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ABSTRACT 

We have constructed the thermal structure of Neptune's stratosphere and lower 

thermosphere with pressures between 10-3 JLbar and 100 mbar using a radiative

conductive model which includes solar UV and EUV heating, non-LTE cooling by 

hydrocarbon fundamental bands, cooling by H2 collisional induced opacities, and 

heating by the CH4 near and far infrared bands. We have thoroughly investigated 

the availabilities of different techniques in modeling the CH4 near-IR bands (3.3, 

2.3, and 1.7 JLm) and calculating the heating rates of these bands for pressures 

between 10-3 JLbar and 100 mbar and temperatures between 50 K to 300 K. We have 

established an accurate and efficient way which is a combined method of correlated-k 

model and the Baines et al. (1993) empirical model to calculate these heating rates. 

Same method can also be applied at any other atmosphere of a Jovian planet. 

Through comparing the calculated temperature profiles and the measured one of 

Neptune's upper atmosphere, we have set constrains on the magnitudes, locations 

and the regions those are extended by for the stratospheric aerosol heating, heating 

by the source located in the mesosphere and heating by the conducted flux from 

the thermosphere. We also found that by using a constant CH4 mixing ratio in the 

stratosphere of Neptune, 1.3x 10-3, obtained by Yelle et al. (1993) through analying 

Voyager solar occultation data, the measured stratospheric temperatures between 

20 to 100 mbar can be best matched by the calculational results. 



14 

INTRODUCTION 

The atmospheres of the planets in the solar system are generally described in 

terms of their thermal structures (i.e, temperature distributions as a function of 

altitude, T{z)). The thermal structures of the atmospheres of the four giant gaseous 

planets, Jupiter, Saturn, Uranus and Neptune, share common features with the 

atmosphere of the Earth. The lower regions of their atmospheres all have a layer 

called the troposphere following the terminology used for the earth. The troposphere 

continuously merges into the "interior" of the giant planets, which is in radiative

convective equilibrium with a negative temperature gradient. The level above the 

troposphere is called the stratosphere, is in radiative equilibrium (the boundary 

between the troposphere and the stratosphere is defined as the tropopause, where 

dT/dz = 0). The stratospheres of the giant planets have a positive temperature 

gradient. caused by solar heating. The absorption of solar radiation by methane's 

near-IR bands is the most important heating source in the middle and the lower 

regions of the atmospheres of the giant planets (e.g. Wallace et al 1974). It is 

also possible for aerosols to exist in the stratospheres of these planets, and it is 

believed that they may make an important contribution to the heating (Wallace et 

al. 1974, Appleby and Hogon 1984, Appleby 1986, and 1990). A detailed study of 

the heating/cooling mechanisms in the atmospheres of the giant planets is crucial 

for our understanding of their thermal structures. 

The general procedure for modeling the temperature profile of a planetary atmo-
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sphere starts with an accurate calculation of the absorption coefficients of the rele-

vant bands. Using the absorption coefficients, one obtains the transmission function 

by integrating over z, taking into account the variation in number densities and the 

temperature. The heating rate is proportional to th.e product of the derivative of 

the transmission function and the solar flux. Finally, the energy balance equation 

uses the calculated heating rate as the source to obtain the temperature profile. 

The most important step in the whole modeling is to find an accurate and efficient 

method to model the transmission function of the relevant molecular bands. This 

is one of the major goals of the research. Further objectives of the research include 

modeling the thermal structure of Neptune's stratosphere and the mesosphere, test

ing the magnitudes for the stratospheric CH4 mixing ratio, setting the constrains 

on aerosol heating and studying other possible heating mechanisms. 

The techniques used previously to calculate the transmission function of a wide 

molecular band can be summarized into three categories: the line-by-line (LBL) 

integration, the band models, and the correlated-k (c-k) methods. The LBL method 

integrates over each line within the band frequency range. Thus, it is believed to 

be the most accurate way to obtain the transmission function under the condition 

that the line list in well known. However, the computing time required to carry 

out such a calculation is usually rather formidable. And a reliable line list is often 

unavailable. 

To increase the computation speed, various band models have been developed. 

In these models, two types of approaches are usually taken to model the absorption 

in the CH4 infrared and near-IR bands. The first is a theoretical approach, which 

has been adopted mainly to increase the speed and it can only be used based on a 
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line list, where one uses a random band model accompanied by an analytical line-

strength distribution with the Curtis-Godson approximation (Wallace et al. 1974, 

Appleby, and Hogon 1984, Appleby 1986, and 1990). The second approach fits 

the measured low resolution laboratory spectra for a homogeneous gas with certain 

pressure, temperature and abundance combinations to an analytical expression for 

the transmittance. Transmissions at other temperature and pressures are obtained 

by interpolation using the fitted coefficients in the analytical expression. Through 

comparing these low resolution spectra with the synthetic spectra obtained from the 

line list, one can evaluate the accuracy of the line list. 

The first detailed calculation of CH4 heating was performed by Wallace, Prather 

and Belton (hereafter WPB, 1974). They applied the Goody random band model 

with exponential distribution and the Godson line-strength distribution to calculate 

the thermal opacities of 7.8, 3.3, 2.3 and 1.7 /Lm bands on Jupiter. For the 7.8 

and 3.3 /-Lm bands, a Godson ( l/S )eline strength distribution was applied. They 

found that an exponential distribution model could result in an error of as much 

as a factor of two in opacity. For the shorter wavelength bands (2.3 and 1.7 /-Lm), 

they used the exponential line strength distribution. They demonstrated that when 

the pressure gets to as high as 1-mbar, heating from the two bands with shorter 

wavelengths becomes important because the stronger band (3.3 /-Lm) has saturated. 

Heating by shorter wavelength bands ( A < 1.5 /Lm) of CH4 bands and "dust" in the 

stratosphere of Jupiter was also estimated. And it was the most important factor 

when the pressure gets to be greater than 1 mbar. Appleby (1984, 1986, and 1990) 

modeled the thermal structure and hydrocarbon heating in the atmospheres of the 

major planets. He concluded that a significant amount of aerosol heating has to 

exist in Neptune's stratosphere in both the local thermodynamic equilibrium (LTE) 
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and the non-LTE models. The most recent results from Voyager's solar occultation 

measurements indicate that the stratospheric temperature at 1-J.Lbar pressure level 

on Neptune could be as high as 180 K (Yelle 1993). On the other hand, the number 

that was expected from the previous modeling is around 150 K (Appleby, 1990). This 

number could be lower by as much as 20 K if no aerosol is assumed to exist. The 

discrepancy between the modeled and the measured stratospheric temperature on 

Neptune raises a serious question about the current understanding of the interactions 

between the radiative and the thermal processes in outer planetary atmospheres. 

In analyzing CH4'S infrared spectra, several fitting techniques have been used. 

Apt et al. (1981) published their band-modeling results on methane's near-infrared 

(near-IR) absorption based on the compiled line-parameter (i.e., high resolution) 

and band-parameter (i.e., low resolution) data by Benner and Fink (1980). Their 

goal was to compare CH4 spectra calculated at 10 cm -1 resolution using the Goody

Voigt band model based on the band parameters with the spectra calculated using 

the LBL integration. Synthetic LBL spectra were calculated over the region from 

4190 to 4590 cm-1, for temperatures of 296, 153 and 55 K. The band model failed 

to match the LBL absorption at all three temperatures by using band model, with 

larger discrepancies at lower temperatures. They claimed that the failure was due 

to the poor quality of the line list and the lack of the temperature dependence in 

the band model parameters. 

Baines et al. {1992} fitted methane's near-IR transmission observed by Giver 

et al. (1990) to a quasi-random narrow band model, using five parameters in a 

complicated line strength distribution (see equation (1) of Baines et al. 1992). The 

measured transmissions are for 25-30 pure methane abundance/ pressure combi-
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nations, ranging from. 0.01 m-am to 40 m-am and 0.1 mbar to 5.6 bar, for three 

temperatures (112, 188 and 295 K). Once fitted, the exponential sum absorption 

coefficients for frequency range at 3970-6260 cm-1 with 10 cm-1 resolution are de

rived. They also compared and found good agreement in the mean transmission 

derived from their exponential sum absorption coefficients and the LBL calculation 

using the line-parameter data by Griffith et al. (1991), but only on a very narrow 10 

cm-1 bin at 4105-4115 cm-1. There was good agreement between the exponential 

sum and the LBL methods in the 4105-4115 wavelength region. Similar comparisons 

have not yet been performed in any reasonably comprehensive wavelength region. 

Any realistic computations using the LBL method is inevitably extremely time 

consuming. To improve the speed of the LBL integration, a numerical technique 

called the correlated-k method was developed, and complete review of this technique 

can be find in Goody and Yung (1989), Goodyet al. (1989) and by Lacis and Oinas 

(1991). We will show in CHAPTER 3 that the application of the c-k method to 

CH4's 3.3, 2.3 and 1. 7 /-Lm bands can result in a significant increase in the computing 

speed while preserving sufficient accuracy. 

This dissertation is organized as follows. In CHAPTER 1, we give a brief outline 

of the radiative properties of the CH4 infrared bands and methane density distribu

tion in the atmosphere of Neptune. In CHAPTER 2, we summarize the theoretical 

basis of all the methods for modeling the transmission function and the heating 

rates we mentioned above. CHAPTER 3 gives a detailed analysis of the results in 

applying the various techniques and concentrates on testing the accuracy and the 

efficiency of these techniques for calculating the transmission and the heating rates 

of methane near IR bands (2000-6200 cm-1 in wavenumber). For the transmission, 
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we utilize the line-by-line method to calculate the synthetic spectra for the CH4 

three near-IR bands. We compare these spectra with the laboratory measurements 

under different temperatures and pressures from several researchers. For the heat

ing rates, we compare the results from the LBL model and the c-k method. We 

also compute these quantities based on Baines' exponential sum coefficients. The 

heating rates are calculated by adopting the Neptune model atmosphere based on 

the new results obtained from Voyager solar UV occultation by Yelle et al. (1993). 

In CHAPTER 4, we give a complete model for calculating the thermal struc

ture of the upper atmosphere of Neptune. We will discuss the resulted temperature 

profiles using diiferent values for the CH4 mixing ratio. Through comparing the 

calculated temperature profiles and the measured one, we set constrains on the 

stratospheric aerosol heating and the heating from the thermosphere through ther

mal conduction. In order to reconcile the measured temperature profile, we found 

that two heat sources in the upper atmosphere of Neptune are needed. We param

eterized these two heat sources with a Chapman profile because of its simplicity, 

respectively. One of these two heat source which has its maximum heating lo

cated in the stratosphere, at 6 mbar pressure, has a integrated heat flux being 9 

ergs/cm2Jsec. The other heat source has its maximum heating located at 20 p.bar 

level and has a integrated heat flux being 4.2 ergjcm2 jsec. We believe that heating 

by stratospheric aerosols may provide a reasonable explanation for the deeper of 

these two heat sources. The total optical depth for the aerosols layer at 6 mbar 

is only 0.01. This appears to be consistent with current observational constraints. 

In addition, 6 mbar is approximately the level at which hydrocarbons produced by 

photochemistry at low pressures will condense and form aerosols. 
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For the convenience of recognizing the features of the temperature distribution 

(Yelle et al. 1993, fig 14, also see fig 1.2 in this dissertation), the upper atmosphere 

of Neptune is divided into three parts. We call the part with the positive temper

ature gradient with pressure ranging from 100 JLbar to 100 mbar the stratosphere, 

the isothermal region with temperature at 180 K and pressure approximately be

tween 0.2 JLbar and 100 JLbar the mesosphere and the region above 0.2 JLbar the 

thermosphere. 
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CHAPTER 1 

BASIC LAWS DESCRIBING RADIATIVE AND 
THERMAL BEHAVIOR OF HYDROCARBONS IN THE 

ATMOSPHERE OF NEPTUNE 

1.1 Thermal Emissions from the Atmospheric Gases 

Black Body Radiation 

To investigate thermal radiation, it is necessary to consider first the case of black

body radiation in thermal equilibrium. For a system which is in thermodynamic 

equilibrium with temperature T, the source function from the system is a Planck 

function expressed as (ego Rybicki, 1979, p21) 

B _ 2he-1I3 

v - ehcv/kBT _ 1 (1.1) 

where h and c are the Planck constant and the speed of light, respectively. kB is 

the Boltzmann constant, and T is the temperature. 11 is the radiation frequency (or 

wavenumber) in the unit of cm-I . Bv is the black body radiation intensity in the 

units of ergjsecjcm2 jcm-1 jstr. 

Because the temperature generally changes with pressure or altitude in planetary 

atmospheres, thermodynamic equilibrium does not exist. In some cases it is useful 

to assume a local thermodynamic equilibrium (LTE) for a small volume with a 
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particular temperature and density. 

Fig. 1.1 illustrates a blackbody radiation curves at 60, 90, 120, 150, and 180 K, 

which are the typical temperatures in the Neptune's stratosphere (see fig. 1.2), and 

the locations on the frequency axis of several important hydrocarbon bands and H2 

bands due to the collisional-induced dipole transitions. Because the frequencies of 

the three hydrocarbon fundamental bands (CH4 V4, C2H2 V5, and C2H6 V9) and the 

H2 bands are close to the peaks of the black body radiation curves , the emissions 

from these bands caused by the thermal collision-induced excitations are so frequent 

that they dominate radiative-thermal equilibrium in an extended region in Neptune's 

stratosphere. 

Interactions Between Matter and Radiation 

Matter can interact with radiation by emission or absorption of photons. In the sim

plest case, we assume that a molecule has two energy levels. The transitions between 

the two levels are caused by either collisions with other molecules or interactions 

with the radiation field. Collisions can induce both an excitation (a transition from 

the lower energy level to the higher one), or a de-excitation, a transition in the 

opposite direction. In thermodynamic equilibrium, collisions among the particles 

or between the particles and the photons are so frequent that the populations of 

two energy levels achieve a statistical equilibrium. The ratio of the numbers of the 

particles in the upper and the lower level follows the Boltzmann law as 

(1.2) 
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Figure 1.1: Black body radiation intensity curves at 60, 90, 120, 150, and 180 K. 
and the frequency locations of the most important hydrocarbon and the H2 infrared 
bands. 
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where Nl and No are the number of particles in the excited and the ground state, 

respectively. Wl and Wo are the statistical weights of the two states, and ~E is the 

energy difference between the two energy states. 

The interaction between matter and radiation can also produce transitions be

tween the energy levels. For example, a photon can be absorbed to induce a transi

tion from the ground level to the upper level. Spontaneous or stimulated emission 

of a photon can also occur when the molecule is already in the excited state. For a 

molecule such as CH4 , the combination of vibrational and rotational levels can form 

broad band emissions and absorptions. 

1.2 Transmission Function 

The laws of radiative transfer describe the flow of the radiant energy through the 

atmospheres of the planets and predict the observable characteristics of the emer

gent radiation. The quantitative interpretation of planetary spectra rely on these 

laws. The quantity that describes the amount of radiation which passes through the 

atmospheric gas is called the transmission function. The amount of energy that is 

being deposited in the gas and the heating rates from this energy deposition can be 

calculated from the transmission function. 

