
could be useful in preventing such loss- 
es. 

The radionuclide 222Rn, the daughter 
of 226Ra by alpha emission, should also 
be subject to release by the exposure of 
minerals to water. Thus injection of wa- 
ter into formerly dry rock or soil could 
release a pulse of stored radon. Earth 
strains prior to earthquakes together 
with water redistribution which such 
strains may produce could therefore be 
responsible for altered radon concentra- 
tions associated with earthquakes (13). 
Similarly, the recognition of mechanisms 
for radon release has implications with 
respect to the management of uranium 
tailings. 

ROBERT L. FLEISCHER 
General Electric Research and 
Development Center, 
Schenectady, New York 12301 

References and Notes 

1. R. L. Fleischer and 0. G. Raabe, Geochim. 
Cosmochim. Acta 42, 973 (1978). 

2. K. Kigoshi, Science 173, 47 (1971). 
3. A brief summary is given by B. J. Szabo, in VIII 

INQUA Conference (International Union for 
Quaternary Research, Brussels, 1969), p. 941. 

could be useful in preventing such loss- 
es. 

The radionuclide 222Rn, the daughter 
of 226Ra by alpha emission, should also 
be subject to release by the exposure of 
minerals to water. Thus injection of wa- 
ter into formerly dry rock or soil could 
release a pulse of stored radon. Earth 
strains prior to earthquakes together 
with water redistribution which such 
strains may produce could therefore be 
responsible for altered radon concentra- 
tions associated with earthquakes (13). 
Similarly, the recognition of mechanisms 
for radon release has implications with 
respect to the management of uranium 
tailings. 

ROBERT L. FLEISCHER 
General Electric Research and 
Development Center, 
Schenectady, New York 12301 

References and Notes 

1. R. L. Fleischer and 0. G. Raabe, Geochim. 
Cosmochim. Acta 42, 973 (1978). 

2. K. Kigoshi, Science 173, 47 (1971). 
3. A brief summary is given by B. J. Szabo, in VIII 

INQUA Conference (International Union for 
Quaternary Research, Brussels, 1969), p. 941. 

The preliminary results of the plasma 
probe, magnetometer, electron temper- 
ature probe, and ion mass spectrometer 
experiments carried out with the Pioneer 
Venus orbiter provided further experi- 
mental evidence in support of the deflec- 
tion into the umbra of the shocked solar 
wind in the vicinity of the planetary ter- 
minator (1, 2). The observed orientation 
of the magnetic field in the near wake is 
suggestive of converging flows, which 
may be confined to the outer regions of 
the umbra, outside a rarefaction wake 
extending several Venus radii (3). The 
geometry of the nightside ionopause in- 
ferred from the results of the mass spec- 
trometer experiment indicates, in addi- 
tion, the presence at low latitudes of a 
prominent ionospheric bulge extending 
up to - 3000 km above the surface. 
Since the entry of solar wind fluxes into 
the umbra is a dynamic condition that 
can be described in terms of a viscous 
interaction between the shocked solar 
wind and the ionospheric material (4), 
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the question arises whether the presence 
of such a bulge is compatible with this 
interpretation. In this report it is shown 
that this feature can be explained as a re- 
sult of differences in efficiency of the vis- 
cous interaction process, which may be 

Wind 

\B "" Terminator 

Fig. 1. Schematic diagram of the flow pattern 
behind Venus. Arrows indicate the motion of 
ionosheath fluxes entering through the polar 
regions and subsequently acting against the 
downstream extension of the middle- and low- 
latitude ionopause (which is represented by a 
cylindrical shape). The interplanetary magnet- 
ic field lines are shown draped around the 
dayside ionopause. 
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severely diminished at middle and low 
latitudes by the accumulation of inter- 
planetary magnetic fluxes. 

