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Abstract 

Spectroscopic measurements of the night airglow were taken at mid latitude 

over a period of four months. The use of intensified ceo spectrographs allowed 

simultaneous data to be taken from 3000A to 9200A in 3300 contiguous spectral 

elements with a resolution (full width at half max.) of 6A to 15A. The average 

intensities for a 6.5 hour integration period on March 161991 of the <h Herzberg I, 

14 

Chamberlain, Herzberg II, and Atmospheric (0-1) emissions were 230±20 R, 80±1O 

R, 80±40 R, and 350±20 R respectively. For the OH Meinel (9-4), (8-3), (7-2), (7-3), 

(6-2), (5-1), (4-0) emissions the intensities were 450±50 R, 450±20 R, 90±20 R, 

1620±200 R, 970±50 R, 680±15 R, and 190±20 R respectively. The 01 5577A and 

6300A emissions were 320±10 R and 16O±10 R respectively. 

These simultaneous emission intensities were compared with an atmospheric 

model which revealed that the 02(A3l:, A'3A, cll:, bll:) states and the OH(X2n) state 

were heavily quenched. Analysis of the vibrational distributions of the 02(A3l:, A '3A, 

cll:) states and the OH(X2n) state, and dynamic intensity fluctuations of their related 

emission features provided independent confirmation of the conclusion that the 02(A3l:, 

A'3A, cll:) states and the OH(X2n) state were heavily quenched. 
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Introduction 

Background 

Aeronomy is the study of planetary atmospheres. In a first order 

approximation, the Earth's atmosphere can be considered a spherically symmetric 

system with values of temperature and densities of constituent atoms, molecules, and 

ions a function of altitude. In this approximation the number densities and temperatures 

are governed by hydrostatic equilibrium, the ideal gas law, and radiative equilibrium. 

The atmosphere of the Earth is energetically controlled by solar radiation, which can be 

viewed as latitudinal, seasonal, and diurnally dependent perturbations about the mean 

of this one dimensional model (Chamberlain and Hunten 1987). 

Different regions of the atmosphere were named according to their physical 

characteristics. The regions that are discussed in this work are concerned with the 

description of the atmosphere based on temperature. The temperature profile of the 

atmosphere is shown in figure 1.1. The troposphere, stratosphere, mesosphere, and 

thermosphere are defmed by the sign of the temperature gradient with respect to altitude 

in that particular region. 

The thermal structure is established by the response of the atmosphere to solar 

radiation. The temperature of the troposphere is regulated by radiative and convective 

exchange. Ozone is formed in the stratosphere by solar radiation. Ozone absorbs both 

ultraviolet and infrared radiation which causes a temperature inversion above the 

tropopause. Carbon dioxide causes a local cooling because it radiates to space, so the 



temperature of the mesosphere decreases due to a declining ~ to C~ ratio. The 

temperature of the thermosphere increases to about l0000 K due to 02 photolysis and 

ionization. 

Exosphere 

) 
! 10' T7" 
~ Me\p/lefe 

~ J 

10' S1T-
Tropo\ s.p/lefe 

1 1..\._.:..-_.....,. ....... .0......1......:.. ............ ...:.-~.-....:1.1 

d dd d dddddd~ 
Temperature (K) Ion densily (cm3) Neutral density (cni3) 

Figure 1.1 - Schematic representation of the thennal structure, ion density, 

and neutral density of the Eanh's atmosphere. (Reese 1989) 
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The mesospheric/lower thermospheric region (hereafter referred to as just 

mesospheric) is of primary concern because it is the source of most of the night airglow 

emissions observable by the spectrograph used in this study. 

By definition airglow is the amorphous optical radiation continuously emitted 

by a planetary annosphere (Chamberlain and Hunten 1987). Airglow research can be 
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divided into three categories, depending on the excitation mechanism present in the 

system that is being described. These categories are daytime airglow, twilight and 

night airglow (also known as·nightglow). Dayglow emissions are excited by the direct 

bombardment of the atmosphere by solar radiation. The excited species are difficult to 

observe from the ground due to the presence of Rayleigh scattered sunlight from the 

troposphere. Twilight is the transition from dayglow to nightglow or visa versa; the 

shadow of the earth blocks the lower atmosphere from solar radiation, while the upper 

atmosphere is still illuminated. This allows the observation of dayglow from the 

ground with reduced Rayleigh scattering, and allows a profile of the dayglow 

emissions to be obtained as the Earth's shadow ascends or descends through the 

atmosphere. Nightglow emissions result from chemical and recombination reactions as 

the atmosphere relaxes from daytime excitation. The relaxation process and its relation 

to the mesospheric nightglow is the focus of this study. 

Spectroscopic observations of the night airglow reveal how specific excited 

atomic and molecular species respond to this atmospheric relaxation. The nightglow 

emissions of interest in this work consist of two atomic oxygen transitions, four 

molecular oxygen band systems, and one hydroxyl band system. 

A diagram of the electronic states required to produce these transitions of atomic 

and molecular oxygen is shown in figure 1.2. 
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Part (a) of figure 1.2 is an energy level diagram of atomic oxygen which 

displays the 5577 A line and the 630oA-6364A-6392A triplet present in the night 

airglow. Part (b) of figure 1.2 is a potential diagram of molecular oxygen states 

required to describe the night airglow. These relative positions of the allowed 

vibrational energies within these potentials are important in determining the transition 

probabilities from one vibrational level to another. Part (c) is an energy level diagram 

for the oxygen molecule that illustrates transitions from the states in part (b). Four of 

these molecular transitions are relevant to this work, namely the Herzberg I , the 

Chamberlain, the Herzberg n, and the Atmospheric Oxygen band systems. For brevity 

the appropriate molecular states described in part (b) and (c) will be abbreviated to 5n, 
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A3l:, A'311, c1l:, b1l:, and X3l:. 

The OH Meinel bands are a vibration-rotation band system, which means that 

the upper and lower vibrational energy levels are both from the ground electronic state 

(X2n) of the hydroxyl molecule. 

The rotational distributions, vibrational distributions, and the intensities of the 

molecular band systems, and the atomic line intensities are the observable signatures 

which allow detennination of the physical processes predominant in the mesosphere. 

The molecular bands reach a state of rotational thennodynamic equilibrium quickly 

which is usually indicative of the ambient temperature of the emission layer. The 

electronic and vibrational levels are found in distinctly non-Boltzmann distributions 

which exhibit the physical excitation and quenching mechanisms present in the gas 

column. Absolute population measurements of the atomic and molecular species reveal 

number densities of reactant species within an emission layer. The experiment 

described in this report was designed to measure all of the discussed emissions 

simultaneously in order to provide enough information to constrain a theoretical model 

of the mesosphere. 

Review Status of Nightglow Research 

Previous studies of the night airglow covered portions of the spectrum observed 

in this work and were coupled to other observations with atmospheric models. 

There have been few spectroscopic reports where the complete vibrational 

distribution of the molecular oxygen band systems in the ultraviolet were obtained. The 

first paper where the vibrational populations of the A3l: state were obtained was done 
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by fitting synthetic spectra of the Herzberg I system to a number of published spectra 

(Degen 1969). Degen didn't take the presence of the Chamberlain and Herzberg II 

band systems into account. Synthetic spectra were used to fit Herzberg I, Chamberlain 

and Herzberg II band systems (Slanger and Huestis 1981) to a ground based spectrum 

(Broadfoot and Kendall 1968) to obtain vibrational populations of the A3l:, A'3/l and 

cll: states. Slanger and Huestis postulated that the vibrational populations of the A3l:, 

A'3/l and cll: states should be similar at the same total energy, although they found it 

necessary to deviate slightly from this hypothesis to get a good fit. The most detailed 

piece of work so far used a 1 meter scanning Ebert-Fastie spectrometer to obtain two 

high resolution (1.3A) spectra, one from 3410A to 3530A, and another from 3200A to 

3310A (Stegman and Murtagh 1991). Their analysis of the data takes into account 

continuum emissions and ozone absorption, as well as the intensities of the three band 

systems. Stegman and Murtagh measured a similar but distinct vibrational population 

distribution to Slanger and Huestis, and Degen for the A3:E state. By comparing the 

emission rates of the three bands with the intensity of the 5577 A line, Stegman and 

Murtagh concluded that the cll: state was quenched significantly by atomic oxygen. 

Previous measurements of the OH Meinel band system have usually been 

perfonned singularly, but this study is concerned with the relationship between all 

meso spheric airglow emissions. It is necessary to take intensity measurements of the 

OH Meinel bands over a large wavelength range to measure the relative vibrational level 

populations of the OH(X2n) state. Due to the rarity of instrumentation with this 

capability, only a few measurements of the vibrational populations of this state were 

made. The first of these photographically measured relative band intensities for the /lv 
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= 3, 4, 5, and 6 sequences'to determine relative populations of the v = 3, 4, 5, 6, 7, 8, 

and 9 levels (Krassovsky, ShefQv et aI. 1962). A scanning spectrometer was used to 

measure the t:.v = 2, 3, 4, and 5 progressions to determine the relative populations of 

the v = 3, 4, 5, 6, 7, 8, and 9 levels (Hanison and KendaII1973). The intensities of 

the t:.v = 4 and 5 progressions were measured with a multichannel tilting filter 

spectrometer to get the relative populations of the v :: 5, 6, 7, 8, and 9 levels 

(Takahashi and Batista 1981). The most recent work of this nature was done with a 

Fourier transform spectrometer where the t:.v = 2 and 3 progressions were measured to 

yield populations for the v = 2,3,4,6, 7,8, and 9 levels (Turnbull and Lowe 1982). 

Two theoretical models were used to explain the results of Takahashi and Batista in 

terms of quenching (McDade and Llewellyn 1987). McDade and Llewellyn found the 

laboratory measured quenching constants must be altered to make the theory fit the 

data. 

Aside from the diurnal atmospheric relaxation effects, the airglow emissions 

experience dynamical effects which have been the subject of much investigation. A 

review of current airglow dynamics research was compiled recently (Viereck 1991). 
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Anticipated Results 

This work is the first to use intensified charge coupled device (ICCD) 

technology over the entire visible, near UV, and near IR to spectrographically study the 

night airglow. The use of an intensified CCD as a detector provides the ability to take 

truly simultaneous spectra with a sensitivity approximately two orders of magnitude 

greater than similar instruments employing scanning photometers (Broadfoot and 

Sandel 1992). 

The use of synthetic spectra in data analysis allows the shape of molecular 

features to be known accurately. This knowledge allows compensations to be made for 

blending and for deviations in the background due to other emissions or absorptions. 

This enables a more accurate determination of system intensities. Secondly, some band 

systems such as the Herzberg I, Chamberlain, and Herzberg II are severely blended 

together. It would be very difficult to differentiate these systems to come up with a 

vibrational distribution without being able to generate these spectra artificially. Finally 

the synthetic spectra allow rotational distributions of spectral features to be estimated 

without having to resolve individual rotational lines, and therefore to infer molecular 

temperatures at a fairly low resolution. 
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Instrumentation 

The spectrograph used to take the data in this work was provided and supported 

by Dr. Broadfoot's laboratory. The Airglow (AG) spectrograph was a prototype 

spectrograph system designed specifically for the use of an ICeo as a detector 

(Broadfoot, Sandel et al. 1992). 

Broadfoot emphasized that because the area of the detector is fixed for ceo 
applications, the throughput of the instrument is determined by the f-ratio of the 

unvignetted optics illuminating the detector. This is the key to the design of the 

spectrograph. 

