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Altitude profiles of ammonia and its photochemical products are generated in the light
of the new measurements of the Jovian temperature structure, eddy transport coefficient,
improved chemical scheme, and rate constants. Realistic limits are placed on the concen-
tration of hydrazine which may participate in the recycling of ammonia on Jupiter. The
maximum hydrazine ice production rate is calculated to be about 1.3 mg m=2/Jovian day.
The distribution of nitrogen gas is presented with and without supersaturation of hydrazine.
The nitrogen mixing ratio near the ammonia cloud top is estimated to be in the range of 10~?
to 1071, An appreciable latitudinal variation in the ammonia concentration is expected.

INTRODUCTION

Several new laboratory and n situ mea-
surements pertinent to the problem of
ammonia on Jupiter have become available
since Strobel (1973) published his calcula-
tions of the NH; photochemistry. The
Jovian temperature profile down to the
ammonia cloud top has been inferred with
a degree of accuracy adequate for the pre-
diction of some interesting atmospheric
properties from the data collected by both
the infrared radiometer and the radio oc-
culation techniques used on Pioneers 10
and 11. New insight into the possible range
of values for the eddy mixing coeflicient is
provided by the Jovian Lyman a airglow
measurements. Additional chemical reac-
tions and improved laboratory measure-
ments of rate constants of some pertinent
reactions are now available. In view of
this new knowledge and the possible

1 The authors have contributed equally to this
study.

2 Also at Chemical Evolution Branch, NASA-
Ames Research Center, California 94035.

Jupiter Orbiter Probe Mission whose atmo-
spheric sampling instruments would be
designed to measure the various gaseous
species in the lower atmosphere of Jupiter,
we have carried out calculations which
yield new estimates of the distribution of
ammonia and its photochemical products.
Sensitivity studies have also been made for
several possible variations of the eddy
transport coeflicient. In addition, the
question of hydrazine (N,H,) condensa-
tion is discussed and extreme profiles of
“gaseous” hydrazine as a function of
Jovian altitude are generated along with
the corresponding distribution of nitrogen
gas. Some insight into the diurnal and
latitudinal behavior of the gases is pro-
vided and important new or improved
laboratory measurements are identified.

MODELS

For the present calculations we assume
the temperature profile as inferred from
the Pioneers 10 and 11 data (Hunten,
1976). The temperature varies from 165°K
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TABLE I

RELEVANT CHEMICAL REACTIONS AND AsSOCIATED RATE CONSTANTS

Reaction Reaction Rate constants Reference
number
R1 NH:; + hv = NH:(X) + H J(NH3) See text
M
R2 NH:(X)+ H = NH; ks =6 X 10730[M]}/(1 + 3 X 1072[M]) Gorden et al. (1971)
M
R3 NH:(X) + NH:(X) = N-H, ks =1 X 10710 Gorden ef al. (1971)
R4 N:Hs + H — N:H; + H: k4 = 9.87 X 10712 exp{~1198/T) Stief and Payne (1976)
R5 NoHs+ hv - N:Ha 4+ H J(N:H4) See text
R6 N:H; + H — 2NH: ks = 2.7 X 10712 Gehring et al. (1969)
R7 H+HA+M-H:+ M k1 = 8 X 10733(300/T)0-6 Ham et al. (1970)
RS N:H3z 4+ N:Hs; — 2NH;z + N: ky < ke Stief (1976, personal
communication)
R9 N:H3; 4+ N:Hsz —» N:H4 + N:H:
—+ NoHs + N2+ H2 ky = 6 X 1071 Stief (1976, personal

communication)

s Rate constants (k's) are given in ems3 sec™! for two-body reactions and in em® sec™! for three-body reactions. Photodissociation

rates J(NH;) and J(N:H4) are given in sec™l.

at 1000 mbar to 148°K at 10 mbar with
a distinet temperature inversion (110°K)
around the 100-mbar pressure level. The
Pioneer 10 Lyman « airglow measurements
(Carlson and Judge, 1974) seem to indicate
an eddy diffusion coefficient of the order of
3 X 10%+! em? sec™! with a highly uncertain
homopause. However, the recent OAO-
Copernicus measurements (Barker, 1976)
give a Lyman o intensity which may be
up to four times greater than that inter-
preted by Carlson and Judge from their
photometer data. Thus the Copernicus
data imply a smaller value of eddy diffusion
coefficient K. We have made calculations
with K « 1/M and K « 1/M'? (see, e.g.,
Lindzen, 1971), both with an assumed tro-
popause value of Ky = 2 X 10* em? sec™?
after Tomasko (1974). Sensitivity studies
are also done with K, = 2 X 10% and 2 X 10°
em? sec”l. We also consider the case with
constant K of 2 X 10% ecm? sec™?, the value
assumed by Strobel (1973). The K « 1/M'/?
variation appears the most realistic; a 1/M
variation produces an unacceptably high
value of the eddy diffusion coefficient at
the homopause.

