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Over 1000 laboratory measurements of the 2–4 mm-wavelength opacity of ammonia have been made
under simulated jovian atmospheric conditions using a high-precision laboratory system developed at
Georgia Tech. These laboratory measurements of the opacity of ammonia were made of various gas mix-
tures of hydrogen (�77.5–85.5%), helium (�12.5–13.5%), and ammonia (1–10%) at pressures between 1
and 3 bars and temperatures between 200 and 300 K. Laboratory measurements were also made of the
opacity of pure ammonia at pressures between 0.05 and 1 bar and temperatures between 200 and 300 K.
Using these millimeter-wavelength measurements and close to 2000 cm-wavelength measurements
made by Hanley et al. (2009), a new consistent model has been developed to accurately characterize
the absorption spectra of ammonia in a hydrogen/helium atmosphere in the 1 mm to 30 cm wavelength
range. This model can be used in the 1–30 cm wavelength range at pressures up to 20 bars and temper-
atures from 200 to 500 K and in the 1 mm to 1 cm wavelength range at pressures up to 3 bars and tem-
peratures from 200 to 300 K. These measurements and the accompanying model will enable better
interpretation of the centimeter- and millimeter-wavelength emission spectra of the jovian planets.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Millimeter-wavelength astronomy is a powerful tool for
studying the temperature structure, composition, and dynamics
of jovian planetary atmospheres. Furthermore, at millimeter-
wavelengths, the planets Uranus and Neptune with small apparent
diameters and large flux densities are frequently used as primary
calibrators of astronomical sources and telescope parameters
(Ulich, 1981; Kramer et al., 2008). To date, ground-based millime-
ter-wavelength observations have yielded disk-averaged emission
measurements of the jovian planets (Ulich, 1974; Griffin et al.,
1986; Muhleman and Berge, 1991; Griffin and Orton, 1993; Kramer
et al., 2008), interferometric mapping of Saturn (Dowling et al.,
1987; van der Tak et al., 1999; Dunn et al., 2005), and interferomet-
ric observations of limb darkening of Jupiter (Valdes et al., 1982).
Accurate interpretation and modeling of the emission spectra of
the jovian planets depend on the knowledge of the atmospheric
abundances of various constituents and the opacity of each constit-
uent. The presence of any broad absorption lines in the spectrum of
ll rights reserved.
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the planet that are not properly accounted for can lead to errone-
ous predictions of the flux densities. Ammonia is one such constit-
uent known to contribute to strong absorption in the jovian
planets and has broad absorption features in the centimeter- and
millimeter-wavelength range. Hence, accurate knowledge of the
opacity of gaseous ammonia directly impacts the interpretation
of the emission spectra of the jovian atmospheres at those wave-
lengths. Furthermore, since ammonia is one of the predominant
centimeter- and millimeter-wavelength absorbers in the jovian
planets, its opacity should be known before the potential effects
of other absorbing constituents on the emission spectra can be
assessed.

The strong absorption of ammonia in the centimeter- and mil-
limeter-wavelength range stems from the presence of a series of
strong inversion transitions around 1.25 cm, several strong rota-
tional transitions in the submillimeter region, and a strong m2

roto-vibrational transition at 2.15 mm. There has been tremendous
interest in understanding the absorption properties of ammonia in
the centimeter-wavelength region since they were first measured
in the laboratory by Cleeton and Williams (1934). Recently, Hanley
et al. (2009) made close to 2000 high-accuracy measurements of
the centimeter-wavelength properties of ammonia under simu-
lated jovian atmospheric conditions (pressures up to 12 bars and
temperatures up to 450 K) and developed a new model to estimate
and millimeter-wavelength ammonia absorption spectra under jovian con-
el. Icarus (2011), doi:10.1016/j.icarus.2010.12.010
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the opacity of ammonia in the centimeter-wavelength range. The
millimeter-wavelength absorption properties of pure ammonia
were first investigated more than 50 years ago by Nethercot
et al. (1952) who measured the absorption of one atmosphere of
pure ammonia up to 260 GHz. A few 3.2 mm-wavelength measure-
ments of ammonia gas properties under simulated jovian condi-
tions were made by Joiner and Steffes (1991) and Mohammed
and Steffes (2004). However, these millimeter-wavelength mea-
surements had large uncertainties because of the coarse instru-
mentation used at that time and did not account properly for the
adsorption of ammonia on the surface of the test instruments.

Several ammonia absorption models are currently used to esti-
mate the opacity of gaseous ammonia under jovian conditions in
the millimeter-wavelength region (Joiner and Steffes, 1991;
Mohammed and Steffes, 2003, 2004). These models were derived
based on a limited number of millimeter-wavelength measure-
ments and do not accurately represent the absorptivity of ammo-
nia because of limited wavelength ranges measured and the large
uncertainties associated with those measurements. There were
also difficulties in reconciling the centimeter- and millimeter-
wavelength opacity of ammonia (see, e.g., Mohammed and Steffes,
2004). Hence, there has been a strong impetus to make a large
number of highly accurate measurements of the millimeter-wave-
length properties of ammonia under simulated jovian conditions
and to develop a model to estimate the opacity of ammonia in a
hydrogen/helium atmosphere over a wide range of pressures, tem-
peratures, and mixing ratios, that is consistent in the centimeter-
and millimeter-wavelength range.

Over 700 measurements of the opacity of ammonia in a hydro-
gen/helium atmosphere at pressures up to 3 bars and temperatures
from 200 to 300 K and nearly 300 measurements of the opacity of
pure ammonia at pressures up to 1 bar and temperatures from 200
to 300 K have now been made in the 2–4 mm-wavelength range.
These millimeter-wavelength measurements and close to
2000 cm-wavelength measurements of the opacity of ammonia
made by Hanley et al. (2009) have been used to develop a consis-
tent ammonia opacity model for the reliable interpretation of the
ground-based and spacecraft-based observations of the jovian
planets in the 1 mm to 30 cm wavelength range. This model can
be used in the 1–30 cm wavelength range at pressures up to 20
bars and temperatures from 200 to 500 K and in the 1 mm to
1 cm wavelength range at pressures up to 3 bars and temperatures
from 200 to 300 K.

2. Measurement theory and system

The reduction in the quality factor (Q) of a resonant mode of a
resonator in the presence of a lossy gas is used to measure the
absorption of the gas (see, e.g., Bleaney and Penrose, 1947; Bleaney
and Loubser, 1950). The Q is computed as the resonant frequency
(f0) divided by its half-power bandwidth (HPBW). When a lossy
gas is introduced into the resonator, the resonances broaden due
to the opacity of the gas and the center frequency shifts due to
the refractivity of the gas mixture. The Q of the resonances of a
Fabry–Perot resonator are monitored in the presence of the lossy
gas mixture. Subsequently, a non-absorbing or low-loss gas such
as argon or carbon dioxide is added to shift the center frequency
of the resonances by the same amount as the lossy gas, and dielec-
trically matched measurements are made. The insertion loss (S) of
the resonator is measured in dB at the center frequencies of each
resonance and the transmissivities are obtained by t = 10�S/10.
The formula used for calculating absorptivity is given as (DeBoer
and Steffes, 1994)

a ¼ 8:686
p
k

1�
ffiffiffiffiffiffiffiffiffiffiffiffi
tloaded
p

Q m
loaded

� 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tmatched
p

Q m
matched

� �
dB=km; ð1Þ
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where Qm
loaded and Qm

matched are the measured Qs of the resonances in
the loaded and dielectrically matched conditions, respectively, and
tloaded and tmatched are the transmissivities of the resonances in the
loaded and matched conditions, respectively.