The specific intensity of the radiation I (r,n, v,t) provides a complete macro

scopic description In general, the radiative equation which describes the changes of 

I (r,n, v,t) should depend both on time and on 3-D space coordinates. In studying 

planetary atmospheres, we are mostly interested in the radiative properties in the 
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vertical direction z, and the time dependence can also be ignored in steady state. 

Thus we arrive at a time-independent and one-dimensional form of the radiative 

transfer equation expressed as 

(1.3) 

where z increases outward with the origin defined at the 1-bar pressure level. J.L:: 

cos ( e) with e being the angle between the direction of the light beam and z direction. 

a" is the extinction coefficient, or opacity. j" is the emission coefficient. By defining 

the source function, denoted by S", to be the ratio of emission coefficient and the 

extinction coefficient as 

S ( ) 
_ i,,(z) 

"z- ()' a" z 

we obtained an expression of the radiative transfer equation function to be 

T" is the optical depth which gives integrated absorptivity of the material by 

dT,,(Z) = -k(v, z)n(z)dz 

(1.4) 

(1.5) 

(1.6) 

The optical depth provides a measure of how deeply an outside observer can see 

into a layer of atmosphere. k(v, z):: ~(W is called the monochromatic absorption 

coefficient, and it has the unit of cm-2 in this expression. n(z) is the number density 

of the gas. 

In the simplest case, when no emission originating from the gas particles con

tributes to the light intensity at frequency v, the radiative transfer equation becomes 

a law that describes pure absorption of incident light. The integrated form of the 

equation along z is 

(1. 7) 
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The transmission as a function of frequency is then, 

(1.8) 

Gamma is called the transmission function, which gives the transmission profile 

as a function of frequency. For a frequency range containing a single line, the 

transmission function becomes an absorption line profile. For a wide molecular 

band, the transmission function becomes a very complex profile which could include 

hundreds or thousands of individual lines. 

The pure absorption situation happens mostly under laboratory conditions and 

for solar radiation, at the short wavelength where the thermal emission is negligible. 

The transmission function of a molecular band can be obtained following (1.7) by 

knowing the absorption coefficients and the density of absorbing gas. 

1.3 Hydrocarbon Distributions in Neptune's Atmosphere 

In Neptune's upper atmosphere methane is the third most abundant species follow

ing hydrogen and helium. A mole fraction of approximately 2% in the troposphere 

is established from both ground-based and the Voyager measurements. Because the 

tropopause temperature on Neptune is only 52 K (Lindal, 1990), CH4 condenses into 

ice particles and falls out. From the vapor-pressure equilibrium, the mole fraction of 

CH4 in the stratosphere should be 4x 10-5• However, direct measurements indicate 

that the CH4 abundance in the upper stratosphere is much higher than the value 

specified by the vapor pressure equilibrium (Yelle, 1993). The CH4 fundamental 

band emissions at 7.8 p,m are formed in the mesospheric region at a pressure level 

of about 100 p,bar, so that a detailed knowledge of the temperature profile of this 
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region is required in order to dt:termine the true abundance of CH4 in Neptune's 

stratosphere from the spectroscopy analysis. 

Ground-based stellar occultations can provide information on the temperature 

structure in the CH4 infrared emission region independent of its abundance. A care

ful examination of many stellar occultation results between 1983 and 1990 by Roques 

et al. (1992) reveals individual occultation profiles which give temperatures ranging 

from 140 to 200 K, assuming that it is isothermal along the altitude. Analysis of the 

infrared spectrum data by Orton et al. (1992) reveals that the stratospheric CH4 

abundance strongly depends on the temperature (Table 1.1 shows their results). 

Recent analysis of Voyager UV solar occultation data by Yelle et al. (1993) indicate 

that CH4 is supersaturated by at least a factor of 10 in Neptune's stratosphere. The 

term supersaturation is used here following other workers in the field describes a 

CH4 partial pressure greater than the vapor pressure at the local temperature. The 

density distributions offour major hydrocarbons, CH41 C2H2 , C2H6 , and C2H4 given 

by Yelle et al. (1993) are shown in fig. 1.2. In this work, the above distributions are 

adopted in calculating the heating profiles of CH4 near-IR bands and the thermal 

structure of Neptune's stratosphere. 

1.4 Heating Rates of CH4 N ear-IR Bands 

The most important vibrational bands of CH4 , C2H2 and C2H6 are listed in Table 1.2 

(after Yelle 1991). Radiation from the CH4 fundamental band, 114, and the C2H2 115 

and C2H6 119 bands are the most important cooling sources in the mesosphere region 

of Neptune. Because the frequency coverage of these bands are close to the black 
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Table 1.1: Solutions for Maximum Stratospheric Mixing Ratios of Hydrocarbons in 
the Neptune's atmosphere, after Orton et al. 1992 

T(K) 140 160 180 200 

fOH4 2.00x 10-2 2.04x 10-3 1.97x 10-4 6.88x 10-5 

f02H2 4.30x 10-7 8.07x 10-8 3.07x 10-8 2.18x 10-8 

f02H6 5.10x 10-6 1.47x 10-6 1.02x 10-6 8.31x 10-7 
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10000 

Figure 1.2: Hydrocarbon distributions and the temperature profile in the Neptune's 
atmosphere based on Yelle et al. (1993) 
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body radiation peak, the molecular excitations are mainly caused by collisions, and 

the thermal energy are effectively converted into radiation energy in these bands. 

The heating mechanisms can be explained as follows. First of all, the solar radi

ation is absorbed, mainly in the CH4 near-IR bands at 3.3, 2.3 and 1.7 j.Lm. The 

absorbed radiation energy is then converted into thermal energy through collisions 

to contribute to the heating of the atmosphere. Part of the absorbed energy could 

also be converted into hot band radiation which escapes the atmosphere. A portion 

of absorbed energy in CH4 near-IR bands contributes to the excitation of the V4 fun

damental band by cascading the energy to its overtones through vibration-vibration 

(V-V) transitions. The energy difference between the vibrational level which absorbs 

the photon and the closest V4 overtone is released as heat in a V-V collision. 

The rate of absorption of solar radiation at frequency v is expressed as 

(1.9) 

where 7rF II is the solar flux. The factor t is included for durinal averaging. The 

heating rates caused by absorption of solar radiation followed by cascading are given 

by (after Yelle 1991) 

Q €3 1 d (V- 2V4 €4 V4)Q 3.3=-- v +--- II 

1 + €3 band V 1 + 1:4 V 
(1.10) 

Q 1 d (
V-3V4 21:4 V4)Q 

2.3 = V + --- II 
band V 1 + 1:4 V 

(1.11) 

Q -1 d (V - 4v4 31:4 V4) Q 
1.7 - V + --- II 

band V 1 + €4 V 
(1.12) 
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where Q3.3, Q2.3 and Q1.7 represents the heating rates of the 3.3, 2.3 and 1.7 /-Lm 

band, respectively. €3 and €4 are defined as the ratio of the V3 and V4 's collisional 

de-excitation rate and the radiative decay rate. 

When comparing different methods (see chapter 3), we will treat the total absorp

tion rate (Le., Qv integrated over frequency) as the heating rate, which is expressed 

as 

Q(z) = ~! kv7rFv 101 
e-J klln(z)/p,dzd/-Ldv 

= ! 2: 7rFvi r . k" r1 
e- J klln(z)/p,dzd/-Ldv 

2 i J6.v,I Jo (1.13) 

The second line means that the Q is usually calculated for every frequency interval 

centered at Vi with a width t::.v, and a summation over all intervals are carried out. 

The values of the heating rates calculated from equations (1.9) through (1.11) will 

be used in chapter 4 to calculate the temperature profile. 
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Table 1.2: Molecular Band Parameters 

BAND v(cm-1) S(cm2 cm-1) A (s-l) 

CH4 V4 1306 5.42x 10-18 2.12 
2V4 2610 

V2 + V4 2828 
3.3 J-Lm Vi 2914 1.15x 10-17 4.24 

V3 3019 
2V2 3072 
3V4 3914 

V2 + 2V4 4123 
2.3 J-Lm Vi + V4 4224 7.4x 10-19 6.36 

V3 + V4 4313 
V2 + V3 4546 

4V4 5128 
V3 + 2V4 5585 

1.7J-Lm Vi + V2 + V4 5775 2.1x 10-20 8.48 
V2 + V3 + V4 5861 

2V3 6005 

C2H2 V5 729 2.35x 10-17 4.75 

C2H6 V9 821 5.74x 10-19 0.37 
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Four distinguishable frequency scales are involved in the radiative heating calcula

tions of the planetary atmospheres. The first one is the frequency scale of black 

body radiation, which we have discussed in chapter 1. It varies slowly with the 

frequency and is considered to have a "continuum" spectrum. The second scale is 

the frequency range which covers a wide molecular band including many vibrational

and rotational transitions. For example, the width of the CH4 1I4 band is roughly 400 

cm- l . The third one is the mean spacing between the spectral lines, for example, 

that for the rotational lines of a molecule is approximately 1-5 cm- l . The last one 

is the monochromatic scale, on which the absorption coefficient could be considered 

as a constant. An example is the Doppler width of a spectral line, roughly 10-4 to 

10-3 cm-l • LBL calculations are made on the monochromatic spectral scale. The 

frequency grid has to be small enough that individual line profiles can be resolved. 

Although this type of calculation for obtaining the absorption coefficients and the 

transmission function are feasible in principle, with the help of modern computers, 

it is still too slow when a complete calculation is required to find a thermal profile 

through many iterations. In the literature, a large amount of research has been 

devoted to finding the average transmission over a spectral range that is small com

pared to a band contour but is large enough to encompass a fair number of lines. 

These methods are called band models. The major purpose of using a theoretical 
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approach of the band models is to speed up the calculation of radiative heating. 

However, the band models do not always yield reliable results, and a careful test 

has to be conducted for every individual band in order to decide if it is applicable. 

2.1 Line-by-Line Model 

2.1.1 Introduction 

When the information about line strengths, line shapes and line positions is avail

able to us, the LBL model is the most accurate method to calculate the transmission 

function and the heating rate. It can provide a reliable standard for comparing and 

verifying the accuracy of other approximation methods. The computation of the 

. monochromatic absorption coefficient k(v, z) is the major task in the LBL calcu

lation. The absorption coefficient of a line can be written as the product of an 

intensity factor and a line shape function as (Goody and Yung, 1989, p18) 

k(v, z) = S(T(z))j(v, T(z), P(z)) (2.1) 

where the intensity factor is just the total absorption of the line given by 

S(T(z)) = 10
00 

k(v, z)dv (2.2) 

and the line-shape function is normalized as 

10
00 

j(v, T, P)dv = 1 (2.3) 
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2.1.2 Line Intensity 

The value of the line intensity is generally tabulated at a reference temperature 

based on measurements. Its temperature dependence follows (eg. Edwards, 1988) 

S(T) Q'l'(To)Qv(To) e-hcEL/kBT 1 - e-hcvo/kBT 

S(To) = Q'l'(T)Qv(T) e-hcEL/kBTo 1 - e-hcvo/kBTo 
(2.4) 

To, the reference temperature, is usually room temperature (296 K). Qv and Q'l' are 

the vibrational and the rotational partition functions, respectively. EL is the energy 

of the lower level, and lIo is the central wavenumber of the line. 

It is assumed in equation (2.4) that the rotational and the vibrational compo

nents of the partition function may be treated separately. The temperature depen

dence of the rotational partition function for CH4 molecules is given by (Herzberg, 

1945, pp. 505-506) 

Q'l'(To) = (To)1.5 
Q'l'(T) T . (2.5) 

On the other hand, the ratio of the vibrational partition functions is roughly unity 

because at low temperatures it changes slowly with temperature (because t;; ~ 1). 

Thus, (2.4) is further simplified to be 

S(T) (TO) 1.5 ( (1 1)) 
S(To) = T exp 1.439EL To - T . (2.6) 

where EL has a unit of em-I. 

2.1.3 Line Shapes 

The finite width of a spectral line is determined by three mechanisms: natural 

broadening, Doppler broadening, and collisional (Lorentz) broadening. Natural line 
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broadening is a consequence of the Heisenberg Uncertainty Principle and determines 

the fundamental minimum linewidth. For a typical lifetime of 0.1 second for a 

vibrational transition, the natural line width is only 3xlO-ll cm-1 (Goody, 1964, p 

100), which is negligible in comparison to the Doppler and the Lorentz linewidths. 

Doppler Prome 

The Doppler line broadening results from the shift in absorption and emission 

frequencies caused by the thermal motion of molecules relative to an observer. 

For molecules with a Maxwell-Boltzmann distribution of velocities, the normalized 

Doppler line shape is (Goody and Yung, 1989, p1ll) 

(2.7) 

where 

(2.8) 

is the Doppler width of the line, and m is the mass of the molecule. The full width 

at half maximum (FWHM) of a Doppler broadened line, namely the width at the 

point where k(v) decreases to half ofits maximum value at Vo, equals to 2aD../log2. 

Lorentz Profile 

The Lorentz line broadening occurs when the forces of interaction between collid-

ing molecules perturb their internal energy levels and change the emission and the 

absorption frequencies. The Lorentz line shape is expressed as (Goody and Yung, 



1989, p98) 

iL (v) _ ..,...-_Cl:_L~/ 7r_-:::
- (v - vO)2 + Cl:1, 
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(2.9) 

where Cl:L = 1/(27rct) is the Lorentz width with t being the mean time between 

collisions. Further studies show that the Lorentz width depends on the pressure 

and the temperature as (Rodgers, 1976) 

(2.10) 

where Po is the total pressure at a reference value (usually 1 bar), To is the reference 

temperature (usually 296 K), P ~ is the pressure of the absorbing gas, P / is the 

pressure of the foreign broadening gas, Cl:L,s(To, Po) is the self-broadened Lorentz 

width at To and Po, and Cl:L,/(To, Po) is the foreign-broadened Lorentz width at 

To and Po. The details of how the values of the pressure-broadened widths in 

our calculation are decided are left for the next chapter when we discuss the line 

parameter compilations. 

Voigt Profile 

In real spectral lines, both the Doppler broadening and the Lorentz broadening 

are significant. Since the Doppler profile decreases very rapidly away from the 

line center, its main contribution is to the line core. The Lorentz profile falls off 

much more slowly with detuning as (v-vo?, so that it is important at line wings. 

This property of the Lorentz line shape can make the actual computation task 

much heavier when the lines are severely broadened under high pressure. The best 

description of an actual line shape is by using a Voigt profile, which is a convolution 

of the Doppler and the Lorentz profiles. The Voigt profile is expressed as (Goody 



and Yung, 1989, p112) 

with 

and 

1 
fv{v) = '- K(x, y). 

V 7raD 

aL 
Y =-' - , 

aD 

v - Vo 
x::--

aD 
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(2.11) 

(2.12) 

(2.13) 

With the compiled information of line position, line intensity and linewidth, 

we can calculate the monochromatic absorption coefficients at very fine frequency 

grids for each layer in an atmosphere, and perform an integration over frequency 

and pathlength to obtain the transmission function and the heating rate. Detailed 

results for the CH4 near-IR bands in the Neptune's atmosphere using the LBL model 

are discussed in the next chapter. 

