption that the horizontal pressure gradient does not itself respond

to changes of the wind. In reality the pressure gradient is not independent of the wind but is dynami-

cally connected to it [e.g., Dickinson et al., 1971]. Divergent/convergent winds tend to reduce horizontal

pressure gradients, with the changes essentially being transmitted via gravity waves at horizontal speeds

up to the limiting gravity wave speed, approximately 800 m/s in the upper thermosphere, depending on

temperature and background winds. Smaller-scale horizontal pressure gradients can be suppressed more

quickly than larger-scale pressure gradients. However, the rate at which horizontal pressure gradients can be

reduced is slowed by gravity-wave dissipation associated with ion drag, viscosity, and heat conduction in the

thermosphere. It is for this reason that a large night-to-day pressure gradient can bemaintained in the upper

thermosphere in spite of the fact that the daily westward migration of solar heating is slower (about 480 m/s

at the equator) than the limiting gravity-wave speed in the upper thermosphere. A second goal of this paper

is to quantify how well horizontal pressure gradients can be maintained in the presence of spatially varying

winds and ion drag in the low-latitude evening thermosphere.

Richmond et al. [2015] suggested that the low-latitude evening zonal wind shear could be caused by the

change from weak ion drag at low altitudes to strong ion drag at higher altitudes, owing to the strong varia-

tions of ion density with height at night. They noted that where ion drag is strong, the ion-drag force tends

to balance the eastward horizontal pressure-gradient force existing in the evening, resulting in an eastward

wind. At lower altitudes, where ion drag is weak, they proposed that the eastward horizontal pressure gradi-

ent in the eveningwould not be balancedby ion dragbut rather bywind acceleration, leading to a retardation

of the transition from daytime westward winds to nighttime eastward winds, so that the wind could remain

westward into the evening. The different responses of the wind to the pressure gradient at low and high alti-

tudes could then produce a wind shear like that observed in model simulations. A third goal of this paper

is to test whether the proposed mechanism of Richmond et al. [2015] for creating the neutral wind shear is

supported by model simulations.

2. Method

Our analysis of forces on the air in the low-latitude evening thermosphere uses the simulations carried

out by Richmond et al. [2015] and Richmond and Fang [2015] with the NCAR Thermosphere-Ionosphere-

Electrodynamics General Circulation Model (TIEGCM) [Qian et al., 2013], two-way coupled with the Global

Ionosphere-Plasmasphere (GIP) model [Fang et al., 2009]. The TIEGCM is run on a 5∘ × 5∘ longitude-latitude

grid, with 0.5 scale height vertical resolution. The TIEGCM neutral parameters are interpolated to the GIP

magnetic-coordinate grid, with 4.5∘ longitude spacing and variable spacing in magnetic latitude and along

field lines. The GIP model calculates ion and electron densities, which are used together with the neutral

densities and velocities to calculate conductivities and wind-driven current densities that are utilized by the

TIEGCM to solve for the electric potential. The electric fields and the GIP ion densities are then interpolated

to the TIEGCM geographic grid to calculate the neutral dynamics. The TIEGCM lower boundary is forced by

migrating atmospheric tidal climatology from Hagan and Forbes [2002, 2003]. Since the focus of this study is
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Figure 1. Low-latitude electron density, Pedersen conductivity and eastward wind for the base case simulation (see text) at 75∘W longitude, 0 UT (19 LT), with

equal scales for latitudinal distance and height. Dotted lines are geomagnetic field lines. The nearly vertical lines around −12.5∘ latitude trace the magnetic

equator with altitude. From Richmond et al. [2015].

on low latitudes, magnetospheric influences are neglected by setting the electric potential to nearly zero at

60∘ magnetic latitude. All simulations are for March equinox.