Due to the size of the detector, the spectrograph can be small (1/4 meter focal 

length). Earlier spectrographs employing photomultipliers had a different constraint, so 

that the size of the optics controlled their throughput. A comparison of the AG 

spectrograph with a 1/2 meter Ebert-Fastie scanning spectrometer employing a 

photomultiplier as a detector showed the AG spectrograph to be roughly 60 times more 

sensitive (Broadfoot and Sandel 1992). This advantage is augmented by combining the 

spectrographs to cover the wavelength range from 3000A to 9200A simultaneously 

recorded in 3300 contiguous spectral elements. 
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Mechanical and Optical Design 
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The instrument used to acquire data for this work was an array of six co-aligned 

spectrographs. The spectrographs used the Rowland mount, each incorporating fore 

optics, a slit, a holographic concave diffraction grating, and a detector. A diagram of 

one of the spectrographs is shown in figure 2.1. The use of the holographic concave 

grating allowed the spectrograph to be simplified and made more compact by 

eliminating collimating and camera lenses. 

Each of the six spectrographs collected light through a similar baffle and fore 

optics assembly (figure 2.2) so that they had the same angular field of view (O.I°xIOO) 

and therefore recorded emissions from the same region of the sky. The slit width was 

0.06 mm for the UV and visible spectrographs, and 0.04 mm for the red spectrograph. 

Selection of these slit widths allowed a maximum throughput without significantly 

decreasing the spectral resolution provided by the intensified CCD. 

The six spectrographs were contained in three housings such that two spectra 

were imaged side by side on the same CCD. The area of the CCD's in which the 

spectra were focused will be hereafter referred to as a spectral region. The 

characteristics of each grating and the spectrographic design parameters are listed 

elsewhere (Broadfoot, Sandel et al. 1992). The gratings were attached to a thermally 

compensating mount (figure 2.3) so that a fixed optical path length was maintained over 

a large range of temperatures (lOO°C). 
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The gratings used in each spectrograph were holographically corrected for the 

third order aberrations astigmatism, spherical aberration, and to give a flat focal 

surface. They were designed by American Holographic specifically for this 

application. 

Each spectrograph housing had a CCDlintensifier assembly which is illustrated 

in figure 2.4. The light coming off the surface of a given grating was focused at the 

surface of a sealed proximity-focused image intensifier. The photocathode material was 

S-20 for the image intensifiers employed in the UV and visible spectrograph pairs, and 

Ga-As for the detector assembly employed in the red spectrograph pair. The image 

intensifier was coupled to the ceo by fiber optics for optimal image transfer. The 

ceo was a 385 by 576 pixel array (the dimensions of each pixel being 0.022 mm on 

each side), model P8602, manufactured by English Electric Valve Incorporated. The 

spectrographs were designed so the slit image was approximately 180 pixels high, and 

the spectrum dispersed along the direction of the 576 pixels. Two spectra were 

positioned side by side with a space between them so that internal scattered light can be 

monitored in this "dark region". 

In order to reduce the leakage rate of the ceo's and the Schott noise of the 

intensifiers cooling was provided. The image intensifiers were cooled using 

thermoelectric coolers to achieve a cathode temperature of o·e to -1O·e. The ceo's 

were cooled using a closed cycle freon refrigerator to achieve a temperature of about 

-30·C. 



Sensitivity 

The approximate sensitivity of the spectrographs is calculated from the 

photometric equation: 

Where: 

p = B~ A A cos 9 T E (Photon events) 
47t d 9 2" 0 R s 

F 

P is the photoevent rate 

BA. is the brightness in units of Rayleighs (1R = an apparent emission rate 

of 1 megaphoton!(cm2 sec (column») 

Ad is the effective detector area in cm2. (180 x 576 x 4.8x1Q-6 cm2) 

Ag is the area of the grating in cm2. (24 cm2) 

9 is the operating angle. (-10°) 

F is the F ratio of the grating (4.1) 

1'\ is the grating efficiency. (0.35) 

T is the transmission of the fore optics. (0.9) 

Eo is the quantum efficiency. (0.1) 
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eq2.1 

The sensitivity is the brightness required to give a signal to noise ratio of unity 

in one second. By this calculation, the AG spectrographs we are dealing with had an 

approximate sensitivity of 3.1 Rs. 
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Electronics 

An mM AT equivalent computer was used as an interface from the human 

operator to the Instrument Control Unit (lCU) which ran the obsetvational program. 

The AT setved to upload the control program into the leu, edit the parameters, act as a 

monitor for the health of the instrument, and display the data being acquired. 

The leu controlled the experiment. It is responsible for turning on the 

instrument, adjusting the high voltage which runs the three image intensifiers, driving 

the CCD's, reading the CCD's, and returning the data for examination and storage. 

This unit had the capability of handling up to eight channels, so that a number of 

detectors for different instruments could be controlled simultaneously. A single board 

computer, the Faraday 80C88, was the heart of the leu. Figure 2.5 illustrates the 

functional relationships within the leu . 
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Figure 2.5 - Functional relationships within the lCU. 
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The low voltage power supply (L VPS) provided regulated DC power for many 

sections of the electronic system. The high voltage power supply (HVPS) supplied 

high voltage to the image intensifiers; 6 kV for electron acceleration to the phosphor 

screen; 1 kV variable across the microchannel plate to control the gain; -200 V on the 



cathode to control the exposure through gating. 

Figure 2.6 is a schematic summary of the functional relationships of the AG 

spectrograph subsystems. 
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IBM-AT Hard Disk Equivalent 

Figure 2.6 - Functional relationships of the AG spectrograph subsystems. 

Software 

The software used to control the instrument was a C program called GSE 

(ground support equipment). It was developed for experiment control by Kalynnda 

Berens and Mike Fitzgibbon. 
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After the lCU was powered up and had the MCU code uploaded, it was ready 

to execute commands given by GSE. GSE performed a number of tasks. It sent user 

definable instrument running configurations called "templates" to the lCU so that it took 
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data in a certain predefined way. It acted as a monitor fer both the engineering data sent 

back from the instrument and associated electronics, and real time data. It acted as an 

interface to transfer parameters from the user to the instrument. 

The templates were predefmed instrument configurations used to perform 

standardized and controlled data acquisition, calibration, and instrument 

characterization. Some of the more important information contained in the templates 

was the gain settings for the intensifiers, the duration of the exposures, the "base times" 

at which the CCD's were read, when and how often to take dark frames, and to what 

extent the data residing in the CCD should be summed "on chip" or "off chip". 

The engineering data returned to GSE and displayed for the operator were the 

temperatures of the CCD's and all the other associated electronics, the voltages on the 

intensifiers, the voltage output levels of all the power supplies, and the disk space on 

the digital recording unit and high speed Bernoulli drive. 



Calibration and Characterization 

Operational Configuration 
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There are a number of modes in which the instrument can operate. The 

configuration of the instrument that was chosen to take night airglow data is discussed 

in this section. 

In the nightglow configuration eight pixels were summed "on chip" along the 

slit. On chip summation is the process of combining the charge from adjacent pixels 

into one pixel for data compression, and to reduce the noise induced by the ceo 
pre-amplifier. Since pixels are summed along the slit direction, only spatial information 

is lost. This is not disadvantageous because spatial information is not expected from 

the night sky. 

The "base time" or readout period chosen for the nightglow configurations was 

30 seconds. Six base times were summed "off chip" to give an "exposure time" of 180 

seconds. 

The output voltage from the HVPS controlled the gain of the intensifier. The 

HVPS was controlled by a digital to analog converter (DAC) that translated an integer 

value from 0-16 to an output voltage. The DAC values were chosen so that a maximum 

amount of gain could be achieved without inducing spikes due to ion events in the 

intensifier. 

In order to be certain of a good subtraction of the dark images from the data 

images, it is necessary to take "dark frames" periodically (frame taken with the 

intensifier "off'). One spectrum in every 10 spectra was a dark frame. 
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Wavelength Calibration 

A wavelength calibration was obtained by light from four different atomic 

discharge sources Ne, Hg, He, and Xe. This allowed at least two widely spaced 

atomic spectral lines to be recorded in each spectral region. The full width at half max. 

(FWHM) for each spectral region was detennined by observing singlet lines from 

calibrated sources and night airglow emissions for confmnation. 

Spectral Starting Ending Linear FWHM 
Region Wavelength Wavelength DiAI/ersion (pix) 

(A) (A) ( pix) 

1 7550 9210 2.903 4.1 

2 6090 7763 2.925 5.1 

3 5297 6151 1.492 3.7 

4 4521 5380 1.503 4.0 

5 3804 4659 1.495 3.8 

6 3023 3873 1.485 4.0 

Table 2.1 - Spectrograph calibration and characterization. 
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Intensity Calibration 

The intensity calibration was perfonned with two low brightness sources 

(LBS). The low brightness source had a lamp (either quartz-halogen, or deuterium) in 

a box with an adjustable aperture and a diffusing screen. The quartz-halogen LBS was 

used to calibrate spectral regions 1-4, and the deuterium LBS was used to calibrate 

spectral regions 5 and 6. The spectral output of the quartz-halogen LBS was 

determined by measuring the brightness with a National Bureau of Standards (NBS) 

calibrated photodiode filtered with interference fllters. The brightness (in Rayleighs/A) 

at the center wavelength of each filter was determined by taking into account the 

transmission of the filter and lens, and the detector solid angle, area, and response. 

The spectrum of the quartz-halogen source was determined by interpolating between 

these data points, knowing that the spectrum was close to a 28000 K black body. The 

relative brightness of the deuterium LBS was determined in a similar manner. This 

gives a sensitivity CUlVe for each spectral region. A plot of the sensitivity throughout 

the entire spectral domain of the instrument is given in figure 2.7. 
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Noise Characteristics 

The characteristic noise, bias and gain of each CCD and its associated 

electronics was found by analyzing the statistical characteristics of a number of dark 

frames. This investigation was conducted primarily as a test to find out if the 

electronics were functioning properly. The results of this investigation indicated that 

the noise induced into the data by the electronics was negligible compared to the noise 

induced by the intensifier (Sandel and Broadfoot 1986). Quantitatively the noise was 

measured to be about 100 data numbers (dn) per super-pixel (lx8) in a 180 second 

exposure. 
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Emission/Quenching Processes 

The aim of this work was to detennine the physical processes that occur in the 

mesosphere through spectroscopic observations of the night airglow. The role these 

mesospheric processes play in detennining the activity of the nightglow is revealed by 

tracing the flow of energy within this region. 

Energy radiated from the night airglow is provided by the absorption of solar 

radiation into the lower thermosphere during the daytime. This atmospheric absorption 

is due to the photodissociation of 02. The atomic oxygen produced in this process acts 

as a reservoir of chemical potential energy. The two body recombination cross-section 

of atomic oxygen is very small, so the lifetime of 0(3P) is long at its altitude of peak 

production. This long lifetime enables the O(3P) to be transported downwards to the 

mesosphere where it can react. In the mesosphere the number density of ambient 

molecules is large enough that the 0(3P) is destroyed by three body association 

reactions. These association reactions are responsible directly and indirectly for the 

production of the airglow emissions. Quenching, which is the non-radiative 

destruction of an excited state, also plays a role modifying tlte brightness of airglow 

emissions. Thus the study of the night airglow allows the effects of solar activity, 

vertical diffusion, association reactions, and quenching to be reconciled through 

observation and atmospheric modeling. 

The dependence of the night airglow on O(3P) is illustrated in figure 3.1. This 

illustration depicts the destruction of 0(3P) by the O+O+M reaction to produce 
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electronically excited oxygen in the <h(A3E, A '3~, cl~, b1E, al~, X3~) states. The 

radiative decay of these states produces the <h Herzberg I, <h Chamberlain, 02 

Herzberg TI, and <h Atmospheric emissions in the nightglow. Before radiative decay 

occurs, a fraction of the excited molecular oxygen is de-excited by an energy transfer 

reaction that excites the O(IS) state from O(3P). The radiative decay of O(IS) produces 

most of the observed 01 5577 A emission. The 0(10) state is populated by the cascade 

from the 5577 A decay, but will not radiate much 01 6300A due to the fact it is heavily 

quenched. The ozone production reaction is a second three body destruction 

mechanism for 0(3P). Ozone and 0(3P) are converted to ground state molecular 

oxygen by hydrogen species in a cyclic group of reactions called the HOx cycle. One, 

and possibly two, of the reactions in this cycle produce vibrationally excited hydroxyl 

which radiatively decays through the OH Meinel emission. 

