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Overview and Summary of Results and Significant
Findings from the CIRRIS-1A Experiment
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and
B. E. Sullivan®
Boston College, Chestnut Hill, Massachusetts 02467

The cryogenic infrared radiance instrumentation for shuttle (CIRRIS) experiment was flown onboard STS-39
from 29 April to 1 May 1991. A comprehensive set of spectral and spatial infrared data of atmospheric and Earth
terrain data was collected by an interferometer and radiometer. The mission occurred during a major geomagnetic
storm (K}, >5), and as a result, a substantial amount of spectral data on bright auroral backgrounds were collected
in the midnight sector of the auroral oval. The coincidental timing of the CIRRIS mission, only a few weeks before
the eruption of Mount Pinatubo (June 1991), substantially increased the value of the stratospheric data from
CIRRIS, which now serves as a clean atmosphere baseline against which various post-Pinatubo observations can
be compared to assess the short- and long-term effects of a major volcanic eruption on the stratosphere. In addition,
there were a number of unexpected and important scientific discoveries that resulted from analysis of the CIRRIS
high-resolution Earthlimb emission spectra including the identification of an important new class of non-local
thermodynamic equilibrium emissions resulting from highly rotationally excited diatomic species (OH, NO and
NO™) in the mesosphere and thermosphere. These nonthermal rotational emissions were observed for both day and
nighttime conditionsand were notincluded in or predicted by existing atmosphericmodels before the CIRRIS flight.
A brief overview of the instrumentation and data collection methods is presented. A general review of the CIRRIS

data and a summary of the most significant findings previously reported by various groups are also presented.

Introduction

Scientific Objectives

HIS paper summarizes the results and major findings from

the cryogenic infrared radiance instrumentation for shuttle
(CIRRIS-1A) experiment that was flown onboard STS-39 between
29 April and 1 May 1991. This study consisted of a global in-
frared remote sensing survey that sampled the atmosphere from the
nadir up through the Earthlimb to shuttle altitudes of 260 km in
the 2.5-25 um wavelength region. The primary objective of this
experiment was to obtain simultaneous spectral and spatial mea-
surements of atmospheric emissions for altitudes between 0 and
150 km. Atmospheric species of interest included water, hydroxyl,
nitric oxide, ozone, and carbon dioxide during day and night un-
der various levels of geomagnetic activity. Observations covered
a range of latitudes from approximately —68 to +68 deg during
moderate to active geomagnetic activity (K, = 3-7) and also when
bright aurora were observed. Data were collected from numerous
strong atmospheric emitters, such as OH at 2.7 um and CO, at 4.3
and 15 pum, NO at 5.3 um, O; at 9.6 um, and H,O at 6.3 um and
in the long wavelength infrared (LWIR) region. Many other trace
species were also measured, such as CFC-11 and CFC-12, HNOs,
CH,4, and CO. Data were taken simultaneously by three infrared
(IR) instruments: 1) an interferometer with an eight position filter
wheel, 2) a filter radiometer with 7 wide and narrow bandpass fil-
ters, and 3) a fixed-filter radiometer with a bandpass in the 2.7-pum
region. The radiometerand interferometerindividuallyhave yielded
many new discoveries, which will be reviewed in later sections of
this paper. However, together they provide a much more compre-
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hensive picture of the global variationsin composition, temperature,
and energeticprocessesthan would either instrumentalone. Besides
confirmation of observed phenomena between instruments, the ra-
diometer detected highly resolved variationsin emission with space
and time, whereas the interferometer could diagnose the relative
contributions from simultaneous species within each broad pass-
band of the radiometer. In addition, there were several other clear
benefits to having simultaneousinterferometerand radiometer data.
In the lower thermosphere,emissions in the passband of the 2.7-pum
radiometer were significantly enhanced during aurora. As a result,
this radiometer served as an important diagnostic tool (along with
the two visible photometers) for daytime and nighttime high-latitude
particle precipitation in the lower thermosphere that cause compo-
sitional changes in the upper atmosphere, such as CO, vertical lift,
or enhanced emissions from NO in the 6-9-um window region and
NO™* in the 4.3-um band. The 2.7-um radiometer was also use-
ful as an indirect monitor for other atmospheric emissions as well.
For example, near the mesopause, variations in the 2.7-um pass-
band could also be directly correlated with similar changes in the
pure-rotationalemissions from OH in the 11-13-um window. As a
consequence of the fixed-filter design, the 2.7-um radiometer was
active whenever the CIRRIS instrument was turned on, and thus, it
collected data continuously throughout the entire CIRRIS mission.

