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STUDIES OF NON-LTE PROCESSES RELATING TO
ATMOSPHERIC IR BACKGROUNDS AND CLUTTER

Final Report, 8 September 1993 -- 8 December 1999
Contract F19628-93-C-0165

During this contractual period, field and laboratory experiments were performed
on a variety of instruments to characterize various molecular processes in the atmosphere
that are not in local thermodynamic equilibrium. In the modeling part, forward
predicting models were developed and were validated against ground-based and space-
based experiments. These models couple atmospheric dynamics with chemistry and
radiative transfer, to characterize quantitatively the naturally occurring fluctuations in the
atmospheric radiation fields.

Laboratory Experiments:

In various studies, electron beams and laser light were used to excite atomic and
molecular species, while infrared emission and laser-based techniques such as laser-
induced fluorescence and multiphoton ionization were used for detection. Studies of
nascent distributions from chemical reactions as well as collisional and radiative
relaxation were performed. Rotational and vibrational energy transfer rates and pathways
were also investigated. The laboratory and field experiments studied the H+O3 reaction
and the subsequent rotational relaxation of highly excited levels of hydroxyl (OH), as
well as a set of vibrational energy transfer studies of vibrationally excited nitric oxide
(NO) by collisions with oxygen (O) atoms. In addition, analysis of field data from the
CIRRIS-1A and MSX space-based experiments was performed to provide a context for
the laboratory results, using computer code developed for the laboratory experiments.

The molecular infrared spectra generated by species in the upper mesosphere to
lower thermosphere were collected by the CIRRIS 1A, EXCEDE III, and MSX
experiments. These spectra were analyzed to determine the distribution of molecular
states in these regions of the near-Earth environment. These state distributions comprised
states in local thermodynamic equilibrium (LTE) and states that were not in local
thermodynamic equilibrium (NLTE). The results of these field measurements led to
several laboratory experiments to elucidate the production and relaxation processes
controlling the molecular state distributions of several important molecules. These
laboratory experiments were conducted at the LABCEDE facility, which was designed to
simulate the appropriate background conditions for simulating the mesosphere and lower
thermosphere.

The CIRRIS-1A mission used a cryogenic Michelson interferometer aboard the
space shuttle to collect earthlimb spectra in the 2.5-25 pm infrared band. The analysis of
the fundamental band of nitric oxide (NO), centered near 5.3 pm, determined that
molecular states having very large amounts of angular momentum were populated, and
the emissions from these rotationally excited states produced prominent spectral features
that had not been observed in previous space experiments. The blue portion of the NO
fundamental band includes several sharply peaked features produced by the R-branch
band heads of the first three excited vibrational levels. Synthetic spectral fitting of the
fundamental band determined the populations for up to five R-branch band heads in the




CIRRIS-1A data set (the first three are visible to inspection, and the last two (v=4,5) are
within the spectral domain of the v=1 airglow). These R-branch band heads are observed
in both daylight and auroral conditions, and are produced when sufficient population
resides in states having large amounts of angular momentum (J 2 75). In addition to the
R-branch band heads, these highly rotationally excited states radiate in the P-branch
manifold, which is present in the red portion of the fundamental band. The spectral
domain of these P-branch emissions is much wider than previously modeled in the
atmospheric codes. For daylight and auroral conditions, the distribution of rotationally
excited states was modeled using an effective temperature of 5000 K. This effective
temperature is significantly higher than the local kinetic temperatures of the atmosphere
as observed during the CIRRIS-1A experiment, which ranged from 250 K to 1000 K.

The EXCEDE III rocket experiment collected infrared spectral data showing
emissions from highly vibrationally and rotationally excited nitric oxide (NO) generated
by an artificial aurora. The rocket was comprised of two payloads. One module
contained a high current electron beam source to generate the artificial aurora, and the
second module contained the primary sensors, including a Michelson interferometer
capable of recording both the fundamental and first overtone bands of NO. The
interferometer collected 20 spectra on both the up-leg and down-leg sections of the rocket
flight when the electron beam operated. Analysis of the spectral data utilized a synthetic
spectral fitting code that determined absolute column densities for up to twelve
vibrational states having a thermal rotational state distribution and up to nine vibrational
states having a rotationally excited state distribution. The populations of the rotationally
and vibrationally excited states depended on the overlap of the amount of electron energy
deposited and the residence time of an excited molecule in the field of view of the
interferometer.

The MSX satellite experiment collected spectra from highly excited hydroxyl
(OH) in both the pure rotation emissions and the fundamental band emissions. These
highly excited molecules were located in the mesopause region (~85 km altitude), and the
local time of the data collection was just before sunrise. The MSX satellite contained a
Michelson interferometer, where two detectors collected the emissions from the
mesopause region. A third detector, where the field of view went to a tangent height of
72 km, also collected pure rotation band emissions. Synthetic spectral fitting determined
the populations of the highly rotationally excited states that emit in the pure rotation
band. These populations in the rotationally excited states are correlated with the
populations from states emitting in the fundamental band from highly vibrationally
excited states. This correlation was determined from two separate data collection events,
where the interferometer scanned over a range of latitudes from 20° to 65° N twice in a
relatively short period of time (20minutes). Since the two detectors looking at the
mesopause region did not share a common field of view, the third detector confirmed the
population trend as a function of latitude. Because the altitude at which the peak
populations of highly excited OH may vary with latitude, the results of the third detector
were vital for the correlation between highly excited rotational states and highly
vibrationally excited states. In addition, one of the data collection events showed that the
population of the highly excited OH states varied by a factor of three over the range of
latitudes, thus constraining the atmospheric chemistry models in regards to OH
production.



A systematic study of these highly excited molecular states observed in the
mesosphere and lower thermosphere was conducted using the LABCEDE facility located
at the Air Force Research Laboratory at Hanscom Air Force Base. The collisional
excitation and deactivation of highly rotationally excited states of nitric oxide (NO) and
carbon monoxide (CO) were generated by electron excitation, and the state populations
were measured by recording fundamental band emissions from these states by time-
resolved Fourier transform spectroscopy. The ability to collect time-resolved spectra
provided the capability to measure collisional relaxation rate constants that are required
for models of vibrationally and rotationally excited state densities. The production of
high rotationally excited states required collisional rather than radiative processes, due to
the amount of angular momentum associated with these states Two Michelson
interferometers were used in this work, one providing 3 cm’ spectral and 6 ps temporal
resolution, and the second providing high sensitivity at 0.3 cm’ ! spectral resolution in
continuous-wave mode. Rovibrational band heads were observed in both CO and NO,
representing 80-100 quanta of rotational excitation and at least 2.5 eV in rotational and
vibrational energy. While the NO spectra were optically thin, the CO spectra had a
mixture of both optically thin and thick emissions, due to the large densities of ground
state CO. Initial analysis of the data set excluded the optically thick emissions, and the
effort was placed in the determination of the vibrationally excited states and the highly
rotationally excited states. Later analysis included techniques to fit simultaneously both
optically thick and thin emissions using a combination of synthetic basis functions and
pattern recognition methods. Time-dependent vibrational populations were determined
by synthetic spectral fitting, and the time histories of the vibrational populations
following pulsed excitation were fitted using a model that includes collisional loss,
radiation, and transport out of the field of view. A Stern-Volmer analysis of the total
decay rates of the observed molecular states was applied to determine the collisional
deactivation rate constants of rotationally excited CO by N, Ar, and CO. The rate
constants for the quenching of high-J CO (v=1-5) by N3 (local temperature near 100 K,
due to cooling of the inner chamber within LABCEDE by liquid nitrogen) are on the
order of 10™"* cm’s™, about 0.001 efficient.

A prehmmary study of the interaction of small hydrocarbons with oxygen was
also studied in the LABCEDE facility. Infrared radiation can be produced as a result of
physical and chemical processes involving trace levels of hydrocarbons in the
mesosphere and thermosphere. These processes include optical excitation and scattering,
electron impact, and both reactive and non-reactive collisions with atomic oxygen. Asa
result, hydrocarbons and their reaction products can give rise to strong IR emission
spectra, and contribute to IR backgrounds in the upper atmosphere. Using the
LABCEDE facility, a series of laboratory experiments was conducted to study these
phenomena. Selected hydrocarbons (including butane and ethylene) were mixed with O,
in a bath of N, or Ar. The experiments used a pulsed electron beam as the energy source,
and infrared spectra of the CO and OH products were collected using time-resolved
Fourier transform spectroscopy. The observed spectra of vibrationally excited CO and
OH were analyzed using synthetic spectral fitting to determine time-dependent molecular
state distributions. Both excitation and relaxation processes were studied.

MODELING AND FIELD MEASUREMENTS:




Several photochemical dynamical models were developed under this contract,
including the OH(v) hydroxyl Meinel band model, the O('S) green line atomic oxygen
model, the O, (b) molecular oxygen atmospheric band model, and the sodium Na(*P)
metallic emission. These models were used in conjunction with field measurements to
study the transient response of the different airglow emissions due to atmospheric gravity
waves and undular bores. The different airglow emissions originate from different
altitudes, which synergistically define the importance of studying the vertical dynamical
structure of the atmosphere.

One of the studies was conducted using data collected over the Hawaiian Islands
during the ALOHA-93 campaign. The various photochemical-dynamical models were
used to study a propagating undular bore observed by an all-sky CCD ground-based
imager, which mapped several airglow emissions at different altitudes in the mesosphere
and lower thermosphere region. The study investigated the mechanism and the sources
of the travelling and ducted internal gravity waves and how these waves can interact with
other internal gravity waves to generate the nonlinear phenomenon known as the undular
bore, which is a sharp edge structure in the IR and visible background fields.

The Photochemical-Dynamical model in a Realistic atmosphere (PHDR) was
developed and used to study the brightness and temperature fluctuations in the OH
airglow, and to calculate the Krassovsky ratio, (which is a measure to the relative
brightness fluctuations to the relative temperature fluctuations). This study was mainly
concerned with the small scale internal gravity waves (IGW's). These small scale gravity
waves become evanescent due to the sharp temperature gradient in the lower
thermosphere, and, with the ground as a reflecting surface, resonant waves exist which
influence the OH airglow structure. One interesting result was the zero phase between
the brightness fluctuations and the temperature fluctuations which is supported by OH
observations. A spectral capability was also added to the PHDR model to be able to
compare radiances calculated by the model to those measured by different instruments
with various band passes. A comparison of the 1.57 um emission measured on board the
MAPWINE rocket, which was launched during a stratospheric warming event, yielded
very good agreement between the measurements and model predictions.

The effects of doubling the CO, on the OH 2.7 pm emission were also
investigated, so as to understand the long-term effect of CO; on the IR background
emission. The TIME-GCM (Thermosphere, Ionosphere, Mesosphere, Electrodynamics
General Circulation Model) was used in this study in conjunction with the hydroxyl OH
photochemical model. The models predicted a reduction in the OH 2.7 um emission
when the amount of CO, was doubled in the atmosphere. Further investigation is
necessary to assess this effect.

The combination of field measurements, laboratory experiments, and model
simulations provide a powerful capability for pursuing quantitative visible and infrared
studies and to investigate the structure of the atmospheric background emission and
clutter that is associated with these structures. Understanding these basic physical
processes that are the sources of the background clutter will help reduce this background
noise and enhance detection capabilities.
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Analysis of hydroxyl earthlimb airglow emissions: Kinetic
model for state-to-state dynamics of OH (v,N)

James A. Dodd,! Steven J. Lipson, John R. Lowell, Peter S. Armstrong,

William A. M. Blumberg, Richard M. Nadlle Steven M. Adler-Golden,?

William J. Marinelli,? Karl W. Holtzclaw,> and B. David Green®

Phillips Laboratory/Geophysics Directorate, Optical Environment Division, Hanscom AFB, Massachusetts

Abstract. Detailed spectroscopic analysis of hydroxyl fundamental vibration-rotation and
pure rotation emission lines has yielded OH(v,N) absolute column densities for nighttime
earthlimb spectra in the 20 to 110-km tangent height region. High-resolution spectra were
obtained in the Cryogenic Infrared Radiance Instrumentation for Shuttle (CIRRIS 1A)
~ experiment. Rotationally thermalized populatlons in v=1-9 have been derived from the
fundamental bands between 2000 and 4000 cm™. Highly rotationally excited populations
with N<33 (€23 eV rotatlonal energy) have been inferred from the pure rotation spectra
between 400 and 1000 cm™. These emissions originate in the airglow reglon near 85-90
km altitude. Spectral fits of the pure rotation lines imply equal populations in the spin-
rotation states F; and F, but a ratio II(A"):II(A”) = 1.8 £ 0.3 for the A-doublet populations.
A forward predicting, first-principles kinetic model has been developed for the resultant
OH(v,N) limb column densities. The kinetic model incorporates a necessary and sufficient
number of processes known to generate and quench OH(v,N) in the mesopause region and

includes recently calculated vibration-rotation Einstein coefficients for the high-N levels.
The model reproduces both the thermal and the highly rotationally excited OH(v,N)
column densities. The tangent height dependence of the rotationally excited OH(v,N)

column densities is consistent with two possible formation mechanisms:

(1) transfer of

vibrational to rotational energy induced by collisions with O atoms or (2) direct chemical

production via H + O; — OH(v,N) + O,.

Introduction

Vibrational nonlocal thermodynamic equilibrium (NLTE)
effects have long been recognized in the upper atmosphere.
For instance, Meinel [1950] correctly attributed the near-
infrared nighttime airglow in the mesopause region to
hydroxyl vibration-rotation emission, the vibrationally excited
OH arising from the reaction of hydrogen atoms with ozone.
Researchers have also formulated a chemiluminescent source
for the excited vibrational states of ozone that radiate in the
upper atmosphere in the 10 to 13-pum wavelength region
[Rawlins, 1985; Solomon et al., 1986; Adler-Golden, 1987,
Miynczak and Drayson, 1990a, b]. Other production
mechanisms, including earthshine and collision-induced
pumping of the ground-state species, give rise to far less
excitation of the corresponding ‘excited vibrational levels.

In addition to vibrational NLTE effects in the upper
atmosphere a number of recent reports have documented
pronounced rotational NLTE effects. Very high rotational
excitation in thermospheric nitric oxide has been inferred

lSlewart Radiance Laboratory, Bedford, Massachusetts.
Spectral Sciences, Inc., Burlington, Massachusetts.
Physncal Sciences Inc., Andover, Massachusetts.
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from spectral analysis of the fundamental bands, both
through extended P-branch emissions and R-branch band
head emissions. Atmospheric emissions from rotationally
excited NO(v,J*) were first observed in the rocket-bome
field-widened interferometer (FWI) experiment {Espy et al.,

1988) and positively identified in subsequent laboratory
studies [Rawlins et al., 1989]. High-resolution NO(v,J*)
fundamental spectra were observed more recently under a
much wider range of conditions in the CIRRIS 1A
experiment [Armstrong et al., 1992], flown aboard the space
shuttle, and also in the EXCEDE III rocket-borne auroral
simulation experiment [Lipson et al., 1992]. As much as 2
to 3-eV rotational energy in product NO(v,J¥) has been
inferred from analyses of the field and laboratory data
[Rawlins et al., 1992].

Rotational NLTE has been observed in hydroxyl via pure
rotation emission from high-N levels in the CIRRIS 1A
experiment [Dodd et al., 1993a; Smith et al., 1992; Baker et
al., 1991) and in the laboratory [Carleton et al., 1990]. In
CIRRIS 1A, OH(v,N) radiance was observed in the upper
mesosphere/lower thermosphere region via limb
measurements, providing a long pathlength to enhance the
emission signals. Levels with rotational energies as high as
2.3 eV were inferred from OH(v=0-6) pure rotation emission
lines. (Highly rotationally excited levels will hereafter be
denoted OH(v,N*).) In the same experiment, rotationally
thermalized OH(v=1-9) was monitored through fundamental
band Meinel emission. The published studies have largely
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discussed the phenomenology of the spectra and outlined the
analyses used to generate OH(u,N) column densities. At
present, however, the production and quenching mechanisms
of these high-energy states have not been determined and
remain an intriguing problem.

In this paper we first describe in detail the analysis of the
OH(v,N) emission spectra obtained in the CIRRIS 1A
experiment. Spectral fitting was used to generate line-of-
sight column densities, specific in the vibrational, rotational,
and spin-sublevel degrees of freedom. In the second section
we describe a first-principles kinetic model that
semiquantitatively reproduces the OH(v,N) column densities
and directly addresses many of the uncertainties concerning
the origin of the high rotational excitation.

Experiment

The CIRRIS 1A experiment was flown aboard the Space
Shuttle Discovery as part of the STS-39 payload and
obtained data during the 3-day period April 28-30, 1991
[Ahmadjian et al., 1990; Bartschi et al., 1992; Wellard et al.,
1992). During this time, the shuttle executed a nearly
‘circular orbit about the Earth, with a 57° inclination angle
and a nominal altitude of 260 km. Limb-viewing data were
obtained for tangent heights between 0 and 260 km as well
as nadir and celestial views. The primary instrument
consisted of a liquid-helium-cooled Michelson interferometer,
in conjunction with a 0.3-m, high off-axis rejection telescope.
Other instruments included a dual-plane radiometer with

eight different filter passbands and photometers for

narrowband detection of radiance at 5577 A (O('S—'D)
‘transition) and 3914 -A--(Nz*’- B-X-(0-0) "first negative” band),
in order to probe solar and auroral activity.  The
interferometer used a single detector plane consisting of five
Si:As detectors of various sizes and sensitivities. The
vertical field of view of the detectors at a 100-km tangent
height ranged from 1.5 km to 15 km, the smaller field-of-
view detectors having less sensitivity. To maximize the
signal-to-noise ratio, our analysis was mainly limited to data
from the largest detector (detector 2, with a 15-km vertical
and horizontal field of view). However, hydroxyl pure
rotation lines in the 750-1000 cm! region were easily
observed using smaller detectors. ,

The Si:As detector had a significant spectral response
between 400 and 4000 cm™!. During the mission an eight-
position optical filter wheel was used either in the open
position or with one of seven short-, long-, and band-pass
filters covering the detector plane. These filters served to
eliminate intense emission from features such as the CO,(v,)
15-pm band and the O4(v3) 9.6-um band and to decrease the
noise level in spectra observed at other frequencies. Intense
emission also gives rise to intensity oscillations ("ringing")
superimposed on spectra generated from unapodized
interferograms. Apodizing interferograms prior to
transformation diminishes the ringing but also degrades the
resolution. We will return to these points in conjunction
with the filter 7 (770-1250 cm’! passband) data.
Interferograms were obtained with three scan lengths: short
(corresponding to 8 cm? nominal resolution spectra),
medium (3 cm‘l), and long (1 cm”). A total of
approximately 150,000 scans were obtained in the course of
18 hours of data acquisition. Our analysis is limited to the
long interferograms, corresponding to the highest resolution
data.
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Tangent Height Determination

The accurate determination of tangent heights is crucial in
the case of OH emission at the mesopause, since the radiance
occurs over such a small altitude range. As discussed
previously [Smith et al, 1992; Dodd et al., 1993a), the
observed OH(v,N) line intensities are very sensitive to the
interferometer viewing angle. At the 100-km tangent height
a change in pitch angle of 10 mrad (0.6°) results in a tangent
‘height change of 15 km, providing a very sensitive means of
discriminating against the possible effects of shuttle-induced
radiance. Using detector 2, OH(v,N) emissions are never
observed above 110-km tangent height. The OH(v,N)
features are also not present above 110-km tangent height in
spectra obtained from the other four detectors, within the
limits of the (poorer) signal-to-noise ratio.

The interferometer pointing was monitored using several
different methods over the course of the mission [Bartschi et
al., 1992]. First, the instrument gimbal mount angles with
respect to the shuttle were monitored continuously ("gimbal”
reading), with the shuttle’s attitude determined via a laser
gyroscope. The gimbal reading provided a low-noise
measure of the pointing with a fast reponse time, albeit with
a limited accuracy due to such factors as flexing of the
shuttle and long-term drift of the gyroscope. Second, an IR
horizon sensor (HS) was used to measure radiance at 15 pm
(largely due to CO, emission) by continually scanning a
small cone angle about the center of the interferometer field
of view. This instrument integrated the radiance signal as it
scanned downward in tangent height, and was programmed
to trigger when the integrated radiance was equal to a preset
level corresponding to a nominal altitude of 40 km. The HS
reading provides-a higher pointing accuracy. than the gimbal.
reading but with a slower response and higher noise level.
A factor which limits the accuracy of the HS is the poorly
understood seasonal and latitudinal dependence of the 15-pm
radiance intensity [Wertz, 1978]. The advantages of the two
sets of pointing data were combined by fitting the differences
between the gimbal and the HS elevation angles to a
polynomial in mission time, then correcting the low-noise
gimbal elevation angle to the more accurate but noisier HS
angle. We estimate the accuracy of the pointing derived in
this manner as * 5 km at 100-km tangent height.

Recently, more accurate pointing information has become
available. The celestial aspect sensor (CAS), also part of the
CIRRIS 1A mission payload, obtained star images during the
course of the mission using a film camera. Photographic
analysis of these images has yielded a highly accurate
measure of the pointing, largely for the nighttime portion of
the mission. Fortunately in this case, almost all of the
OH(v,N) data analyzed herein were obtained under nighttime
conditions. We estimate the accuracy of the CAS pointing
as = 2 km at 100-km tangent height.

The gimbal and CAS pointing information were combined
in a manner similar to that described above for the gimbal/
HS pair. Elevation angle differences between the gimbal and
CAS pointing data were fit to a second-order polynomial in
mission time. This fit allows periodic "updating” of the
continuous gimbal pointing angle such that it agrees with the
CAS angle and provides an accurate, low-noise interpolation
in time between CAS image acquisitions. For interferometer
scan modes in which the instrument step/scans at sequentially
increasing or decreasing tangent heights, a new CAS reading
is generally obtained at each step. The CAS-corrected
tangent heights were used for all of the nighttime data
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analyzed in this report; the HS-corrected tangent heights
were used for daytime data only.

OH(v,N) Spectra and Column Densities

In this section we summarize the OH spectral data
obtained from the CIRRIS 1A mission, and also the method
whereby OH(v,N) column densities are obtained from line-
of-sight spectra. A short description of angular momentum
coupling in OH(X?II), together with the definitions of the
labels used to denote the quantum state, is provided in the
Appendix.

Conversion of Interferograms Into Spectra

Interferograms were obtained using a He-Ne reference
laser monitor of the mirror retardation, each data point
corresponding to an increment of the He-Ne 0.63299-pum
vacuum wavelength. Long scans nominally contain 700 data
points left of center and 15,200 points right of center, where
the center is the estimated zero-path-difference point. All
but 256 data points left of center were discarded prior to
processing. This procedure has no effect on the ultimate
resolution of derived spectra, i.e. 0.63 cm’! full width half-

-maximum (FWHM) intensity with a sinc line shape, and
serves to eliminate data taken before settling of the
instrument. Interferograms thus truncated were subject to
trapezoidal apodization about the center point to prevent
frequency discrimination. No further apodization was
performed, with the exception of the filter 7 data discussed
below. Interferograms were zero filled by a factor of 8,
giving a total of 128 K points, then subjected to fast Fourier
transformation (FFT) using a standard computer routine
[Press et al., 1986). Phase correction was accomplished by
transforming the same interferogram, truncated to contain
256 points on either side of the center using triangular
apodization [Mertz, 1967; Griffiths and de Haseth, 1986] and
also zero filled to 128 K points. The resultant low-resolution
phase was subtracted from the phase obtained by
transforming the entire interferogram. Uncalibrated spectra
in units of V/em? were obtained by multiplying the

- magnitude of the FFT output by the cosine of the corrected
phase, producing amplitude spectra with bipolar signal and
noise. Spectrally calibrated data in units of W cm™ sr'¥/cm’!
were then obtained by dividing the flight spectrum by the
appropriate calibration spectrum. )

Calibration interferograms were measured after completion
of the mission using a 1200 K blackbody source.
Interferograms were obtained for every detector/filter/
detector-bias combination, for a total of 5 x 8 x 2 = 80
scans. Normalized spectral calibration curves were generated
by a three-step process in which (1) calibration
interferograms were transformed in a manner identical to
flight interferograms, (2) calibration spectra were divided by
a blackbody curve dE/dc calculated for the appropriate
source temperature (where ¢ is wavenumber), then (3)
normalized to unity at the largest amplitude point in the filter
passband. :

Detector absolute response in volts was measured for
several values of the blackbody temperature, ie., as a
function of the blackbody output in W emZsrl,
independently for each detector/filter/bias combination as
before. Increasing blackbody photon flux gives rise to an
increasing dc voltage offset Vpc in the interferogram. For a
given detector/bias combination the nonlinear response was
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constrained to have a filter-independent Ve dependence.
This constraint was imposed by least squares fitting the
detector response as a filter-independent, smooth function of
Ve This function was used to model the nonlinear absolute
response for a given offset V. Normalized calibration
spectra were converted into units of V(W cm™ sr‘l)'I by
multiplying by the appropriate absolute calibration factor.
A number of raw interferograms were found to be
corrupted, either by the presence of amplitude spikes or by
a misregistration of interferogram point number. Several
interferograms were repaired manually by removing 1-3 data
points constituting obvious spikes, then replacing the points
by linearly interpolating surrounding values. This latter
operation was necessary to preserve the phase information in
the interferogram and introduced no obvious frequency or
intensity artifacts into resultant spectra. Other interferograms

_appeared problem free upon visual inspection but gave rise

to spectra with egregious amplitude oscillations. These
oscillations are indicative of a phase problem, resulting from
a misregistration of the mirror retardation (i.e., missing
points or extra points in the interferogram). The location of
the interferogram point misregistration is not easily
determined, however_, preventing reconstruction of the
interferograms. Thus these data were not used in further
analyses. ’

Spectral Data Analysis

Table 1 details, as a function of filter passband, the type
of spectrum observed and the total number of spectra used to
derive OH(v,N) column densities. The table also lists the
upper state v and N levels giving rise to the observed
emissions. (For the pure rotation spectra the specific range
of N depends on the v level.) The tangent heights and solar
zenith angles at which the data were obtained, both as a
function of latitude, are shown in Figures 1 and 2,
respectively. B

Figure 3 shows spectral data and the corresponding
spectral fit for the OH vibration-rotation emission bands for
v’=1-9 (obtained using filter 1). Note that the vertical scale
for the left-hand side of Figure 3 has been expanded to show
the details of the weaker emissions in the 2100-2750 cm’!
region. Likewise, Figure 4 shows spectral data for two pure
rotation passbands (obtained using filters 5 and 6), along
with a plot of the synthetic spectrum generated from spectral
fits performed separately to data in the corresponding
passbands. The spectra in Figures 3 and 4 were taken at an
86-km tangent height. The details of the spectral fitting
codes are described in the following sections.

Table 1. Filter Distribution of OH Spectral Data

Nominal Upper  Upper
Passband, Spectrum  State v State N Scans
Filter cm’! Type* Range Range Used
1 2040-4000 Vib-Rotn 1-9 -4 12
2 2700-4000 Vib-Rotn 1-5 1-4 29
5 770- 910  Pure Rotn 0-3 24-33 438
6 400- 600  Pure Rotn 0-6 13-22 32
7 770-1250  Pure Rotn 0-3 24-33 53

*Vib-Rotn, fundamental vibration-rotation bands; Pure
Rotn, pure rotation bands.
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Figure 3. OH(v-»v-1) vibration-rotation spectrum obtained using filter 1 at 86-km tangerit height. Note
that the y scale has been expanded by a factor of 20 for wavenumber values less than 2750 cm™!. Radiance
from O, CO, and CO, is present in the 2100-2400 cm! region; OH(v—v-1) emission dominates the
spectrum at higher wavenumber values. The data were fit in the 2100-3750 cm"! region, with the synthetic

spectral fit shown at the bottom of the figure.

Fundamental bands. Above 2400 cm the OH
fundamental vibration-rotation bands were the sole feature in
nighttime spectra for a wide range of tangent heights.
Between 2050 and 2400 cm’l, signal comparable in
maximum amplitude to the OH(9-8) O branch at 2236 (:m"l
was observed from three different emitters: O5(v;+v3) in
the 2050-2130 cm™ region; CO(1-0), 2060-2220 cm’; and
COy(v3), 2230-2390 cm™. Notably, radiance from 3CO and
C¥0 was: identified in the spectral data in addition to the
main isotope [Dodd et al, 1993b]. All of these features
were accounted for in the spectral fitting algorithms.

Spectral data were modeled using a nonlinear fitting code
developed earlier to model OH(v—v-1) and (v—v-2) emission
observed in the laboratory with a room-temperature
interferometer [Dodd et al., 1991]. Data were fit on a scari-
by-scan basis. For an uncalibrated spectrum the noise level
(units of V/em!) was taken to be constant over the
appropriate  wavenumber range. Thus the relative
uncertainties in the spectral data points were scaled as the
inverse of the spectral response function. The parameters w,
for the effective FWHM of the sinc line shape function, and
s, for the fractional waveriumber shift of the spectrum, were
allowed to vary during each fit. The best fit value for w was
generally equal to 0.63 cm'l,- i.e., that calculated based on
15,200 fringes for the long leg of the interferogram. The
parameter s accounts for experimental aspects such as finite
detector size, nonuniform emission intensity in the field of
view, and slight misalignment of the interferometer mirrors

or reference laser; its best fit value was typically equivalent
to a 1/10* red shift. . }

OH vibration-rotation basis functions were synthesized
using literature line positions [Coxon and Foster, 1982] and
Einstein A coefficients [Nelson et al, 1990]. The
corresponding  lines were then convolved with the
interferometer sinc line shape function. Relative vibrational
populations were allowed to vary independently as linear
parameters in the fit. The relative rotational populations
were taken to be independent of v and determined through
a single -adjustable parameter 7, the rotational temperature.
While other workers have observed Boltzmann
nonequilibrium for OH rotational levels as low as N=4
[Pendleton et al., 1993], these observations typically enjoyed
signal-to-noise ratios much higher than those in the present
OH fundamental spectra, for which the signal-to-noise ratio
equals 10:1 on the strongest lines. Transitions originating
from levels higher than N=4 are not visible in the OH
fundamental spectra; no evidence of Boltzmann non-
equilibrium for N=1-4 is observed. .

To fit the 2100-2400 cm! region, radiance from ozone,
carbon monoxide, and carbon dioxide must be taken into
account. This was accomplished by generating normalized
spectral profiles for each of the three species, then scaling
the profiles independently of one another in the process of
generating a best fit to the data. Spectral profiles for 0,
CO, and CO, weré synthesized usiiig the strategic high-
altitude radiance code (SHARC) in a limb-viewing geometry
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Figure 4. OH(N—N-1) pure rotation spectra obtained using filters 6 (left) and 5 (right), both at 86-km
tangent height. The wavenumber positions of the upper stite N values for v=0,1 are indicated above the
plots. The strong lines seen in the filter 6 data are due to radiance from thermal H,O. The data were fit
in the 440-575 cm’! and 785-905 cm’! regions, respectively, with the corresponding synthetic spectral fits

shown at the bottomn of the figure.

[Sharma et al., 1989]. The shapes of the normalized
synthetic O; and CO profiles were found to be relatively
insensitive to tangent height in the 80 to 110-km region and
were calculated assuming a tangent height of 85 km. Carbon
dioxide, on the other hand, undergoes a much greater degree
of self-absorption, the effect most pronounced at the lower
tangent heights. To adequately model the CO, emission,
normalized CO, spectral profiles were calculated
indepéndently at 80 and 95-km tangent heights. For each
tangent height the model includes radiance from the CO,,
13Co,, and CO'0 isotopes of carbon dioxide in fixed
proportions. The >CO and C!%0 1-0 spectral profiles were
modeled using line positions and emission intensities from
the HITRAN line file [Rothman et al., 1992), assuming the
same rotational temperature T as determined for the OH N
levels. The O;, three CO, and two CO, synthetic spectral
profiles were then used as linearly independent basis
functions in the fits to the filter 1 data, with the best fit
multipliers determined by minimizing x>

A spectral fit to OH fundamental emission data is shown
in Figure 3. The best fit multipliers for the various
OH(v—v-1) bands provide the absolute column densities for
the line of sight in question. These fits yield the rotational
state column densities for the upper state populations inferred
from the OH(v,N) emission lines. Figure 5 shows the O,
CO, and CO, basis functions, weighted proportionately by
the best fit multipliers. Figure 6 shows a comparison of the
data and fit from Figure 3, with the summed radiance from

10

05, CO, and CO, (i.e; that shown in Figure 5) subtracted
from both spectra. The residual radiance in the spectral data
consists principally of the OH(v—v-1) emission lines.

The spectral fits to the OH fundamental bands determine
the line-of-sight column densities for the rotational levels of
v=1-9 which are at thermal equilibrum. These column
densities are shown as a function of tangent height in Figure
7, in which the populations have been summed over both N
and the four spin sublevels. The populations for v=6 and 7
are poorly determined from the fits, especially for the higher
tangent heights, owing to low transition probabilitiés in the

' fundamental bands. For clarity the populations in v=6 and

7 have been omitted from the figure but generally fall within
the range of the other higher v level populations. The
column densities are seen to decrease by a large factor
between 94-km and 96-kii tangent height; they are not
observed above 96 km within the signal-to-noise limit of the
data. Taking into account the 15-km field of view of the
interferometer, the 96-km tangent height corresponds to an
upper bound altitude of about 89 km for the Meinel
fundamental band radiance observed in the experiment.

For tangent heights below 75 km, nighttime limb spectra
exhibit diminished OH fundamental band intensities,
consistent with shorter pathlengths through the altitude region
where the NLTE radiance occurs. For tangent heights below
about 70 km, intense CO, emission completely obscures the
OH(9-8) band and the P branch of the OH(8-7) band. In the
2400-4000 cm’! region, however, OH fundamental band
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Figure 5. Basis functions for O;, CO, CO,, and 1*CO +
C*®p, respectively, weighted by the best fit factors according
to the spectral fit to the data shown in Figure 3. The basis
functions for 05, CO, and -CO, were calculated using the
strategic high-altitude radiance code (SHARC) [Sharma et
al., 1989]. The basis functions for 13CO and C'%0 were
calculated using line positions and intensities from the
HITRAN line file [Rothman et al., 1992], with a rotational
temperature 7 = 210 K.

radiance dominates nighttime spectra for tangent heights as
lowas 20 km. . )

. Purerotation bands. OH(N—N-1) pure rotation emission
spectra from filters 5 and 6 are shown in Figure 4; spectral
data from filter 7 are shown in Figure 8. 'All three of these
filters removed the very intense CO,(v,) emission in the
600-750 cm’! range. Filters 5 and 6 also eliminated emission
from the intense O3(v3) band in the 990-1070 cm’! region.
Because filter 7 did not attenuate the O,(v;) band intensity,
a significant amount of ringing is seen superims;osed on the
OH pure rotation lines in .the 770-1000 cm’ region for
unapodized interferograms. This ringing is difficult to model
in the spectral fits, and a technique used to handle these data
will be described below.