A general discussion of the physical processes that govern the airglow and a 

detailed discussion of the specific reactions responsible for the production and 

quenching of the excited airglow species follow in the next two sections. 
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Figure 3.1 - Diagram of the mesospheric reaction mechanisms. 
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Physical Processes 

Production ofO(3P) by Sunlight 
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Atomic oxygen is produced in the daytime predominantly by photodissociation 

of <h in the lower thennosphere as first hypothesized in a series of papers by Chapman 

(Chapman 1930a) (Chapman 1931b) (Chapman 1931a). 

The photodissociative process involves the absorption of a photon by the <h 

molecule. The absorption causes electronic excitation of the molecule with an 

unbounded vibrationallrotational energy. As the molecular orbitals break down into 

atomic orbitals, the electronic configuration of the 02 molecule determines the degree of 

excitation of the resultant 0 atoms. There are two 02 photodissociation continua of 

importance in aeronomy, the Schumann-Runge continuum and the Herzberg 

continuum. It is generally accepted that Schumann-Runge continuum is stronger 

because it involves an allowed electronic molecular transition. The peak altitude for 

photodissociation in the Schumann-Runge continuum, and hence for 02 

photodissociation is about 100-110 kIn (Chamberlain and Hunten 1987). 

Photodissociation in the Schumann-Runge continuum is represented in equation 3.1; 

photodissociation in the Herzberg continuum is represented in equation 3.2 

O2 + hv «1750A) ~ 0(3p) + 0(10) 

O2 + hv (<2420A) ~ 0(3p) + 0(3p) 

eq.3.1 

eq.3.2 
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Venical Transpon 

The atomic oxygen produced by photodissociation is transported by diffusion 

downwards through the atmosphere to regions where the number density of ambient 

molecules is high enough it will react to produce airglow. Molecular diffusion, which 

dominates above the altitude of tOO lan, is the transport of a given species caused by 

the random motion of molecules through gradients in number density and temperature. 

Eddy diffusion, which dominates below the altitude of 100 lan, is transport induced by 

mixing or turbulence, and occurs at the same rate for all atmospheric species at a given 

altitude. Both molecular diffusion and eddy diffusion are of importance when dealing 

with 0(3P) transport (Colegrove, Hanson et al. 1965) and were included in the 

modeling process. 

Three Body Reactions 

The atomic oxygen that has been transported downwards to the mesosphere will 

be destroyed by three body reactions. Two body recombination reactions such as the 

radiative association of 02 are very improbable because the collision between the two 

bodies must conselVe both energy and momentum. The association reactions occur 

much more easily in the presence of a third body that can balance the momentum 

requirements, and remain unchanged in the reaction. The two association reactions of 

importance at mesospheric levels are two of the "Chapman reactions" (Chapman 

1930b) (Chapman 1930a) (Chapman t931b): 

O+O+M~02· +M 

O+02+M~03+M 

eq3.3 

eq3.4 



The double starred superscript of the molecular oxygen tenn in equation 3.3 

represents a state of electronic excitation that usually results from the recombination 

process. Both of these reactions will be discussed in greater detail in later sections. 

Quenching 
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Quenching is the non-radiative destruction of an excited state. This may occur 

by collisional de-excitation, or by the chemical destruction of the excited atom or 

molecule. 

The expression for the number density of a quenched species is: 

where: 

n(X) = (A + ~ n(M)) 

n(X) is the number density of the excited species. 

n(M) is the number density of the quenching species. 

P is the production rate of the excited species. 

A is the sum of radiative transition probabilities to all lower states. 

kq is the quenching rate constant. 

The quenching rate constant is empirically detennined from laboratory 

experiments where the emission rate is found as a function of quenching species 

number density. 

eq 3.5 



Reactions Related to Airglow 

The O+O+M Reaction 

The reaction in equation 3.3 directly excites the 02(5n, A3;E, A '3A, cl;E, bl;E, 

alA, X3;E) states, which are represented by the (**) superscript: 

* , o + 0 + ~02 

A recent estimate of the rate constant for this reaction is: 
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k3.2 = 2.1xl0-32 (200rr)2 cm6 sol (Bates 1988a) 

The illustration in figure 3.2 shows this reaction populating each of the seven 

states according to a probability called an association factor (this is called a branching 

ratio for a non-associative reactions). The specific excitation association factors and 

quenching parameters for the electronic states of 02 have not been accurately 

determined, but the most complete work done so far in this respect was done by Bates. 

The association factors estimated by Bates are 0.50, 0.06, 0.18, 0.04, 0.03, 0.07, and 

0.12 for the 5n, A3;E, A '3A, c1;E, bl;E, alA, and X3;E states respectively. Figure 3.2 

also depicts the radiative and quenching destruction mechanisms for electronically 

excited 02. Bates' estimates of the quenching coefficients are 1.0xlO-10, 6.7xl0-11, 

and 1.6xlO-ll cm3 Sol for the quenching of the A3;E, A'3A, and cl;E states by 02 (lower 

limits); 2.5xl0-11, 1.8xlO-ll , 4.3xlO-12, and 2.2xlO-15 cm3 sol for the quenching of 

the A3;E, A'3A, cl:E, and bl;E states by N2 (lower limits for all but the bl;E state); 

8.0xlO-14 cm3 sol for quenching of the bl;E state by O. No quenching coefficients 

were estimated for the 5n state. According to Bates the 5n state can be a precursor to 
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any of the lower states; the A3l:, A '311, and ctl: states can be precursors to the btl:, atl1, 

and X3l: states. This implies the process of quenching may cause a cascade from higher 

energy states into lower energy states as opposed to a simple decay to the ground state, 

which could perturb the electronic 02, populations. At this time there is not enough 

information to determine the existence of these cascading processes. A diagram of the 

yield of the O+O+M reaction, the quenching, and radiative processes of the 02, 

molecule, follows in figure 3.2. 
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Figure 3.2 - Yield of the O+O+M reaction in the night airglow. 
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The HOx Cycle 

The presence of 0, <>3 and HOx (H, OH, and H(h) in the mesosphere allows a 

cycle of reactions to occur which produce hydroxyl airglow. 

Mesospheric ozone is produced by the second three body Chapman 

reaction (eq 3.4): 

O+02+M~03+M 

This reaction has an estimated rate constant of: 

k3.4 = 6.0xl0-34 (T/300)-2.3 cm6 s-l (Rodrigo et aI. 1986) 

In the mesosphere the molecular oxygen number density is roughly proportional 

to the total number density, the gradient of the total number density is negative with 

respect to altitude, and the gradient of the atomic oxygen number density is positive 

with respect to altitude. Thus if the rate coefficients for reactions 3.3 and 3.4 are 

similar, the ozone production reaction can be expected to peak at a lower altitude than 

the O+O+M reaction. The implication of the reactions peaking at different altitudes is 

that the oxygen and hydroxyl airglow emissions will lie in two different layers. 

Mesospheric atomic hydrogen and hydroxyl are produced in the daytime 

through photodissociation of H20, mainly by Lyman a (Rodrigo, Lopez-Moreno et aI. 

1986): 

eq 3.6 

According to Rodrigo et aI., mesospheric HOx will be converted by one of two 

mechanisms to a form which is nonreactive at night: 



With the following reaction rates: 

k3.13 = 8.0xlO-ll cm3 s-l 

k3.14 = 6.0xl0-12 em3 s-l 
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eq 3.13 

eq 3.14 

(Rodrigo et al. 1986) 

(Allen et al. 1984) 

These reactions are slow enough that the total HOx number density is not 

appreciably changed throughout the night. 

According to an early paper (Bates and Nicolet 1950) the presence of 0, 02, 

0:3, and HOx radicals allows the following reactions to occur: 

OH+0~H+02 eq3.7 

H + 03 ~ OH* (v' ~ 9)+ 02 eq 3.8 

H + 02 + M ~ H02 + M eq3.9 

H02 + 0 ~ OH* (v' ~ 6) + 02 eq 3.10 

OH + 03 ~ H02 + 02 eq 3.11 

H02 + 03 ~ OH + 202 eq 3.12 



These reactions have the following rate coefficients: 

k3.7 = 2.2xlO-ll e(117rr) cm3 s-l 

k3.8 = 1.4xlO-IO e(-470rr) cm3 S-l 

k3.9 = 5.5xlO-32 (300rr)1.4 cm3 s-l 
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(Rodrigo et aI. 1986) 

(Rodrigo et aI. 1986) 

(Rodrigo et aI. 1986) 

k3.10 = 3.0xl0-11 e(200rr) cm3 S-l (Chamberlain et al. 1987) 

k3.11 = 1.6xlO-12 e(-940rr) cm3 s-l (Rodrigo et aI. 1986) 

k3.12 = 1.4xl0-14 e(-580rr) cm3 s-l (Chamberlain et aI. 1987) 

The cyclic structure of reactions 3.7-3.12 are illustrated in figure 3.3. These 

reactions do not destroy HOx, but convert one fonn of HOx to another. This reaction 

sequence can be thought of as a catalytic conversion of the "odd oxygen" (0, OJ) 

species to 02, aIthough a true catalytic process would not change the fonn ofHOx. 

+0:3(3.12) 

+03 (3.11 ) 

+0 (3.10) 

Figure 3.3 - The HOx cycle. 
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The thicknesses of the arrows in figure 3.3 represent the conjectured importance 

of each reaction during the night at 87 kIn. The order in which reactions 3.7-3.12 are 

listed is indicative of their importance at night as detennined by the model. 

Both equations 3.8 and 3.10 are capable of producing vibrationally excited 

OH(X2n), which result in the OH Meinel emission in the nightglow. The importance 

of equation 3.10 is unknown at this time; the observational presence of vibmtionally 

excited OH from this source is controversial. (Le Texier, Solomon et al. 1987) (Kaye 

1988) The source of this controversy is uncertainties in the branching ratio of eq. 3.8 

and the tmnsition probabilities of the Meinel bands, which prevent an accurate 

prediction of how much of the X2n population is due to the hydrogen-ozone reaction. 

The branching ratio used for equation 3.8 is 0.32, 0.27, 0.21, 0.08, 0.06, and 0.06 for 

the v'=9, 8,7,6,5, and 4 levels of the X2n state (Ohoyama, Kasai et al. 1985). 

Equation 3.9 is assumed not to contribute significantly to the population of vibration ally 

excited hydroxyl in the model. 

The nightglow populations of vibration ally excited hydroxyl levels may not lie 

in a distribution determined purely by radiative decay. Deviations of the vibrational 

distribution from that of a pure radiative cascade may be due to two types of quenching 

(McDade and Llewellyn 1987). The "collisional cascade" model is the case where 

vibration ally excited OH is collisionally deactivated by ambient molecules as well as 

being subject to radiative cascade. The "sudden death" model is where vibration ally 

excited OH is chemically destroyed by 0 (equation 3.7), as well as being subject to 

radiative cascade. The significances of these quenching reactions are uncertain at this 

time. 
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Atomic Reactions 

Two atomic oxygen emission features are prominent in the night sky spectrum, 

a triplet at 6300A, and a singlet at 5577 A. There are two excitation mechanisms for 

these emissions; the Barth (Barth 1964) mechanism acts as a mesospheric source, and 

dissociative recombination acts as a thennospheric source. These two emissions are 

related, but have to be treated differently. 

