We limited our discussion to sorption
of neutral compounds from water (/).
Based on the observed soil-water equi-
librium data, we suggested that these
compounds are taken up primarily by
soil organic matter through partitioning.
The soil inorganic fraction does not
make a significant contribution in aque-
ous systems, presumably because of its
strong dipole interaction with water,
which precludes active association of
these compounds with this portion of the
soil. In nonaqueous systems, the contri-
bution of soil minerals can be important
even for neutral (especially polar)
compounds.

Our discussion of the heat effect in
soil-water systems was based on the
temperature dependence of the equilibri-
um constants (that is, the slopes of the
isotherms). Calculations of the enthalpy
change AH from a Clapeyron-type equa-
tion involve no restrictions on the num-
ber of components in the systems. The
AH for a partition process must, in prin-
ciple, be equal to the difference in heats
of solution in the two equilibrating
phases. For adsorption, AH is always
more exothermic than the heat of con-
densation in water.

Our hypothesis does not rule out the
possibility of adsorption from an organic
solvent or from the gas phase on dry and
partially hydrated soils (2). A dehydrated
soil might show significant uptake of a
neutral solute from some nonpolar sol-
vents by adsorption through dipole in-
teractions or London forces on high-
surface-area inorganic minerals (3), al-
though partitioning of the solute to the
organic matter may be weak because of
its high solubility in the solvents ().
Thus, while uptake by the soil mineral
fraction is unimportant in comparison
with that by soil organic matter in aque-
ous solutions, the reverse may be true
in nonpolar organic solvents such as
hexane.

For parathion in dry soil-hexane sys-
tems, for example, we would expect that
adsorption on the soil inorganic fraction
would be largely responsible for the soil
uptake and that such adsorption would
be suppressed by the soil water (3),
which can compete more effectively than
less polar parathion for polar inorganic
minerals. This analysis leads to the ex-
pectation that sorption of a neutral sol-
ute, such as parathion, on soil from polar
organic solvents (for example, methanol,
acetone, and dioxane) will be insignif-
icant (3), because these solvents would
wet the inorganic minerals effectively
and their high solvating capability would
reduce solute partitioning to the organic
matter. The adsorption model suggested

by Kyle cannot explain the results in
aqueous and nonaqueous systems.

Our reasoning, moreover, accounts
for the anomalous temperature effect for
the uptake of parathion in moist soil-
hexane systems (3). The enhanced sorp-
tion at higher temperatures is apparently
caused by the gradual weakening of di-
pole interactions between water and soil
minerals, assisting parathion in compet-
ing for this portion of the soil. This
analysis also explains to a large extent
the finding of Spencer and Cliath (5) that
the vapor density of lindane applied to a
hydrated soil has a smaller temperature
coefficient than that of pure lindane. The
ability of the soil mineral fraction to
adsorb lindane would be lost due to the
presence of water, restricting lindane to
partition to the soil organic phase. Thus,
the vapor density would be much higher
in the hydrated soil than in the dehydrat-
ed soil. Hance’s observations (6) of the
sorption of a pesticide (diuron) from
aqueous and petroleum solutions are
also consistent with this analysis.

Kyle’s view of the Polanyi theory ap-
pears to be incomplete. First, the iso-
therm assumed by his Eq. 1 is nonlinear,
since solute condensation is implied (7).
Second, the scaled adsorption potential
curves (b versus €/V) are the same only
for chemically similar compounds that
have nearly identical polarizability per
unit (molar) volume, or refractivity per
unit volume (8). The difference in the
values of €/V for different compounds at
fixed loadings may be related to their
refractivities per unit volume or refrac-
tive indices (9). We were unable to apply
the Polanyi model because it could not
be reconciled with the high degree of
linearity of the soil-water isotherms.

Nonlinearity is normal in Polanyi iso-
therms, whereas linearity is limited to
very low relative concentrations (C./Cy).
Similarly, a Langmuir isotherm is indis-
tinguishable from a linear partition iso-
therm only in the limit of low relative
concentrations. Our high-concentration
data and observed heat effects cannot
be reconciled with a Langmuir equa-
tion,
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An Upper Bound to the Lightning Flash Rate in

Jupiter’s Atmosphere

Lewis (I) discussed Voyager optical
measurements and low-frequency radio-
wave observations related to lightning
discharges in the atmosphere of Jupiter.
He used a specific set of assumptions
together with whistler measurements
from the plasma-wave system to arrive
at estimates of the average planetary
lightning stroke rate r ranging between
10~ and 4 x 107 flashes per square kilo-
meter per year. Here we show that when
the same Voyager whistler data are com-
bined with different physical assump-
tions about the source area, the whistler
paths, and the whistler amplitude distri-
butions over the paths, a planetary light-
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ning rate as high as several tens of
flashes per square kilometer per year
cannot be ruled out.

The Voyager 1 wave instrument de-
tected lightning whistlers only when the
spacecraft was at a Jovicentric distance
of about 5.5 to 6.0 Jupiter radii (R;) near
the equatorial plane. The Voyager event
rate was about 0.12 whistlers per second
(2), and the ray-tracing analysis by Men-
ietti and Gurnett (3) confirmed that these
whistlers originate at high latitudes
(=~ 66°) near the feet of the field lines
passing through the Io torus. The geo-
metric situation is indicated in the upper
part of Fig. 1, which shows Jupiter, some
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representative magnetic field lines, and
preliminary lo torus density contours
deduced by Bagenal et al. (4) from the
Voyager 1 plasma probe measurements.