The high-sensitivity millimeter-wavelength system used for
measuring the opacity of gaseous ammonia under simulated jovian
conditions has been described by Devaraj and Steffes (2011). This
system operates in the 2–4 mm-wavelength range and consists
of a planetary atmospheric simulator, a millimeter-wavelength
subsystem (W-band/F-band), and a data handling subsystem. The
planetary atmospheric simulator controls and monitors the envi-
ronment experienced by the measurement system, including the
pressure and temperature conditions of the gas under test. The
simulator consists of a glass pressure vessel capable of withstand-
ing up to 3 bars of pressure, a temperature chamber capable of
operating in the 200–300 K range, gas-handling subsystems, a
vacuum pump, and pressure and temperature gauges. The millime-
ter-wavelength subsystem consists of a W-band system used for
measurements in the 3–4 mm-wavelength range and an F-band
system used for measurements in the 2–3 mm-wavelength range
which is shown in Fig. 1. At the heart of the measurement system
is a spherical mirror Fabry–Perot resonator (FPR) that operates in a
near confocal configuration and is enclosed in the pressure vessel.
The FPR has low losses which correspond to high Qs of between
45,000 and 190,000 at ambient room temperature. The effective
path length (EPL) of the electromagnetic energy is given as
(Valkenburg and Derr, 1966)

EPL ¼ Qk
2p

: ð2Þ

The EPL for the FPR is between 20 and 120 m, depending on the
wavelength and the quality factor of the particular resonance. A
swept signal generator (HP 83650B) is used to generate signals
which are fed to a times-six active multiplier chain/frequency tri-
pler (Millitech AMC-10-RFH00/Pacific Millimeter Products D3WO)
and coupled to the input port of the FPR. The signals from the out-
put port of the FPR are fed to a spectrum analyzer (HP 8564E) via a
W-band/F-Band harmonic mixer (QuinStar 922WHP-387/Pacific
Millimeter Products DM) and a diplexer (MD1A/MD2A). The data
acquisition system consists of a computer connected to the spec-
trum analyzer (HP 8564E), the swept signal generator (HP
83650B), and a CW signal generator (HP 83712B) via a general
purpose interface bus (GPIB). The instruments are controlled via
Matlab� and the Standard Commands for Programmable Instru-
ments (SCPI). The software used is similar to that used by Hanley
and Steffes (2007) with modifications to account for the suite of
instruments used in this measurement system. An elaborate
description of the measurement theory and system is given by
Devaraj and Steffes (2011).

3. Measurement procedure and uncertainty

The measurement procedure followed in this investigation for
characterizing the opacity of polar molecules such as ammonia
broadened by non-polar molecules such as hydrogen and helium
has been described by Devaraj and Steffes (2011). The measure-
ment process begins by characterizing and selecting standard res-
onances (TEMq00) with high Q, low asymmetry, and high signal to
noise ratio at a particular measurement temperature. Any change
in the measurement temperature requires a wait time of several
days because of the long thermal time-constant and the necessity
to identify the standard resonances at each measurement temper-
ature. Hence, multiple measurements were performed at each
temperature using different concentrations of ammonia gas mix-
ture and different pressures. The standard resonances were used
to measure the gas opacity for all the measurements performed
and millimeter-wavelength ammonia absorption spectra under jovian con-
el. Icarus (2011), doi:10.1016/j.icarus.2010.12.010
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Fig. 1. F-band (2–3 mm) measurement system for studying ammonia gas properties under jovian planetary conditions (Devaraj and Steffes, 2011). Solid lines represent the
electrical connections and the arrows show the direction of signal propagation. Valves controlling the flow of gases are shown by the small crossed circles.

K. Devaraj et al. / Icarus xxx (2011) xxx–xxx 3
at a particular temperature. Whenever ammonia was handled in
the system, stringent procedures were exercised to account for
the effects of adsorption/desorption of ammonia on the surface
of the resonator (Devaraj and Steffes, 2011). Measurements were
always performed by first adding ammonia and working up to
higher pressures by adding hydrogen/helium to the system. This
was done to ensure that there was no additional adsorption/
desorption leading to a disproportional change in the concentra-
tion of ammonia after the initial adsorption/desorption equilib-
rium was established.

Each measurement cycle consists of first measuring the reso-
nances of an evacuated resonator. Test gases are then added to
the system and the bandwidth and amplitude of the frequency-
shifted resonances are measured at different pressures. The system
is then vented down to the ambient pressure and a vacuum is
drawn to completely remove the test gases and a second set of vac-
uum measurements of the resonances are made. A non-absorbing
or low-loss gas such as argon or carbon dioxide is added to the sys-
tem to shift the frequency of the resonances by the exact same
amount as the test gases and the dielectrically matched measure-
ments are made. The system is evacuated once again to remove the
matched gas and a third set of vacuum measurements are made.
Please cite this article in press as: Devaraj, K., et al. Reconciling the centimeter-
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After this step, the signal generator and detector are disconnected
from the resonator and three sets of straight-through transmissiv-
ity measurements are made under the same conditions at each
pressure/frequency point of the test gas. Three sets of vacuum
and straight-through transmissivity measurements are performed
to obtain a good statistical characterization of the measurement
uncertainties. The data are processed after each measurement cy-
cle is completed. Software written in Matlab� is used to automat-
ically load and process the raw data.

The uncertainties associated with the measurements have been
described in detail by Devaraj and Steffes (2011). These uncertain-
ties include instrumental errors (rn), errors in dielectric matching
(rdiel), transmissivity errors (rtrans), errors due to asymmetry in
resonances (rasym), and errors in measurement conditions (rcond)
arising from uncertainties in the measurement of temperature,
pressure and mixing ratio. Instrumental errors arise due to the sen-
sitivity of the electrical devices and their ability to accurately mea-
sure the center frequency and bandwidth. Errors in dielectric
matching are due to the minor mis-alignments in the center fre-
quency between the loaded and the matched measurements. This
is the least significant error because of the highly accurate soft-
ware-controlled matching of the center frequency between the
and millimeter-wavelength ammonia absorption spectra under jovian con-
el. Icarus (2011), doi:10.1016/j.icarus.2010.12.010
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loaded and matched measurements. Transmissivity errors are due
to the uncertainties in the measurement amplitude and are caused
by the electronics (signal generators/detectors), cables, adapters,
and waveguides used in the system. Errors from asymmetry are
due to the asymmetric nature of the measured resonances which
are caused by the overlapping of the off-axis mode resonances on
the axial mode resonances. The measured uncertainties in temper-
ature, pressure, and mixing ratio contribute to the total uncertain-
ties due to measurement conditions (rcond). Although rcond does
not directly affect the opacity measurements, it still needs to be ac-
counted for while creating accurate models for opacity based on
the experimental data.