The Barth mechanism was suggested as the excitation mechanism for the 5577 A 

line in the mesosphere. The Barth mechanism is a two step process; the fIrst step is 

equation 3.3, and the second step is an energy transfer reaction: 

eq 3.15 

The (h(c1l:) state of 02 was surmised to be responsible for this energy transfer 

(Bates 1988b), but it is possible one or more of the Sil, A3l:, and A'311 states may be 

responsible. Because the O(lD) state is both the lower state of the 5577A and the upper 

state for the 6300A emissions, this reaction also produces a lot of O(lD). The radiative 

lifetime of the 0(18) state is approximately one second while the lifetime of the O(lD) 

state is on the order of minutes, so in the mesosphere the O(lD) is not observed 

because it is quenched much more severely than 0(18). Atomic oxygen in the 0(18) 

state is quenched by 02, N2, and 0(3P) with the rate constants 3xlO-13, 5xl0-17, and 

7.5xl0-12 cm3 s-l respectively (Jones 1974). 
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The source of the 6300A triplet is a dissociative recombination reaction in the F 

region (-200 km) of the ionosphere that provides some of the excitation of the 5577A 

line (Reese 1989): 

eq 3.16 

This reaction doesn't produce much 5577A emission due to the fact that it is at 

most only 10% efficient at'producing O(lS) (Reese 1989): 

eq 3.17 

Both the meso spheric 6300A emission and the thennospheric 5577 A emission 

are present in the night airglow spectrum, but these effects are believed to be small and 

are ignored in the model. 
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Atmospheric Model 

A qualitative description of the physical processes and reactions that produce 

mesospheric airglow emissions was discussed in the previous chapter. This chapter 

treats these processes and reactions in a quantitative manner in order to produce a 

modeled altitude profile of the various species that govern the night airglow. When the 

modeled height profile of an excited species is integrated vertically, a quantity known as 

the predicted "column density" is produced. Excluding atmospheric absorptions, the 

intensity of a given emission observed from the ground is the column density of its 

upper state, multiplied by its radiative transition probability. The intensities of the 

nightglow emissions are the quantities which are directly observable in this experiment. 

A comparison between the measured and modeled nighttime column emission rates 

provides a criterion on which the model has to be adjusted. 

By perturbing the initial conditions of the model, it is possible to understand the 

relative effects of various physical processes on the observable quantities. This in turn 

enables changes to the model to reconcile the observations. 

The model used in this work was produced by coupling two separate models. 

The model for the daytime (Rodrigo, Lopez-Moreno et al. 1986) (Rodrigo, Lopez

Gonzalez et al. 1991) produced atmospheric profiles of N2, 02, 0(3P), H, OH, and 

H02. The profiles of Rodrigo et al. were used as initial conditions for a nighttime 

model created by the author that was similar to the daytime model. The nighttime 

model produced number density profiles of 0(3P), 03, H, OH, H02, excited airglow 



species, and the column emission intensities of the excited ~glow species. This 

enabled a comparison to be made with observation. 

Modeling Procedure 

Design 
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The model fonnulated by the author simulates the atmosphere from 60 km to 

120 km. This region of the atmosphere was segmented into 30 discrete finite elements, 

each 2 km in height. The atmosphere within each finite element was assumed to have a 

constant number density in each time step and be homogeneously mixed. The number 

density of each minor constituent was calculated by an Eulerian algorithm from the 

equation of continuity: 

eq4.1 

The number density of each minor constituent is Nit the chemical production 

and loss tenns are the P(Ni) and L(Ni) terms respectively, and diffusive effects are 

incorporated in the tenn with the derivative with respect to altitude (z). The upward 

diffusion velocity of a given minor species (Wi) is given as follows: 

eq 4.2 

The molecular and eddy diffusion coefficients are represented as D and K 

respectively, the temperature is T, the molecular mass of the minor species is Mit and 

the number densities of the major and minor species are N and Ni respectively. The 

equations of continuity for all species of interest are coupled by the chemical production 
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and loss mechanisms described in the next section. 

A number of simplifying assumptions are made to increase the stability and 

decrease the computation time of the model. The fIrst assumption is that the ~ and N2 

number densities are assumed to be constant. These species are important as a 

quenching species for excited states, and in the three body association reactions. At the 

altitudes where these reactions are important «100 Ian) other models (Battaner 1975) 

(Rodrigo, Lopez-Gonzalez et al. 1991) have predicted a negligible diurnal variation in 

~ and N2, providing justifIcation for this assumption. 

The second assumption is that the HOx species reach equilibrium 

instantaneously in each time step. The reactions in the HOx cycle are dependent on the 

number densities of non-HOx reactants, namely 0, 02, ~, and N2. In one time step 

the rate of the HOx reactions will not greatly affect the number densities of these 

non-HOx reactants. Thus all of the reactions in the HOx can be considered pseudo-fIrst 

order, which means that the rate of each reaction is proportional to the amount ofHOx 

present. Given a total amount of HOx and number densities of 0, 02, 03, and N2, the 

equilibrium number densities ofH, OH, and H~ can be calculated by an analytical 

fonnula (Bamford and Tipper 1969). The rapidity of the reactions in the HOx cycle 

insures that the HOx species will not be too far from equilibrium when the number 

densities of the controlling species don't change greatly in one time step. When the 

number densities of one or more of the controlling species are changing rapidly, the 

pseudo-fIrst order reaction approximation may not hold, but it will be re-established as 

soon as equilibrium is reached. 
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The third assumption is that the destruction of atomic oxygen below 86 kIn is 

approximated by an analytical formula (Bamford and Tipper 1969). At these altitudes, 

the majority of O(3P) is destroyed by the ozone production reaction. The ozone 

production reaction is dependent on 0(3P), <h and M for reactants, and therefore is 

pseudo-ftrst order because 02 and N2 number densities are constant. This means that 

the decay of 0(3P) can be approximated by a negative exponential in each time step. 

Without the simplifying assumptions, calculation of the number densities of 0, 

02, 03, N2, H, OH, and HOx requires solving 7 simultaneous equations at each 

altitude. By assuming the Ch and N2 number densities are constant, two degrees of 

freedom are eliminated. The assumption of the HOx species being functionally 

dependent on the 0, Ch, OJ, and N2, number densities eliminated two more degrees of 

freedom. Therefore this model describes the mesosphere in terms of three variables, 

the 0(3P), 03, and total HOx number density proflles. 



Modeled Reactions 

The reactions incorporated into the mesospheric model can be separated into 

two categories, production reactions, and quenching/radiative processes. 

Production reactions affect the excitation of the airglow species. These 

reactions, their rate constants, and references were discussed in the previous chapter. 

A summary of these reactions and the rate constants used in the model follow in table 

4.1. 

** 0+0 + M -+ O2 + M 

0+ O2 + M -+ 0 3 + M 

0+ 0 3 -+02 +02 

H+03 -+OH* +02 

O+OH -+02 + H 

0+ H02 -+ OH* + O2 

OH + 0 3 -+ O2 + H02 

H + O2 + M -+ H02 + M 

H02 + 0 3 -+ OH + O2 + O2 

H02 + OH -+ H20 + O2 

H02 + H -+ H2 + O2 

k = 2 1 x1 0.32 (200 )2em6 5.1 . T 

k = 6.0x1 0·32(~)2.3 emS 5.1 

k = 1.5x1 0.11 ex~·2~18) em3 5.1 

k = 1.4x1 0.10 ex~-4~O) em3 5.1 

k = 2.2x10·11ex~1;1em3 5.1 

k = 3.0x1 0.11 ex~2~0) em3 5.1 

k = 1.6x1 0.12 ex~·9~0 ) em3 5.1 

k = 5.5x1 0.32 (3~O r.4 emS 5.1 

k = 1.4x1 0.14 ex~·5~O) em3 5.1 

k = 8.0x1 0.11 em3 5.1 

k = 6.0x10·12 em3 5.1 

Table 4.1 - Summary of modeled production reactions. 
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The rate at which any of these reactions occurs is the product of the number 

densities of the reactants and the reaction rate constant. The rate at which a reactant is 

consumed is the reaction rate multiplied by the number of these atoms or molecules 

consumed in a single reaction. The chemical rate of a change of a given species is the 

sum of the production rates of that species minus the sum of loss rates of that species. 

An example of the chemical rate of change of O(3P) follows, with [ ] denoting a 

number density, and 0 representing O(3P). 

~~ChemiCa1 = -2 x [0]2[M] x 2.1 x10·32 (2~O)2 - [0] [O~ [M] x 6.0x1 0.32 (~)2,3 -

[0] [OsJ x 1.5x1 o'11ex~-2~18) - [0] [HO~ x 3.0x1 0'11ex~2~)_ 

[0] [HO~ x 3.0x10·11ex~~) eq4.3 

Quenching/radiative processes affect the destruction of the excited states. The 

quenching reactions, their respective rate coefficients, and references were discussed in 

the previous chapter. Initially, the OH Meinel emissions were assumed to be 

unquenched in the model. The transition probabilities for radiative decay for the atomic 

oxygen states were from Chamberlain (Chamberlain 1961);,the molecular oxygen 

transition probabilities were from Bates (Bates 1988a); the OH(X2n(v'=9» level 

transition probability was from Turnbull and Lowe (Turnbull and Lowe 1989). These 

quenching/radiative reactions and their rate constants are summarized in table 4.2. 



oeb) + O2 ~ 0(3p) + O2 

o(b) + N2 ~ 0(3p) + N2 

o(b) ~ 0(3p) + hv 

O( S) + O2 ~ 0(3p) + O2 
O( 18) + N2 ~ 0(3p) + N2 
0(18)+0 ~0(3p)+0 

O(S) ~ 0(10) + hv 

O( S) ~ 0(3p) + hv 

02(A 3L) + O2 ~ 02(X3L) + O2 
02(A 3L) + N2 ~ 02(X3L) + N2 
02(A 3L) + 0 ~ 0 + 02(X3L) 

02(A,3L\) + O2 ~ 02(X3L) + O2 
02(A,3 L\) + N2 ~ 02(X3L) + N2 

02(A,3L\) ~ 02(X3L) + hv 
02(A,3 L\) ~ 02(a 1 L\) + hv 

02(e 1 L) + O2 ~ 02(X3L) + O2 

02(e 1 L) + N2 ~ 02(X3L) + N2 

02(e 1 L) + 0(3p) ~ 02(X3L) + 0(18) 

02(e 1 L) ~ 02(X3L} + hv 

02(b 1 L} ~ 02(X3L) + hv 

OH(X2n(v=9)) ~ OH(X2n(v<9)) + hv 

k = 1.8x1 0-11 ex~1 ~7) em3 S-1 

k = 3.2x10-11ex~Pf)em3 S-1 

k = 9.1 x1 0-3 S-1 

k = 3x1 0-13 em3 S-1 

k = 5x1 0-17 em3 S-1 

k = 7.5x1 0-12 em3 s-1 

k = 1.28 S-1 

k = 7.8x10-2 s-1 

k = 1.0x1 0-10 em3 S-1 

k = 2.5x10-11 em3 S-1 

k = 1.5x10-11em3 S-1 

k = 6.7x10-11em3 S-1 

k = 1.8x1 0-11 em3 S-1 

k = 0.89 S-1 
k = 0.69 S-1 

k = 1.6x1 0-11 em3 S-1 

k = 4.3x1 0-12 em3 S-1 

k = 3.7x10-12 em3 S-1 

k = 1.0 S-1 

k = 8.7x1 0-2 s-1 

k = 2.8x1 02 s-1 

Table 4.2 - Summary of modeled quenching/radiative reactions. 