We assume, with Lewis, that each
whistler launched upward from an area A
produces a magnetospheric signal that
propagates without amplification or
damping toward the equator; we also
assume that the Voyager wave instru-
ment detects a fraction F of these. Then
for one whistler per 8 seconds, the light-
ning flash rate is

r=4x 10%A F km2 year' (1)

Lewis considered only possible condi-
tions that would yield minimum combi-
nations of A F = 10® km?, but we do not
agree that this estimate provides an up-
per bound.

Our upper-bound evaluation is based
on the concept that the lightning whis-
tlers were detected only in a specific
subsection of the Io torus because of
special conditions that were present lo-
cally and along the magnetic field lines
leading from the Voyager position down
to the ionosphere. We therefore assume
that the whistler waves propagated
strictly along the field lines from Jupiter
to Voyager, so that A in Eq. 1 simply
represents the area below the ipnosphere
that illuminates the foot of the appropri-
ate field line. This leads to a relatively
small value for A, because Rinnert et al.
(5) recently showed that at Jupiter the
continuously increasing density with in-
creasing atmospheric depth limits propa-
gation of waves with frequency f =< 100
kHz to line of sight and to one-hop
reflection from the ionosphere. Thus,
there is no Jovian analog of the terrestri-
al surface-ionosphere waveguide effect
for radiation from lightning.

The atmospheric ray-tracing calcula-
tions of Rinnert et al. also provide a
useful basis for a numerical estimate of
A. Rinnert et al. considered a cloud
source located 50 km below the 1-bar
level within the neutral atmosphere, with
a lower ionosphere boundary 200 km
above the clouds. They showed that for
this source location all upward rays in
the cone defined by initial elevation an-
gles greater than about +10° would illu-
minate an ionospheric area having a cir-
cular cross section and a radius of ap-
proximately 1000 km. Realistic restric-
tions to subsets of ray path angles
suitable for propagation ail the way out
to Voyager lead to values of A on the
order of 10% km?.

To evaluate F, we have to consider the
large distance from Jupiter to the space-
craft, the varying index of refraction
over the path, and the high level of local
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Fig. 1. (a) Position of Voyager 1 with respect
to Jupiter, its magnetic field, and the fo plas-
ma torus during the period when lightning
whistlers were detected. (b) Earth and its
plasmasphere to the same scale.

o torus plasma-wave activity that masks
all the weaker signals from the planet.
The Voyager 1 observations (2) suggest
that we should take E = 5 x 107> V/m as
a representative amplitude within the lo
torus. In the torus, the index of refrac-
tion n is high, and the wave E field must
be reduced from its free-space value
because E(n) =~ 1/Vn (6), with n given
by

2 =1+ fARf - ) 2

Here, f, = 9000 V'N is the electron plas-
ma frequency and f, = 28 B is the elec-
tron cyclotron frequency (N is density in
electrons per cubic centimeter and B is
magnetic field strength in gammas). At
0912:36 on 5 March 1979, when two clear
whistlers were detected, N was approxi-
mately 2250 cm™, B was about 2000
gammas, and for a 1-kHz wave the local
n value was approximately 58. Thus, in
the presumed low-density region just
above the Io. torus, the amplitudes of
these whistler signals were near 3.8 X
1074 V/m.

We must also consider the divergence
of the wave energy and the changing
wave amplitude over the huge high-lati-
tude path. A possible geometry would
have DE(D) = constant, where D is the
diameter of a magnetic field flux tube.
Since the diameter of a flux tube leaving
radius R = 1 R, and 66° latitude expands
by a factor of more than 28 at the equa-
tor, this implies that the whistlers detect-
ed on Voyager had field strengths com-
parable to or exceeding 1072 V/m as they
started upward from the top of the iono-
sphere. At Earth the dayside ionospheric
transmission introduces an additional loss

of about 12 dB for waves with f = 1to 3
kHz (6), and in this upper-bound model
the cloud source is taken to be 200 km
below the bottom of the ionosphere.
When these factors are all inserted, we
arrive at an estimate that the Voyager
plasma-wave instrument detected only
lightning signals with E, at least as high
as 0.85 V/m, at a distance of 10 km from
the source.

Pierce (7) showed that the peak ampli-
tudes for signals radiated by terrestrial
lightning are somewhat lower than this.
For instance, with a 200-Hz bandwidth,
Pierce’s peak would be near 0.2 V/m at
10 km, and thus our conservative model
indicates that Voyager detected only
lightning whistlers with power levels at
least ten times greater than those typical-
ly generated at Earth. This suggests that
it might be appropriate to use F = 0.1
(the lowest value used by Lewis), lead-
ing to » =~ 40 flashes per square kilome-
ter per year, as stated above. Indeed,
since at Earth the fractional number of
lightning bolts drops off very rapidly
with increasing power level (8), an even
smaller value of F would be consistent
with a strict earthlike model. This intro-
duces the possibility that the r value may
even be larger than the ‘‘upper bound”
discussed above. However, as Lewis
noted, all these high r values would
imply that the lightning developed deep
within the atmosphere beneath the opti-
cally thick cloud layer, and therefore his
discussion of the chemical effects is not
affected.
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