As in the case of the vibration-rotation spectral analysis,
data were fit on a scan-by-scan basis, with the relative
uncertainty in each spectral data point scaled as the inverse
of the spectral response function. OH(N—-N-1) basis
functions were synthesized in the same manner as the
OH(v—v-1) vibration-rotation basis functions, using literature
line positions [Goldman et al., 1983] and Einstein A
coefficients [Goorvitch et al., 1992; Holtzclaw et al., 1993].
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The line width parameter w and line shift parameter s were
allowed to vary in each fit, yielding best fit values similar to
those obtained in the fits to the OH vibration-rotation
spectra. Relative vibrational populations were allowed to
vary freely in the fits, while relative spin sublevel
populations were fixed at the best fit values obtained in the
spin sublevel analysis, described below.

The rotational level distribution was parameterized using
a Boltzmann distribution over N, with a single effective
"temperature” parameter T, independent of v level. As was
stated previously [Dodd et al., 1993a), the use of a
Boltzmann distribution in this case is purely a convenience
and does not imply that the rotational states are in thermal
equilibrium. Because typical N distributions are
approximately flat for the pure rotation region, the best fit
parameter T was found to be very large, with both positive
and negative values. The formal discontinuity in 7 at e
was removed by performing the fits usirig the parameter 1/T
in place of 7. The value 1/T equals zero for a flat
distribution (after dividing by the degeneracies 2(N+1) and
2N for the F| and F, manifolds, réspectively), with small
positive and negative values for nearly flat distributions. The
excellent agreement between the data and the model spectra
(Figure 4) shows that this form for the N distribution
provides an accurate representdtion of the line-of-sight
populations. A line-by-line rotational level fit proved
impossible owing to significant line overlap at the
experimental resolution. We also attempted to fit the pure
rotation data using a set of uv-dependent temperature
parameters 1/T,. However, because the signal-to-noise ratio
degrades with increasing v, the error in the best fit 1/7,
parameters increases rapidly with v. The vibration
level-independent parameter 1/7 is determined largely by the
v=0 and v=1 pure rotation data. .

For the filter 6 data, radiance from H,O pure rotation lines
was seen to contribute to the spectra, as: predicted from the
SHARC model [Sharma et al., 1989]. This emission arises
primarily from the H,O ground vibrational state, with the
rotational level population in thermal equilibrium with the
local kinetic temperature, i.e., 200 K. Below 90-km tangent
height these lines are stronger than the OH pure rotation
lines, while above 90 km the OH linés are stronger, with the
total radiance decreasing  with incfea'siné altitude.
Normalized H,O spectral profiles, calculated using the
SHARC model, were found to be sensitive to the assumed
tangent height. Thus two synthetic H,O profiles were
calculated assuming 80 and 95-km tangent heights, then used
as linearly independent basis functions, analogous to the
method used to analyze the 2100-2400 cm'! region. The
fitting routine determined the best fit multipliers optimizing
the contributions made by the two H,0 profiles. Figure 9
replots the data and fit from Figure 4 for the 400-600 cm!
region, with the best fit H,O radiance subtracted from both
spectra. The residual amplitude in the data consists of the
weaker OH(N—>N-1) transitions.

For the filter 5 data a diffuse baseline radiance level is
present, with an integrated intensity about equal in magnitude
to the summed intensity of the OH(N—sN-1) pure rotation
lines. This baseline emission is attribiited to O,(v4) hot
band radiance. Vibraluminescent ozone arises through the
three-body recombination reaction [Rawlins, 1985],

0+0,+M ~ O} +M (1

11




DODD ET AL.: ANALYSIS OF HYDROXYL AIRGLOW EMISSIONS

3566
P,(9-8) R;(9-8) R (8-7) R,(7-6)
F Q(9-8), [_[ ] ITmQ(8-7) [_I‘[‘] MQ-6) T T 11
P,(9-8) R,(9-8) R,(8 R,(7-6)

3e-10 rTT munh

_~ Re=10 -DATA .

. i |

2 1le-10 —

Yy L i
NUJ

'E: Oe~-10 -

= 2100 2200, 2300 2400 2500 2800 2700

O 2e-10F -

Z FIT

< L A
oy

g le—10 + -

Oe—iO — —

C1 l 1 1 1 1 l 1 1 i 1 l 1 i 1 1 [ L 1 1 1 I 1 i W B l i ’i 1 1 f I

2100

2300

2400 2500 2600 2700

2200
WAVEN UMBER (cm )

Fi lgure 6. Identical filter 1 spectra from Figure 3, except that the modeled O3, CO, and CO, radiance has
been subtracted from both the data and the fit. This process more clearly shows the OH(v—v- 1) lines in
both spectra Wavenumber positions for the first few P, O, and R emission lines for the two spin-orbit
manifolds are indicated above the plot. Corresponding Q; and (, transitions are not resolved under the

experitnental resolution and are labeled simply as "Q'

where M is any species that can carry off a portion of the
excess energy. Following this assuimption, the intensity of
the O4(v,) hot bands is proportional to the product [O] x
[O,1 x [M], of which only [O] has a clear diurnal variation
and only for altitudes below the OH airglow layer [Philbrick,
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1985]. If the loss is dominated by infrared photon emission,
the hot band intensity should not display a significant diurnal
variation, as observed in the SPIRE rocket-borne experiment
[Green et al., 1986). The fundamental O5(v;) band at 9.6
um, on the other hand, results largely from earthshine
pumping of the ground state. Thus the v, band intensity is
a measure of the total ozone concentration and diminishes
greatly during daytime hours owing to O, solar
photodissociation.

Examination of daytime spectra with similar tangent
heights showed that the O;(v;) hot band radiance has no
significant diurnal variation, while the OH pure rotation lines
and the intense O,(V,) band at 9.6 pm decrease in intensity
by a factor of 10. As discussed above, these observations
are consistent with a radiative loss term dominating the

~ overall disappearance of the upper states giving rise to the

Figure 7. Thermal OH(v) column densities as a function of
tangent height, summed over N and the four spin sublevels.
The values were derived from spectral fitting of the
fundamental bands. For clarity, column densities for v=6
and 7 are not shown; thosé values have much larger error
bars due to weaker radiance. No emission above the noise
level was observed in the fundamental bands for tangent
heights above 96 km. The derived OH(v) column densities
decrease below 78-km tangent altitude, consistent with
shorter pathlengths through the mesopause region where the
excited v levels occur.



DODD ET AL.: ANALYSIS OF HYDROXYL AIRGLOW EMISSIONS

T I T T T T T 13 1] T T T T T 1 T ] T i ¥ I 1] |
107° | .
P C 3
g N ]
_‘8 i J
"5
o 1070 E
S - .
= i ]
~— L
2] _
O 1oL 4
Z 3 :
I - ]
) - ' i
§ i I 25 l 27! ' 29 |31 ’ asl ’35 , a7 laej 41
' 10 3 26 28 30 32 34| |[s3s] |38 v=0 E
E v=1 ]
i 3. ‘ 1 1 1 L 1 i L 1 ] ' 1 i 1 L 1 1 1 Il 1 l L 1 1 i 1 1 L 1 1
800 900 1000 1100
-1
WAVENUMBER (cm )

Figure 8. Semilog plot of an OH(N->N-1) pure rotation spectrum from filter 7 (770-1250 cm™ passband),
obtained at 86-km tangent height. The interferogram was triangularly apodized to diminish ringing (see
text). The O,(v,) band obscures possible OH pure rotation lines in the 1000-1070 cm™! region. The small
peak visible at 1075 cm™ is also due to ozone emission. The highest OH rotational level inferred from the
spectrum is N=33; no OH(N—N-1) emission lines are observed at wavenumber values higher than 1070
cm’l. Wavenumber positions for upper state N levels for v=0,1 are shown beneath the plot.
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Figure 9. Identical filter 6 spectra from Figure 4, except that the modeled H,O radiance has been
subtracted from both the data and the fit. This process more clearly shows the OH(N->N-1) lines in both
spectra. Wavenumber positions for upper state N levels for v=0-3 are indicated above the plot.

13

3567




3568

O5(v;) hot bands. The intensity decrease in the OH(N—N-1)
lines and fundamental O,(v,) band are consistent with
photodissociative loss of ozone during daylight hours and
with O, being a precursor of the OH(v,N). To model the
diffuse O3(v,) hot band radiance in nighttime spectra,
daytime spectra were averaged in two separate tangent height
bins (79-81 km and 94-96 km), reducing the noise. The two
composite spectra were then used as independent basis
functions in fits to the nighttime data. The best fit
multipliers for these basis functions provide a measure of the
O; hot band contribution to the total radiance in this
passband.

For filter 7 data, daytime data could not be subtracted
from nighttime data, owing to the strong diurnal variation of
the O; 9.6-pum band intensity and to the presence in the
daytime spectra of the CO, "laser” bands, i.e., the v3-2v,
and v3-v; bands with origins at 94 pym and 10.4 pm,
respectively.  In addition, Fourier transformation of
unapodized interferograms gives rise to large amplitude

DODD ET AL.: ANALYSIS OF HYDROXYL AIRGLOW EMISSIONS

ringing superimposed on the OH pure rotation lines. To fit
filter 7 spectra, interferograms were apodized prior to
transformation using a triangular function, with unit
contribution at the center of the interferogram and zero
contribution at the furthermost data point. This apodization
both smoothed out the ringing and broadened the OH pure
rotation features, effectively converting the OH lines to
singlets from the doublet structure observable under
maximum resolution (i.e., with no apodization). The baseline
in this case was modeled using a second-order polynomial in

wavenumber, with adjustable parameters multiplying each of « !

the polynomial functions. Figure 8 shows a spectrum in the
770-1250 cm™! region resulting from a triangularly apodized
inte}'ferogram. Spectral data were fit between 795 and 985

cm™.
Lower-resolution (4 cm’) spectral data in the 750-1000
cm’! region have been obtained from the SPIRIT 1 rocket-
borne interferometer experiment [Adler-Golden et al., 1990].
These spectra exhibit instrumentally broadened features
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Figure 10. Total energy of OH(v,N) levels, for all levels with energies less than the available energy of
the H + O; — OH + O, reaction, i.e., 27,000 cm). The energies of the four spin sublevels have been
averaged for each v,N pair. Levels for which the populations were inferred from the pure rotation spectra
are shaded. In addition, populations for v=1-9, N=1-4 were inferred from the vibration-rotation spectra.

No emission was observed from levels with energy greater than 27,000 cm™.
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superimposed on a diffuse baseline and were at first analyzed

assuming that O, gives rise to all of the observed radiance

[Adler-Golden et al., 1990; Adler-Golden and Smith, 1990].
These data were recently reanalyzed by Rawlins et al
[1993], who showed that the broad features coincide with the
known positions of the OH pure rotation lines, as
documented in the initial report on highly excited OH(v,N*)
from CIRRIS 1A [Smith et al., 1992]. The spectral data
shown herein provide more substantial evidence that the
ozone hot band radiance is almost featureless, even at 1 cm™!
resolution.

The OH(v,N*) emission intensities were also modeled in
the 750-1000 cm™! region assuming a steady state radiative
population distribution over N. Under this assumption the
relative population of any two adjacent N levels is given by

popN = AN—l (2)
PPy, 4y

where the Einstein A coefficients are those for pure rotation

3569

distribution by ignoring the vibration-rotation A coefficients:
for v=0, downward vibration-rotation transitions do not exist;
for v=1, the fundamental (Av=1) emission rates from
N=24-33 are about a factor of 10 smaller than the
corresponding pure rotation rates [Holtzclaw et al., 1993].
We find that the OH(N—N-1) line intensities are accurately
modeled using a radiative distribution over N, implying that
OH(v,N*) formation and loss is dominated by pure rotation
emission in this range of N and not by physical or chemical
mechanisms. Figure 10 shows the states to which these
observations apply. We will return to this discussion in the
kinetic model section of the paper.

As mentioned above, the pure rotation spectra do not
contain information for several N levels of interest. For
instance, considering transitions for v=0, filter 6 data provide
column densities for OH N=13-16, while filters 5 and 7 data
provide column densities for N=24-33. Attempts were made
to obtain OH column densities for N levels below, above,
and between these two sets of values. For N<12, the OH

. pure rotation lines either occur at a wavenumber lower than

emission. In equation (2) we approximate the radiative the nominal filter 6 passband or occur in the passband but
N=15 N=30 -
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Figure 11. Derived OH(v,N=15) and OH(v,N=30) column densities, shown as a function of tangent height,
summed over the four spin sublevels. For clarity, OH(v=3,N=15) column densities are not shown. Like
the OH(v) column densities (Figure 7) the OH(v,N=30) column densities decrease below about 80 km
tangent altitude, consistent with shorter pathlengths through the mesopause region. The OH pure rotation
emissions could not be analyzed for tangent heights below 80 km (N=15 data, from 400-600 cm! passband)
or 60 km (N=30 data, from 750-1000 cm’! passband) due to intense overlying radiance from other emitters.
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are too weak to observe. For N34, the lines are not seen
owing to the intense Os(v;) feature (990-1070 cm’l). No
OH pure rotation lines are observed for wavenumber values
in the range 1070-1250 cm’, ie., at higher wavenumber
values than the O;(v;) band. Finally, open filter (filter 0)
spectra were studied to look for evidence of OH pure
rotation lines for 17<N<23. No further lines in addition to
those already observed in filters 5, 6, and 7 data were
identified, due to the intense CO,(v,) feature extending from
600 to 750 cm™!. The noise level was also significantly
greater in the open filter case than when the CO,(v,) band
is attenuated; for instance, the OH(v,N*) pure rotation lines
in the 400-600 cm™ band are below the noise level when
open filter data are used.

Figure 11 shows N=15 and N=30 column densities for
various v levels, derived from the 400-600 cm! and
750-1000 cm! passband data, respectively.  Like the
OH(v—v-1) fundamental bands, OH pure rotation lines are
observed for tangent heights significantly below the airglow
layer. In the 750-1000 cm! region, OH(N—N-1) emissions

DODD ET AL.: ANALYSIS OF HYDROXYL AIRGLOW EMISSIONS

are visible for tangent heights as low as 50 km. Below
about 80 km the lines are diminished in intensity, consistent
with shorter pathlengths through the airglow layer. With
decreasing tangent height, neighboring emitters (notably, the
Oy(v3) band as well as the CO, Vi+V,-2v, band at
791 cm’!) become increasingly intense, eventually obscuring
the OH emissions. In the 400-600 cm’! region, H,0
emissions quickly become very intense, obscuring OH
emission lines below 80 km.

Column density binning. For the purposes of the kinetic
model, OH(v,N) column densities derived from the
experiment were averaged over 2-km vertical bins, for
tangent heights between 20 km and 108 km. Most of the
column density data lie in the 75 to 110-km region (Figures
7 and 11), although the lower tangent height data provide an
additional constraint on the kinetic model, described below.
In the averaging process, column densities were weighted by
the reciprocal variance determined from the corresponding
spectral fit. For the uppermost tangent heights the OH(v,N)
radiance is detected only in the lower part of the field of
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Figure 12. OH(v,N) column densities for two different tangent heights:

97 km for the top plots, and 82

km for the bottom plots. Column densities derived from the spectral data are shown in the center plots, for
v=1-9 in the low-N range, v=0-6 in the mid-N range, and v=0-3 in the high-N range. Some of the column

densities have been omitted from the 97-km data for clarity. Symbols used:

circles, v=0 (open), v=1

(solid); downward pointing triangles, v=2 (open), v=3 (solid); squares, v=4 (open), v=5 (solid); upward
pointing triangles, v=6 (open), v=7 (solid); diamonds, v=8 (open), v=9 (solid). The best fit VR model is
shown on the left-hand side, and the best fit CP model on the right-hand side, both for v=0-9. OH(v,N)
model column densities are differentiated by line type according to vibrational level. For both models the
low-N column densities decrease monotonically as the vibrational level increases from v=0 to p=9.
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view. A description of the populations determined in the -

fits, for all v and N, is shown in Figure 12 for tangent height
ranges centered at 82 km and 97 km. For a given v level,
the ratio of the low-N to the high-N populations is 100-1000
at 82 km but only 10-100 at 97 km, indicating a greater
degree of rotational excitation (relative to the low-N
populations) at the highér altitudes.

OH spin sublevels. As discussed in the Appendix,
angular momentum coupling among the molecular rotation,
electron spin, and electron orbital angular momentum vectors
gives rise to a quadruplet line structure for each OH(v,N)
vibration-rotation or pure rotation transition. For the low-N
vibrationi-rotation transitions, the F, and F, transitions aré
widely separated in wavenumber, but the splitting due to A
doubling is small (a few hundredths of a wavenumber) and
cannot be resolved in the instrument-broadened data. Thus
assuming the Einstein A coefficients for each pair of
A-doublet transitions are nearly equal, the vibration-rotation
bands do not contain any information concerning the relative
populations of the e and f parity states. Spectral fits show
that the spin-orbit states I1,,, and 1}, are in equilibrium at
the kinétic temperature of the mesopause for low N,

In the case of the high-N levels probed by the pure
fotation bands, the spin-rotation and A-doublet energy level
splittings are of comparable magnitude, i.e., about 20 ¢m!.
The energy levels and dipole-allowed pure _ rotdtion
transitions are shown in Figure 13 for the- w=0,
N=26—N=25) transition. Under the dipole selection rules,
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Figure 13. Diagram of the four allowed spin sublevel
transitions comprising the OH(v=0,N=26—N=25) pure
rotation transition. The wavenumber positions of the four
transition lines are indicated at the bottom of the plot. The
lines are resolved only as doublets under the CIRRIS 1A
experimental resolution.

pure rotation transitions connecting different spin-rotation (F,
and F) or electronic parity (A”.and A”) states are forbidden.
Thus to the extent that the lifetimes for the OH(v,N*) Ievels
are limited by pure rotation emission (or that u- and
N-changing collisions are ineffective in mixing the
components), the relative spin sublevel populations _are
preserved during the radiative cascade downward in N. This
phenomienon in turn preserves the memory of any sublevel
selective formation or decay mechanisms, whether of
physical or chemical nature.

Holtzclaw et al. [1993] have shown that the P- and
R-branch (AN=x1) fundamental band emission rates can be
significant relativé to the high-N pure rotation rates. For
OH(v=1-3, N215), the pure rotation transitions are 1-10 times
faster than the fundamental transitions from the same upper
state, with the fundamental transitions more important for
v=3 and the lower range of N. However, the P- and
R-branch vibration-rotation transitions, like the pure rotation
transitions, preserve the spin-sublevel identities of the initial
and final states. The Q-branch (AN=0) transitions, which
connect the A’ and A” parity states, have negligible rates for
high N. ,

The pure rotation rates are also faster than compiited
collisional relaxation rates in the 80 to 110-km altitade

‘range. Figure 14 compares the pure rotation and the
collision-induced rotational relaxation rates for two different
altitudes, the latter values calculated from the kinetic model,
described below. Conceivably, every collision could serve
to populate each of the four spin sublevels of a given
OH(v,N) state with equal probability. Limited data are
available on this phenomenon in OH. Copeland and Crosley
[1984] found that the collisional transfer rate between A
components i$ approxirnately 1/3 to 1/2 of the total rate for
collisions between OH(T1,,,J=3/2-7/2) and H,O. For higher
values of the rotational quantum humber, however, Sears et
al. [1989] estimatéd a 10:1 propensity to preserve the
A-doublet identity during rotational relaxation of
OD(v=0,N=37-40) in a 10:1 D,/O; mixture. The A-doublet
energy level separation for those N values in OD is 13-14
cm’), approximately equal to the separation for N=20 in OH.
Figure 14 shows that collisional scrambling will most
effectively compete with radiative cascade for the lowest N*
levels and at the lowest altitudes. .

As discussed previously [Dodd et al., 1993a], the
instrumental resolution is not quite adequate to resolve the
quadruplet structure of the OH(v,N*) pure rotation
transitions. Instead, the transitions are seen as triplets in the
400-600 cm’! region and doublets in the 750-1000 cm’!
region. To determine four independent sublevel populations,
it was assumed that sublevel population ratios are preserved
as the OH population radiatively cascades, over all of the N
levels inferred from spectra in the two pure rotation
passbands. Pure rotation spectra from the two passbands
could then be spectrally fit together to determine a set of
spin sublevel populations, in effect determining four
population values from a set of five intensities. This
procedure is partially justified by two observations discussed
by Dodd et al. [1993a], i.e., that within each passband the
spin sublevel intensity ratios are independent of N and that
for a given value of N the effective temperature for the spin
sublevel population distribution is vastly different from the
kinetic temperature of the mesopause (200 K).

Spectral fits to determine spin sublevel populations
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Figure 14. Pure rotation radiative rates for OH(N—N-1) as a function of N, for the v=0 manifold. Also
shown are the model collision-induced rotational relaxation rates, calculated as the product of kroT(V)
(equation (12)) and the total number density at 82-km and 96-km altitudes, respectively. Collisional
relaxation dominates OH(N) loss for low N, while radiative decay dominates the loss for high N.

utilized the global fit method, developed. earlier in an
analysis of laboratory OH emission data [Dodd et al., 1991].
Usmg this method, numerous scans were fit simultaneously
to a total of 5 + 10xng + 7xng parameters, where ng and n
are the number of scans in the filter 6 and filter 5 regions,
respectively, included in the fit. (Filter 7 data could not be
used in the sublevel population determination due to the
large ringing in unapodized spectra) The five "global"
parameters are the FWHM parameter w, the line shift
paramieter s, and three spin siiblevel population ratios, all of
which are taken to be constant over all of the scans. (The
absolute scaling of the sublevel intensities is determined by
the v multipliers.) The 10 "local" parameters for filter 6 are
UT and multipliers for the two H,0 and seven OH
vibrational level (v=0-6) basis functions. ~ The seven
parameters for filter 5 are 1/7 and multipliers for the two
ozone hot band and four OH vibrational level (v=0-3) basis
functions. Aside from w and s the local parameters are
identical to those used in the scan-by-scan fits to the spectra,
described above. Uncertainties in the spectral data were
estimated from out-of-band noise levels and scaled as the
inverse of the spectral response function. A simultaneous fit
to spectra from both passbands yields model spectra in
excellent agreement with the data [Dodd er al., 1993a],
despite the redundancy in the spin sublevel intensities (five)
relative to the population multipliers {four).

As a further check on the validity of the assumption
concerning sublevel population preservation, pure rotation
data were fit separately in five different tangent height bins,
as shown in Figure 15. For the three tangent height bins
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located at 90 km and above, the best fit populations do not
vary outside their respective (statistical) error bars. On the
other hand, for the two tangent height bins below 90 km the
A’ populations change significantly. We interpret this result
to indicate that the spin sublevel populations are affected by -
collisional scrambling in the lower tangent height bins. Thus
all of the spectral data above 90 km were refit together,
yielding the spin sublevel distribution
IT(A) : TI)(A”) : TIy(A") : TI,(A”) = 33:18:31:18
reported previously [Dodd et al., 1993a). The filter 6 and
filter 5 spectral data were also fit separately for tangent
heights above 90 km to determine spin sublevel population
distributions, assuming only that the relative populations are
constant within each separate range of N. For the flter 6
region the distribution [I1;(A") + I1,(A")] : I1,(A") : IT,(A")
equals 52 :29: 19, whllc for the filter 5 region the
distribution [I1;(A") + I1y(A")] : [II;(A”) + I1,(A")] equals
64 : 36.

The effects of L uncoupling could conceivably result in a
significant difference between the A-doublet transition
probabilities for a given upper state level OH(v,N,F). L
uncou glmg results from a small amount of mixing of the
OH(A*T*) wave function into the OH(X? TI) wave function.
Holizclaw et al. [1993], following Mies [1974], have
estimated the perturbative effect of wave function mixing on
the A coefficients of the OH vibration-rotation bands. They
estimate the effect as of the order of <10% for OH(N'<40) P-
and R-branch transition dipole moments, with the magnitude
of the perturbation scaling roughly as N. Transition dipole
moments for pure rotation transitions, however, are governed
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mainly by the large permanent dipole moment w(r,) = 1.7 D.
This value is at least an order of magnitude greater than the
corresponding vibration-rotation transition moments. Thus
the perturbation introduces uncertainty of the order of <1%
in the OH pure rotation transition dipole moments (or <2%
in the A coefficients) and is ignored in the present analysis.

Origin of OH(v,N) Populations

As the next step in the analysis of the OH(v,N) emissions,
we consider possible chemical and physical sources of the
OH(,N), especially the novel highly rotationally excited
element of the population. First, it is conceivable that the
OH high-N levels are populated via radiative cascade from
nascently produced vibration-rotation levels. A number of
workers have measured the OH nascent vibrational
distribution from H + O; — OH(v) + O,, in cells [Charters
et al., 1971; Streit and Johnston, 1976; Klenerman and
Smith, 1987] and in a molecular beam apparatus [Ohoyama
et al., 1985]). As discussed by Dodd et al. [1991], these
experimental measurements of the branching fractions ¥,
suggest that the H + O, reaction feeds OH(v26) exclusively.
Assuming that to be the case, OH(v=6,N=24) is the highest
nascent rotational level, given the reaction exothermicity of
27,000 cm’! (see Figure 10). The AN=0,=+1 selection rule for
dipole-allowed transitions places constraints on the levels
accessible through radiative cascade. The highest N levels
that can be produced via radiative cascade from the
OH(6,24) state are N = 30, 29, and 28 forv =0, 1, and 2,
respectively. Nevertheless, significant emissions are
observed in the spectral data for levels up to N=33 for v=0-2.
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The radiative feed mechanism cannot account for these
emissions. '

. Three further possible sources of the highly rotationally
excited OH(v,N) have been mentioned [Smith et al., 1992):
first, excitation of thermal OH(v=0) by translationally excited
oxygen atoms (Og,); second, direct chemical production
through the H+O; reaction; and third, collision-induced

- transfer of vibrational to rotational energy (VR transfer) from

nascent OH high-v states. We consider the first mechanism,
uppumping of OH(0) by ambient O¢,q» unlikely. The’
OH(v,N*) radiance is observed to decrease by about a factor
of 10 on progressing from nighttime to daytime conditions
[Dodd et al., 1993a), commensurate with current model
predictions for the diumal variation of the thermal OH
concentration [Makhlouf et al., 1990]. On the other hand,
the chemical reactions which give rise to Of, in the
mesopause region, such as O, solar photodissociation, as
well as dissociative recombination of NO* and 0,* with
electrons, are many orders of magnitude faster during
daylight hours [Philbrick, 1985]. Thus assuming that the rate
of thermalization of Oy, is independent of local time, the
steady state Og, concentration is predicted to be much
higher during the daytime. These estimates of the daytime
concentrations of O, and OH are inconsistent with
OH(v,N*) production by O, pumping of thermal OH.
Published studies of the H + O; reaction do not rule out
direct chemical production of high-N OH. To our
knowledge, all of these studies made use of overtone (Av>2)
emission spectra for detection of the nascent OH(v,N) levels
[Charters et al., 1971; Streit and Johnston, 1976:; Ohoyama
et al., 1985; Klenerman and Smith, 1987]. However, due to
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relatively small Einstein A factors [Holtzclaw et al., 1993],
the OH overtones are insensitive to the presence of a small

amount of population in high-N levels. Moreover, two of the .

groups [Streit and Johnston, 1976; Ohoyama et al., 1985]
used Av>4 multiquantumn transitions to probe the OH
emissions, precluding detection of OH(v<4). Another group
[Klenerman and Smith, 1987] does not state whether
emissions from OH(v<6) were observed. Polanyi and Sloan
[1975] have shown that the H + O; reaction produces
OH(v=7-9) F, and F, spin sublevels in a statistical
population ratio, i.e., N+1 to N. This ratio is near unity for
high N, consistent with the spin sublevel distribution derived
for low v from the CIRRIS pure rotation spectra.

The resonant VR energy transfer mechanism has much
precedent in the literature. The VR mechanism has been
invoked to explain pure rotational lasing from highly excited
rotauonal levels of OH [Smith and Robinson, 1978) and HF
(Sirkin and Pimentel, 1981]. In their experiment, Sirkin and
Pimentel [1981] observed particularly strong laser oscillation
from the J=14 rotational level of HF(v=0-3), which is nearly
resonant with several low-J levels of the next higher
vibrational level (see Figure 10; HF and OH have similar
vibrational and rotational energy level spacings). Lasing
from J values as high as 31 in v=0 and 1 was also observed,
suggesting multiquantum resonant VR transfer from low-J
levels of v=4-6. The kinetic model employed by Sirkin and
Pimentel required substantial changes in the HF vibrational
and rotational levels (Av as large as 5, AJ as large as 26)
upon collision with buffer gas molecules. More recent
measurements of HF(v=1) relaxation by HF [Haugen et al.,
1984]) have further substantiated the resonant VR transfer
mechanism. Those researchers estimated that 20-40% of the
molecules relax through the v=0, J=10-14 set of levels,
which are closely resonant with v=1, low J. Moreover,
quasi-classical trajectory studies at higher energies (20.2 eV)
[Thompson, 1982a, b] demonstrated that collisional relaxation
of OH(v.J) by Ar is governed by resonant VR transfer.
While resonant VR energy transfer is known from laboratory
experiments and from calculations, we know of no case
where the mechanism has been shown to be operative in the
Earth’s atmosphere.

Clearly, neither the direct chemical production mechanism
nor the resonant VR transfer mechanism can be dismissed
based on prior knowledge. Thus both mechanisms were
investigated in detail using a first-principles kinetic code to
predict OH(v,N) distributions as a function of tangent height.
These studies are discussed below.

Kinetic Model

We have formulated an OH(v,N) state-specific kinetic
model using the minimum number of OH formation and
quenching pathways consistent with current understanding of
mesopause conditions and pertinent OH reaction and energy
transfer rate constants. Predictions made by any viable
scheme must be consistent with observation, including the
energies of the inferred OH(v,N*) (as high as 23,000 cm'l),
the v and N distribution, and the tangent height dependence
of the populations. We consider a detailed investigation into
sublevel-dependent production and loss rates, as well as the
collisional coupling of the four sublevel states, beyond the
scope of the current model. In the following we discuss the
elements of the model, which include the following in order:
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methods of computation and comparison with data, the
hydroxyl quantum energy level description, the model
atmosphere, OH chemical production and loss, pure rotation
and vibration-rotation radiative decay, and collisional (i.e.,
nonreactive) deactivation.

Line-of-sight Column Density Predictions

OH(v,N) number densities were calculated by successively
integrating the appropriate kinetic equations until negligible
changes occurred in the calculated steady state number
densities for all OH(v,N). The Gear backward differentiation
algorithm was used to integrate the coupled set of "stiff"
equations [Hindmarsh, 1980). Stiff sets of equations occur
for processes occurring under very different timescales. The
equatlons were derived from the kinetic processes described
in detail below. Number densities were calculated for
altitudes between 78 km and 106 km, in 2-km bins; below
and above these limits the OH(v,N) populations were
negligible.

Limb line-of-sight column densities from field experiments
can often be inverted to yield altitude-dependent number
densities for comparison with models. In this study we have
instead chosen to model the hydroxyl column density data
directly, generating forward predicting column densities from
model number densities using the following procedure.
Calculated OH(v,N) number densities were multiplied by
pathlengths determined from the shell size (2 km) and line of
sight viewing angle, for each of several paths within the
detector 2 vertical field of view (shown in Figure 16). The
derived column densities were then averaged over the field
of view using the known sensitivity profile of the detector.

Two main variations of the kinetic model, as described
below, were used to generate a set of OH(v,N) column
density predictions. Several elements of the model, including
the altitude-dependent species concentrations and kinetic
temperature, OH chemical production and loss rates, and
OH(v,N) rotation-vibration and pure rotation radiative decay
rates, were taken without adjustment from the literature.
However, several kinetic parameters describing collisional
relaxation are poorly known and thus were varied to
determine their effects on column density predictions as well
as the sensitivity of the predictions to their variation. To
facilitate comparisons between the model and the data for all
OH(v,N) at each tangent height, the kinetic model was
automated, such that the poorly determined parameters were
allowed to vary freely. For a given set of model constraints
the best fit kinetic parameters were determined by
minimizing %2, defined as

log (D, | M.
1 = E[O—gi—;é———)r i=(v,N), 3)

i

where D; and M; are the data and model column densities,
respectively, for OH vibration-rotation state i at a given
tangent height, and the o; are the cormresponding
uncertainties. The use of logarithms was required to
correctly weight the data points, given the orders-of-
magnitude dynamic range of the column densities. The o,
are defined as

2 2 2 4
O; = Oparai * OmopeL > “)
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"diffuse cross-talk” response plateau results from nonnegligible signal from photons impinging outside the
nominal FOV. This cross-talk is taken into account in the kinetic modeling of OH(v,N) column densities.

where the Op,p,; are the uncertainties in the derived
OH(v,N) column densities and Gy;opg; is an estimate of the
uncertainty in the model column density predictions. The
quantity Gy;opg; results from uncertainty in the kinetic
model input parameters, e.g., the altitude-dependent number
densities and reaction rate constants, and is estimated to be
30% of the corresponding OH(v,N) column density. This
additional uncertainty is added independently of the value of
Opara,; Typical values for 6p,1y ; range from 5% of the
column density D, for low-N populations derived from the
fundamental spectra (filters 1 and 2) to 50% of D; for high-N
populations derived from the 400-600 cm™ pure rotation
band (filter 6).

OH(v,N) Energy Levels

Our conventions concerning the labeling of ground
electronic state hydroxyl energy levels are discussed in the
Appendix. The manifold of OH vibration-rotation levels as
a function of total energy is shown in Figure 10 [Coxon and
Foster, 1982; Goldman et al., 1983]. In the figure, all of the
levels with total energy less than the exothermicity of the
reaction H + O; — OH(y,N) + 0,, i.e., 27,000 cm’l, are
shown. Thus all of the levels shown are energetically
accessible by that reaction. For each OH(v,N) energy level
the energies of the four spin sublevels have been averaged.
For simplicity, in the kinetic model the sublevels have also
been consolidated into a single effective state for each v,N
combination, with the mean energy and degeneracy (2N + 1)
of the four sublevels.
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Model Atmosphere

Altitude-dependent kinetic temperatures and number
densities for N,, 0,, O, and H were generated using
MSISE-90 [Hedin, 1991}, using the appropriate calendar
date, local midnight, and a latitude of 40° S. The chosen
latitude and local time were assumed to adequately represent
the ranges of the latitudes and solar zenith angles in the data
set. As seen in Figure 1, most of the data were obtained
between -30° and -50° latitude. Nighttime data were used
with solar zenith angles between 110° and 160° (Figure 2).

The MSISE-90 atmosphere model does not include 0,
number densities. Thus an ozone number density profile was
generated from the MSISE-90 kinetic temperature and N,,
O,, O, and H profiles, assuming that the nighttime O,
production and destruction mechanisms are given by O + 0O,
+M — O; + Mand H + O; — OH + O,, respectively, for

- altitudes near the OH airglow layer. Temperature-dependent

rate constants for the two processes were taken from DeMore
et al. [1990]. The resultant O, profile, along with the
temperature and species profiles taken directly from
MSISE-90, is shown in Figure 17.