The base case is for moderate solar activity (solar 10.7 cm radio flux index Sa = 120) and uses the standard

TIEGCMnighttime ionization rate described by RichmondandMaute [2013]. Twomore simulations are for low

(Sa = 70) and high (Sa = 200) solar activity with the standard nighttime ionization. The final two simulations

are for moderate solar activity (Sa = 120) but with the nighttime ionization rate either decreased or increased

by a factor of 10, which reduces or increases the E region conductivities by a factor of about 3.2. As discussed

by Richmond and Fang [2015], there is considerable uncertainty and variability of the nighttime ionization

rate and E region conductivity, which affects the nighttime electrodynamics. The standard TIEGCM nighttime

ionization rate results in electric fields that are generally compatible with observations, which themselves are

quite variable. However, the TIEGCMneglects the redistribution of nighttime E region plasmaby electric fields

and neutral winds, owing to its assumption that molecular ions are in photochemical equilibrium, and it also

neglects thepresenceofmetallic ions. The simple increaseordecreaseof nighttime E regionelectrondensities

by a factor of 3.2 may adequately reflect the actual variability at a given height but probably overestimates

the variability of the height-integrated conductivities. Nevertheless, these simulations help us to understand

the importance of nighttime E region conductivities on the F region neutral and ion dynamics.

Figure 1, from Richmond et al. [2015], shows features of the low-latitude ionosphere for the base case at 75∘W

longitude, at 19 local time (0 UT). At this longitude themagnetic declination is small, and the displayed plane

is nearly amagneticmeridian. As noted by Richmondet al. [2015], the Pedersen conductivity (Figure 1,middle)

maximizes in the lower F region at the base of the EIA in both the southern and northern magnetic hemi-

spheres. The F region Pedersen conductivity is proportional not only to the ion density but also to the neutral

density and the inverse square of the magnetic field strength. The facts that the F layer is slightly lower in the

Southern Hemisphere than in the north and that the Southern Hemisphere at this longitude has a weaker

magnetic field because of the South Atlantic Anomaly result in a stronger Pedersen conductivity in the south,

even though the southern EIA electron density peak is weaker than the northern peak. The regions of largest

Pedersen conductivity are where frictional coupling between the neutrals and the ions is greatest and where

windsmost strongly influence evening equatorial electrodynamics. Thepresent study focuses on two features

of the neutral zonal wind (Figure 1, bottom): a strong shear in altitude, maximizing around 200 km altitude;

and a moderate variation in latitude in the upper thermosphere, with relative minima in the EIA regions.

The tendency equation for the eastward velocity can be written as
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where t, �, �, and z are time, longitude, latitude, and altitude, respectively; R is the Earth radius plus altitude;

u, v, andw are the geographic eastward, northward, and vertical velocities; f is the Coriolis parameter,Φ is the
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gravitational geopotential, ui is the geographic eastward ion velocity, �ni is the neutral-ion collision frequency

(proportional to the iondensity), � is totalmass density, and� is the coefficient ofmolecular viscosity. Pressure

coordinates are used, such that horizontal partial derivatives are calculated at constant pressure rather

than constant altitude. For the conditions under consideration the nonlinear momentum-advection terms

(the second, third, and fourth terms on the left-hand side) are much smaller than the other terms, so we

neglect them in our analysis (although they are included in themodel simulations).We also find that the zonal

Coriolis acceleration (the last term on the left-hand side) is negligible at the low latitudes examined, because

either f or v, or both, is small. We therefore focus on the neutral wind tendency �u∕�t and on the terms on the

right-hand side: pressure-gradient acceleration, ion drag, and viscous acceleration.

The ion-drag acceleration can also be expressed in terms of the difference between the neutral velocity and

the E × B∕B2 electrodynamic convection velocity, where E and B are the electric and magnetic fields. This

electrodynamic convection velocity is usually called the “E-cross-B” (E × B) velocity. In the F region the ion

velocity perpendicular to B nearly equals the E × B velocity, but more frequent ion-neutral collisions below

150 km cause the two velocities to differ in the E region. When the E × B velocity is used instead of ui for

calculating ion drag, themultiplying coefficient of the velocity difference also departs from �ni in the E region,

where the coefficient becomes a tensor. Since the influence of neutral-ion collisions on neutral dynamics in

the nighttime E region is very small, we concentrate here only on their importance for neutral dynamics in the

nighttime F region, where it is justified to refer to the E × B velocity as the ion velocity perpendicular to B.