2.2 Band Models for Homogeneous Atmospheres 

The radiative properties of the Earth's atmospheric species were first studied with 

the band models. They deal with the averaged transmission over spectral regions for 

which the band contour and the Planck function are both approximately constant. 

The averaged transmission on a spectral interval 6.v is expressed as 

(2.14) 

where Vi is the center wavenumber for the ith interval. All calculations involving 

thermal source functions can be stated in terms of mean transmissions (Goody and 

Yung ,1989). In the following we discuss some of the most important band models 

for homogeneous atmospheres. 
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2.2.1 Independent Lines 

The simplest case for calculating the transmission function is for a homogeneous 

atmosphere. This case is important in the spectroscopic studies of the transmission 

function in the laboratory. From (1.5), the averaged transmission for a homogeneous 

atmosphere can be written as 

- 1 1 r Vi = A • exp( -kvU)dv 
t..l.V AV,l 

(2.15) 

where U is the column abundance of the absorbing gas. The functional dependence 

of the transmission on altitude z is taken off on the left hand side of equation (2.15), 

because here we are only interested in the transmittance of light through a column 

of homogeneous gas with abundance U . The absorption coefficients for a fixed gas 

pressure and temperature depend only on frequency. If all the lines in the frequency 

interval D"v are independent of each other with no overlap between the lines, the 

total transmittance should be the product of the transmittance from the individual 

lines. Following (2.15), noting that kv = r:f Sifi(v), the average transmittance can 

be expressed as 

(2.16) 

with r i defined to be the transmittance for a single line as 

(2.17) 
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where Sj and Ij(v} are the intensity and the profile of line j, respectively. A very 

important step in this derivation is step three, where we have reversed the order 

of the integration and the product. In order to have this operation valid, we have 

to assume independence between the lines. If line overlap occurs, this result may 

not be valid. Nevertheless, this operation is crucial for the random band model in 

dealing with the averaged transmission of a band. 

2.2.2 Random Band Models 

General Random Band Model 

In almost every situation we encounter, overlap among the spectral lines always 

exists. The amount of overlap certainly depends on pressure and temperature. The 

most important assumption made in the random band model is that the spectral 

lines in the frequency interval t:lv are positioned randomly with respect to each other. 

It can be shown that even when the lines overlap, the averaged transmittance in the 

frequency interval is given by the product of the transmittance of individual lines, 

as long as the number of lines N in the interval is sufficiently large (Goody and 

Yung, 1989, p159f). 

The averaged transmittance can also be expressed in terms of the equivalent 

width for a line, which is defined as (Goody and Yung, 1989, p129) 

Wj = i: (1- exp( -kvU)}dv 

= i: (1 - exp( -Sj/j(v}U))dv. (2.18) 



The averaged transmission can then be expressed as 

1 N 

i\i = -IIr" All ' 
1 

= IT (1- Wi) 
i All 

rv IT exp ( _ Wi) 
i All 

= exp ( - ;ll tWi) 
1 

= exp ( - ::) 

where W is the total equivalent width in the interval All. 
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(2.19) 

In the general band model (also referred as the quasi-random model by Crisp 

1990), the transmission of a single line for an inhomogeneous atmosphere can be 

calculated through a numerical integration on both frequency and path length. Since 

an integration over pathlength is actually performed, this method provides better 

accuracy compared to the band models using the Curtis-Godson approximation (see 

section 2.3.2). Even though the general band model has the advantage of having the 

smallest number of assumptIons compared to other band models, it does not save 

much computing time in practice. So this model has to be used in conjunction with 

further assumptions in order to achieve a significant increase in speed. The general 

band model was applied to CO2 bands by Crisp (1990), who claimed that improved 

speed could be obtained by combining the lines with similar strengths into groups, 

so that the band transmission had to be evaluated only once for the representative 

lines in each group. 

In our work, the general band model is applied first to calculate the transmission 

properties of the CH4 near-IR bands in a homogeneous atmosphere. Our study gives 
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us a very good understanding of the basic problems in applying the random band 

models to these bands, without any ambiguity associated with other assumptions 

that are frequently adopted in using these models. The results of calculated trans

mission function using the general band model and the comparisons to the LBL 

model will be presented in the next chapter. 

Goody's Random Band Model 

In limited situations where the number of lines contained in a frequency interval 

is large, we assume that the values of line intensity are continuously distributed. 

Therefore, the equivalent width for the lines lying in the intensity interval between 

Sand S + dS is 

W(S) = 1: (1- exp(-SJ(lI)U))dll. (2.20) 

Combining equations (2.19) and (2.20), the averaged transmission for a frequency 

interval ~11 with a line intensity distribution N(S) becomes 

f/li = exp( - ;11 10
00 

N(S)W(S)dS) 

= exp( - ~ [00 N(S) 100 

(1 - e-S/(/I)U)dlldS) 
flll Jo -00 

(2.21) 

Goody's random band model assumes an exponential line-intensity distribution, 

so that the number of lines in an intensity interval between S and S + dS is 

N(S) 
No_L 

=-e So 

So 
(2.22) 

with So being the mean intensity. Inserting this intensity distribution into (2.21) 

the averaged transmission for Goody's random band model becomes 

- ( No 100 SoUf(lI) ) 
r /Ii ,Goody = exp - ~11 -00 1 + SoU f(lI) dll . (2.23) 
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Using the Voigt line shape given in equation (2.11), the averaged transmission for 

Goody's random band model can be written as (Strong, 1992, p71) 

- ({'Xl K(x,y)l.,fi ) 
r"pGoody-Voigt= exp - 2k"U Jo 1 + k"UoK(x,y)l..{iaD dx . (2.24) 

Malkmus Random Band Model 

Another very important line-intensity distribution that has been studied in addition 

to the Goody's model is the Malkmus distribution with the form 

N(S) 
No_.L = -e So 
S 

(2.25) 

The II S factor in this distribution provides a more realistic estimate of the number 

of the weak lines than the Goody model. Substituting this expression into equation 

(2.21) and integrating over S, we get the averaged transmission for Malkmus random 

band model being 

I'''i,Malkmu", = exp( - :v 1: 10g(1 + SoUf(v))dV). (2.26) 

Applying a Voigt line shape, this averaged transmission becomes 

- ( 2aD N ('Xl .[ik"oU Av ) r "i,Malkmus-Voigt = exp -~ J
o 

10g(1 + aD K(x, y))dx . (2.27) 

2.3 Random Band Model for Inhomogeneous Atmosphere 

In this section we deal with the problem of calculating the averaged transmission 

function in an inhomogeneous atmosphere, which involves integration over paths 
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along which the pressure and the temperature are continuously varying. The conse

quence of inhomogeneity is that an integral along the inhomogeneous path has to be 

performed at every monochromatic frequency. In order to demonstrate the connec

tion between the band model theory, which evaluates only the averaged transmission 

on a frequency interval 1:::.1/, and the treatment for problems involving inhomogeneous 

paths, we must introduce further approximations. We will discuss two of the most 

important approximations in the rest of this section, and will explore the numerical 

techniques in the next section. 

2.3.1 Scaling Approximation 

The aim of both the scaling approximation and the Curtis-Godson approximation 

(see the next section) is to find a homogeneous path where the transmission is ap

proximately the same as for the inhomogeneous path. In the scaling approximation, 

only one parameter in pressure, temperature and column abundance remains unas

signed, which is usually the column abundance. The temperature is often chosen to 

be the average temperature T of the path, and the pressure is also preassigned (e.g. 

P = 1.0 bar). Assuming that the absorption coefficient can be factorized as 

k,,{P, T) = ¢(P, T)1J(1/) (2.28) 

(Goody and Yung, 1989, p224), the optical depth may be written as 

T" = 1 k,,{P, T)ndz 
path 

= 1 k,,{P,T)du 
path 

= k,,{P,T) 1 ¢(P,T)/¢(P,T)d1£ 
path 

= k,,{P, T)U, (2.29) 



where 

u = 1 ¢(P,T) duo 
path ¢(P,T) 
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(2.30) 

Therefore, the optical depth could be calculated just like for a homogeneous atmo-

sphere with P, T, and the scaled absorber amount U. All the quantities, such as 

the transmissions and the heating rates, can be derived from the optical depth. 

The scaled absorber amount U can be calculated independently from the rest of the 

radiative calculations. 

Studies show that for weak lines the scaled absorber amount is just the same as 

the gas abundance, so that 

U = 1 du, 
path 

(2.31) 

For strong lines, the expression becomes 

u = r PjPdu. 
Jpath 

(2.32) 

In general, the scaling approximation can be written as 

U = 1 (PjP)f3du, 
path 

(2.33) 

where f3 = 0 for weak lines and f3 = 1 for strong lines. A common compromise is to 

set f3 = ~. 

2.3.2 Curtis-Godson Approximation 

The Curtis-Godson (or HCG) approximation can be applied to an atmospheric path 

with a constant temperature, or where the temperature does not vary significantly. 
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Because both the pressure and the absorber amount vary, the optical depth depends 

on the temperature T, the scaled pressure P and the scaled absorber amount u. P 

and the U are given by 

u = r du 
Jpath 

P = r p~~ 
Jpath u· 

(2.34) 

(2.35) 

In the Curtis-Godson approximation, the amount of absorbing gas is unchanged, 

while the effective pressure is obtained by weighting the pressures along a path by 

the amount of the absorbing gas. This approximation ensures that a correct result 

is obtained for strong Lorentz lines, for Doppler lines, and for all weak lines. 

2.4 Previous Band Modeling for Methane Infrared and 
near-IR Bands 

Two types of approaches have been taken in modeling the methane bands. The first 

is a theoretical approach, where one uses the band-model theory that we introduced 

above, such as a random band model with an analytical line-strength distribution 

and with the Curtis-Godson approximation (WPB, 1974, Appleby and Hogon, 1984, 

Appleby, 1990). The other approach is empirical, where one fits the measured low 

resolution laboratory spectra of a homogeneous gas under certain pressure, temper

ature and abundance conditions to an analytical expression for the transmittance. 

A set of coefficients for a random band model (Apt et al. 1981, Silvaggio (1982), 

Giver et al. 1984, 1988, and Strong, 1992) or for an exponential sum model (Giver 

et al. 1990, Baines et al. 1992) are developed. The advantage of using the theo

retical approach is that the opacity and the heating rates of methane bands can be 

computed rapidly from analytical expressions (WPB, 1974). However, due to the 
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assumptions made in this approach, there are potential problems in the accuracy 

in describing these bands. While the band-model coefficients generated by fitting 

the spectra measured in laboratories can be used to describe the transmission of 

a homogeneous atmosphere, the pressure, the temperature and the column abun

dance of the absorbing gas have to fall into a rather limited range covered by the 

laboratory conditions. Extrapolation to conditions outside the measured range can 

produce seriously incorrect results. The exponential sum coefficients generated by 

fitting the measured spectra can be used both in calculating the transmission of a 

homogeneous atmosphere and the heating rates for an inhomogeneous atmosphere 

without any further assumption. Yet care still has to be taken in testing the re

sults obtained by extrapolating over pressure and temperature conditions outside 

the laboratory range. 

In calculating the heating rates, empirical band models uses a numerical method 

which takes the subtraction of the band transmissions ( for each 10 cm-1 bin) 

from the adjacent layers and divides it by the difference of the column abundances. 

Curtis-Godson approximation has to be applied in order to get the scaled pressures 

and column abundances. The exponential sum model has this advantage compared 

to the band model, which calculates the heating rates directly from the absorp

tion coefficients using equation 2.45, so that it can provide better results for an 

inhomogeneous atmosphere. 

2.4.1 Theoretical Band Model by Wallace et ale 

Wallace et al. (1974) applied the random band model in their theoretical modeling 

of the heating rates of CH4 infrared and near-IR bands (7.8, 3.3 2.3 and 1.7 f.Lm) 
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in Jupiter's lower atmosphere. Because a computation using the Voigt line profile 

was nearly impossible at that time due to the low computer speed, they calculated 

the total absorption coefficient (or the opacity) by decomposing a line profile into 

two parts, one part being due to the Lorentz broadening eL , and the other due 

to the Doppler broadening 8D • They used analytical line-intensity distributions 

and the Curtis-Godson approximation to simplify the expressions of the opacities, 

and expressed the results as functions of summations of integrated line intensities 

and their products with line widths (see equations (5a) through (8) on p483 of 

WPB, 1974). For the 7.8 and 3.3 /-Lm bands, a l/S line strength distribution was 

applied, and they found that an exponential distribution model could result in an 

error being as much as a factor of two in opacity for these bands. For the shorter 

wavelength bands (2.3 um and 1.7 um), they used the exponential line-strength 

distribution. The line parameters they used were taken from Kyle (1968), while 

the pressure-broadened widths were taken from Varanasi (1971) and Varanasi and 

Tejwani (1972). The combined opacity, denoted by eLD , was taken to be 

(2.36) 

A more accurate expression that combines the two opacities is (Goody and Yung, 

1989, p 136) 

(2.37) 

where S is the averaged intensity and the U is the column abundance ofthe absorbing 

gas. WPB indicated that compared to the more accurate combination, the error of 

their results maximized at 10 percent when eL is approximately equal to the eD, 

and decreased rapidly as one of the two quantities dominated. 

Testing the accuracy of WPB band model was the first step of this research in 

studying the opacities of the CH4 infrared and near-IR bands. From a preliminary 
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analysis, we found that the band opacities (for 10 cm- I interval) from the WPB's 

band model are about a factor of two different compared to those from the LBL 

calculations at high pressure, even though the opacity for a single line is the same 

from the two methods. More detailed analyses indicate that the strong overlap in 

the CH4 infrared and near-infrared bands at high pressures makes the application 

of the random band model to these bands invalid. 

2.4.2 Laboratory Measured Spectra and Empirical Ran
dom Band Models 

Silvaggio's Empirical Band Model 

The first near-infrared low temperature laboratory spectra of CH4 that were mea

sured and fitted to a band model were published by Silvaggio (1982). His spectra 

were recorded from 4000 to 6500 cm-I at a resolution of 0.15 cm-I, with CH4 abun

dances of 0.004 to 4.75 m-amagat and temperatures of 273, 191, and 118 K. The 

H2-broadened and He-broadened CH4 spectra were also recorded, but no details 

of them were given. Using a theoretical formulation described in Silvaggio et al. 

(1980), the Goody random band model with the Voigt line shape was used to fit the 

transmittance averaged over intervals of 10 and 100 cm- I . This allowed the mean 

absorption coefficient, the line spacing, and the Lorentz self- and foreign-broadening 

coefficients to be obtained from the data, although the self-broadened Lorentz half

width was fixed at 0.085 cm- I . Unfortunately, only the 273 K spectra were fitted, 

and only for the regions 4000-4800 cm-I and 5600-6500 cm-I, although the trans

mittance predicted by the model were apparently in excellent agreement with the 

measured transmittance for the fitted spectra. Because there was no fitting of the 
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lower temperature spectra, there has been no further application of Silvaggio's data 

in studying the planetary atmospheres. 