Viscous processes are believed to re- 
sult from a strong dynamic interaction 
between the shocked solar wind and the 
ionospheric material. Pseudocollisions 
resulting from efficient wave-particle in- 
teractions should ultimately be respon- 
sible for the collective behavior of the 
plasma and the effective transfer of mo- 
mentum across the ionopause. An im- 
portant consequence of this process is a 
necessary influx of ionosheath particles 
into the umbra to satisfy conservation of 
mass flux. This should occur when the 
kinetic energy density of the local plas- 
ma is larger than the energy density of 
any magnetic field that may permeate 
the region (5). When this condition is not 
met, the motion of the plasma is con- 
trolled by the local magnetic geometry, 
and thus the plasma is inhibited from in- 
teracting dynamically with the stationary 
ionospheric material. Accumulation of 
magnetic fluxes of the ionosheath flow 
around the low- and middle-latitude re- 
gions of the planetary ionosphere should 
impose locally a flow configuration char- 
acterized by the latter condition, so that 
a stable and undeflected inner boundary 
of the ionosheath flow should exist im- 
mediately behind a large section of the 
terminator (magnetopause-like bound- 
ary). At polar latitudes, on the other 
hand, local enhancement of magnetic 
fluxes is expected to be significantly 
smaller, and there should be more effi- 
cient dynamic contact between the iono- 
sheath flow and the ionospheric material. 
These general considerations indicate 
that the accumulation of interplanetary 
magnetic field lines around the iono- 
spheric obstacle should result in a more 
efficient and better developed viscous 
boundary layer at polar latitudes than at 
equatorial latitudes. 

The preferred access of the ionosheath 
flow to the umbra through the high-lati- 
tude regions of the ionopause should re- 
sult in the generation of a characteristic 
circulation flow pattern above the night- 
side hemisphere. To visualize this, it 
must be recognized that the region of re- 
duced plasma pressure downstream from 
the polar terminator is not the only space 
available for the viscously deviated 
plasma. The kinetically induced expan- 
sion should also proceed laterally into 
the adjacent regions located underneath 
the downstream extension of the unde- 
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Viscous Flow Circulation of the Solar Wind Behind Venus 

Abstract. A latitudinal circulation model of solar wind flow in the near wake of 
Venus is presented. It is shown that solar wind fluxes entering through the polar 
terminator can be viscously forced to lower latitudes. The resulting motion produces 
a downstream elongation of the nightside polar ionosphere out to the downstream 
extension of the middle- and low-latitude ionopause. The geometry suggested by this 
flow circulation model provides a simple explanation of the ionospheric bulge in- 
ferred from the Pioneer Venus observations. 
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the (rarefied) fluxes of deviated solar 
wind particles spill to lower latitudes, 
they are gradually directed to act, from 
below, against the undeviated middle- 
and low-latitude ionosheath fluxes. 

The implications of this latitudinal dis- 
placement of the solar wind plasma with- 
in the umbra should be evident in the re- 
sulting distribution of ionospheric mate- 
rial dragged along through viscous 
action. First, the transfer of momentum 
to the nightside ionospheric plasma 
should increase with downstream dis- 
tance from the polar terminator. As the 
upper ionosphere is gradually set into 
motion, it tends to follow (at lower 
heights) the flow pattern of the solar 
wind fluxes in the umbra. This concept 
leads in turn to the suggestion that as 
such solar wind fluxes are directed 
against the undeviated ionosheath flow at 
middle and low latitudes, the accom- 
panying ionospheric material should 
produce a distinct outward distortion of 
the geometry of the nightside ionopause. 
In fact, the kinetic energy acquired by 
the upper ionospheric plasma may even 
be sufficient to enable it to protrude into 
the oncoming middle- and low-latitude 
ionosheath flow. 

An approximate mathematical repre- 
sentation of the position of the iono- 
spheric distortion can be given by deter- 
mining the intersection of the various 
vectors drawn from the pole (as shown in 
Fig. 1) with the downstream extension of 
the middle- and low-latitude ionopause. 
The height H above the planet and the 
latitude X of the intersection point can be 
shown to be related to the angle 0 away 
from the terminator plane by 

cos20 - tan2/ 
tanX = 

2tan/3 

R + H 2tan/3 secX 
R + h cos20 + tan2/3 

spectrometer measurements). The open 
circles in Fig. 2 show the approximate 
position of the ionospheric bulge detect- 
ed in the inbound and outbound iono- 
pause crossings. The latitudes used here 
(X 6 65? and 42?) differ from those report- 
ed in (2) as they refer specifically to the 
crossings where the bulge is observed 
rather than to the average latitudes 
(A = 50? and 20?) of the low-height iono- 
pause intersections (6). The 0 values are 
obtained from the reported solar zenith 
angle values for both crossings. 