3. Results

We find that the eastward pressure-gradient force in the upper thermosphere maximizes around 19 LT, and

so we focus on this local time to see how the forces are affecting the wind. The model results are similar at

different longitudes, and results are shownonly at 75∘Wgeographic longitude, as in Figure 1. At this longitude

the magnetic equator lies at approximately −12.5∘ geographic latitude, and the northern EIA crest lies near

2.5∘ geographic latitude (approximately 15∘magnetic latitude). The southern EIA crest lies sufficiently far from

the geographic equator that Coriolis effects are no longer entirely negligible, so we focus in this study on the

northern crest and the magnetic equator.

Figure 2 shows vertical profiles of various velocities and acceleration terms acting on the air at the magnetic

equator and at 15∘ north magnetic latitude for our base case. At both latitudes the eastward neutral wind

(Figure 2, middle, blue lines) has similar values below about 300 km, becoming westward below 225 km.

Above 300 km the wind is more strongly eastward at the magnetic equator than at 15∘ magnetic latitude,

as also seen in Figure 1. The red lines in Figure 2 (middle) show the zonal E × B velocities above 150 km.

At these altitudes the ions drift at nearly the E × B velocity, and so the curves are labeled “Ion Velocity.”

The ion velocities are quite different at the two locations: at the magnetic equator they are westward below

375 km, but at 15∘magnetic latitude they are approximately 30m/s eastward at all altitudes. The eastward ion

velocity is determined for each geomagnetic field line primarily by the field line-averaged conductivity and

conductivity-weighted winds on that field line [Rishbeth, 1971b; Haerendel et al., 1992; Rodrigues et al., 2012;

Richmond et al., 2015; Eccles et al., 2015]. At the equator, a large number of field lines with varying averaged

winds and conductivities are traversed from the bottom to the top of the ionosphere, while at higher latitudes

far fewer field lines are traversed, accounting for the much smaller altitude variation of ion velocity there. In

Figure 2 (right) are the ion-drag coefficients at the two locations, essentially equal to the neutral-ion collision

frequencies above 150 km. The F region ion-drag coefficient is proportional to the ion density and is much

larger at 15∘ magnetic latitude than at the magnetic equator at this time.

The eastward pressure-gradient acceleration in Figure 2 (left, black lines) grows almost linearly with height

above about 200 km and is remarkably similar at the two latitudes. Onemight think that the latitude variation

of the eastward neutral wind above 300 kmwould be associated with a similar latitude variation of the zonal

pressure gradient, owing to dynamical feedback of winds on the pressure, but Figure 2 shows that the per-

centage variation of the zonal pressure-gradient accelerationwith respect to latitude is considerably less than

that of the zonal wind. What keeps the pressure and its evening time westward gradient relatively uniform in

latitude is the fact that pressure nonuniformities tend to be dynamically smoothed out through convergent/

divergent winds, as described in section 1. The timescale for smoothing in the north-south direction is on the

order of the horizontal size of the disturbance (∼1600 km for the distance from the magnetic equator to an

EIA crest) divided by the limiting gravity-wave speed, on the order of 0.8 km/s in the upper thermosphere,
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Figure 2. (left) Eastward acceleration terms, (middle) eastward neutral and E×B (“Ion”) velocities, and (right) ion-drag coefficient vertical profiles all with the same

height scale, for our base case, at 75∘W geographic longitude, 0 UT (19 LT), for two latitudes. The solid and dashed lines are for +2.5∘ and −12.5∘ geographic

latitude (+15∘ and 0∘ magnetic latitude), respectively.

giving a pressure-smoothing timescale on the order of 2000 s (33 min). This timescale is supported by simu-

lations of Hsu et al. [2014], who analyzed the establishment of meridional winds associated with field-aligned

ion-drag forces at low latitudes. In contrast, the scale size of the pressure gradient in the zonal direction is

much larger, and it relaxes on a correspondingly longer timescale, comparable with the westward propaga-

tion time of this feature at the speed of the terminator. The zonal pressure gradients are therefore generated

as fast as they are diluted by convergent/divergent winds. Also contributing to the more rapid reduction

of meridional than zonal pressure gradients is the fact that winds in the meridional direction are much less

affected by ion drag than arewinds in the zonal direction, owing to the nearly horizontalmeridionally aligned

geomagnetic field lines near the magnetic equator.