Background

The CIRRIS-1A experiment is part of a large Department of
Defense (DOD) program to explore the chemistry of the Earth’s
upper atmosphere. The data collected by this program support the
developmentof space defense systems thatuse IR and other electro-
optical sensors to detect targets in the boost phase, postboostphase,
orbiting, or in the reentry phase of the mission. To be able to pas-
sively detect and track these targets at long ranges, systems must
be able to discriminate the spectral signature of the target emissions
(IR, visible, and ultraviolet) from emissions produced by atomic
and molecular species in the Earth’s atmosphere. Sensor systems
designers must take into account these atmospheric backgrounds
to determine optimum wavelength regions where sensors are able
to see through the atmosphere and where targets of interest emit
enough photons to provide adequate signal to noise and sufficient
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target to atmosphere backgroundcontrast. CIRRIS and other exper-
iments conducted by the DOD and the civilian community provide
the experimental data for system designers as well as for collateral
research and global atmospheric models.

Before the CIRRIS experiment, there had been few spectral mea-
surements of the quiescent upper atmosphere in the IR, especially
for sunlit conditions. Although the U.S. Air Force had conducted
a number of IR spectral rocket probes during aurorally disturbed
conditions,! =3 these provided little insight into the important day-
time chemistry of the mesosphere and thermosphere. One of the
most carefully studied IR measurements was the spectral IR exper-

Fig. 1 Summary of molecular species observed by the CIRRIS
experiment.
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Fig. 2 Geomagnetic activity before and during the CIRRIS-1A obser-
vations.
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iment (SPIRE), which was flown on a rocket launched from Poker
Flat, Alaska, close to sunrisein Septemberof 1977. Although SPIRE
did not measure the influence of geomagnetic activity on IR emis-
sions, it was the first IR experiment to observe altitude resolved
atmospheric emissions on the diurnal variations in the mesosphere
and lower thermosphere. Results of this experiment have been re-
portedby Sharmaetal.* and Stair et al.” However, note thatalthough
SPIRE obtaineddatafor bothnightand daytime conditions,the mea-
surements were centered near the dawn terminator and, thus, did not
sample late morning, midday, or afternoon conditions. As a result
of this, several important daytime enhancements (such as for NO at
5.3 um) that were easily discernedby CIRRIS were not observedby
the SPIRE sensor.Figure 1 summarizes the species and approximate
tangent altitude ranges over which these species were observed by
CIRRIS-1A sensors.

The CIRRIS experiment was conducted during a major geomag-
netic storm period. This facilitated the collection of a significant
amount of data on moderate to bright aurora. Although this was not
specifically planned, the shuttle launch was timed to take full ad-
vantage of such a chance event. This was accomplished by setting
the launch time such that the tangent point of the line-of-sightinter-
sected the midnightsector of the auroral oval during CIRRIS auroral
observation modes. A record of the K, history for the time period
shortly before and during the CIRRIS mission is shown in Fig. 2.

The approach of this paper is to presenta broad perspectiveof the
results of this experiment. In the first part of the paper we presentan
overview of the sensor package and a brief discussion of the main
sensor calibration and on-orbit operations and constraints. In the
second part of the paper we present the data collection strategy and
a summary of the scientific results and the significant findings made
to date.