Aside from the fact that the relative 
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Fig. 2. Calculated values of the latitude A of 
the intersection point at the boundary of the 
cavity as a function of the angle 0 away from 
the terminator plane for selected deflection 
angles 3. 
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where R and h are, respectively, the 
planetary radius and the ionopause 
height at the polar terminator and 3 is the 
effective deflection angle of the velocity 
vector into the umbra at the polar termi- 
nator. The latitude inferred from Eq. 1 is 
shown in Fig. 2 for different values of 
/3. The value 

/max = cos-[(R + 8)/(R + h)] = 31? 

represents the maximum possible ef- 
fective deflection attained when the ve- 
locity vector becomes tangent to the 
lower ionosphere behind the planetary 
terminator (it has been assumed that 
h : 1250 km and the minimum height 
reached within the umbra 8 f 200 km, as 
suggested by the Pioneer Venus mass 
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Fig. 3. Predicted height profile of the iono- 
spheric bulge as a function of latitude. The ob- 
served height ranges of both ionopause cross- 
ings (above the dayside values) are shown for 
comparison. 

positions of the crossings agree with the 
predicted dependence of X on 0, it is no- 
table that the /3 value required for the 
high-latitude data is smaller than that 
suitable for the low-latitude data (8 / 10? 
and 15?, respectively). This is a con- 
sequence of the variation in efficiency of 
the deflection process with 0. In fact, 
ionosheath fluxes moving at small angles 
away from the terminator plane (lateral 
vectors in Fig. 1) have a smaller kinetic 
energy density than those oriented at 
large angles (near the midnight plane) 
and thus result in a smaller effective de- 
flection into the umbra. The different de- 
flection angle 3 is also essential for un- 
derstanding the bulge appearance of the 
ionospheric distortion when examined 
along curves of constant latitude [as in 
figure 2 of (2)]. Along one such curve the 
ionopause height should first increase as 
weak ionosheath fluxes reach that lati- 
tude at an altitude higher than the iono- 
pause height at the terminator. At larger 
0 values the ionopause height decreases 
again because of the larger deflection an- 
gles 3 of the more populated and ener- 
getic particle fluxes streaming there. 

The relative positions of the iono- 
spheric crossings in the (X-0) plane are 
particularly significant as they reveal a 
specific dependence of (3 on 0, indicated 
by the dashed curve of Fig. 2. Such a 
curve must extend from the position 
X = 90?, 0 = 0? [which refers to unde- 
flected (/3 = 0) fluxes directed along the 
terminator plane but restricted to the po- 
lar regions] to the position of the bulge in 
the equatorial plane where /3 must ap- 
proach a value slightly smaller than /max. 
The fact that both crossings of the Pio- 
neer Venus become aligned with respect 
to these two extreme cases gives the 
strongest support for the suggested polar 
entry of ionosheath fluxes into the um- 
bra. 

An additional test of the model can be 
performed by calculating the height of 
the bulge along this particular curve. The 
corresponding height profile obtained 
from Eq. 2 is shown in Fig. 3 together 
with the approximate height range of 
both Pioneer Venus crossings. The theo- 
retical values corresponding to the lati- 
tudes of the inbound and outbound mea- 
surements are H = 1420 and 2365 km, 
respectively. These numbers are in ex- 
cellent agreement with the experimental 
observations and further support the va- 
lidity of the proposed geometry. The 
same arguments can, in fact, be used to 
predict that the height and angle 0 of the 
ionospheric bulge in the equatorial plane 
should reach - 6000 km and ? 53?, re- 
spectively. 
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Investigations of the magnetic field 
orientation (I) and plasma flow direction 
(3) in the near wake should provide addi- 
tional experimental information with 
which to test these contentions and ex- 
amine in detail the latitudinal depen- 
dence of the nightside ionopause on the 
direction of the solar wind flow and the 
interplanetary magnetic field. 
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tuaries. 