To illustrate the percentage contribution of different uncertain-
ties to the total 2r uncertainty of a typical measurement, the dif-
ferent uncertainties for an ambient room temperature ammonia
opacity measurement made under simulated jovian conditions
are shown in Fig. 2. The dominant factor in the total uncertainty
in most cases in the 3–4 mm-wavelength range is rn and that in
the 2–3 mm-wavelength range is rtrans.
4. Ammonia opacity measurements

Over 1000 high-accuracy measurements of the 2–4 mm-wave-
length absorptive properties of pure ammonia and ammonia
broadened by hydrogen and helium have been made using the mil-
limeter-wavelength measurement system. Certified ultra-high
purity ammonia gas cylinders and premixed hydrogen/helium cyl-
inders from Airgas, Inc. were used for the experiments. In the pre-
mixed hydrogen/helium cylinder, helium mixing ratio was
(13.6 ± 0.272)% and the remainder was hydrogen. This is approxi-
mately the helium mole fraction at Jupiter measured by von Zahn
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Fig. 2. Percentage contribution of the different measurement uncertainties to the
total uncertainty for each resonance at ambient room temperature of the
millimeter-wavelength measurement system.

Table 1
Listing of all experimental conditions for the 2–4 mm-wavelength ammonia opacity meas

Experiment dates Temperature range (K) Pressure rang

07/2007–10/2007 295–300 1–3
12/2007–02/2008 218–222 1–3
08/2008–09/2008 295–300 1–3
10/2008–11/2009 295–300 0.1–1
11/2008–12/2009 295–300 0.1–1
01/2009–02/2009 218–222 0.1–3
02/2009–03/2009 218–222 0.1–3
03/2009–04/2009 203–208 0.1–3
04/2009–05/2009 203–208 0.1–3

Please cite this article in press as: Devaraj, K., et al. Reconciling the centimeter-
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et al. (1998). A total of 718 data points of the opacity of ammonia in
a hydrogen/helium environment and 295 data points of the opacity
of pure ammonia were measured with each data point uniquely
representing a combination of pressure, temperature, mixing ratio,
and frequency. Pure ammonia opacity measurements were made
to accurately characterize its self-broadening parameters. Table 1
lists the measurements taken along with the experiment dates.
The entire set of ammonia opacity measurements is provided in
Supplemental material to this paper in electronic format
(mmwavelength_nh3_measurements.dat).

5. Data fitting

The goal of the laboratory measurements described in this
paper has been to create a model that accurately estimates the
opacity of ammonia under diverse conditions in the frequency/
temperature/pressure/concentration (fTPC) space. For the data-fit-
ting process, 1013 Fabry–Perot resonator measurements of the
75–150 GHz opacity of ammonia made by these authors and
1431 cavity resonator measurements of the 1.5–27 GHz opacity
of ammonia made by Hanley et al. (2009) were utilized so as to ob-
tain a consistent model in the fTPC space. The 250 Fabry–Perot res-
onator measurements of the 22–40 GHz opacity of ammonia made
by Hanley et al. (2009) were not used in the model development,
but instead were used to evaluate the model performance. The
method used for data-fitting was a Levenberg–Marquardt optimi-
zation technique (Levenberg, 1944; Marquardt, 1963) with a min-
imization function

v ¼
ffiffiffiffiffiffiffiffiffi
DW
p

� ðameasured � amodelÞ
rmeasured

; ð3Þ

where DW is the data weight assigned to each data point, ameasured,
amodel, and rmeasured are the measured opacity, modeled opacity of
the model under optimization, and measured 2r uncertainty in
opacity, respectively. The sum of squared value of this function
was minimized multiple times using random input seed values un-
til a convergent solution was found. The data weight is given as
(Hanley et al., 2009)

DW ¼ 1
fcount

þ 1
Tcount

þ 1
Pcount

þ 1
Ccount

; ð4Þ

where fcount, Tcount, Pcount, and Ccount represent the values for the fre-
quency, temperature, pressure, and gas concentration, respectively,
of the data points in the four-dimensional fTPC space and are listed
in Table 2. The approach used divides the data points into roughly
equally spaced bins that span the fTPC space and each data point
is scaled with its data weight so as to prevent the accuracy of the
derived model from being skewed toward the most often measured
conditions.

The free parameters of the model for ammonia were con-
strained before those for hydrogen/helium. The pure ammonia
measurements were divided into two groups with one group
urements performed using the Fabry–Perot resonator as part of this work.

e (bars) NH3 Mole fraction Frequency range (GHz)

0.02–0.04 75–120
0.02 75–120
0.02–0.04 110–150
1 110–150
1 75–120
0.02–1 110–150
0.02–1 75–120
0.02–1 110–150
0.02–1 75–120

and millimeter-wavelength ammonia absorption spectra under jovian con-
el. Icarus (2011), doi:10.1016/j.icarus.2010.12.010
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Table 2
The breakdown of the ammonia opacity measurements used for data fitting in the fTPC space.

Frequency range (GHz) fcount Temperature range (K) Tcount Pressure range (bars) Pcount Concentration range (%) Ccount

f < 6 874 T < 210 291 P < 0.5 459 C < 0.5 380
6 6 f < 27 557 210 6 T < 230 650 0.5 6 P < 1 213 0.5 6 C < 1 578
75 6 f < 100 329 230 6 T < 300 1195 1 6 P < 2 533 1 6 C < 4 481
100 6 f < 120 393 300 6 T < 380 112 2 6 P < 5 761 4 6 C < 10 557
120 6 f < 150 291 380 6 T < 450 196 5 6 P 6 12.5 478 10 6 C 6 100 448
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constituting the data points with f 6 100 GHz (group I) and the
other group constituting the data points with f > 100 GHz (group
II). For the data points in group I, the inversion and rotational tran-
sitions of ammonia contribute significantly to the measured opac-
ity and the contribution from the m2 roto-vibrational transitions is
negligible. The m2 roto-vibrational transitions contribute signifi-
cantly to the measured opacity when f > 100 GHz. Data fitting
was achieved for group I by optimizing the ammonia free parame-
ters of the model for the inversion and rotational transitions. After
this step, group II data points were used for optimization of the
ammonia free parameters of the model for the m2 transitions. Sub-
sequent optimization steps involved assigning the values obtained
from the previous optimization steps to the ammonia free param-
eters and optimizing only the hydrogen and helium free parame-
ters of the model using the ammonia/hydrogen/helium mixture
measurements. The mixture measurements were subdivided into
two groups: group III comprising the data points with f 6 100 GHz
and group IV comprising the data points with f > 100 GHz. The
hydrogen and helium free parameters of the model for the inver-
sion and rotational transitions were optimized using group III data
points and the hydrogen and helium free parameters of the model
for the m2 roto-vibrational transitions were optimized using group
IV data points. This procedure was repeated several times with dif-
ferent input seed values for the free parameters, until a convergent
solution was obtained. Once the free parameters were constrained,
the performance of the new model was assessed by comparing it
with the room-temperature measurements of the 22–40 GHz
opacity of ammonia made by Hanley et al. (2009) using a Fabry–
Perot resonator and found to significantly outperform all the other
models.
6. Model development