Overview of the CIRRIS-1A Instrumentation
and Performance

Introduction

The CIRRIS experiment consisted of a moderate spectral res-
olution (~1.0 cm~!) Michelson interferometer and a high-spatial
resolution radiometer, which shared the collection optics of a cryo-
genically cooled (~12 K) high off-axis rejection IR telescope. An
assembly of ancillary sensors, which included various photometers
and cameras made up the remainder of the optical instrument pack-
age. This entire package of instruments was mounted on a two-axis
gimbal system.

Figure 3 is an artist’s view of the CIRRIS-1A instrumentation
including the cryogenic dewar, the two-axis gimbal system, and the
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Fig. 3 Schematic of the CIRRIS-1A instrumentation package.
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Table1 CIRRIS-1A sensor specifications

Parameter

Interferometer

Radiometer

Detectors
Spectral range/optical filters

Spectral resolution

Spectral accuracy

Noise equivalent spectral
radiance (NESR)

NER

Dynamic range

5-Element Si:As IBC FPA
2-25 um, 8 selectable filters

Theoretical: [full width at
half maximum (FWHM)]
0.63 cm™! unapodized
1.03 cm™! with K-Bessel apod.
Actual measured: (FWHM)
0.95 cm~! unapodized
Better than & 0.2 cm™!
4x100B Wem=2 s em™!
at 700 cm~! for D3-2

A/D converter 6.5 x 10*
Feedback resistor differences 3 x 107
Electronic gain 1 x 107

9-Element Si:As FPA
5-Element Si:Bi FPA

2-25 um, 7 selectable filters
1 Fixed filter at 2.7 um

5% 107" Wem=2- sr~! for D1-6
A/D converter 6.5 x 10*

Feedback resistor differences 1 x 10°
Electronic gain 1 x 107

299

2 Bias levels 3 x 10°

Ratio of detector areas 1.6 x 10
Total dynamic range (DR) 9.4 x 10'0

FOV (total)

Instantaneous FOV

Spatial footprint at tangent point

Aperture 161 cm?

Chopper

Telescope off-axis leakage,
NRER (11-13 pm band)

Calibration accuracy

LOS determination accuracy

0.93 x 1.5deg
10 x 10 mrad (D3-2)

less than +5-10%

Tangent height accuracy
at 100 km

14 x 14 km at 100 km tangent height (TH)

1.0-2.0x 10719 Wem=2 - sr!

3 Bias levels 1 x 107

Ratio of detector areas 2.4 x 10!
Total DR 1.6 x 10'°

1.2 x 0.2 deg

0.5 x 3.0 mrad (FP1 and 2)

0.7 x 4.3 km at 100 km TH

182 cm?

Tuned fork at 84.6 Hz

0.5-2.0x 1072 W cm=2. sr~!

~+5%
=+ 1.0 mrad (nighttime)
~ =+ 1.0-3.0 mrad (daytime)
=+ 1.4 km (nighttime)
~ =+ 1.4-4.3 km (daytime)
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Fig. 4 Interferometer and radiometer filter passbands.

ancillary sensors. Most of the sensors and supporting instrumenta-
tion were developed and built by Utah State University, which also
performed the instrument testing and calibration. The gimbal sys-
tem was designed and built by Orbital Sciences Corporation. The
experiment package was mounted on an experiment support struc-
ture, built by Lockheed-Martin, which was in turn mounted to the
trunnion of the Space Shuttle Discovery. Brief descriptions of the
instrumentation and experiment have been previously reported by

Ahmadjian et al.>7 and Bartschi et al.*° The CIRRIS 1A interfer-
ometer is similar to the SPIRIT interferometersflown on the SPIRIT
I (Ref. 10) and SPIRIT II (Refs. 11-13) IR auroral rocket experi-
ments and the SPIRIT III sensor flown on the MSX satellite."* A
summary of the main sensor specification is given in Table 1. As
indicatedin Table 1, the CIRRIS-1A radiometerand interferometer
each had a number of selectable optical filters. The passbands for
these filters are shown in Fig. 4.
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Telescope Off-Axis Rejection Assessment

