
immunosensors based on  the specificity of 
antibodies (16) ,  most of these sensors rely 
on exposure of the antibody to subsaturat- 
ing levels of antigen or  to  chaotropic agents 
to  restore binding site activity, allowing the 
sensor to  be used more than once. These 
methods of restoring activity provide dis- 
continuous measurements and less than 
quantitative recovery. Miller e t  a / .  (17) have 
developed a reversible sensor based on a 
similar energy-transfer fluoroimmunoassay 
that relies on  an antibody having a high 
off-rate, k- ,,enabling the sensor t o  respond 
quickly and reversibly. However, most anti- 
bodies have very slow off-rates, making this 
approach difficult to  generalize unless an 
exhaustive search for a rapid off-rate mono- 
clonal antibody is undertaken for each anti- 
gen. With our method this is not neces-
sary--existing immunoassays can be used 
and coupled to optical fibers through a 
controlled-release system. The most imme- 
diate applications are likely to  be in the 
monitoring of  pollutants at toxic waste sites, 
groundwater aquifers, and agricultural areas 
where there is pesticide runoff, since anti- 
bodies to  these analytes are becoming avail- 
able commercially (Biodesign Inc., Kenne- 
bunkport, Maine). 
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Equating above cxprcssions and solving for [Agl 
yields 

This expression may be rewritten in terms of fluo- 
rescence intensities to yield Eq. 3 
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High Winds of Neptune: A Possible Mechanism 

Neptune receives only 11900th of the earth's solar energy, but has wind speeds of 
nearly 600 meters per second. How the near-supersonic winds can be maintained has 
been a puzzle. A plausible mechanism, based on principles of angular momentum and 
energy conservation in conjunction with deep convection, leads to a regime of uniform 
angular momentum at low latitudes. In this model, the rapid retrograde winds 
observed are a manifestation of deep convection, and the high efficiency of the planet's 
heat engine is intrinsic from the room allowed at low latitudes for reversible processes, 
the high temperatures at which heat is added to the atmosphere, and the low 
temperatures at which heat is extracted. 

vOYAGER OBSERVATIONS OF CLOUD 

motions (1) showed that Neptune 
has some of the fastest winds mea- 

sured on any planet. The strength of Nep- 
tune's circulation, despite the small amount 
of energy received either from its interior or 
from the sun, was a surprise. Several con- 
ceptual models of the general circulation of 
the giant planets have been proposed (2). 
However, they d o  not readily provide a 
simple explanation as t o  why the highest 
winds occur on  Neptune when the apparent 
source of energy is so small. Neptune gains 
only about 11900th of the solar energy per 
unit area received by the earth, but the zonal 
winds in tropical latitudes are more than ten 
times faster than on the earth. 

In this report, we present new measure- 
ments of the winds using cloud motions and 
a new conceptual model based on hnda-
mental principles of angular momentum and 
energy that offers a plausible mechanism for 
the exceptionally strong equatorial subrota- 
tion or  retrograde winds found on  Neptune 
and Uranus. Our model is easiest t o  illus- 
trate by examination of  Neptune's motions 
in an inertial or absolute frame of reference 
(Fig, 1). 

Gaseous planets are generally assumed to 
have a core where the fluid rotates as a solid 
object. Thus, deep within the atmosphere of 
Neptune we assume that there is a core 

Space Science and Engineering Center, University ot 
Wisconsin-Madison, 1225 West llayton Street, Madi- 
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region where the rotation period equals 
Neptune's day [assumed t o  be given by the 
measurements of the radio period (3 ) ,16.11 
hours]. Because more energy is received 
from the interior of the planet than from the 
sun, deep convective motions develop in the 
atmosphere as energy is transferred upward 
from the core region. The upper boundary 
of the core region represents a surface across 
which absolute angular momentum is ex- 
changed between the interior and outer 
gaseous regions of the planet. This same 
surface as a lower boundary t o  the free 
atmosphere determines the vertical extent 
over which reversible isentropic processes 
may occur. 