61 



62 

Initial Conditions 

Originally, the initial number density of the various species in this model were 

taken to be the noon-time number densities of Rodrigo et al. When these values proved 

to be inconsistent with observation, the atomic hydrogen number densities, O(3P) 

number densities, 02** quenching constants, and OH* quenching constants were 

changed to match the data, as will be described in the discussion chapter. 
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Results 

Altitude Profiles 

The model results are displayed graphically in figure 4.1, which is a plot of the 

number density of a number of atomic and molecular species with respect to altitude 

two hours after sunset. 
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Figure 4.1 - Modeled altitude profile of species important to this work. 

Figure 4.2 is a graphical representation of the profiles of the excited 

mesospheric species which are observable by ground based observations. 
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Figure 4.2 - Modeled altitude profile of excited species. 

The peak altitudes of all of the oxygen emissions predicted by the model are 

consistent with the emission layer peak heights measured by recent rocket-borne 

experiments (Takano, Watanabe et al. 1990) (Kita, Iwagami et al. 1988) (Ogawa, 

Iwagami et al. 1987). The peak altitude of the OH Meinel bands is about 3 kIn higher 

than the generally accepted peak height of the OH emission layer, but it is within the 

uncertainty of this measurement as determined by a review of 23 years of rocket-borne 

OH measurements (Baker and Stair 1988). 
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Temporal Dependence 

Figure 4.3 shows how the model predicts the emission intensities will vary with 

respect to time after sunset. 

109~------------------------~ 

-~ ......................................... , ......... ,," ... " .................................. . 

Observation 
Time 

• 
'.'.' ..................................•.•..... 

1 2 

Time After Sunset (hours) 

N ................. . 0(16) 

02(A3) 

02(A'3) 

02(c1 ) 

02(b1)/1e5 

OH(X2(v=9)) 

Figure 4.3 - Modeled twilight effects observable in nightglow emissions. 

The model predicts that the day/night transition effects are not very important 

during the time that the instrument is capable of observing. Thus it is reasonable to 

assume the generated proftles and intensities two hours after sunset to be representative 

of the entire night. 
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Data Reduction 

This chapter provides a description and justification of the entire data reduction 

procedure, and displays the data in reduced fonn. Raw data from the Mt. Lemmon site 

were stored in the fonn of ceo images. These images were condensed into spectra, 

and then the spectra were analyzed to yield emission intensities of specific atomic and 

molecular emissions. This process and its results are detailed in the following sections. 

Conversion of Raw Data to Spectra 

The signal in a raw data frame was partially due to instrumental effects and 

partially due to spectroscopic effects. In order to separate these two components, 

different regions of the ceo were examined where various elements of the instrumental 

part of the signal were isolated. An illustration of a raw data frame and the different 

regions of the ceo is shown in figure 5.1 

A single raw data image was a 12 bit 48x572 pixel array. The signal in each 

pixel of the raw data images had three independent components. The "bias component" 

was a constant DC offset that was produced from the electronics. The "leakage 

component" was induced by thermal diffusion of minority c"arriers into the potential 

well of each ceo element. The leakage had an exponential temperature dependence, 

and linear exposure time dependence. The "optical component" of the signal was from 

photons produced by the intensifier, which aside from noise, was a result of signal 

from the spectrograph. 



1/ 
Dark 

Region /I 
Bias 

Region 

Fig 5.1 - A raw data frame illustrating the different CCO regions. Fig 5.2 - A bias and dark subtracted data frame. 
~ 



68 

Figure 5.1 shows that the raw data images had two "spectral regions" where the 

spectra from the diffraction gratings were focused. These regions contained bias, 

leakage, and spectroscopic information. Between these two spectral regions was an 

area called the "dark region" which was not illuminated directly. To a good 

approximation this area contained just the bias and leakage signal. The number of 

pixels in the raw data image was larger than the number of pixels in the ceo, thus we 

had an "overscan region" where the signal consisted entirely of the bias. 

The bias was practically constant, so that when it was read from the overscan 

region, it could be subtracted from every pixel of the CCD. Once the bias was 

subtracted from the signal in the dark region, the remaining signal in this region 

consisted entirely of the leakage. 

The leakage rate of every pixel was different, so the leakage was removed by 

subtracting a "leakage frame" from each data frame. ''Dark frames" were data frames 

taken with the gate of the image intensifier turned off, so when the bias was subtracted, 

these frames were purely made up of the leakage. The leakage frame was a bias 

subtracted dark frame, scaled so that the leakages were the same in the dark regions of 

both images. In figure 5.2 the dark subtraction process was applied to the image in 

figure 5.1. 

Once the bias and leakage were subtracted from the raw data frames the 

spectroscopic data in the spectral regions was manipulated. Due to the fact that the slits 

of the spectrograph were not entirely parallel with the columns of the ceo, the spectra 

would be significantly broadened if one dimensional spectra were produced by 

summing each column of the image in each spectral region. To minimize this effect, the 
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images from each spectral region were transfonned so that the pixels were re-binned to 

be vertical. As part of this transfonnation, a wavelength calibration was applied along 

the dispersion direction to convert pixel number to wavelength. Figure 5.3 is a grey 

scale plot of one of the spectral regions shown in figure 5.2 before and after 

transfonnation. 

Mter the transformation, each column of the spectral region was summed to 

produce a one dimensional spectrum. Figure 5.4 is a graph of the transfonned 

spectrum of figure 5.3 after it was summed along the dispersion direction. Each of 

these one dimensional raw data spectra was divided by a spectral sensitivity to get a 

spectrum which was intensity calibrated in Rayleighs/A. Figure 5.5 is the graph of a 

Rayleigh calibrated spectrum produced from the spectrum pictured in figure 5.4. 

These steps were perfonned by script written by B. Hatfield called "data_prep" 

which called subroutines from IRAF (Image Reduction Analysis Facility). The 

function and structure of this script is outlined in figure 5.6. 



a 

b 

Fig 5.3 - Grey scale plots before (a), and after (b) the transfonnation process. 
-l o 
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Sort Images by .. Sort Images by ... Sort Images by 
CCD Number ... Exposure Time ... Julian Date 

" Calculate Dark 
4-

Find Darks and - Subtract Bias 
Scaling Factor Assign to Images -- From Images 

, 
Subtract Darks ... Split Images Into r+ Rotate Spectra and - Spectral Regions Wavelength Calibrate 

Intensity Calibrate - Compress 20 Spectra 
Spectra - Into 10 Spectra 

Figure 5.6 - Structure of the data_prep script. 

The reduced data from March 16, 1991 is displayed in the form of a night sky 

atlas in figure 5.7 to figure 5.12 inclusive. The spectra displayed in figures 5.7-5.12 

were taken simultaneously while observing the same region of the night sky, and 

represent an effective integration of 6.5 hours. Important band systems and atomic 

lines are labelled on these graphs to aid the reader in identifying spectral features. 
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01 Band Intensities 

The Band Systems in the Ultraviolet 

The electronic and vibrational populations of the A3l:, A '3~, cll: states were 

detennined by comparing synthetic spectra with the observed spectrum. 

79 

The spectral synthesis was necessary because of the severe blending of the 

Herzberg I, Chamberlain, and Herzberg II bands at the instrumental resolution. The fit 

of the synthetic spectra was modified for the atmospheric extinction near 3000A, and 

continuum emissions. The atmospheric extinction for an extended source (figure 5.13) 

was calculated by a commercial computer program called Pctran which calculated the 

atmospheric transmission function for a variety of situations. The continuum was 

estimated by perfonning a cubic spline fit to the lowest points of the measured 

spectrum. 

Molecular transition probabilities (Bates 1989) were used to synthesize spectra 

in order to predict upper state populations. Preliminary fits of the Herzberg I and 

Chamberlain systems showed the relative vibrational population distributions of the 

A3l:, A '3~ states to be similar to each other at the same total energy. This is in 

accordance with other observations (Slanger and Huestis 1981) (Stegman and Murtagh 

1991). Therefore it was assumed that the relative populations of the A3l:, A'3~, Cll: 

states were identical in order to facilitate population estimations for these states. 

The fit of the synthetic spectrum to the real spectrum is shown in figure 5.14. 

The total intensity of the Herzberg I, Chamberlain, and Herzberg II systems required to 

produce this was approximately 230±20 R, 8o±10 R, and 8o±40 R respectively. 
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This corresponded to a total column density for the A3l:, A '3.1, cll: states of (2.2 ± 

O.2)xl07 cm-2 (column), (9.7 ± l)x107 cm-2 (column), and (1.2 ± O.6)xl08 cm-2 

(column), respectively. 

The vibrational population used to synthesize the observed spectrum is 

displayed graphically in figure 5.21. Each electronic state was assumed to have its 

vibrational distribution peak at the same total upper state energy. Hence the index for 

the x-axis in figure 5.21 is the vibrational quantum number for the A3l: state, the 

vibrational quantum number minus 1 for the A '3.1 state, and the vibrational quantum 

number minus 4 for the cll: state. 
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Figure 5.21 - Estimated vibrational distribution of the 02(A3l:, A'3.1, cll:) states. 
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The Atmospheric Oxygen Bands 

The average atmospheric oxygen (0-1) band intensity for March 16 1991 was 

measured to be 350±20 R by integration of the emission. This emission intensity also 

gives a reasonable fit of the synthetic spectra to the real spectra as shown in figure 

5.18. Assuming the transition probability of 3.91xlO-3 s-l (Jones 1974) the column 

density was (9.0 ± 0.5)x1010 cm-2 (column) for the bl~ v'=O level. 

Atomic Line Intensities 

Intensities of the 0 I 5577 A line and the 0 I 6300A line were measured by 

integrating under the emission feature. This yielded emission intensities of 320±1O R 

for the 5577 A line and 16O±10 R for the 6300A line. Given the atomic oxygen 

transition probabilities (Chamberlain 1961), the average column density for the O(IS) 

state for March 16 was (2_5 ± O.I)x 108 cm-2 (column), and for the O(ID) state it was 

(1.7± 0.1)xl010 cm-2 (column). 

OH Meine. Band Intensities 

The OH Meinel band intensities were found by integrating the emission features 

and by comparison of these features with synthetic spectra. The intensities of the (8-3), 

(7-2), and (6-2) bands were measured directly by integration of the features and 

subtracting a background that was assumed to be linear between the end points. The 

(4-0) band intensity was estimated by integrating under the Q branch, subtracting a 

background which was assumed to be constant at the low wavelength end of the 

integration region, and extrapolating the total band intensity under the assumption that 
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all the branch intensities had the same relative intensity as the (6-2) band The (9-4) 

band intensity was measured in a similar way to the (4-0) band except the sum of the Q 

and R branches was used as a reference. Due to the severe blending with the (9-4) 

band, the (5-1) band was estimated from a measurement of the Q branch intensity, and 

then adjusted by the comparison of synthetic and real spectra. The intensity of the (7-3) 

band was extrapolated from the measurement of the R branch intensity in a similar way 

to the (4-0) extrapolation. 

Synthetic fits of the (7-2), (8-3) and (4-0), (9-4) and (5-1), (6-2), and (7-3) 

bands are illustrated in figures 5.15, 5.16, 5.17, 5.18, and 5.20 respectively. 

Discrepancies between the synthetic and real spectra for the (7-2) and (4-0) bands were 

due to the presence of the 02 Atmospheric (1-0) and (0-0) absorption bands 

respectively. 

The measured OH Meinel (9-4), (8-3), (7-2), (7-3), (6-2), (5-1), and (4-0) 

band intensities were 450±50 R, 45000 R, 9000 R, 1620±200 R, 970±50 R, 

680±15 R, and 19000 R. These intensities correspond to column densities of the 

vibrational levels of the OH(X2n) state. Assuming transition probabilities (Turnbull 

and Lowe 1989), these intensities (not including the (7-2» imply populations of (1.1 ± 

0.I)x108 cm-2 (column), (2.3 ± O.I)xlOS cm-2 (column), (2.3 ± 0.3)x108 cm-2 

(column), (2.8±O.15)xl08 cm-2 (column), (5.2 ± 0.13)xl08 cm-2 (column), (6.2 ± 

0.6)x108 cm-2 (column) for the v=9, 8, 7, 6, 5, and 4 levels respectively. These 

populations are depicted graphically in figure 5.22. 
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Figure 5.22 - Measured vibrational distribution of the OH(X2n) state. 