One of the key elements in the success of the CIRRIS experi-
ment was the excellent in-flight performance of the high rejection
telescope. The primary function of the telescope was to collect en-
ergy for the interferometer and radiometer from atmospheric and
celestial sources in the field of view (FOV) while substantially re-
ducingandrejectingall sourcesof unwantedradiation. The two main
sources of unwanted radiation are thermal self-emissions from the
instrumentand telescope and light scattered onto the detectors from
off-axis sources such as the Earth and the lower atmosphere. The
instrument’s thermal emissions were effectively reduced by cryo-
genically cooling and maintaining the interferometer, radiometer,
andtelescopeoptics at a temperatureof ~20 K for the entire CIRRIS
mission. To reject contamination from off-axis radiation scattered
into the FOV, both effective baffling and a very low-scatter primary
mirror were employed. The radiation shade/baffle was designed to
eliminate directillumination of the primary mirror from sources be-
yond the 10-deg baffle angle, and a series of concentric photoetched
knife edges of 0.001 in. radius minimized direct scattering from the
baffles themselves. However, the most important element in deter-
mining the overall off-axisrejection capability is the scatter charac-
teristics of the primary mirror because it alone must reject the direct
off-axis illumination for angles between 10 deg and the interferom-
eter FOV (1.2 x 1.5 deg). To achieve the design goal of an overall
off-axisrejectionof better than 10710 ysr=! at 2.5 deg from the edge
of the FOV, it was determined that a bidirectional reflectance distri-
bution function (BRDF) of 10~* sr~! was required for the primary
mirror. Laboratory measurementsof the primary and secondarytele-
scope mirrors in their pristine condition confirmed that this design
requirement(BRDF = 10~* with a ® 2 rolloff) had indeed been met.
However, based on analysis of experimental data from other simi-
lar Earthlimb sensors,"” there were serious concerns about whether
this level could be maintained throughout the testing, calibration,
integration, and launch phases of the program. Added to these con-
cerns, there were special concerns regarding contamination of the
telescope mirrors once the instrument cover was opened onorbit,
due to expected high levels of gases and particulates surrounding
the shuttle.

Preflight stray light analysis of the CIRRIS-1A telescope system
predicted that the off-axis rejection performance would be primary-
mirror scatter limited. As a result of these calculations, considerable
time and effort was devoted to monitoring and maintaining the low-
scatter characteristics of the telescope primary mirror throughout
the ratherlengthy 3-year preflightintegrationand test period. BRDF
measurements on the primary mirror were made eight times during
this period, including one made several months after the CIRRIS
mission. The last measurement before launch indicated a relatively
clean mirror with a BRDF value of 6 x 10~ sr='. The CIRRIS
primary mirror BRDF history was reviewed by Wheeler et al.!®
These authors'®!7 also presented a detailed discussion of the strin-
gent preflight cleanliness procedures and summarized the onorbit
operational constraints employed to avoid further (in-flight) mirror
degradation from various known shuttle contamination sources.

The nonrejected Earth radiance (NRER) is a measure of an Earth-
limb sensor’s ability to reject off-axis radiation from the Earth (and
the lower atmosphere) while viewing radiation from the upper at-
mosphere. Because this value is usually well above the detector
noise level (NER), it generally sets the minimum background radi-
ance level (atmospheric or zodiacallight) that can be measured by a
sensor in a particular passband operating in an Earthlimb geometry.
The definition of NRER used in this paper includes off-axis contri-
butions from the lower atmosphere as well as those from the hard
Earth. NRER can be measured at any wavelength, but is generally
measuredin the 11-13-pm window region where it is nearly always
the limitingbackgroundat high tangentheights. Not only is this win-
dow region relatively free of atmospheric emissions, it is also near
the peak of the Earthshine spectrum. The radiance vs altitude pro-
filesinthe 11-13-um passbandexhibitedradiancesthat were nearly
flat at tangent heights above about 100 km. These leakage radiance
floors were well above the noise radiance floors for each detectorand
appeared to be characteristicof NRER. Furthermore, these profiles
were generally consistent with model predictions of NRER that as-