Giver's Band Parameters 

A widely used set of near-infrared CH4 band model parameters has been that of 

Giver et al. (1984, see also, Giver et al., 1990). They recorded laboratory spectra 

of self-broadened CH4 from 3760 to 9200 cm-I at an original resolution of 1 cm-I • 

These spectra were measured at temperatures of 195, 188 and 112 K, pathlengths of 

3 to 61 meter, and pressures from 0.002 to 12.4 bar (although only up to 0.538 bar at 

112 K), giving abundances of 0.0149 to 192.8 m-amagat. The Malkmus band model 

with the Voigt line shape was used to fit the transmittances at each temperature at 

10 cm-I intervals. Giver et al. (1984) noted that the principal difference between 

their 112 K and 295 K spectra was a noticeable narrowing of the major absorption 

bands at low temperature. 

Giver et al. (1988) later expanded on their earlier work by measuring more 

self-broadened CH4 spectra at 112 K, 188K and room temperature, using a short

pathlength (5.7 cm) absorption cell. These low abundance spectra were recorded 

from 4000 to 4760 cm- I , specifically for the purpose of interpreting the Triton 

spectra at these frequencies. These spectra were combined with the previous spectra 

of Giver et al. (1984) in a Malkmus band-model fit, and the resulting band model 

parameters were extrapolated to 55 K for use in a reflecting layer modeL Cruikshank 

et al. (1989) also used this extrapolation in their analysis of the Triton spectra. 

Unfortunately, no estimate of the reliability of this extrapolation was provided. 
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McKellar's 77 K Spectra 

McKellar (1989) recorded near-infrared, long-pathlength laboratory spectra of CH4-

N2 mixture at 77 K, the lowest temperature yet achieved for such measurements. 

The spectra cover the 3800-9100 cm- I region at an original resolution of 0.14 cm-I . 

At such a low temperature, the vapor pressure of CH4 is only about 0.013 bar, and 

with the pathlengths of 66 and 88 meter, the CH4 abundances were limited to .less 

than 4 m-amagat. N2 was included to pressure-broaden the CH4 lines, allowing 

the spectrum to be fully resolved at 0.14 cm- I resolution. Only three spectra were 

recorded, the first covering 3800-4800 cm-I at 66 meter with 0.29 m-amagat CH4 

and 0.064 bar N2, the second covering 5000-6300 cm- I at 88 meter with 2.5 m

amagat CH4 and 0.355 bar N2, and the third covering 6700-9100 cm-I at 88 meter 

with 2.5 to 3.5 m-amagat CH4 and 0.368 bar N2. No band model analysis was 

possible with such a small data set, but plots of all three spectra were presented 

at resolutions of 0.14, 2, 10, and 20 cm- I . The actual data is also available in 

electronic form by request, which can be used for comparison with the spectra 

extrapolated from various empirical band models fitted to high temperature data, 

thereby providing a means of testing the reliability of the band-model extrapolation 

at very low temperature. 

Calcutt's Measured CH4 Spectra and Band-Model Fitting 

Calcutt (1984) undertook measurements of self- and H2-broadened CH4 spectra from 

4000 to 10000 cm- I at an original resolution of 0.25 cm-I . For the self-broadened 

CH4 spectra, six pressures from 0.1 to 1 bar, three pathlengths of 9.7, 14.5 and 19.3 
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m, and three temperatures 296, 250, and 213 K were used, giving CH4 abundances 

from 0.89 to 24 m-amagat. For the H2- broadened CH4 spectra, CH4 pressures of 10, 

20, and 76 torr, and several H2 pressures up to 1 bar were used. Calcutt et al. (1988) 

degraded the self-broadened CH4 spectra using a triangular instrument function with 

a 10 cm-1 FWHM, and sampled at 5 cm-1 intervals. These degraded spectra were 

then fitted to several band models, beginning with the Weak Limit, followed by the 

Goody-Lorentz model, and then the Goody-Voigt model. The Goody-Voigt model 

provided the best fit to the spectra, with the root-mean-square error between the 

fitted and the measured transmittances generally less than 0.01. 

Strong's Empirical Band Model 

As a logical extension of the work of Calcutt (1984), Strong (1992) measured and 

fitted the CH4 spectra with the random band models applied by the former for the 

frequency range 2000-9500 cm-1 with both the H2- brodened and the self-broadened 

lines. The three temperature groups are around 190, 240 and 293 K. For the H2-

broadened spectra, the total pressure range covers 0.13 to 0.94 bar and the CH4 

abundance ranges from 0.17 to 76 m-amagat. These pressure-abundance combina

tions are expected to correspond to the conditions in the Jupiter's atmosphere. For 

the self-broadened spectra, pressures from 0.0003 to 0.94 bar and abundances from 

0.17 to 530 m-amagat (416 at 190 K) were used. Strong also found that the Goody

Voigt band model fitted the data the best. An empirical band model was developed 

through fitting the data, and sets of band model parameters were defined for pres

sure, temperature and CH4 abundance combinations. The transmission spectra can 

be computed using the Goody-Voigt random band model { equation (2.24)). We 
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have tested the efficacy of the Strong's empirical, band model for various pressure 

and temperature ranges that are of our interest. We found that the Strong model 

is applicable to situations with relatively high temperature (larger than 190 K) and 

high pressure. In other words, the model is more suitable for Jupiter's atmosphere 

than for Neptune's atmosphere. A detailed analysis of Strong's band model and 

other sets of data will be presented in the next chapter. 

2.5 Correlated-k Method 

.2.5.1 Introduction 

Random band models, using relatively simple statistical formulas based on the mean 

absorption-line strengths and half-width distributions, have proven to be successful 

in describing the gas absorption along homogeneous paths for the important species 

in the Earth's atmosphere. To treat vertically inhomogeneous atmospheres, the 

scaling approximation and the Curtis-Godson approximation are frequently used. 

However, the validity of the band models for the hydrocarbon species, which play 

an essential role in calculating the radiative and the thermal properties of the outer 

planetary atmospheres, needs to be investigated. Even in the Earth's atmosphere, 

there are well-known examples in which the Curtis-Godson scaling method fails to 

provide adequate accuracy. In particular, the inverse pressure-concentration dis

tribution of the atmospheric ozone makes it difficult for the Cutis-Godson scaling 

method to accurately model its radiative cooling (Goldman and Kyle, 1968). Also, 

scaling is inappropriate in situations where the effects of multiple scattering are 

important. In multiple scattering situations, individual photons traverse different 
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atmospheric path lengths, thus requiring an application of scaling laws to a distri-

bution of atmospheric paths. 

As we have indicated in the beginning sections of this chapter, the LBL calcu

lations provide a more sound theoretical basis for computing reliable atmospheric 

heating and cooling rates. But its computation cost makes this approach feasible 

only for limited applications. In this section, we will discuss a computationally 

efficient numerical procedure for computing the heating and cooling rates in verti

cally inhomogeneous, multiple scattering atmospheres. It is called the correlated-k 

method (c-k method). In c-k method, the absorption coefficients at a set of pressure 

and temperature grids are calculated through the LBL model and are sorted to fit 

the algorithm in calculating the transmission function and the heating rates. In a 

calculation which involves radiative and thermal equilibrium models, the heating 

rates from a molecular band can be computed rapidly each time in obtaining a final 

result for the thermal structure based on the pre-calculated absorption coefficients. 

Because the c-k method relies on the LBL model in obtaining the absorption coeffi

cients, the accuracy of these coefficients is limited by the reliability of the line lists 

for c-k method in the same way as the LBL model. Nevertheless, compared to the 

LBL model, the c-k method has significant advantage on the calculational speed, 

it eases the complicated computation which is involved in modeling any radiative 

processes of molecular bands. 
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2.5.2 Procedure 

k distribution 

The c-k method involves grouping of the absorption coefficients within a given fre

quency interval by their strengths. It results in a "k distribution" of absorption 

coefficients that requires far fewer points to represent the spectral absorption than 

is required for the LBL computation. The distribution of the absorption-coefficient 

strengths can be calculated by evaluating the details of an absorption spectrum. In 

the case where the absorption coefficient has a large but finite number of maxima 

and minima, we define the ith subrange as lying between the ith maximum and the 

ith minimum, whose absorption coefficients are ki(max) and ki(min), respectively. 

In this subrange we may make a change of variable 

(2.38) 

The k distribution is defined as (Goody and Yung, 1989, p172) 

M 1 I dv I f(k) = t; flv dkv i x (H[k - kj(min)] - H(kj(max) - k]) (2.39) 

where H is the step function. M is the total number of subranges. This expression is 

most generally used as a binning algorithm for use with a spectral compilation. For 

subsequent numerical applications, it is more convenient to express the absorption 

coefficient strength distribution in terms of a cumulative frequency distribution, i.e., 

g(k) = 1:0 f(k')dk' (2.40) 

and its discrete form 
n 

g(kn ) = L f(ki)flki. (2.41) 
i=l 
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The inverse of above equation is 

(2.42) 

Correlated-k (c-k) Method 

Let Lj{kv,j) be any frequency-dependent function of the radiation field within a 

spectral interval ~lJ in the jth atmospheric layer. The average value of Lj in this 

interval can be expressed as ( Goody et al., 1989) 

£j = fo1 Li(kv, j)d(lJ / ~11) 

= lXJ fi(k)I,j(k)dk 

= fol Lj(k)dgj{k) 

= fol Lj{kg,j)dg. (2.43) 

Step 1 to step 2 in (2.43) is true when we have the variable change according to 

(2.38) with the k distribution defined by equation (2.39). Step 3 to step 4 is possible 

because gj{k) is, by definition, a monotonic function of k, and the relation may be 

inverted. kg,j is the value of k that corresponds to the independent variable 9 in 

the jth layer. In order to use one mapping from 11 onto g, a single independent 

variable, for all the layers of an inhomogeneous atmosphere, we have to assume that 

the distributions of k for all layers are correlated. In the discrete form, equation 

(2.43), with L being the transmission function r, can be expressed as 

rv;{ZI' Z2) = f; D,.gjexp( 1~2 -kjn{z')dz') 
3 

= f;Wjexp(1~2 -kjn(z')dz') 
1 

(2.44) 
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where the total number of points of g-variable are denoted by nq to represent the 

number of quadrature points. 6.gj , or Wj, can be set to be a set of Gaussian 

weights. Finally, the heating rate, expressed by (1.12), can be computed, using 

the c-k method, as 

Q(z) 

(2.45) 

The key idea of the c-k method· is that one can group together spectral in

tervals which have similar absorption coefficients, and calculate the quantities as 

functions of these coefficients as a whole rather than dealing with each spectral 

interval. Since the coefficients no longer carry the fine-frequency (within 6.11) infor

mation after grouping, this provides a potential source of error when the integration 

of the coefficients is performed over an inhomogeneous path. The size of the error, 

however, can be very small when the physical conditions vary slowly along the path, 

and the dependencies of the absorption coefficients on the frequencies at different 

levels in the atmosphere are well correlated. In the next chapter, we will discuss the 

application of the c-k method to the CH4 near-IR bands. 
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CHAPTER 3 

CALCULATION OF SOLAR HEATING RATES IN THE 
ATMOSPHERES OF GIANT PLANETS 

For the purpose of studying the thermal structure of the middle and upper atmo

spheres of the giant planets, we have reviewed and expanded on the techniques used 

to calculate the heating rates of the CH4 near-infrared bands in various temperature, 

pressure and abundance regimes. We compared the transmission functions and the 

heating rates resulting from the line-by-line model, various band models based on 

the laboratory data, and the correlated-k method. The accuracy, speed and the 

limits of these methods are tested and discussed. 

3.1 Transmission in Homogeneous Atmospheres 

3.1.1 3.3 J.Lm Band 

Line Parameters 

The HITRAN (1992) database provides the information for the seven principal at

mospheric absorbers (H20, CO2, 0 3, N20, CO, CH4 , O2) and twenty-one minor 

gases and trace constituents. Methane, as an important and relatively abundant 

constituent in planetary atmospheres, has been studied by both laboratory exper-
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iments and theoretical calculations to determine its spectral parameters and their 

properties in changing with the physical environment (P,T). 

Line parameters of the CH4 3.3 p,m band are incorporated into the spectral 

interval 2005-3254 cm- I in the HITRAN database. Details of the original sources of 

line positions and line intensities can be found in the paper by L. S. Rothman et al. 

(1987). In general, it is a very complicated matter to discuss the completeness and 

the accuracy of the line list, because it is formed through many different sources 

of laboratory measurements and theoretical calculations (see Brown et. al., 1992). 

The line parameters included in the compilation are: position vo, intensity S, air

broadened line width OL,air, lower state transition energy EL , self-broadened line 

width OL,self, temperature dependence n of the air-broadened width and the air

broadened pressure-shift. With the information listed above, a synthetic spectrum 

of the CH4 3.3 p,m band can be calculated. Because the band models can only 

provide a spectra with averaged transmission on a frequency bin (usually 10 cm- I ) 

that is much wider than the width of a single line, the spectra obtained from the 

LBL calculation is degraded to give the same resolution in the purpose of comparing 

the results obtained by using these two types of methods. 

LBL Model v.s. Low Resolution Laboratory Data of Strong 

The LBL calculation requires that the absorption coefficients be calculated at very 

fine grid-point frequency intervals in order to obtain detailed line shapes, therefore 

we use the Doppler width to be the smallest unit in the frequency bin. The con

tribution from the line wings is included by extending the integration from the line 
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center to 2 cm-1 at each side, which is wide enough for all lines. 

Generally, the only way to assess the accuracy of the line list is to compare LBL 

calculations with the low resolution laboratory data. The most comprehensive labo

ratory measurements of CH4 transmission spectra are those of Strong (1992). Strong 

(1992) measured CH4 IR spectra (2000 -9500 cm-1 with good accuracy) around 

three temperature groups (190, 240 and 296 K) and a number of pressures and col

umn abundances corresponding to the conditions in Jupiter's stratosphere. Strong 

also provided a Goody-Voigt band model through a set of parameters for computing 

the transmission function following the algorithm described by equation (2.24). The 

agreement between Strong's low resolution laboratory measurements and the LBL 

calculations is good for all cases tested, except at very low temperatures. Fig 3.1 

shows an example at P=10 mbar, T=190 K, CH4 abundance U=4x1021 cm2• More 

thorough comparisons are presented by Strong (1992). Thus, we conclude that the 

line list for this band is complete and accurate. 

At very low temperature (lower that 190 K), the transmission function can be 

computed using Strong's empirical band model by extrapolating the band parameter 

coefficients. Fig. 3.2 shows an example at same pressure and abundance as in fig 3.1 

but at T = 55 K. Compared to the results from the LBL calculation, the band model 

seriously underestimates the band absorption. This situation happened when Strong 

made comparisons with her band model and the McKellar's measured 77 K spec

tra. We believe that the band model is responsible for the disagreement. Because 

no spectral data below 190 K are included in the fitting process, the temperature 

dependence of the Goody-Voigt band-model parameters is probably inadequate at 

very low temperatures. 