OH Chemical Production and Loss

The sole production term for hydroxy! was taken to be
H+ 0, - OH(v<9) + 0,, ®

with the nascent vibrational distribution
v=9 : v=8 : v=7 : v=6 equal to 1:0.55:0.35:0.17, as
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Figure 17. Kinetic temperature and species altitude profiles used in the kinetic model. Altitude profiles
for N,, O,, O, H, and temperature were taken from the MSISE-90 atmosphere model [Hedin, 1991]; the
O, profile was determined from the other profiles, as explained in the text. Assumed conditions: April 30,

midnight local time, 40° S latitude.

measured recently by Klenerman and Smith [1987). The
overall rate constant for reaction (5) was assumed to have the
temperature dependence [DeMore et al., 1990] given by

_an
ks = 14x10710 ¢ T cq3g-t ©)

The N distribution for the nascent product of H + O; was
parameterized through the use of a Boltzmann distribution,
with the v-dependent effective temperatures equal to 760 K,
1230 K, and 1940 K for v=9, 8, and 7, respectively
[Liewellyn and Long, 1978]. The effective temperature for
v=6 was taken to be equal to 2600 K by extrapolation.
Another reaction,

O + HO, ~ OH(v<6) + 0,, )

has been discussed as a possible source of chemiluminescent
OH(v) at the mesopause [Kaye, 1988; Sivjee and Hamwey,
1987; McDade and Llewellyn, 1987]. However, it has not
been established that reaction (7) plays a significant role in
the nighttime airglow. Lack of knowledge concemning the
radiational and collisional quenching of nascently formed
OH(v) has hindered resolution of this question.
Nevertheless, reasonable choices can be made for the
quenching rates which obviate the need for a secondary
source of OH(v) via reaction (7) {McDade and Llewellyn,
1987]. In addition, about half of the observed OH high-N

lines arise from molecules containing more internal energy
than is available to the products of reaction (7). Because of
these considerations we exclude reaction (7) from the source

term.
Chemical destruction of OH was assumed to be dominated
by reaction with O atoms, namely

OH+0 - H+0,, ®)

with the temperature-dependent rate constant [DeMore et al.,
1990] given by

120
by = 221071 ¢ T gt )

The model O atom densities in the 80 to 110-km range,
when multiplied by the rate constant kg, yield an OH
chemical destruction rate of the order of 10 s!. This rate
limits the lifetimes of the longest-lived OH(v,N) levels, i.e.,
the low-N and low-v states, particularly the low-N levels of
OH(v=0). The calculated steady state populations of the
low-N levels of OH(v=0) are inversely proportional to the O
+ OH reaction rate. Spencer and Glass [1977] measured a
factor of 2 to 3 rate enhancement for the reaction of
OH(v=1) with O atoms over that for OH(v=0), the O +
OH(v=1) reaction occurring on every second collision. Thus
the reaction rate of O atoms with OH(v21) was increased by
a factor of 2.5 over the OH(v=0) reaction rate. This
modification has only a minor effect on the low-N

22
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et al. 1993), where v and N refer to the upper state. The fundamental A coefficients have been summed
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populations for the low-v levels and a negligible effect on
the other levels.

Radiative Cascade

Pure rotation. OH pure rotation radiative decay has been
incorporated using the Einstein coefficients calculated
independently by Holtzclaw et al. [1993] and Goorvitch et al.
(1992]. Both of these groups used the OH dipole moment
function p(r) determined by Nelson et al [1990] and
calculated transition probabilities which agree to within 1%
for all v,N. For large values of N the pure rotation rates
equal several hundred per second and represent the single
largest loss term for the atmospheric OH(u,N*).

Vibration-rotation. OH vibration-rotation cascade has
been included using the values for v=1-9, Av=1-5, N=1-15
determined by Nelson et al. {1990) and extended to higher N
levels by Holtzclaw et al. [1993]. The Holtzclaw et al.
calculation used the dipole moment function u(r) and the
nonrotating molecule potential Vrkr from Nelson et al. and
assumed a case b rotational kinetic energy term. As
discussed in the Appendix, the case b approximation is
- certainly valid for N values as large as 15. Holtzclaw et al.
point out that the major uncertainty in the vibration-rotation
transition probabilities results from ignoring mixing of the
OH(AZZ') wave function into the OH(X?[I) wave function,
as discussed above for the OH A-doublet analysis.
Uncertainties were estimated as + 15% in the P and R
branches for N=30, scaling roughly as N. Uncertainties were
estimated to be far larger in the Q branches; however, the Q
branches are very weak for large N and thus a negligible loss
term for the atmospheric OH(v,N*).
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As mentioned above, the fundamental band emission rates
can be significant relative to the high-N pure rotation
emission rates, while the overtone (Av>2) rates are less
important. Figure 18 shows the v=1-3 fundamental band
emission rates, summed over the P, O, and R branches,
together with the pure rotation emission rates. The
substantial radiative rates in the fundamental bands have
been taken into account in the kinetic model.

Collisional Relaxation

' Rotational relaxation. Rotational relaxation rates were
derived by modeling the air broadening of absorption line
widths in terms of the lifetimes of the rotational states
involved in the transition. Because air-broadening data for
OH are scarce, the HF molecule was used as a model. HF
and OH have similar dipole moments (1.8 D for HF versus
1.7 D for OH) and rotational constants B, (21 cm’! for HF
versus 19 cm’! for OH) and may well have similar line-
broadening properties. Khayar and Bonamy [1982] have
compared measured Ar-broadened HF pure rotation line
widths to values calculated for Ar broadening of OH line
widths and found that the broadening is about 50% larger in
the case of OH; this result is taken into account below.

Rates were calculated by fitting HF(1-0) vibrational
fundamental air-broadening coefficients, measured at 202 K
[Pine and Looney, 1987], to the following formula:

A1) vy + kv, (10
e

Y=2

where v is the broadening coefficient of the absorption line
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half width at half-maximum intensity, in units of cm™! atm’’,
L(T) is Loschmidt’s number, and k(N,) and k(N are rate
constants summed over all of the collision-induced loss
mechanisms for the initial and final rovibrational levels,
respectively, connected by the infrared transition.

The collision-induced loss terms were taken to be

k(N) = keopr + kpor(N), an

where k-q;p; is a constant collisional dephasing term, and

_BIAE

ko) = & 3 @N'+1) e
NsN

(12)

is the rate constant for collision-induced rotational energy
transfer. The sum is over all rotational states N” not equal to
the initial state value N, and AE is v.e energv difference
between the initial and final states. 7T..: "exponential-gap"
dependence for rotational energy transfer rates was first used
by Polanyi and Woodall [1972] to model HF rotational
relaxation. The 2N+1 degeneracy factor takes into account
microscopic reversibility [Brunner and Pritchard, 1982].
The dephasing rate constant k-, @, and B are adjustable
parameters in the fit.

The fit reproduced the values ¥ for air broadening of the
HF(1-0) P(1)-P(9) and R(0)-R(8) lines to within the
estimated experimental uncertainty. Using the best fit values
for o (6.6 x 10 cm®s') and B (1.7), the quantities
k() were determined for HF(u=0), then adjusted upward
by 50% in accord with the calculation of Khayar and
Bonamy [1982]. Rate constants kpor(NV), assumed to be
independent of OH v level, were then fixed in the subsequent
least squares fits to the OH(v,N) populations. Rates for
collisional transfer out of a specific N level, plotted in Figure
14, were calculated as the product of kpor(N) and the total
number density at 82-km and 96-km altitudes. As seen in
Figure 14, rotation level-changing collisions limit the
OH(v,N) lifetimes for low N, while spontaneous emission
limits the lifetimes for high N, the crossover occurring in the
range N=10-20. '

Very recently, Schiffman and Nesbitr [1993] measured
OH(v=1¢-0) room-temperature air-broadening coefficients,
for N’=1-4. For a given value of N the OH broadening
coefficients are about 2 times larger than HF coefficients
measured at 295 K [Pine and Looney, 1987). Scaling the
kror(N) values upward to agree with the OH air-broadening
measurements does not qualitatively change the results of the
kinetic modeling. Indeed, the model uncertainty introduced
by extrapolating either data set to much higher values of N
is a more serious concern than the absolute scaling.

Vibrational relaxation. Two separate models for the
OH(v,N) vibrational relaxation were considered, one which
takes the high-N levels to be the product of vibration-to-
rotation energy transfer from energy resonant states in higher
v levels ("VR" model) and one which takes the high-N states
to be nascent products of the H + O; — OH + O, reaction
("chemical production,” or "CP" model).

VR model: This model incorporates collisional quenching
of OH(v,N) by O, with rate constants k, given by

Ink, = av+b, (13)
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with @ and b determined through a least squares fit to the:
values k,_, (O,), determined .by Dodd et al. [1991]. The
rate constants thus generated range from 1.0 x 10733 ¢m3 57!
for v=1t0 1.5 x 10! cm? 57! for v=9. The extrapolated rate
constant k,_o(O,) is equal to a value recently measured by
Chalamala and Copeland [1993), ie., (1.7+1.1) x 10!
cm® s, within the uncertainty in the measurement.
Multiquantum quenching is incorporated into the model using
a parameterization similar to that introduced previously
[Dodd et al., 1991], in which the probability of a downward
transition v;,—v; is taken to be proportional to 1/(v,--vf)"'”,
with an adjustable multiquantum parameter n. A value n=9
denotes collisional relaxation of v=9 to produce a flat
distribution of final states v=0-8, with increasing single
quantum character as v; decreases. Larger values of n (e.g.,
212) denote single quantum relaxation for all v levels. We
find that the 2 value is not sensitive to the chosen value of
n, for n29; for n<9, x2 worsens appreciably. Thus we have
assumed single quantum relaxation of OH(v) by 0,,
consistent with the findings of laboratory measurements of
the vibrational relaxation of OH(v) by O, [Dodd et al.,
1991].

Vibrational relaxation of OH(v) by N, is known to be
much slower than relaxation by O,. For v=2 the relaxation
rate constant k,(N,) is at least 26 times smaller than k,(Oy)
[Rensberger et al., 1989]; for v=9, k,(N,) was found in one
study to be at least 20 times smaller than k,(O,) [Finlayson-
Pitts and Kleindienst, 1981] and in another to be at least 34
times smaller [Chalamala and Copeland, 1993]. Thus
despite the fourfold greater abundance of N, versus O, in the
mesopause region, relaxation of OH(v=1-9) by N, is at most
one-fifth the rate for O,-mediated relaxation. In addition, the
mechanism of relaxation of OH(v) by N, has not been
studied in any detail, at least partly due to the small values
for k,(N,). Thus N,-mediated relaxation is ignored in the
present model. :

Under the VR model, the assumption is made that the
reaction between H atoms and O; produces OH(v=6-9) only.
For each initial level i in vibrational manifold v, a set of v-1
final levels f most closely coincident in total energy to E;
was identified, with the proviso that E, < E +140 cm’l (ie.,
kgT at 200 K). The collision-induced resonant VR transfer
mechanism was assumed to connect the initial state with
these final states only. The VR transfer process corresponds
to a right-to-left horizontal transition of OH(v,N) in Figure
10, conserving the total energy of the hydroxyl molecule.

Trial models were generated using various species, such
as N,, O,, and O, to induce resonant VR transfer in
OH(v,N). In the model atmosphere the major atmospheric
constituents N, and O, decrease in density by 2 orders of
magnitude between 80 and 110-km altitude, while the
O-atom density rises an order of magnitude between 80 and
95 km, then remains approximately constant (Figure 17).
We find that the OH(v,N*) column density predictions based
on N,/O,-induced VR transfer are wholly inconsistent with
the data, predicting far too much OH(v,N*) at the lower
tangent heights and far too little OH(v,N*) at the higher
tangent heights. On the other hand, O-atom-induced transfer
is much more consistent with the data. The less prevalent
species (e.g., O3, H) would require a physically unreasonable
collision cross section in order to effect the necessary
transfer.
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Transfer of multiple vibrational quanta for O-atom
quenching is provided through an expression similar to that
presented above for O, quenching. In this case, the
probability of a downward transition vV, is taken to be
1/(v;vp", for which n=0 denotes a flat distribution of final
Uy levels, and increasing positive values of n denote
increasing single-quantum character. In addition, a second
parameter C was introduced as a constant multiplier (units of
cm’s!) for the v,N level-independent rate constant
governing O-atom induced collisional energy transfer. The
parameters n and C were allowed to vary in the fit to the
OH(v,N) column density data. The best fit value » is equal
to 0, corresponding to a flat final state Uy distribution. The
best fit value C equals 4 x 101! cm? 571, which corresponds
to the measured rate of the O + OH — O, + H reaction at
200 K. Thus the dominant product channel for O + OH
collisions may involve bond-breaking for low-v OH but
energy transfer for high-v OH.

A complicating issue in the case of O + OH collisions
involves possible formation of an intermediate HO, complex.
HO, is bound by 3.1 eV with respect to the separated O +
OH reactants Varandas and Marques, 1992} and thus could
be sufficiently long lived as to lose all memory of reactant
quantum state. According to unimolecular reaction rate
theory, such a complex would be predicted to decompose
into O + OH and H + O, fragments, with a statistical product
state distribution governed by quantum state densities at the
total energy of the complex. This prediction is inconsistent
with the much more restrictive VR model product state
prediction. On the other hand, the reaction O('D) + H, —
OH(v,N) + H also proceeds through a stable intermediate but
gives rise to a highly nonstatistical distribution of rotationally
excited OH(v=0-4) [Sloan, 1988]. Studies of the reaction
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dynamics on the HZO(IAf) potential energy surface have
shown that production of high-N OH is enhanced through a
long-range H-OH 'product transition state and a large exit
impact parameter [Rynefors et al., 1985]. Thus it is possible
that unanticipated dynamics control the outcome of inelastic
collisions between OH and O(*P).

The left-hand side of Figure 12 shows the prediction made
by the VR model for the OH(v,N) column densities for two
different tangent heights. The cusps, or local maxima,
observed in the populations for certain values of N result
from energy resonances of the cusp level with the low-N
levels of a higher vibrational state (see Figure 10). ‘The VR
model dictates that resonant VR transfer from the closely
spaced low-N levels into a given vibrational manifold
populates a unique N level, producing a surplus of population
in that level. The cusps could be evened out by relaxing the
uniqueness condition of the resonant VR transfer mechanism.
Even in the present model, the cusps are largely smoothed by
the high rate of pure rotation radiative cascade, especially for
the low-v, high-N states.

CP model: The CP model incorporates collisional
quenching of OH(v) by O, in a manner identical to the VR
model. However, feed into the high-N levels occurs not
through resonant VR transfer but instead through direct
chemical production via the H + Oj reaction. In the CP
model, the OH(v=6-9) nascent distribution given by
Klenerman and Smith [1987] is amended to include low-v
levels. The rotational level dependence of the model
OH(v=0-5) chemical production rates can not be determined
independently from the pure rotation data. Thus we have
parameterized the feed. rates according to a probability PN
assuming a statistical distribution of nascent N levels, namely

2 T | l 1 T T T T T T
9 - ,
= 4  Klenerman and Smith
@] 1.0 PN —
é O Additional population
e required in CP model
) 0.8 |~ —
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Figure 19. Product OH vibrational level branching fraction for H + O; — OH(v) + O,. Points marked by
triangles are taken from Klenerman and Smith [1987]; points marked by circles represent additional
population of the low-v levels required by the CP model. See text for discussion.

25




3580

(14)

P(N) = N+1) JEr "By B,

where Eror, Eypp, Epor are the total, vibrational and
rotational energies, respectively, and Epqr is equal to the
27,000 cm’! exothermxcxty of the H + O, reaction. The
2N+1 term gives the rotational degeneracy of product
OH(v,N), while the square root term is proportional to the
product translational partition function. Clearly we have not
proved that the statistical model is correct in this case;
instead, we will show that a simple model can be used to
reproduce the data. For the CP model, the only parameters
adjusted in the fit to the OH(v,N) column densities are the
fractions y(v) denoting the relative feed rates into the lower
v levels. The amount of feed into the lower v levels
required in order to match the data is indicated in Figure 19.
It is seen that the level of feed into v=0 determined by the
CP model is about 10% of that for v=9, with smaller
percentages required for v=1-5.

The OH(v,N) population distribution predicted by the CP
model is shown on the right-hand side of Figure 12; it is
seen to be similar to the VR model prediction. The CP
model does not predict the cusps for certain values of N both
because it has no resonant transfer mechanism and because
it uses a smooth function for the N dependence of the
chemical feed.

Discussion
Hydroxyl Vibrational-Rotational Distributions

As seen from Figure 12, both the VR and the CP models
predict an inversion in the rotational level populations in the
range N=8-13, even after dividing by the degeneracies 2N+1.
This inversion is strongest for the lowest v levels and
gradually diminishes with increasing v. A bimodal form for

the rotational distribution is a well-known outcome of the
exponential-gap form for the rotational relaxation rates
[Polanyi and Woodall, 1972). Under the exponential-gap
model, high-N levels are relaxed very slowly, while mid-N
levels are depleted more quickly but are only slowly
populated from above. Typically, a population minimum
occurs, with the value of N at the minimum determined by
the steepness of the exponential decay in the rates. If the
OH rotational relaxation rates are made a weaker function of
N, the magnitude of the population inversions seen in Figure
12 is reduced. At the same time, the predictions made for
low-N and high-N populations are little affected by variation
of the exponential-gap parameter B (equation (12)). For any
reasonable value of B, the closely spaced low-N levels are
always strongly coupled through N-changing collisions, while
production and loss of the high-N levels are always
dominated by pure rotation emission. Thus a best fit value
for B cannot be determined unequivocally in the absence of
population data for N=5-12.

Both models are consistent with the pure rotation radiative
cascade dominating the feed and loss for the high-N levels.
This was ascertamed by computing the flux of OH molecules
(units of cm™ s "1 into each N level of v=0, at an altitude of
90 km. The flux was calculated for each of five
mechanisms: pure rotation radiative cascade, vibration-
rotation radiative cascade, collision-induced rotational energy
transfer, collision-induced vibrational energy transfer, and
resonant VR transfer (VR model only) or feed from H + 0,
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(CP model only). For both models the flux due to pure
rotation cascade is found to dominate over the other
mechanisms by an order of magnitude in the range N=18-35.
Pure rotation radiative cascade remains the most important
feed mechanism for N values as low as 15.

Very recently, Pendleton et al. [1993] reported more
detailed OH(v,N) distributions obtained through ground-based
FWI observations of Av=2 and 3 Meinel band emissions. In
particular, P-branch emissions for v’=3, 6, and 7, and
N'=1-12 were analyzed in detail. For those values of N the
inferred rotational state populations decrease monotonically
with increasing N, as opposed to the distinct population
minimum predicted by the VR and CP models. The inferred
populations for OH(v,N=1-12) may be useful in
discriminating between the exponential-gap and alternative
models [Brunner and Pritchard, 1982] of OH(N,-N )
collision-induced rotational relaxation. Pendleton et al
[1993] derive the populatlon ratios (v=3,N=1):(v=3,N=9) =
60, (6,1):(6,11) = 50, and (7,1):(7,12) = 35, 'indicating a
greater degree of rotational excitation (relative to N=1) for
the higher v levels. These ratios are consistent with the
CIRRIS limb column densities, taken near the OH Av=1
peak emission altitude (e.g, the 82-km populations shown in
Figure 12). This consistency provides a valuable check on
the methods and resulting populations obtained from both
experiments.  Further analysis taking the ground-based
observations into account is in progress.

OH(v,N) Model Altitude Distributions

The VR and CP kinetic models predict similar altitude
distributions. Figure 20 shows CP model number densities
for the thermal and rotationally excited components. For the
purposes of the figure, the thermal and rotationally excited
distributions were generated by summmg the rotational level
populations over N=1-7 and N211, respectively. For the
excited distributions, N levels are included up to 27,000 cm™
total energy (Figure 10). -Altitude distributions are shown for
thermal OH(0-9), and for rotationally excited OH(0-6).
Figure 20 shows that for the thermal component the v=1
number densities peak at about 87 km, while those for v=9
peak at about 89 km. McDade [1991] has summarized the
available data concerning the altitude distribution of the
various OH(v) levels. OH Meinel band emissions have been
observed using rocket-borne broadband radiometers and have
also been extensively modeled. Both the data and the
models suggest that the peak OH(v) number densities should
occur at higher altitudes for higher v levels. The model
calculations of McDade [1991] show that the altitude spread
in the peak OH(v=1-9) number densities should not exceed
1-2 km, consistent with the present results.

The rotationally excited distribution peaks 0-2 km higher
in altitude than the thermal component, depending on the v
level. The rotationally excited component also displays less
dependence of the peak altitude on v, with all levels peaking
at about 89 km. To our knowledge, no other models of the
altitude distributions of the only recently discovered [Smith
et al.,, 1992] OH high-N populations have been reported.

Sources of Angular Momentum

The OH levels observed in the pure rotation spectra
contain a substantial amount of angular momentum, the
origin of which must be rationalized under any viable
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Figure 20. OH(v) number density predictions from the CP kinetic model for the thermal and rotationally
excited components. The thermalized populations have been summed over N=1-7, while the excited
populations have been summed over all N>11, consistent with total energy less than 27,000 cm™. In both
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are differentiated by line type according to the vibrational level. Vibrational levels v=2, 4, 6, and 8 have

been omitted for clarity.

mechanistic model. In the case of the VR model, a large
amount of angular momentum transfer necessarily occurs
during O-OH collisions. For instance, a large proportion of
the low-v, high-N population results from direct transfer from
v=9, N=1-7, since v=9 is the most highly populated nascent
vibrational state of the H + O3 reaction. Thus transfer from
v=9 to the low-v levels requires typical AN values of 30.
The angular momentum imparted to the highly rotationally
excited OH molecule must arise chiefly from the orbital
angular momentum of the OH + O constituents, in either the
reactant or the product channels [Mikulecky and Gericke,
1992). The orbital angular momentum Ly=pvb, where p is
the reduced mass of the system, v is the relative velocity,
and b is the impact parameter. To impart maximum angular
momentum to the product OH, the reactant and product L
vectors are assumed to be antiparallel, such that the vector

equation
AN =

Lpnonucrs - LREACI‘ANTS

15
p(vxby, - vxby) (15)
h

holds. Setting the average relative velocity equal to 720
mst at 200 K, the average impact parameter can be
estimated assuming a hard-sphere potential, namely

k

v

b - (16)

b

where the rate constant k is taken to be 4 x 107! cm3 571, the
value obtained by the kinetic fit to the population data. The
parameter b is calculated to be 1.3 A, i.e., slightly larger than
the OH bond length of 1.0 A. Using these values for v and
b along with n = 8.2 amu, AN<24 is calculated, roughly
consistent with the AN value required for the VR model.
For the CP model, the OH angular momentum must arise
in the course of the H + Oj reaction, the dynamics of which
have been studied theoretically [Chen et al., 1981; Dupuis et .
al., 1986]. Two low-energy pathways for the reaction have
been identified, one involving colinear approach of the H
atom along an O-O bond and a planar transition state and the
other involving perpendicular approach of the H atom,
directed at one of the terminal O atoms. Chen et al. [1981]
point out that for the planar transition state, violent
oscillation in the incipient OH bond would likely transfer
momentum into (counterpropagating) rotation of the OH and
02 products. This momentum transfer would be less likely
in the case of perpendicular approach of the H atom. If at
least a portion of the reactive trajectories proceed via a
coplanar transition state, this mechanism could serve to
populate the OH high-N states. The counterrotating O,
molecule would help provide conservation of angular
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momentum. The small rotation constant of O, (B, = 1.4
cm’') allows the production of high-J levels with only
modest investments of energy. For instance, production of
0,(J=25) requires only 940 cm™! of energy, which is about
the rotational level spacing in high-N OH.

A-Doublet Distribution

As discussed above, the A-doublet ratio TT(A")/TI(A”) = 1.8
*+ 0.3 was determined from the pure rotation emission
intensities for the range N=13-33 [Dodd et al., 1993a}. For
high N the O-atom pIl-orbital containing the unpaired
electron is in the plane. of rotation in the I1(A’) case and
perpendicular to the plane of rotation in the II(A”) case
[Alexander et al., 1988]. Preference for the IT1(4") component
has been observed in chemical reactions that form OH, such
as H + O, [Kleinermanns and Wolfrum, 1984], O('D) + H,
[Mikulecky and Gericke, 1992), and O('D) + H,0 [King et
al, 1992], and from inelastic collisions of OH with H,
[Andresen et al., 1984a). Preference for the II(A”)
component has been observed in the photodissociation of
H,0 [Andresen et al., 1984b]. To our knowledge, published
accounts do not address the nascent OH A-doublet
population distribution in the H + Oy reaction. The
populations could be probed experimentally, for instance
through LIF detection on the OH A-X transition [Sloan,
1988]. :

It was mentioned above that a planar H-Oj transition state
could favor formation of high-N OH. A planar H-O,
transition state could also favor production of the IT(4")
A doublet, according to arguments made in the literature for
similar reactions [Andresen and Rothe, 1985). For planar
H-O; the incipient OH pIT orbital containing the unpaired
electron is oriented in the plane of the complex. If the
torques responsible for rotational excitation of the product
OH also lie in the plane, preferential population of the IT(4")
A doublet occurs. It is possible, then, that the two separate
channels of the H + O, reaction suggested by Kaye [1988]
preferentially populate high-v OH and high-N OH,
respectively. Clearly, the H + Oj reaction bears further
study.

Finally, two groups have attempted to calculate a "prior”
expectation for the population ratio TI(A")/TI(A”) in high-N
levels of OH resulting from a chemical reaction. These
models assume no dynamical constraints to the motions of
the nuclei in the transition state for the reaction H + OX —
HO + X. Bronikowski and Zare [1990], using a very simple
geometrical argument, predict IT(A"YII(A”")=2. Hanazaki
[1993], on the other hand, argues that the former study
contains flaws and predicts TI(A)TI(A”)=1 for an
unconstrained H + OX reaction. No attempts are made here
to interpret the observed A-doublet ratio in terms of a prior
expectation, pending the outcome of this disagreement.

Implications for Energy Budget

Population of the OH high-N levels, by any mechanism,
could have a significant effect on models of the energy
budget of the mesopause [Mlynczak and Solomon, 1993].
OH(v,N*) levels will radiate much of their initial energy
back out into space. Thus they provide an additional cooling
mechanism for the mesopause region, the magnitude of the
effect depending on the flux through those levels. The
measured nascent product distribution for v=6-9 [Klenerman
and Smith, 1987] accounts for roughly 90% of the available
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exothermicity of the H + Oj reaction. The remaining 10%
feeds into the kinetic energy of the fragments and rotation of
the O, molecule, thus heating the atmosphere. If the CP
mechanism is cormrect, models of the nascent product
distribution for the H + O; reaction would have to be
revised, possibly resulting in a significant difference in
estimates for the amount of residual energy feeding into
those degrees of freedom. This difference would also have
to be taken into account in a calculation of the effects of
chemical production of OH(v,N*) on atmospheric heating.

Summary

A large number of OH(v,N) pure rotation and vibration-
rotation earthlimb spectra have been obtained through the
CIRRIS 1A space shuttle experiment. These spectra have
been analyzed to yield OH(v,N) column densities in the
Earth’s airglow region between 20 and 110 km. Partially
resolved pure rotation emission from OH levels with up to
2.3 eV of rotational energy has been observed, as well as
fundamental emission from OH(v=1-9). The pure rotation
emission has been analyzed to determine the relative spin
sublevel populations, indicating equal amounts of the spin-
rotation states but an approximately 2:1 IT(A’)/II(A”) ratio in
the A components.

A first-principles kinetic model has been developed to
predict OH(v,N) altitude-dependent number densities, which
are convolved with the detector field of view for direct
comparison with the data. The model incorporates laboratory
values for the OH(v=6-9,N) relative branching fractions from
the H + O; reaction. Two adaptations of the model have
been shown to be consistent with all aspects of the OH(v,N)
column density data set. The first adaptation is a resonant
VR energy transfer mechanism, under which vibrational
energy in nascently produced OH(v=6-9) is exchanged for
rotational energy in product OH(low v, high N) upon
inelastic collisions with O atoms. In the second adaptation
the observed high-N levels are taken to be nascent,
chemiluminescent product states of the H + O; reaction.
Neither mechanism can be discounted based on
considerations of angular momentum, nor on the basis of the
observed A-doublet population ratio. The identification of
the correct mechanism would provide great insight into the
dynamics of highly rotationally excited hydroxyl in the upper
atmosphere and better quantify the effects on energy budget
models of the mesopause.

Appendix: Angular Momentum Coupling
in OH(X’IT) |

For small values of the molecular rotation the OH wave
functions are well approximated assuming Hund’s case a
angular momentum coupling. For case a, both the electron
orbital angular momentum vector L and the electron spin
vector S are strongly coupled to the internuclear axis. This
coupling results in the two "spin-orbit" manifolds F 1 (Q=3/2)
and F, (Q=1/2). The quantum number J, representing the
total angular momentum, is used to label the rotational
levels.

With increasing rotation, S rapidly uncouples from the
internuclear axis and couples instead to the end-over-end
rotation vector R, a situation described by Hund’s case b.
The resultant “spin-rotation" wave functions, also labeled F 1
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and F), can be described as linear combinations of the case
a spin-orbit wave functions [Zare, 1988]. The rotational
quantum levels are labeled by N, which is the total angular
momentum apart from electron spin. A labeling scheme for
OH rotational levels independent of the angular momentum
coupling case uses the formal correspondence N = J - 1/2 for
the F; manifold and N = J + 1/2 for the F, manifold. Thus
the positive integer values N are used to label rotational
states for both case a and case b, with N=1 the lowest energy
level for both F; and F, manifolds. For convenience we

have adopted this convention.

For nonzero values of the rotational angular momentum
the electronic orbital angular momentum L is slightly
uncoupled from the internuclear axis, removing a further
degeneracy and resulting in "A doubling." The e and f
A-doublet states have opposite total electronic-rotational
parity and can be used to label the OH levels regardless of

coupling case. In the case b (high N) limit for 21 diatomic

molecules such as OH, the parity states have a definite
physical interpretation: 1e and 2f levels are symmetric with
respect to reflection of the electronic coordinates in the plane
of rotation (II(A") symmetry) and 2e and 1f levels are
antisymmetric (TI(A")) [Alexander et al., 1988; Zare, 1988].
Like the N labeling, the TT(A")/TI(A”) nomenclature can be
used to formally label the A-doublet states for both coupling
cases, even though it has a strict symmetry interpretation
only in the case b limit. The relative population of the two
A components provides a clue as to the dynamics involved
in OH formation (see Discussion section).
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Photochemical-dynamical modeling of the measured response of

airglow to gravity waves
1. Basic model for OH airglow

U.B. Makhlouf,' R.H. Picard, and J.R. Winick

Phillips Laboratory, Geophysics Directorate, Hanscom Air Force Base, Massachusetts

Abstract. A photochemical-dynamical mode! for the OH Meinel airglow is developed and used
to study the fluctuations in OH emission due to atmospheric gravity waves propagating through
the mesosphere. The linear response of the OH Meinel emission to gravity wave perturbations
is calculated assuming realistic photochemistry and gravity wave dynamics satisfying Hines
(1960) isothermal windless model. The current model differs from prior models in that it con-
siders fluctuations in vibrationally excited hydroxy! populations [OH(v)] instead of fluctuations
in the production rate of OH(v). Two types of correction terms to the latter class of models are
found, one involving advection of excited-state populations by the gravity wave and one involv-
ing quenching of OH(v) by collisions with perturber molecules. Effects of these additional
terms are expressed in terms of the so-called Krassovsky ratio 1, which relates relative fluctu-
ations in the column intensity measured by a passive optical instrument to relative fluctuations
in the ambient temperature. The extra wave advection term is found to be unimportant under
typical conditions, but quenching is important and has two major effects: (1) It makes 1 a vibra-
tional-level-dependent quantity, and (2) it can lower n by more than 50% depending on the
-wave period. A typical range for 1 over a reasonably chosen range of wave parameters was
found to be from less than 1 up to 9. The measuring instrument was also explicitly considered
.in the model formulation. Instead of simply assuming that the instrument measured the bright-
ness-weighted temperature, as is commonly done in gravity wave response models, two com-
mon instruments for determining temperature from passive column-integrated measurements
were explicitly modeled. The instruments modeled consisted of (1) a moderate-resolution
instrument, such as a Michelson interferometer, which infers the temperature from the ratio of
two rotational lines in a vibrational band (the rotational temperature) and (2) a high-resolution
instrument, such as a Fabry-Pérot interferometer, which uses the Doppler width of a single line
to infer the temperature (the Doppler temperature). For gravity waves with large phase velocity
(large-scale waves), calculations by both of these methods are found to be generally in agree-
ment with each other and with the brightness-wei ghted temperature. However, for gravity
waves with small phase velocity (small-scale waves) the two realistic simulations can differ
from simulations using the brightness-weighted temperature by as much as 35%. The effect of
vertical standing waves is considered by modifying the Hines model to include a rigid ground
boundary. It is found that the standing waves have a profound effect on the phase of the gravity
wave response. Values of 1 generated from the model are compared with published
ground-based OH Meinel measurements of a quasi-sinusoidal short-period gravity wave by
Taylor et al. (1991) from Sacramento Peak, New Mexico, at 15° elevation, as well as with the
Svalbard polar-night data of Viereck and Deehr (1989). The agreement was found to be reason-

able in both amplitude and phase for standing waves.

1. Introduction

Many observations of the hydroxyl airglow emis-

sions reveal evidence of temporal and spatial structures in.

these emissions [e.g., Krassovsky, 1972; Peterson and
Kieffaber, 1973, Krassovsky er al., 1977; Noxon, 1978;
Takahashi et al., 1985; Taylor et al., 1987; Viereck and

INow at Stewart Radiance Laboratory, Bedford, Massachu-
setts.
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Deehr, 1989; Taylor and Hill, 1991; Taylor et al., 1991].
Since such structures have been related to the passage of
atmospheric internal gravity waves (IGWs) [Hines, 1960]
through the emitting layer, their observation in the OH
emission layer can be used as a probe to study the IGWs
and their role in the dynamics of the middle atmosphere.

* The so-called Krassovsky ratio 1 [Krassovsky, 1972]
is 2 measure of the airglow response to a periodic dynam-
ical perturbation such as an IGW and relates the observed
relative fluctuations in the airglow brightness to the rela-
tive fluctuations in the ambient temperature averaged
over the emission layer,

AB /B
_ v’ Tov

Vv

W= TRTT, M
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where By, is the steady state unperturbed column bright-
ness on the transition between vibrational level v and level
V', AB,,,; is the fluctuation in this brightness, and T, and
AT are the steady state temperature and its fluctuation.
(The subscript v in 1} is used only to emphasize vibrational
level dependency.)
The value of 1 is independent of the amplitude of the
. perturbation in the regime where the response is linear. In
addition, it has been shown, in principle, to depend on the
airglow photochemistry and dynamics. Krassovsky
[1972] showed that 1) was dependent upon the order of the
rate-limiting reaction and wrote

2

n=sgH (2)
where v = cp/cy is the specific heat ratio and p is the coef-
ficient of temperature dependence T-*, of the rate con-
stant k() for the rate-limiting reaction (in the case of the
OH Meinel bands, this is the three-body formation reac-
tion for Os3). This relation was revisited recently by Hines
and Tarasick [1987].

" When the IGW period is much longer than the photo-
chemical lifetimes, the chemical production and loss rates
are determined by the instantaneous species concentra-
tions, and one would expect Krassovsky’s expression for
7, equation (1), to be approximately correct. However,
Walterscheid et al. [1987] showed that when the IGW
period shortens enough to become comparable to the pho-
tochemical lifetime, the simple Krassovsky result given
by equation (2) is modified due to coupling of the chem-
istry and dynamics, which makes the response dependent
on wave period- They formulated an Eulerian photochem-
ical-dynamical model for the hydroxyl airglow IGW
modulation problem by coupling a five-reaction photo-
chemical model from a set of O,/HO, reactions described
by Winick [1983] with Hines [1960] dynamical model for
an IGW in an isothermal windless atmosphere.