The eastward neutral wind tendency in Figure 2 (left, green lines), which is nearly the same as the net east-

ward acceleration, approximately equals the pressure-gradient acceleration below 210 km at both locations

but then asymptotes to around 0.01 m/s2 above 250 km, while the pressure-gradient acceleration contin-

ues to growwith height. The difference between the net acceleration and the pressure-gradient acceleration

essentially matches the sum of the ion-drag (blue lines) and viscous (red lines) accelerations. Although this

sum is similar at the two latitudes, the height variations of ion drag and viscosity are quite different. Ion drag

is weaker at the magnetic equator, where viscosity is the main force offsetting the pressure-gradient force. At

15∘magnetic latitude, on the other hand, ion drag is larger than viscosity between 310 and 530 km, although

viscosity remains the primary drag force on the wind below 310 km and above 530 km. Below 300 km at both

latitudes ion drag is small, and only viscosity can provide enough drag to help balance the pressure-gradient

accelerationwhen the latter grows larger than thewind tendency. This viscous acceleration is associatedwith

a strong vertical curvature (second derivative with height) of the neutral velocity, seen in Figure 2 (middle).

Based on results for geographic latitudes between about ±30∘, the following picture emerges. The eastward

horizontal pressure-gradient acceleration is fairly uniform in latitudeand increases approximately linearlywith

altitude above 200 km, greatly exceeding the net acceleration orwind tendency above 250 km. Offsetting this

excess pressure-gradient acceleration is the sumof ion-drag and viscous accelerations, the relative fractions of

which vary greatly both with latitude and height. The fact that ion drag is often the dominant force opposing

the pressure-gradient force supports the hypothesis of Rishbeth [1971a, 1971b] concerning the evening F

layer dynamo. The facts that viscosity often plays a comparable role with ion drag and that net acceleration

is not negligible below 250 km in comparison with these other acceleration terms require a modification of
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Figure 3. (left) Eastward acceleration terms, (middle) eastward neutral and E × B (Ion) velocities, and (right) ion-drag coefficients at 2.5∘ geographic latitude

(15∘ magnetic latitude), 75∘ W geographic longitude, 0 UT (19 LT), for different levels of solar activity. The solid lines are our base case of medium solar activity

(Sa = 120); dashed lines are for low activity (Sa = 70); and dash-dotted lines are for high activity (Sa = 200).

Rishbeth’s hypothesis. The fact that the pressure-gradient acceleration and the net eastward acceleration are

small or negative below 200 km at 19 LT is contrary to the hypothesis of Richmond et al. [2015], who supposed

that the wind is being accelerated from westward to eastward by an eastward pressure-gradient force at this

time. Therefore, the explanation proposedby Richmondetal. [2015] for the strong early-evening vertical shear

of the zonal wind is not valid. Instead, the wind shear at this time is due to the strong high-altitude eastward

acceleration by the horizontal pressure gradient in the late afternoon, and to the lack of a strong low-altitude

eastward acceleration. Viscosity acts to reduce the shear. Atmospheric tides propagating up from the lower

atmosphere also modulate the low-altitude (160 km) zonal wind, as can be seen in Figure 2 of Richmond et al.

[2015]. That figure indicates an equatorial semidiurnal tidal amplitude of about 50 m/s at 160 km, directed

westward at 19 LT. The tide therefore increases the wind shear at this time. However, the wind shear would be

present even without the tide.

Figure 3 shows the velocities and forcing terms at 15∘ magnetic latitude for different levels of solar activity.