The impetus for the laboratory measurements is the develop-
ment of a consistent mathematical formalism to determine the
opacity of ammonia under simulated jovian conditions in the cen-
timeter- and millimeter-wavelength range. The new formalism for
the hydrogen- and helium-broadened opacity of ammonia esti-
mates the absorptivity at a particular frequency by summing the
contribution from the inversion, rotational, and m2 roto-vibrational
transitions listed in the latest JPL spectral line catalog (Pickett et al.,
1998) recently updated by Yu et al. (2010c). The references from
which the latest JPL spectral line catalog entries were obtained
are listed on the JPL website (Yu et al., 2010a,b) and are provided
as Supplementary material to this paper (d017002.pdf and
d017004.pdf).

6.1. Absorption formalisms using the JPL line catalog

The absorption from a collisionally broadened gas can be ex-
pressed as

a ¼
X

j

AjpDmjFjðm; mð0;jÞ; . . .Þ ðcm�1Þ; ð5Þ

where for the line j, Aj is the absorption at the line center in cm�1,
Dmj is the linewidth (half width at half max) in cm�1, Fj(m,m0,j, . . .) is
Please cite this article in press as: Devaraj, K., et al. Reconciling the centimeter-
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the lineshape function in cm, m(0,j) is the frequency at the line center
in cm�1, and m is the frequency of the incident electromagnetic
wave in cm�1 (see, e.g., Townes and Schawlow, 1955).

The absorption at the line center is calculated using information
from the latest JPL catalog as per Pickett et al. (1998)

Aj ¼
nIjðTÞ
pDmj

ðcm�1Þ; ð6Þ

where n is the number density of the gas in molecules/cm3, Ij(T) is
the intensity of the line in cm�1/(molecule/cm2) at temperature T,
and with Dmj expressed in cm�1. Assuming ideal gas behavior, n is
calculated as

n ¼ 0:1� P
kBT

; ð7Þ

where P is the partial pressure of the gas under consideration in
bars, T is the temperature in K, and kB = 1.38 � 10�23 J/K (Boltz-
mann’s constant). Some caution must be exercised when using
the ideal gas assumption under deep jovian conditions because
gases are hardly ideal under high pressures (see, e.g., Van der Waals,
1873; Span, 2000). The line intensity at the measurement tempera-
ture T is calculated as

IjðTÞ � IjðT0Þ
T0

T

� �gþ1

exp
1

T0
�1

T

� �
Eðl;jÞðhc=kBÞ

� �
; ð8Þ

where Ij(T0) is the intensity of the line at the reference temperature
T0, E(l,j) is the lower state energy of the transition in cm�1, c is the
speed of light in cm/s, h is the Planck’s constant in Js, and g is the
temperature dependence and is �3/2 for non-linear and symmet-
ric-top molecules such as ammonia, and 1 for linear molecules.
The values of m(0,j), Ij(T0), and E(l,j) at the reference temperature
can be found in the latest JPL spectral line catalog (Pickett et al.,
1998) (Version 5, September 2010). The values of Ij(T0) given in the
JPL catalog have units of log10(nm2 MHz) and must be taken as
the exponent of 10 and divided by 2.99793458 � 1018 to be con-
verted to cm�1/(molecule/cm2). The linewidth for a gas mixture is
calculated by

Dmj ¼
X

i

Dmo
ði;jÞPi

T0

T

� �nij

ðcm�1Þ; ð9Þ

where for the gas i and line j; Dmo
ði;jÞ is the line broadening parameter

in cm�1/bar, Pi is the partial pressure of gas in bars, and nij is the
temperature dependence of the line broadening parameter. The
temperature dependence is calculated as (e.g., DeBoer and Steffes,
1994)

Dmj / T�ðmþ1Þ=2ðm�1Þ ¼ T�n; ð10Þ

where 1 < m <1. For neutral gases, m = 3 is a lower limit and hence
0.5 < n < 1.0.

6.2. Lineshapes

Under the pressure and temperature conditions used for our
measurements, the greatest source of line broadening is from
molecular collisions. These collisions allow for the transfer of
and millimeter-wavelength ammonia absorption spectra under jovian con-
el. Icarus (2011), doi:10.1016/j.icarus.2010.12.010
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kinetic energy and interactions between the molecules due to van
der Waals force. Lorentz (1906) was the first to model the pressure
broadening of gases, with his work focusing on optical wavelength.
Debye (1929) described the absorption and refraction in polar mol-
ecules with a theory that differed from that of Lorentz at the zero
resonant frequency. Van Vleck and Weisskopf (1945) combined the
two theories to derive the Van Vleck–Weisskopf lineshape given as

FVVWðm;mð0;jÞ;DmjÞ¼
1
p

m
mð0;jÞ

� �2 Dmj

ðmð0;jÞ �mÞ2þDm2
j

þ Dmj

ðmð0;jÞ þmÞ2þDm2
j

" #
;

ð11Þ

where for the line j, Dmj is the half width at half-maximum, m(0,j) is
the center frequency of the line transition, and m is the frequency of
the incident electromagnetic wave. Gross (1955) assumed a Max-
wellian distribution of molecular velocities, instead of the Boltz-
mann one used by Lorentz and Van Vleck and Weisskopf and
derived the Gross or the Kinetic lineshape given by

FGðm; mð0;jÞÞ ¼
1
p

m
mð0;jÞ

� �
4mmð0;jÞDmj

ðm2
ð0;jÞ � m2Þ2 þ 4m2Dm2

j

" #
: ð12Þ

Although the Van Vleck–Weisskopf and Gross lineshapes con-
verge at the line center, the Gross lineshape has higher skirts away
from the line center than the Van Vleck–Weisskopf lineshape. Ben-
Reuven (1966) derived a lineshape with two additional parame-
ters, a line shift term (d) proportional to the gas density, and a
line-to-line coupling element (f). The Ben–Reuven lineshape is gi-
ven by

FBRðm;mð0;jÞ;cj;fj;djÞ ¼
2
p

m
mð0;jÞ

� �2

�
ðcj� fjÞm2þðcjþ fjÞ ðmð0;jÞ þ djÞ2þc2

j � f2
j

h i
m2�ðmð0;jÞ þ djÞ2�c2

j þ f2
j

h i2
þ4m2c2

j

2
64

3
75;

ð13Þ

where for the line j, cj = Dmj is the linewidth. The Gross lineshape is
a special case of the Ben–Reuven lineshape under the assumption
that only sense-reversing collisions take place, in which case cj = fj

and d = 0 (Waters, 1976).

