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Abundance of NH;, on Jupiter Inferred from Microwave
Radiometry Data

ROBERT J. RICHARDSON*
Martin Marietta Aerospace, Denver, Colo.

Measurements of the thermal dlsk temperature of Jupiter have been made at several microwave frequencies.
DlSk temperatures are of interest at these long wavelengths because they penetrate into the atmosphere below
the clouds, providing some data on the composition and structure of the atmosphere in this region. NHj;
abundance in a number of possible models of the Jupiter atmosphere were determined by computing disk
temperature vs frequency curves for each model with varying NH; abundance and comparing these results with
the measured disk temperatures. Microwave absorption losses were also calculated for these model atmos-

pheres.

Nomenclature

= experimentally determined coefficients for
NH; line broadening

Axnus, Auzo, Auz, Aue = abundances or ratio by volume in the
model atmosphere of the gases indicated
by the subscripts

= experimentally determined coefficients for
NH; line broadening

dnnss a2, Qe

brus, bu2, bue

f = frequency, GHz

fe = Debye cutoff frequency for H,O, GHz.

H = altitude in the model atmosphere;, km,
measured from the 1 atm pressure level

Im(x) = imaginary part of x

] = cloud density, g/m3

P = total pressure, atmospheres

Pnus, Puyo, Pua, Pue = partial pressures of the gases indicated in
the subscripts, atmospheres

Psur = saturation pressure of NH;
= normalized disk radius
AYY == shape factor in the Ben-Reuven formula-

tion of gaseous absorption due to mole-
cular resonances

Sy = shape factor in the Van-Vleck formulation
of gaseous absorption due to molecular
resonances

T == temperature, degrees Kelvin

Tsat = saturation temperature of NH;

= integration variable taken along a raypath

= absorption coefficients, optical depths per
km, due to gaseous NHj, gaseous H,O,
and droplet clouds, respectively

1% = linewidth parameter used in the Ben-Reuv-
en shape factor, GHz

= relative dielectric constants for H,O

= linewidth parameter used in the Ben-
Reuven shape factor, GHz

®NH3y XH205 %Xc

€y, Ery €1y Exy €0

I = microns wavelength

Av = H,0 absorption llnerdth GHz

Vo = center frequency of the NH; inversion
spectrum, 23.4 GHz

o = electrical conductivity, mhos cm™!
Introduction

ADIATION emanating from Jupiter at wavelengths
greater than about 3 cm has a significant nonthermal
component which masks the thermal radiation. However,
there have been several measurements made at these long
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Table 1 Jupiter disk temperatures

) Frequency, Temperature
Reference GHz Deg. K
1 5.00 224 4 15
2 2.88 260 + 35
3 1.43 , 450 475

wavelengths that allow an approximate separation of the
thermal and nonthermal components of the radiation through
the use of polarization and interferometric data.'~* These
results are tabulated below in Table 1 and are also shown in
Fig. 2-5.

Thermal disk temperatures at these long wavelengths are of
interest because they penetrate into the atmosphere below the
clouds, providing some data on the composition and structure
of the atmosphere in this region. This paper describes how
these Earth-based radiometry data were used to determine
NH; abundance in a number of possible models of the Jupiter
atmosphere.

Disk temperatures in the microwave frequencies for any of
the giant outer planets are determined wholly by the atmos-
phere. Effects due to the planet surface are completely
obscured by the very thick and lossy atmosphere. Given a
model atmosphere, i.e., a postulated profile of pressure and
temperature vs altltude together with an assumed set of
abundarices of the principal constituents, the resulting thermal
disk temperature can be computed as a function of frequency
or wavelength. The computations are summarized in subse-
quent sections of this paper. = This curve can then be compared
to the observed data given in Table 1. The disk temperature
vs frequericy characteristic is a sensitive function . of  the
assumed abundance of the principal absorber, gaseous NHs.
The technique used to select the most likely NH ; abundance for
a given model atmosphere was simply to vary this abundance
until a good match with the data in Table 1 was realized.

Computation of Absorption Coefficients

_ The first step in the computation of disk temperatures is
the computation of the absorption coefficient «, a function of
elevation in the model atmosphere. As stated above, the
principal source of microwave absorption is gaseous NHj.
Other sources of absorption are gaseéous H,O and clouds.

