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Observations from the Pioneer Venus Orbiter magnetometer suggest that a large-scale magnetic field
is induced in the dayside ionosphere when the solar wind dynamic pressure is high. The persistence of the
large-scale field structure is investigated by using realistic models of the neutral atmosphere and iono-
sphere. Under the assumptions that the magnetic field is horizontal with vertical gradients, the magnetic
field evolution is described by a diffusion-convection equation where the diffusion coefficient depends on
the sum of the electron-neutral and electron-ion collision frequencies. In this one-dimensional model the
diffusion coefficient and the vertical plasma drift velocity together determine the time scale for the field
disappearance. Numerical solutions of the field equation suggest that a large-scale field in the dayside
Venus ionosphere disappears with a time scale of minutes for a vertical velocity of ~ 10 m/s, but that the
lifetime increases to several hours if the vertical velocity is small. Above ~200 km altitude, the observed
antisolar convection of the ionospheric plasma would cause the field to diminish more rapidly than these
diffusion time scales, but at lower altitudes the diffusion process determines the rate of field decay. This
result may explain some of the observations of quasi-steady, large-scale magnetic fields in the Venus
ionosphere during steady solar wind conditions as remnants of fields previously induced by the solar

wind interaction.

1. INTRODUCTION

Large-scale horizontal magnetic fields in the dayside iono-
sphere of Venus were first observed by the magnetometer on
the Pioneer Venus Orbiter [Russell et al., 1979; Elphic et al.,
1980]. The large-scale fields, which are present down to the
periapsis altitude of ~150 km, occur when the magnitude of
the solar wind dynamic pressure outside of the Venus bow
shock is higher than average [Luhmann et al., 1980]. Figure 1
shows some typical altitude profiles of these field structures
from the Pioneer Venus magnetometer observations.

Cloutier and Daniell [1981] and Cloutier et al. [1983] have
proposed that the observed magnetic structures are quasi-
steady features produced by an ionospheric current system
driven by the solar wind interaction. In their picture, the
large-scale magnetic field structure shrinks and grows in rapid
response to solar wind dynamic pressure changes, with no
observable field resulting from the decay of currents induced
at an earlier time. The latter deduction is based on the argu-
ment that the currents decay on very short time scales, much
less than the 24-hour period of the Pioneer Venus Orbiter or
the ~20-min ionosphere transit time, once the solar wind
interaction ceases to drive them. From the viewpoint of this
model, the various altitude profiles illustrated in Figure 1 are
interpreted as observations of the same basic ionospheric cur-
rent system at different spatial locations [Cloutier et al., 1983].

Russell et al. [1983] examined the morphology of the large-
scale dayside ionospheric field structure in detail. These au-
thors suggested that the altitude profiles of the horizontal field
on different orbits (see Figure 1) exhibit a pattern that can be
interpreted as phases in the temporal evolution of an initial
state in which the ionosphere was permeated with
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magnetosheath-like fields. The ionospheric currents producing
the field were induced by the solar wind interaction at an
earlier time, leaving a magnetized ionosphere in which the
field evolves by a combination of convection and diffusion. In
this paper the argument in favor of a temporal versus spatial
explanation for some of the observed field structure is exam-
ined. A calculation is described which indicates that the diffu-
sion time for ionospheric fields is long enough to justify attri-
buting the observed large-scale fields to the “memory” of the
Venus ionosphere in regions where the plasma convection
speed is small.

2. DEcAY OF IONOSPHERIC MAGNETIC FIELDS: THEORY
The rate of change of the ionospheric magnetic field B is
given by Maxwell’s equation

dB/jot= VxE 1y

where E is the electric field. The electric field can be found, for
known B, plasma density n, and thermal pressure p, by using
the ion and electron momentum equations (subscript i denotes
ion quantities; e denotes electron quantities):
=Vp; + nmg + tnmy, (7 — V) — nmy(V;, — V,)
+enlE+V.x B =0 (2
—Vpe + nmeg_ + n'neven(lZ - ‘72) - nmevei(Ve - Vl)
~en(E+V,xB)=0 (3
together with Ampere’s Law for the current J
T =(1/pXV x B) = ne(V, — V) @)

which ensures current closure. (Note the components of these
three equations are sufficient to solve for the nine unknowns
Vieo Vipr Vies Ve Veyo Vers E,, E,, and E_.) The standard defini-

tions ¥, plasma species velocity; 4, neutral velocity; e, electron
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Fig. |. Examples of altitude profiles of the magnetic ficld strength observed io the Venus dayside ionosphere by the
Pioneer Yenus Orbiler magnetometer, These large-scale fields, which -are practically horgontal; look. similiar on the
inbound and outbound légs of the orbit, Note the charseteristic mimmum near 200 km altitode

charge; v,,, collision frequency between species « and f; m,
mass; and g = gravitational acceleration are used above.