Estuaries are characterized on the 
basis of their morphometry and salinity 
structure (1). For example, Pritchard (2) 
has conceptually modeled estuarine 
types according to three different den- 
sity-stratification and circulation pat- 
terns: highly stratified (type A), moder- 
ately stratified (type B), and vertically 
homogeneous (type C). In contrast to 
highly stratified estuaries, vertically ho- 
mogeneous ones are expected to be shal- 
low, wide, and dominated by tidal cur- 
rents rather than freshwater input (3). 
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The Chesapeake Bay and its tributaries 
have been considered classical examples 
of moderately stratified estuaries. In- 
deed, when this system is viewed in the 
long-term average sense (that is, month 
to month), its salt distribution is well ex- 
plained by such a model. 

Recently, Haas (4) discovered that at 
least portions of the Chesapeake estua- 
rine system alternate between vertical 
homogeneity and stratification within a 
time scale of days. Such a short time 
scale is an appropriate one for those 
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seeking a relationship between biological 
or chemical processes and estuarine hy- 
drography. Haas's analysis of the ob- 
served oscillation cycle of the York, 
James, and Rappahannock rivers re- 
vealed a strong positive correlation be- 
tween destratification events and spring 
tidal height; thus these destratification 
events are predictable. Destratification 
at the mouth of the York River was most 
intense about 4 days after maximum 
spring high tides, and stratification was 
most evident during neap tidal periods. 
Surprisingly, neither short-term varia- 
tion in freshwater flow nor meteorologi- 
cal events had much bearing on the oc- 
currence of vertical mixing. 

This report concerns the effects and 
implications of spring tidal destratifica- 
tion phenomenon on nutrient and O dis- 
tributions in the York River during Au- 
gust 1978 (5). 

We conducted intensive sampling of 
the water column during periods of neap 
tidal stratification (7 to 17 August), 
spring tidal destratification (21 to 24 Au- 
gust), and subsequent neap tidal restrati- 
fication (24 to 31 August). Vertical pro- 
files for NO2-, NH4+, P043-, and O 
strongly reflected the stratification state 
of the estuary (Fig. 1), which was pri- 
marily due to the salinity and not the 
temperature component of density (sig- 
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Table 1. Mean water column concentrations (? standard deviation) for hydrocasts at the mouth of the York River for the range of days in August 
1978; AX is the salinity difference between top and bottom; EN is the sum of NO2-, NO3-, and NH4+. The N and P concentrations are in 
microgram atoms per liter. The numbers in parentheses indicate the number of hydrocasts averaged. 

Date AX (per mil) X (per mil) X IN X P43- X NO2- + NO- X NH4+ 

7to 17 3.94 + 1.10(13) 21.3 ? 0.33 (13) 9.85 ? 2.50 (11) 0.39 + 0.11(10) 3.17 ? 1.27 (11) 6.68 ? 1.36 (11) 
21 to 24 0.15 + 0.39 (10) 20.4 ? 0.24 (10) 3.00 ? 0.81 (10) 0.27 ? 0.08( 9) 1.40 ? 0.61 (10) 1.50 ? 0.51 (10) 
24 to 31 5.43 ? 1.51 ( 9) 22.9 ? 1.88 ( 9) 8.30 ? 2.14 ( 9) 0.80 ? 0.46( 8) 1.12 ? 0.77 ( 9) 7.18 ? 2.54 ( 9) 
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Fig. 1. Profiles of (A) sigma t, (B) oxygen, (C) phosphate, (D) nitrite, and (E) ammonia for 10 August (.....), 23 August ( ), and 29 August 
(------). Profile depths vary slightly because of tidal fluctuation and slight positional changes of the vessel. 
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of estuaries that are moderately stratified during neap tides. In the York River es- 
tuary, this destratification redistributes ammonium and phosphate regenerated by 
the benthos as well as oxygen from the surface. This redistribution has significant 
implications for nutrient cycles, organism distributions, and the management of es- 
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