The Krassovsky ratio n that Walterscheid et al.
[1987] calculated pertained to a single atmospheric height
level, since they did not integrate across the OH emission
layer, and hence their results were applicable only when
the vertical IGW wavelength was large compared with the
layer thickness (that is for a large-scale wave or a thin
emitting layer). In a later publication, Schubert and
Walterscheid [1988] extended the calculations to an air-
glow layer with a finite thickness. They used a bright-
ness-weighted temperature (BWT) [Weinstock, 1978;
Noxon, 1978] to obtain an 7 value applicable to a col-
umn-integrated measurement. Schubert et al. [1991]
incorporated eddy diffusivity and molecular viscosity
effects [Hickey, 1988a, b] into the model. The latter were
shown to have an effect on long-period, small-verti-
cal-scale gravity waves.

These models have been extended to other radiating
states including the O, b!Z, * state, source of the O, atmo-
spheric bands [Tarasick and Shepherd, 1992a; Zhang et
al., 1992; Hickey et al., 1993], and the sodium nightglow
[Plane and Hickey, 1993].
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Nevertheless, there still remain important effects
which have been neglected in the existing.models. In par-
ticular, most OH airglow models have ignored the effects
of quenching [Walterscheid et al., 1987; Schubert and
Walterscheid, 1988; Schubert et al., 1991). Quenching is
well known to have a significant effect on the steady state
OH emission profile and integrated column radiance. We
will show in this paper that quenching also has a profound
effect on the response of the OH Meinel emission to IGW
forcing. A recent paper by Tarasick and Shepherd [1992b]
also included quenching of individual vibrational levels
but made approximations that avoided solving the full set
of photochemical-dynamical equations. In particular, one
of their approximations was to drop two members of the
reaction set of Walterscheid et al., [1987], denoted here by
(R2) and (R4) below. By contrast, in this paper we solve
the fully coupled photochemistry and dynamics to deter-
mine the role of quenching and find no need to reduce the
reaction set or introduce further simplifying assumptions.

When defining temperature for an inhomogeneous
atmospheric emission layer, modelers have universally
assumed that the BWT is the quantity of interest. How-
ever, no instrument measures the BWT directly, and in
this paper we compare 7 values based on the BWT to n
values determined from experimentally observable tem-
perature measures, namely, the rotational temperature
(T,0p), based on the ratio of line intensities in a rovibra-
tional band, and the Doppler temperature (Tpop)» based on
the width of a single Doppler-broadened emission line.

Other researchers have often tended to use generic
unperturbed atmospheric profiles, including density pro- .
files for reactive species such as O3, O, H, and HO,,
instead of profiles appropriate to the season, latitude, and
time of day of the measurements to which they were com-
paring their model results. An exception is Hickey et al.
[1992], who have used minor species profiles output from
the two dimensional photochemical model of Garcia and

Solomon [1985] for the month and latitude of interest.
Since there can be a significant seasonal/latitudinal

dependence [Le Texier et al., 1987, 1989] to the unper-
turbed OH Meinel emission profile, as well as a diurnal
variation, in this paper we have chosen profiles for the
major species in the background atmosphere from an
existing climatological model [Summers, 1993], then
adapted a diurmnal photochemical model [Winick et al.,
1985] to determine the profiles of the reactive minor spe-

cies.
In addition, our model is formulated to allow for an

oblique line of sight (LOS). Using a fiat-Earth approxima-
tion, following Tarasick and Hines [1990), we compare

" our model results with oblique-looking data on a

quasi-sinusoidal wave event recorded by Taylor et al.
[1991] from Sacramento Peak, New Mexico.

In our model we have followed closely the approach
of Walterscheid et al. [1987) in linearizing the coupled
continuity equations for the response of major and minor
species of interest to the applied IGW including all pho-
tochemical couplings. Unlike Walterscheid et al., how-
ever, we have calculated the photon emission rate from
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each vibrational transition separately rather than assum-
ing that the emission rate is equal to the production rate of
the vibrationally excited OH. Our kinetic scheme then
couples fourteen species: the five of Walterscheid et al.
plus the nine lowest vibrationally excited states of OH.
This formalism enables us to identify vibrational-level-
dependent loss effects. In addition, we add a few minor,
but nonnegligible, reactions from Winick [1983) to the
photochemical scheme which they used.

Although we focus on the OH Meinel airglow in this
paper, many of the methods we use and points we make
are quite general and would apply equally well to other
radiating species. This is true, for example, of the method
of incorporating quenching and of the nature of effects
due to inhomogeneous atmospheres.

We continue in the next section (section 2) by
describing the model used for the background atmo-
spheric composition along with the diurnal photochemi-
cal model for the reactive minor species. Section 3
describes the chemistry of the production and loss pro-
cesses used to calculate the OH vibrational level popula-
tions, [OH(v)], including both their steady state values
and their response to IGW perturbations. We write the
continuity equations for the populations of the nine rele-
vant vibrationally excited levels of OH, plus the five reac-
tive O,/HO, species, and briefly discuss their steady state
solution, including the impact of quenching. Section 4
describes the IGW isothermal windless model and the cal-
culation of the first-order response of the OH vibrational
populations coupled to the reactive minor species. In sec-
tion 5 we compare different methods used to infer the
effective temperature in an inhomogeneous atmosphere
from airglow obsérvations, among themselves and with
the BWT customarily used in models. We use the compar-
ison to assess the influence of atmospheric stratification
and of the temperature determination method on the
amplitude and phase of the Krassovsky ratio. We discuss
the effect of quenching on the linear emission perturba-
tion in section 6. In section 7 we introduce the isothermal
model with a ground boundary condition, yielding verti-
cal standing waves. Section 8 discusses interference
effects occurring in the ‘short-vertical-wavelength limit
for an isothermal atmosphere, and we compare the results
of model calculations with experimental data and with
other models. After comparing our results with the mea-
surements of Taylor et al. [1991] and Viereck and Deehr
[1989], we find that our simulations are in general agree-
ment with many features of the data, especially for IGWs
with periods less than 1 hour. In the case of the latter data,
we find that vertically standing gravity waves were
required in the model to obtain better agreement. We con-
clude in the last section (section 9) by recapitulating the
main points and discussing requirements for future work.

In a follow-on paper we will consider the effects of
background winds and of a non isothermal atmosphere on
the IGW and, in turn, on the OH(v) dynamical response.
We will also perform more detailed comparisons with
data.
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2. Background Atmospheric and Diurnal
Models o

We start with a simple one-dimensional (1-D) diurnal
photochemical model to generate photochemically
self-consistent number-density profiles for reactive minor
species in the atmosphere, in particular for [O], [H], [OH],
[O3], and [HO,]. The diurnal model generates profiles for
a specified latitude, day of the year, and time of day. and
was used previously by Winick et al. [1985] to predict the
time dependence of [Os] and Oz(lAg) emission near the
dawn terminator for the SPectral Infrared Rocket Experi-
ment (SPIRE) [Stair et al., 1985]. The model includes O,,
HO,, NO,, and CIO, chemistry and allows eddy transport

of O, and HO,. The time-dependent continuity equations
for the minor species are solved by the family technique
[e.g., Winick, 1983]. Chemical reaction rates in the model
were updated from the latest Jet Propulsion Laboratory
[1990] compilation, supplemented by rates from recent
publications as described in the next section. Eddy-diffu-
sion coefficients have been updated from Strobel et al.
[1987]. The major species density profiles, [O5(2)] and
[N2(2)), as well as profiles for temperature T(z), pressure
p(2), methane density [CH,(z)], and water-vapor density
[H,O(z)] are taken from the trace constituent climatolog-
ical model of Summers [1993]. This climatological model
was compiled from data and is supplemented by output
from a two-dimensional photochemical model. Profiles
for every month and all latitudes, in multiples of +10°, are
contained in the model. Background atmospheric profiles
of [N3], [O,], and [H,0], in addition to the temperature 7,
are shown in Figures 1 (a) and (b) for June at 30°N lati-
tude. This specific latitude and time are chosen because
below we compare our model with observations made
from the White Sands Missile Range Tracking Station at
Sacramento Peak (30°N, 105.8°W), New Mexico, during
the new-moon period on day 165 in 1983 near local mid-
night [Taylor et al., 1991].

The profiles from the model of Summers [1993] (Fig-
ures 1) are entered into the 1-D diurnal model, initial start-
ing profiles for the reactive minor species are assumed,
and the simulation is run through 15 diurnal cycles until
the initial transient dies away and a diurnally reproducible
steady state results. Minor species density profiles are cal-
culated from 30 to 120 km. The results for the density pro-
files of reactive species in the O, and HO, families from
70 to 100km with the input from Figure 1 are shown in
Figure 2.

3. Steady State Vibrational Level Production
and Loss Processes

The minor species profiles, generated from the 1-D
diurnal model, are used as an input to our kinetic model
for vibrational level populations OH(v), which includes
an expanded reaction set for production and loss of OH
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‘ Figure 1. Background atmospheric profiles for June, 30°N latitude from the climatological model of
Summers [1993] used as input to the 1-D photochemical model. Altitude range plotted is restricted to
range of interest for OH airglow. (a) Altitude profiles of [Ny}, [O,], and [H,0]. (b) Temperature profile.

vibration. This reaction set includes chemical quenching ky
of OH(v) by atomic oxygen and collisional quenchingby (R4) H+0,+M — HO, +M

the molecular species O, and N,. The following reactions ks
are used in our OH vibrational kinetic model: (R5) O3+HO, = OH(v=0)+2 O,
k] ' k6
R1) H+0; — OH()+0, v=6.9  (R6) OH(v=0)+0; — HO,+0,
(R2) 0+HO, — OH()+0, =03 (R7) OH(v=0)+HO, 3 H,0+0,
k,
k 8v
(R3) 0+0,+M 3 O;+M (R8) OH»)+0 —» H+O0, v=0-9
100 .
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Figure 2. Minor-species profiles generated by the 1-D photochemical model for local midnight, day
165 at 30°N latitude.
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kg
(R9) OH(v) + O, k—>(__v OH(v-1) + O,

R

ko
(R10) OH() + N, 2 OH(»-1)+N,
kionr

“v=0-9

v=1-9

Av,v-n
(RI1) OH(v) — OH(v - n) + hv
v=1-9, n=1-6, v-n>0

The rate constants k..., ky, are listed in Table 1. The rates
of the reverse reactions, kg,  and kj, p, resulting in col-
lisional excitation, are determined from kg, and kioy bY
detailed balance; for example kg, kg,
exp[-(E,-E,.1)/kgT], where E, is the energy of vibrational

level v and kp is Boltzmann’s constant. The band-aver-

aged Einstein A coefficients A, , are from Table 1 of
Turnbull and Lowe [1989], although an alternate set of A
coefficients is available from Nelson et al. [1990].

The basic five-reaction kinetic scheme for total [OH]
employed by Walterscheid et al. [1987), selected from the
reactions of Winick [1983], consists of reactions (R1) -
(R4), plus reaction (R8). To extend the reaction set to
OH(v) kinetics, we have added to these reactions (1)

AIRGLOW RESPONSE TO GRAVITY WAVES
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quenching of OH(v) by O, and N, (reactions (R9) and
(R10)), (2) radiative decay (reaction (R11)), and less
importantly, (3) additional sources and sinks of OH(v = 0)
(reactions (R5) - (R7)). In addition, we have introduced
vibrational level dependence in a number of reactions. For
example, we have allowed reaction (R2) to be a source of
vibrationally excited OH and have used the OH destroy-
ing reaction (R8) to chemically quench OH(v).

Since the work of Bates and Nicolet [1950], reaction
(R1) between atomic hydrogen and ozone has been
known to be the primary reaction producing OH(v). The
vibrational levels v=6-9 are populated using the branch-
ing ratios of Klenerman and Smith [1987). The secondary
OH production reaction (R2) in our model is assumed to
produce OH(v) in v =0 - 3 in our model, although all lev-
els v < 6 are energetically accessible in the reaction. Sig-
nificant differences of opinion exist in the literature
concerning the role of this secondary reaction. Some
researchers [Llewellyn et al, 1978; McDade and Llewel-
Iyn, 1987] believe that reaction (R2) does not produce
vibrationally excited OH. Lunt et al. {1988] cite labora-
tory evidence that vibrationally excited OH is produced in
reaction (R2), but they were unable to measure the vibra-
tional branching ratios. Ldpez-Moreno et al. [1987]

Table 1. Rate Constants for OH(v) Production and Loss Processes

Rate Value? Comments

constant

kyy 1.4x10°10 exp(-470/T) b(v)  b(v) is branching ratio for reaction (R1),0
b(9) =0.48, b(8) = 0.27, b(7) = 0.17,
b(6) =0.08, b(v) =0.forv=0-5.

ky, 3.0x107!! diwv) d(v) is the branching ratio for reaction (R2),°
d(0) =0.52, d(I) = 0.34, d(2) = 0.13,
d(3)=0.01,d(v)=0.forv=4-9

k3 6.0x1034(300/7)23 three-body O3 production

ky 5.7x1032300/7) 16 three-body HO, production

ks 1.1x10°14 production of OH(0) only

ke 1.6x10"Zexp(-940/T) chemical loss of OH(0) only

ks 4.8x10°1 chemical loss of OH(0) only

ks, ag(v)x1071 ag(0)=3.9, ag(1)=10.5, ag(v)=25. forv=2-9

k ag(v)x10713 ag(1)=1.3, ag(2)=2.7, ag(3)=5.2, ag(4)=8.8, as(5)=17.,

9V ° 7 ag(©)=30, ag(T)=54., a(8)=08., ag(@y=170:
k ajp(v)x10714 a10(1)=0.58, a;0(2)=1.0, a;4(3)=1.7, a,4(4)=3.0,
1ov 10 0 10(0)=5 3 a;o(6)=9. 1 o(TI=16 O o(8)=27 .

ag 9)" 8.

Ayvn Band-averaged Einstein A coefficients from Table 1 of

Turnbull and Lowe [1989]

a Here T i§ thf
reaction, cm” s~ for a two-body reaction, and cm
Klenerman and Smith [1987],

€ Kaye [1988]

temperature in Kelvin. Reactior%

rate constant units are s'f for a unimolecular
s™* for a three-body reaction_
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assumed that this reaction produces OH(v) in the vibra-
tional states v = 3 - 6, while Kaye [1988] allowed it to pro-
duce OH only in low vibrational levels v = 0 - 3. Overall,
however, this secondary reaction is believed to be of rela-
tively minor importance as a production mechanism for
vibrationally excited OH at night [Kaye, 1988; R.P. Lowe,
private communication 1991], by contrast to its para-
mount influence in that role under sunlit conditions [Le
Texier et al., 1987]. Corisequently, we have found that the
assumption made concerning its vibrational yield,
namely, whether it is assumed to produce only ground
state hydroxyl or vibrationally excited OH to varying
degrees, will have bearing on the calculated Krassovsky
ratio at night only near the terminator. Nevertheless, there
will be some effect on the altitude profile of volume emis-
sion from the assumption made concerning the O + HO,
vibrational yield. Moreover, reaction (R2) will remain
important in determining the partitioning of odd oxygen
between HO, and OH, since it is the primary loss mecha-
nism for HO,.

The most important additions to the kinetic scheme
are the collisional quenching and radiative loss reactions,
reactions (R9) - (R11). The last reaction (R11), represent-
ing radiative loss for the various vibrational levels,
includes both single quantum and multi quantum transi-
tions. Multi quantum transitions are strong due to the
large anharmonicity of the vibrating molecule, and the
largest rate is the first overtone (Av = 2) when v > 2. Even
higher overtones (Av 2 3) often exceed the fundamental.
The total radiative loss rates Z, A, scale roughly with
v, increasing from 22.74 s™ forv=1102759 s  atv=9
at T = 200 K [Turnbull and Lowe, 1989].

- Many- of the quenching rate constants required in
reactions (R9) and (R10) are uncertain. Existing experi-
mental measurements are incomplete, and there are few
theoretical guides. Quenching by the molecular species is
generally assumed to proceed by single-quantum transi-
tions, in accord with the results of Schwartz, Slawsky,
Herzfeld (SSH) thkeory for vibrational
although there is some question concerning the validity of
this assumption, especially for higher v {Dodd et al.,
1990]. The rate constants for quenching by molecular
oxygen, reaction (R9), are taken from Dodd et al. [1991]
for v=1 -6, from Knutsen and Copeland [1993] forv="7
- 8, and from Chalamala and Copeland [1993] for v = 9.
The rates increase by more than 2 orders of magnitude
between v =1 and v =9 (see Table 1). Sappey and Cope-
land [1990] have also measured the rate for v = 12, which
is about the same as the rate for v = 9. The quenching rate
constants for molecular nitrogen, reaction (Ri0), were

obtained in a similar manner by interpolating and extrap- -

olating logarithmically between measurements at v = 2
[Rensberger et al., 1989)] and v = 12 [Sappey and Cope-
land, 1990] (see Table 1). The N, quenching rates
increase almost as much between v=1 and v=9 as do the
corresponding O, rates, but quenching by N, is much less
important, since its rates are a factor of 20-35 less than the
corresponding Oy rates. The effect of quenching by both

relaxation, -
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O, and N, on the OH Meinel band volume emission pro-
files will be felt most strongly at lower altitudes, manifest-
ing itself as an attenuation of the bottom side of the profile
and a raising of the peak altitude.

. Reaction (R8) represents sudden-death chemical
quenching by atomic oxygen. Its treatment is also quite
important, in spite of the fact that the rates for this reac-
tion are somewhat controversial. For v=0 the rate constant
was taken from Hampson and Garvin [1977], and for v=
1 the value of Spencer and Glass [1977] was used. The
latter authors noted a factor of 2 - 3 enhancement of the
reaction rate constant for v = 1'compared to v = 0, so that
every other collision resulted in a reaction for v = 1. For v
=2 -9, there are no experimental values available for kg,
However, Sivjee and Hamwey [1987] noted that it is not
possible to explain the results on the v dependence of OH
Meinel altitude profiles [Rogers et al., 1973; Baker, 1978]
unless the values of kg, remain large for higher v. They
chose a rate constant of 4.0x10°10 cm 3/s to fit their data.
However, we refrain from using SIVJCC and Hamwey’s
value, smce 1t exceeds the gas kinetic collisional limit
(2.5x10°'% cms) in the OH airglow layer. At the end of
this section we examine the effect of the choice of the
chemical quenching rate constant k,, on the steady state
[OH(v)] profiles.

We also add to the vibrational-kinetic model further
production -and loss processes for OH(v=0). Reactions
(RS) - (R7), although only small contributors, are added '
to make the reaction set more complete and attempt to
bring the sum of [OH(v)] calculated by the kinetic model
into closer agreement with the total [OH] calculated by
the 1-D diurnal model.

The procedure is now to insert the reactions (R1) -
(R11) into the Eulerian contmulty equation for the
[OH(v)],v=0,..., 9:

..0ON
ot

Y = Q,~LN,-div(N,V) 3)

where ‘ ,
N, number density of OH(v) = [OH(v)];
@, photochemical production rate for level v;
L, photochemical loss frequency for level v;
V' gravity wave velocity field and its Cartesian
components (u, 0, w).

These equations are coupled to similar continuity equa-
tions for the other O, and HO, species involved in OH
photochemistry. The values of Q, and L, are determined
from reactions (R1) - (R11) along with the rate constants
in Table 1. The volume emission rates I, are easily cal-
culated by multiplying the vibrational-level populations
N, by the corresponding Einstein A coefficients,
Ivv' = Avv'N v

Our main purpose is to investigate the IGW response
of this system, which we do in the next section. However,
in the remainder of this section we briefly examine the
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solution of equation (3) in the unperturbed steady state,
with no IGW present. In the steady state, with no-back-
ground wind (V = 0), the divergence term in equation (3)
vanishes, and the resulting equations describe photo-
chemical equilibrium with production equals loss. We
obtain

0= Q- LN, ©)

whose solution is

[OH(M]o=N,, = 22 5)
v0

The unperturbed volume emission rates I, are then
obtained by replacing N, by N, from equation (5),

Ivv'O = Avv' [OH (V) ] 0 (6)

Using the reactions (R1) - (R11) and the results in
Figure 2 for the case mentioned above (day 165, 30°N,
local midnight), we have carried out a sensitivity study to
show the influence of quenching on the steady state solu-
tions (equation (5)). To do this we employed both a fast
gas kinetic rate (2.5x10°10 cm’/s) and a slow rate
(2.2x10°" cm?/s) for quenching by atomic oxygen of
OH(v) with v = 2 - 9. A large difference was found as a
result of using the fast and slow rates, especially for the
lower vibrational states. The results are illustrated in Fig-
ure 3, where we show the effect of the choice of the rate
constant kg, on a high (v =9) and a low (v = 3) OH energy
level. Although atomic oxygen is a minor species com-
pared to N, and O, around the peak of the emission layer

11,295

riea; 88 km, it is still an important quencher of OH, espe-
cially on the top side of the layer and for the lower vibra-
tional levels, as can be seen in Figure 3. Quenching has a
greater effect on the lower vibrational levels, since they
are longer-lived. For example, the radiative lifetime for
OH(9) is 3.6 ms at 200 K whereas the OH(1) lifetime is
44 ms. Notice that the [OH(v)] peak altitude is lowered
slightly as the quenching is increased, in accord with
rocket measurements [Rogers et al., 1973; Baker, 1978).
For our mode] calculations, we have chosen to use the fast
rate (2.5x10710 cm®/s) for v=2-9. Thus every collision of
an OH(v) molecule with atomic oxygen destroys the OH.
We also solved equations (5) for all the OH excited
vibrational populations N,y (v = 1 -.9) with inclusion of
quenching. The results are shown in Figure 4 and indicate
that (1) the OH(v) vibrational distribution is not strongly
altitude dependent and (2) the peaks of the vibrational
level populations for v = 1 - 9 fall within a 2-km span of
altitude, with the v = 9 peak at a slightly higher altitude
than the v = 1 peak. This is attributed to quenching by
atomic oxygen, which occurs preferentially on the topside
" of the layer and affects the longer-lived state v =1 more_
than the shorter-lived state v = 9. , '
In the next section we consider the IGW model and

the linear response of the OH Meinel bands to the IGW.

4. Internal Gravity wave Dynamical Model
and Airglow Linear Response

We assume that a monochromatic IGW perturbs the
photochemical system described in section 3. We further
assume that the IGW amplitude is small enough so that
the wave and the corresponding airglow response can be
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Figure 3. Effect of choice of rate constant for chemical quenching of OH vibration by atomic oxygen
[reaction (R8)] on photochemical equilibrium profiles of [OH(v=3)] and [OH(v=9)] generated by OH
vibrational kinetic model. The profiles are shown for a fast rate of 2.5x10"'% cm?s and for a slow rate

an order of magnitude less (2.2x10"! cm3/s).
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Figure 4. Photochemical equilibrium altitude profiles of [OH(v)] v = 1-9, generated by OH vibrational

rate.

treated in the linear approximation [Hines, 1960: Walter-
scheid et al., 1987). We calculate the perturbation due to
the IGW in the total molecular number density N the
temperature 7, and the horizontal and vertical components
. u and w of the velocity V, using Hines’ [1960] windless
isothermal IGW model. '

The Hines model is used in this paper because (1) it
yields simple analytic solutions and (2) it allows us to
compare our results with those of other investigators who
have used it extensively. We have also modeled the effect
on airglow of a wave in a non isothermal atmosphere with
a sheared background wind [Makhlouf et al., 1990, 1991].
This is a more realistic model for wave propagation that
can support waves ducted by the thermal structure of the
atmosphere, as well as being a more consistent one. How-
ever, this model is less convenient, since it requires a
numerical solution of the primitive equations. Since a
number of important features can be illustrated without
including background wind and non isothermal effects
and we wish to perform meaningful comparisons with

prior work which used the windless Hines model, we treat

only the isothermal, windless case in this paper. The effect
of using a realistic gravity wave model in a non isother-
mal atmosphere with background winds will be consid-
ered further in a follow-on publication.

The next step is to linearize equation (3), along with
similar continuity equations for the species O, O, H, and
HO,, about the zero-order steady state solution of equa
tion (5), plus the corresponding steady state solutions for
the other species. We consider each vibrational level of
OH as a separate chemically active species, so that we
have a total of 14 species. The corresponding densities are
denoted by N; (i=0, 1...., 13), representing in turn [OH(v)]
(v = 0-9), [04], [O], [H), and [HO,], while the corre-
sponding production and loss rates are denoted by Q; and

kinetic model using input profiles for day 165, local midnight, 30°N and fast O chemical quenching

L;. The number densities of O, and N, are assumed to
change only negligibly due to photochemistry and to be
affected by the IGW dynamics only.

With no background wind, « and w then have no
steady state component and are strictly first-order quanti-
ties. We expand the remaining variables in the continuity
equations to first order about their steady state values by
writing, for example, X = X, + AX, for a generic variable
X, where the subscript 0 denotes the steady state value and
AX is the difference from the steady state. Assuming hor-
izontal homogeneity, the first-order linearized form of
equation (3) is then

JAN,
— = AQ;=NipAL;~ LigAN;,
ot D
Mox 9z/ 9z

In the Hines IGW model, fluid-parameter perturba-
tions have space-time dependences given by the factor
expli(wt - k,z - k,x)], where x 0 will be necessary later
to describe an oblique LOS. Moreover, all perturbations
in minor-species densities and related quantities will be
proportional to this same factor in a linear response

~ model. Putting the space-time factor into equation (7) and

dividing by Ny, we obtain a set of coupled equations for
the relative fluctuations in N;,

AN, AQ,
(Lyy + i) i

anN 1 Wy
NiO - NtO

ow _az_w @)

ALI' + zkxu—a—z—ﬁ‘;

Substituting the zero-order number density, the per-
turbed production and loss rates for each species, and the
IGW particle velocity in-equation (8), we obtain 14 linear
algebraic equations for the 14 unknown species density
perturbations AN; driven by the IGW velocity. Solving
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these equations, we obtain, in particular, the desired per-
turbations in the OH level populations A[OH(v)] = AN,
v =1-9. The perturbed volume emission rate is then L,
=1,y + Al to first order, where

AL, = A, A[OH(v)] ©)

Dividing equation (9) by equation (6), we see that
ALy, /1,5 = AN,/N,,. Since the A coefficients have can-
celled, we see that the fractional fluctuation in the emis-
sion rate is the same for all bands originating in the same
upper level v. Using equation (8) for AN,/N,,, and noting
from equation (4) that L,y N, = Q,., we obtain an equa-
tion for the relative fluctuation in the emission rate,

Al .

Wi e 2O\ v v (10)
I L

Vv o Vo

+—1—(ik u—-a—w— ! a[OH(v)]w)
Lvo X 9z [OH(v)] oz

In the gravity wave branch at least, we have © <
Brunt-Viisild (BV) frequency g = 21/[S min] near the
mesopause, while Lo 2 X , A,,» > 22 s”I- Hence the sec-
ond term on the left-hand side of equation (10), which
arises from the time derivative, could be ignored in the
continuity equations of the hydroxyl level population
fluctuations A[OH(v)] for v > 0. The corresponding term
could also be ignored .in the continuity equations for
[OH(v=0)] and [HO,] over most of the altitude range of

interest (80 - 100 km). This is apparént from Figure- 5;

which is a plot of the chemical lifetime L, of the reac-
tive ith species versus altitude. Nevertheless, even though

the terms in question are small, they will be retained for
completeness in both numerical and analytical solutions.
It is also apparent from Figure 5 that the lifetimes of
OH(v=0) and HO, are very nearly the same and track each
other over the whole range of interest. This is because
reaction with atomic oxygen is the dominant loss channel
for each of these species, so that for z > 80-85km, the ratio
of the lifetimes is THOZ/TOH(O) = LOH(O)/LHOZ =
ks o[k, ] = 1.3. -
Equation (10) shows that the fractional first-order
perturbed volume emission rate is a sum of three terms,
which represent (1) production rate fluctuations AQJO0
(2) loss-rate fluctuations AL /L ¢, and (3) fluctuations that
arise from the divergence term of the continuity equation
and represent wave transport, that is, advection and com-
pression, of [OH(v)]o. In the model of Walterscheid et al.
[1987] and the extended model of Schubert and Waltersc-
heid [1988], fluctuations in the loss rate and in the diver-
gence term were not considered. That is, only the first of
the three terms in equation (10) was included, so that Al

g was equal to AQ,/Q,. These authors allowed pro-

duction of excited OH only by the H + O5 reaction (R1).
Since the branching ratio b(v) for this reaction cancels in
the numerator and denominator of AQ,/Q, ., they obtained
relative emission rate fluctuation A7/ Iy o< AQ/Qq which
were independent of the vibrational level v. By contrast,
our approach treats the population of each vibrational
level separately, considering the effect of quenching, pro-
duction from other OH levels, and transport on its fluctu-
ations. This is a major difference between our approach
and that of Walterscheid et al. [1987) and leads to a vibra-
tional level dependence of the response to an IGW, as we
will see further in section 6.

100 L ¥ lllTll T T Illlll] 1 Illlllll 14 l.lllllli BRI RRLL l' T Illll T llTll(ll T III‘T-l
ssf | .
90 -
S 85 .
2 N -
< L 4
| | —o— H ]

7SHl 5 HO ]

[ | — -+ OH(v=0) 7 ;

70 ™ 1 lllllll' L Il!lll(' 1 llllllll 1 lllll“l RN EEEIT) 1 lllllll' 1 l/lll]] 1 i orreer
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Figure 5. Chemical lifetime versus altitude from the 1-D photochemical model for photochemically

active odd-hydrogen and odd-oxygen species.
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The scale of the transport term, which is the last term
in equation (10), is the ratio of two lengths, mamely, (1)
. the distance which a typical IGW velocity will move a
- parcel in the [OH(v)] lifetime and (2) either the IGW
wavelength or the [OH] scale height. This means it could
be ignored in the equations for Al,,» and A[OH(v)] (v #0),
since the OH(v) lifetime is so short (although we keep it).
Hence it will have little direct effect on the Krassovsky
ratio. Note, however, from Figure 5 that it cannot be
neglected in the determination of the fluctuations of [O]
and [O3], which are long-lived species and which drive
the chemical fluctuations of [OH(v)]. Thus the transport
term has an indirect effect on the OH brightness fluctua-
tions.

5. Inferring Temperature From Airglow
Emission

Experimenters have used measurable airglow proper-
ties to calculate the effective temperature of the radiating
region in a number of ways. For example, they have
inferred the temperature from the measured ratio of rota-
tional line intensities in a band or from the measured half
width of a Doppler-broadened emission line. The Krass-
ovsky ratio 1| is commonly computed from temperatures
inferred from remotely sensed airglow data in this way. In
an isothermal atmosphere or for an infinitesimally thin
emission layer, such techmques measure the local temper-
ature; liowever, for an extended layer in a non isothermal
atmosphere, what is- measured is some average of the
atmospheric temperature over the emission layer. Model-
ers (as well as some experimenters) have typically
assumed that the BWT is the quantity measured [e.g.,
Weinstock 1978; Hines and Tarasick, 1987; Walterscheid
et al., 1987; Schubert et al., 1991}, in which the local tem-
perature is weighted by the local band volume emission
rate and integrated over the layer. We show that a realistic
model should consider the method of temperature mea-

surement which will affect the results obtained. This will.

avoid errors which can occur when m values computed
from the BWT are compared with data.

We calculate 1, using three different methods to
specify an effective temperature: the brightness weighted
temperature and two methods used in field temperature
measurements, the rotational temperature and the Dop-
pler temperature. We intend the experimental methods
implemented in this section to be merely illustrative of the
class of measurement techniques and not to mimic any
particular investigator’s method. However, it is possible
to simulate all the details of a particular method, should
the goal of the investigation be a detailed comparison of a
particular data set with the model. In each method we
evaluate the steady state effective temperature and its
fluctuation occurring in the denominator of equation (1).

Brightness-weighted temperature. Theoreticians
and modelers have typically used the BWT to calculate
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1, The brightness B,  seen by a column-integrating air-
glow instrument, which occurs in the numerator of the
definition of 1}, (equation (1)), is defined as the integral of
the volume emission rate along the LOS:

v'0 + ABVV’

B,, = J'Iw. (x,2)dl = B, (11

where the integral has been expanded to first order in
IGW parameters and

dl = dzsec
where :
‘ 6 is the LOS zenith angle
Ly = Lo+ ALy
va'O = le'o (2)dl,

= fat, o

The plane-parallel assumption for the atmosphere has
been made. Then the BWT is defined

J‘z (x,2) T(x2)dl

= <T>,,+A<T>, (12)

VV

Thus we see that “volume-emission-weighted tempera-
ture” would be a more accurate name for the BWT.

Expanding equation (12) to first order, we find that
the steady state BWT and the fluctuation in the BWT are
given by

) [Lv@Ty@ar
3 <Top=te— (13)
* w0
and
A<T>, =T, +T,,-T,, (14)
where

- jlw.o(z) AT (x,2) dl
b va'O

jAz (x0T, (2)dl

vv'O

AB,,
B w'o
We find that for small-scale waves, the terms T, arising
from the temperature perturbation AT and T, - T5,, arising

from Al,,,» are comparable in size, whereas for larger scale
waves, the term T}, dominates.

T,, = <T>,

Rotational Temperature. The rotational tempera-
ture is inferred by measuring the brightness on a mini-
mum of two rotational lines in one of a molecular
emitter’s rovibrational bands and assuming that these
rotational lines conform to a Boltzmann distribution.
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From the line-pair ratios, an effective T,,, can be deter-
mined.