- - ----------------
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Figure 3.1: Transmission spectra for CH4 3.3 J-tm band for a homogeneous atmo
sphere with P = 10 mbar, T = 190 K, and U = 4xl021 /cm2 calculated by the LBL 
model (solid line) and the Strong's band model (dashed line) . 

. 8 

.2 

o 

2400 2600 2600 3000 3200 
W.AVENmmER (em-i) 

Figure 3.2: Transmission spectra for CH4 3.3 J-tm band for a homogeneous atmo
sphere with P = 44.57 mbar, T = 54.7 K, and U = 2xl022 /cm2 calculated by the 
LBL model (solid line) and the Strong's band model (dashed line). 
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LBL Model v.s. General Band Model 

The band models, when applicable, are much faster than the LBL model in calculat

ing the transmission of a wide molecular band. For the purpose of testing the efficacy 

of the band models on the CH4 infrared bands, we have a.pplied the general band 

model to calculate the transmission of a homogeneous atmosphere. The results are 

compared to that from the LBL model. The general band model assumes that the 

lines in each wavelength interval are positioned randomly, so the band transmission 

for the interval ( 10 cm-1) can be computed by taking the product of the trans

mission from individual lines according to (2.16). The transmission of a single line 

is calculated through numerical integration on the frequency following (2.17). The 

line parameters and their dependence on pressure and temperature (from HITRAN) 

have to be used in the frequency integration. 

The calculated transmission functions in the frequency range from 2400 to 3200 

cm-1 by using the general band model for two homogeneous paths at a temperature 

of 296 K, CH4 column abundance of 1021 cm -2, and pressures of 1 mbar and 100 

mbars are shown in fig. 3.3 and fig. 3.4, together with the results from the LBL 

calculations. For the relatively low pressure case (1 mbar) shown in fig. 3.3, the 

two calculations agree within 5 percent. But for the high pressure case (100 mbar) 

shown in fig. 3.4, the two spectra are poorly matched. Considering that the two 

methods are based on the same sets of line parameters, the error must be caused by 

the assumption adopted by the general band model. Detailed examination of the 

line list indicates that for the high pressure situation, the strong overlap between 

the neighboring lines makes the assumption of the randomness of the line positions 

invalid. 



63 

.2 

o 

2400 2600 2BOO 3000 3200 
lfAVENUYBER (em-l) 

Figure 3.3: Transmission spectra for CH4 3.3 JLm band for a homogeneous atmo
sphere with P = 1 mbar, T = 296 K, and U = lxl021 /cm2 calculated by the LBL 
model (solid line) and the general band model (dashed line). 
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Figure 3.4: Transmission spectra for CH4 3.3 JLm band for a homogeneous atmo
sphere with P = 100 mbar, T = 296 K, and U = lxl021 /cm2 calculated by the 
LBL model (solid line) and the general band model (dashed line). 
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3.1.2 2.3 fJm (3800-4800 em-I) and 1.7 J.£m (5000-6200 em-I) 
Bands 

As for the 3.3 J.£m band, we compared the transmissions from the LBL calculation 

and from the low resolution experiment data from Strong (1992), fig 3.5 shows the 

results for the frequency region of 3600 to 6400 cm-1 at a temperature of 190 K. 

Large discrepancies occur in the results. We also examed two other sets of data which 

are available for this wavelength region and covers more pressures and temperatures. 

Table 3.11ists the frequency, pressure and temperature ranges covered by these three 

set of data and the fitting models which were used by the researchers. 

Baines Exponential Sum. Model 

Baines et al. (1992) fitted the observed sets of transmission from Giver et al. (1990) 

to the random band model, encompassing five parameters in a complicated line 

strength distribution (see equation (1) of K. Baines et al. 1992). The measured 

transmissions are for 25-30 pure methane abundance-pressure combinations ranging 

from 0.01 m-am to 40 m-am, and 0.1 mbar to 5.6 bar, for each of the three temper

atures (112, 188 and 295 K). After fitting the measured spectra to a band model, 

Baines et al. derived the absorption coefficients by expressing the transmission as 

an exponential sum described in (2.44), together with ten Gaussian weights (Wi in 

(2.44)) for the 3970-6260 cm-1 frequency region with a 10-cm-1 resolution. The 

transmission at any pressure, temperature, and CH4 abundance within the range 

for which the exponential sum coefficients are set can be calculated by interpolating 

these coefficients and using (2.44). Baines et al. did not do a thorough compari-
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Table 3.1: Models for calculating the transmissions of CH4 2.3 and 1.7 JLm bands 
based on the low resolution spectra data 

Investigator Baines Strong McKellar 
(Giver's Data) 

year 1992 1992 1989 

Fitting Model Band Model+ Goody-Voigt Measured 
Exponential Sum Ba,nd Model Data 

Frequency 
(cm- i ) 3970 - 6200 2000 - 9500 3800-9100 

77 
112 

Temperatures 188 190 
(K) 240 

295 296 

pressure 100 JLbar- 130 mbar- 0.6 bar 
Range 5.6 bar 0.94 bar 0.355 bar 
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Figure 3.5: Transmission spectra for CH4 2.3 and 1.7 p,m bands for a homogeneous 
atmosphere with P = 10 mbar, T = 190 K, and. U = 4x1021 /cm2 calculated by the 
LBL model (solid line) and Strong's band model (dashed line). 
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son with line by line integrations but did compare the mean transmission derived 

both from their exponential sum absorption coefficients and the LBL calculation on 

one 10 cm-l bin at 4105-4115 cm-l. The line parameter data they used was from 

Griffith et al. {1991}. The agreement from the two methods was good. 

Extrapolation of Baines Model Coefficients at Low Temperatures 

In this section, we use the exponential sum model for the transmission from Baines 

et. al. to extrapolate the absorption coefficients according to the relationship that 

log(k) is proportional to 1 IT, and we calculate the transmission spectra at 77 K 

with the corresponding pressures and the CH4 column abundances as in McKellar's 

laboratory measurements. The calculated spectra match the measured ones very 

well, as shown in fig. 3.6 and fig 3.7. This good agreement makes the exponential 

sum model by Baines et al. (1992) valuable because no other reliable model has 

been developed for calculating the CH4 near-infrared bands at very low temperature, 

which is crucial for applications to the outer planets' atmospheres. 

Comparisons of the transmission spectra of the 2.3 and 1.7 /lm bands produced 

by the LBL model using the HITRAN database for the line parameters with those 

measured by McKellar et al. (1989) at 77 K are also carried out. Fig 3.8 and fig. 3.9 

show the results, which indicate that the match of the transmission derived by the 

LBL model are worse than that from the Baines exponential sum model for these 

two bands. 
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Figure 3.6: Transmission spectra for CH4 2.3 /Lm band for a homogeneous atmo
sphere with P = 604 mbar, T = 7T K, and U = 8.05xl02o /cm2 derived based 
on the Baines exponential sum coefficients (dashed line) and from the McKellar's 
laboratory measuremen.ts (solid line). 
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Figure 3.7: Transmission spectra for CH4 1.7 J.tm band for a homogeneous atmo
sphere with P = 355 mbar, T = 77 K, and U = 6.72xl021 Jcm2 derived based 
on the Baines exponential sum coefficients (dashed line) and from the McKellar's 
laboratory measurements (solid line). 
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Figure 3.8: Transmission spectra for CH4 2.3 /-Lm band for a homogeneous atmo
sphere with P=604 mbar,T=77 K, and U = 8.05xl02o /cm2 derived from the LBL 
model (dashed line) and from McKellar's laboratory measurements (solid line). 
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Figure 3.9: Transmission spectra for CH4 1.7 /-Lm band for a homogeneous atmo
sphere with P=355 mbar, T = 77 K, and U = 6.72xl021 /cm2 from the line-by-line 
model (dashed line) and from the McKellar's laboratory measurements (solid line) . 
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Comparing Strong's Model with Baines' Model at High Temperatures 

and with McKellar's Data at Low Temperatures 

We have also compared the spectra calculated from Strong's model and Baines 

model at high temperatures (above 190 K) and long path lengths. It is found that 

the spectra from the two sources match very well. An example with T = 190 K, P 

= 250 mbar, and CH4 abundance = 0.01 km-amg is shown in fig. 3.10. 

Strong compared the transmission calculated from her band model with the 

measured spectra by McKellar et al (1989) at 77 K (fig. 8.2 (a) in her thesis), 

and a large difference was observed. It appears that the band model seriously 

underestimates the band absorption at this low temperature. 

Summary for 2.3 and 1.7 J.£m Bands Transmission 

Summarizing our results of comparing the four different sets of data and the models, 

for the frequency region from 3970 to 6200 cm-1 of the CH4 near-IR bands, the 

exponential sum model by Baines et. aI. provides the best estimation of transmission 

at temperC;Ltures roughly above 77 K and pressures from 100 J.£bar to 5.6 bar. The 

LBL calculation failed to give accurate results, probably due to the incompleteness 

of the line list. Strong's band model can be used with the temperatures and the 

pressures covered by the limits of the measured data. For temperatures significantly 

below the limit, direct use of her band-model coefficients can give misleading results. 
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Figure 3.10: Transmission spectra of 2.3 J,Lm band at P=250 mbar, T=190 K and 
U=O.Ol km-amg. from Baines' model (solid line) and Strong's model (dashed line). 
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3.2 Line Intensity Distribution of CH4 3.3, 2.3, and 1.7 /-Lm 
Bands 

The first step to simplify the computational task in the general band model is to 

assume that the distribution of the line intensities in a frequency interval (namely 

the number of lines in the interval between Sand S+dS), in which the band-model 

calculation are performed, is a certain analytical function. The distribution function 

should be chosen to be reasonably representative of the actual distribution of line in

tensities of a particular band. Two of the most useful line-intensity distributions are 

described in equations (2.22) and (2.25). Through the application of an analytical 

line intensity distribution, the averaged transmission of a frequency interval (t::.v) 

can be expressed in terms of some tabulated functions. Therefore, the computation 

can be much faster than doing the actual frequency integration for each line. 

3.2.1 Plotting the Line Intensity Distribution from HI
TRAN Data Compilation 

Detailed studies of the validity of applying these analytical distributions to the 

methane bands have never been carried out before. The application of the line

intensity distribution is a cmcial step in applying the random band models. Based 

upon the line list of the HITRAN (1992) data package, we have calculated and 

plotted the number distribution versus loglOS for each 10 cm-1 interval of the CH4 

3.3,2.3, and 1.7 J.Lm band. Fig. 3.11 and 3.12 show some examples for the frequency 

interval 4070-4080 cm-1 with temperatures of 300 K and 150 K. 
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Figure 3.11: Intensity distribution N(loglOS) for the interval 4070-4080 cm-1 at 
T=300 K based on the HITRAN (1992) data compilation. 

8 

2 

~25 -23 -22 -21 -20 -19 
Intenslty (10810(5» 

Figure 3.12: Intensity distribution N(1oglOS) for the interval 4070-4080 cm-1 at 
T=150 K based on the HITRAN (1992) data compilation. 
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3.2.2 Fitting the Exponential Distribution to the Real Dis
tribution 

We have fitted an exponential distribution function to the real distribution from 

the line parameters, which determines So(Le., the mean intensity) for each 10 cm-1 

frequency interval. Simple mathematics to describe the plotted quantity for y-axis 

derived from the exponential distribution is presented below: 

Let the plotted quantity be N'(y), where y = loglOS, with the constraint: 

[ma", N'(y)dy = lSmaz 
N(S)dS. 

Ymin Smin 
(3.1) 

The width of the intervals on S-axis, !:lS, and on y-axis, !:ly, are subject to the 

following equations: 

Is:::" N(S)dS = No!:lS (3.2) 

and 

l Yma
", N'(y)dy = No!:ly. 

Ymin 
(3.3) 

If N(S) has an exponential distribution as in (2.22), llS is obtained from integrating 

N(S), 

(3.4) 

And from the definition of y, we have the relationship 

1 
!:ly = Log10 * S * dS. (3.5) 

With the above equations, it is easy to show that equation (3.1) is satisfied by a 

solution 

R ( )-1 N'{y) = S: S * Log10 e-Smin/So - e-Smin/So e-S/ So *!:ly (3.6) 
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where Ay is the width of the interval on loglOS axis, which is chosen to be 0.05 in 

our study. 

The smooth curves in Fig. 3.13 shows the general features of the distribution 

N'(y). For certain 80 values, N'(y) reaches a maximum at 8=80• The maximum 

value is roughly a constant unless 80 has a value in the lower- or the upper limit 

of the intensities. Away from the S=So point, N'(y) drops quickly because of the 

exponential factor. As we will see later, this fast-decrease feature can cause serious 

wrong fitting to a real distribution. 

Our fitting was performed by using the least squares method. The best fit is 

obtained by minimizing the quantity (] = :E(N (measured) - N (analytical))2. The 

sum is carried out over all bins ofloglOS in 10 cm-1band interval, so that one So value 

and a set of best-fit distribution N (analytical, best fit) is determined. Fig. 3.13 

shows an example of a best fit. The analytical distribution fits the real distribution 

reasonably well in this frequency interval. Through repeating this fitting technique 

for all the wavenumber intervals in the whole molecular band, we get a spectrum of 

So for that band. 

3.2.3 The Spectra of the Aver~ge Intensity So. 

Fig. 3.14 and fig 3.15 show the So spectrum obtained from our fitting, together 

with Strong's band-model fitting for the 3.3 /-tm band at T=300 K and T=150 K. 

For T=300 K, the results from the two methods agree over a large spectral range, 

but they do not agree on some intervals. For T=150 K, the results from the two 

methods match poorly. There are several spikes in our result which are abnormally 

.------ ---
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Figure 3.13: Histogram: Intensity distribution N(loglOS) for the interval 4070·4080 
cm-1 at T=150 K based on the HITRAN (1992) data compilation. Smooth Curves: 
Analytical intensity distribution N(loglOS) for So being different value. From the 
left to the right: The first curve is for So= Smin., which makes Nmaz = 2.3 No.!ly. 
The second curve is for So= 10-24, which makes Nmaz~ 0.846 No.!ly. The third 
curve is the BEST FIT to the real distribution, which has So= 1.09 x 10-23 for this 
frequency interval. The forth curve is for So= ~(Smin+ Smaz), which makes Nmaz=_ 
0.846No.!ly. The fifth curve is for So= 10-20, which makes Nmaz= 0.846 No.!ly. 
The last curve is for So= Smaz, which makes Nmaz= 1.34 No.!ly. The units of line 
strength S is cm-1/(molec. cm-2). 
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Figure 3.14: So spectrum of 3.3 J.£m band at T=300 K from fitting the exponential 
distribution to HITRAN line parameters data (solid line) and from Strong's band 
model (dashed line). 
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Figure 3.15: So spectrum of 3.3 J.£m band at T=150 K from fitting the exponential 
distribution to HITRAN line parameters data (solid line) and from Strong's band 
model (dashed line). 
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Figure 3.16: Intensity distribution from the HITRAN (1992) database for the spec
tral interval 2910-2920 cm-1(histogram) and the exponential distribution fit (smooth 
curve) at T = 150 K. 
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Figure 3.17: So spectrum of 2.3 /lm band at T=300 K from fitting the exponential 
distribution to HIT RAN line parameters data (solid line) and from Strong's band 
model (dashed line). 
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Figure 3.18: So spectrum of 1.7 /lm band at T=300 K from fitting the exponential 
distribution to HITRAN line parameters data (solid line) and from Strong's band 
model (dashed line). 