An estimate of the upper boundary of the 
core region can be obtained from the ob- 
served cloud motions and a parameter called 
the potential radius. The potential radius is 
the perpendicular distance from the axis of 
rotation at which the relative zonal motion 
of a given cloud feature vanishes through 
virmal radial displacement under angular 
momentum conservation, that is, where the 
periods of rotation for the planet and the 
displaced cloud become equal. For all lati- 
tudes where the rotation period of a cloud 
exceeds that of the interior, the potential 
radius is closer to  the spin axis, whereas for 
all latitudes where the rotation period is less 
than that of the deep interior, the potential 
radius is located farther from the spin axis. 

We have calculated the meridional distri- 
bution of the potential radii for the mea- 
sured cloud motions (4) (Fig. 2). In the 
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equatorial region, the potential radii form a 
quasi-cylinder some 2000 to 3000 km below 
the visible surface. The quasi-cylindrical 
form of the potential radius indicates that to 
a first approximation, the spatial distribu- 
tion of angular momentum is uniform. In 
contrast, at mid- to high latitudes, the po- 
tential radii nearly match that of the visible 
surface. These data indicate that the atmo- 
spheric vorticity and the local planetary vor- 
ticity of solid rotation are nearly equal at 
high latitudes. Evidently, there are two dif- 
ferent dynamical regimes separated by a 
transition zone. 

If our conceptual model is valid we can 
expect that the lower interface has irrevers- 
ible heat transfer processes because of con- 
duction and possible hydromagnetic effects 
at the lower boundary. Similarly we can 
expect that large irreversible heat transfer 
processes occur in the atmosphere's upper 
regions by radiation. Between these two 
levels at low latitudes we can expect a deep 
region of reversible processes. 

For an adiabatic lapse rate of 0.8 Wkm, 
the temperature at the lower boundary is 
more than 1000 K. If convection starts at 
these depths, then the Brayton cycle engine 
efficiency given by 1 - [T (top)/T (bot- 
tom)], where T is temperature, is about 1-

Fig. 1. A meridional distribution of Neptune's 
average cloud zonal velocities (U,,) in an absolute 
frame (triangles), the zonal velocity of Neptune's 
visible surface (Us) as if it were rotating as a solid 
body (solid line), and the relative zonal velocity 
(Uc,- Us) in a frame of reference rotating with the 
measured radio rotation rate (circles) from recent 
measurements (4). The error bars represent 1rms 
deviation about the average of the measured 
Vectors in a given latitude band and mostly reflect 
variability, as the measurement errors (excepting 
misidentification of the target) are generally much 
smaller. 

6011000 or 94%. A Brayton cycle is one 
where the heat gains and the heat losses 
occur at constant pressure at the bottom 
and at a different but constant pressure at 
the top. On Neptune these vertical differ- 
ences for both temperature and pressure are 
large. It is the deep vertical extent of the 
convection and the extreme low tempera- 
ture at which heat losses occur in concert 
with mainly reversible isentropic processes 
above the potential radius that provides for 
the high efficiency needed to maintain the 
high wind regime against irreversible pro- 
cesses. 

In the region of permitted reversible pro- 
cesses we assume that to a first approxima- 
tion the total flow energy (TFE) being 
conserved under steady isentropic motion is 
defined by 

TFE = enthalpy + gravitational energy 

+ kinetic energy = constant 

This condition provides for reversibility of 
energy exchange under cyclic processes and 
is an application of the laws of thermody- 
namics, as described by Tolman and Fine (5 )  
generally, and recently applied by Johnson 
(6) to Earth's circulation. We assume that 
Neptune's atmosphere has regions of vol- 
ume expansion and contraction involving 
cyclic processes where reversible processes 
take place in Hadley-like circulations and are 
represented by the combination of steady 
convection within vertical branches and me- 
ridional branches demanded by mass conti- 
nuity. Although entropy is being generated 
by irreversible processes, important revers- 
ible processes dominate in the vertical 
branches. 