The inertial terms have been neglected in the momentum
equations, since the ionospheric bulk velocities away from the
terminator and below the ionopause are expected to be small
during undisturbed times. In addition, the neutrals should also
be described with a full system of similar equations. However,
the neutral dynamics in a weakly ionized plasma like the
Venus ionosphere can, to a first approximation, be considered

as unaffected by the plasma dynamics. Hence # is regarded as
a given parameter here.

If it is assumed that B is horizontal and varies only in the
vertical (z) direction (implying that horizontal J x B forces are
negligible and J, = 0), and that all other quantities are also
uniform in the horizontal directions but vary in z, 0B/ot is
given by

0B _ 0E. . OF, ., ,
5 _ _ = %z 0%y 5
P> VxE 2 +6zl )
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Fig. 2. Collision frequencies used in the present calculations: v, is the ion-neutral collision frequency (v, = 2.6
x 107'% N (m)"? (amu), N, = neutral density), v,, is the electron-neutral collision frequency (v,, = 2. x 1076 N (T))'/2,
T, = electron temperature), v,, is the ion-electron collision frequency, and v,; is the electron-ion collision frequency
(v = 1. x 10% n(59. + 4.18 log (T,3/m)/T,>* s~') [cf. Ratcliffe, 1972]. The discontinuity in the v, curve is from the
assumption that the dominant ion changes from O*to O,*at ~160km.
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Fig. 3. The solid curve shows the altitude profile observed on the inbound leg of orbit 176 (the data have been
extrapolated to 140 km from the periapsis altitude of ~ 150 km). The dashed lines show the solution for zero plasma
velocity at 5000-s intervals for an initial condition given by the data. Upper and lower boundaries at which the field is held

constant are at 290 km and 145 km, respectively.

No generality is lost by setting B = B,(z)i, whence E, = 0, and
0B/dt is obtained by solving for E,.

Combining the momentum equations and Ampere’s Law,
one finds the solution for E,:

E PivVin/2 1 6B,+ ’ 1 0B,
=PV re ei |
r =P Goval2 + Pover)) €VHg Oz T P (neyyy 0z
1 .
_B R T
"[“’ T oval2 + pove)
i 1 (}B‘,z
: (— Z Pt p) +(pi +pg — 5— — )J (6)
oz 2uy Oz

The derivative, 0E,/dz, of this expression is equal to 6B, /dt.
Considering that the approximations

(PiVin/2 + PeVen) = PiVin/2

can be made, this result can be written in the form

OBl _oB, o OB, @
o a? 9z oz (B.V;.) ®

where V,. =V, =V, is the vertical plasma drift velocity
(given by the expression in brackets in equation (6) above),
and the diffusion coefficient D is given by

— me(ven + vei)
(ne?p,)

Thus the diffusion time scale in the present formulation de-
pends on the electron-neutral and electron-ion collision fre-
quencies, while the time scale for vertical convection is deter-
mined by the vertical plasma drift velocity V,.- The collision
frequencies are shown in Figure 2 for the subsolar neutral
atmosphere and ionosphere given by the empirical Hedin

®
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Fig. 4. Same as Figure 3, but with the field at the upper boundary (290 km) decaying to 80 nT with a time constant of 1
hour.
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Fig. 5. Same as Figure 3, but with the upper boundary at 195 km instead of at 290 km, and with the field strength at
that upper boundary decaying with a 10-min time constant.
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Fig. 6b. Solutions for 1-ms ™! upward plasma velocity.
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Fig. 6c. Solutions for 10-ms™* downward plasma velocity. Here curves are separated by 1000 s instead of 5000 s as in
Figures 6a and 6b.

model [cf. Cravens et al., 1981] and the Theis et al. [1980]
model, respectively. These altitude profiles indicate that
electron-ion collisions determine the diffusion coefficient
throughout the region of interest.

3. RESULTS

Equation (9) can be integrated numerically by using a stan-
dard finite-difference scheme [cf. Smith, 1965]. For an initial
condition given by observations, one can then study the time
scales for the field evolution under a variety of conditions.
Here the initial condition is always taken as the observed field
on the inbound leg of orbit 176, since the sensitivity of the
solution to various parameters is under investigation. If it is
assumed that the vertical plasma velocity is zero and that the
magnetosheath magnetic field is constant at 290 km (near the
ionopause), the integration of (9) produces the curves shown in
Figure 3. Each curve is separated by 5000 s, with curves for
successively later times increasingly to the left. For this calcu-
lation the field was kept at a constant value at the ionopause

29C T

boundary and at the base of the ionosphere at 145 km. Diffu-
sion smooths out the altitude structure between the two
boundaries. Hence the local minimum at about 200 km evi-
dent in the initial profile disappears with time, as does the
local maximum at about 170 km. The important feature of
Figure 3 is that the time scale for decay is several hours.
Sometimes the observations suggest that the field magnitude
at the ionopause decreases while diffusion is in progress.
Figure 4 shows the solution for the case in which the field at
the ionopause was decreased exponentially to 80 nT with a
I-hour time constant. The essential features of the solution are
unchanged by this complication and the time scales are basi-
cally unaltered.