81 

high. These spikes result from fitting not-well-behaved distributions, as it is shown 

in Fig. 3.16. The distribution in this case is rather fiat, and it is impossible to 

get an adequate fit with an analytical distribution concentrated close to the center. 

This implies that the band parameters developed on the basis of laboratory data 

may not accurately represent the line strength distribution. This is probabily the 

reason that the band models fail when extrapolated to low temperature. 

Fig. 3.17 and 3.18 show the results of So spectrum from our fitting and from 

Strong's band model for the 2.3 J-Lm and the 1.7 J-Lm bands at T= 300 K. The 

curves from two methods are roughly parallel, but they are separated vertically. 

Considering that So is the average intensity for each interval, this disagreement 

implies a lack of inclusion of weak lines in the current line list of the HITRAN 

(1992), as we have concluded in the transmission study. 

3.3 Heating Rate of CH4 Near-infrared Bands 

The heating rates of CH4 near infrared bands are expressed by (1.12). As is shown, 

they depend on the monochromatic absorption coefficients in a way similar to trans

mission functions. With a correct line list, these heating rates can be calculated 

directly using the LBL model. The heating rates have to be calculated by taking 

the derivatives ofthe band transmittance (for each 10 cm-1 bin) using the theoret

ical band models (WPB, 1979) or the empirical band models (Strong, 1991). Using 

the c-k model and the exponential sum model, the heating rates can be computed 

according to (2.45). In this section, we will show and compare the results of the 

heating rates for CH4 3.3, 2.3, and 1.7 p,m bands using the LBL, c-k and exponential 
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sum models. The reason we did not use the band model approach to calculate the 

heating rates is that the theoretical band models can not describe these bands prop

erly, as demonstrated by the transmission calculations. And the Strong's empirical 

band model does not cover the pressure and temperature regime for Neptune's upper 

atmosphere. Her data can only be used for pressures greater than 130 mbar. The 

temperatures for the corresponding region on Neptune are less than 80 K, which 

falls below the limit from Strong's data (190 K). 

3.3.1 Comparison of Heating Rates from LBL Model and 
c-k Method 

Heating rates of the three near-infrared bands of CH4 in the Neptune's atmosphere 

calculated using the LBL model for the pressure region of 0.01 pbar to 100 mbar 

based on the model atmosphere of Neptune from Yelle et al. (1993) are shown in 

fig. 3.19. This calculation predicts that in Neptune's atmosphere at below 10 pbar, 

heating from the 2.3 pm band dominates over that of the other two near-IR bands. 

As we discussed in chapter 2, section 5, the correlated-k method is an alternative 

way to calculate the heating rates other than the LBL model. The key idea of the 

correlated-k method is that one can group together spectral intervals which have 

similar absorption coefficients, and calculate the quantities as functions of these 

coefficients as a whole rather than dealing with every spectral interval. In the c-k 

model, we have used 20 quadrature points to describe each 10 cm-1 bin for the 3.3 

pm band and 10 for the 2.3 and 1. 7 pm bands. The sets of k coefficients are derived 

for each grid of pressure and temperature, ranging from 10-2 pbar to 1 bar with 
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Figure 3.19: Heating rates (ergs jem3 jsee ) of three near-infrared bands of CH4 

based on the LBL model, in Neptune's stratosphere. 

- .. --. _ .. _--------
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3 intervals evenly distributed in the log(P) scale, and with temperatures from 50 

K to 250 K. Based on the consideration that the logarithm of the k coefficient is 

proportional to liT, we have set 17 grid points uniformly distributed on the liT 

scale. By setting the pressure-temperature grids in this way, we could smoothly 

interpolate the data to find the absorption coefficients at any P and T within the 

range. A linear interpolation is performed on the pressure. For the temperature, we 

interpolate the coefficients according to the relationship that log(k) is proportional 

to liT. Fig. 3.20, 3.22, and 3.24 show the calculated heating rates from the LBL 

and the c-k models for the three near-infrared bands in the Neptune's stratosphere. 

Fig. 3.21, 3.23, and 3.25 show the root of mean-square error of the heating rates 

using c-k method compared to the LBL model. The maximum error for the 3.3 pm 

band reaches 20 percent, at pressure = 10 mbar. But for the most of the pressures, 

the rms error for 3.3 pm band heating rates remains less than 10 percent using the 

c-k method compared to the LBL model. For the 2.3 and 1.7 pm bands, rms errors 

become large at low pressure regions. Considering that heating from the 3.3 pm 

band dominates at pressure lower than 10 pbar, the errors for the other two bands 

at low pressures will not cause significant effects in the thermal structure calculation. 

3.3.2 Heating Rates of 2.3 and 1.7 J.Lm Band from Baines 
Model 

The heating rates for 2.3 and 1.7 pm bands for pressures between 100 pbar and the 

5.6 bar can also be calculated using Baines' exponential sum coefficients following 

the algorithm described in (2.45). The results of the heating rates summed over 

3970 - 4800 cm-1 (major part of 2.3 JLm band) and 5000-6190 cm-1 (1.7 pm band) 

are shown in figs. 3.26 and 3.27, in comparison with the results from the LBL model. 
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Figure 3.20: Heating rates (ergs lem3 Isee ) of CH4 3.3 p,m band from the LBL 
model (solid line) and from the eorrelated-k method (dashed line), in Neptune's 
stratosphere. 

.1 
",,,,~,-\ 

1"''- \ 
I \ 

100 1000 10000 10 a 
PRESSURE (uber) 

Figure 3.21: Absolute error in heating rates for 3.3 p,m band resulted from the c-k 
method, compared to the LBL model. 
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Figure 3.22: Heating rates (ergs Icm3 Isec ) of CH4 2.3 pm band from the LBL 
model (solid line) and from the correlated-k method (dashed line), in Neptune's 
stratosphere. 
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Figure 3.23: Error in heating rates for 2.3 pm band resulted from the c-k method, 
compared to the LBL model. 
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Figure 3.24: Heating rates (ergs Icm3 Isec ) of CH4 1.7 J.Lm band from the LBL 
model (solid line) and from the correlated-k method (dashed line), in Neptune's 
stratosphere. 
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Figure 3.25: Error in heating rates for 1.7 /-Lm band resulted from the c-k method, 
compared to the LBL model. 
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The heating rates from the Baines exponential sum coefficients are larger compared 

to the results from the LBL model, which is consistent with the transmission cal

culation. The LBL model predicts less absorption because of the incompleteness of 

the line lists. It is worthwhile to note the features in comparing the Baines model 

and the LBL model at pressures close to 100 /Lbar, the heating rates from the two 

methods come close to each other. These features indicate that because the line 

lists contain all the strong lines, they can be used to calculate the heating rates at 

relatively low pressures when strong lines dominate. 

3.4 Summary on the Calculations of the Heating Rates of 
CH4 Three Near-infrared Bands. 

In order to make it clear for the reader the advantages and disadvantages of the 

different techniques that we applied to calculate the heating rates of CH4 three 

near-infrared bands, we will do a summary in this section. 

The LBL method is reliable only when the line list is complete and correct. 

When the optical depth is large, the lack of weak lines could result in large errors. 

The line list has to be checked by comparison with low resolution band spectrum 

measured directly from the laboratory. In our conclusion, the line list (HITRAN, 

1992) of CH4 3.3 /Lm band is accurate, but the ones of 2.3 and 1.7 /Lm bands are 

not complete. 

Large errors can be introduced in taking the theoretical approach of applying 

the random band model to CH4 3.3, 2.3 and 1. 7 /Lm bands. Strong overlap between 

the spectra lines makes the basic assumption of the randomness of the line positions 
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invalid. The empirical band models developed based on the low resolution band 

spectra do not depend on the line list, and this is sometimes a good way to predict 

the transmission. But the extrapolation of the parameters of the empirical band 

models to pressures and temperatures outside the range of measurements could lead 

to very misleading results. 

Though the correlated-k method is very efficient, its accuracy in representing a 

molecular band is limited by the accuracy of the line list. Also it can be applied to the 

inhomogeneous atmosphere, because the heating rates can be expressed explicitly 

from taking the derivative to the monochromatic transmission, as shown by (2.45), 

without any further assumptions. Errors can be introduced by adopting c-:k method 

for an inhomogeneous atmosphere from regrouping the absorption coefficients which 

are not well correlated. 

The heating rates of CH4 3.3 /-Lm band for the temperatures between 50 to 250 

K and the pressures between O.Ol/-Lbar and 100 mbar and 2.3 and 1.7 /-Lm bands for 

the pressures between 0.01 to 100 /-Lbar can be best computed by the correlated-k 

method regarding both the accuracy and the speed. For pressure greater than 100 

/-Lbar, Baines model gives accurate results for the heating rates of 2.3 and 1. 7 /-Lm 

bands. Fig. 3.28 shows the summarized results of the heating rates for Neptune's 

stratosphere using the model atmosphere by Yelle et al. (1993). As is shown in fig. 

3.28, heating from the stronger band, 3.3 um, is important only for the region with 

pressure lower than 10 /-Lbar. Heating from the weaker band, 2.3 /-Lm, is important 

for the large region of Neptune's stratosphere, with the pressure ranging from 10 

/-Lbar to 100 mbar. Heating of the 1.7 /-Lm band is comparable to that of the 2.3 /-Lm 

band for pressure greater than a few hundred /-Lbar. 
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CHAPTER 4 

MODELING THE THERMAL STRUCTURE OF 
NEPTUNE'S ATMOSPHERE 

4.1 Basic Physical Laws 
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The first physical law that governs the heat transport in the atmospheric gas is the 

energy balance in the form of 

d dT 
--K,-=Q-C 

dz dz 
(4.1) 

where the left hand side is the rate of thermal conduction, and the right hand side is 

the net rate of heat production in a local volume of the atmospheric gas. In (4.1), T 

is the temperature. K, is the thermal conductivity. Q is the total heating rate which 

has units of ergs/cm3/sec and the C is the total cooling rate. Equation (4.1) is used 

to model the thermal structure of Neptune's upper atmosphere. In order for (4.1) 

to be valid, the thermal convection must be negligible, which is case in the region 

above the tropopause in Neptune's atmosphere. 

The second physical law we use in our model is the law of radiative transfer, ex

pressed by equation (1.4), which describes the process of how radiation is transferred 

by matter and how the radiation field and matter interact. 

The heating and the cooling sources included in our model for calculating the 
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thermal structure of the Neptune's upper atmosphere are: thermal conduction, the 

solar UV and EUV heating caused by the ionization and dissociation of H2 and 

hydrocarbon molecules, cooling by the H2 collision-induced far infrared opacity, 

cooling and heating by hydrocarbon fundamental bands, and heating by CH4 near

IR bands (3.3, 2.3 and 1.7 /Lm) and near-IR bands (..\ < 1.6/Lm). 

The details of numerical methods for solving the energy balance equation (4.1) 

and the radiative transfer equation and computing the non-LTE source functions 

and the heating and the cooling rates can be found in the appendix of Yelle (1991). 

4.2 Energy Balance 

4.2.1 Thermal Conduction 

For the first time, the effect of the thermal conduction is introduced in modeling the 

thermal structure of Neptune's upper atmosphere. In thermal conduction, energy is 

transferred from a high temperature region to a low temperature region. The rate of 

the energy transfer depends on the second derivative of the temperature with respect 

to altitude and the thermal conductivity, K" which is related to the temperature by 

the expression (eg. Chamberlain and Hunten, 1987) 

K,(T) = AT". (4.2) 

For an H2 atmosphere, A is 252 erg em (cm2 sec Ktl and s is 0.751 for temperature 

higher than 150 K, and A is 68.6 erg cm (cm2 sec Kt\ and s is 1.0 for T lower 

than 150 K (Chamberlain and Hunten, 1987, p 35). 
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4.2.2 Solar UV and EUV Heating 

The photoionization and photo dissociation of the molecules (H2' CH4, C2H2 and 

C2H6) caused by the solar UV and EUV radiation create heating in the atmospheric 

gas on Neptune. This heat source plays an important role, especially at high alti

tude. Fig. 4.1 shows the values of the H2 molecule photoionization and photodis

sociation cross-sections. The photoionization cross-sections of H2 molecules used in 

our calculation at wavelengths less than 500 angstrom are from Kossmann et. al. 

(1989). The values of the ionization cross-sections at wavelength larger than 500 A 

and the dissociation cross sections are from R. Yelle (private communication). The 

total heating rate resulting from the solar UV and EUV radiation is taken to be the 

value at solar maximum, and is calculated for Neptune's upper atmosphere using 

the atmosphere model by Yelle et al. (1993). The result is shown in Fig 4.2. The 

solar UV and EUV fluxes are obtained from Torr and Torr (1985). 

4.2.3 H2 Infrared Opacity 

The thermal emission from H2 molecules in a broad frequency region from 300 to 800 

cm-1 is the major cooling source in the Neptune's troposphere and stratosphere. In 

the stratosphere, it balances the CH4 near infrared heating, thermal emission of H2 

in the Neptune's atmosphere is in LTE, therefore the source function is the Planck 

function (1.1). The emissivity can be obtained by multiplying the absorption co

efficient and the intensity of the black body radiation. The relative abundances of 

the ortho and the para states of molecular hydrogen are assumed to be in ther

modynamic equilibrium. From an analysis of the H2 quadrupole data, Baines and 
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atmosphere by Yelle et. al. (1993). 
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Smith (1990) concluded that more than 85 % of the hydrogen on Neptune must be 

in equilibrium states. The collisional opacity of H2 due to the collisions of H2-H2 

and H2-He for equilibrium ortho-to-para ratio is calculated by Bezard ( private com

munication) based on the formulation of Birnbaum and Cohen (1976) and Cohen et 

al. (1982), and the measurements by Dore et al. (1983) and Bachet (1986). The co

efficients are calculated on every 10 cm-1 bin for the frequency region of 10 to 1400 

cm-1 on a temperature grid with 10 K intervals covering from 40 to 250 K. Linear 

interpolations on both frequency and temperature are performed to find the coeffi

cient values between the calculated points. Fig. 4.3 and 4.4 show some examples of 

the absorption coefficients due to the H2-H2 collisions and the H2-He collisions at 

five temperatures. The absorption coefficients reach two peaks at frequencies close 

to 354 and 587 cm-l, with rotational quantum number J changing from 0 to 2 for 

a para-hydrogen, and 1 to 3 for an ortho-hydrogen, respectively. Fig. 4.5 shows the 

coefficients of a single frequency bin from the two collisional sources, which demon

stra.tes the degree of linearity of these coefficients relative to the temperatures. The 

cooling rates of the H2 far-IR bands based on the model atmosphere of Neptune by 

Yelle et al. (1993) shown in fig. 4.6. 