There are large variations of the ion-drag coefficient (Figure 3 ,right): both the peak value and the altitude of

thepeak increasewith solar activity. Theneutralwind velocity (Figure 3 ,middle, blue lines) is increasingly east-

ward (or decreasingly westward) with increasing activity, and high-altitude winds are much stronger at solar

maximum thanminimum. The altitude of maximumwind shear, however, is similar for all three cases, around

220 km. The increase of the F region wind with solar activity is connected with a strong increase of ion veloc-

ity (Figure 3, middle, red lines). The horizontal pressure-gradient acceleration (Figure 3, left, black lines) and

the wind tendency (green lines) show surprisingly modest variations with solar activity. Up to about 320 km

the viscous acceleration (red lines) is very similar among the three cases and has a larger amplitude than the

ion drag acceleration (blue lines) but varies strongly among the cases above that height. The amplitude of ion

drag exceeds that of viscosity above 340 km for Sa = 200 and above 320 km for Sa = 120 but is smaller than

viscosity at almost all altitudes for Sa = 70. When viscosity is important, we would not expect the hypothe-

sis of Rishbeth [1971a, 1971b] concerning a rough force balance between pressure gradient and ion drag to

be valid.

The simulations with different nighttime ionization rates give us an opportunity to see how the F regionwind

and ion-drag acceleration respond to changes in the ion velocity. As described by Richmond and Fang [2015],

an increase in the nighttime ionization affects ion velocities through both the Pedersen and Hall conductivi-

ties in the E region. An increased E region Pedersen conductivity increases the E region drag on the eastward
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Figure 4. (left) Eastward acceleration terms, (middle) eastward neutral and E × B (Ion) velocities, and (right) ion-drag coefficients at 2.5∘ geographic latitude

(15∘ magnetic latitude), 75∘ W geographic longitude, 0 UT (19 LT), for different levels of nighttime ionization. The solid lines are our base case and the dashed

and dash-dotted lines are for lower and higher nighttime ionization, respectively (see text).

ion convection along the entire field line, slowing the eastward ion velocity in both the E and F regions. An

increased E region Hall conductivity increases the drag on the vertical convection velocity through the E

region Cowling conductance, which indirectly slows the eastward F region convection velocity as well, owing

to the requirement for flow continuity (curl-free electric field). A reduction in nighttime ionization has the

opposite effect, leading to an increase in the eastward F region ion velocity.

Richmondand Fang’s [2015] description of how the ion convection velocity responds to conductivity changes

was based on a specified distribution of neutral wind, but the wind itself responds to changes in the ion

velocity. According to Rishbeth’s [1971a, 1971b] hypothesis, the wind should respond in a way to maintain

the ion-drag deceleration needed to balance the pressure-gradient acceleration. If the ion-drag coefficient

does not change much, then the eastward neutral wind must change in such a way so as to maintain the

required neutral-ion velocity difference. This effect should be clearest under conditions where the ion-drag

force dominates over viscous drag, meaning at locations of large ion density, especially the EIA region for

moderate to high solar activity.

Figure 4 largely substantiates this concept. Because the simulations were run until a steady (diurnally

reproducible) state was reached, the ion density and ion-drag coefficient (Figure 4, right) differ for the three

simulations, owing to different strengths of the prereversal enhancement of vertical drift. The changes of

nighttime E-region ionizationhave a substantial effect onboth the ion velocity (Figure 4,middle, red lines) and

the neutral velocity (Figure 4, middle, blue lines) above 250 km. In contrast, the changes of the acceleration

terms (Figure 4, left) are much less. The wind tendency (green lines) remains small for all three cases, and the

pressure-gradient acceleration (black lines) varies only slightly. The ion-drag (blue lines) and viscous (red lines)

accelerations vary somewhatmorebut fractionallymuch less than thewind and ion velocities atmost heights.