6.3. Line parameters

The JPL spectral line catalogs for NH3 and NH3 � m2 have been
recently updated (see, e.g., Yu et al., 2010c) and the line transitions
in the 0.3–1300 GHz frequency range and their intensities are
shown in Fig. 3. The NH3 catalog has a total of 1716 transitions that
include 415 inversion transitions in the 0.3–220 GHz frequency
range and 1301 rotational transitions in the 0.3–20 THz frequency
range. The NH3 � m2 catalog has a total of 4198 roto-vibrational
transitions in the 0.02–46 THz frequency range. A total of 5914
transitions are used in the latest opacity formalism for ammonia.

For the development of the new ammonia opacity model de-
scribed in this paper, different lineshapes were investigated in or-
der to obtain the best fit for the measurements. By using a modified
Ben-Reuven (1966) lineshape for the inversion transitions, and a
modified Gross (1955) lineshape for the rotational and m2 roto-
vibrational transitions, it was possible to achieve a robust fit for
the measurements. The lineshapes rely on the knowledge of the
linewidths of the gases being studied. Laboratory measurements
of the self and foreign gas broadening parameters of various line
transitions were used where those data were available. When lab-
oratory measurements of the broadening parameters were not
available, those parameters were made free variables in the
optimization process and the values closest to the average of the
Please cite this article in press as: Devaraj, K., et al. Reconciling the centimeter-
ditions: Extensive millimeter-wavelength measurements and a consistent mod
available measured broadening parameters that best fit the opacity
measurements described in this paper were used.

6.4. Ammonia opacity formalism

The new model for the hydrogen- and helium-broadened opac-
ity of ammonia uses a modified Ben–Reuven lineshape for the
inversion transitions and a modified Gross lineshape for the rota-
tional and m2 roto-vibrational transitions. The cumulative opacity
is calculated by

a ¼ ainv þ arot þ am2

� �
� 434294:5 ðdB=kmÞ; ð14Þ

where ainv, arot, and am2 are the opacities from the inversion, rota-
tional, and m2 transitions, respectively, in cm�1. The multiplication
factor of 434294.5 converts the total opacity from cm�1 to dB/km.

The opacity from the inversion transitions is calculated using a
modified Ben–Reuven lineshape in a fashion similar to that de-
scribed by Hanley et al. (2009) but with a different set of values
for the model constants than those used by Hanley. The model con-
stants were obtained by optimizing the free parameters of the
model to fit the centimeter- and millimeter-wavelength measure-
ments. The opacity from the inversion lines is given as

ainv ¼
0:1DinvPNH3

kBT
2
p

� �
T0

T

� �gþ1

�
X

j

0
B@IjðT0Þexp

1
T0
�1

T

� �
Eðl;jÞ

hc
kB

� �� �
m

mð0;jÞ

� �2

�
ðcj � fjÞm2 þ ðcj þ fjÞ ðmð0;jÞ þ djÞ2 þ c2

j � f2
j

h i
m2 � ðmð0;jÞ þ djÞ2 � c2

j þ f2
j

h i2
þ 4m2c2

j
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ð15Þ

where for the inversion line j, m(0,j), cj, fj, and dj are the center fre-
quency, linewidth, coupling parameter, and shift parameter, respec-
tively, in cm�1, and Dinv is a unitless scale factor. The frequency,
linewidth, coupling, and shift parameters are nominally expressed
in GHz and should be converted to cm�1 before they are used in
the equation for opacity. The linewidth and the coupling parameter
of the lines are calculated by summing the contribution from differ-
ent gases and are given by

cj ¼ cH2
PH2

300
T

� �CH2

þ cHePHe
300

T

� �CHe

þ cNH3
cð0;jÞPNH3

295
T

� �CNH3

ðGHzÞ; ð16Þ
and millimeter-wavelength ammonia absorption spectra under jovian con-
el. Icarus (2011), doi:10.1016/j.icarus.2010.12.010
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Table 3
Values of the model constants used for computing the H2/He-broadened NH3

absorptivity from the inversion transitions of the new model.

i = H2 i = He i = NH3

ci 1.7947 0.75 0.7719
Ci 0.8357 2/3 1
fi 1.2031 0.3 0.5620
Zi 0.8610 2/3 0.6206

d �0.0404
Dinv 0.9903

Table 4
Values of the model constants used for computing the H2/He-broadened NH3

absorptivity from the rotational transitions of the new model.

i = H2 i = He i = NH3

ci 0.2984 0.75 3.1789
ni 0.8730 2/3 1

Drot 2.4268
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fj ¼ fH2
PH2

300
T

� �ZH2

þ fHePHe
300

T

� �ZHe

þ fNH3
cð0;jÞPNH3

295
T

� �ZNH3

ðGHzÞ; ð17Þ

where for the inversion line j and i = H2, He, and NH3, ci and fi are
constant scale terms, and Ci and Zi represent the constant temper-
ature dependences of the broadening of each of the gases, Pi are the
partial pressures in bar, and c(0,j) are the self-broadening linewidths
of the inversion transitions of ammonia in MHz/Torr. The values for
c(0,j) are from the calculations of Poynter and Kakar (1975) assum-
ing a T0 of 295 K. For the lines with center frequencies below
7.2 GHz and J > 16, where J represents the total angular momentum
vector of the ammonia molecule, c0 is expressed as

c0ðJ;KÞ ¼ 25:923
Kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

JðJ þ 1Þ
p ðMHz=TorrÞ; ð18Þ

where K is the projection of J onto the axis of symmetry that passes
from the center of the nitrogen atom through the point of equidis-
tance in the hydrogen plane of the ammonia molecule. The c(0,j) of
all the other inversion lines which are not listed by Poynter and Ka-
kar (1975) and whose J < 16 or center frequency >7.2 GHz are as-
signed a constant value equal to the average of the c0 of the lines
calculated by Poynter and Kakar. The pressure shift parameter is
calculated by

dj ¼ d� cj ðGHzÞ; ð19Þ
where d is an empirically derived constant. All the inversion transi-
tions are assigned the same model constants, even though each line
transition behaves differently (see, e.g., Hanley et al., 2009). The
equation for computing the opacity of the inversion transitions
has 14 free parameters that must be either determined theoretically
or empirically. Some of the free parameters were assigned the same
values used by Hanley et al. (2009). Since the broadening effects of
hydrogen and helium were not measured separately, theoretical
values were assigned for the helium model constants. The expo-
nents CHe and ZHe were assigned the theoretical value of 2/3 and
the scale factors cHe and fHe were assigned the values used by Berge
and Gulkis (1976), 0.75 and 0.3, respectively. The exponent CNH3

was assigned a theoretical value of 1. The other model constants
were empirically derived by data-fitting and are listed in Table 3.
The units of c0 remain in MHz/Torr and the conversion to GHz/
bar is incorporated in the scale terms cNH3

and fNH3
.