4.2.4 Fundamental Bands of Three Major Hydrocarbons 

Methane, acetylene and ethane are the three most abundant hydrocarbons in the 

giant planets. The emissions from their fundamental bands (7.8 /Lm, 13 /Lm, and 

11.2 J-Lm) originate from a very extended region in the upper atmosphere of Neptune. 

The effects of radiation from the hydrocarbon fundamental bands could be either 

heating or cooling depending on the details of the thermal structure. The band 

transmittance and cooling and heating rates of the fundamental bands have to be 
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obtained by solving the radiative transfer equation, and the source functions for 

these bands have to be determined as the first step. 

In Neptune's upper atmosphere, the emissions of the three hydrocarbon fun

damental bands have to be treated by calculating their source functions using the 

non-LTE model (Appleby, 1990). From the statistical equilibrium, the distribution 

of the excited state relative to the ground state can be expressed as 

No AlO + ClO 
(4.3) 

where BOl and the AlO are the Einstein coefficients of absorption and spontaneous 

emission, COl and ClO are the excitation and the deexcitation coefficients due to 

collisions. D is a coefficient that takes into account the cascade processes from 

higher excited vibrational states. The rate at which that the CH4 7.8 f.Lm (V4) band 

is excited from the cascading from the 3.3 f.Lm (V3) band is given by 

D = ~ r v4
Q"dv. 

1 + €3 Jband V 

The Q /I is the absorption rate. (€3 is defined in chapter 1). 

(4.4) 

If stimulated emission is neglected, the source function S" is determined by (see 

Yelle 1991) 

8" = 2hv
3 

(WONl) 
c2 WlNO 

(4.5) 

The final form of the source function is determined by (Yelle, 1991) 

(4.6) 

where € and () are defined as 

€ = ClO/AlO (4.7) 
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and 

(J = D / 47r BOl (4.8) 

B and I are the mean intensity of the band and the mean Planck function, which 

are defined as 

(4.9) 

and 

(4.10) 

where ko = J kv d1l. 

As shown by (4.7), in the non-LTE situation, the source function Sv depends on 

frequency in the same way as the Planck function. The cascade effect from other 

vibrational level, D term, is included for the first time in calculating the source 

function of the CH4 114 band in the outer planetary atmospheres. Appleby in his non

LTE model retains the frequency dependence of the Planck function but ignores the 

interactions between the vibrational levels. Fig. 4.7 shows the normalized non-LTE 

source function (the ratio of Sv and BII ) calculated for the Neptune's atmosphere 

based on the atmospheric model by Yelle et aI. (1993). The value of the source 

function is less than half of the intensity of the black body radiation when the 

pressure is smaller than 0.2 JLbar for CH4 7.8 JLm band. 

4.2.5 Heating from the CH4 Near-infrared and Far-infrared 
Bands 

The modeling of the transmission functions and the heating rates of CH4 3.3, 2.3 

and 1. 7 /-lm bands were discussed extensively in the last chapter. In calculating 
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the thermal structure of Neptune's upper atmosphere, we used the c-k model to 

compute the heating rates of the 3.3 pm band for all pressures, and the 2.3 and 1.7 

pm bands for pressures less than 100 pbar. For pressures greater than 100 pbar, 

we used the Baines exponential sum method to calculate the heating rates for the 

latter two bands. 

The heating effects of the CH4 near-IR bands with wavelength less than 1.6 pm 

are modeled according to McKay et al. (1989). These bands are important only at 

the lower stratospheric region (below 1 mbar). The total heating rate of all bands 

with wavelength less than 1.6 /lm for the model atmosphere by Yelle et al. (1993) 

is plotted in fig. 4.8. 

4.3 Thermal Structure of Neptune's Stratosphere 

Using our energy balance equation (4.1), the temperature profile of Neptune's upper 

atmosphere at pressures from 10-3 to 100 mbar is modeled. Through comparing the 

temperature profile constructed from the measurements and the modeled results, 

we have obtained a preferred value for the CH4 mixing ratio at the stratosphere 

(100 pbar to 100 mbar). We have set constraints on the scales of lower strato

spheric aerosol heating, the conductive heat flux from the thermosphere, and a heat 

source which has its maximum heating located in the mesosphere, which affects the 

temperatures in both the mesosphere and the thermosphere on Neptune. With the 

discussions of the resulting thermal structure of Neptune's upper atmosphere, the 

heat balance relationship between different factors will be demonstrated. 
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4.3.1 Measured Thermal Structure of Neptune's Atmo
sphere 

The temperature profile of Neptune's lower atmosphere at pressures from 1 mbar 

to 10 bar was measured by the Voyager radio-occultation experiment (Lindal et 

al. 1990). This region includes the entire troposphere and the stratosphere. The 

measured data show a tropopause with its temperature of 52 K, located at about 

100 mbar. Both the ingress and egress data show that the temperature at 1 mbar, 

which is the upper boundary for the RSS experiments, is about 130 K. For the 

region above 1 mbar, the thermal structure of Neptune's upper atmosphere is poorly 

understood. In studying the Voyager EUV solar occultation data, Yelle et al. (1993) 

fitted the H2 Rayleigh scattering, the H2 electronic bands and the H2 continuum 

spectra with a temperature profile as shown in fig. 4.9 for the region with pressure 

greater than 1 mbar. As is shown, it contains a conductively dominated region with 

pressure lower than approximately 0.2 /Lbar, an isothermal region (180 K) between 

0.2 /Lbar to 60 /Lbar, and a region where the temperature gradient is very large 

(60 to 200 /Lbar). The temperature profile shown here was constructed based on 

the information of the averaged temperatures over relatively large altitude regions 

from the occultation data. Therefore, large errors could exist in determining the 

temperature at a particular pressure. The only way to test the accuracy of the 

modeled temperature profile is to compare the resulting H2 densities based on the 

hydrostatic equilibrium model with the Voyager UV data at certain altitudes. From 

the ground-based stellar occultation experiment, Hubbard et al. (1987) obtained 

a temperature profile of Neptune's upper atmosphere, which varied from 150· K at 

1 /Lbar to 135 K at 370 /Lbar. Fig 4.9 summarizes the observed data sets of the 

Neptune's stratospheric temperature profiles. 
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4.3.2 Modeled Temperature Profile and CH4 Mixing Ratio 
for Lower Stratosphere (0.1 to 100 mbar) 

First, we want to discuss the thermal structure and the constraint on the CH4 

mixing ratio through comparing the calculated temperature profile based on our 

radiative-conductive model and the one obtained from the Voyager radio occultation 

experiment for the lower stratospheric region on Neptune. Fig. 4.10 shows the 

calculated temperature profile for the region with pressure ranging from 0.1 to 100 

mbar, using the hydrocarbon mixing ratio from the model atmosphere by Yelle et 

al. (1993) (also see fig. 1.2). At the tropopause, the resulting temperature from this 

model is 46 K, which is different by 5 degrees from the observed value of 51 K, from 

the Voyager radio-occultation experiments (Lindal et al. 1990). In the region close 

to the tropopause, the major cooling is from H2 collision-induced opacity, which 

is balanced by the CH4 near-IR heating through the absorption of solar radiation. 

Compared to the measured temperatures, also shown in fig. 4.10, the calculated 

temperatures are much colder in most of the stratosphere of Neptune. The largest 

difference, approximately 31 K, occurs at pressure = 22 mbar. Fig 4.11 shows the 

difference of the calculated temperature profile and the measured temperature profile 

at all pressures between 0.1 mbar and 100 mbar. The large differences between the 

calculated and the measured upper atmosphere temperatures indicate that other 

heating sources beside the gas opacities have to exist in a very extended region of 

Neptune's stratosphere. This heating has been proposed by Appleby (1986) have its 

origin in the absorption of solar radiation by aerosols. The heating by stratospheric 

aerosols on Neptune will be discussed in section 4.3.4. Before we get into that 

topic, we want to discuss two other aspects in the thermal structure calculation on 

Neptune. One is the CH4 mixing ratio in the stratosphere. The other is the heating 
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from the thermosphere. 

The mixing ratio of CH4 in the stratosphere of Neptune first obtained by Orton 

et al. (1989) was 0.02. The value from Yelle et al. (1993) based on the Voyager 

occultation data is 0.0013. The newest number from Baines and Hammel (1993) 

has dropped to 0.00035. As we have discussed in chapter 1, large uncertainties 

about the value of the mixing ratio of CH4 in Neptune's stratosphere still exist at 

present. For the purpose of testing the effect of the CH4 mixing ratio on the modeled 

stratospheric temperatures, we calculate the temperature profile using three different 

value of constant mixing ratio for CH4: 1) 1.3 X 10-3, which is adopted from the peak 

value from fig 1.2 for the region where the pressure is greater than 219 JLbar; 2) 0.02; 

and 3) 4.5x10-5, which is the cold trap number at the tropopause) for pressures 

between 0.1 and 100 mbar. Fig 4.12 shows the calculated temperature profiles for 

the stratosphere of Neptune using these values for the stratospheric CH4 mixing 

ratio. 

The results of calculated stratospheric temperatures for the pressure region from 

100 JLbar to 100 mbar using different values of the CH4 mixing ratios are shown 

with fig. 4.12 It is found that the modeled temperatures at 20 to 100 mbar fit the 

measured data best by adopting the constant mixing ratio of 1.3 x 10-3• At pressures 

from 100 JLbar to 20 mbar, the calculated stratospheric temperatures using the same 

CH4 mixing ratio are much colder than the measured temperatures. Curves in 

fig. 4.12 indicate that the modeled temperatures are either too cold or too warm 

compared to the measured temperatures in the entire region by using the other two 

values for the CH4 mixing ratio. Based on the results from this set of the tests, we 

decided to use constant mixing ratio 1.3 x 10-3 to obtain the CH4 distribution in the 



-~ 1000 

! 
~ 
~ 
til 

~ 10000 

60 

60 

100 

100 

TEMPERATURE (K) 

160 

160 

113 

200 

200 

Figure 4.12: Calculated temperature profiles of Neptune's stratosphere, with differ
ent CH4 mixing ratios. 



114 

lower stratospheric region with pressures between 219 JLbar to 100 mbar instead of 

using the model described in fig 1.2. The differences for the pressure region between 

100 JLbar to 20 mbar shown in fig. 4.12 between the calculated temperatures (with 

CH4 mixing ratio being 1.3 x 10-3) and the modeled ones indicate that other heat 

source{ s) other than those originated from the gas opacities has {have ) to exist. 

Absorption of solar radiation by aerosols is the likely candidate. 

4.3.3 Modeled Temperature Profile and Conductive Heat 
Flux: from Thermosphere 

One of the more surprising results of the Voyager UVS experiments is the inference 

from the solar and the stellar occultation measurements that the thermospheric 

temperatures of all four giant planets are extremely hot. On Neptune, the exobase 

temperature obtained by Broadfoot et al. (1992) is around 600 K, which is much 

higher than the expected value, 141 K, obtained by assuming the solar UV radiation 

to be the major heat source at the corresponding altitude. The effect of the hot ther

mosphere on the mesosphere is studied by specifying a conductive heat flux which is 

located in a thin layer in the lower thermosphere, where the heat conduction deter

mines the temperature profile (Chamberlain and Hunten, 1987, p. 34f). The value 

of this heat flux can be constrained by the temperature and its gradient. The tem

perature profiles for the atmospheric region of Neptune with the pressures between 

10-3 and 105 JLbar have been calculated by assuming the conductive heat flux at 

the upper boundary of the region to be zero, 0.045 and 0.1 ergs/cm2/sec. Fig. 4.13 

shows the calculated temperature profiles and the measured one for comparisons. 

By assuming the conductive heat flux to be zero, the resulting temperature 
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profile shown by curve (a) in fig. 4.13, we obtained a temperature at 10-3 JLbar 

to be 101 K by including the heating and cooling sources we have described in 

the section 4.2. The heat flux 0.045 ergs/cm2/sec is computed based on the 398 

K temperature from the measurement and the temperature gradient at the upper 

boundary and the local value of thermal conductivity. As is shown by curve (c) 

in fig. 4.13, the temperature profile with flux of 0.045 ergs/cm2/sec has the same 

slope as the measured temperature profile at the upper part of the region where 

pressures are between 0.001 to 0.1 JLbar. It is also shown that the heat conducted 

from the thermosphere penetrates very deeply into the mesosphere and increases 

the temperatures in the region above 20 JLbar. but the calculated temperatures 

are still much colder than the measured ones for almost the entire region of the 

upper atmosphere. This indicates that the presence of extra heat source(s) is(are) 

necessary to explain the warm stratospheric temperatures. Through increasing the 

conductive heat flux from the thermosphere to 0.1 ergs/cm2/sec, the calculated 

temperature at the upper boundary reaches the measured value, 400 K, but the 

temperature gradient in the region below is much larger than expected from the 

measured temperature profile. This result is shown with curve (b) in fig. 4.13. As 

we will point out latter, the differences between the modeled temperatures by using 

the conductive heat flux 0.045 ergsj cm2 jsec with the measured ones in the upper 

part of the region can be removed by putting a heat source with a Chapman profile 

and a maximum heating located at 20 JLbar. Based on the results we have discussed 

above, a heat flux 0.045 ergs/cm2/sec conducted from the thermosphere to heat the 

mesosphere is specified. 
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4.3.4 Aerosol Heating in the Stratosphere of Neptune 

The Distribution of Lower Stratospheric Aerosols (P~ 10 mbar). 

The existence of stratospheric aerosols on Neptune was suggested by both the the

oretical predictions and observations. It is believed that the hydrocarbon species 

produced by the photolysis of methane are transported downward into the cold 

stratosphere and become supersaturated there, making condensation of these species 

possible (Romani and Atreya 1988, 1989; Moses et al. 1992). However, as noted 

by Moses et al. (1992), supersaturation does not necessarily mean condensation. 

Specifically, the low concentrations of supersaturated species and the cold temper

atures of Neptune's stratosphere together limit the effectiveness of homogeneous 

nucleation. Alternative processes such as heterogeneous and ion-induced nucleation 

are effective, bui imply that most species condense at lower levels than would be 

expected from the homogeneous condensation model. Moses et al. concluded that 

most condensation ocurres between 8 mbar to 60 mbar in pressure. 

The strong lim.b brightening in methane bands found in both the ground-based 

(e.g. Baines and Hammel, 1993) and Voyager 2 measurements (Smith et al. 1989) 

is also a strong evidence for the presence of these aerosols. In addition, unique 

high phase angle measurements sensitive to the long pathlength and the forward

scattering preference of sub-micron sized particles can be used to characterize op

tically thin aerosols within the high stratosphere (Pryor et al. 1992). Both pre

Voyager and more recent spectroscopy measurements have concluded that the strato

spheric aerosols are optically thin and are located around a few tens of mbars. Voy

ager 2 data has indicated that these aerosols could be distributed in a very thin layer 
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(Smith et al. 1989). Unfortunately, no more detailed distributions of stratospheric 

aerosols on Neptune can be derived from the existing data. The total number of 

the absorbing particles averaged globally is close to 6.4x 106/cm2 with total column 

mass density close to 1.6 J.Lg/cm2 according to Baines and Hammel (1993). 

Aerosol Heating in Stratosphere (P M ~6 mbar). 