The method of computing absorption coefficients for gas-
eous NH; is taken from DeWolf.* He uses the Ben-Reuven
expression

1.98 X 10%Pyns f* ¢

anns(f) = T2 B (1a)



648 R. J: RICHARDSON

whcre Sz is the Ben-Reuven shapeé factor

2y —Of* + 2y + H* + v* — £

— ib
R X L O R Ve )
and wherc
Y = dnnz Paus + @u, Py, + aucPue 9)
{ = buns Pyus + busPay + bucPuc
The experimentally determined coefficients are:
anNps = 16.3(30()/n
byus = 10.7(300/7) -
ay, = 1.9(300/T)6 (3)
by, = 1.1(300/7)°
an. = 0.61(300/7)”
bue = 0.30(300/7)"7

Expressions for absorption coefficients due to gaseous H,O
were taken from Bean® for low. pressures and Ho® for high
pressures; both modified for H,-He foreign gases. Bean’s
expression (after modification) is

“Hzo(f) =0y + (4)

The nonresonant term is

PH20

oy =274 Avf? ' &)

The resonant term corresponding to the absorption line at
22.2 GHz is
a2 = 5.896(Puo/ T)f2(293/T)5'? exp(—6.44/T)Sy  (6)
where Sy is the Van-Vieck shape factor .
S ~Gomyrtrmear O
The linewidth A is given by ‘
Av = (202Py; + 1.72P,)(318/T)""2 ®
The Ho expression is

1.7 X 103f2Py,5(10.2 + 8.3 Pue
(lé, — f HzO(Tos 3PH2 + 8 3PH ) (9)

Since Ho’s expression does not include a resonant term for
the 22.2 GHz line, which will be resolved at lower pressures,
o, was also added to Ho’s expression. The question of
where to change from the Bean to the Ho approach was resol-
ved by taking

anp0 = least of (o, + oz, &y + az) (10)

The only clouds that give 51gn1ﬁcant absorption are the liquid
droplet water-ammonia solution clouds. These are not pre-
sent in all atmosphere models. The method used to deter-
mine the presence, thickness, density, and composition of these
clouds is discussed in a subsequent section of this paper.
Calculation of these losses is complicated by the electrical
conduct1v1ty of the solution, a function of solution strength,
which. varies with elevation within the cloud. In order to
determine the effect of these clouds, it is necessary to deter-
mine the dielectric constant and elecirical conductivity of the
solution as a function of temperature and solution strength.
Conduct1v1ty o as a function of solution strength and tempera-
ture, is taken from Condon and Osdshaw.” The complex
dielectric constant

81:£r+iﬁg (11)
is computed using the Debye formulas,®
(6w + E)fIf)?

=TGR (122)
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 a— eI 18000
“=TIrgn (12b)

£, €9, and f. are tabulated in Welch and Rea?® as functions of

temperature. ¢; is then used in
e = 0.06283 Mf-Im[ — (&; — 1)/(e; + 2)] 13)
from Bean.®

All of these absorption coefficients are then added to give «
(f, H). 1t can be seen from Egs. (1-10) that gaseous absorp-
tion due to either NH; or H,O scales approximately as f2
over the frequency band of interest in this paper, which is low
relative to the absorption line frequencies. This is not true
of cloud absorption loss. The contribution due to the first
term in Eq. (12b) does go approximately as 2. However,
the contribution due to the second (conductivity - related) term
is essentially independent of frequency over the band of inter-
est. It was found in all cases that this contribution was quite
small, and the «(f, H) scaled nearly as f? over the band of
interest.

Model Atmospheres

It is not the intent of this paper to detail the procedures
used by various investigators in the construction of model
atmospheres for Jupiter. This is presented in 2 number of
papers, including Refs. 9-12 and in references cited in these
papers. A brief outline of one approach is given below.
Generally, given a range of uncertainties in the observed data,
the procedure has been to construct several models which span
these uncertainties (e.g., a “‘warm,” a “nominal” and a “‘cool”
model) rather than a single model. ‘