The relevant chemical reactions and the
associated rate constants are listed in
Table I. Photolysis of ammonia longward
of 1600 A results in the formation of the

amidogen radical NH,(X) in the ground
state. Reaction of NH,(X) with hydrogen
reeycles part of the ammonia while reac-
tion with itself leads to the formation of
hydrazine. Photolysis of gaseous N.H, then
gives the N.H; radical which reacts with
H to form NH, by the extraction reaction
R6. N,H; reacts with itself to produce
N:H,; and N; (R9); the rate constant for
R8 is much smaller than that for R9
(Stief, 1976, personal communication). The
chemical reactions leading to the produc-
tion of N, in this paper differ from Strobel’s
(1973) in that he considers production of
N directly from the photolysis of N,H,
and from the extraction reaction: NyH;
+ H — N, + 2H,. Photolysis products of
N.H, by absorption of solar radiation long-
ward of 1600 A may be as follows:

N.H, + hv — H 4+ N.H; R5
— 2NH, R10
— NH; + NH R11
— H; + N,H, R12.

Only the first one of these processes, R5,
is dominant, while the rest have extremely
low quantum yield (see Schurath and
Schindler, 1970; Stief and Payne, 1976).

The rate constants k., ks, and k; listed
in Table I are the same as those used by
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Fi6. 1. Variation of ammonia and hydrazine photodissociation rates, J (NH;) and J(N.H,),
with height for several different atmospheric models. The reference altitude z = 0 km is taken
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accordance with Hunten (1976). The rate constant k4 is taken from the measurements of Stief
and Payne (1976). The curve with K = 2 X 10* cm? sec™! refers to the model in which the
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indicate that in the relevant temperature
range ks may be up to a factor of 35 lower
than the Francis and Jones (1971) value
used in earlier calculations.

Photoabsorption by ammonia wa nn]n!
Iaot0ansorpuion Oy amimnonia was Caitu

lated for wavelengths between 1600 and
2300 A ; at shorter wavelengths solar radia-
tion is absorbed by methane whose abun-
dance above the ammonia cloud top is
substantially greater than that of ammonia.
Solar fluxes are from Ackerman (1971) and
photoabsorption cross sections of NH; and
N H, are from Watanabe (1954), Thomp-
son et al. (1963), and Schiirgers and Welge
(1968). Solar flux and cross sections were
averaged over a 10-A interval; because
of the structure in the ammonia cross
sections, the averaging interval is im-
portant. As discussed later, the major un-
certainty in the calculations results from
the choice of the eddy diffusion coefficient.

Therefore we have not included secondary

aerosols. For the “global average” model
the solar flux was decreased by a factor
of 0.5 and the mass path was doubled. A
calculation for a latitude of 75° was also
tho offantix ve

V¢ CIectly

ocarrind ant -
CaITICR Cub,

(determmed by averaging cos E over the
daylight hours) is 80.5° which yields a
solar attenuation of 0.165

One-dimensional steady-state coupled
eddy transport equations
were solved by a generalized Newton-
Raphson’s method (see, e.g., Ames, 1969).
The step size was 1 km and the convergence
criterion was 59%. With the exception of
N, the system was treated as a two-point
boundary value problem. Large variations
in the boundary values caused changes in
the solutions within only a few kilometers of
the boundaries located at 0 km (number
density of 2.9 X 10 em—3) and 40 km. A
flux lower boundary condition was as-
sumed for nitrogen so that the downward
Aux wa 1 to half

LichiL

continuity and

=] annrovi o
vao applrialiiia
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the upward flux of ammonia; thus our
solutions represent a lower limit to N,
concentrations.

RESULTS AND DISCUSSION

Photodissociation rates of ammonia and
hydrazine, J (NH;) and J (N.H,), are shown
in Fig. 1 for the various assumptions on the
model atmosphere. We show only one
profile for N,H, corresponding to the atmo-
spheric model in which K « 1/M'2 (stan-
dard case). This calculation was based on
the assumption that all the N,H, gener-
ated in reaction B3 of Table I is in the
gaseous state. As we shall see later, if
hydrazine condenses at its saturation vapor
pressure then the dissociation rate will
simply be the value corresponding to an
optical depth of zero. The photodissociation
rates of NH; can be as much as a factor of
4 greater than Strobel’s (1973) wvalues.
This difference is attributed to revised
solar flux data which in some spectral

ALTITUDE (km)
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regions are twice as large as those used by
Strobel. Also our spectral interval of 10 A
allows a realistic reproduction of the ab-
sorption cross sections of NHs.