The region above the potential radius 
extending meridionally between 54" north 
and south and vertically several thousand 
kilometers below the visible surface provides 
plenty of room for both reversible and irre- 
versible processes. Thus, the lower the po- 
tential radii relative to the visible surface, the 
more room vertically and meridionally for 
Hadley-like circulations to form. Thus, the 
deeper the core, the more efficient the atmo- 
spheric heat engine that maintains the high 
winds can be. 

Energy emanating from the planets' inte- 
rior, the convective buoyancy of fluid ele- 
ments, and reversible processes maintain the 
supply of kinetic energy against frictional 
dissipation. In polar latitudes the sense of 
buoyancy is oriented along planetary angu- 
lar momentum surfaces, perpendicular to its 
meridional gradient in angular momentum. 
The hydrodynamic stability from the merid- 
ional gradient of angular momentum (7) 
imposes a severe constraint to meridional 
displacement; thus, the deep convection pri- 

Distance (km) 

Fig. 2. Potential radius (rp) of observed cloud 
motions on Neptune (circles) shown as a function 
of the sine of the latitude. The corresponding 
depth (r, - rp) b l o w  or above the visible surface 
(r,) of Neptune 1s shown on the same scale by the 
boxes. 

marily transports internal energy upward 
along surfaces of angular momentum with- 
out meridional motion. This situation al- 
lows the atmosphere to assume a local value 
of planetary vorticity characteristic of solid 
rotation. In contrast, in equatorial latitudes, 
the sense of convective buoyancy is oriented 
perpendicular to the hypothetical cylindrical 
surfaces of planetary angular momentum. 
However, there are few constraints on ver- 
tical and horizontal motions because the 
circulation is free to adjust to a uniform 
value of angular momentum that is deter- 
mined by frictional coupling at the core-
atmosphere interface and the exchange of 
angular momentum implicitly involved with 
reversible processes. Convection in equato- 
rial regions thus creates a region of relatively 
uniform angular momentum; and the po- 
tential radius, the easterlies of tropical 
latitudes, and the westerlies in mid-latitudes 
are all a reflection of this exchange. The 
latitude where the potential radius intersects 
the visible surface of the planet marks the 
transition between the two dynamical re- 
gions. 

In an axially symmetric, frictionless sys- 
tem, absolute angular momentum is con- 
served. Any meridional displacement on a 
geopotential surface under such conditions 
will change the intensity of the east-west 
flow as the distance normal to the spin axis 
changes. Easterly winds in equatorial re-
gions can be maintained by meridional mo- 
tion along geopotential surfaces from higher 
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latitudes under the consenration of absolute 
angular momentum. On a gaseous planet 
with a deep convective atmosphere, the mo- 
tions are not restricted to meridional dis- 
placements along geopotential surfaces. A 
change in the radial distance from the axis of 
rotation can be accomplished by both me- 
ridional motions along the surface and by 
radial motions normal to geopotential sur- 
faces. 

Several features characterize the atmo-
spheric region where reversible energy ex- 
change and large radial displacements occur. 
In an inertial reference frame, east winds will 
have less absolute kinetic energy than equal- 
ly strong west winds. Should a parcel be 
displaced upward through a layer near the 
equator it would, because of conservation of 
angular momentum, lose kinetic energy. Be- 
cause total flow energy must be conserved in 
this process, a repartitioning of energy in the 
region of reversible processes occurs, as de- 
scribed below. 

For two different latitudes, consider ide- 
alized vertical displacements of parcels from 
a geopotential surface deep down to another 
surface higher up under the consenration of 
total flow energy and angular momentum. A 
geopotential surface is a level of equal po- 
tential energy of a unit mass by virtue of its 
position in the field of gravity. With upward 
displacement of a parcel at the equator, the 
geopotential energy increases from a mutual 
decrease of absolute kinetic energy and en- 
thalpy. With a similar vertical displacement 
of a parcel at the pole, the geopotential 
energy increase stems solely from the en- 
thalpy decrease because the kinetic energy 
remains the same. As a result, the decrease of 
enthalpy at the equator is less than at the 
pole. From these idealized vertical displace- 
ments and a uniform meridional distribu- 
tion for each of the components of energy 
at the core-atmosphere interface, it fol-
lows that upper atmospheric temperatures 
on the same geopotential surface would be 
warmer over equatorial latitudes than over 
polar latitudes even without any external 
energy input such as the heating from the 
sun. 