In the scenario envisioned by Russell et al. [1982] the local
minimum in the magnetic field at about 200 km is a result of
the convection of the magnetized plasma from the dayside to
the night and its replacement by fresh photoionization. It is
beyond the capabilities of the present simple model to simu-
late this process of horizontal transport. However, if such con-
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Fig. 6d. Solutions for 10-ms™" upward plasma velocity, 1000-s separation again.
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Fig. 7. Same as Figure 3, but with a 1-ms~! vertical velocity which varies sinusoidally with altitude with a 60-km
wavelength.

vective losses do occur above about 200 km, they will speed
up the apparent decay of the field at those altitudes. Our
solution was altered to approximate this convective loss by
establishing an upper boundary condition at 195 km, rather
than at 290 km, and allowing the field magnitude there to
decay to zero with a 10-min time scale. Because this is much
more rapid than would be expected for convective losses at
200 km, this assumption determines the fastest possible decay
time for the low-altitude field under the condition of zero
vertical plasma velocity. The resulting altitude profiles in
Figure 5 indicate how this device speeds up the decay of the
low altitude field. However, the decay time is still the order of
hours. One important qualitative difference is in the location
of the peak field. With fixed minimum field strength bound-
aries at 195 and 145 km, the peak field altitude no longer
drifts upward with time, but remains fixed at ~170 km, as is
observed [cf. Russell et al., 1982]. 1t is also notable that the
calculated profiles for a boundary condition at a normal sub-
solar ionopause location of 290 km (e.g., see Figure 3) decay to
a smooth shape which resembles the thick low-altitude iono-
pauses discussed by Elphic et al. [1981].

However, the vertical plasma velocity may be as large as
tens of ms~! (T. E. Cravens, personal communication, 1983).
The effect of a nonzero vertical velocity on the time scale is
illustrated by Figure 6, which shows the effect of assuming
constant vertical plasma velocities of 1 ms™! (Figures 6a and
6b) and 10 ms~! (Figures 6¢ and 6d). The curves for the 10
ms ™! velocity case are separated by 1000 instead of 5000 s. It
is apparent from these examples that the time scale for the
persistence of the ionospheric field can decrease by an order of
magnitude or more if the ionospheric plasma has a substantial
vertical drift. Self-consistent models of the magnetized iono-
sphere, in which the plasma and field properties are deter-
mined together, are necessary to determine the magnitude of
the vertical plasma velocity. A modeling treatment of this
scope is beyond the level of the present effort. However, some
preliminary data analyses [ Lubmann et al., 1983] suggest that
the vertical velocity within the ionosphere has a range of
values that may reach magnitudes of tens of ms™!. Thus the
possibility of both long and short time scales for the iono-
spheric field persistence should be considered. It is also impor-

tant to appreciate that altitude-dependent vertical velocities
can grossly modify the large-scale field structure during its
evolution. As an example, Figure 7 shows the field for a sinu-
soidal vertical wind shear. ‘

4, CONCLUDING REMARKS

" The simple one dimensional model of magnetic field diffu-

sion in the Venus ionosphere described here suggests that the
time scales for the disappearance of the observed large-scale
horizontal fields can be as long as hours or as short as min-
utes, depending on the vertical plasma drift velocity. To repro-
duce the details of the observed profiles, such as the fixed
position of the magnetic field peaks and minima, horizontal
ionospheric convection or a vertical plasma velocity with a
special altitude structure must be invoked. These influences
can only be approximated within the framework of this simple
model. In reality, the three-dimensional nature of the solar
wind interaction with Venus makes both magnetic tension
(horizontal J x B force) and horizontal convection potentially
important in the evolution of the ionospheric field. Moreover,
the ionospheric density and temperature, which are treated as
fixed quantities here, can be affected by the field at the higher
altitude. It is beyond the capability of the present effort to
simulate such effects. Nevertheless, the simple model can be
used to address the important question of the time scales for
the persistence of the ionospheric field at altitudes below
~200 km, where these other effects may play a minor role.
From the results described above, it is expected that although
active induction must occur, temporal effects in the form of
remnant solar wind induced currents can on some occasions
determine the observed large-scale ionospheric field at Venus.
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