The opacity from the rotational transitions is calculated using a
modified Gross lineshape and is given as

arot ¼
0:1DrotPNH3

kBT
1
p

� �
T0

T

� �gþ1

�
X

j IjðT0Þexp
1

T0
�1

T

� �
Eðl;jÞ

hc
kB

� �� �
m

mð0;jÞ

� �
2
64

:
4mmð0;jÞDmj

m2
ð0;jÞ � m2

� �2
þ 4m2Dm2

j

0
B@

1
CA
3
75 ðcm�1Þ; ð20Þ

where for the rotational line j, m(0,j) is the frequency of transition,
Dmj is the linewidth parameter, and Drot is an empirically derived
unitless scale factor. The linewidth parameter is given as

Dmj ¼ cH2DmðH2 ;jÞPH2

300
T

� �nH2

þ cHeDmðHe;jÞPHe
300

T

� �nHe

þ cNH3 DmðNH3 ;jÞPNH3

300
T

� �nNH3

ðGHzÞ; ð21Þ

where for i = H2, He, and NH3, ci and ni are the empirically derived
model constants, and Dm(i,j) are the broadening parameters. The
Please cite this article in press as: Devaraj, K., et al. Reconciling the centimeter-
ditions: Extensive millimeter-wavelength measurements and a consistent mod
units of Dmj should be converted from GHz to cm�1 before it is used
in the equation for computing the opacity from the rotational lines.
The self-broadened linewidth for the J = 1 0 transition of the
ammonia molecule is assigned the value measured by Belov et al.
(1983), and the hydrogen- and helium-broadened linewidths for
the J = 1 0 transition are assigned values measured by Bachet
(1973). The self- and H2-broadened linewidths for each of the other
rotational lines are assigned values measured by Brown and Peter-
son (1994). The linewidths for the lines that were not measured by
Brown and Peterson were assigned values computed using their
extrapolation formula. The He-broadened linewidths are assigned
the values computed using the formula given by Pine et al.
(1993). The empirically derived model constants for the rotational
transitions are listed in Table 4.

The opacity from the m2 roto-vibrational transitions is calculated
using a modified Gross lineshape and is given as

am2 ¼
0:1Dm2 PNH3

kBT
1
p

� �
T0

T

� �gþ1

�
X

j

2
64IjðT0Þexp

1
T0
�1

T

� �
Eðl;jÞ

hc
kB

� �� �
m

mð0;jÞ

� �

� 4mmð0;jÞDm

m2
ð0;jÞ � m2

� �2
þ 4m2Dm2

0
B@

1
CA
3
75 ðcm�1Þ; ð22Þ

where for the m2 roto-vibrational line j, m(0,j) is the frequency of tran-
sition, Dm is the linewidth parameter, and Dm2 is an empirically de-
rived unitless scale factor. The linewidth parameter is given by

Dm ¼ DmH2 PH2

300
T

� �nH2

þ DmHePHe
300

T

� �nHe

þ DmNH3 PNH3

300
T

� �nNH3

ðGHzÞ; ð23Þ

where for i = H2, He, and NH3, ni are the empirically derived temper-
ature coefficients, and Dmi are the empirically derived broadening
parameters for the m2 transitions and are listed in Table 5. The units
of Dm should be converted from GHz to cm �1 before it is used in the
equation for computing the opacity. The self-broadening parameter
of the strongest m2 transition in the millimeter-wavelength region
(m0 = 140.143 GHz) was theoretically calculated by Belli et al.
(1997). However, the theoretically calculated value of 13.72 GHz/
bar was too large to fit the opacity measurements. The self-broad-
ening parameter of the 466 GHz m2 transition was measured by
and millimeter-wavelength ammonia absorption spectra under jovian con-
el. Icarus (2011), doi:10.1016/j.icarus.2010.12.010
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Table 5
Values of the model constants used for computing the H2/He-broadened NH3

absorptivity from the m2 roto-vibrational transitions of the new model.

i = H2 i = He i = NH3

Dvi (GHz/bar) 1.4 0.68 9.5
ni 0.73 0.5716 1

Dm2 1.1206
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1.5−27 GHz measurements
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Fig. 4. Dry jovian adiabatic temperature–pressure (TP) profile along with the TP
space measurement points used in the evaluation of the new model performance.
Green pluses are the 1.5–27 GHz cavity resonator TP space points measured by
Hanley et al. (2009), blue triangles are the 22–40 GHz Fabry–Perot resonator TP
space points measured by Hanley et al. (2009), and red circles are the 75–150 GHz
Fabry–Perot TP space measurement points described in this paper. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Belov et al. (1982). The self-, hydrogen-, and helium-broadening
parameters of most of the m2 transitions have not been measured.
Hence, the broadening parameters were made free variables during
model optimization and empirically derived constant values are
used for all lines.

The values of the model constants listed in this paper were opti-
mized to the latest JPL spectral line catalogs (Pickett et al., 1998)
(Version 5, September 2010). The frequency, line intensity, and
lower state energy of the various transitions of ammonia given in
the latest JPL catalogs along with the self- and hydrogen-/helium-
broadening parameters for these transitions are provided as
Supplementary material to this paper (ammonia_inversion.dat,
ammonia_rotational.dat, and ammonia_rotovibrational.dat). Soft-
ware for running the model in Matlab� is also provided as a sup-
plement (nh3devarajsteffesmodel.m). This model can be used to
estimate the opacity of ammonia under jovian conditions in the
centimeter-wavelength range at pressures up to 20 bars and tem-
peratures in the 200–500 K range and in the millimeter-wave-
length range at pressures up to 3 bars and temperatures in the
Table 6
The percentage of the measured data points within 2r uncertainty of the new model in c

NH3 opacity model 1.5–27 GHz measurements 2

Berge and Gulkis 53.11 8
Spilker 70.23 4
Joiner and Steffes 82.88 8
Mohammed and Steffes (Ka-band) 57.16 5
Mohammed and Steffes (W-band) 49.13 8
Hanley et al. 96.09 8
This work 95.11 9

Please cite this article in press as: Devaraj, K., et al. Reconciling the centimeter-
ditions: Extensive millimeter-wavelength measurements and a consistent mod
200–300 K range. This model cannot be used to estimate the opac-
ity of ammonia under deep jovian conditions since the model
parameters were not optimized to perform under those conditions
and also because the ideal gas assumption used to calculate the
opacity does not hold under high pressures.

7. Model performance

Assessing the performance of the model with respect to the
measured data provides insights into the goodness of fit of the
model and the conditions of its effectiveness. The model was com-
pared with 1431 data points measured by Hanley et al. (2009) of
the 1.5–27 GHz opacity of ammonia taken using cylindrical cavity
resonators and 250 data points measured by Hanley et al. (2009) of
the 22–40 GHz opacity of ammonia taken using a Ka-band Fabry–
Perot resonator, in addition to the 1013 data points of the 75–
150 GHz opacity of ammonia described in this paper. A possibly
dry jovian adiabatic temperature-pressure profile overlayed with
the temperature-pressure measurement points used for the model
evaluation is shown in Fig. 4.