In a realistic atmosphere, the ratio of the intensities of
two rotational lines, denoted by subscripts a and b, respec-
tively, in a single vibrational band can be written as:

B A, j N, (x,2)dl
e - (15)
b AN, (D al

where N,(x, v), the population of rotational state a, is
determined from the total vibrational level population
Ny(x, z) by thermal equilibrium at the local temperature,

N, (x,2) g exp [-E,/kpT (x,2)]

Z,[T(x,2)] 18

N,(x,2) =

with a similar expression for Ny, where
A, Ay rovibrational Einstein coefficients;
8 pdegeneracy factors of the specified rota-
tional lines;
E, penergy of specified rovibrational level;
referred to energy of lowest rotational
state in level v;
kp Boltzmann’s constant;
Z,(T)rotational partition function in band
v=2g.exp(- E, / kgT) (sum over all rota-
- tional states in band).
In the caseof an isothermal atmosphere, 7(z) = T, we
see from equation(15).that R =BA/BA, = glg,
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relative brightness fluctuation of the correspondihg vibra-
tional band from equation (11) to calculate the Krass-

ovsky ratio 1),

Doppler Temperature. The Doppler temperature is
inferred from the spectral width of a single emission line,
for example, a single rotational line in a hydroxyl rovibra-
tional band. Such measurements can be made by highly
dispersive instruments such as Fabry-Pérot interferome-
ters [Hernandez, 1980, 1986] or special-purpose Michel-
son interferometers [Thuillier and Hersé, 1991; Shepherd
etal., 1993]. At sufficiently high altitude the emission line
shape is Gaussian due to the Doppler line broadening and
the Maxwellian velocity distribution, and the spectral vol-
ume emission of the line is [Goody and Yung, 1989; Her-
nandez, 1986]

I(v,x,2) = 2la® 2 p[—( Yo )2] (19)

Jro(x, z) o o (x,z)

where v is the center frequency of the line and o is the
Doppler line width from line center to the 1/e point, given

by
T (s
oa(x7) = = /—————"Tf 2 (20)

(the full width at half-maximum (FWHM) is 2 (In2)"2q);
c is the speed of light, m is the molecular mass of the emit-
ting species, and N, is given by equation (16). The peak
of the profile vy will be a function of x and z if there is a
wind, since it will be Doppler shifted by an amount pro-
portional to the radial component of the particle velocity.
Determining the peak of the profile enables wind mea-

-

=" exp[-(E," - Ep)lgTy) is 'Bo]ti'mann"distributed. Clearly,
¥ when T(z) is not constant, R is not Boltzmann distributed,
" -but assuming that it is we can define an effective T, ¢ for*

surements to be made. Application of the basic techniques
to, OH rovibrational bands is discussed, for example, by

. the emitting region by

Eb_Ea

T = (17)
"' kgl (B,A,g,/B,Ag,)

where B,/B, is the measured line pair brightness ratio.
The steady state rotational temperature Tro1,0 is Obtained
by replacing B,/B, in equation (17) by its steady state

value B /By, Assuming now that the atmosphere is per-

turbed by an IGW, we expand equation (17) to first order
in the wave amplitude and find that the relative tempera-
ture fluctuation is proportional to the difference of the rel-
ative brightness fluctuations of the two lines bein g
measured; that is,

AT k,T AB, AB
ror _ B” rot, 0 {_.f __b} (18)
Tr()!, 0 (Ea - Eb) BaO BhO
AB, AB B A
= (22 “}/{ln( a0 bgb)}
By, B, B,0A.L,

where B,/B, is obtained by expanding B, to first order in
the numerator of equation (15) and is given in the appen-
dix. The ratio AB,/By, is obtained in a similar fashion
from the denominator of equation (15). Once the relative
temperature fluctuation is calculated, it is used with the
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Hernandez and Smith [1984] and Shepherd et al. [1993].
Since wind measurement is not our purpose in this paper,
we ignore the spatial dependence of vy,

The spectral brightness and its expansion to first
order are,

B(v) = jI(v,x,z)dz = By(v) +AB(V)  (21)
where

By(v) = ffo(v,z)dl (22)

AB(v) = J'Al(v,x, 2dl (23)

Here Iy(v, z) is obtained by making the substitutions
Nao(2) for N, 0y(z) for o, and Ty(z) for T'in equations (19)
and (20), while perturbing these same equations yields

Al(v,x,2) _ [(v—v,,)2 1]

Iy (v, 2) a(z) 2 (24)
AT (x,z) AN, (x72)
T,(2) N, (2
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where AN, /N 4 is given in the appendix and we have used

Ao(x,z) _ 1AT(x2)
o, (2) 2 Ty(2)

@5)

The steady state and perturbed spectral brightness
profiles, obtained by substituting I and Al from equation
(24) into equations (22) and (23), are clearly not Gauss-
ian. We would expect Io(V, z) to be Gaussian only in an
isothermal atmosphere, since the weighted sum of a Gaus-
sian shaped line of different widths obtained by
line-of-sight integration through a varying temperature
field will not be Gaussian. We assume that the observer
measures an effective Doppler width by assuming that the
spectral profile is close to Gaussian, that is,

—v.\2
B(V) = B(vy) exp(va °)
eff

(26)

Substituting 0.¢ as mentioned above, any detailed
measurement scheme can be implemented in the model,
and the results will depend on the details. For illustrative
purposes, we assume that measurements of B(v) are made
at Vo and at some other frequency, say v;. Then O, can
be obtained by solving equation (26), using B(vq) and
B(v)), and the effective Doppler temperature Tp,p follows
by substituting ¢ into equation (20):

caeff)z
vﬂ

. _m
i T

@7

e

":Té obtain the nperturbed values of Doppler width and
. Doppler temperature, O and Tpop,0, We substitute the

steady state values of spectral brightness, By(vy) and .
- Bg(vj), into equation (26). The first-order perturbed val-"

“ues, Aotg and ATp,p, aré obtained by expanding equa-
tions (26) and (27) to first order to obtain -*-

AT,  (AB(v) AB(v)Y .. (By(v)Y
= - /1
TDop,O (Bo(vl) BQ (Vo) ) n(Bo (Vl)) @8)

In the model simulation the quantities appearing in equa-
tion (28) are evaluated using equations (22)-(24).

The m is evaluated using the Tpgp fluctuation from
equation (28). To determine the line brightness fluctuation
AB and the background brightness By in the numerator of
the ratio, we integrate equations (22) and (23) over the
line, obtaining

B = [Bo(v)av 29)

AB, = j AB (V) dv (30

If, as is the case for the OH Meinel emission, the line is
part of a molecular band, we have a choice. We can use
either the total band brightness fluctuation AB,,, equation
(11), in the numerator of 1,, or the line brightness of equa-
tions (29) and (30), which refers to a single rotational line

MAKHLOUF ET AL.: AIRGLOW RESPONSE TO GRAVITY WAVES

in the band. We choose the latter procedure here because
the line brightness is more likely to be known by measure-
ments with a highly dispersive instrument capable of
resolving the structure within a Doppler line. Notice,
however, that these are not equivalent procedures. The
population of rotational state a, given by equation (16) not
only fluctuates when the band population N, fluctuates,
but also fluctuates when the temperature T does. Conse-
quently, the values of 7, calculated will be different. The
relation between these inequivalent response functions 1,
can be calculated using the equation for AN/N, in the
~ appendix. ‘

To illustrate the differences between these distinct
definitions of 1,, we assume a wave with a horizontal
phase velocity Vp, = w/k, of 40 m/s, propagating in the
midlatitude atmosphere described in section 2, the same
atmospheric conditions for which Figures 1-5 were plot-
ted. Figure 6 shows the amplitude of 1, calculated from
the model OH(6-2) band radiance for zenith viewing, as a

11—
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Figure 6. Amplitude of Krassovsky’s 7, airglow response
function to a gravity wave, for the OH(6-2) Meinel band gen-
erated by photochemical-dynamical (PHD) model and for a
vertical line-of-sight. The wave is a small-scale wave with a
horizontal phase speed Von=40m/s. Curves are plotted for
three different definitions of an effective temperature in a non
isothermal atmosphere: a brightness-weighted temperature
(BWT), a rotational temperature (7},,,), and a Doppler temper-
ature (Tp,,). The curves are shown from the short-period cut-
off at the IfV frequency to a period near 3 hours.
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function of wave period T, using the temperature defini-
tions described above for the BWT, the T}, and the Tpop-

It is seen that |n,_¢| can differ by 20-50% over the range
of periods shown, with the mgy,] being an overestimate
andn Dopl Yielding the lowest values. Figure 7 is the same
as Figure 6, except that a larger-scale wave with a hori-
zontal phase velocity of 140 m/s is used. There is an over-
all reduction in the value of [,_g|, but qualitatively the
results are similar to those shown in Figure 6, with per-
haps slightly smaller percentage differences for the
larger-scale gravity waves.

Since n, = In, ! exp(i$,) is a complex quantity, it is
also interesting to compare its phase values ¢, calculated
by the three procedures. Figures 8 and 9 show plots of the
phases for the BWT, T,,, and Tpop cases, for the
small-scale and large-scale waves of Figures 6 and 7. The
phase values between 0° and 180° indicate that the OH
brightness leads the gravity wave temperature variation.
The phases in Figure 8 increase from 45° to 80° with
increasing period. The order of the phase results is
reversed from the amplitude results, with the BWT under-
estimating ¢, by about 10°. While ¢, is smaller at a fixed
period for the results shown in Figure 9 compared to those
of Figure 8, varying from 20° to 55°, the general increase
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Figure 7. Same as in Figure 6, but for a large-scale wave with
Vphx = 140 m/s.
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Figure 8. :As in Figpf_e."G, but showing the phase of the

-

of ¢, with ingreasing period in the two cases is qualita-

tivey similar, - - _
*In the next section we explore the effect of quenching

on the value of | and ¢, and look at the resulting vibra-

' tional-level dépendefice of ,.

6. Effect of Quenching on Gravify Wave
Response

The effect of quenching on 7 is considerable, . espe-
cially for small-scale waves, which can have vertical
wavelengths comparable to the thickness of the airglow
emission layer. Figure 10 shows a plot of My=1} employ-
ing the BWT as a function of period, with and without
quenching by [O], [O,], and [N,] as described in the
quenching model of section 3, a vertical line-of-sight, and
the small-scale wave case considered above (V. he = 40
m/s). When quenching is neglected, ,_,l increases by 40
to 130%, with larger changes occurring at longer periods.
Quenching also causes 7, to become dependent on the
vibrational level v. Figure 11 repeats the v = 1 result for
! from Figure 10, along with the corresponding results
forv=6and v=9. The v = 6 curve has already been plot-
ted as the BWT result in Figure 6. The response function
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_ngui-e‘ 9. As'in Figure 7, but showing the phase of the
response function T,-¢ to the large-scale wave Vonx=140ms.

peaks near periods of 15 min in all cases, but there is a
25-35%, variation in amplitude for the different vibra-
tional levels. In general, values of In,| are larger for the
. higher vibrational levels than for the v = 1 level. There is
little difference between 1y w6l and mv_gl except at longer
penods where |1,—g| drops rapidly and approaches 1, ;l.
The results for the phases ¢, of the response functions,

corresponding to the amplitude results in Figure 11, are

shown in Figure 12. As for the amplxtude, the v = 6 case
is replotted from the BWT plot in the section 5 results
(Figure 8). The v = 1 phase shift is the greatest, with up to
a 12° difference between the phase shifts for the three lev-
els. We have not plotted any results for large-scale waves,
but for them the effect of quenching on 1, is smaller,
being roughly limited to 5%.

An experiment which measures s1multaneously OH
Meinel bands originating from several vibrational levels v
should be able to confirm the effect of quenching on the

airglow response function T, and cobserve the vibra-

tional-level dependence discussed in this section and
shown in Figures 11 and 12.

7. Effect of Standing Waves: Modified Hines
Model

Another phenomenon which can have an appreciable
effect on the airglow response to an IGW is the occur-

Le
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rence of standing waves. (When we coinpare our mode] to
data in the next section, we will demonstrate that the
model described so far is inadequate.) The simplest way
to obtain standing waves within the framework of the cur-
rent Hines [1960] isothermal model is to modify it slightly
by assuming a downward propagating wave which is
reflected from the ground (z = 0), leading to a standing
wave. The presence of vertical standing waves can mod-
ulate the amplitude of the airglow response to an IGW by
shifting the position of a wave node relative to the peak of
the airglow layer. In addition, as was suggested by Hines
and Tarasick [1993] and elaborated by us [Makhlouf et
al., 1993; Picard et al., 1994], it can lead to large changes
in the phase of the response function. Entirély similar
behavior is seen when standing waves are formed by duct-
ing of short-period waves, resulting from Doppler shifting
by backgrourd winds and/or BV frequency variations
with altitude in a non isothermal atmosphere. When com-
paring our model with airglow data, we find that travelmg
wave models are inadequate and that standing waves are
essential to explain the phase of the response. This will be
demonstrated in the next section.

The exxstence of reflection at a ngld ground boundary
forces the vertical velocity fluctuation w(x, z, £) to be zero
at the ground z=0:- Under this condition, the linearized
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Figure 10. Effect of quenching on 1, as a function of period
for the small-scale wave Vi, = 40 mJs. Neglect of quenching
leads to a large increase in the amplitude.
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tional-level] depcndcncc of 1, resulting from quenching. The
v =1 curve is the Same as the “quenching included” curve of
Figure 10, while the cuive forv=6is repeated from the BWT
result in Flgurc 6.

hydrodynamic equations can be combined into a single
second-order differential equation [Tuan and Tadic,

1982]:
2
d 2
[—-i+kz:'\y= 0 G1)
dz
where ¥ (z) = | @/p, )AP “HO=kD s the pressure

fluctuation normalized to femove the exponential growth
with altitude, AP is the pressure fluctuation, and P is the
steady state mass density. The rigid boundary’ condition
can be written

(32)

where

The solution to equation (31), subject to the boundary
condition of equation (32), is given in terms of the arbi-
trary constant wave amplitude C by
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¥ = [k +ipe “+ k-ipes] @)

From this solution and the linearized hydrodynamic
equations the horizontal and vertical wave velocities,

which are used in the linearized continuity equation (7),
are obtamed [Makhlouf, 1989]:

Ck k .
u(x,z,t) = Txﬁ[COSsz’klsinkzz:, z/2H (0t~ kx)(34)

©pg z

2 i (01 -k
t(w-
wi(x,z,t) = s (smk z) Zez/ZHe - X) 35)
s wb w
In equation (34) and (35), p, = p,(z=0).

It is clear from equations (34) and (35) that the solu-
tions are standing waves in the z direction and that w has
a node at the ground.

In the next section we will compare results obtained
using the isothermal model, both with and without stand-
ing waves, to data and to other models. We will demon-
strate that the standing wave model is often necessary to
reconcile theory and observations.
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the vertical wavelength ‘decreases and interference -effects
occur.

8. Discussion and Comparison With
- Experiment and Other Models

We have assumed that the dynamical perturbation of
the atmosphere and of its airglow emission is due to a sin-
gle monochromatic linear IGW. The wave parameters sat-
isty a dispersion relation [Hines, 1960], whereby we can
express the wave frequency ® = 27/7 in terms of Vohe and
the vertical wavelength R.z =2mn/k, or, inverting this rela-
tion, express A, as a function of ® and Voo

2 2 2 2
0,-0 o -
lZ=2n[ b -4 J

&

phx
where @y, is the BV frequency (~2.05x102 s, , is the
acoustic cutoff frequency (~2.27x102 s'1), and ¢ is the
speed of sound (~ 295 m/s). The numerical values are for
typical mesopause conditions. ’

ol

(36)
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We see from equation (36) that in the gravity wave
branch (® < w,) and for a fixed Vohe A, decreases as 1
increases. When A, is small enough to be comparable to
the OH layer thickness (or 6-8 km FWHM, from Figure 4,
with the smaller width applying to the lower vibrational
levels), constructive and destructive interference between
brightness fluctuations and between temperature fluctua-
tions starts to occur. Then the fluctuation from one part of
the layer can be out of phase with the fluctuation from
another part of the layer, and hence cancellation can
occur. Both the brightness and the temperature fluctuation
can go through a series of maxima and minima as the ver-
tical wavelength is reduced further. This can result both in
very large and very small values of hv |and leads to oscil-
lations in I, | as A, changes. These are accompanied by
oscillations in the phase ¢,, of the response function.

However, we see no evidence of interference as the
period increases in Figures 6-12. The reason is also appar-
ent from the dispersion relation, where we see that when
® < @y and Vi, is fixed, A, varies only slowly with o
unless ® is very close to . For example, in the
large-scale wave case of Figures 7 and 9, where V. he =
140 m/s, A, = 53 km for a period of 16 min, while, for a
period of 160 min, A, =51 km. So the vertical wavelength
is much larger than the layer half-width and hardly
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Figure 14. The phase of 1, corresponding to the amplitudes
shown in Figure 13. The differences in this case are almost
negligible.
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Figure 15. Amplitude of response function 1,5 from PHD model as a function of period for an oblique
line-of-sight at 15° elevation. Model is compared with data point corresponding to quasi-sinusoidal
oscillation measured by Taylor et al. [1991] on OH(3-1) band from Sacramento Peak, New Mexico. The

model phase speed Vonx is held constant at the obse

changes with period, which is why one sees no interfer-
ence effects in this case. The lack of interference effects
makes it easier to see the effect of quenching and v depen-
dence, as well as the effect of the definition of the (non
isothermal atmosphere) effective temperature.

To see the interference effects which occur at small
A, one must keep A, fixed while evaluating the response
function (rather than Vph.x)' (See also Schubert a(zd
Walterscheid [1988] and Schubert er al.[1991].) Then,
from equation (36), it is easily seen that A, decreases rap-
idly, in the gravity wave branch, as 1 increases. Figure 13
shows aplot of I, |as a function of period, once again for
a vertical LOS, but now for a constant horizontal wave-
length, A, = 100 km. Over the range of periods plotted in
Figure 13, &, is 75 km for T = 10 min and 5 km when 1 =
100 min. Maxima and minima due to the constructive and
destructive interference become obvious in Figure 13 as ©
increases, beginning near T = 80 min, where the vertical
wavelength has decreased to about 6 km. We note that
similar interference effects are evident in the 1 plots of
Hines and Tarasick [1987], Schubert and Walterscheid
[1988], and Schubert et al. [1991). Figure 14 is a plot of
the phase of 0, as a function of period for fixed A, = 100
km, corresponding to the amplitude plot of Figure 13.
Large phase-shift excursions also start to occur when 1
reaches 80 min, with the phase changing rapidly with
increasing period. Notice also that the differences
between the Krassovsky n values for the three effective
temperature definitions disappear as A, decreases. This is
due to two facts. (1) Differences between the three values
of 1, are due entirely to the inhomogeneity of the atmo-
spheric temperature. (2) When A, /2 is less than the emis-
sion layer half width, only the homogeneity of the
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temperature over a half wavelength counts. The discrep-
ancies between the various response function definitions
disappear as the half wavelength decreases and the tem-
perature becomes effectively more homogeneous. We
note that the interference effects seen here can be reduced
markedly or eliminated if one has a finite duration wave
train, or wave packet, as is invariably the case in reality.
Then the response plotted in Figures 13 and 14 must be
averaged appropriately over the frequency range present
in the wave packet. : :

Effects such as interference show the importance of
properly documenting the horizontal wave speed or the
horizontal wavelength at the time of observation. When
such information is lacking, comparing model results
with experimental data can be very misleading. Often, a
spectrum of waves with a distribution of wavelengths or
phase speeds corresponding to a single dominant wave
period will be simultaneously present in the atmosphere
and modulating the atmospheric emissions. We will con-
sider that situation in a future publication.

In the remainder of this section, we wish to begin .
comparing our model results against observations and
other models. There exist in the literature several spectro-
scopic data sets for which Krassovsky ratios have been
reported [Siviee and Hamwey, 1987; Viereck and Deehr,
1989; Swenson et al., 1990; Taylor er al., 1991]. One of
the most interesting observations by Taylor et al. [1991]
at Sacramento Peak, New Mexico, showed a well-defined
short-period, quasi-sinusoidal wave packet with an
observed period of 13.7 min. The Utah State University
infrared  field-widened  Michelson interferometer
(IRFWI), looking at a 15° elevation angle, observed a
time series of the OH(3-1) Meinel band spectrum, from
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which a time series of the band radiance and the T,,, were
extracted. Coaligned with the Michelson interferometer
was a low-light-level television camera that detected a
sharp structure in the OH layer moving with a horizontal
phase speed of 28 m/s. Using the data from the television
camera and the interferometer, the amplitude and phase of

the Krassovsky ratio were calculated ( h |=8and $=48°)
and plotted as the experimental points with error bars in
Figures 15 and 16, respectively. The model values of M=3
for Vi, = 28 mys are also shown in Figures 15 and 16 as
a function of period. The measured Krassovsky ratio
agrees with the model within the error bars. However, we
note that background winds, which can Doppler shift the
gravity wave frequency, were not measured, nor were
they accounted for in the model. We have considered the
effect of climatological background winds including tides
[Makhlouf et al., 1991] and will publish this work in a
future paper. '

In Figure 17a, we compare the hv=6] values com-
puted from our modified model, which includes standing
waves due to a ground reflection, as described in section
7, with the data of Viereck and Deehr [1989]. These data
were recorded at'Longyearbyen, Svalbard (78°N), around
winter solstice. The instrument used was an Ebert-Fastie
spectrometer, set at 30° off zenith, which scanned from
820 nm to 875 nm every 30 s, covering the OH(6-2) band.
The long uninterrupted nighttime conditions allow con-
tinyous measurements of the airglow to be made spanning
several full days. No information is available about the
existence of isolated quasi-sinusoidal waves in the data
set, and no horizontal wavelength or phase speed mea-
surements were made. A o

" The data for the magnitude of 1 were compared
against our model runs at constant Vphs It was found that,
two large horizontal phase speeds had to be used to
achieve model results comparable with the data. A value

MAKHLOUF ET AL.: AIRGLOW RESPONSE TO GRAVITY WAVES

of Vphx = 148.6 m/s (solid line with plus signs) was
required to approximate the short-period waves with 1 <
1 hour. The trend of the model as a function of period
agrees well with the trend seen in the data, although the
uncertainties in the measurement preclude reading too
much into this agreement. Nevertheless, it should be
noted that none of the previous models [Schubert and
Walterscheid, 1988; Schubert et al., 1991; Tarasick and
Shepherd, 1992b] were able to obtain agreement with the
data in this short-period region. The large-period waves
with 2 hours < 7 < 4 hours were compared to a standing-
wave model calculation with a horizontal phase speed of

151.8 mv/s (solid line). The model is in agreement with the
data, with the same caveats given above. For 1> 4 hours,
the model results are not in agreement with the data, but
tidal effects should be taken into consideration, which we
did not do in this paper. In addition, eddy viscosity, eddy
thermal conduction, and inertial effects can play a role at
the longer periods [Hickey, 1988a, b; Schubert et al.,
1991]. In the latter studies it was shown that the Coriolis
and eddy dissipation effects are generally unimportant at
the scales we are considering except for periods greater
than about 4 hours.

Of course, in addition, there is no reason why a single
wave should be present in the data at any given period.
Rather, the atrhosphere can support a whole spectrum of
different wavelengths simultaneously with the same
period, and both observations and models [e.g., Dewan
and Good, 1986] of gravity wave saturation effects seem

-to suggest that this is indeed the case. We will discus
such effects in a future publication. , :

In'Figure 17b we overlay results from the other model
calculations mentioned above [Schubert et al:, 1991;
Tarasick and Shepherd, 1992b] on the data of Viereck and
Deehr and our model calculations both of which are
repeated from Figure 17a. Each of the modelers has
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Figure 17(a). Amplitude of 1} for the OH Meinel (6-2) band from PHD model compared with measure-
ments (open circles) by Viereck and Deehr [1989] from Svalbard. Two model curves having constant
phase speed are shown, one with Vonx=151.8 m/s (solid line), which is compared with the long-period
data, and the other with Vonx=148.6 m/s (solid line with +), which compares with the shorter-period
data. Both model curves use the modified Hines model of Section 7 with a rigid ground boundary, lead-
ing to the presence of a pure standing waves, and assume a line-of-sight 30° off zenith.
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Figure 17(b). The data and model curves of (a), compared to other models having vertical traveling
waves. These include model results (1) from Schubert et al. {1991], with constant horizontal wave-
length A, = 500 km (square-dot) and A, = 1000 km (filled circles), and (2) from Tarasick and Shepherd
[1992b], with constant phase speed V. hx = 125 m/s (dashes) and Vphx =65 m/s (dash-dot). Both model
results of Tarasick and Shepherd [1982b] assume a constant background wind of 100 m/s in the plane
of the wave vector and the line-of-sight.
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adjusted model parameters to match or span the range of
the data. The model results of Schubert et al. {1991] are
drawn for constant horizontal wavelengths, A, = 500 km
and 1000 km (dots and open circles, respectively), and are
the only model results which include eddy viscosity and
eddy thermal diffusivity. Hence they might be expected to
give better agreement with the data at the longer periods.
Tarasick and Shepherd [1992b] are the only modelers
who added a background wind ( Vo =100 m/s, in the plane
of the wave vector and the line of sight). Their model
results are shown for two phase speeds, Vohe = 65 m/s
(dash-dot line) and 125 m/s (dashed line). Both the model
of Schubert et al. and the model of Tarasick and Shepherd
assume traveling waves in the vertical direction, unlike
our model, which assumes standing waves due to a
ground reflection. At short period the model of Schubert
et al. is unable to obtain agreement with the data. Quench-
ing, which reduces 1 and is included in an approximate
way in the model of Tarasick and Shepherd and more
exactly in our model, may help to explain the very small
values of M observed by Viereck and Deehr at short
period.

Figure 18 shows the model phase plot corresponding
to Figure 17a, using the same symbols, along with Viereck
and Deehy’s [1989] data. The model phase results agree
with the data for short-period waves, where the data tend
to have phase shifts near zero. On the other hand, model

phase results for our basic traveling-wave isothermal

model without ground refiection (not s}iown) cannot be
made to agrée with the short-period data, yielding values
greater than 50°. This is confirmed by the works of Schu-
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bert et al. [1991] and of Tarasick and Shepherd [1992b],
which were unable to achieve agreement with Viereck
and Deehr’s short-period phase data with traveling-wave .
models. We have plotted results for long period from our
basic traveling-wave model in Figure 18 (solid line with
filled circles). Here we have assumed a constant horizon-
tal phase speed V,,, = 266.5 m/s, and phases near 14°, in
somewhat better agreement with the data, are obtained.
Note that as was mentioned above, eddy viscosity and
eddy thermal conductivity effects ignored in this model
are important for periods longer than 4 hours. The travel-
ing-wave model of Schubert et al. 11991], which includes
eddy viscosity and eddy thermal conductivity, seems to
agree rather well with the long-period phase data.

The way to achieve short-period phase results in
agreement with data was suggested by the work of Hines
and Tarasick [1987], which demonstrated that evanescent
waves can lead to small phases. In addition, recent work
by Hines and Tarasick [1994] supports the current study
in showing that small phases (or alternately phases near
180°) can result for any standing waves. With the ground
reflection in our model, standing waves occur at all peri-
ods. However, for the long-period waves in the present
example, there is a phase shift to near 180°, as is clear
from Figure 18, in agreement with the prediction of Hines
and Tarasick [1994]. We have found above that the mode]
phase in the standing-wave isothermal model with ground
reflection does not agree well with data for these

long-period waves. However, we will show in a follow on
- publication that wave ducting in realistic non isothermal
atmospheres can lead to phases which are only near zero

|- ] N ] 1 ¥ i L l ] ,‘ i 1 { i l_
150 F -
100 | / -
8 F ;
B 50 % . 3
% " o ) TS ]
et g (AU 2 s o i e e e 2 LI o 0800—0—0-90-0-0000000 b
E 0 C &O o@&goo o 1
o 5 o) 588% g 9 o
g -S0r o 0o o0 8 o o B
= - & © <
[= ™ " .
-100 |- 3
150F , ° :
: ‘hH- 1 - [l 1 Il it 1 | ! L 1 e mns sttt N 1

102 10t 10°

Period (sec)

Figure 18. Data of Viereck and Deehr [1989] (open circles) for phase of 1 corresponding to the ampli-
tudes shown in Figure 17(a), as compared to an isothermal standing-wave PHD model. As in Figure
17(a), two standing-wave model results for two different phase speeds are shown (solid line with +) for
Viohx = 148.6 m/s; (solid line) for Vphx = 151.8 m/s. A traveling-wave PHD model result is also shown

for a constant V;,,=266.5 m/s (filled circles).
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(or 180°) at short periods, while the Iong-period phase can
take on other values. This is to be expected since only

short-period waves will be ducted by the thermal structure’

of the atmosphere and exist as standing waves.

9. Conclusion

We have developed a fully coupled photochemi-
cal-dynamical (PHD) model to study the structure in
atmospheric emissions due to modulation by internal
gravity waves and have applied this model to the OH
Meinel band airglow. A number of effects in the real
atmosphere and in real measurements have been shown to
affect the magnitude and phase of the airglow linear
response function, or Krassovsky 1 ratio. Since our model
calculates modulation of the level populations rather than
modulation of the production rate, it is fully capable of
taking quenching into account. We have shown that
quenching has a significant effect on the airglow response
to an IGW. Not only does it have a large effect on the
amplitude and phase of the response function 7, but it also
makes the response a vibrational-level-dependent quan-
tity. Atmospheric temperature inhomogeneities were also
shown to affect significantly the value of 7, since they
lead to different 1 values for different methods of infer-
ring the effective temperature from the airglow emission.
We have seen that ) values determined from 7,,, can dif-
fer from those determined from Tpop and that both differ
significantly from 7} calculated using the BWT, which is
commonly used in model investigations. The differences
between the various 7 disappear as the vertical wave-
length becomes shorter and the atmospheric temperature
becomes effectively more homogeneous.

We compared our model with the midlatitude
off-zeénith observations of Taylor et al. [1991] and with
the high-latitude data of Viereck and Deehr [1989]. The
model predicts well the value of 1 for an isolated
short-period, quasi-sinusoidal wave which Taylor et al.
observed. The agreement of the model h [ with Viereck
and Deehr’s data is also good, but there is some disagree-
ment concerning the phase of 1, especially for periods
greater than 2 hours. Many of the zenith-looking observa-
tions show similar small differences in phase between the
brightness fluctuations and those of the temperature,
whereas the models show larger phase shifts. Standing
waves are capable of yielding phases near zero, as we
demonstrated by adding to the isothermal IGW model a
ground reflection. In the real atmosphere, standing waves
can result from atmospheric background winds and tem-
perature variations, with consequent Doppler shifting and
wave ducting. This wave ducting appears to be important
in explaining observations, as will be discussed further in
a follow-on publication.

Appendix

Expanding the numerator of equation (15) to first
order, one gets

B, = B,,+AB,
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where B, is obtained from B, by replacing N,(x, z) by
N,o(z) and T(x, z) by T(z) in equations (15) and (16) and

AB, = A,[AN, (x2)dI

Now AN, is determined by expanding equation (16) to
first order, with the result

AN (x, z) _ AN, (x,2) (Eu‘<E>)'AT(x,z)

N, (2) N, (2) kpTo(2)  Ty(2)
where we have used
AZ, (T, AT)  <E> AT(x,2)
Z,[T,(»] kpTy(z) Ty(2)
and defined

1 . E,
= @] D 8E, exp ("kBTo @ )
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Determination of horizontal and vertical structure of an unusual
pattern of short period gravity waves imaged during ALOHA-93

M.J. Taylor
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D.C. Fritts and J.R. Isler
Laboratory for Atmospheric and Space Physics, University of Colorado

Abstract. An all-sky CCD imager has been used to measure the
properties of short period gravity waves present over the
Hawaiian Islands during the ALOHA-93 campaign. Observa-
tions of emissions from four different altitudes provided a
capability to describe the vertical as well zs the horizontal
structure of the wave field. On several occasions during this

campaign an unusual morphology wave pattern was detected ..

that consisted of 2 group of small-scale waves oriented in the
same direction. These were most noticesble in the Of (557.7
nm) emission, altitude ~96 km, and were vsually observed in
association with a larger scale gravity wave. This paper
presents a preliminary analysis of data recorded on the night of
22 October durzng which bodth types of waves were prominent.
The small-scale “waves exhibited highly coherent phase
structures at each emission altitude, consistent with a ducted
" wave motion. The spatial intensity and phase modulation of this
display is indicative of interference between two waves with

similar characteristics .and  slightly different propagation

directions. The larger scale wave motion was obsepved to
propagate perpendicuiar to the small-scale waves, and showed
evidence of phase progression with altitude, implying upward
energy propagation. These data have been interpreted in the
context of simultaneous wind measurements from an MF radar.

Introduction

Siace gravity waves were first recognized as an important
atmospheric phenorenon [Hines, 1960} considersble cbservational
and theoretical research has ensued. These efforts have established
the importance of such motions in driving the mean dreulation and
thermal structure of the mesosphere and lower thermosphere via
wave energy and momentum transports {Fritts; 1989], yet the pro-
cesses responsible for the variability, interactions and saturation of
the gravity wave spectrum remain poorly understood at present.
Images of the nightglow emissions from several different layers offer
a unique three-dimensional measurement capability for quantifying
the effects of small-scale wave motions on the upper mesosphere and
jower thermasphere (~80-100 kx). Most nightglow image measure-
ments reported in the literature concern short-period motions (<1
hour) and fall into two distint categories termed “bands™ and
"ripples”. Bands are extensive, long-lasting wave patterns exhibiting

* borizontal wavelengths (Au) of several teas of kilometers and horizon-
tal phase velodities (w) of up to 100 ms® [Clairemidi et al., 1985].
These patterns have been attributed to vertically propagating

Copyright 1995 by the American Geophysical Union.
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short-period gravity waves [Taylor et al., 1987]. Ripples are short-
lived (<45 min) small-scale wave patterns (A ~5-15 km), of
restricled spatial extent [Peterson, 1979), and are thought to be
generated in-situ by localized shear instabilities in the wind feld
[Taylor and Hapgood, 1990}  This paper describes an unusual
morphology short-period wave pattern which appears to fall in
between these two categories and was observed concurrently with 2
well-developed band display progressing on an almost orthogonal
heading. Both wave motions occupied much of the visible sky at
nightglow emission altitudes, but exhibited very different propaga-
tion characteristics.

Nightglow and Radar Observations

During the ALOHA-93 campaign (6-25 October, 1993) a high-
performance all-sky CCD imaging system was operated at Haleakala
Crater (20.8°N, 156.2°W, 2970m) to measure gravity waves within 2
Sequential observations of the
NIR OH(715-930 nm) and Ox0,1) At bands {centered at ~865 nm)
and the OI(357.7 nm) and Na(589.2 nm) line emissions were
recorded in a cydle time of ~9 min. Weil-defined gravity wave bends
and sipple events were observed on many cccasions in each of these
emissions [Taylor et al., 1995].

On several nights 3 most unusual wave pattern was imaged
consisting of organized groups of small-scale waves, all oriented in
the same  direction and often extending over a large ares of sky. In
many cases these waves appeared in association with a set of larger
scale bands oriented approximately orthogonal to the smaller-scale
structures. This phenomenon was most pronounced o the night of
22 October.  Correlative radar wind profiles were also obtained with
the Hawaii MF radar located on Kauwai, Hawaii (22°N, 160°W),
~375 km to the WNW of Maui. During ALOHA-93 the radar
registered considerable amplitude variability of the diurnal tide [isler
and Fritts, 1995]. Here, the radar data have been used to define the
average borizontal winds at nightglow altitodes.  The winds were
averaged over 3 hour intervals in order to focus on motions coherent
over the horizontal distance separating the two sites.