sumed a primary mirror BRDF that was only slightly worse than the
preflight measured value of 6 x 10~ sr~!. However, the observed
NRERs varied significantly from detector to detector for both the
radiometer and interferometer. For the interferometer, the detectors
that were closest to the center of optical axis (D3-4 and D3-2) ex-
hibited the lowest NRER. Generally, the interferometer detectors
exhibited less leakage than the radiometer detectors, although the
best radiometer detector (D1-2) had an NRER that was compara-
ble to the interferometer detectors. However, the worst radiometer
detector (D1-1) had off-axis leakage that was about a factor of five
higher. NRER values for the radiometer and interferometer in the
11-13 pm spectralregion were presentedby Wheeleretal.'® and are
also given in Table 1. The measured NRERs for the best detectors
was approximately 1 x 107!® W/cm?sr in the 11-13 um region for
tangentheightsabove ~150km. This is abouta factor of 5-30 better
than that achieved by previous Earthlimb measurements.!%15-18:19

Data Collection and In-Flight Operations
Operational Constraints

Great care was taken during and before the CIRRIS mission to
avoid and control payload and sensor contamination levels. The
CIRRIS-1A payload was assembled under carefully controlled con-
ditions at Utah State University. Following integrationinto the shut-
tle cargo bay, the entire cargo bay section was carefully cleaned in
the orbiter processing facility and then again on the launch pad just
before launch. After launch, in the early part of the mission, all
surfaces of the shuttle were subjected to an extended solar expo-
sure period (bakeout) to accelerate the vehicle outgassing process.
Next, the CIRRIS experiment was restricted by a number of oper-
ational constraints. The first of these constraints was to delay the
start of CIRRIS measurements for a time (~1 day) sufficient to al-
low the initial contamination (mostly water trapped in the shuttle
tiles) to decay to acceptablelevels. Once the CIRRIS coverhad been
opened, the majority of the CIRRIS observations were performed
in one of several relatively stable gravity-gradient (nose-to-Earth)
modes with the sensors looking into the wake and with all of the
thrusters inhibited. Other contaminating events, for example, shut-
tle water dumps, were also inhibited during CIRRIS observations.
To further minimize in-flight contamination,cover-closed contami-
nation cleanup periods were imposed during and immediately after
each contaminating event. Many of these initial constraints were
later relaxed as the mission progressed, and it became increasingly
evident that overall contamination levels were not especially high.
A summary of these in-flight operational constraints is given in
Table 2.

Measurement Blocks

CIRRIS data were collected in a series of separate measurement
periods called measurement blocks. Each block consisted of a num-
ber of individual measurement modes strung together in sequence.
These measurement modes will be described briefly in the next

Table2 Summary of CIRRIS operational constraints
imposed during the STS-39 mission

Contaminating Operational

event Action taken to avoid constraint

Initial shuttle/tile Delay initial cover opening, h* 23 (20)

outgasing

Thruster firings Allow a cleanup period after 15 2)
thruster firings, min®

Shuttle water dumps ~ Allow a cleanup period after 90 (60)
water dumps, min®

Exposure to ram Maintain a minimum angle 90 90

between the sensor LOS
and the velocity vector
of the shuttle, deg
Maintain a minimum angle 85 85
between the sensor LOS
and the LOS to the
sun, deg

direction

Exposure to direct
sunlight

2Time after event or launch: preflight or initial (late time or actual).