The new ammonia opacity model fits 66.44% of the 75–150 GHz
measurements, 95.11% of the 1.5-27 GHz cavity resonator mea-
surements, and 94.8% of the 22–40 GHz Ka-band Fabry–Perot res-
onator measurements within 2r uncertainty. Overall, the model
fits 84.3% of the 2694 measurements in the 1.5–150 GHz range
within 2r uncertainty. Comparison of the new model performance
with the models of Berge and Gulkis (1976), Spilker (1990), Joiner
and Steffes (1991), Mohammed and Steffes (2003, 2004), and
Hanley et al. (2009) is listed in Table 6. Plots comparing some of
the measured data to the models are shown in Figs. 5–12. The error
bars shown in the plots are the 2r measurement uncertainties. The
Mohammed and Steffes (2003) model is only applicable in the Ka-
band region and hence only shown in Fig. 6, and the Mohammed
and Steffes (2004) model is only applicable in the W-band region
and hence only shown in Figs. 7–12. In the implementation of
the model by Joiner and Steffes (1991), there were difficulties in
matching the numerical values given by the author. Hanley et al.
(2009) describe similar difficulties in reproducing the original
numerical values given by Joiner and Steffes (1991). However,
the numerical values estimated by Hanley et al. (2009) for the var-
ious models are consistent with the values estimated by these
authors. An example of the opacity of ammonia computed using
the new model compared to the existing models in the 1 mm to
30 cm wavelength range under nominal jovian conditions for a
mixture of NH3 = 0.05%, He = 13.5%, H2 = 86.45% at a pressure of
2 bar and a temperature of 230 K is given in Fig. 13 and a plot of
the percentage change of the new ammonia opacity model from
previous models under the same conditions is given in Fig. 14.

8. Radiative transfer simulations of jupiter

A radiative transfer model can be used to simulate the millime-
ter-wavelength emission spectrum of Jupiter as observed from
Earth. By incorporating the new ammonia opacity formalism in
omparison with the existing models.

2–40 GHz measurements 75–150 GHz measurements Total

9.2 23.59 45.36
8.4 8.69 45.06
4.4 19.84 59.32
5.2 3.95 36.97
6.4 25.07 43.54
5.2 10.46 62.88
4.8 66.44 84.3

and millimeter-wavelength ammonia absorption spectra under jovian con-
el. Icarus (2011), doi:10.1016/j.icarus.2010.12.010
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Fig. 5. Opacity data measured by Hanley et al. (2009) using the large cavity
resonator for a mixture of NH3 = 0.93%, He = 13.47%, H2 = 85.6% at a pressure of
12.073 bar and a temperature of 373.3 K compared to various models. The Spilker
and Joiner–Steffes models overlap in this figure.
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Fig. 6. Opacity data measured by Hanley et al. (2009) using the Ka-band Fabry–
Perot resonator for a mixture of NH3 = 4%, He = 13.06%, H2 = 82.94% at a pressure of
2 bar and a temperature of 295.3 K compared to various models.
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Fig. 7. Opacity data measured using the W-band system for a mixture of
NH3 = 5.06%, He = 12.91%, H2 = 82.03% at a pressure of 1.943 bar and a temperature
of 207.7 K compared to various models.
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Fig. 8. Opacity data measured using the W-band system for a mixture of
NH3 = 2.14%, He = 13.31%, H2 = 84.55% at a pressure of 2.766 bar and a temperature
of 221.6 K compared to various models.
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Fig. 9. Opacity data measured using the W-band system for pure ammonia gas at a
pressure of 0.505 bar and a temperature of 296.7 K compared to various models.
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Fig. 10. Opacity data measured using the F-band system for pure ammonia gas at a
pressure of 0.124 bar and a temperature of 295.9 K compared to various models.
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the radiative transfer calculations of Jupiter, it is possible to ana-
lyze the effects of the new formalism on the modeled brightness
temperature of the planet. An elliptical-shell, ray-tracing-based, lo-
cal radiative transfer model (LRTM) used for this analysis was
Please cite this article in press as: Devaraj, K., et al. Reconciling the centimeter-
ditions: Extensive millimeter-wavelength measurements and a consistent mod
developed by Hoffman et al. (2001) and modified by Karpowicz
(2010). The LRTM relies on a thermochemical model (TCM) devel-
oped by DeBoer and Steffes (1996) and modified by Karpowicz
(2010) to model the distribution and abundances of the constitu-
ent elements and the temperature–pressure (TP) profile of the
atmosphere of Jupiter. The construction begins, in general, from
some assumption of the deep abundance of atmospheric
and millimeter-wavelength ammonia absorption spectra under jovian con-
el. Icarus (2011), doi:10.1016/j.icarus.2010.12.010
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Fig. 11. Opacity data measured using the F-band system for a mixture of
NH3 = 10.89%, He = 12.12%, H2 = 76.99% at a pressure of 1.089 bar and a tempera-
ture of 220.7 K compared to various models.
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Fig. 12. Opacity data measured using the F-band system for a mixture of
NH3 = 3.41%, He = 13.14%, H2 = 83.45% at a pressure of 2.791 bar and a temperature
of 208.1 K compared to various models.
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Fig. 13. The opacity computed using the new model compared to the previous
models in the 1.5 mm to 30 cm wavelength range under nominal jovian TP
conditions (for a mixture of NH3 = 0.05%, He = 13.43%, H2 = 86.53% at a pressure of
2 bar and a temperature of 230 K).
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Fig. 14. The percentage change of the new opacity model from previous models for
a mixture of NH3 = 0.05%, He = 13.42%, H2 = 86.53% at a pressure of 2 bar and a
temperature of 230 K.
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Fig. 15. The temperature–pressure (TP) profile of Jupiter is shown as a black line.
The TP profile above the 1-bar level represents the Voyager radio occultation results
summarized by Lindal (1992), and the TP profile below the 1-bar level represents
the results of a wet-adiabatic extrapolation using the thermochemical model
developed by DeBoer and Steffes (1996) and modified by Karpowicz (2010). The
normalized weighting functions at 140.14 GHz for 600 ppm NH3 concentration is
shown as a red dashed line. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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constituents. The TP profile is then computed using a wet-adiabatic
extrapolation in discrete layers of pressure, starting at the deepest
layer and ending at the 1 bar pressure level. For pressures less than
Please cite this article in press as: Devaraj, K., et al. Reconciling the centimeter-
ditions: Extensive millimeter-wavelength measurements and a consistent mod
1 bar, the Voyager radio occultation results summarized in tabular
form by Lindal (1992) are used. The assumed mole fraction of var-
ious constituents in the deep atmosphere of Jupiter for the LRTM
construction are as follows: XHe ¼ 0:1346;XH2O ¼ 0:0055,
XH2S ¼ 66:01 ppm, XNH3 ¼ 300 ppm or 600 ppm, and rest H2. These
abundance values are based on recent studies of the composition of
Jupiter (e.g., Atreya et al., 2003). Since the abundance of PH3 in
Jupiter is very small (e.g., Kunde et al., 1982), and because there
are no strong absorption lines of PH3 in the 2–4 mm-wavelength
range (e.g., Pickett et al., 1998), it is not included in the LRTM sim-
ulations. Two different concentrations of NH3 are used in the sim-
ulations to show the approximate impact of the changes in NH3