22 October Nightglow Wave Display

All four nightglow emissions registered wave structure through-
out this night, from 08:30 1o 1530 UT. Figure 1 shows four images

of the OX(557.7 nm) nightglow emission illustrating the morphoiogy
of these waves at ~96 ko altitude. They reveal 2 dramatic series of
wave motions, with the dominant structures at esrly times consisting
of several groups (rows) of small scale, rippie—like, waves but with a
large 3y of 19 £ 0.5 koo and lifetimes > 2 hours. Figure 2 plots the
position and extent of this wave pattern at 0927 7 UT in Figore la.
Image sequences reveal a phase speed of ~40 ms™ towards the SE
(aamuth ~137%) and an apparent drift of the wave group towards the
NE (azimuth ~47%) at ~25 ms™. Figore 1d shows a similar set of
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Figure 1. Four all-sky images showing the OI(557.7 nm) wave
patterns (integration time 90s).Images a,b,c show the extent and
apparent lateral motion of the small-scale wave pattern that was
most conspicuous during the period 08:30-10:30 UT. Image d
shows the morphology of the larger scale gravity wave ar 12:40
UT. -

ater),

small-scale waves (imaged ~3 hours | superposed with a
extensive, nearly orthogonal sasic pattern exhibitinga Ay = 38 =
kmand vy =34 =3 ms? meving towards the SW (azimuth ~234°).
Figure 3 shows the Na(585.2 nm) and 040,1) data corresponding
desely to the Ol images at 0955 UT and 1240 UT. These
emissions oocur at ~90 and ~94 k aititudes respectively, and can be
used to assess the vertical structure of the two wave motions.

o
2
Z

MF Radar Wind Profiles

Figure 4 shows profiles of the horizontal winds obtained with the
MF radar for 3-hour intervals centered at 09:30 UT and 1230 UT

¢ geographical
(assuming a

Figure 2. Map showing the horizon
exient of the small-scaie waves ircaged at 09:2
emission height of 96 k). The arrow

o

7 UT
observed phase

progression towards the SE and the apparent dii&t motion of the rows

tal scale size an

i
Lol

towards NE. For comparison threc of the larger scale bands

evideat in Figure 1d are also plotted.

are

Ln
[OX)

{5)
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Figure 3. Four all-sky images showing wave structure in the Na
and O. images at 09:50 UT and 12:40 UT.

and projected into the observed directions of motion of the two wave
patterns of Figure 1 (i.c. toward the SE and SW). In Figure 4a winds
of ~25 1035 ms™ towards the NW existed over all crission aititudes,
opposite to the direction of the small-scale wave motion, suggesting
an intrinsic phase speed of ~70 ms™ and an intrinsic period of ~4.5
min. Winds toward the SW during this period were 510 ms™ . The
profiles of Figure 4b reveal a mean wind towards the N, with 3
component directed oppesite 1o the observed phase motion of the
large scale wave of ~20-30 ms”, iroplying an intrinsic phase speed of
~60 wms™ and ar intrinsic period of ~10.6 win.

Implications for Wave Dynamics

Short Wavelength Motions

Inspection of the image data of Figures 1 and 3 reveals 2 number
of interesting propesties. One important feature is the hi ch degree of
correlation between the small-scale waves imaged at different
altitudes. Comparison of the early Ol Na and O; (and OH) waves
show dese alignment at the zenith when compensation was made for
he slightly different times of the three images. This suggests a wave
motion with little or no phase varation with altitude, such as
expected for motions ducted near a local maximum of horizontal
velodity or stability [Chimonas and Hines, 1986; Fritts and Yuan,
1989}, Detailed analysis (cot shown) also suggests a phase retar-
caticn: of the upper lavers relative to these below, which appears
symmetric about the zenith, indicating that this wave motion was
vertically eoherent acress the sky.

-Vertical phase coherence by iwself provides pe
there are other data that
the racar wind profiles
st of which indicates a large negative
on of phase progression below ~98 km.

ight H ~6 km 2nd 2n assumed

e

e
we infer from the Tavior-Goldstein
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evidence for ducted gravity waves, but
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Figure 4. Time averaged wind measurements determined by the MF
radar. The crosses show the SE-ward wind component in the
direction of motion of the small-scale waves, and the diamonds the
SW-ward wind component in the direction of motion of the bands.

m? = N%(c-u)? - k? - 1/4H> ()

where we have neglected shear and curvature effects of the mean
wind profile and cis the observed phase speed, u is the mean wind
in the direction of wave motion and k is the horizontal wave number.
When m? >0 the motion is vertically propagating, when m? <0 the
wave is vertically evanescent. Eq.(1) thus allows us to compute how
large an intrinsic phase speed (c-u) is required for evanescent (or
ducted) behavior. In this case, a value of (c-u) ~50 ms™ or larger is
required. However, (c-u) values below ~96 km (where the emission
layers occur) are typically 70 ms™. Thus, the suggestion that these
motions represent ducted waves is also supported by the environ-
mental data. A final feature of the observed structures supporting
this interpretation is the intensity variation of the different nightglow
features with height. This is shown in Figure S for the prominent
small-scale waves observed around 09:55 UT. The larger response
of the Ol relative to the O; and Na features at Jower altitudes is
strongly suggestive of a wave duct at greater altitudes.

The morphology of these small-scale wave motions was maost
unusual and to our knowledge has not been previously reported
[Taylor etal., 1995]. In particular, Figure 1 shows the wave forms to
be staggered, with alternating bright and dark forms in adjacent rows
(Figure 2). One possible explanation for this unusual pattern is the
superposition of two band-type motions having similar charac-
teristics, but slightly different directions of propagation i.e., similar
periods, horizontal wavelengths and amplitudes, but somewhat
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different azimuths. For example, two identical waves with horizon-
tal wavelengths of ~19 km propagating at phase speeds of ~40 ms*
and ~20° apart, toward azimuths of 125° and 145° N, would produce
a row-like pattern having an apparent wavelength of 19.3 km and
phase speed of 40.6 ms™. Such a superposition would also account
for the staggering of bright and dark forms in adjacent rows because
the superposed motions would generate an interference pattern with
a fringe spacing of, in this case 19 km/2Sin10° = 55 km, which is
consistent with the observed separation between the bright forms in
alternating rows. Furthermore, a slightly larger phase speed for the
component propagating at 145° N would easily account for the
apparent drift motion of the wave group towards the NE.

Long Wavelength Motions

The bands propagating towards the SW were evident for most of
the night but were very prominent at later times. In this case, an
intrinsic phase speed of ~60 ms™ combined with a larger horizontal
wavelength (~38 km) implies a large vertical wavelength (A;) of ~40
km. This wave is quite distinct from the evanescent character of the
ducted wave discussed above and indicates a rdle for this motion in
the vertical transport of energy and momentum. Further evidence of
the vertical progression of this wave motion was again provided by
the optical data which suggest a small phase shift with altitude
consistent with a large A;. The orthogonal orientation of the smaller-
scale waves to these bands is suggestive of a direct relationship
between these two wave motions but the mechanism is not obvious.
However, the horizontal wavelengths and lifetimes of the small-scale’
waves are too large to result from a convective instability induced by
the long wavelength motion breaking as it propagated into the lower
thermosphere [Fritts et al., 1993].

Summary

We have presented a preliminary analysis of the wave motions
observed in the OL Na and O; nightglow emissions on 22 October,
1993. This night was selected because of the distinct wave struc-
tures present and the availability of correlative MF radar wind data.
The ooherence of the small-scale waves over ~80-100 km altitude
and their high intrinsic phase speed suggest a ducted motion

0t (09:55UT)
MM/V\WW :

Intensity
T

0, (10:02uT)

s ATV i e A
B W PPV,

Na (03:59UT)

200 I L ) ! | )
] S0 100 150 200 250 300 350
Pixels

Figure 5. Intensity scan across the central, prominent, row around
09:55 UT for the OL O and Na emissions. The OI structures were
most pronounced at ~7% modulation, with ~3% for the Oz and only
~1% for the Na (the OH wave modulation was barely detectable).
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with a vertically evanescent character at nightglow altitudes. The
unusual morphology of these patterns discriminates them from small-
scale "ripple” events and in this case an explanation for their appear-
ance may lie in the interference of two comparable band-type
motions progressing at dosely spaced azimuths. Similar type small-
scale waves were observed on several occasions during this cam-
paign (primarily at OI wavelengths), and their orientations were also
found to be near perpendicular to that of a concurrent larger scale
wave pattern. A detailed study on the role of the larger scale wave
motions will be made in due course. Together, these observations
suggest an important capability for quantitative gravity wave studies
combining optical measurements of wave structure over an extended
altitude with simultaneous ground-based wind measurements.
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Abstract

A two-laser, pump-probe arrangement has been used to measure room-temperature rate constants for the collision-in-
duced relaxation of NO(» = 2, 3) by O atoms. The rate constants ko(v) are equal to (2.2 + 0.2) X 10~ "' and (2.5 + 0.3) X
10™" cm® s™! for v =2 and 3, respectively. These values are significantly lower than previously measured values for
v =1, but are in accord with mode! predictions assuming the role of a metastable NO, intermediate. The NO self-relaxation
rate constants kyo(v) have been measured to be (3.2 +£0.3) X 107'% and (40 +0.4) X 102 ¢cm® s™! for v =2 and 3,

respectively, in reasonable agreement with published resuits.

1. Introduction

The NO v =1 — 0 vibrational transition consti-
tutes an important background infrared emission
source in the terrestrial thermosphere, and is also a
significant thermospheric cooling mechanism. The
efficient pumping of the NO(v = 1) level by oxygen
atoms is a basic feature in standard models of the
thermosphere, and has been confirmed in laboratory
studies of NO(v) collisional relaxation [1-3]. In
addition, spectral fits to high resolution thermo-
spheric emission data have shown that the higher-v
levels are significantly populated [4]. It has been
suggested that at least a portion of the population in
NO(v > 2) levels arises from further vibrational ex-
citation of NO(v = 1) in collisions with O atoms [5].
However, aside from the shock tube studies of NO(v
=1, 2) at 2700 K by Glanzer and Troe [3], vibra-

; Stewart Radiance Laboratory, Bedford, MA.
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tional energy transfer rate constants for collisions of
NO(v > 2) with O atoms have not been determined.
These rate constants are necessary for the unambigu-
ous identification of the source of the derived higher-
v thermospheric populations. In this work, we extend
the laboratory measurements of the collisional relax-
ation of NO(v) by O to v =2 and 3.

2. Experiment

The primary experimental apparatus consisted of
a 5 cm internal diameter stainless steel observation
cell clamped to a 5 cm ID glass flow tube, together
with two pulsed lasers to enable time-resolved exci-
tation and probing of NO(» = 2, 3) populations. The
interior surfaces of the observation cell and the flow
tube were teflon-coated to reduce oxygen atom re-
combination. The flow tube was pumped by a Roots
blower backed by a mechanical pump, with a butter-
fly valve adjusted to provide a linear flow speed of
120 cm s~ ! at a pressure of 10 Torr. Gas flows were
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controlled using factory-calibrated MKS controllers,
and the total pressure measured using an MKS Bara-
tron head. Partial pressures were calculated from the
total pressure using the ratio of the corresponding
individual flow rates to the total flow rate. All
experimental runs were performed at ambient tem-
perature, approximately 295 K.

The observation cell had removable side arms
with Brewster angle window mounts for the intro-
duction of laser pulses, along with windows flush-
mounted on the top and bottom of the cell for
chemiluminescence and laser-induced fluorescence
(LIF) detection. The cell was also fitted with two
teflon rings concentric with the longitudinal axis of
the tube, located upstream and downstream of the
side arm window positions. Each ring supported a
grid of fine nickel wire biased at 0 and +45 V,
respectively, to enable multiphoton ionization (MPI)
detection. During operation of the experiment, tran-
sient signals (on the order of 107°-10"% A) were
amplified using an Ithaco 1211 current amplifier.

Argon was used as the buffer gas, with small
amounts of NO, N,O, and NO, added for particular
aspects of the experiment. Prior to entering the flow
tube, Ar was passed through a copper coil cooled to
—90°C to minimize any water or hydrocarbon impu-
rities. Nitric oxide was purified by flowing the com-
mercially obtained gas through a copper coil cooled
to —125°C, then stored at 1000 Torr in a glass bulb.
The resultant NO purity was verified through MPI
spectra using the A-X 0-0 y-band, and also through
visual inspection of the purified gas, which was
completely colorless if NO, impurity was efficiently
removed. The NO, was purified using a freeze—
pump—thaw cycle at —40°C. Titration results ob-
tained using NO, purified in this manner and those
obtained using NO, directly from the cylinder were
the same within error. Nitrous oxide (Matheson,
99.99% stated purity) was used as obtained from the
vendor.

Tunable infrared laser pulses at 2.7 and 1.8 pm
for pumping of the NO 2-0 and 3-0 vibrational
overtone transitions, respectively, were generated by
mixing dye laser output with residual Nd:YAG fun-
damental output in a LiNbO, crystal (Quanta-Ray
DCR-2A, PDL-2, IR WEX). Pulses of approximately
400 pJ at 2.7 pm and 5 mJ at 1.8 pm were
generated in this manner, with a laser bandwidth of
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1.1 cm™' and a temporal width of about 10 ns.

Ultraviolet probe pulses were produced by doubling
the output of a dye laser in a KD* P crystal, then
mixing the doubled light with residual Nd:YAG
fundamental output in a KDP crystal, yielding 1-2
mJ, 10 ns pulses with a bandwidth of 1.4 c¢m™'
(Quanta-Ray DCR-2A, PDL-1, WEX-1). Probe
pulses were delayed relative to pump pulses using an
SRS DG535 digital delay generator, with the ob-
served time separation jitter of 0.5 ps limited by the
triggering circuitry of the two 10 Hz repetition rate
Nd:YAG lasers. The pump and probe pulses were
weakly focused to give approximate diameters of 1.5
mm and 4 mm, respectively, in the detection region.
The two beams were counterpropagated and over-
lapped within the cell.

Oxygen atoms were formed in a microwave dis-
charge through an Ar/N,O gas mixture. Ar(1000
sccm) and N,O (3-30 scem) and N,O (3-30 scem)
were flowed through a magnesium oxide tube, which
protruded into the larger diameter glass flow tube.
An additional 500 sccm of unexcited Ar was flowed
through a glass loop injector upstream of the magne-
sia tube outlet in order to entrain the discharge
product and carry it down the flow tube. Unlike an
O, discharge, the N,O discharge minimizes the pro-
duction of O,(/4) and O; metastable species which
could compete with O atoms in NO(v) relaxation [6].
Piper et al. [6] detail a method whereby the N,O
flow is adjusted to optimize the O-atom production
while essentially eliminating the formation of N
atoms and NO as well as oxygen metastables.

The oxygen atom concentration was determined
by titrating with NO,, providing absolute number
densities to within a few percent accuracy [2]. The
chemiluminescent NO, produced in the titration was
observed 7.5 cm downstream of the NO, glass loop
injector using a phototube and a 580 nm bandpass
filter. The O-atom yield was observed to be about
10%, calculated based on a comparison of the effec-
tive O-atom throughput (0.3-3 sccm) to the N,O
flow introduced into the microwave discharge tube.
The relative O-atom density was monitored using
LIF by pumping the O 2p*3p *P-2p* 3P two-photon
transition at 225.6 nm with a weakly focused UV
pulse, then detecting the 844.7 nm fluorescence with
an RCA 31034A phototube equipped with an 850
nm bandpass filter. Addition of NO into the cell
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region for the purposes of the pump/probe study
resulted in a 5% decrease in the O-atom density,
owing to a small amount of NO + O + M — NO, +
M recombination. For a given microwave power, the
derived O-atom concentrations were reproducible to
within +5% in the day-to-day operation of the
experiment.

Because the derived rate constants k,(v) rely on
the accuracy of the O-atom concentration measure-
ment, an alternative O-atom source was used as a
consistency check. A known concentration of oxygen
atoms was generated through photolysis of NO, at
355 nm using the tripled output of a Nd:YAG laser,
telescoped down to 1.4 mm diameter. The resultant
O atoms were detected via LIF using a focused UV
laser beam to probe a small portion of the pump
laser volume. Unit photodissociation of the NO, in
the pump volume was ensured by varying the pump
laser fluence and observing a constant LIF signal,
consistent with the NO, absorption cross section
0355 =4.7X 107" cm? and quantum photolysis
yield @155 = 0.986 [7], together with the estimated
pump laser fluence of 1 X 10" photons cm™~2. The
signal was compared to that obtained with the mi-
crowave O-atom source, using the same probe laser
power and geometry. The normalized LIF signals
were found to agree to within 20%, corroborating the
NGO, titration results.

3. Results and discussion

The NO v/ =2 and 3 levels were populated by
pumping various ({2, v/, J')-(£2, 0, J") overtone
rotational transitions. The NO v level populations
were probed using two-photon MPI, taking advan-
tage of the strong 2-2 and 3-3 vibrational bands in
the NO A-X y-band system, with wavelengths near
2219 and 219.7 nm, respectively. The MPI signals
were maximized by tuning the probe laser wave-
length to correspond to one of the A-X band head
positions. The IR and UV laser powers did not drift
appreciably over the course of a scan. The rotational
and spin-orbit state populations in the excited v
level were collisionally equilibrated on a timescale
very short compared to vibrational relaxation, as
evidenced by the fact that the decay rates did not
depend on the particular levels being pumped or

Relative on Signal

0 S0 100 150 200 250 300 350

Delay Time (us)
Fig. 1. Time dependence of the NO(v = 2) MPI signal arising
from the UV probe laser pulse, both before and after the firing of
the IR pump laser at r=0 ps. Conditions: 8.25 Torr total
pressure, with densities of Ar (2.6X10'7 cm™3), N,0 (5.2X 10
em™?), and NO (1.7X 10" cm~3). An O-atom density of 5.1 X
10'* cm™? is also present, formed from a 110 W microwave
discharge.

probed. For each delay time the ion signal was
averaged over 10 laser shots. A LeCroy 9310AM
oscilloscope was used to digitize the transient sig-
nals, with further off-line numerical processing per-
formed on a PC. S

Fig. 1 shows a typical decay curve for NO(v = 2)
and [0]=5.1 X 10" cm™3, with the IR excitation
pulse occurring at r=0 ps. Following excitation,
the temporal profile of the ion signal is well de-
scribed by the equation

I(t) =1, exp(—bt) +c, ()

to within the S/N limits of the run, which varied
between 10 and 200. The ion signal baseline was

negligible in the absence of the microwave dis-
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charge, but became more important as the discharge
power was increased. This background signal arose
from partial photodissociation of the small amount of
NO, present (via NO + O recombination) to form
additional NO(v), which was jonized within the
same laser pulse [8]. However, any nascent NO(v)
photolysis product would have insufficient time to
collisionally deactivate on the timescale of a single
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laser pulse. Thus, the ion background did not affect
the measurement of the NO decay kinetics.

Non-exponential decay profiles were observed
when high IR beam fluences were employed, i.e.
with the IR beam focused at the cell. Wysong [9,10]
details kinetic modeling which suggests that a pro-
portion greater than 10™* of NO in the vibrationally
excited state can lead to second-order decay kinetics
through NO(v)-NO(v') collisions. Saupe et al. [11]
have observed an anharmonic vibration—vibration
pumping mechanism in NO which can produce very
high vibrational excitation. Under the present condi-
tions, we estimate maximum NO(v=2)/NO and
NO(v = 3)/NO population ratios of 7 X 10~* and
2 X 107*, respectively, based on the effective laser
fluence and the NO absorption line strengths [12].
No attempts were made to model non-exponential
decay curves in this work.

3.1. NO / O-atom relaxation

Figs. 2 and 3 show Stern—Volmer plots for the
measured decay rates of NO v=2 and v =3, re-
spectively, as a function of O-atom concentration.
The different symbols represent results obtained on
different days, indicating good reproducibility.
Weighted least-squares fits to the measured rates
were used to determine the rate constants ko(v). The
y-intercept values are consistent with the additive
loss of NO(v) arising from several mechanisms,
including diffusion of excited species out of the UV
probe field of view, linear transport out of the field
of view owing to the bulk flow, and, to a lesser
extent, radiative relaxation and collisional relaxation
by the Ar buffer gas. In the case of the O-atom
quenching experiments, the intercept also includes
small contributions from NO and NO, collisional
quenching.

Table 1 presents the derived rate constants k,(v
=2, 3), along with literature values for comparison.
The ko(v=2,3) are about a factor of 2-3 lower
than previously measured values of ky(v = 1). Fer-
nando and Smith [2] and Lilenfeld [1] used NO(v =
1-0) IR fluorescence as the probe of the NO(v = 1)
time-dependent populations. In their measurement,
Fernando and Smith [2] formed NO(v = 1) using
energy transfer from HCI(v = 1) in a slowly flowing
gas mixture, with the HCI initially excited by a
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Fig. 2. Stem—Volmer plot of NO(v = 2) disappearance rates as a
function of O-atom concentration. The different symbols represent
data obtained on different days; each point is the average of 3-7
determinations, with the 20 error bars indicated. Conditions:
8.15-8.35 Torr total pressure, with densities of Ar (= 2.6 X 10"
cm™?), N,O ((1.8-5.2)X 10" ¢m™3), and NO (= 1.7X10"*
cm~?). The microwave power was adjusted between 10 and 110
W, with the N,O flow optimized at each setting as described in
Piper et al. {6].
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Fig. 3. Stem-Volmer plot of NO(v = 3) disappearance rates as a
function of O-atom concentration. The different symbols represent
data obtained on different days; each point is the average of 3-7
determinations, with the 20 error bars indicated. The experimen-
tal conditions are similar to those described in the Fig. 2 caption.
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Table 1

Rate constants ko(v) for the room-temperature relaxation of
NO(v = 1-3) by O atoms (units of 10™'* cm>® s~ ). Ermror bars
listed for the present work represent two standard deviations in the
scatter in the measured rates

v=1 v=2 v=3 Ref.

22+0.2 25403  present work
S5+1 Lilenfeld {1] .
6.5£0.7 Fernando and Smith [2]
1.7 2.1 Quack and Troe [13]

chemical laser. In the Lilenfeld [1] measurement,
NO(v = 1) was formed by pumping NO(v = 0) with
a near-resonant CO laser line. Unfortunately, we are
not at present equipped to excite the v =1 level to
permit a more direct comparison with these studies,
although it seems unlikely that the rate constants
would decrease so markedly from v=1 to 2. The
fact that the measured k(v = 2, 3) values are signif-
icantly lower than the k,(v=1) literature values
suggests a possible bias resulting from an overesti-
mate of the O-atom concentration. However, such a
bias was not evident in either of the O-atom mea-
surements detailed in Section 2.

Glanzer and Troe [3] performed the only previous
experimental measurement of ky(v) for v>2, in a
shock tube with an effective temperature of 2700 K.
They obtained ko(v) = (3.7 + 1.7) X 10™"' and (4.0
17X 107" cm®s™! for v=1 and 2, respec-
tively, which for v =2 is almost a factor of two
larger than the present measurement. The Glanzer
and Troe v = 2 result can also be compared with the
present result using the corresponding cross sections
0o(v = 2), obtained from the rate constants by divid-
ing by the relative velocity of NO and O. This yields
oo(v=2)=17%X10"'% and 29X 107" cm? at
2700 and 295 K, respectively, implying a high-tem-
perature cross section that is about 40% smaller than
the room-temperature cross section.

The efficiency of the O + NO(v) vibrational re-
laxation process suggests the role of a metastable
NO; intermediate. If the reaction proceeds through
such an intermediate, the rate constant ko( v) can be
approximated by

ko(v) = k. x(v), (2
where k_ is the second-order rate constant for com-
plex formation, and x(v) represents the fraction of
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complexes which dissociate to yield a lower NO v
level [13]. The quantity k. can be approximated by
the high-pressure limit of the NO + O + M — NO,
+ M recombination rate constant k., equal to (3 +
X 107" cm® s™! in air [7]. Various statistical
theories can be used to calculate values of y(v).
Fernando and Smith [2] discuss three such ap-
proaches in the calculation of y(v=1), yielding
values ranging from 0.88 to 0.95. Quack and Troe
[14] present a -simplified form of their statistical
adiabatic channel model which predicts y(v) = 0.88,
0.95, and 0.97 for v = 1-3, respectively. Assuming
that the complex formation rate constant is indepen-
dent of v [13], these values can used to predict
ko(v)=2.6%x 107", 29x 107", and 2.9 X 107!
em® s7! for v=1-3, respectively, in reasonable
agreement with the present data.

A more sophisticated prediction can be obtained
from the complete statistical adiabatic channel model
of Quack and Troe [13], whose calculated rate con-
stants for O-atom-induced relaxation of NO(v = 1, 2)
are listed in Table 1. The theoretical value for k(v
=2) is the sum of rate constants calculated for
relaxation of NO v =2 into v =1 and 0, and is seen
to be in excellent agreement with the present result.
For 2100 K, Quack and Troe predict ko(v) = 1.2 X
107" and 1.6 X 107" cm®s™! for v=1 and 2,
respectively, about 25% lower than the room-temper-
ature predictions and in significant disagreement with
the larger values measured by Glanzer and Troe [3]
at 2700 K. However, the predicted negative tempera-
ture dependence is consistent with the formation of
an intermediate complex.

3.2. NO self-relaxation

To help benchmark the O-atom decay measure-
ments, rate constants were determined for the self-re-
laxation of NO(v = 2, 3) by NO. Table 2 presents
the derived rate constants, which were obtained from
Stern—Volmer plots similar to those shown in Figs. 2
and 3. Values of kyo(v=2) spanning more than a
factor of two have been reported by various groups
(see Table 1 in Wysong [9]). Many of the measure-
ments, however, suffer from experimental complica-
tions that could significantly reduce the accuracy of
the derived relaxation rate constants [9]. More re-
cently, Wysong [9] and Islam et al. [15] have inde-




108

Table 2

Rate constants kyo(v) for the room-temperature relaxation of
NO(v = 2, 3) by NO (units of 107'2 cm?® s™"). Error bars listed
for the present work represent two standard deviations in the
scatter in the measured rates

v=2 v=3 Ref.

32403 4.0+04 present work

3.10+£0.16 Wysong {9]
3.26+0.24 Wysong [10}

244403 2.22+0.2 Islam et al. [15]

pendently measured ky,(v=12) using laser IR
pump/UV probe techniques similar to ours. The
Wysong measurement is in excellent agreement with
the present result, while the Islam et al. value is
somewhat lower. Wysong separated the measured
kno(v = 2) disappearance rate constant into vibra-
tion—vibration and vibration—translation compo-
nents; Table 2 reports the total disappearance rate in
order to be consistent with this work.

Wysong [10] and Islam et al. [15] have also
measured kyo(v = 3) values using laser pump /probe
techniques. As shown in Table 2, the Wysong result
is in fair agreement with the present measurement,
while the Islam et al. value is almost a factor of two
lower. These differences persist despite the similarity
of the experimental methods and data reduction pro-
cedures. We can offer no explanation for the discrep-
ancies at this time.

4. Summary

Room-temperature rate constants for the quench-
ing of NO(v =2, 3) by O atoms and by NO have
been determined. The self-quenching values are in
reasonable accord with previous results. The rate
coefficients for O-atom quenching are about a factor
of 2-3 lower than previous measurements for v = 1,
but agree well with a statistical adiabatic channel
model prediction. The high relaxation efficiency and
lack of a significant v dependence are consistent
with the formation of an NO, metastable intermedi-
ate.
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Fractional population of NO(v — 1) from vibrational relaxation of
NO(v =2, 3) by O and NO

James A. Dodd,** Ronald B. Lockwood,? Steven M. Miller” and William A. M. Blumberg®
@ Stewart Radiance Laboratory, 139 Great Road, Bedford, Massachusetts 01730 USA
® Phillips Laboratory/GPOC, Hanscom Air Force Base, Massachuserts 01731 USA

Significant populations of NO in excited vibrational levels v > 2 have recently been observed in the lower thermosphere, for
which the relaxation rates and pathways are largely governed by collisions with O atoms. Laboratory experiments can provide
accurate kinetic parameters for modelling and interpreting such steady-state v-dependent population distributions. In this study, |
a two-laser, pump-probe arrangement has been used to measure the fractional population of NO(v — 1) arising from the
collision-induced relaxation of NO(v = 3) by O atoms and, in an ancillary experiment, NO(v = 2, 3) by NO. The branching
fraction xo{v = 3 — 2) = 0.35 £ 0.12 for O-atom collisions. The ¥, value is consistent with a long-lived NO¥ collision complex, in
which the total energy is randomly distributed among the internal degrees of freedom prior to dissociation, and agrees with a
recent quasiclassical trajectory calculation. For collisions with NO, yyo(v = 3 —2) = 0.73 + 0.19, indicating a significant multi-
quantum component. The branching fraction yyo(v = 2~ 1) = 1.19 = 0.31 can be considered an effective value only, since its
interpretation relies on an assumption regarding the relaxation mechanism. The rate constants ky(v = 3) = (3.0 + 0.6) x 10~ 1!
cm® s~ " for the vibrational relaxation of NO(» = 3) by O atoms, and kyo(v = 2) = (2.7 + 0.5) x 1072 cm® s~ ! and kyofv = 3) =
(34 £0.7) x 1072 cm® s~ * for the relaxation of NO(v = 2, 3) by NO have also been obtained, and are in good agreement with

previous results from this laboratory.

1 Introduction

A great deal of attention has recently been focused on the
chemical sources and sinks of NO in the lower thermosphere.
Reactions (1) and (2) constitute the dominant NO production
mechanisms:'—*

N(*S) + 0, » NO@ < 7) + O
N(®D) + O, - NO( < 18) + O

M)
@

Reactions (1) and (2), in conjunction with other NO formation
reactions, can clearly give rise to a large degree of vibrational
excitation in the NO product, consistent with Iaboratory mea-
surements.® Evidence that excited v-level populations of NO
are present in the thermosphere is exemplified by recent
observations of NO(v = 2) fundamental band radiance in
high-resolution earthlimb emission data from the CIRRIS 1A
mission.®” Excited NO(v) populations are especially prevalent
in auroras, for which the NO production rate can be vastly
increased. NO populations up to v =35 were detected in
CIRRIS 1A measurements of naturally occurring auroras,®
and up to v =12 in the EXCEDE III space-based artificial
aurora experiment.® The decay pathways of the vibrationally
excited NO populations will partially govern the resultant
infrared background radiance and the extent to which the
initial chemical energy is converted into thermal heating.
Kinetic models for the production and decay of NO vibra-
tional levels have been developed.®!° but need to be updated
and enhanced with more accurate input parameters.
Vibrational energy transfer in thermospheric NO is domi-
nated by collisions with oxygen atoms, since both N, and O,
are inefficient relaxers.!!~** However, relatively little is known
concerning the rates and pathways of NO(v)/O vibrational
excitation or relaxation. In 1979 Fernando and Smith'* per-
formed a landmark measurement of the room-temperature
rate constant ko(v = 1) for NO(v = 1) vibrational relaxation
by oxygen atoms. Their measurement is particularly impor-
tant, since it is related through detailed balance to the vibra-
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tional uppumping reaction
NOw=0)+O0O-+NOw=1)+0 (3)

Reaction (3) is a primary mechanism for lower thermospheric
cooling through the conversion of kinetic enmergy imio
NO( = 1—0) fundamental band emission, which largely
escapes into space. The temperature dependence of kq(v = 1)
in the 500-1200 K range has not been empirically determined,
increasing the uncertainty with which the Fernando and
Smith measurement can be applied to models of the lower
thermosphere.

Our group has recently examined the analogous process for
NO(v =2, 3),'* providing the only determination of the
O-atom-induced quenching rates for NO(v > 2), aside from a
shock-tube measurement of NO(v = 2) relaxation at 2700 .16
The determination of additional v-dependent relaxation rate
constants and single/multiquantum relaxation pathways
would be of great use in modelling the dynamics of nascently-
formed high-v NO in the thermosphere. The problem is poten-
tially very similar to that of OH(v < 9) collisional quenching
at the mesopause,'” in which the question of collision-induced
single- vs. multi-quantum decay remains largely unanswered.

In this paper we extend our earlier work on the relaxation’
of NO(v = 2, 3) by O and NO, and report measurements of
the branching fractions of initially populated NO(v =2, 3)
into the lower v — | level. In the case of O-atom relaxation,
this represents the first measurement of a detailed vibrational
relaxation pathway. The results can be compared with the sta-
tistical models of Quack and Troe,'®'® who calculated path-
ways based on the presence of 2 long-lived NO¥ intermediate,
viz.

NO(;) + O - NO% - NO(»;) + O @

The measurements can also be compared with the more recent
semiclassical trajectory calculations of Duff and Sharma®® on
the same system. All of these studies are in general agreement
that the final vibrational state populations are approximatety
equal. i.e. independent of v;.
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2 Experimental

The experimental apparatus and methodology were very
similar to that used in our previous study of NO(v = 2, 3)
vibrational relaxation!® (see Fig. 1). The primary apparatus
consisted of a 2 in (in = 2.54 cm) internal diameter glass flow
tube, coated on its internal surfaces with halocarbon wax in
order to minimize oxygen-atom recombination. Clamped to
.the flow tube was the detection cell, which consisted of a
stainless-steel cube bored through to give the same 2 in inter-
nal diameter, and Teflon-coated on its internal surfaces. Two
10 cm long side-arms containing a series of black anodized
aluminium light baffles were attached at right angles to the
flow tube axis, in order to pass laser light through Brewster-
angle windows. The cell provided the capability for multi-
photon jonization (MPI) and laser-induced fSuorescence (LIF)
detection of trace species in the gas flow. Vibrational level
populations of NO were probed in the previous study using
1 + 1 resonance-enhanced MPI; in this study we used the LIF
technique as described in the following.

Fig. 2 shows an example schematic of the IR pump-UV
probe methodology for initial excitation of NO(v = 2).
NO(v = 2, 3) rotational levels were populated using tunable
IR laser pulses, generated by mixing visible dye laser output
with the 1.06 pm Nd : YAG fundamental in a LiNbO; crystal.
Residual visible and 1.06 pm radiation was eliminated by
passing the mixed output through a silicon window at Brew-
sters angle (for 1.8 um), and additionally through a germa-
nium window, also at Brewsters angle (for 2.7 um). Laser pulse
energies in the 2.7 um region with frequencies corresponding
to several of the v = 0 —2, J” - J” + 1 R-branch transitions
were found to vary by a factor of three owing to varying
absorption by water vapour in room air. The 2—0 R(J" = 6.3)
and 3-0 R(J” = 7.5) transitions were used in the two cases,
with a fractional excitation of ca. 1075-10"* of the total NO
population (vide infra). The IR pulse was weakly focused using
a 500 mm CaF, lens positioned 370 mm before the cell, giving
a 1/e* Gaussian beam diameter of ca. 3 mm.

NO(v = 1-3) time-dependent populations were detected
using LIF and various bands in the A-X y-band system. To
generate the detection laser wavelengths, an Inrad Autotrack-
er II was used to frequency-double laser light from a
Nd : YAG-pumped dye laser. The detection beam was shaped

UV laser
/
14

>
>

Va h
i _
1 mmiris
|

NO (A %)

| NO(X 211

(a) (b)

Fig. 2 Schematic of laser excitation/detection methodology. In (a), a
tunable IR laser excites a small fraction of the NO v = 0 population
to v =2. Collisions with relaxer species then transfer the initially
excited population to lower v levels‘on a timescale of tens of us. In (b),
a UV laser is used to probe either the initially excited v = 2 level, or
the v = 1 level which is populated by collisional relaxation. Detection
is accomplished using the y(0-0) band, which occurs at 2 shorter
wavelength. Detection via the %2 — v”) bands is performed in a2 similar
manner. Note that the separation between the A and X levels is not
drawn to scale.

into a circular cross-section using a pair of cylindrical lenses,
then sent through a pair of 1 mm diameter irises prior to entry
into the cell in order to precisely maintain its position relative
to the larger IR beam. UV pulse fluences were kept very low
(1-10 pJ) to avoid saturation of the strong y-band transitions.
A Burleigh WA-5500 pulsed wavemeter was used to monitor
both the IR and UV dye laser frequencies to be certain they
were not drifting off resonance. While we did observe inaccu-
racies in these measurements consistent with the instrument
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Fig. 1 Experimental apparatus. See text for discussion.
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specification (e.g. +0.1 cm™! at 600 nm, +0.2 cm~?! at 300
nm), the reading remained stable over the course of several
days in the absence of optics readjustment.