As we have pointed out (fig. 4.12), the modeled temperatures are colder than 

the ones measured by the Voyager radio-occultation experiments in most of the 

stratosphere. In order to set constraints on the heat source which can bring the 

calculated temperatures close to the measured ones, we have added a heating profile 

to our model, which has the Chapman function shape with total integrated heat 

flux, Q, the scale height, H, and the pressure location of the maximum heating 

rate, PM. We have adjusted the values of (Q, H, PM), to reproduce the measured 

temperatures in the region between 100 ""bar to 10 mbar. The set of parameters 

that we obtained in order to get the best solution for the temperature profile are 

Q = 9 ergs/cm2/sec, H = 20 km, and PM = 6 mbar. This set of parameters, 

although based on a preliminary analysis of our modeling, determines the basic 

features for the lower stratospheric aerosol heating. The calculated temperature 

profile for pressure region 10-3 ""bar to 100 mbar with this set of parameters for the 

aerosol heating and the conductive heat flux 0.045 ergs / cm 2/ sec from the top ofthe 

region is shown in fig. 4.14. For the purpose of comparing results, the calculated 

temperature profile without any extra heating (no conductive heating either) and 

the measured temperature profile are also shown in fig. 4.14. Compared to the 

measured temperatures, the calculated temperatures are very close to the former, 
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except to be colder systematically in the region at pressures between 0.2 p,bar to 100 

p,bar, where the temperature distribution is close to isothermal with a temperature 

of 150 K. 

The reason that we use a Chapman profile to model the heat source(s) which 

is( are) needed to reconcile the measured temperature profile is that it can be spec

ified by using a relatively small number of parameters (only 3). And the shape of a 

Chapman function is very concentrated to the region where the maximum heating 

is located so that it can be used to represent a heat source which is confined in a 

thin layer in the atmospheric gas. An extended source can thus be represented by 

a series of Chapman functions. 

Heat Source in Mesosphere (P M ~20 p,bar). 

As we indicated in the last section, shown by fig. 4.14, that the modeled tempera

tures for the region with pressures less than 100 p,bar are systematically colder than 

the ones predicted from the Voyager UV occultation (Yelle et al., 1993), even after 

a conductive heat :flux from the thermosphere and the heating effect from the lower 

stratospheric aerosols are included. A second heat source which has the Chapman 

profile is introduced purely for the purpose of modeling the temperature profile in 

this region. The parameters chosen after several test runs are Q = 4.2 ergsjcm2jsec, 

H = 70 km, and PM = 20 p,bar. So far we have not found any clue of the physical 

origin for this second heat source. Again, it is introduced to model the temper

ature profile, as shown in fig. 4.15, for the mesosphere and the thermosphere of 

Neptune. Therefore the presence and the scale of this heat source is constrained by 
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Figure 4.14: Calculated temperature profiles of Neptune's upper atmosphere. 
curve (a): conduction flux = zero and no aerosol heating; curve(b): conduction 
flux=0.045 ergs/cm2/sec and with the lower stratospheric aerosol heating (flux = 9 
ergs/cm2/sec). 
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Table 4.1: Heat sources other than gas opacities in the Neptune's upper atmosphere. 

Heat Source Pressure Location Flux Scale 
of Max. Heating (ergs/cm2/sec) Height (km) 

Thermospheric 
Conduction 10-3 f,Lbar 0.045 N/A 

Chapman 
Profile 20 f,Lbar 4.2 70 

Aerosol 
Heating 6 mbar 9 20 

our current knowledge of the temperatures in these regions. As, we have point it 

out in the last section that the heat source at 6 mbar is thought to be caused by 

aerosols. If the heat source describe in this section is from similar source, that the 

total optical depth of these aerosols (or dust particles) is approximately 0.017. In 

another word, about 2 percent ofthe solar radiation is deposited in Neptune's upper 

atmosphere through aerosols. This conclusion is consistent with the constraints set 

by the observations (see Baines et al. 1992). 
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4.3.5 Summary of our Results 

Temperature Profile 

The final result from our model as the globally averaged temperature profile for 

Neptune's entire upper atmosphere, with pressures between 10-3 JLbar to 100 mbar, 

is shown by fig. 4.15. To summarize, the parameters of these heat sources are 

listed in table 4.1. This modeled temperature profile is the best result that has 

ever been obtained over this large pressure region for Neptune's atmosphere. As we 

have discussed, we have built the most complete and sophisticated model including 

the thermal conduction and the radiative heating/cooling of the molecular bands 

including hydrogen, methane, acetylene, and ethane to calculate the thermal struc

ture of Neptune's upper atmosphere. The temperature profile obtained by our model 

closely represents the actual thermal structure on Neptune for the pressure region 

that is covered. This temperature profile can be found most useful in the infrared 

spectroscopy analysis and the physical chemistry studies of Neptune's atmosphere. 

H2 Density 

The most fundamental way to test how closely the modeled temperature profile rep

resents the reality in Neptune's atmosphere is to compare the resulting H2 densities 

based on this temperature profile and the values obtained from the occultation ex

periments of the H2 band absorption data at certain altitudes. The measured H2 

density distribution profile, for the altitude region from 200 km to 700 km, from the 

most recent analysis of the Voyager solar UV and EUV data was shown by fig. 11 
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Figure 4.15: The Calculated temperature profile of Neptune's upper atmosphere 
with the conduction flux=O. 045 ergs/em 2/ sec, with the lower stratospheric aerosol 
heating (flux = 9 ergs/cm2/sec), and the heat source with its maximum heating 
located at 20 pbar and the flux = 4.2 ergs/cm2/sec, and the measured temperature 
profile. 
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Figure 4.16: H2 density distribution obtained from the model and the measured 
data from the Voyager egress occultation for Neptune's upper atmosphere. 
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Figure 4.17: H2 density distribution obtained from the model and the measured 
data from the Voyager egress occultation for altitude region from 180 to 260 km. 
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in the paper by Yelle et al. (1993). In fig. 4.16 of this dissertation, the H2 density 

distribution with the altitude corresponding to the pressure region from 10-3 p.bar 

to 100 mbar is shown, together with the profile obtained from the data. The mod

eled density distribution is obtained based on the temperature profile shown by fig. 

4.15, by assuming that the gas is in hydrostatic equilibrium. The modeled densities 

are very close to the data at all altitudes. Fig. 4.17 is an enlarged plot to show the 

180 to 260 km region, where the H2 densities are well determined by the occultation 

experiments. Except at about the highest 20 km, the H2 densites determined by 

the model agree with the data in great accuracy. The largest error in the region 

between 240 to 180 km is 5 percent. Again, the results of comparing the H2 density 

distribution from the model and the measurements give us more confidence on the 

temperature profile obtained from our model. 

Heat Balance 

The heat balance for Neptune's upper atmosphere is shown in fig. 4.18 for pressures 

between 10-3 p.bar and 1 mbar and fig. 4.19, fig. 4.20 for pressures between 0.1 

mbar to 100 mar. The overlap for one decade of the pressure is for the purpose of 

providing a smooth transition in recognizing the features from the two figures. 

Fig. 4.18, which covers the lower pressure region, demonstrates the heat balance 

relationships among the different heating and cooling factors in the mesosphere and 

thermosphere on Neptune. As is shown, at the upper boundary and a small region 

below that, the heat balance is kept by the heating from the solar UV radiation 

and the cooling from the thermal conduction. The thermal conduction becomes a 



126 

heating term at the relatively higher pressure (0.1 to 1 JLbar), and this term does 

not have any significant effect when pressure is greater than 1 JLbar in Neptune's 

atmosphere. In the very extended region from 0.01 JLbar to a couple of hundreds 

of ,ubars in Neptune's upper atmosphere, the heating from the added source which 

has the Chapman profile and the maximum heating location at 20 JLbar is balanced 

by the radiative cooling through the hydrocarbon (sum of CH4, C2H2, and C2H6 ) 

fundamental bands. 

Below 100 JLbar, shown by fig. 4.20, the major cooling source is transferred from 

the hydrocarbon bands to the H2 collisional induced far-IR bands with increased 

pressure. The heating, shown with fig. 4.19, in this region is contributed by both 

the lower stratospheric aerosols and the CH4 near infrared bands, the later becomes 

dominant for pressures greater than 10 mbar. And in this region for pressures less 

than approximately 10 mbar, the heating from the absorption of the solar radiation 

by aerosols dominates. For pressures between 10 mbar and 100 mbar, the heating 

by the CH4 far-IR bands with wavenumbers to be less than 1.6 JLm, shown with 

curve (d) in fig. 4.19 decides the thermal structure. 

Again, it is clearly indicated by the heat balance calculation, that the presence 

of the heat sources generated by the lower stratospheric aerosols and the unknown 

physical entity in the mesosphere of Neptune are necessary to explain the measured 

temperature profile. 
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Figure 4.18: Important terms in the energy balance of Neptune's upper atmosphere 
for the pressure region 10-3 JLbar to 1 mbar. 
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Figure 4.19: Important heating terms in the energy balance of Neptune's upper 
atmosphere for the pressure region 0.1 mbar to 100 mbar. curve (a) (dashed line): 
CH4 3.3 /-Lm band; curve(b) (dotted line): CH4 1.7 /-Lm band; curve ( c) (dotted
dashed line): CH4 2.3 /-Lm band; curve(d): CH4 far-IR bands with wavelength less 
than 1.6 /-Lm. 
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Figure 4.20: Important cooling terms in the energy balance of Neptune's upper 
atmosphere for the pressure region 0.1 mbar to 100 mbar. 
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Absorption Efficiencies 

Pmaz Item Flux Efficiency 
( ergs / cm 2/ sec) % 

,\ < 1.6 p,m band 0.73 0.1 

1 mbar CH4 near-IR 0.21 0.03 

HAZE 1 + 2 7.73 1.02 

,\ < 1.6 p,m band 15.34 2.03 

15 mbar CH4 near-IR 1.06 0.14 

HAZE 1 + 2 13.3 1.76 

,\ < 1.6 p,m band 65.85 8.72 

100 mbar CH4 near-IR 4.39 0.6 

HAZE 1 + 2 13.3 1.76 

Efficiency == Flux/(Solar Constant/2) 
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4.4 Discussion 

We have constructed the thermal structure of Neptune's stratosphere and lower 

thermosphere with pressures between 10-3 JLbar and 100 mbar using a radiative

conductive model which includes solar UV and EUV heating, non-LTE cooling by 

hydrocarbon fundamental bands, cooling by H2 collisional induced opacities, and 

heating by the CH4 near and far infrared bands. We have thoroughly investigated 

the availabilities of different techniques in modeling the CH4 near-IR bands (3.3, 

2.3, and 1.7 p,m) and calculating the heating rates of these bands for pressures 

between 10-3 JLbar and 100 mbar and temperatures between 50 K to 300 K. We have 

established an accurate and efficient way which is a combined method of correlated-k 

model and the Baines et al. (1993) empirical model to calculate these heating rates. 

Same method can also be applied at any other atmosphere of any other Jovian 

planet. 

Through comparing the calculated temperature profiles and the measured one, 

we have set constrains on the magnitudes, locations and the regions those are ex

tended by for the stratospheric aerosol heating, heating by the source located in 

the mesosphere and heating by the conducted flux from the thermosphere. We also 

found that by using a constant CH4 mixing ratio in the stratosphere of Neptune, 

1.3X10-3
, obtained by Yelle et al. (1993) through analying Voyager solar occulta

tion data, the measured stratospheric temperatures between 20 to 100 mbar can be 

best matched by the calculational results. 

The two heat sources are required to have integrated heat fluxes of 9.0 ergs / cm2 / sec 

and 4.2 ergs/cm2/sec with maxima heating located at 6 mbar and 20 JLbar, respec-
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tively. We believe that heating by stratospheric aerosols may provide a reasonable 

explanation for the deeper of these two heat sources. The total optical depth for 

the aerosols layer at 8 mbar is only 0.01. This appears to be consistent with current 

observational constraints. In addition, 6 mbar is approximately the level at which 

hydrocarbons produced by photochemistry at low pressures will condense and form 

aerosols. 

Table 4.2 shows how much energy (in percentage) is absorped from the solar 

infrared and near-infrared radiation through three different sources. Column 3 lists 

the column integrated engery fluxes absorbed by these sources above the pressure 

level which is indicated by the column 1. As is shown, above 15 mbar, the energy 

flux absorbed from the solar radiation by the CH4 near-IR bands is about 2% which 

is comparable to the energy flux absorbed by the hazes. As it gets to 100 mbar 

level, the solar radiation is deposited in the Neptune's upper atmosphere mainly 

through the absorptions by the CH4 near-infrared bands. And the total amount of 

the energy deposition in Neptune's upper atmosphere is about 11% by absorbing 

the solar near-infrared radiation. 

Appleby (1986) modeled the thermal structure of Neptune's upper atmosphere 

based on radiative-convective models for the pressure region between 3 bar to 30 

JLbar. Later, he used a non-LTE model to calculate the cooling rates of the hydro

carbon fundamental bands and modeled the thermal structure for the region with 

lower pressures, 1 mbar to 0.1 JLbar. Our model differs from Appleby's model in the 

way of dealing with the radiative transfer and the way of calculating the heating 

rates from a molecular bands. In dealing with the radiative transfer model, Appleby 

adopted the method developed by Hogan (1969) which used the principle of flux con-
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servation, and the heating rates from a molecular bands were calculated by taking 

the derivatives of the band transmissions which were computed using WPB random 

band models. We believe that Appleby's model for calculating the thermal structure 

has two basic problems. First, as we indicated that in the region of Neptune's upper 

atmosphere with pressures less than 10 f,Lbar, heating from the hot thermosphere 

through thermal conduction strongly influences the thermal structure; therefore, a 

simple radiative equilibrium model is not applicable. 

Second, We have pointed out in section 3.1.1 that, the random band model can 

not be adopted to calculate the transmissions of CH4 IR bands because the assump

tion of the randomness of the line positions is not valid. Mathematically, changing 

of the order of the operation for taking the sum and the integral in equation (2.16), 

step three, is not allowed. The same principle applies to heating rates too, that the 

heating rates should be calculated by integrating the derivative a monochromatic 

absorption flux over frequency. The change of the order of taking the derivative 

and the integration, as in Appleby' model, is incorrect. We compared the heating 

rates calculated by taking the derivative from the band transmission (for each 10 

cm-1 bin) and the values obtained as it was described in chapter 3 for CH4 3.3, 2.3 

and 1.7 f,Lm bands, which are greatly overestimated. Since, the same method was 

used to estimate the cooling rates of hydrocarbon fundamental bands in Appleby's 

model, we suspect that these cooling rates were also over estimated. Appleby (1986) 

used the CH4 mixing ratio 0.02 and localized aerosol heating which has an optical 

depth 0.1 and obtained a temperature 150 K at pressure 100 f,Lbar, model (c) in fig. 

5. The large optical depth of the stratospheric aerosols that is needed in Appleby's 

model caused him to draw the conclusion that aerosols can not be the source of 

the large thermal inversion in Neptune's mesosphere. As is was described in section 
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4.3.4, with a CH4 mixing ratio 1.3 x 10-3 and an total optical depth 0.017 from the 

aerosols, we can reconcile the stratospheric temperature profile. 
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