The variations of the ion-drag and viscous accelerations that do occur are in opposite directions at almost all

heights, and these variations tend to cancel when the two accelerations are summed. Above 330 km ion drag

is the dominant drag force that tends to offset the pressure-gradient force, and its variations among the three

cases have height profiles quite similar to the corresponding height profiles of the ion-drag coefficient. The

differences between the neutral and ion velocities, which also factor into the ion-drag acceleration, are similar

for the three cases. That is, the neutral and ion velocities tend to adjust together to preserve the velocity differ-

ence needed tomaintain the ion-drag forcewhich largely offsets the pressure-gradient force at these heights,

as predicted by Rishbeth’s [1971a, 1971b] hypothesis. However, as noted above, in the 250–300 km height
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range it is no longer ion drag but rather viscosity that is the main force offsetting the pressure-gradient force.

Therefore, Rishbeth’s hypothesis tends to overestimate the ion-drag force on the wind. Since the ion-drag

force corresponds to electric current flowing perpendicular to themagnetic field, Rishbeth’s hypothesis over-

estimates the current, the electric field, and the plasma convection associated with the F layer dynamo. The

overestimation is particularly problematic for low solar activity and for altitudes where viscous drag exceeds

ion drag.

4. Conclusions

Our analysis of forces on the air in the low-latitude evening thermosphere helps to clarify how varying iono-

spheric conditions affect the zonal wind and its shear, which in turn drive the zonal and vertical plasma drifts

that redistribute theplasmaandaffect thegenerationofplasma irregularities.Ourmainfindings are as follows.

In the upper low-latitude evening thermosphere there exists an approximate force balance among the east-

ward pressure-gradient force, the ion-drag force, and the viscous force. The eastward pressure-gradient

acceleration at 19 LT above 200 km increases approximately linearlywith height and tends to be similar for dif-

ferent latitudes (between ±30∘) and for different levels of solar activity. Below 200 km the pressure gradient,

while small, tends to dominate over ion drag and viscosity and drives a net acceleration of the air.

The eastward high-altitude evening pressure-gradient acceleration around 19 LT varies much less in latitude

than the eastwardwind velocity or ion-drag and viscous accelerations, apparently because the time formerid-

ionally propagating gravity waves to reduce north-south pressure variations over this latitude range is short

in comparison with the timescale for variations of the neutral wind and its acceleration. This insensitivity of

the pressure gradient to the latitude structure of the zonal wind helps justify simplifiedmodeling of thewinds

and electrodynamics under the assumption of a prespecified pressure distribution, as done, for example, by

Rishbeth [1971b], Heelis et al. [1974], andMatuura [1974].

Rishbeth’s [1971a, 1971b] hypothesis of a balance between the pressure-gradient and ion-drag forces in the

F region is often, but not always, a goodway to estimate the F regionmeridional current density for field lines

that pass through the EIA region. Its validity in the evening is poor for low solar activity, when F region iondrag

is usually weaker than viscosity. Its validity in the evening is also poor at themagnetic equator, for all levels of

solar activity. Even at the EIA for moderate solar activity viscous drag becomes important in comparison with

ion drag below and above the F peak.

A consequence of Rishbeth’s hypothesis is that changes in F region ion velocity due to changes in E region

conductivity are predicted to be accompanied by similar changes of F region neutral velocity, so that the

ion-drag force on the wind continues to approximately balance the pressure-gradient force. Our simulations

with altered nighttime E region conductivity, for moderate solar activity, are generally consistent with this

prediction around the EIA crest.

The presence of a low-latitude evening time vertical shear in the zonal wind is associated primarily with a

strong eastward pressure-gradient acceleration at high altitude that reverses the daytime westward wind

and a weak low-altitude pressure-gradient acceleration of either eastward or westward direction that fails

to reverse the low-altitude westward wind present in the afternoon. This result disproves the hypothesis of

Richmond et al. [2015], who incorrectly assumed that the pressure-gradient acceleration was eastward at all

heights concernedandproposed that the low-altitudewestwardwind representedmerely adelayed response

of the afternoon wind to this acceleration, due to inertia of the air.
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