WISE ET AL. 301

Table3 Summary of the CIRRIS measurement blocks and their scientific objectives

Nightglow Dayglow Sunset Sunrise
Band, Band, Altitude, Band, Altitude, Band,
Block Species pm  Type Species pnm Type km  Species um Type km  Species um Type
PC10B Survey 4 SWIR?/ Spectral
initial airglow MWIR®
PC11A Survey Open Spectral 100  Multiple Open Spectral 120 NO 5-13  Spectral
Open-filter, airglow Survey 8-17 Spatial CO, 8-17 Spatial NO 5-7  Spatial
PC11B CO, 4.9 SP°  Spectral CO, 4.9SP Spectral 100 Survey  Open Spectral 100  Survey Open Spectral
MWIR airglow 4.1-4.5  Spatial 4.1-4.5 Spatial CO, 4.1-4.5 Spatial CO, 4.1-4.5 Spatial
PCI11E O3 8-13 Spectral
ozone airglow O3 8-12 Spatial
PC11F Wind B 11-13 Spectral Wind B 11-13 Spectral 30 WindB 11-13 Spectral 80 WindB 11-13 Spectral
window B airglow WindB 11-13 Spatial WindB 11-13 Spatial Wind B 11-13 Spatial Wind B 11-13 Spatial
PC11G H,O 17LPY  Spectral H,O 17LP Spectral 90 OH 3.7SP Spectral 90 O3 8-13 Spectral
window C airglow O3 8-12 Spatial O3 8-12 Spatial
PC12A Survey 4 LWIR® Spectral Survey 4 LWIR  Spectral 90 O3 8-13 Spectral 60 WindC 17LP Spectral
far-IR survey O3 8-12 Spatial WindC 17LP Spatial
PC 12B Survey 4 SWIR/ Spectral Survey 4 SWIR/  Spectral 70 5-13 Spectral 90 OH 3.7SP Spectral
near-IR survey MWIR MWIR O3 8-12 Spatial O3 8-12 Spatial
PC13 Survey 7 SWIR- Spatial Survey 7 SWIR- Spatial 75 OH 3.7SP Spectral 120 NO 5-13  Spectral
two-dimensional LWIR LWIR O3 8-12 Spatial NO 5-7  Spatial
airglow
Short-wavelength IR. "MidwavelengthIR. °Short pass. 9Long pass. °Long-wavelength IR.
section. The measurement sequence for a typical block included a 90
sunset terminator mode, followed by a nightglow staircase mode, 1 B Airglow mode
. . . la]
followed by a sunrise terminator mode, and finally a dayglow stair- 60 - o= a By ¢ Auroral mode
case mode. A summary of the majority of the CIRRIS measurement a E B
blocks and their scientific objectives is shown in Table 3. Not in- 3 30 EE,.’Q. a a
cluded in this Table 3 are the auroral, horizontal stare, shuttle glow, @ . Bt B
celestial, and nadir-looking measurement blocks that provided ad- koA 0 - ¢ . %
ditional data. 8 i g oy e
The optimum shuttle orientation for Earthlimb data collection é 30 - a * . a
is with the orbiter flying in a stable nose down gravity-gradient 3 ] g e af
attitude. This is the most stable attitude with the thrustersinhibited. 60 * w 4
However, the small oscillationsin pitch about this orientation tend ] *
to increase over a number of orbits. Therefore, to minimize these 90
: : : : : . - T T T T T T T T
oscillations, it was decided that the orbiter would be retrimmed on 0 30 60 90 120 150 180

every orbit. The retrim sequence consisted of a 15-min maneuver,
a 5-min damping period, and then a 10-min wait period to allow
for contamination from the vernier thruster firings to cleanup. Only
after this sequence was completed, would the cover be reopened and
measurements continued. This requirement allowed a maximum of
approximately 1 h per orbit for CIRRIS observations.

Measurement Modes

A number of measurement modes were constructed to sample
the atmosphere in a variety of different ways. These modes were
grouped into several separate categories: staircase modes, raster
scans, stare modes, and vertical sweep modes. Various combinations
of these modes were put together to make up the numerous mea-
surement blocks listed in Table 3.