Dynamic Measurements 

Measurements of the relative intensities of different features were taken with 

integration periods of 15 minutes during good observational conditions over ten nights. 

This allowed the covariation of the emissions to be studied. The results of this 

investigation are displayed in graphical form in figs 5-23 to 5-36. 

Most of the features (the 5577 A, 6300A, Ch Atmospheric, and OH Meinel 

emissions) that were measured dynamically were discussed in the previous section. 

The relative error for these dynamic measurements was dominated by the error induced 

by intensifier noise. All of the observable molecular oxygen emissions in the ultraviolet 



were treated as one emission feature. The error in this particular value is the standard 

deviation of the intensities of the spline fits of the background using different fitting 

parameters. The covariance between some emissions is clear and not masked by 

statistical noise. 
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The 4358A Hg I line and the Na "D" lines were contamination features from 

the scattering and the reflection of city lights into the spectrograph, although some of 

the Na emission occurred in the Earth's upper atmosphere. The measurement of these 

lines provided a good determination of the observational weather conditions. 

Temperatures were obtained for the OH Meinel (6-2) band. The temperature 

was measured by plotting the intensity ratio of the P}(2), P}(3), PI(4), PI(5), and 

Pl(6) branch lines to their respective line strengths vs K(K+l) (see Appendix I). The 

inverse slope of this graph was proportional to the rotational temperature of the 

molecule. The presence of the lines in the P2 branch were accounted for by applying 

this technique to synthetic spectra generated at a known temperature. The error in this 

value was the error in the inverse slope mentioned above, taking into account an 

assumed uncertainty in the background. 
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Figure 5.23 - Time series of the 02 UV intensity. 
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Figure 5.24 - Time series of the 02 Atmospheric intensity. 
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Figure 5.25 - Time series of the 01 5577A intensity. 
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Figure 5.26 - Time series of the 01 6300A intensity. 
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Figure 5.27 - Time series of the HgI 4358A intensity. 
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Figure 5.29 - Time series of the OH Meinel (9-4) intensity. 
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Figure 5.31 - Time series of the OH Meinel (7-2) intensity. 
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Figure 5.33 - Time series of the OH Meine} (6-2) intensity. 
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Figure 5.35 - Time series of the OH Meinel (4-0) intensity. 
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Discussion 

A comparison of the airglow intensities observed from the ground with the 

airglow intensities predicted by the atmospheric model was utilized in understanding the 

mesosphere. The model produced emission intensities for electronic transitions, which 

were compared with the measured emission intensities. The model was adjusted to 

cause the emission intensities of the electronic states to match the obseIVations. The 

resulting form of the model was studied to reveal the role of specific physical processes 

in the mesosphere. The molecular vibrational population distributions gave insight into 

mesospheric quenching processes. Measurements of the rotational distribution 

determined the ambient temperature of the hydroxyl emission layer. In addition to the 

knowledge gained by studying the static distributions, the coupling between various 

emissions was studied with observations displaying dynamic changes. 



Electronic Transition Intensities 

The measured and modeled intensities of the features pertinent to the 

mesospheric nightglow are shown in table 6.1. 

Condition Herz. I Cham. Herz.IT 02 Atmo. 05577 
Int. (R) Int. (R) Int. (R) (0-1) Int. (R) 

Int. (R) 

Obs. of 230±10 80±10 80±30 350±20 320±1O 
March 16 

Obs. by 400 (a) 100 (a) 100 (a) 1500 (b) 250 (b) 
Others 

Model (d) 80 28 21 115 10 

Model (e) 320 110 80 380 50 

Model (f) 230 80 70 280 320 

Model (g) 230 80 70 280 320 

96 

OHMei. 
(9-4) 

Int. (R) 

450±50 

890 (c) 

10000 

19000 

4700 

440 

Table 6.1 - Measured and modeled intensities for the electronic transitions. 

(a) (Slanger and Huestis 1981) 
(b) (Chamberlain 1961) 
(c) (Krassovsky, Shefov et at. 1962) 
(d) Initial conditions of (Rodrigo et al. 1986); 02·· quenching included. 
(e) Same as (a) except O(3P) x 2. 
(f) Same as (b) except 02 quenching coeff. were modified and HOx /10. 
(g) Same as (c) except OH· quenching included. 
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The measured intensities from this investigation were averaged over 6.5 hours 

on the night of March 161991. Average intensities recorded from piecewise 

measurements made by other investigators under different geophysical conditions, and 

the modeled output under different initia1/quenching conditions are shown in table 6.1 

for the purpose of comparison. 

Model (d) in table 6.1 used initial conditions (Rodrigo, Lopez-Gonzalez et al. 

1986), and the reaction rates discussed in chapters 3 and 4. Subsequent modeled fits 

were obtained by modifying the initial conditions and reaction rates. A comparison 

with the measured intensities of other investigators will be discussed in the last section 

of this chapter. 

In chapter 4 it was demonstrated that the atmospheric model was dependent on 

three variables, the altitude profile of O(3P), the profile of 03, and the profile of the 

sum of the HOx species. By varying the initial number densities of these constituents, 

it was possible to estimate how the measured airglow intensities were produced in 

nature. 

The night airglow intensities were found to be strongly dependent on the 0(3P) 

number density profile. The large modeled intensity of the OH emissions provided an 

upper limit to the 0(3P) number density, while the relative weakness of the modeled 

atomic and molecular oxygen emissions provided a lower limit. The quenching 

coefficients used for the atomic and molecular oxygen emissions were for the most part 

lower limits. This required that the 0(3P) number density profile be increased from that 

given by Rodrigo et al. in order to bring the modeled 02 band emission intensities in 

accord with measurement. Doubling the O(3P) concentration throughout the 
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atmosphere (model (e) in table 6.1) caused the excited molecular oxygen concentrations 

to be close to the measurements. The association factors andlor quenching coefficients 

had to be modified to agree with measured values. In order for the 5577 A intensity to 

agree with measurement, the energy transfer coefficient between ~(cll:) and 0(3P) 

was multiplied by 7.5. For the 02 Atmospheric (0-1) band to have the measured 

intensity, 77% of 02(b1l:) was assumed to be collisionally quenched from the 02 states 

of higher energy; for the Atmospheric band to have the proper proflle, the N2 

quenching coefficient of Bates of the 02(bll:) state was multiplied by 10. To make the 

intensity of the Herzberg I and Chamberlain bands match the measurement, the N2 and 

~ quenching coefficients for the 02(A3l:, A '3a) states were multiplied by 1.4. 

Under the assumption of a doubled 0(3P) number density, the modeled OH 

Meinel (9-4) intensity was a factor of 42 too large. The initial number densities of 

0(3P), 03, and the HOx species were modified in order to try to match the obseIVed 

OH emission intensity. The most obvious quantities to change were the HOx number 

densities. It was found that the OH(X2ll(v=9» column density was at most only 

linearly dependent on the total HOx number density, as shown in figure 6.1. The 

deviation from a linear response to the perturbation was due in part to the destruction of 

OJ with increasing HOx number density. Thus, the erilission could be explained if the 

HOx number density was decreased by more than two orders of magnitude. It was 

reasonable to assume that the hydrogen number density could be a factor of ten less, so 

a decreased HOx number density furnished a partial explanation for the obseIVed OH 



Meinel emission intensity. Model (t) in table 6.1 assumed the O(3P) number density 

was doubled, the modifications to the quenching factors mentioned above were used, 

and that the HOx number density was decreased by a factor of ten. 
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Figure 6.1 - Effect of perturbing the HOx number density on OH airglow. 
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The ozone molecule reacts with atomic hydrogen to produce the OH Meine! 

emissions, and thus would also be a likely candidate for modification. By changing the 

initial number density of ~ in the model an order of magnitude in each direction, the 

OH emissions were found to be almost completely invariant. The reason for this was 

that most of the ~ present at night had been produced since sunset by the Chapman 
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ozone production reaction. In the daytime, the mesospheric ozone number density was 

kept relatively small by photodissociation by sunlight. 

Another possibility was that the shape of the O(3P) distribution was not the 

same as assumed by Rodrigo et al. A profile was used where the 0(3P) was twice the 

value of Rodrigo et al. above 90 lan, one third at 90 lan, one tenth at 88 lan, and one 

hundredth at all altitudes below 88 lan. The modeled result of this assumption is 

displayed graphically in figure 6.2. The width of the OR emission layer was so large 

this only affected the lower part of the layer, and the column density only changed by a 

factor of 2. This also had the effect of raising the peak altitude of the OH emission 

beyond the limits imposed by rocket measurements. 

120~--------------------------------~ 

110 

E 100 
~ -
Q) 90 

" :J -;: Ci eo 

70 

Mesospheric Oxygen 
Emission Layer Peak, 96 km 

Hydroxyl Emission Layer Peak 
for Modified 0 D,rlbUtlOn, 92km 

Hydroxyl Emission Layer Peak for 
o Distribution of Rodrigo x 2, 88km 

60~--~~~~n---~~~~n---~~~~ 

10 100 1000 10000 

Emission Species Number Density (cm·3 
) 

Figure 6.2 - Altitude of peak 02 and OH emissions for different 0(3P) profiles. 
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The only other explanation for the observed dimness of the OH Meinel ban.ds 

was due to quenching. The model was run with the changes described above to the 

O(3P) and HOx number densities, the 0 and 02 quenching coefficients and association 

factors, and assuming that OH quenching was present. Assuming OH(X2n(v=9» was 

quenched by M with a quenching constant of 1.5xl0-11 em3 sol, and quenched by 

0(3P) with a quenching constant of 1.5xl0-l0 cm3 Sol (Llewellyn, Long et al. 1977), 

the modeled Meinel emissions were brought into agreement with the measurements 

(model (g) of table 6.1). This implies that 90% of the oH(X2n(v=9» was quenched 

by M, and 7% of the remaining OH(X2n(v=9» was quenched by 0(3P). It was under 

these assumptions that the modeled atmospheric species and emission proflles (figure 

4.2 - 4.3) were 'generated. 

Vibrational Level Populations 

Distributions of the 02 Levels 

The 02(A3l:, A'3&, and ell:) states were strongly coupled by collisional energy 

transfer processes. Preliminary analysis of the data demonstrated that the population 

distribution within vibrational levels of the 02(A3l:) state were similar to the population 

distribution within vibrational levels of the 02(A '3&) state at similar total energies. 

Thus the vibrational distributions for the 02(A3l:, A'3&, ell:) states were assumed to be 

identical, with the peaks of their distributions lying at the same total energy (namely at 

v=4, 5, and 8 respectively). This assumption produced a very good fit of synthetic 

spectra to the data as shown in figure 5.8. The explanation for the similarity of these 
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populations was that energy was redistributed among these three states by a strong 

collisional coupling (Slanger and Huestis 1981). The relative vibrational population 

distribution of the A3l: state is shown below in figure 6.3, along with the distributions 

measured by other investigators. 
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Figure 6.3 - Relative 02 A3l: vibrational populations determined by experiment. 
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Distribution of the OB Levels 

The populations of the vibrational levels of the OH(X2n) state imply it was 

quenched because the populations differed from those of a radiative cascade 

distribution. The measured relative vibrational populations of the OHOC2n) state, the 

measurements perfonned by other experimenters, and the distribution due to a purely 

radiative cascade are displayed in figure 6.4. 
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Figure 6.4 - Relative OH x2n vibrational populations detennined by experiment. 