Another implication is illustrated by the 
case of an air parcel rising from deep layers 
over the equator. The parcel would flow 
westward and produce strong easterly winds 
in tropical latitudes on each side of and over 
the equator. Westerlies would develop at the 
poleward extent of the tropical regime of 
uniform angular momentum because of me- 
ridional exchange within an axially symmet- 
ric circulation. 

This model can also account for circula- 
tion in Neptune's Great Dark Spot (GDS). 
For example, assume that same vertical mo- 
tion occurs at 20"s over an area above the 
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same size as the GDS. Westward flow would 
form in the upper layers. Presumably, as the 
rising current encounters the tropopause, 
horizontal divergence of the air parcels 
would result in anticyclonic circulation. 
That is what appears to happen in the GDS 
(1). The GDS could also be a giant vortex 
on its own, acting as the primary means to 
transport heat and angular momentum up- 
ward. Indeed the symmetry of the wide 
cloud band observed in the low latitudes 
about the GDS rather than the equator is a 
suggestion that that is the case. Upward 
flow in the tropics could be in the form of a 
classical Hadley cell flow, a giant hot tower, 
or more likely, a combination. If the base of 
the vortex for the GDS is at the level of the 
potential radii, the relatively uniform angu- 
lar-momentum values of the easterlies at the 
visible surface of the planet would be ac- 
counted for within the vortex through trans- 
fer of angular momentum by pressure stress- 
es within the belt of equatorial easterlies 
during the prolonged ascent of the parcels. 

Although the Great Red Spot (GRS) on 
Jupiter and the GDS on Neptune appear to 
be similar giant vortices, there is an impor- 
tant difference. The period of the GRS 
practically matches that of the planet's radio 
rotation rate, drifting westward at approxi- 
mately 4 d s ,  sometimes slightly faster, 
sometimes slower by as much as 1 d s .  On 
the other hand Neptune's GDS moves rap- 
idly to the west at a period of 18.3 hours 
compared to the interior period of 16.11 
hours. This difference between them might 
indicate that the GRS is shallow and the 
GDS is deep. Furthermore, for the easterlies 
on Jupiter and also on Saturn, the potential 
radii surfaces lie much closer to the visible 
surface than on Neptune or Uranus. 

Uranus, most similar to Neptune in size, 
displays an atmospheric circulation some- 
what similar to that of Neptune and a 
comparable rotation period (3).Uranus ap- 
pears to have a superrotating atmosphere 
poleward of about 20"s and a subrotating 
atmosphere equatonvard of that latitude, 
whereas Neptune has a subrotating atmo- 
sphere in a wider belt approximately be- 
tween k 5 4 "  latitude. On Uranus we can 
expect that the quasi-cylindrical surface de- 
fined by the potential radius will intersect 
the visible surface of the planet at i-20" 
latitude. As the depth of the potential radius 
below the visible surface of Uranus at the 
equator is considerably less than that com- 
pared to Neptune, the difference between 
the temperature at this depth where heat is 
added and the temperature at the upper level 
where heat is extracted is also less than that 
on Neptune. Such a structure would lead to 
a less efficient heat engine and could be the 
reason why Uranus has slower winds com- 

pared to Neptune. The radii of these quasi- 
cylindrical surfaces are different on Uranus 
and Neptune because Neptune transfers more 
energy from its interior and thus supports 
deeper convection compared to Uranus. 