The vertical staircase modes were the primary measurement
modes for the collection of interferometerdata from CIRRIS. These
staircase modes sampled the atmosphere at discrete tangentheights,
taking a combination of short, medium, and long scans at each step
for a single interferometer filter position. The staircase was then
repeated for each of the remaining interferometer filters. The stare
modes were divided into two types: automated and interactive. The
interactivestare modes were devised for collectingauroral spectraat
high resolution. The payload specialists were free to use the joystick
controlto pointthe sensor at the brightestauroral features. Excellent
auroral spectra were collected for various altitudes up to approxi-
mately 200 km, and it was in these data that the rotational bandheads
in NO were firstidentified. These stare modes were also used for ce-
lestial calibrations. Very useful in-flight calibrations were obtained
from measurements of «-Scorpio (Antares) and a-Bootes (see sec-
tion on CIRRIS celestial observations). The automated stare modes
were used for terminator crossing data collections, where constant
tangent height stares were employed. The raster scans were devised

Solar Zenith Angle (degrees)

Fig. 5 Locationsof the 100 kilometer tangent points of the LOS plotted
in latitude vs SZA space.

to study the spatial structurein various bands. Finally, rapid vertical
sweep scans were used to measure the radiance profiles for each of
the seven radiometric filter bands.

Orbit-Imposed Constraints on the Data

The shuttle was launched from Cape Kennedy, Florida, into a
260-km circular orbit on 28 April 1991. A launch time of approx-
imately 6:30 a.m. local time was chosen to have the line of sight
(LOS) of the CIRRIS sensors intersect with the midnight sector
of the southern auroral oval. The effect of this launch time was
to restrict the CIRRIS airglow measurements to nighttime condi-
tions in the southern hemisphere and daytime conditions in the
northern hemisphere. The majority of the data collections were
conducted in a nose down gravity-gradient mode in three orien-
tations: gravity-gradient north, gravity-gradient south, and belly-
to-ram. The gravity-gradientnorth orientation pointed the shuttle’s
cargo bay away from the sun and was used for about 75% of the
CIRRIS measurements. Employing this shuttle attitude, in conjunc-
tion with the selected early morning launch time, dictated that most
of the nighttime airglow observationsoccurred at midlatitudesin the
southern hemisphere, whereas the dayglow observations occurred
primarily at high latitudes in the northern hemisphere. The gravity-
gradientsouth and belly-to-ramorientations were used for targeting
aurora, which resulted in nighttime high-latitude observations in
the southern hemisphere. The celestial observations required bay-
to-space attitudes. Figure 5 summarizes the effect of the shuttle
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attitude and orbit on the distribution of CIRRIS Earthlimb data.
Figure 5 shows the orbit-limited distribution of CIRRIS Earthlimb
observationsas plotted in solar zenith angle (SZA) vs latitude space
for the two primary measurement modes.

Sensor Calibration

The calibration of the CIRRIS primary sensor was performed in
two phases. The first phase was the engineering evaluation. The
engineering evaluation was performed before payload integration.
This evaluation was used to verify that sensor performance met
the mission requirements and established preliminary calibration
coefficients. The second calibration phase was the postflight cali-
bration. This calibration phase provided a full characterization of
the primary sensor. This full characterizationincluded the radiomet-
ric equation to convert sensor outputs into radiometric values and
a radiometric model to transfer the measured radiometric values to
the true scene flux.

Each calibrationtest performed was directed toward measurement
of a specific radiometric parameter. These individual parameters
make up the radiometricequationand model. They are classified into
four distinct domains: spatial, spectral, temporal, and radiometric
responsivity.For the CIRRIS primary sensor most parameters were
characterizedfor each detector. The spectraland radiometricrespon-
sivity was further specified for every filter position for each detector.
Collectively the parameters that characterize each of these domains
comprisedacompletecalibrationof the CIRRIS primary sensor. The
results of this calibrationare presented in the CIRRIS-1A postflight
calibration report (published in two volumes).2%2! Additional infor-
mation from the coalignment procedures established the position
of the radiometer focal planes with respect to the interferometer
focal plane and the interferometer focal plane with respect to the
interferometer field stop.