The two most important quenching processes (McDade and Llewellyn 1987) of 

vibrationally excited OH were hypothesized to be a collisional cascading over single 
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vibrational quantum numbers induced by <h and N2, and chemical removal by O. 

Quantitatively, these processes were discussed in relation to the v:::.9level in the 

preceding section titled "electronic state populations". Under the assumptions that 

collisional cascading was the dominant quenching process, the removal of OH· by 0 

had no vibrational dependence, the branching ratios of the hydrogen ozone reaction 

were as given in chapter 3, and the radiative transition probabilities of Turnbull and 

Lowe were correct, values of the quenching coefficient of OH· by M were calculated 

that would yield the measured OH(X2n)distribution. These values predicted in this 

report were 1.5xlO-ll cm3 s-l, 1.2xlO-ll cm3 s-l, 1.6xlO-ll cm3 s-l, 1.4xlO-ll cm3 s-

1, 1.1xlO-ll cm3 s-l, and 1.64xlO-12 cm3 S-l for the v=9, 8, 7,6,5, and 4 levels 

respectively. 

Rotational Level Populations 

The average temperature of the mesosphere on March 16 1991 at the altitude of 

the peak of the OH (X2n,v=6) level was determined in this work to be 2000 K by 

examination of the OH Meinel (6-2) band rotational distribution. 

Dynamical Effects 

Intensities of airglow spectral features were variable. Correlations of the 

variability of specific spectral features was evidence of coupling mechanisms between 

the emissions. Correlations were found by plotting one emission intensity vs another at 

specific points in time and fitting the resulting plot to a straight line. The "correlation 

coefficient" quantitatively expresses the goodness of the fit A correlation coefficient of 
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1 means the data is in a perfect straight line of positive slope (correlated); -1 means the 

data is in a perfect straight line of negative slope (anticorrelated); 0 means the data is 

completely independent (uncorrelated). 

The sum of the Qz emissions in the ultraviolet (figure 5.23), the 02 

Atmospheric (0-1) band (figure 5.24), and the 01 5577A emission (figure 5.25), were 

quite strongly correlated, with a correlation coefficient -Q.8. The OH Meinel band 

intensities (figures 5.29-5.35) were also strongly correlated amongst one another with a 

correlation coefficient -Q.6. These two covariance groups were independent because 

the magnitude of the correlation coefficient was less than 0.1 between species in each 

group. No long term correlations were observed between the OH Meinel band 

temperature and intensity because the magnitude of the correlation coefficient was less 

than 0.05. 

The study of dynamics in this work provided information to aid in determining 

the significance of mesospheric component of the 6300A emissions, the effect of 0 

quenching on the Qz UV emissions, the role of the perhydroxyl reaction in the 

production of vibration ally excited OH, and the quenching of vibrationally excited OH. 

Coupling Between 0] 5577 A and 0] 6300A Emissions 

The 01 5577 A emission (figure 5.25) and the 01 6300A emission (figure 5.26) 

were not strongly coupled. The correlation coefficient between the 6300A emission 

intensity and 5577 A emission intensity was 0.068, which means that the emissions can 

be considered independent for all practical purposes. This confirms the assumption 

used when the atmospheric model was created that the thermospheric 5577 A emission 
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component and the mesospheric 6300A emission component were both negligible. 

Quenching of the 02 Bands by 0(3 P) 

Dynamic variations of the <h UV bands and the atmospheric oxygen bands 

gave evidence that one or more of the ~(A3E, A'3!J., clI;) states were significantly 

quenched by O(3P). The 02 (blI;) has such a short radiative lifetime that a much larger 

fraction of this state was removed through radiation than quenching compared to the 

<h(A3I;, A '3!J., clI;) states. Therefore the ratio of the population of the states heavily 

quenched by 0(3P) to the btI; state population should decrease with increasing 0(3P) 

number density. The intensity of the 02 atmospheric (0-1) band was dependent on the 

0(3P) number density because it was dri:ven by the Chapman O+O+M reaction. The 

trend seen in figure 6.5 implied that one or more of the 02(A3I;, A '3!J., clI;) states were 

significantly quenched by 0(3P). 
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Figure 6.5 - Plot to detennine the significance of O(3P) quenching. 

The Perhydroxy/ Reaction 

The perhydroxyl reaction does not appear to be a significant source of OH 

Meinel emissions for 6 ~ v ~ 4. If the perhydroxyl reaction was a significant source of 

OH(X2n,vS6), intensity fluctuations of OH Meinel (9-4), (8-3), and (7-3) bands 

would be expected to correlate more strongly with each other than the (6-2), (5-1), and 

(4-0) bands. This selective correlation would be caused by fluctuations in reactant 

number densities for the two different reactions. 

Observations indicate that the OH Meinel bands were fairly strongly correlated 

amongst each other, but this correlation was not specifically stronger among the v'~7 
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bands. Bands from all the observed upper states were compared with the (8-3) band to 

determine the correlation. The (8-3) band was selected because it was the most 

accurately measured forv'?7. The (4-0) - (8-3) plot yielded a correlation coefficient of 

0.632; the (5-1) - (8-3) plot yielded a correlation coefficient of 0.513; the (6-2) - (8-3) 

plot yielded a correlation coefficient of 0.645; the (7-3) - (8-3) plot yielded a correlation 

coefficient of 0.593; the (9-4) - (8-3) plot yielded a correlation coefficient of 0.583. 

This conclusion was supported by the model. The modeled peak production 

altitude of the perhydroxyl reaction was 78 lan, so the emission was very heavily 

quenched by M. The model predicts the hydroxyl emission intensity due to this 

reaction to be about 1 % of the intensity produced by the hydrogen ozone reaction. 

Quenching of OR Emissions 

The fact that the correlations among the Meinel emissions were less than the 

correlations among the oxygen emissions implied the OH(X2n) state was heavily 

quenched. Correlations of the molecular oxygen emissions were between different 

electronic states, which were probably quenched with different efficiencies, and the 

comparison of the 5577 A emission and the molecular oxygen emissions requires the 

presence of an intermediate reaction. One would expect that OH vibration-rotation 

bands, being controlled by one electronic state populated by one production reaction 

would have its emissions correlate closer than the oxygen emissions in the absence of 

quenching. The observed absence of correlation was not explained by experimental 

error. 



Comparison With Other Investigations 

Electronic Transition Intensities 
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Comparison of the data taken from March 16 and the piecewise obsetvations 

from other experiments in table 6.1 shows that they were similar, although some 

discrepancy exists between these investigations. This discrepancy can be explained by 

the fact that the obsetved emissions were strongly dynamic and may change an order of 

magnitude in intensity. Therefore measurements of the same feature taken at different 

times may show completely different intensities. In comparison with the average 

intensities quoted in table 6.1, the 02 Atmospheric (0-1) emission recorded in this 

study was abnonnally low in comparison with the other 02 band intensities. 

With the exception of the H proflle and OH(X2n) quenching, the initial 

conditions and quenching processes in the model were consistent with other reports. 

The value of the assumed initial 0(3P) proflle was consistent with other modeled 

profiles (Rodrigo, Lopez-Gonzalez et al. 1986) (Rodrigo, Lopez-Gonzalez et al. 1991) 

when the presence of the (h(5n) state was taken into account. The assumed values of 

the molecular oxygen quenching coefficients were consistent with the estimations by 

Bates (Bates 1988a). The possibility of collisionally induced cascading to the (h(bII) 

state from the 02 states of higher energy was discussed by Bates, but whether this 

actually occurred could not be determined at this time. The energy transfer coefficient 

for the excitation of the O(IS) was a factor of 7.5 higher than the minimum estimate by 

Bates (Bates 1988b). The assumed peak of the hydrogen number density was 

approximately 7xl06 cm-3, which was a factor of 6 less than the lower limit of the only 
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mesospheric hydrogen measurement of 1.5±1.1xlOS (Sharp and Kita 1987). If the 

actual hydrogen profile was larger than assumed, the quenching of the OH Meinel 

bands would have to be more severe than predicted in this model in order to conciliate 

measurements. 

The branching ratios for the population of the OH(X2n) levels, their transition 

probabilities and their quenching coefficients are very uncertain at this time (Le Texier, 

Solomon et al. 1987). The transition probabilities of Turnbull and Lowe were used to 

detennine the population distribution of the Meinel bands because these seemed to have 

smallest inconsistencies among observations from different progressions (Turnbull and 

Lowe 1989). The collisional quenching coefficient for the OH(X2n(v=9» level by M 

was detennined (Streit and Johnston 1976), but the value assumed for the radiative 

lifetime was 18 times greater than that used in this investigation. It was more 

appropriate to assume the ratio of their quenching coefficient to the total radiative 

transition probability of the state to be correct rather than the value of the quenching 

coefficient itself, so a value of this coefficient more appropriate for this investigation 

was 18 times greater (7.4xlO-12 cm-3 s-I). Thus it could be assumed that about 80% of 

the OH(X2n(v=9» was collision ally quenched to lower vibrational levels. In order to 

fit the data in the model in this work, this collisional deactivation coefficient was 

doubled to 1.5xlO-ll cm-3 s-I, so that about 90% of the OH(X2n(v=9» level was 

collisionally deactivated. Justification for this assertion that the Meinel bands were 

heavily quenched by M is shown by the similarity of the curves in figure 6.6. This 

figure compares the quenching coefficients of Streit and Johnson (scaled by the ratio of 

the assumed lifetimes for the v=9 level) with the values of the coefficients required to 
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produce the observed distribution in the nightglow. The deviation at v=4 may be due to 

presence of the Ch atmospheric (0-0) absorption. 
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Figure 6.6 - Required and measured M quenching coefficients for OH. 

Vibrational Level Populations 

The vibrational distributions of the Ch bands shown in figure 6.3 seem to be 

slightly different, but most differences can be reconciled by differences in analysis 

technique. The high resolution observations of Stegman and Murtagh provide evidence 

to support the assumption used by Slanger and Huestis as well as myself that the 

vibrational distributions of the 02(A3t, A'3~, and cIt) states were very similar. The 

largest source of error in these investigations was uncertainties in the relative transition 



112 

probabilities; some areas of the synthetic spectrum would fit the night sky spectrum 

well, while other areas would show a considerable discrepancy. Different population 

distributions could be obtained by fitting different regions of the same spectrum. This 

effect was most prevalent in the investigation of Stegman and Murtagh because they 

observed their spectra in two small regions at high resolution. This gave them few 

observations of the same upper state though different progressions. Degen assumed 

the emissions were composed only of the Herzberg I bands, which was subsequently 

shown to be incorrect. 

The vibrational population of the OH(X2n) state was shown in figure 6.4. The 

relative populations displayed were calculated from the measured OH Meinel band 

intensity quoted from each experimenter, assuming the transition probabilities of 

Turnbull and Lowe. The bands measured to produce this graph were the (9-6), (8-5), 

(7-4), (6-3), and (4-2) (Turnbull and Lowe 1982); the (9-4), (8-3), (7-2), (6-2), and 

(5-1) (Takahashi and Batista 1981); the (9-5), (8-4), (7-3), (5-2), and (4-1) (Harrison 

and Kendall 1973); and the (9-4), (8-3), (7-3), (6-2), (5-1), and (4-0) (Krassovsky, 

Shefov et al. 1962), and the (9-4), (8-3), (7-3), (6-2), (5-1) and (4-0) from this work. 

Some differences can be expected among upper state populations measured from 

different progressions due to the error in transition probabilities. This was most 

evident with the investigation of Turnbull and Lowe. The scatter among measurements 

of the bands that were the easiest to observe (the (8-3) band and the (6-2) band) may 

have some physical basis; different quenching conditions may cause the vibrational 

distribution to vary. 
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Dynamical Effects 

The observed covariances between the Meinel bands, and between the atomic 

and molecular oxygen emissions was in accord with early work by Barbier 

(Chamberlain 1961). 