The NO y-band fluorescence was detected at a shorter
wavelength than the pump wavelength, largely eliminating
background arising from laser light scatter off the windows,
the microwave discharge, and from NO?% fluorescence, which
extends from 400 nm into the near-IR. In many cases it was
easy to detect the NO(v) under photon-counting conditions,
although the fluorescence signals were typically much strong-
er. Two y-band series were used, the y(2 — v”) series, in which
the 7(2-2) and y(2-3) bands at 222 and 231 nm were pumped,
and the y(2-0) band at 205 nm detected, and the y(0-v”) series,
in which the y(0-1) and y(0-2) bands at 237 and 247 nm were
pumped, and the y(0-0) band at 227 nm detected. The y(2-0)
detection method gave rise to about a factor-of-two better
S/N, owing to more favourable A-X Franck—Condon factors.
Fluorescence was detected by a Hamamatsu R166 solar-blind
PMT, in conjunction with 10 nm FWHM bandpass filters
(Corion Corp., Andover Corp.) centred at 206.5 and 224.4 nm,
respectively. In each case the use of the same upper state
allowed relative v” population measurements to be accom-
plished without needing to account for such factors as detec-
tor wavelength response and NO(4, v) fluorescence lifetime.

Between 8 and 32 laser shots were averaged for each time
element, resulting in typical run times of between 3 and 13
min for 250 time values. At each time delay the integrated LIF
signal and the UV and IR laser fluences were separately aver-
aged on digital oscilloscopes, and the averaged values stored
on a laboratory computer. In the data workup the LIF signals
were ratioed by 50 point running averages of the IR and UV
laser fluences to account for long-term drift, which was gener-
ally <10%. These ratioed signals were then converted to rela-
tive populations of the NO(v) populations by dividing by the
product of the appropriate Boltzmann population factor and
linestrength?? of the rotational level probed, and by the
" - v Franck-Condon factor.2® In each case a rotational
transition was chosen that was separated from its nearest
neighbours by more than the FWHM bandwidth (0.7 cm ™)
of the UV laser.

A mixture of ca. 25 sccm N,O in 1100 sccm Ar was flowed
through a McCarroll cavity microwave discharge in order to
form O atoms. A 0.5 in od. Pyrex tube was used instead of the
magnesium oxide tube used previously. The discharge region
was followed by a Woods horn and a right angle in order to
minimize stray light in the fluorescence detection region. An
additional 425 sccm Ar was introduced through a loop injec-
tor just upstream of the discharge effluent in order to mini-
mize turbulence. One sccm NO was introduced a few mm
upstream of the detection region, through an injector formed
from a 1 in long, 0.125 in od Teflon tube aligned along the
laser axis, with about ten small holes pointing downstream.
This arrangement was found to minimize mixing of the
injected NO with oxygen atoms prior to the laser pump—
probe sequence. Reactions (5) and (6) reduce the O-atom con-
centration, and give rise to NO(v) background through the
sequence

NO + 0 +M-NOf + M
NO, + 0~ NO@ < 9) + O,

(5)
{6)
with rate constants ks = 2.4 x 107 cm?® s™! (at 8.5 Torr)
and kg = 9.7 x 10712 cm?® s~ 1.2! The observed NO LIF back-
ground was linear in laser power, consistent with the presence
of a small amount of NO(v) created through reactions (5) and
{6). Conceivably, photolysis of NO, followed by detection of
product NO(v) in the same laser pulse could also give rise to a
background signal, though such a process would have a quad-
ratic laser power dependence at the low probe fluences used.
In our previous study we found that reactions (5) and (6)
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reduced the O-atom density by about 5% upon the addition
of NO. The chemiluminescent NO¥ formed in reaction (5) was
used to advantage in adjusting the various flow rates to mini-
mize the turbulence in the cell region. The microwave dis-
charge was operated at ca. 110 W. The O-atom density was
measured to be 1.8 x 10'S cm™3 through NO, titrations,>*
about a factor of three higher than densities achieved in our
prle)vi?sus study employing the magnesium oxide discharge
tube.

For the NO(v = 2, 3)-NO self-relaxation studies, the micro-
wave discharge and the N,O flow were turned off, and mix-
tures of either 50 sccm NO-1525 sccm Ar or 10 scem NO-215
sccm Ar were used, corresponding to NO number densities of
8.6 x 10*° cm™? and 1.2 x 10*¢ cm™3, respectively. For both
flow rates the total pressure was set to ca. 8.5 Torr by throt-
tling the downstream vacuum pump, giving rise to linear low
velocities of 120 and 17 cm s™!, respectively. The measured
branching fractions did not depend on the flow speed. In .
general, the observed NO(v) decay rates were dominated by
O-atom- and NO-induced collisional relaxation, respectively.
The collision-induced decay rates of NO(v = 2, 3) by Ar and
N,O were <100 s~!, and the NO(v = 2, 3) radiative decay
rates are ca. 30 s™1. The transport loss rate of NO(v) from the
laser field of view is accounted for in the kinetic equations
outlined below.

3 Data interpretation and reduction

Rotational energy transfer in NO in general occurs at or near
gas kinetic rates,2*~?7 with little dependence on the initially
excited J level. The 8.5 Torr Ar bath gas gives rise to an NO
rotational energy transfer timescale of ca. 10-20 ns, based on
the NO(v = 2, 3; J) removal rate constants of ca. 2-3 x 10710
cm? s~ measured by Islam et al.2® In addition, Islam er al?”
have recently measured a large number of state-to-state ro-
vibronic rate coefficients for collisions of initially created
NO(w =2, 2, J) with NO, He and Ar. It was found the Q-
changing collisions of NO with Ar occur at no greater than
10% of the rate for Q-preserving collisions,?” which places a
lower limit of 100 ns on the timescale for 2-changing colli-
sions. However, these rotational and spin-orbit equilibration
time scales are still about a factor of 100-1000 times smaller
than the timescale for NO vibrational decay in our experi-
ment.

Fig. 3 shows a series of NO(v = 3) LIF spectra, obtained at
various times following IR excitation, along with a synthetic
spectrum calculated assuming a room-temperature distribu-
tion of rotational populations. The v =03, R(J” = 7.5) F,
and F, vibrational overtone transitions are separated by only
0.07 cm ™}, far less than the IR laser bandwidth of 1.1 cm™},
and both the F, and F, J' = 8.5 levels are initially populated
in the upper vibrational state. Each of the two excited rota-
tional populations gives rise to four resolved emission lines
shortly after the IR pump pulse (Fig. 3). The entire ¢ = 3 man-
ifold is seen to fill in and approximate the predicted room-
temperature spectrum after <100 ns, consistent with the
rotational energy transfer timescales estimated above. Thus,
since the rotational level populations reequilibrate on a time-
scale short compared to vibrational relaxation, the vibrational
populations can be probed using any one of a number of
y-band rotation-vibration transitions.

Too high a concentration of vibrationally excited NO can
lead to ‘ladder-climbing’ effects, in which the excited species
exchange energy in an efficient, near-resonant process?$

NO(@') + NO@") - NO' — 1) + NO(" + 1) @]

Wysong,'*-2° in previous measurements of NO(v = 2, 3) self-
quenching rates, found that NO(v) fractions > ca. 1073 of the
total NO concentration led to discernible second-order effects
in model calculations of NO(y) vibrational relaxation. It is
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Fig. 3 Time series of NO (3, 3) laser-induced fluorescence spectra
following IR excitation of NO(v = 3) at t = 0 ns. Collisions with Ar
bath gas molecules efficiently transfer the initially formed F, and F,
v=3, J'= 8.5 populations to other rotational levels. After ca. 100 ns
the rotational level populations are equilibrated at ambient tem-
perature,

straightforward to estimate the excited fraction by comparing
the maximum NO(v=2) population to the background
NO(v = 1) population, where both are obtained from normal-
ized LIF signals. The Boltzmann equilibrium v =1 back-
ground population is equal to a 1.1 x 10™* fraction of the
v =0 population at 295K. From observations of several data
sets, the initially pumped NO(v = 2) population was found to
equal about one-half of the ambient v = | population, a
5 x 107% fraction of the total NO. The maximum NO(r = 3)
population is estimated to be about one-half that of
NO(v = 2), based on relative IR laser fluences and band-
widths, and absorption coefficients and Doppler linewidths of
the NO(X) 3-0 and 2-0 overtone bands.

In a typical experiment the UV laser was first tuned to
detect the initially populated NO(z) level. and several NO(v)
time series obtained. The UV laser frequency was then adjust-
ed to detect NO(z — 1), and again several time series accumu-
lated. Data on several different days were obtained in this
manner for each different excited species—quencher pair. For
v =3 — 2 relaxation this was relatively straightforward, owing
to negligible population of the lower v level in room-
temperature NO. For v =2 — 1 relaxation, however, the ca.
10™* fraction of the total NO concentration in ¢ = 1 resulted
in a large background signal in the absence of IR excitation.
This background signal dominated the noise observed on the
v = 1 signals. For NO(v = 2) self-relaxation the noise could be
sufficiently reduced through signal averaging to obtain a
branching fraction gyo(v = 2 — ). For NO(v = 2, 3)-O relax-
ation the combination of reactions (5) and (6) gave rise to an
additional source of background signal for NO(r = 1). and to
a lesser extent for NO(v = 2).3° These complications obviated
an acceptable measurement of yo(v = 2 — 1).

Fig. 4 shows time-dependent NO(v) populations and a
model fit for a sample NO(r = 3)-O-atom run. The rate pro-
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Fig. 4 Quenching of NO(v = 3) by O atoms. The IR laser fires at
t =0, which populates the v = 3 level. NO(v = 3) decays exponen-
tially, while NO(v = 2) grows in over time according to the branching
fraction yo(v=3—2) and the relaxation rate conmstants ko(v). The
NO(v = 2) population builds up only modestly because Xolv=3-=2)
is relavively small, and k(v = 2) & ko(v = 3). The NO(v = 2, 3) back-
ground LIF signals have been subtracted; the background signals are
about 6 x (v=2) and 0.5 x (v = 3) the magnitude of the transient
signals.

cesses governing the relaxation of initially excited NO(v = 3)
are written

NO@ =3)+ 0 Ze2B=I g _ 9L o (g)

NOw=2+0 22 NOw< 1)+ 0 9)
T
NO(v = 2, 3) ——, disappearance (10)

In eqn. (8)-(10), ku(v) is the rate constant for O-atom-induced
relaxation of NO(t), yo(v = 3 — 2) is the branching fraction for
single-quantum decay, and ry is the transport loss rate out of
the UV laser field of view. The transport loss rate has both
convective and diffusive components under the present condi-
tions, and can be estimated as 5 x 10 s™* based on the
observed decay rate of NO(v = 1) (vide infra), i.e. ca. 10% of
the O-atom-induced decay rate. Reactions (8)-(10) were
modelled using the coupled differential equations

A = 3 NOt = 3{rr + kyle = IEMT} (0
=
A = 2 [N = 2{ry + ko = 2]}

de
+ [NO(r = 3)J{yu(v = 3 = Dkyv = 3[M1}
(In

In eqn. (1) and (II) [NO{v)] and [M] refer to time-dependent
species concentrations, with M being the identity of the chief
quencher species. ie. O atoms or NO as appropriate. Trial
integrations performed on a PC showed second-order reac-
tions such as eqn. (7) to be unimportant owing to the very
small amount of excited level populations present.

Fig. 5 and 6 show time-dependent NO(r) populations and
model fits for sample NO(z = 3)-NO and NO(v = 2)-NO
runs, respectively. The NO(s = 3)-NO kinetics are governed
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Fig. 5 Quenching of NO(v=3) by NO. The larger build-up of
NO(v = 2) relative to the NO(v = 3)-O systern shown in Fig. 4 is due
mostly to the larger branching coefficient yyo(v = 3 — 2).

by a set of equations very similar to those given in eqn. (I) and
(II), except for the identity of the relaxing species. The
NO(v = 2)~-NO system, however, follows a somewhat different
scheme. Two relaxation pathways are possible, depending on
whether the relaxation of an initially excited NO(v = 2) mol-
ecule gives rise to a pair of NO(v = 1) molecules through the
efficient near-resonant vibration-to-vibration (V-V) energy-
transfer process®’

NO(v = 2) + NO(v = 0) = NO(v = 1) + NO(v = 1) (11a)

or to a single NO(v = 1) molecule through a vibration-to-
translation (V-T) process, generally assumed to be much
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Fig. 6 Quenching of NO(v = 2) by NO. The NO(v = 1) population
build-up is substantial due to the large branching fraction yyo(v =
2 — 1) (see text), and to the slow decay of NO(v = 1), which is govern-
ed by the transport loss rate ry out of the detection laser field of view.
The NO(v = 1) background LIF signal is about twice that of the tran-
sient signal, and has been subtracted.
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slower due to the large energy defect:

NO(v = 2) + NO(v = 0) - NO(v = 1) + NO(v = 0) (11b)
Either reaction would be followed by the slow quenching of
NO(@ = 1),

NO@ = 1) + NO - NO(v = 0) + NO (12)
with kyo(v = 1) =7 x 107!* cm? s™%, or ca. 700 s™* under
the present conditions. Reactions (11) and (12) were modelled
viz.

dINO(x =2)] _

dt N

d[NO( = 1}]
dt

—[NO(v = 2)]{rr + kno(v = 2)[NOJ} (IID)

= ~[NO@w = DI{rr + knolv = 1)[NOT}

+ [NO(v = 2)){xnolv =2 = Lkyo(v = [NOJ}
18]

In eqn. (ITI) and (IV), kyo(v = 1, 2) are the appropriate disap-
pearance rate constants, and yno(v =2 - 1) is the observed

- fractional population of NO(v = 1) upon decay of NO(v = 2).

Since the observed decay rate of product NO(v = 1) is domi-
nated by transport loss, 1 can be determined directly through
least-squares fitting. In this case accounting for transport loss
increased the best-fit yyo value by ca. 40%.

~ Eqn. {I) and (II) were used to model the population time
evolution in the NO(v = 3)-O and NO(v = 3)~NO systems,
and eqn. (III) and (IV) in the NO(v = 2)-NO system. In each
case the appropriate differential equations were numerically
integrated using trial kinetic parameters to generate a solution
against which the data could be compared. A non-linear least-
squares fitting routine was used to determine the best fit
through the automatic adjustment of the kinetic parameters.
In general, a total of four parameters was allowed to vary in
the fits: the decay rates ky(v)[M] for the upper and lower ¢
level populations, the branching coefficient yy(v — v — 1), and
an arbitrary scaling parameter. While not the object of this
study, the best-fit NO(v) decay rates were found to be con-
sistent with previous measurements!!-'5252% and are re-
ported below. For O-atom quenching the decay constant
ko(v = 2)[O] could not be accurately determined due to poor
S/N. Instead, ko(v = 2) was held equal to ky(v = 3), consistent
with the published values in Dodd ez al.'’ Also, for NO(v = 2)
relaxation the decay of NO(v = 1) is dominated by transport
loss, as described above:

4 Results and Discussion

The least-squares fitting results were averaged to yield the
branching fractions y shown in Tables 1 and 2. The scatter in
the best-fit y values gave rise to standard deviations of 5-10%
for relaxation by NO, and ca. 20% for relaxation by O atoms.
The error bars quoted in Tables 1 and 2 include these errors,
with an additional 25% of the best-fit result added in quadra-
ture to account for the estimated systematic error in the

Table 1 Branching fractions xo(v — v — 1) for relaxation of NO{v) by
on

v=2-1 v=3-2 tef.
035+0.12 present work, decay rates varied
0.35 +0.12 present work, decay rates fixed
0.37 Quack and Troe!?
043 0.29 Duff and Sharma?°

@ Values of g, from the present work were obtained either by allowing
the NO(v) decay rates to vary in the fit, or by fixing them using
known parameters. See text for discussion.
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Table 2 Branching fractions yuo(v - v — 1) for relaxation of NO(v)
by NO*

v=2-1 v=3—2 ref.
1.19 + 0.31% 0.73 +0.19 present work, decay rates varied
1.11 + 0.30* 0.74 +0.19 present work, decay rates fixed

¢ Values of xyo from the present work were obtained either by allow-
ing the NO(v) decay rates to vary in the fit, or by fixing them using
known parameters. See text for discussion. ® Observed fractional
population of » =1, for which the interpretation depends on an
assumption regarding the reaction mechanism. See text for discussion.

experiment. The non-linear least-squares fits used to deter-
mine the branching fractions y were also performed by fixing
the NO(v = 2, 3) decay rates using the known O and NO
number densities and the rate constants measured by Dodd er
al*® The resultant branching fractions are also given in
Tables 1 and 2, and are seen to be in excellent agreement with
the y values obtained when the rates are adjusted in the fit.
This agreement is consistent with the good agreement between
the best-fit rate constants ky(v = 2, 3) obtained in the present
work and those obtained previously.!* The rate constant
results are discussed below, with the best-fit kyo(v = 2, 3) from
the present work given in Table 3.

NO( = 3)-0

In Table 1, the measured branching fraction yo(v = 3 —2) =
0.35 + 0.12 is seen to be in good agreement with the predic-
tion of 0.29 made by the recent quasiclassical trajectory calcu-
lation of Duff and Sharma2?® (DS). A second calculation
highlighted in Table 1 is taken from the statistical adiabatic
channel model of Quack and Troe!® (QT), which was orig-
inally developed to model the rates of unimolecular disso-
ciation. The latter model calculates the rate of dissociation of
a strongly bound *activated complex’, taking into account the
coupling of initial and final state angular momenta. It is
ideally suited for the NO(v)-O system, given the 3 eV binding
energy available to an NO¥ intermediate.

The QT and DS calculations both predict NO final vibra-
tional state v; population distributions that are approximately
independent of v,. For the initially populated level 1, = 2,
both models predict final state populations that are weighted
slightly toward v; = 0 (Table 1). The DS study predicts that
for higher v; levels this proclivity toward low-v final states dis-
appears, and that the final state populations are divided
equally among the levels v, < v;. This distribution is consis-
tent with a long-lived NO% intermediate [reaction (4)], as are
the large relaxation rate coefficients.}*

QT predict from first principles a room-temperature
ko(v = 2) value which is in good agreement with that recently
measured by Dodd er al'® It is likely, however, that the QT
calculation underestimates the actual rate constant. since it
considers only one of the two attractive potential-energy sur-
faces that arise in the interaction of ground-state NO and O.
The DS trajectory calculation uses both attractive
(124’ + 124") surfaces, resulting in a ko(v = 2) value which is
ca. 50% higher than the QT result, and ca. 30-40% higher

Table 3 Rate constants kyofv) for the relaxation of NO(v = 2, 3) by
NO at ca. 295 K (uaits of 10712 cm® s~ 4)°

v=2 v=3 ref.
27+05 34+07 present work
32403 40403 Dodd et al.'3
2724 0.15° 326 +024 Wysong!!-2?
244 + 03 222402 Islam et al.?*

“ The measured value of kyo(v = 2) (ref. 11) was listed incorrectly in
Table 2 of ref. 15, and is given correctly here.

2642 J. Chem. Soc., Faraday Trans., 1997, Vol. 93

70

than the empirical result.'® However, the DS paper points out_

the complexity inherent in a system with a total of 18 adia-
batic doubly degenerate electronic states. The only existing ab
initio calculation of the O(*P) + NO(X 2IT) potential-energy
surfaces does not include the effects of non-adiabatic coup-
ling.>* Clearly more effort is needed in both the experimental
and theoretical areas in order to resolve the discrepancies and
further understanding of the NO(v)-O system.

There exist at least two worthwhile extensions to the experi-
ments described herein. First, it would be useful to measure
the temperature dependence of the branching fractions in the
500-1200 K range, i.e. for thermospheric temperatures, albeit
these measurements may be difficult using the present appar-
atus due to the increased ambient population of excited »
levels and the resultant LIF background. Alternatively, a
photolytic source of NO(v) such as NO,*° could be employeé
in order to mitigate the background NO signal. Some
temperature-dependent rate coefficients for NO@ =2, 3)
relaxation by NO and other stable species have been mea-
sured,'**% though it is difficult to predict the effect of tem”
perature on the NO(v; — v,) branching fractions in the absence
of detailed experimental or theoretical information. The
NO(v)-O system in particular is lacking in information.

A second extension is suggested by the observations of
Lipson er al® and Sharma et al,>* who independently
derived steady-state NO(v = 1) spin-orbit popuiations from
high-resolution earthlimb IR emission data. The spin—orbit
popuiations were found to depart strongly from local ther-
modynamic equilibrum, favouring the lower F, component.
Effective spin—orbit temperatures of ca. 200 K at higher alti-
tudes were derived,?*:3* in contrast to the kinetic temperature
of ca. 900 K inferred from the NO(v = 1) rotational distribu-
tion observed simultaneously. It has been proposed?? that the
subthermal spin-orbit distribution resuits from selective for-
mation of the v = 1 F, spin—orbit level in uppumping colli-
sions of NO(v =0) with O. Thus, measurements of the
spin—orbit dependence of NO(v) relaxation rate constants
would be valuable, as well as measurements of NO(v = 1, Q)
final state propensities in the uppumping of NO(v = 0) by O.
These experiments may require a molecular beam apparatus
instead of the cell arrangement used here, due to the efficiency
with which collider species (e.g. He and Ar) interconvert the
NO spin-orbit components.2”

NO(v = 3)-NO

The branching fraction gyo(v = 3 = 2) = 0.73 + 0.19 listed in
Table 2 is significantly lower than the value of unity predicted
assuming a single-quantum relaxation mechanism, but instead
indicates some degree of multiquantum behaviour. It is gener-
ally accepted that NO vibrational self-relaxation proceeds tia
the resonant V-V transfer mechanism (13) for the lower v
levels:ls'“'“’

NO(v) + NO(0) - NO(v — 1) + NO(1)

As v increases reaction (13) gradually becomes more endo-
thermic owing to a small degree of vibrational anharmonicity,
ca. 28 cm ™! per v level. which slows the reaction. The reaction
endothermicity exceeds the room-temperature kT value at
v =29, and Yang et al.>® have suggested that the V-V mecha-
nism (13) is unimportant for v > 8. For v > 13 the knolt)
values increase rapidly, which the authors attribute at least
partially to the onset of multiquantum relaxation pathways.
In one experiment, Yang er al. populated NO(v = 19), then
monitored NO(v = 17-19) populations as a function of delay
time in a manner very similar to the present work. They deter-
mined  yno(v = 19 —18) = 0.47, xno(19 = 17) =033, and
Xno(18 — 17) = 0.48,3¢ consistent with a high degree of multi-
quantum behaviour.

(13)

¥



NO(@ = 2)-NO

The measured branching fraction jyyolv=2-1)=1.19
+ 0.31 is also listed in Table 2. Unfortunately, the NO(v = 2)~
NO measurement performed here does not unambiguously
identify the reaction mechanism. Such an identification
requires determining (1) the relative contributions of single-
and double-quantum relaxation, and (2) for the single-
quantum component, the relative contributions of the V-V
process (11a) and the V-T process (11b). Thus, the measured
inol0 = 2 1) value is consistent with an effective single-
quantum branching fraction of 0.5-1.0, depending on the con-
tributions of (l11a) and (11b) to the single-quantum
component. We note, however, that all interpretations of
¥nolv = 2 — 1) are in disagreement with the expectation of a
negligible V-T contribution to the overall disappearance
rate.>¢ Clearly a more definitive experiment could be used to
determine the precise mechanism of the NO(v = 2)-NO relax-
ation process. For instance, a small amount of admixed iso-
topically labelled NO* in unlabelled NO could be excited to
v = 2, followed by observing the population time evolution of
both NO*(» = 1) and NO(v = 1).

Wysong*1-*° performed semiquantitative measurements of
the extent of single-quantum behaviour in NO(v = 2) self-
relaxation. The NO{v = 2) population was excited via tunable
IR laser excitation of ambient NO, using an apparatus very
similar to that of the present work. Transient population of
NO(v = 1) was measured to be ‘about twice’ that of initially
excited NO(v = 2), consistent with the single-quantum V-V
transfer mechanism governed by eqn. (13).

Stephenson®! performed a landmark measurement of the
rate constant for reaction (14a) by measuring the rate of
appearance of NO(v = 2):

NO( = 1) + NO(v = 1) = NO(v = 2) + NO(v = 0) (14a)

lower precision than the values measured previously in this
laboratory;'® here we quote ca. 20% error bars. Using the
measured O-atom density of 1.8 x 10*° cm ™3, the rate coeffi-
cient ko(v = 3) was determined to be (3.0 £ 0.6) x 107! cm3
s™!.  This result agrees well with the value of
25+£03) x 107! cm® 57! reported by Dodd et al!® in
which NO(v = 2, 3) time-dependent populations were detected
using MPI, and the maximum O-atom density was much
lower, ca. 0.5 x 10’5 ¢m™3. Thus the current measurement
provides a valuable corroboration of the previously measured
ko(v = 2, 3). ‘

For NO self-quenching, the relaxation rate constants were
determined to be kyo(v=2)=(27 £0.5) x 107!* and
knolv =3)=(34+0.7) x 107!2 cm® s~!Y The kyolv=2)
value is average of 2.5 x 107'2 and 29 x 10712 cm® s™*
obtained from analyzing the decay of initially excited
NO(v = 3) and NO(v = 2), respectively. The rate constants
kyolv = 2, 3) are compared in Table 3 with values measured
using similar laser IR pump-UYV probe experiments. The two '
sets of values are seen to be in general agreement with the
exception of the Islam et al?® measurement of kyg(v = 3),
which is about 40% lower than the mean of the other three

. values and outside the error bars of any of them. While the

NO(v = 2) + NO(v = 0) » NO@w = 1) + NO(w = 1) (14b)

As pointed out by Hopkins and Chen,*” who pioneered the
measurement technique and data interpretation in the analo-
gous process in HCl(v), the necessary simplification of the
kinetic equations can lead to an overestimate of k4, by as
much as 25%. The rate constant k,,, can be related to k,,,
through detailed balance; at room temperature, kg, =
0.87k,,,. Thus, assuming that reaction (14b) proceeds wholly
as shown, measurements of the vibrational relaxation of v = 2
can be related to Stephenson’s measurement. Subsequent
determinations of the rate constant for reaction (14b) are
lower than that derived from Stephenson’s work by factors
ranging from 1.3 to 2.4,1115:35-38:3% with the later, more reli-
able measurements!®*5:3% in good agreement with each other
and with the Stephenson value, albeit just within the com-
bined error bars. ‘

It is important to note that despite the degree of effort in
measuring the disappearance rates of NO(v) in collisions with
itself and with other species, we are unaware of any explicit
measurements of the relaxation pathways aside from the
NO(®v = 19) study of Yang et al.3® The v = 4-8 region is par-
ticularly open to investigation at this juncture, although it is
not easily accessible using either the stimulated emission
pumping technique of Yang et al., nor the IR pumping tech-
nique owing to rapidly decreasing 0—v" absorption coefficients.
Yang er al.®® predict that the relaxation proceeds via a single-
quantum mechanism for v levels as high as v = 14; this has
not been experimentally verified.

NO(v = 2, 3) Disappearance rate constants

The best-fit NO(v = 2, 3) decay rates can be combined with
the known quencher species concentrations to determine
relaxation rate constants. The rate constants result essentially
from one- or two-point Stern-Volmer plots, and thus have

71

Islam et al. kyo(v = 2) measurement is also lower than the
others, it is in good agreement with two of them and just
outside the error bars of the third.

5 Summary

We have measured the fractional population of NO(v — 1)
arising from the collision-induced relaxation of NO(v = 3) by
O atoms and NO(v = 2, 3) by NO. The branching fraction
%ot = 3 = 2) is consistent with the existence of a long-lived
NOZ collision complex, and agrees well with the results of a
recent quasiclassical trajectory study?® of NO(v = 3)~O-atom
collisions on a calculated potential-energy surface. The
Inolv = 3 — 2) value is significantly lower than the value of
unity arising from a V-V, single-quantum relaxation mecha-
nism, and suggests a multiquantum component. For
NO(v = 2) self-relaxation the yyofv = 2 — 1) value cannot be
used to unambiguously assign the mechanism, owing to the
possible, unknown contribution of resonant uppumping of
NO(v = 0) to NO(v = 1) in the relaxation process. Both NO
self-relaxation results imply a significant V-T component to
the quenching process, contrary to the relatively low rate for
NO(v = 1) self-relaxation. Rate constants for the vibrational
relaxation of NO(v = 3) by O and NO(v = 2, 3) by NO were
obtained in the course of fitting for the branching fractions,
and are consistent with previous results from this laboratory.
This work has the strongest application in improving the
accuracy of auroral models, in which the NO production rate
is greatly enhanced over the quiescent atmosphere. Auroral
energy deposition is typically a maximum in an altitude
region where the O-atom density is also high, i.e. in the lower
thermosphere near 100 km. Thus, O atoms play a key role in
determining the NO(v) population distribution.’ The recent
measurements of NO(v > 2) fundamental band radiance in the
quiescent atmosphere®? also point up the need for more accu-
rate energy-transfer parameters for the NO(»)-O system.
Finally, the observation of subthermal NO spin-orbit dis-
tributions in the lower thermosphere3?* suggests the need
for additional measurements and theory concerning final state
propensities in NO(v, J, Q) collisions with O atoms.
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Abstract. We describe a model for the response of atomic oxygen and hydroxyl airglow to a gravity
wave. The airglow models uses a realistic atmospheric-gravity-wave model, describing the wave
velocity and pressure fluctuations in the presence of a nonisothermal background temperature profile
and background winds. The gravity-wave model is coupled to the OH photochemical model of
Makhlouf et al. [1995] and to a simple chemical model for the 557.7 nm airglow as described below.
It is shown that the chemistry of the 557.7 nm airglow does not affect the phase of the Krassovsky
7, due to the short chemical lifetime of the O('S) and the oz(clz;, ) precursor states, whereas for the
OH airglow the chemistry and dynamics couple for wave periods of 10-25 min; and chemistry does
affect thé phase of 1. The effect of standing waves and traveling waves on the phase of 1] is shown
to be different, and this behavior can be used to differentiate between freely.propagating waves and
ducted waves. These effects are illustrated by applying the model to examples of Airborne Lidar and
Observations of Hawaiian Airglow (ALOHA-93) campaign data. A combination of model
prediction and ground-based measurements from the ALOHA-93 campaign are used to estimate the
vertical eddy diffusivity D,, due to nonlinear gravity waves following the formulation of Weinstock

[1976]). The estimated values of D,; vary between 1.0x10% and 5.0x10° m%s, which is in the range

of measured and inferred values.

1. Introduction

In a previous paper by Makhlouf et al. [1995], hereinafter
referred to as MPW, a photochemical-dynamical model for the OH
Meinel airglow was developed and used to study the fluctuations in
the OH airglow emissions. These fluctuations were assumed to be
due to the passage of internal gravity waves (IGW) from low-alti-
tude sources through the OH layer. In that study, the IGW was
assumed to propagate in an isothermal atmosphere, which allows
for an analytic solution of the fluid-dynamic equations {Hines,
1960]. traveling-wave solutions of the dynamical equations were
used to drive a simple photochemical model for the odd-oxygen
and odd-hydrogen species, from which OH Meinel-band emission
rates were calculated. We studied the behavior of the Krassovsky
ratio M [Krassovsky, 1972], which is a' measure of the airglow
response to a periodic dynamical perturbation such as an IGW,
relating the observed relative fluctuations in the airglow brightness
to the relative fluctuations in the temperature. The traveling-wave
solution was found not to be satisfactory for short-period waves,
since it could not predict a zero phase for 1, as observed in many
of the measurements [ Viereck and Deehs; 1989; Hecht et al., 1987].

Copyright 1998 by the American Geophysical Union.
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Hence, following up on a suggestion of Hines and Tarasick [1994],
standing-wave solutions were also studied in MPW by forcing the
vertical velocity fluctuation at the ground to be zero, ensuring an
IGW node there. This led to a bi stable phase of 0° or 180° for 1,
with a rather sharp transition region between the two states.
Another way to produce standing waves is to assume a realistic
nonisothermal atmosphere which, while producing traveling waves
at long periods, will naturally lead to standing waves at short peri-
ods due to Brunt-Visili ducting [e.g., Wang and Tuan, 1988]. The
short-period waves are reflected from the temperature gradient in
the lower thermosphere occurring when the wave frequency
approaches the local Brunt-Visila frequency. This ducting will be
modified and accentuated by the presence of winds (Brunt-Doppler
ducting), which can Doppler shift the wave frequency to the local
Brunt-Viisilé frequency [Pitteway and Hines, 1965]. '
In the current paper, a nonisothermal dynamical model of this
type is developed and applied to both the 557.7 nm atomic oxygen
green-line emission and to the OH airglow. The fluctuations are
again due to IGW, which now are propagating in the presence of a
background temperature profile and background winds. The wind
profile is taken from the model of Hedin {1996], modified to match
measurements whenever actual wind measurements exist. The
fluid-dynamic equations are solved numerically, and the solutions
are used to calculate the Krassovsky ratio for the green-line and the
OH Meinel emission. The Krassovsky ratio is a response, or trans-
fer. function measuring the response of airglow to a dynamical per-
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turbation. We calculate another transfer function T, which is
defined as the ratio of the relative brightness fluctuation to the rel-
ative density fluctuation, finding that 7 is especially useful to
describe green-line response. This transfer function is used to esti-
mate the vertical eddy diffusivity D, arising from nonlinear wave
interaction, following the method of Weinstock [1976]. A prelimi-
nary application of this method is described by Makhlouf et al.
[1997]. However, in this paper, we will use the Doppler lineshape
to obtain the brightness fluctuation as discussed by MPW, and then
the transfer function 7 is calculated to estimate D.,, while Makhlouf
et al. [1997] used the brightness-weighted method to estimate T.

2. The O(LS) Chemical Kinetics

The kinetic mechanism of the production of the O(‘.S'), which is
the source of the 557.7 nm green line, has been widely debated in
the literature. Chapman [1931] first proposed that the O('S) state is
formed by a three-body reaction of ground-state atomic oxygen,
O(P), namely

0+0+0-0(!5) +0,.

Barth [1961] suggested that the O(1S) state is not formed by a
Chapman-type reaction, but is formed by a two-stage mechanism
that involves a precursor state.

k .
®RD 0+0+M S0y s M
: . )
(R2) 0; +0—= 0('S)+0,.

Both in situ-observation [Thomas et al., "1979; Thomas and .

Young, 1981] and theoretical considerations [Bates, 1981, 1992]
strongly favored the Barth-type mechanism. The question then is,

_..What s the-identity of the precursor? Through a process of elimi-
" nation, Thomas [1981] concluded that the precursor is most likely
. tobeeither OZ(A’?AU) or O5(c'=y). A spectrum of the Venus night-

glow obtained by Venera 9 [Krasnopolsky et al., 1976}, spo_wed
emissions from only v=0 of O,(A%EY, ), O,(A’), and 0,(c), butno
557.7 nm airglow from O(!S). The quenching of O,(A) and O,(A")

at v=0 is exothermic for the O(!S) state while the quenching of
O;(c) is endothermic for v < 2. So Krasnopolsky [1981] concluded
that the Barth precursor must be O,(c) and must be in a vibra-
tionally excited state v 2 3.