mole fraction on the resulting brightness temperature and do not
represent the upper and lower bounds on the established NH3 con-
centration in Jupiter. Fig. 15 shows the TP profile of Jupiter over-
layed with the normalized weighting functions (which indicate
the levels that contribute most to the brightness temperature at
a particular frequency) at 140.143 GHz.
and millimeter-wavelength ammonia absorption spectra under jovian con-
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Fig. 16. Predicted disk-averaged brightness temperatures of Jupiter for two
different ammonia concentrations.
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Once the constituent abundances, temperature, and pressure in
each layer has been defined, the absorption of each layer is calcu-
lated. The collision induced absorption between H2–H2, H2–He, and
H2–CH4 are calculated using a model given by Orton et al. (2007).
Absorption from NH3 is computed using the latest formalism de-
scribed in this paper. Absorption from H2O is computed using a for-
malism developed by Karpowicz (2010), and absorption from H2S
is computed using a formalism developed by DeBoer and Steffes
(1994). The outgoing electromagnetic radiation exiting the atmo-
sphere of Jupiter at the measurement frequency is predicted by
the black body thermal emission of each layer and the absorption
of its constituents. The disk-averaged brightness temperature of
Jupiter in the 137–143 GHz range for the two NH3 concentrations
is shown in Fig. 16. It can be seen from the figure that the predicted
disk-averaged brightness temperature of Jupiter varies by approx-
imately 10 K for the two different ammonia concentration cases
indicating that the 2.1 mm-wavelength range is sensitive to the
deep ammonia abundance. It can also be seen from the figure that
the line center of the 140.14 GHz m2 roto-vibrational transition of
ammonia is at least 5 K darker than the continuum emission. This
ammonia line transition in Jupiter can be observed with millime-
ter-wavelength telescope facilities such as the Institut de Radioas-
tronomie Millimétrique (IRAM).
9. Discussion

Millimeter waves probe the upper and middle tropospheres of
jovian planets (P < 5 bars) providing unique insights into the
atmospheric composition, chemistry, and dynamics of those layers
in the planetary atmospheres. Centimeter waves probe the middle
and deep atmospheres of jovian planets (pressures up to hundreds
of bars) and hence help infer the interior composition and dynam-
ics of the planetary atmospheres. Research into the problem of
developing a unified formalism to estimate the centimeter- and
millimeter-wavelength opacity spectra of ammonia at the pres-
sures, temperatures, and mixing ratios characteristic of the outer
planets has been on-going for more than 30 years since the work
by Berge and Gulkis (1976) (see, e.g., Mohammed and Steffes,
2004). This new model can be used to estimate the opacity of
ammonia under jovian conditions in the 1–30 cm wavelength
range at pressures up to 20 bars and temperatures from 200 to
500 K and in the 1 mm to 1 cm wavelength range at pressures
up to 3 bars and temperatures from 200 to 300 K. Various param-
eters of the model were optimized to fit the centimeter-wave-
length data measured at pressures up to 12 bars and
Please cite this article in press as: Devaraj, K., et al. Reconciling the centimeter-
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temperatures up to 450 K. The model can be used in the centime-
ter-wavelength range with reasonable certainty at slightly higher
pressures and temperatures. However, the model cannot be used
for study of the deep interiors of the jovian planets where pres-
sures exceed 20 bars. While the model performance was studied,
it was found that the model is very sensitive to changes in the
hydrogen- broadening parameter ðcH2

Þ of the inversion lines. For
example, by reducing this parameter by 12% from its current va-
lue, the altered model can fit the high pressure data (pressures
up to 700 bars) measured by Morris and Parsons (1970) within
their uncertainty limits. However, there are other factors that
change in the gas mixtures as the pressure is increased such as
the deviation from the ideal gas behavior which are not included
in the altered model used to match the Morris and Parsons data.
Furthermore, some assumptions about the elastic collisions used
for most of the lineshape theories are invalid under the high pres-
sure conditions. Additionally, the integrity of the fit to the milli-
meter-wavelength measurements described in this paper was
compromised by altering the model. Hence, the model described
in this paper, albeit consistent in the centimeter- and millime-
ter-wavelength range, can only be used to compute the opacity
of ammonia under jovian conditions at pressures up to 20 bars
in the 1–30 cm wavelength range and pressures up to 3 bars in
the 1 mm to 1 cm wavelength range. Laboratory measurements
of the 5–20 cm opacity of ammonia under deep jovian conditions
(pressures up to 100 bars and temperatures up to 500 K) are cur-
rently being performed by Devaraj and Steffes (2010) using an ul-
tra-high pressure system developed by Karpowicz (2010). These
high pressure measurements and the 1.5–27 GHz measurements
made by Hanley et al. (2009) will be used to develop a high-pres-
sure centimeter-wavelength model that can be used at pressures
up to hundreds of bars under jovian conditions. Since millimeter
waves do not penetrate the deep interiors of the jovian planetary
atmospheres, the new model is valid for nearly all applications in
the millimeter-wavelength range. Furthermore, the new model
can also be used in the centimeter-wavelength range under jovian
conditions at pressures up to 20 bars.
10. Conclusions

While the initial objective of this research was to better under-
stand the millimeter-wavelength opacity of gaseous ammonia under
jovian conditions, the results of our laboratory measurements of
the opacity of ammonia helped create the most accurate and con-
sistent model to date to represent the 1 mm to 30 cm opacity of
ammonia pressure-broadened by hydrogen and helium. The
measurements also contribute to the empirical estimation of the
self-, hydrogen-, and helium- broadening parameters of the
140.14 GHz m2 roto-vibrational transition of ammonia for the first
time in a laboratory setting. The new model significantly outper-
forms the other models in the millimeter-wavelength region and
performs almost as well as the model developed by Hanley et al.
(2009) in the centimeter-wavelength region and can be used for
accurate retrievals of ammonia and other constituents in the jovian
planetary atmospheres from ground-based and spacecraft-based
radio observations. Furthermore, radiative transfer calculations of
Jupiter show that the 140.14 GHz m2 roto-vibrational transition of
ammonia is observable using facilities such as the IRAM telescope.
Future work will involve the search for the 140.14 GHz m2 line with
the IRAM telescope. Future work will also involve the measure-
ments of the opacity of ammonia in the 5–20 cm wavelength range
under deep jovian conditions at pressures up to 100 bars and tem-
peratures up to 500 K, and the development of a high-pressure
ammonia opacity model that can work at pressures up to hundreds
of bars under jovian conditions.
and millimeter-wavelength ammonia absorption spectra under jovian con-
el. Icarus (2011), doi:10.1016/j.icarus.2010.12.010
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