The trend observed in this study that indicates the quenching of one or more of 

the 02(A3l:, A '3,1, ell:) states by atomic oxygen was supported in another recent 

investigation. Due to the high resolution of their spectra, Stegman and Murtagh were 

able to isolate the Herzberg I, Chamberlain, and Herzberg II emissions and observe 

them dynamically. Their conclusions indicate that the ell: state and to a lesser extent the 

A'3,1 state was significantly quenched by O(3P). 
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Conclusion 

Simultaneous measurements across the entire visible, near UV, and near IR 

spectrum have enabled measurements of different airglow emissions to be made under 

the same geophysical conditions. The emission intensities were converted to the total 

number densities of species along the line of sight, given the transition probabilities and 

atmospheric extinction. Column densities derived from the data were used to adjust the 

parameters of a mesospheric model so that the observations and the model were in 

agreement. A study of the model revealed the dependance of the populations of the 

electronic states upon various physical processes in the atmosphere. Vibrational 

population distributions of molecular states indicated the importance of quenching 

processes. Rotational populations indicated the temperature of the emission layer. 

Dynamic studies revealed the effects of varying geophysical conditions on the emission 

features. 

In this report the measured and predicted electronic populations of the atomic 

and molecular oxygen states required the O(3P) population of Rodrigo to be doubled, 

but the shape of the profile to be preserved to keep the altitude of the emission layers in 

accord with rocket measurements. In order for the peak altitudes and integrated 

intensities of the 02 emissions to agree with rocket measurements, the 02(A3~, A '3.1, 

c1:E, b1:E) states must all be heavily quenched. Intensity and rocket-borne emission 

peak measurements of the OH Meinel emissions imply that the OH(X2n) state is also 

heavily quenched, predominantly by 02 and N2. In addition to being heavily 
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quenched, the intensities of the OH Meinel emissions were explained by reducing the 

number density of the HOx species by a factor of 10. 

Measurements of the vibrational population distributions of the ~(A3~, A '3l1, 

cl~) states give an independent confIrmation of the heavy quenching hypothesis. If 

these states were not strongly coupled by collisional quenching/energy transfer 

processes, the populations would not be redistributed so that the peaks of the 

distributions occurred at similar total energies. The vibrational population distribution 

of the OH(X2n) state also indicates that quenching is a signifIcant process due to the 

fact that the observed distribution does not match the distribution that would be 

achieved by a purely radiative cascade. 

Dynamical comparisons of the emission intensities of the ~ bands in the 

ultraviolet and the ~ Atmospheric emissions have shown that atomic oxygen is a 

signifIcant quencher of one, two, or all of the 02(A3~, A'3l1, cl~) states. Observations 

of the dynamical variations of the OH Meinel bands demonstrate that the emissions are 

not as strongly correlated as would be expected for a radiative cascade. This also 

implies that the OH(X2n) state is heavily quenched. 
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Appendix I : Molecular Spectroscopy 

Introduction 

In this investigation, we are interested in detennining the populations of the 

observable atomic and molecular states which are populated by mesospheric processes. 

For atomic spectra, this result is obtained easily by integration of the spectral feature 

and dividing by its transition probability because the features are very narrow compared 

to the instrumental resolution. The breadth of the atomic features is due to the fact that 

the energy of an atomic feature is due almost entirely to the difference in the orbital 

energy of the electron. Molecules on the other hand have very broad "band systems" 

which are proouced by electronic transitions between molecular orbitals. The structure 

of each band system is proouced from the superposition of many "bands" that are 

products of transitions between vibrational states during electronic transitions. Each 

band has a fme structure of individual lines that are produced by transitions between 

rotational states. Thus molecular spectra are very complex due to the fact that they may 

extend over a great distance and blend into one another. 

In many cases the use of synthetic spectra can assist in the separation of a 

spectrum into its component parts. Like atomic multiplets, the intensity of one band 

from a given molecular band system has a fixed relationship to other bands originating 

from the same vibrational level. Therefore if one band is clear of blends and can be 

synthesized, the characteristics of other bands can be calculated and removed accurately 

from the blended spectral regions. 

The problem we address here is the procedure used in calculating the synthetic 



spectnlm in order to analyze emission spectra by comparative methods. 

Emission Wavelength Calculations 

The energy of a molecular energy level is the sum of the energies from three 

different processes: 
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E = T e + G (v) + F (v,J) eq 8.1 

Where: 

T e is the electronic term energy 

G (v) is the molecular vibrational energy 

F (v,]) is the molecular rotational energy 

The above nomenclature and all hereafter are consistent with Herzberg 

(Herzberg 1989) unless otherwise stated. The electronic terms in the molecule are 

analogous to those in an atom except it is the z components of angular momentum and 

spin which are considered good quantum numbers (A and }; respectively). 

The vibrational potential is an anharmonic potential whose vibrational energy 

can be approximated by: 

G (v) = O>e (v + t) - O>eXe (v + t)2+ O>eYe (v + t)3 - O>eZe (v + t)4 eq8.2 

In the first order approximation diatomic molecules can be treated as rigid 

rotors. In higher order approximations dynamic effects such as the displacement of the 

time averaged intramolecular distance from equilibrium are taken into account. 

Rotational energies are given as follows: 



Where: 

F (v, J) = Bv J (J + 1) - Dv J2 (J + 1)2 
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eq 8.3 

Bv = Be - <Xe (v + t) + .. . 

Dv = De + Pe (v + t) + .. . 

Be = h (8 7t2 C le)"1 

De = 4 Be3 O)e-2 

(vibrating rotor term) 

(vibrating centrifugal term) 

(rigid rotor distortion term) 

(centrifugal distortion term) 

The presence of coupling between the electronic and rotational states further 

complicates the previous approximation by adding additional perturbations to the 

formula for rotational energy. The three coupling cases encountered in this work are 

Hund's case A, Hund's case B, and an intermediate coupling case between Hund's 

cases A and B. Hund's case A is when the spin axis interaction is large compared to 

the energy differences between the rotational levels, while in Hund's case B it is small. 

The modified rotational formulae for these coupling cases as well as the intermediate 

case for singlet, doublet, and triplet cases are given in Herzberg. Other effects such as 

the A splitting (interaction between the internuclear angular momentum and the 

electronic angular momentum) may perturb these levels even more, but are not usually 

apparent. 
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Emission Line Strength Calculations 

The intensity of a given spectral line is governed by two independent factors, 

the first deals with the electronic/vibrational transition, and the second deals with the 

rotational transition. For brevity the electronicMbrational effects will be denoted 

vibrational. The total intensity is given as follows: 

lem(v',V",J'.J",T) = Ivibrational(V',V") X Irotational(V',J',J",T) eq 8.4 

The vibrational intensity is simply given as follows: 

Ivibratlonal(V', v") = Av' v" Nv' eq8.5 

Where Av'v" is the transition probability between the upper and the lower 

vibrational states and Nv' is the population of the upper vibrational state. 

Assuming the molecule reaches local thennodynamic equilibrium, the rotational 

intensity is expressed as a nonnalized temperature dependant function: 

Irotational (v' ,J' ,J", T) = 
SJ' J" e-s J' (J'+ 1) h elk T eq8.6 

00 

L (2 J' + 1) e-S J' (J'+ 1) h elk T 

J'.O 

Where v is the frequency of the spectral line, k is the Boltzmann constant, T is 

the rotational temperature in degrees Kelvin, SJ' J" is a specific line strength factor. 
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Modeled Emissions 

A program for generating synthetic spectra of the emissions that occur in the 

night airglow was created by the author. Each of the following subsections details 

which coupling cases, and what line strength factors were used to model the emission, 

and from what source the molecular constants were obtained. 

02 Herzberg I Bands 

The Herzberg I bands are represented by the following transition of the <h 

molecule: 

This transition is' a triplet Hund's case B to triplet Hund's case B transition, so 

the appropriate rotational fonnulae from Herzberg were used. The line strength factors 

are given by Present (Present 1935), and the molecular constants for both the upper and 

lower state are from Huber and Herzberg (Huber and Herzberg 1979). The (7,0) band 

rotational lines fit the data (Herzberg 1952) closer than 0.35 angstroms for K< 14, and 

for the R21 and <no branches for K< 10. The reason for this distinction is because for 

the most part the R21 and <no branches are very uncertain and hence unmeasured in the 

literature. 
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Branch Line Strength Factor 

POI (K-1 )(K+1) 
2(2K-1 ) 

PIO K(K+1) 
2(2K+3) 

Pl2 K(K-2) 
2(2K-1 ) 

P21 K(K+1 ) 
2(2K-1 ) 

Qoo 2(K+ 1 )(K+2) 
2K+3 

Qu 0 

~o 1 
2(2K+3) 

Q22 2K(K-1 ) 
2(2K-1 ) 

ROI K(K+1 ) 
2(2K+3) 

RIO (K+1 )(K+3) 
2(2K+3) 

Rl2 K(K+1 ) 
2(2K-1 ) 

R21 K(K+2) 
2(2K+3) 
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02 Chamberlain Bands 

The Chamberlain bands are represented as follows: 

c3 Au ~ a1Ag 

This is a Hund's case A to Hund case A transition where only the F3 rotational 

level of the upper state radiates to the lower state, so this is effectively a singlet-singlet 

transition. Molecular constants for the upper (Slanger 1979) and lower states (Slanger 

1978) were from Slanger, and the line strength factors were an educated guess by the 

author based on the Honl-London formula. 

Branch Line Strength Factor 

P20 (J+2)(J-2) 
J 

R20 (J+3)(J-1 ) 
J+1 

~o 4 (2 J + 1) 
J(J+1 ) 
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02 Herzberg 1/ Bands 

The Herzberg II bands are represented as: 

c1~~X3lg 

This is a Hund's case B to Hund's case B transition, so the rotational fonnulae 

in Herzberg (Herzberg 1989) were used. The molecular constants used for both the 

upper and lower states of this transition were from Huber and Herzberg. The electronic 

configuration of this transition is exactly the same as the electronic configuration for the 

N2 Vegard-Kaplan bands, except the order of upper and lower states is reversed. 

Therefore the absorption line strength factors for the N2 Vegard-Kaplan bands 

(Shemansky 1969) were used for this case. 

Branch 

Pll 

QOl 

~l 

Rll 

Line Strength Factor 

(K+1 ) 

(K+O.S) 

(K-O.S) 

(K) 
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02 Atmospheric Band 

The 02 Atmospheric band can be figuratively represented as follows: 

b1 ~ ~X3 r.g 
This is a singlet Hund's case B to triplet Hund's case B transition, so the 

rotational fonnulae in Herzberg were used. The molecular constants for this transition 

are from Huber and Herzberg, and the line strength factors are from Schlapp (Scblapp 

1937). The (2,0) band rotational lines were-checked with data (Babcock and Herzberg 

1948) which yielded an accuracy of 0.4 angstroms for K< 14. 

Branch 

Pll 

QlO 

Q12 

Rll 

Line Strength Factor 

(K-2) 

(K+1.5) 

(K-O.5) 

(K+3) 



OH Meinel Bands 

The OH Meinel bands are vibration rotation bands and hence share the same 

electronic state: 

x 2n~x 2n 
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This is a intennediate-intennediate coupling case, so the appropriate rotational 

fonnulae in Herzberg were used. The molecular constants were from Huber and 

Herzberg, the line strength factors were values taken from Benedict (Benedict, Plyler et 

al. 1953). In order to have a similar distribution of intensities as in the night airglow 

the 2n 1/2 state was assumed to have twice the popUlation of the 2n3/2 state. Rotational 

lines from the (6,1) and (5,2) bands checked with Chamberlain (for P and R branches) 

and Krassovsky (Krassovsky, Shefov et al. 1962) (for the Qoo branch) to give a 

maximum deviation from the measured lines of about 1 angstrom for K< 7. 
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