There is general agreement from astronomical and radio-
metric observations that the elemental composition of the
atmosphere of Jupiter is similar to that of the sun, consisting
primarily of H, and He, with small amounts of other gasses.
Mean molecular weight (g/mole) is estimated to range between
2.14 and 2.7, with the former giving a hydrogen-rich and the
latter a helium-rich model. The atmosphere is assumed to be
at adiabatic-hydrostatic equilibrium. This assumption, to-
gether with values assumed for gravitational acceleration and
mean molecular weight, fixes the temperature lapse rate. It
forces the helium-rich models to be warm relative to the
hydrogen-rich models, i.e., they will have a larger temperature
lapse rate:

Fixing the pressure corresponding to one specific tempera-
ture will then permit construction of the complete pressure-
temperature profile of the troposphere. This can be inferred
from radiometry measurements near 120x where H, is the
dominant absorber. These data give a correspondence be-
tween a temperature of 125°K and a partial pressure of }
atmosphere of H,.

Radiometry data in the IR region can be used to estimate
the abundance of CH, relative to that of H,. Lewis® infers
the abundance of NH; and H,O from this result by assuming
that the C:N:O abundance ratios are the same as those on the
sun and that these elements are wholly converted to CHa,
NH, and H,O on Jupiter. (The O abundance is modified by
the assumption that various metallic oxides are also formed.)
This gives an NH3 abundance, Anus, that ranges from 0.0011
to 0.0019 over his models. The authors of Ref. 10 use the
same technique but different radiometry data, giving a much
lower Anms, ranging from 0.00007 to 0.00035 over their
models. Cook,'! in a paper that is a companion to this
paper, uses a different technique. He retains the modified
N:O solar abundance ratio to fix the relative abundances of
NH; and H,0, but he determines Anu; using the technique
described in this paper. As described below, this gives an
Anin, that ranges from 0.00017 to 0.0017 over his models.

It is clear from the aforementioned results that there re-
mains a considerable uncertainty in the value of Anas ON
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Jupiter. However, it is encouraging that there is good cor-
respondence between the maximum value for Axu; predicted
separately by Lewis and Cook using two distinctly different
approaches. If one assumes an Ay, of around 0.25 (which is
near the helium-rich limit of likely atmosphere compositions),
there is very good agreement in the Anns given by the Lewis
and the Cook approaches, with both giving a value in the
vicinity of 0.0016.

Cloud and Saturation Models

All of the atmosphere models cited above have an NH; ice
cloud as the top or visible cloud layer. This is the only
cloud that would occur in very dry models with low NH3 and
H,O abundances. As the abundances of these cloud-forming
compounds are increased, other clouds will appear below the
visible cloud, including various combinations of NH; and
H,Oices. Finally, if Axus and Au,o are sufficiently large, the
liquid droplet NH;-H,O solution cloud will appear as the
lowest cloud layer. The method used by Cook** to compute
the composition, density, state, elevation, and thickness of
these cloud layers was taken from Lewis.®

"The abundance of gaseous NH; was set as the value Anu,
specified by the model for elevations below the saturation
level. Above this level it was determined from

Awnsz Tsar Psar
T- P exp[25.88(Tsar/T — 1)]

Al’\lH3 == (14)
where Tsar, Psar are the temperature and pressure at the
saturation level and T, P are the temperature and pressure at
the elevation corresponding at Auwx; (from Hogan'?). A
similar expression was used for the abundance of gaseous H,O.
Partial pressures were computed from

P.= AP (15)

As described earlier, Anys and Au,o0 were varied in each
mode] atmosphere considered (with the Anus:Auzo Tatio held
constant) until a value of Axy, giving a good match with the
data in Table 1 was found. This required the computation of
a new cloud profile for each assumed value of Axus.

Computation of Disk Temperatures

The temperature seen looking along any raypath into a
deep atmosphere from above is given by!?

Tr= Jm AZ)T(Z) exp [— f ’ Oc(x)dx] dz (16)

where Z, is at the top of the atmosphere and the integration is
taken downward along the raypath. This integration can be
truncated at a depth giving a total absorption of around 3
optical depths. The atmosphere below this point contributes
little to the observed temperature since its upward-directed
radiation is largely absorbed in the atmospheré aboveit. This
means that the infinite upper limit in integral (16) can be TE-
placed by any Z greater than that giving

fz A X)dx =3

with little change in 7x. The disk temperature seen by an
observer on Earth is computed by averaging Tk across the
disk. The geometry is sketched in Fig. 1, which shows a cross
section of the planet and two rays, one emitted at the sub
Earth point and one emitted near the planet limb. The angle
between the raypath and the local vertical increases with dis-
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Fig.1 Typical raypaths, disk temperature computation.

tance from the sub Earth point. This results in a ray temper-
ature that decreases monotonically with distance away from the
sub Earth point. The average disk temperature is computed
from ' ’

«(H) a(x)dx
Tp=2 f o (T—W T(H) exp[ f (I—-TU;] dH dr
an

r is the normalized disk radius (» = 1 at the disk edge) used to
average Eq. (16) over the area of the disk.