Tassoul (9) describes three theories to 
account for the differential rotation in stars 
and cautions that "no commonly accepted 
model exists at the present time." (In a sense 
the outer planets with internal heat sources 
could be considered as "cold stars" since 
they lose more heat by radiation than they 
gain from the sun.) In one, the sense of the 
mean meridional circulation is determined 
by the anisotropic eddy viscosity in the 
convective zone. Anisotropic eddy viscosity 
with greater transverse than radial values 
forces axially symmetric mean circulations in 
each hemisphere; the flow rises at the poles 
and moves toward the equator at the outer 
boundary, then streams back to the poles on 
the inner boundary of the convective shell. 
The net angular momentum transport by 
the mean circulation in each hemisphere is 
toward the equator and leads to equatorial 
superrotation such as observed on the sun, 
Jupiter, and Saturn. With greater radial than 
transverse anisotropic eddy viscosity values, 
a reversal of the meridional circulations oc- 
curs that provides for subrotation in the 
equatorial zone. On Neptune, the greater 
apparent radial eddy viscosity should extend 
over many scale heights in the equatorial 
zone. 

If this theory holds for the outer planets, 
one must find a process that changes orthog- 
onally the direction of anisotropy for Jupiter 
and Saturn compared to Uranus and Nep- 
tune. On rotating gaseous bodies with their 
wide range of scales of motion, different 
dynamical structures control their eddy vis- 
cosities. In an equatorial annulus of uniform 
angular mornentum where reversible pro- 
cesses are permitted, neutral vertical stability 
occurs on a global scale within the volume. 
However, in this zone, a measured lapse rate 
in a direction parallel to the axis of rotation 
is equal to the lapse rate for an ordinary 
neutral adiabatic process whereas a different 
cylindrical surface will have a smaller mea- 
sured lapse rate and would appear to be 
stable to small-scale vertical motions. This 
effect is more than a factor of 10 greater on 
Jupiter and Saturn, because of their greater 
rotation rates and radial size, than on Ura- 
nus and Neptune. Would this effect be large 
enough to change orthogonally the direc- 
tion of anisotropy on Jupiter and Saturn 
compared to Uranus and Neptune? If so, a 
reduced radial eddy viscosity could result in 
equatorial superrotation, a shallower layer of 
reversible processes, and reduced top and 
bottom temperature differences and lead to a 
less efficient set of planetary engines. 
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Nylon Production: An Unknown Source of 
Atmospheric Nitrous Oxide 

MARKH. THIEMENSAND WILLIAMC. TROGLER 

Nitrous oxide in the earth's atmosphere contributes to catalytic stratospheric ozone 
destruction and is also a greenhouse gas component. A precise budgetary accounting of 
N,O sources has remained elusive, and there is an apparent lack of source identifica- 
tion. One source of N,O is as a by-product in the manufacture of nylon, specifically in 
the preparation of adipic acid. Characterization of the reaction N 2 0  stoichiometry and 
its isotopic composition with a simulated industrial adipic acid synthesis indicates that 
because of high rates of global adipic acid production, this N 2 0  may account for -10 
percent of the increase observed for atmospheric N 2 0 .  

ITROUS OXIDE IN THE EARTH'S 
atmosphere is known to be increas- 
ing by about 0.2% per year (1, 2), 

presumably from anthropogenic activity. +4l-
though the absolute concentration of ni- 
trous oxide is relatively low [-300 parts per 
billion by volume (ppbv)], it may influence 
global climatic processes as a result of one of 
its stratospheric thermal removal reactions: 

N,O + 0 ('D) -+ NO + NO (61.7%) (1) 

+N2 + 0, (38.3%) (2) 

The stratospheric loss rate for reaction 1 is 
1.1x 10' to 1.9 x 10' molecules cm-2 s-'. 
and the total loss rate, including photolysis, 
is 0.9 x 10' to 1.4 x 10' molecules cmP2 
s-' (3). Nitrous oxide serves as the major 
stratospheric source of NO, which is unam- 
biguously implicated in catalytic ozone de- 
struction. Second, it is a recognized green- 
house gas that may in the future contribute 
to an enhanced greenhouse effect by as 
much as 10% (4). Unlike most other trace 
greenhouse gases and 0, destructive agents, 
N,O does not have an adequately resolved 
budget. About 30% of the sources have not 
been identified (5). Because of its atmo- 
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spheric lifetime of approximately 150 years 
( 6 ) ,identification of all significant sources is 
particularly important. There are other fea- 
tures of the global N,O budget that are 
problematic. The rate of increase of N,O 
levels is -0.9 ppb yr-' in the Northern 
Hemisphere and 0.7 ppb yr-' in the South- 
ern Hemisphere (2). In the Northern Hemi- 
sphere, N 2 0  concentrations are typically 0.8 
ppbv higher from April to June than during 
the rest of the year, possibly because of a 
large, though undefined, continental anthro- 
pogenic source (2). A clear resolution of the 
reason for the hemispheric N 2 0  difference or 
seasonalitv is needed. 