Using a Barth-type mechanism with O; = 0O,(c) as the precursor
to O( ’S) in reaction (R2), a model scheme to calculate the 557.7 nm
airglow emission is developed as follows:

,
(R3) O,(c'zy v) + 0,, Ok—3~>(V) 0% + products...
(R4) 0!z, v) + M Kﬁ!" Oq(c!E,, v-1) + M
(R5) 02(°1§;’ ,v)ﬁ(v O, + hv

(R6) 0(S)=  OCP)+hv

R ol L0('D) + bv(557.70m)

R8) . 0Ols)+ 02-3 oCp,'D) + 0,

(R9) 0(!s)+0 f(-? OCP'D) + 0.

This reaction set includes collisional removal of the precursor by
O, and by O (R3), vibrational deactivation of the precursor (R4),
radiative relaxation of the precursor and of O(lS) (R5)-(R7), and
quenching of O('S) (R8)-(R9). In (R3), O is an electronic state
other than the c state. Electronic quenching of O,(c) by N, was
neglected due to lack of sufficient data. One recent measurement
reported collisional quenching of O,(c, v=9) by N; [Copeland et
al., 1996],.but no information is available on the quenching by N,
of other vibrational levels. .
In reaction (R1), it is assumed that the 0,(c) is produced in high
. vibrational levels, v>10. Single-quantum vibrational deactivation
‘then takes place to lower vibrational levglsthrough collisions with
O,. The vibrétiqnal deactivation rates K, . are derived based on
the Schwartz, Slawsky, and Herzfeld (SSH) theory [Schwartz et al.,
. 1952] for the transition probabilities of an anharmonic osgillator.
- Using this theory and some approximations from Degen’s [1972]
model, the vibrational deactivation rate constants are expressed as

Table 1. Reaction and Transition Rates Used

Rate Comments and
. . Value

Constant References

Bk, B 4.7x10733(300/T)? cmf s°! Campbell and Gray [1973]
B=0.04 Bates [1992)

ks 2.5x102 em3 57! Butes [1992]

d (v) z(v)K,  for i=0, z(v)=[7, 12, 16, 29, 33, 37,
52(v)K|  for i=0 38,41,45,59, 88, 167, 274,
K, ¢=x10"cm? 5! 426,647,921,1269] for

v=0,16
Alv) Values from Bates [1989], Reduction based on private
reduced by a factor of 3. communication with D. L.
. Huestis, [1994).

A, 0.17 s} Nicolaides et al. [1971]

A, 11857} Nicolaides et al, [1971]

ky 4.9x10"%exp(-850/M) em®s™  Atkinson and Welge [1972]

kg 2x1074 cm3 57! Krauss and Neumann [1975}
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4

i AEV v-1 3 e}
KV,V—I = V[TIO——J e KI,O' . (1)

where v is the vibrational level number, AEVV is the energy differ--

ence between levels v and v’
1

W=

c 3 e

1 2 1 2

o= [7uE,, '] -[7es, 0]
+[AEI.O—AEV,V— l]

2kT

¢ is 2 constant that depends on the collisional partners, and T is the
kinetic temperature.

Knowing the two constants K, o and ¢, one can calculate all the
vibrational deactivation rates for the O,(c) vibrational levels.
Lopez-Gonzalez et al. [1992) fit ‘data taken on the Herzberg 11
bands (which originate in the ¢ state) and obtained KL0=9x10'14
cm®/s and ¢,=2.0 K/(cm™!)? as best fits, and these values are used
in our calculations. Table | summarizes all the reaction and transi-
tion rates used. The function z(v) is chosen to give the best fit to the
vibrational-distribution measurement of Slanger and Huestis
[1981] and is forced to give the exact measured rates of Copeland
etal. [1994, 1996] for v=9, 10 and 11. The rate k}; (v) of quenching
by [O] is assumed to be five times the rate of quenching by O,,
based on Krasnopolsky's [1986] analysis of the Herzberg II band
measurements by Thomas [1981]. o . '

The minor-species profiles that are used in the O('S) kinetic
model are generated from the one-dimensional diurnal model
described by MPW, which uges the climaiologicé} model of Sum-

" mers [1993] as an input. Using reactiorgs.(Rl)-(R9)',"-ahd the reac-

tion rates in Table |, the O(IS) density is calculéte‘ciassqmiqg itis
in a photochemical equilibrium state where the production is equal
to the loss. Figure 1 shows the steady state Q(-IS) number density
as obtained from the above chemical scheme..OH vibrational level

115 T
110p-
|
. ‘
105¢ s,
\o
"
S,
‘J
100 \.“ .
- \
§, [ 150°0('S)
8 % ~
2
E
“o 5000 " 10000
Number Density (cm=)

Figure 1. Steady state 0O(!S) and OH(v) number derisi;ies (v=1,9)
calculated for the ALOHA-93 conditions. -

profiles output by the diurnal model and OH vibrational population
model (see MPW) are also shown in Figure 1.

3. Nonisothermal Gravity Wave Model
and Airglow Response

We start with the equations of fluid motion in the atmosphere,
assuming that motions are adjabatic and neglecting eddy viscosity,
eddy thermal conductivity, and the coriolis force. The coriolis and
eddy dissipation effects are generally unimportant at the scales we
are considering here and become important only for wave periods
greater than 4 hours [Hickey, 1988a, b; Schubert et al., 1991]. The
dissipationless fluid equations are then: ° '

Dp - v
5—2-.+pVoﬁ =0 2
D
Pp; = PE-Vp ®
Dp _ wDp
Dt = pD: @)
P = PRT, ®)
where )
D _ 0 ;
Et = §-t+ﬁ»V

is the convective derivative; p’, p. and T are the density, pressure,

and temperature; 2 = (0,0,-g) is the acceleration due to gravity; 2
= (u, 0, w) is the velocity field; vis the ratio of specific heats; and
R is the universal gas constant.

The thermodynamic quantities p, p, and T and the velocity 3
are measured quantities that contain a perturbation component due
to IGW propagating in the atmosphere. These perturbations are
deviations fg'om' the mean quantities p,, p,, and 120 (the back-
ground winds). In this model we will account for the effects of
mean zonal winds (V,,,) and meridional winds (Vys), while mean
vertical winds are negligible and are ignored. The z direction is
taken to be vertical and the perturbations are assumed to vary har-
monically in time and in X, where the x direction is taken along the
wave vector; that is,

. P =po(2) + p(2) exp(iot - ik,x),

" PE'Po(2) + P'(2) expliot - ikyx),

T =To(2) + T'(2) exp(iot - ik,x), ©)

u = Vo (2) + u'(z) exp(iot - ikyx),
w = w'(z) exp(iot - ik,x),

where primes denote perturbed wave quantities, @ = intrinsic fre-
quency, ky = horizontal wave number, and Vox = Vey, €Os + Vi
sing is the background wind speed along the wave direction, where
¢ is the angle between the eastward direction and the wave vector.

b

Vi
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Substituting the variables in equation (6) into the hydrodynamic
equations, equations (2)-(5) and neglecting terms of second order
and higher in the wave amplitude, we obtain a set of linearized
hydrodynamic equations

[Qp'+w’ip—9—ikp u+p M:O @)
az X0 Oaz
Bvox
zonu +po—a?-w = zkxp (8)
. C oo 0p
iQp w' = —gp 3; E))
ap
2, 2.9
Qp +w O — : ' v Fo
Qp +w-——az Qc p'+c w—az (10)
7,7- =L_2 an
o Po Py

where Q = w - k,V,, is the Doppler-shifted frequency and c is the
speed of sound.

There are several approaches to simplifying the linearized fiuid
equations, equations (7)-(11) which are summarized in standard
references [e. g., Gossard and Hooke, 1975; Tuan and Tadic, 1982;
Holton, 1992). We choose to follow a slightly different procedure.
Using simple algebra, we elimicate variables and obtain two cou-
pled differential equations in z for the scaled pressure perturbation
Y=wpy"2p’ and the scaled vertical velocity ®=py'w’. The vari-
ables ¥ and @ are'scaled to remove the effect of the quasi-exponen-
tial variation of the background atmospheric density. The result is

, . o¥ _ o 2 2
T ,5(;%_9 )¢ (12
o . * 2 .o,
k oV k
od x . ox Ql %x ]
—+ |+ 2 =222
aﬁ[ MRER ]‘p ol 273" I
Q7 ¢
where @y = Brunt-Viisili frequency and
2
r=_1 i-ﬂ’
228

is the negative of Eckart’s coefficient (Gossard and Hooke, 1975).
Elimination of ¢ from these equations leads to a single second-
order equation for ¥ which is equivalent to the Sturm-Liouville
equation of Tuan and Tadic [1982). Alternatively, eliminating ¥
leads to a second-order equation for ® which is a scaled version of
the Taylor-Goldstein equation for w’ [Gossard and Hooke, 1975].

Equations (12) and (13) are solved numerically using a Runge-
Kutta-Fehlberg (RKF) algorithm of fourth order [See, e. g., Burden
et al., 1981). The integration step size was chosen to be 0.5 km, and
a tolerance of 1x10°® was used for the truncation error, so that the
solution remained stable and convergence was ensured.

We solve the coupled equations subject to the Dirichlet bound-
ary condition where we specify a value for ¥ and @ at the lower
boundary. A vertical velocity equal to zero at the ground (z=0)-
implies that the waves are standing waves for any frequency, with
upgoing and downgoing waves of equal amplitudes at z=0. See also
equation (33) of MPW. ' ‘

The other fluid variables of interest are determined simply from
the solutions ¥(z) and ®(z). The pressure perturbation p’(z) and
vertical velocity w'(z) are deduced directly by unscaling ¥ and .
Equation (9) then allows the density perturbation p’(z) to be deter-
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mined. From equations (7)-(11), relative temperature fluctuation
T’(z) can be expressed in terms of ¥ as

2 2_2
T @, 1 |ow g(1-v) %~
T 7 e T T ¥ e
wg po(l)b—.Q z c (Db

Finally, the horizontal velocity fluctuation u’(z) is obtained from
equation (7) by substituting the values for w’ and p’.

The next task is to determine the response to the IGW of minor
species and airglow emissions. The minor-species number densi-
ties satisfy the Eulerian continuity equation,

aNl.
55 = Qi—LiNi— V.(Ni&)'

(15)

where N;, Q;, and L, are, the number density, photochemical pro-
duction rate, and photochemical loss frequency, respectively, for
the i species.

We assume that a monochromatic IGW perturbs the photochem-
ical system described in section 2. We further assume that the IGW
amplitude is small enough so that the wave and the corresponding
airglow response can be treated in the linear approximation, We
expand the variables in the continuity equation, equation (15), to
first order about their steady state values by writing X = X, + AX
for a generic variable X (X, = steady state value, and AX = wave
perturbation) and assume that AX varies sinusoidally in x and t as
in equation (6). The linearized form of equation (15) is then:

AN. AQ. : oN.
. . ow' 1 io

(L) +iQe— = —— AL +ik -9 _1 _ o . (16)
io Nio Nio U - Nio oz

“The denisity of the background atmosphere p is assumed to change

negligibly due to the photochemistry and to be affected only by the
IGW perturbation. We have already made this assumption tacitly in
swriting the continuity equation for the total atmospheric mass den-

"sity above in equation (%) or (8). For the case of O(lS') green-line

emission, we insert production and loss processes from reactions
(R1)-(R9) into equation.(l6), obtaining three coupled linear alge-
braic equations for the relative fluctuations in the three species |
number densities [O], [O(IS)] and [O,(c)]. Solving these three
equations, we obtain the fluctuations A[O], A[O(!$)], and AlO,(c)}
due to the IGW.

A convenient and commonly used response, or transfer, function
for airglow modulation by an IGW is Krassovsky’s ratio ) [Krass-
ovsky, 1972}, as mentioned in section 1. The denominator of 1 con-
sists of the relative temperature perturbation AT/T, o0- We assume
that the required temperature is inferred remotely from airglow
measurements. In the case of the 557.7 nm airglow, temperature
can only be inferred from the width of the emission line, assumed
to be Doppler, using a spectral instrument of high resolving power
such as a Fabry-Pérot interferometer, We assume that the jnstru-
ment is ground-based, although the method can be modified easily
to accommodate a space-based instrument. The measured spectral
brightness B(v) has two components, a background emission B (v)
and a fluctuation part AB(v) due to the IGW, which are given by

B (v) = |1 (v,2)dl a7
AB(v) = fA[(v, x,2)dl. (18)

Here
I(v, x,_z) = IO(V, 2)+Al(v, x,2) (19)
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Table 2. Gravity Wave Parameters and Eddy Diffusion

Wave Events_

1 2 3
Day, UT 283 292 295
Time, UT 1100 0923 1255
Apparent phase speed, m/s 77.0 60.9 34.0
Wind speed along wave direction, m/s  17.0 30.0 =222
Direction of propagation of the wave 320 250 220

counterclockwise from east

Horizdntal wavelength A, km 20.1 14.6 38.0
Apparent wave period T, , min 44 4.0 18.6
Intrinsic wave period Tip min 5.6 7.9 113
AB/B,, % 9.8 72 5;5

Eddy diffusivity using brightnes- 1.5x102  4.5x103  9.2x102

weighted method, m%/s
Eddy diffusivity using Dopgler line  0.13x102  4.0x10®> 0.69x10°
and background winds m%/s:

A3[0(15)](x,z) [[v-—voﬂ
= eXpi -
IR a(x, z) o(x, z)

is fhe'spegtra'l volume emission rate, separated into a steady state

* partlp and a perturbation Al dl=dz sec 6 (8 = angle of line of sight

from the zenith) is the element of photon path, v is the photon fre-
quency, v is the center frequency of the emission line, and o is
the Doppler line width (line center to 1/e point) given by

V. 2k,T(x,2)
o(x,z) = C_o!, Bm . (20
L h

(Note that the full width at half-maximum (FWHM) is 2 (In2) l’201).
In equation (20), ¢, is the speed of light, and m is the molecular
mass of the emitting species. '

From MPW, the relative fluctuation in the Dappler temperature
ATp/Tp,, as inferred from the path-integrated Doppler line, is

given by AB(v,) AB(v,)
ATp B0 B,V
Thy (BO(VO)J
in

Bo(vl)

, e2y)

where V| is an arbitrary frequency in the emission line. Using equa-

tions (17), (18), and (21), the Krassovsky ratio T can be calculated
as .

(AB/ Bo)
N = ————— . (22)
(AT p’T Do)
Using the green-line photochemical model described in section
2 above and the hydroxyl photochemical model described by

MPW, coupled with the dynamical model, the Krassovsky 1 was
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Figure 2. Comparison between the amplitude of 1} as a function of
period for the O(S) and OH(3-1) emission and a constant horizon-
tal phase speed of 77.0 m/s. A standing-wave solution at all peri-

" ods, brought about by a ground refiection, and Doppler temperature

measurements are assumed.

lor et al. [1995a, b, ¢] during the Airborne Lidar and Observations
of Hawaiian Airglow (ALOHA-93) campaign [Gardner, 1995].
The characteristics of the waves measured by the instrument com-
plex, consisting of CCD imager, OH Michelson' interferometer,
sodium wind/temperature lidar, and MF radar, are summarized in
Table 2.

We use these data for ALOHA cases 1-3 to infer some of the
characterjs,tics of the airglow response to an IGW in a nonisother-

O('S);V,1,=77.0 mvs; Background winds.
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calculated for three quasi-sinusoidal wave events recorded by Tay-  Figure 3. Same comparison as Figure 2, but for the phase of 1.
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mal windy atmosphere. Figure 2 shows a plot of the amplitude of
T versus period for a constant apparent horizontal wave phase
speed of 77.0 m/s, as measured in ALOHA wave event 1. The top
panel shows Il for green-line airglow, and the bottom panel shows
it for the OH(3-1) band emission, using the OH(3-1) Doppler tem-
perature to calculate 1y in the latter case. The structure in the ampli-
tude of 1} at the short-period end of the spectrum is due to changes
in the standing wave relative to the emission layer as the period
changes. Two types of changes are relevant, (1) vertical displace-
ments of the standing-wave nodes relative to the emission layer
peak and (2) changes in the vertical wavelength, which alter the
way in which the relatively broad airglow layer low-pass filters the
wave. The vertically standing short-period waves become evarnes-
“cent (usually in the lower thermosphere) when (z) = Wy(2).

In Figure 3 the phases of 7) corresponding to the amplitudes in
Figure 2 are plotted. Notice that sharp maxima or minima of Injl in
Figure 2 are associated with 180° phase jumps in Figure 3. One
interesting feature of the 557.7 nm airglow IGW response is that
the phase is always zero or 180°; that is, the brightness fluctuations
are either in phase or completely out of phase with the temperature
fluctuations. Keep in mind that the solution in this case is forced to
be a vertically standing wave for any period due to the reflection
condition at the ground boundary. The behavior of the green-line
phase agrees with the argument of Hines and Tarasick [1994], who
consider a case where the species reacting to produce the radiating
excited state are passive tracers not subject to chemical effects.
They showed that, subject only to dynamical iffluences, the phase
is always zero or 180° for vertically standing waves. We have

included the'effects of chemistry in our O( l.S') calculation, with no .
effect on the phase of 7). The reason for this is that the chemical”

lifetimes of the O('S) and the precursor species O,(c) are less than
0.8 s in the upper mesosphere and the lower thermosphere, which
is negligibly small compared to the Brunt period. The OH(v) air-
glow case is quite different, and the results in Figure 3 reflect this
difference, showing the occurrence of phases other than zero and

O('S); V,.,=60.9 m/s; Background winds
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Figure 4. Same as Figure 2, except for wave event 2, where the hor-
izontal phase speed is 60.9 my/s.
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Figure 5. Same as Figure 3, except for wave event 2, where the hor-
izontal phase speed is 60.9 my/s.

180°. Here there is coupling between chemistry and dynamics,
since the chemical lifetime of ozone which is the main source of
excited OH through the H+0O4 feaction is of the order of 10-25 min
in the region of the OH Meinel emission layer (see MPW), .

In Figures 4 and 5, we have carried out calculations similar to
those of Figures 2 and 3, except that the characteristics of the wave
in ALOHA case 2 (Table 2) are used: In Particular, the wave has an ,

o('s); Vor=77.0 rﬁ/s: Background winds
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Figure 6. Comparison between the amplitude of n as a function of
period for the O(!S) and OH(3-1) emission and a constant horizon-
tal phase speed of 77.0 m/s, but for no ground reflection leading to
a traveling-wave solution except at short periods.
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Figure 7‘. Comparison between the phase of 7 corresponding to
Figure 6.

apparent phase speed of 60.9 m/s. The results are quite similar to
. those for casel, with Cconsiderable structure in Inl (Figure 4) asso-
ciated with 180° phase jumps (Figure 5).
" ‘One benefit of studyingrthe 557.7 nm airglow is that for short-
period waves (period less than 30 min), the airglow response can be
used to distinguish between standing and traveling waves, since a
measured phase value other than 0° and 180° for 7 unequivocally
indicates a traveling wave.
Next, we solved the coupled fluid differential equations, equa-
tions (12) and (13), once again for the wave of case | without fore-

)
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ing the wave vertical velocity to be zero at z=0; that is, we sought
a traveling-wave solution this time. The results are shown in Fig-
ures 6 and 7, where we plot the amplitude and phase, respectively,
of 1 for the O( lS) and OH(3-1) emissions using this solution. One
notices that, indeed, for periods greater than 10 min, the amplitudes
and phases of 1) are featureless, with the phases nearly constant at
some value other than 0° or 180°. As the wave period is decreased,
the wave can become ducted from the temperature structure or

-+ from the wind structure. For periods less than 10 min, there is sharp

structure in Il associated with phases which tend to zero or 180°,

4. Vertical Diffusion and Alternate
Response (Transfer) Function

In the middle-atmosphere models, the effect of turbulence and
interacting wave processes on constituent transport is often param-
etrized in terms of an effective eddy diffusivity {e. g., Winick,
1983]. This procedure is based on applying a closure hypothesis to
the fluid equations which results in a relation between the eddy fiux
and the gradient of the average concentration by an eddy diffusion
coefficient, in analogy to the Fickian diffusion equation. This eddy
diffusivity often becomes a freely adjustable parameter in models
without explicit reference to the underlying physical processes
responsible for it. In the current study we attempt to obtain the eddy
diffusivity resulting from one physical process, namely nonlinear
interaction of IGW, using IGW parameters from actual ALOHA
observations. In so doing, we follow a method proposed by Wein-

) stock [1976). The nonlinear interaction causes the particles to drift

away from a pure sinusoidal motion, causing spreading, and this
results in diffusion when viewed over a sufficiently long temporal
scale. '

Since Weinstock’s [1976] method is based on the knowledge of
Ap rather than AT, it is convenient to introduce an alternate
response, or transfer, function to use instead of 7. This function,
which we call T and which is defined by
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Figﬁre 8. Amplitude and phase of the transfer function 7 in the 557.7 nm airglow for the ALOHA case number 1.
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_ (AB/BD)

T= 8
(ap7/p,)

is a function similar to the Krassovsky 7, except that its denomina-
tor consists of the relative density fluctuation rather than the rela-
tive temperature fluctuation. Using the model described above to
predict 1, we can then estimate the relative density fluctuation from
ameasurement of the relative brightness fluctuation along with the
IGW parameters. Figure 8 shows the amplitude and phase of the
transfer function T obtained for the 557.7 nm airglow for the case
of ALOHA event 1 (Table 2). Calculating the relative density fluc-
tuation Ap/p,, from the transfer function 1, one can then estimate
the vertical diffusion coefficient D,,. in the region where the partic-
ular airglow emission resides, using the formula derived by Wein-

stock [1976]
4
Ty )

3 2 2 2.4 2
T, (C 72be +41rTwH)

where A = HT} /16(y=1)n%, A;=2m/k, is the horizontal wave-
length, &= (T;; -T3 )'”2, T,,=2m/w is the wave period, Ty=2m/ay is
the Brunt period, and H is the atmospheric scale height,
Makhlouf et al. [1997] gave a complete description of how this
method was applied to some of the ALOHA-93 data. In that calcu-
lation, the transfer function T was calculated using a nonisothermal
atmosphere: with no background winds and using a brightness-
weighted method to calculate 1 instead of 2 nore experimentally
realistic one which in this case is using the Doppler line shape. The
last two rows of Table 2 compare D,, obtained from a brightness
weighted temperature to the current calculation using the Dopplé}
lineshape method, where the background winds are incorporated
into the model. In the three cases one notices a reduction in the
value of D, when the Doppler line calculation is implemented.
The reduction in the D, is due to the reduction in the estimated rel-
ative density fluctuation Ap/p,,. )

(23

2,2.2 22
xxc(:m A sof?

]

A ., (24)

5. Summary and discussion

In this paper, we have presented a model for airglow response to
IGW traveling in a realistic nonisothermal atmosphere with winds.
This model can be used in conjunction with ground-based or space-
based observation of airglow emissions to enhance our understand-
ing of the dynamics of the mesosphere and lower thermosphere
region. Calculations of IGW response are carried out using this
model for three cases of sinusoidal waves observed in the ALOHA-
93 campaign, with and without a reflecting boundary condition at
the ground, which leads to standing waves at all periods. For short-
period waves, the model yields values of the phase of Krassovsky’s
1 which agree, for the case of O(1S), with the analytical formula
derived by Hines and Tarasick [1994] which ignores chemical
effects. For the case of OH airglow, deviations from the analytical
formula are seen due to the much longer chemical lifetimes
involved.

The model is also applied to estimating the effective vertical dif-
fusion coefficient D,, due to nonlinear wave processes for the three
ALOHA-93 cases following the method of Weinstock [1976]). D,,
is an important parameter in atmospheric numerical models, where
it is usually treated as a free parameter to be adjusted in order to
achieve agreement between model predictions and observations.
Figure 9 shows a profile of the range of values of D,, required in
the one-dimensional photochemical model of MPW in order to

.
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Figure 9. The range of values of D,, used in the one-dimensional

photochemical model of Ulwick et al. [1994]. These values were

used in order to.obtain a good fit between resonance fluorescence

measurements during the Dynamic Adapted Network for the
- Atmosphere (DYANA) campaign and the model output.

obtain a good fit between model predictions and a series of high-
latitude rocketborne resonance-fluorescence measurements of
atomic oxygen [Ulwick et al., 1994). These numbers are compara-
ble or lower than the values of D,, derived for the ALOHA cases.
However, the numbers in Figure 9 represent values appropriate to
high latitude, where the latter measurements took place in Kiruna,
Sweden (67.9° latitude). The values listed in Table 2 are for mea-
surements over Maui, Hawaii (20.8° latitude). Ebel [1920] devel-
oped an empirical model which shows the value of D,, at lev and
midlatitudes to exceed the values at high latitude in all seasons by
as much as a factor of 4. The D,, values obtained here from the
green-line emission, especially wave number .wo, agree wiik the
Ebel [1980] assessment.

Many researchers have tried to directly measure D,, using ronk-
ets, [e. g., Zimmerman and Keneshea, 1981]. others have triad to
use averaged meteorological quantities like wind variane to
develop a model for eddy diffusion in the mesosphere and lower
thermosphere regions [Ebel, 1980]. In this method, we are attempt-
ing to infer D,, indirectly using a modeled transfer function 7 in
conjunction with the theoretical formula derived by Weinstock
[1976]. The values of D,, derived from this ALOHA-93 data vary
from 1.0x10% t0 5.0 x10§ m?/s, which also agree with the range of

* values derived by Weinsrock [1976]. However, these values are pre-
liminary, and much more data from different locations and times
and for different airglow emitters need to be analyzed to build a sta-

" tistical database of D,, and to put a bound on the variability of D,,
used in numerical models.

Acknowledgments. The authors appreciate the funding of this
research by the NSF CEDAR Program under grant ATM-9415764
and by the Phillips Laboratory and the Air Force Office of Scien-
tific Research under contract F19628-93-C-0165 as part of the
SOAR program.

80



MAKHLOUF ET AL.: AIRGLOW RESPONSE TO GRAVITY WAVES

References

Atkinson, R., and K. H. Welge, Temperature dependence of O('S) deacti-
vator by CO,, O,, Np and Ar,, J. Chem. Phys., 57, 3689, 1972.

Barth, C. A., The 5577-Angstrom airglow, Science, 134, 1426, 1961.

Bates, D. R., The green light of the night sky, Planet. Space Sci., 29, 1061,
1981.

Bates, D. R., Oxygen band system transition arrays, Planer. Space Sci., 37,
881, 1989.

Bates, D. R., Nightglow emissions from oxygen in the lower thermosphere,
Planet. Space Sci., 40,211, 1992.

Burden, R. L., J. D. Faires, and A. C. Reynolds, Numerical Analysis 2nd
ed., Prindle, Weber and Schmidt, Boston, Mass. 1981.

Campbell, I. M., and C. N. Gray, Rate constants for O(°P) recombination
and association with N(*S), Chem. Phys. Lert., 8,259, 1973.

Chapman, S., Some phenomena of the upper atmosphere, Proc. R. Soc.
London Ser. A, 132, 353, 1931.

Copeland, R. A., K. Knutsen, M. E. Onishi and T. Yalcin, Laboratory inves-
tigation of collisional energy transfer in the O5(c'Z},) Herzberg state,
Eos Trans. AGU, 75(44), Fall Meet. Suppl. 496, 1994,

Copeland, R. A., K. Knutsen, M. E. Onishi and T. Yalcin, Collisional
removal of Ox(c'Z;, v=9) by O, Ny, and He, J. Chenm. Phys., 105,

10349, 1996.

Degen, V., Excitation of the Herzberg bands of the 0, in laboratory after-
glow and night airglow, J. Geophys. Res., 77, 6213, 1972.

Ebel, A., Eddy diffusion models for the mesosphere and lower thermo-
sphere, J. Atmas. Terr. Phys., 42, 617, 1980.

Gardner, C. S., Introduction to ALOHA/ANLC-93: The 1993 airborne lidar
and observations of the Hawaiian airglow / airborne noctilucent cloud
campaigns, Geophys. Res. Lert., 22, 2789-2792, 1995.

Gossard, E. E., and W. H. Hooke, Waves in the Atmaosphere, Elseviet, New
York, 1975. : :

Hecht, J. H,, R. L. Walterscheid, G; G. Sivjee, A. B. Christensen and J. B.
Pranke, Observations of, wave-driven flictuations of OH nightglow
emjssion frbm Sondre Stromfjord, Greenland, J. Geophys. Res., 92,
6091; 1987. . : . .

Hedin, A. E., Empirical wind model for the upper, middle, and lower atmo-
sphere, J. Atmos. Terr. Phys.,'58, 1421, 1996.

Hickey, M. P., Effects of eddy viscosity and thermal conduction and the
coriolis force in the dynamics of gravity wave driven fluctuations in the

- OH nightglow, J. Geophys. Res., 93, 4077, 1988a.

Hickey, M. P., Wavelength dependence of eddy dissipation and coriolis
force in the dynamics of the gravity wave driven fluctuations in the OH
nightglow, J. Geophys. Res., 93, 4089, 1988b.

Hines, C. O., Internal atmospheric gravity waves at ionospheric heights,
Cun. J. Phys., 38, 1441, 1960. :

Hines, C. O., and D. W. Tarasick, Airglow response to vertically standing
waves, Genphys. Res. Lett., 21,2729, 1994,

Holton, J. R., An Introduction to Dynamic Meteorology 3rd. ed., Aca-
demic, San Diego, Calif. 1992.

Krasnopolsky, V. A., A. A. Krys’ko, V. N. Rogachev and V. A. Parchey,
Spectroscopy of the night-sky luminescence of Venus from the inter-
planetary spacecraft Venera 9-and Venera 10 (in Russian), Kosn. Issled.,
14,789, 1976. (Cusmic Res., Engl. Transi, 14,705, 1977.)

Krasnopolsky, V. A., Excitation of oxygen emissions in the night airglow of
the terrestrial planets, Planet. Space Sci., 29, 925, 1981.

Krasnopolsky, V. A., Oxygen emissions in the airglow of Earth, Venus and
Mars, Planet. Spuce Sci., 34, 511, 1986,

Krassovsky, V. 1, Infrasonic variations of OH emission in the upper atmo-
sphere, Ann. Geophys., 28, 739, 1972.

Krauss, M., and D. Neuman, On the interaction of O(}$) with OCGP), Chem.
Phys. Lert., 36, 372, 1975.

Lopez-Gonzalez, M. 1., J. J. Lépez-Moreno and R. Rodrigo, Altitude and
vibrational distribution of the O, ultraviolet nightglow emissions,
Planet. Space Sci., 40, 913, 1992.

81

6269

Makhlouf, U. B., R, H. Picard, and J. R. Winick, Photochemical-dynamical
modeling of the measured response of airglow to gravity waves, 1, Basic
model for OH airglow, J. Geuphys. Res., 100, 11,289, 1995.

Makhlouf, U. B., R. H. Picard, M. J. Taylor and J. R. Winick, Gravity waves
and vertical diffusion in the lower thermosphere from 557.7 nm airglow,
Adv. Space Res., 19, 583, 1997.

Nicolaides, G., O. Sinanoglu and P. Westhaus, Theory of atomic structure
including electron correlation, IV, Method for forbidden-transition
probabilities with results for OI, OIL, OIII, NI, NIL and CI, Phys. Rev.

- A, 4, 1400, 1971.

Pitteway, M. L. V,, and C. O. Hines, The reflection and ducting of atmo-
spheric acoustic-gravity waves, Can. J. Phys., 43, 2222, 1965.

Schubert, G., R. L. Walterscheid and M. P. Hickey, Gravity wave-driven
fluctuations in OH nightgiow from an extended, dissipative emission
region, J. Geophys. Res., 96, 13,869, 1991.

Schwartz, R. N., Z. I Slawsky and K. F. Herzfeld, Calculation of vibra-
tional relaxation times in gases, J. Chem. Phys., 20, 1591, 1952.

Slanger, T. G., and D. H. Huestis, O5(c'Z,~X>Z,} emission in the terres-
trial nightglow, J. Geuphys. Res., 86, 3551, 1981.

Summers, M. E., Zonally averaged trace constituent climatology, Rep.
NRL/MR/7641-93-7416, Naval Res. Lab., Washington, D. C., 1993.

Taylor, M. J., D. N. Turnbull, and R. P. Lowe, Spectrometric and imaging
mezsurements of a spectacular gravity wave event observed during the
ALOHA-93 campaign, Geophys. Res. Lett., 22, 2849, 1995a.

Taylor, M. J,, Y. Y. Gu, X. Tao, C. S. Gardner, and M. B. Bishop, An inves-
tigation of intrinsic gravity wave signatures using coordinated lidar and
nightglow image measurements, Geophys. Res. Lert., 22, 2853, 1995b.

Taylor, M. J., D. C. Fritts and J. R. Isler, Determination of horizontal and
vertical structure of an unusual pattern of short period gravity waves
imaged during ALOHA-93, Geophys. Res. Lett., 22, 2837, 1995¢.

Thomas, L., R. G. H. Greer and P. H. G. Dickinson, The excitation of the
557.7 nm line and Herzberg bands in the nightglow, Planet. Space Sci.,
27,925, 1979. )

Thomas, R. J., Analysis of atomic oxygen, the green line and Herzberg
bands in the lower thermosphere, J. Geophys. Res., 86, 206, 1981.
Thomas,R. J.,and R. A. Young, Measurement of atomic oxygen and related

airglows in the lower thermosphere, J. Geophys. Res., 86, 7389, 1981.

Tuan, T.F, and D. Tadic, A dispersion formula for analyzing “modal inter-
ference” among guided and free gravity wave modes and other phenom-
ena in a realistic atmosphere, J. Geophys. Res.. 87, 1648-1668, 1982.

Ulwick, J. C., A. J. Ratkowski, and U. B. Makhlouf, Twilight rocket mea-
surements of high-latitude atomic oxygen density during the DYANA
campaign, J. Atmos. Terr. Phys., 56, 1871-1883, 1994,

Viereck, R. A., and C. S. Deehr, On the interaction between gravity waves
and the OH Meinel (6-2) and the O, atmospheric (0-1) bands in the polar
night airglow, J. Geaphys Res., 94, 5397-5404, 1989,

Wang D. Y, and T. F. Tuan, Brunt-Doppler ducting of small-period gravity
waves, J. Geophys. Res., 93, 9916, 1988,

Weinstock, J., Nonlinear theory of acoustic-gravity waves, 1, Saturation
and enhanced diffusion, J. Geophys. Res., 81, 633, 1976.

Winick, J. R., Photochemical processes in the meseosphere and lower ther-
mosphere, in Solar-Terrestrial Physics, edited by R. L. Carovillano and
J. M. Forbes, D. Reidel, Norwell, Mass., 677-732, 1983.

Zimmerman, S. P., and T. J. Keneshea, Turbulent heating and transfer in the
stratosphere and upper mesosphere, in Middle Atmosphere Program
Handbook, p. 311, SCOSTEP Sec., Univ. of 1L, Urbana, 1981,

U. B. Makhlouf, SRL, Utah State University, 139 The Great Road,
Bedford, MA 01730. (e-mail: makhlouf@ pldac.plh.af.mil)

R. H. Picard and J. R. Winick, Geophysics Directorate, Phillips
Laboratory, Hanscom AFB, MA 01731.

T. F. Tuan, Physics Department, University of Cincinnati, Cincinnati,
OH 45221,

(Received January 24,1997; revised October 3, 1997;
accepted October 9, 1997.)