Disk temperature was computed vs f for a number of different
atmosphere models, and results were compared with the Earth-
based observations given in Table 1. Results for ‘the “nom-
inal” and ‘“cool” models given in Ref. 10 are shown in Fig.2.
Neither of these models give results that match the Earth-based
observations very well. The nominal is too warm and the
cool is too cool. This was taken as strong evidence that
neither of these models were believable in their specified form.
However, it was found that either model could be forced to
match the Earth- based data by varying the NH3 abundance
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Fig. 2 Disk temperatures, NASA-SP-8069 model atmospheres.
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Anns until a good fit was achieved. (The ratio of H,O
abundance to NH; abundance was held constant.) The
required variation in Ana; was quite large. It was necessary
to alter the nominal model from its specified Anu; value of
0.00015 to the modified value of 0.00059 to give a good match
to the Earth-based radiometry data. Anus in the cool model
was altered from its specified value of 0.00035 to the modified
value of 0.000043 to give a good match to the Earth-based
radiometry data. o

The most interesting feature of these results is that they
are strongly affected by the planetary abundance of NHs,
which is present in the unsaturated atmosphere below the cloud
layers. For example, the temperature given in Ref. 3, 450°K,
occurs at a pressure of 16 atm in the nominal, 90 km below the
lowest cloud. This is in contrast to results given by disk
temperature observations at shorter wavelengths (a few
centimeters or less) which are determined wholly by the tem-
perature profile in the saturated region above the clouds and
therefore cannot be used to infer the planetary abundance of
NH. ’

This technique was then applied to the set of atmosphere
models generated by Cook,'' and was used to fix 4nu; in
these models. Results are shown in Figs. 3-5. Several
curves are plotted to show the sensitivity of the technique to
small changes in Anu;.
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Fig. 3 Disk temperature, Cook ‘“‘cool’’ model atmosphere.
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Fig. 4 Disk temperature, Cook ‘‘nominal’’ model atmosphere.
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Fig. 5 Disk temperature, Cook ““warm’’ model atmosphere.

Computation of Zenith Absorption

The coefficients given by Egs. (1-13), converted to dB per
km by the factor 10 log,, (¢) = 4.34, can be integrated upward
from any observation point H to give the zenith absorption
in dB seen at that point. Results at f=1 GHz for the five
atmosphere models considered in this paper are plotted in
Figs. 6 and 7. The zero elevation reference for these plots is
the 1 atm pressure level.

Conclusions

The use of Earth-based uhf radiometry data has been shown
to be a valuable tool for estimating the planetary abundance
of NH; on Jupiter, given an atmosphere model that is well-
defined in other respects. The technique is quite sensitive to
variations in the assumed pressure-temperature profile of the
atmosphere. Given present uncertainties in this profile, an

- accurate determination of NH; abundance cannot be made at

this time. A warm, helium-rich model that is near the limit
of these uncertainties gives an estimated maximum value for
NH: abundance of 0.0017. - This result agrees well with the
value determined by Lewis® using an entirely different ap-
proach. o
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Fig. 6 Zenith absorption loss, NASA-SP-8069 model atmospheres.
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Fig.7 Zenith absorption loss, Cook model atmospheres.

This technique should be equally effective for any of the
large outer planets, all of which are similar in composition,
with gaseous NH; as the principal absorber of microwave
energy. Determination of NH; abundance is important for
purely scientific reasons. It is also an important factor in the
design of planetary entry probes. Atmospheric absorption
loss at microwave frequencies has a major impact on the trans-
mitter power requirements for these probes. For this reason,
the NH; abundance specified in the model atmospheres used
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for probe design should be as realistic as possible to avoid
overdesign or underdesign of the probe transmitter and energy
storage systems.
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