With regard to identification of atmo-
spheric trace species, sources, sinks, and 
transformation mechanisms, stable isotope 
ratio measurements can provide useful, di- 
agnostic information. For atmospheric N 2 0  
there is, at present, a limited database for the 
isotope ratios 8l5N (7-10) and S1'O ( I@ 
12). Nitrogen isotopic measurements reveal 
that N 2 0  in maritime air differs from con- 
tinental air (8) and is somewhat variable. 
This suggests variable source strengths. The 
processes that determine the ultimate nitro- 
gen and oxygen isotopic composition of 
N,O in the ocean have not been identified 
unambiguously. Denitrification has general- 
ly been presumed to be the source of N2° 

with high 15N/14N and 180/160 ratios (9, 

11-13); however, recent simultaneous S1'N 
and S1'O measurements of Pacific oceanic 
N,O profiles suggest that the opposite is the 
case (10). The heavy isotopes in oceanic 
N 2 0  are depleted, relative to atmospheric 
N 2 0  to depths of about 600 m, but signif- 
icantly enriched in deep and bottom waters. 
Kim and Craig (10) proposed that deep 
N,O production by nitrification is simulta- 
neously coupled to a kinetic isotopic frac- 
tionation during bacterial respiration, and 
that this process results in an overall enrich- 
ment of heavy isotopes in N,O. Oceanic 
regions where denitrification occurs, for ex- 
ample, the eastern equatorial Pacific, are also 
sites of upwelling and thus can provide a 
source of N 2 0  (14-1 6) isotopically similar 
to tropospheric N,O (9). As concluded by 
Kim and Craig (lo), isotopic definition of 
N 2 0  in active upwelling sites is needed; in 
consideration of present uncertainties in the 
atmospheric N,O budget (5), identification 
of all significant N 2 0  sources with concom- 
itant isotopic measurements is needed. 

On first consideration one might con-
clude that industrial sources of N 2 0  are 
insignificant because of its minor usage (17). 
Its chief application, as a nontoxic propel- 
lant in canned whipping cream, does not 
constitute a significant atmospheric pollu- 
tion source. In this report, we call attention 
to an industrial source of N,O that has -
atmospheric significance. Nitrous oxide is a 
by-product in the manufacture of monomers 
for 6 4 -  and 6,12-nylon. In 1989 1.24 x 
10' kg of nylon were produced in the 
United States alone (18). Nylon polymers 
have typically been formed by condensation 
polymerization of a dicarboxylic acid and 
diamine. The most widely used diacid, adi- 
pic acid, is prepared primarily by air oxida- 
tion of cyclohexane to cyclohexanol-cpclo- 
hexanone mixtures, followed by oxidation 
with N 2 0  to adipic acid (19). In 1989, U.S. 
production of adipic acid totaled 7.44 x 10' 
kg (18). ~ecause  western European and 
Japanese production essentially equals U.S. 
production (19), we might assume that oth- 
er world sources. such as China. the Soviet 
Union, and ~ a s i e r n  Europe have a total 
adipic acid output comparable to the United 
States This suggests a 1989 worldwide pro- 
duction of 2.2 x 10' kg of adipic acid, 
which agrees with an estimate of 2.2 x lo6 
tons, or 2.0 x 10' kg worldwide for 1983 
(20). We have focused on the nitric acid 
oxidation step involved in adipic acid syn- 
thesis because it results in the stoichiometric 
production of N 2 0  on a large scale. 

Most earlier workers have reported inde- 
terminate stoichiometries for the N,O pro-
duced by the nitric acid oxidation of cyclo- 
hexanol-cpclohexanone mixtures, as shown 
in Eq. 3. 
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