The height distributions of ammonia and
its photolysis products in terms of volume
mixing ratios are shown in Fig. 2. The
curves refer to an eddy diffusion coefficient
K « 1/M*'2. The solid line curves for N, H,,
N,H;, and N, were calculated on the as-
sumption that all the N,;H; resulting from
the reaction B3 is in the gaseous phase.
One would not expect this to be the case;
e.g., at 20 km where the temperature is
130°K, the saturation number density is
estimated to be about 10° em~® while the
calculated density is 10Y em=3. Such a
degree of supersaturation is most unlikely.

Our calculations also show in Fig. 2 the
N.H,, N,H;, and N, distribution if hy-
drazine ice forms at the saturation vapor
pressure. We have calculated the sublima-
tion vapor pressure from data of Audreith
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Fia. 2. Altitude profiles of volume mixing ratios of ammonia and its photochemical products
for Hunten (1976) temperature profile and the K o« 1/M1/2 atmospheric model (solid line curves).
The temperatures and pressures given on the right ordinate correspond to the altitudes shown
on the left. The rate constant k, is that of Stief and Payne (1976). Curves illustrated by —- - -—
for N.H, and N.H; assume a saturation vapor mixing ratio. The resultant N, mixing ratio

profile is shown by the —- - .— curve.
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F1a. 3. Saturation vapor density (particles cm™3)
of N:H, as a function of temperature from considera-
tions of the latent heat of sublimation. The value of
saturation vapor density of N.H, at 100°K is 5.6
particles em™3.

and Ogg (1951) who give empirical ex-
pressions for the latent heats of vaporiza-
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tion I, and fusion I;. It was necessary to
extrapolate from these expressions to low
temperatures since the relation for I, is
given for the range from 275 to 1000°K,
while for I; the range is 170 to 340°K. The
temperature variation of the latent heats
is not large (see Fig. 3) and we have esti-
mated the latent heat of sublimation
I, ~ 1, + s to be 1.4 X 10* cal/mole. The
only measurement of which we are aware
of the N,H, vapor pressure over N,H, ice
is that of Scott et al. (1949), who find a
pressure of 2.6 mm Hg at 273°K. From
these data and the Clausius-Clapeyron
equation, we find for the hydrazine satura-
tion number density,

[N.H,], = (2.48 X 10°/T)

Xexp[25.8(1 — 273/T)]. (1)

Note that over the temperature range of
interest (~110 to 165°K) the saturation
vapor density varies by about nine orders
of magnitude (see Fig. 4). We have not
used the Antoine equation (Scott et al.,
1949) to estimate the saturation vapor
pressure of NoH, since the expression was
developed for the liquid—vapor phases.
If this equation is extrapolated to the
lower temperatures applicable to Jupiter,
the difference between (1) and Antoine’s
equation varies up to a factor of 100.
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Fic. 4. Variation of the hydrazine latent heat of fusion /r and latent heat of vaporization I,

with temperature.
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The N;H, concentrations which allow no
supersaturation in Fig. 2 correspond to the
saturation mixing ratio at the local tem-
perature; i.e., the saturation value was less
than the N.;H, calculated in the photo-
chemical scheme which includes no con-
densation. If the atmosphere can sustain
no more N.H, in the gaseous phase than
given by the saturation curve, the rest
must be available for condensation. These
two profiles which differ by many orders
of magnitude over the altitude range repre-
sent the extremes for gaseous N.;H,. The
trend toward a positive gradient around
40 km is due to the temperature inversion
near this altitude.

The nitrogen concentration correspond-
ing to the hydrazine saturation density is
about a factor of 3 X 10? smaller near the
cloud layer than the nitrogen calculated
without any hydrazine condensation; at
40 km, however, the difference is about
four orders of magnitude. The resultant
N,H; is several orders of magnitude less
than hydrazine.

Mixing ratio profiles of NH; are shown
for several variations of eddy coefficient in
Fig. 5. For comparison we also show, by
dotted line, Strobel’s (1973) results calcu-
lated on the basis of a constant temperature
of 120°K, a constant eddy diffusion coeffi-
cient K = 2 X 10* em? sec™’, and a rate
constant k, as given by Francis and Jones
(1971). Although Strobel’s (1973) results ap-
pear similar to the model with K « 1/ M1/
in the present study, this is somewhat
fortuitous. For example, using Strobel’s
reaction scheme and his model atmosphere,
but with revised solar flux data and cross
sections, we find NH; concentrations near
40 km to be some two orders of magnitude
smaller than in the previous study. The
present calculations apply to a mid-latitude
case except for the long dashed curve which
is for high latitude. One finds a wide varia-
tion in the NH; mixing ratio near the top
with the choice of atmospheric parameters.
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Fig. 5. Variation of ammonia mixing ratio with
height for the various atmospheric models. The

height scale is the same as in Fig. 1. —--—, T'(2),
K =2 X 10* em? seec™! (constant); ——, T(2),
K « 1/M1/2; =TT T(Z), K 1/My T T(Z),

K « 1/M1%, latitude = 75°; ----, Strobel (1973).

As we have discussed earlier, perhaps the
representative NH; distribution in the at-
mosphere of Jupiter is the one with
K o« 1/M'2 although the variation of NHj;
in this model! and the onein which K « 1/M
is rather small.

There may be an appreciable variation
in the ammonia concentration with lati-
tude. At 75° for example, the column
abundance above 20 km is 5.3 X 10'8 em—2
while the mean global model yields about
2.7 X 10" em~2, At the equator the column
abundance would be lower; latitudinal
variations in NH; concentration between
equator and pole above 30 km may be
larger than two orders of magnitude if
meridional transport is negligible. There
may be significant variations in NH; from
the mean global model due to the varying
solar zenith angle as well as diurnal varia-
tions in the photolysis products. At night-
time, there is little variation in NH;, but
NH, (see Fig. 6) decays rapidly to N.H,
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F16. 6. Variation of NH, and H at night in the
Jovian atmosphere. The height is approximately
20 km.

with a relaxation time of about 5 min.
These calculations assumed the steady-
state model as the initial condition and the
photochemical equations were solved by
the Runge-Kutta method. A study of the
full time-dependent problem is in progress
and will be reported subsequently.

CONCLUDING REMARKS

Jovian ammonia chemistry has been
reevaluated in the light of improved
solar flux data, chemical reactions, reac-
tion rates, eddy diffusion coefficients, and
temperature structure. The hydrazine
column density above the ammonia cloud
top can vary from 1 X 10%to 6 X 10 cm™?
depending upon the degree of supersatura-
tion. If saturation does not occur then
virtually all the hydrazine produced would
condense with the total N,H, ice produc-
tion rate of 6.9 X 10® molecules cm™2 sec™?
which corresponds to an amount of about
1.3 mg m~2 per Jovian day.

Nitrogen is the principal gaseous com-
ponent of ammonia photochemistry. Its
column abundance would vary with the
degree of hydrazine saturation. Typical N,
column densities should be about 3 X 10~%
em amagat if there is no supersaturation of
hydrazine, while if all the hydrazine re-
mains in the gaseous state the column
abundance would be about 3.4 X 10~? em
amagat. These calculations assumed an
eddy diffusion coefficient at the ammonia
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cloud top of 2 X 10* cm? sec~!; however, an
eddy diffusion coefficient of 2 X 10° em?
sec™! produces an N, concentration two
orders of magnitude larger. If the value of
K, were as small as 2 X 10?2 cm? sec™! as
suggested by Sagan and Salpeter (1976),
the N. mixing ratio would be on the order
of 10~7. The N, concentration we estimate
near the ammonia cloud top may be within
the realm of ¢n situ detection with the
present mass spectrometers, particularly
those utilizing enrichment techniques.

The mean global ammonia profiles which
we calculate are similar to the earlier study
by Strobel (1973), i.e., the ammonia de-
struction rates are within a factor of 2.
However, there may be significant latitu-
dinal variations. In high latitudes, the
column abundance because of a larger
effective zenith angle is most likely several
times that at the equator. The results pre-
sented here are strongly dependent on the
eddy diffusion coeflicient. For example, a
decrease in the value of the eddy diffusion
coefficient from 2 X 10*to 2 X 10? em? sec™!
at the ammonia cloud top results in about
a sevenfold decrease in the column abun-
dance of ammonia.

The range of distributions of N;H,,
N.H;, and N, gases presented in this paper
relies on the vapor pressure of N,H, which
we approximated from the Clausius-Cla-
peyron equation. A precise measurement of
the hydrazine vapor pressure at the low
temperatures (110-165°K) prevalent in the
lower atmosphere of Jupiter is highly
desirable.
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