The CIRRIS-1A sensor contained a number of internal stimula-
tors and calibration sources. These sources were used before and
during the CIRRIS mission to monitor the performance of the inter-
ferometer and radiometer and also the condition of the low-scatter
primary mirror. Several of the stimulators were positioned to reflect
off of the back of the instrument aperture cover and were visible
to both the interferometer and radiometer. Other stimulator sources
were located near the radiometer focal plane arrays and were vis-
ible only to the radiometer. A blackbody source and an alignment
source were visible only to the interferometer. The blackbody source
was located at the entrance to the interferometer cube and was used
to monitor the performance of the interferometer. These sources
were also used to provide in-flight calibrations of the two main
Sensors.

Pointing/Tangent Height Determination and Accuracy

The accurate determination of the LOS pointing in terms of its
closest approach to the Earth disk (tangent height) is crucial for the
analysis of data taken by a spaceborne sensor viewing the Earth-
limb. This is particularly true for stratospheric observations where
the accuracy of derived volume mixing ratio (VMR) profiles are
critically dependent on the accuracy of the tangent height determi-
nation. Therefore, it is important to discuss in some detail the data
and methods used to determine the tangent heights and the uncer-
tainties associated with these values. A more detailed discussion of
these issues can be found in the paper by Bingham et al.??

The LOS of the CIRRIS-1A interferometerand radiometerdetec-
tors was determined using information from a number of onboard
instruments in conjunction with pre- and postflight ground-based
alignment measurements. The onboard instruments and sensors in-
cluded a celestial aspect sensor (CAS), an IR horizon sensor (IHS),
gimbal system optical encoders, and the orbiter gyros. The relative
alignment of these various sensors will be discussed next.

Sensor Alignment

As mentioned, the pointing solutions for the CIRRIS LOS de-
pendedon the datafrom a number of separateinstrumentsusedas as-
pectsensors. As aresultof this, the accuracy of the pointing solutions
for the CIRRIS interferometerradiometer LOS is critically depen-
dent on having an accurate knowledge of the relative alignment of

these various sensorsto the main sensor LOS. The relativealignment
of these various instruments and sensors was established with both
preflight and postflight theodolitemeasurements of alignment offset
angles in conjunction with several in-flight celestial measurements
that were used for the purpose of in-flight alignment validation.

The most accurate pointing solutions were derived from the star
field images obtained with the CAS camera. The processing of
these data provided an LOS accuracy for the CAS of approximately
+0.25 mrad. However, the CAS and the main sensors were offset
by an angle of approximately 45 deg, and it was the uncertainty
in determining this large offset angle that resulted in the largest
uncertainty in the pointing solutions derived from this instrument.
This offset angle was accurately measured both before and after the
flight, but these measurements indicated that unacceptable move-
ment (~2 mrad) of the CAS had occurred sometime between these
two measurements. Planned star measurements with the IR radiome-
ters occurred during a dedicated IR radiometer calibration mode
(PC36A) of the star, Antares. These measurements were used to
establish an initial in-flight alignment offset between the CAS and
the main sensor’s LOS. The star crossings selected for this purpose
were those where only the orbiter motion caused the star to track
across the detectors (horizontal crossings with no gimbal motion).
In addition,a chance sighting of the star -Centaurioccurred during
an auroral measurement mode near the end of orbit 20. The best in-
flight pointing reference occurred when this star passed across the
smallest radiometer detector (D1-8) with a FOV of 0.5 x 0.5 mrad.
Fortunately, these two in-flight measurements agreed to better than
£0.5 mrad. Because the relative alignments of the radiometer and
interferometer detectors were very accurately established during
calibration of the main sensor, this allowed for an accurate in-flight
determination of the critical offset angle between the LOSs of the
CAS and each of the five interferometer detectors.

Tangent Height Determination and Accuracy

As mentioned earlier, the most accurate pointing solutions were
obtained from the processing of the CAS star field images. Overall,
nearly 1000 images were processedto determine pointing solutions.
Most of these images were for nighttime or twilight conditions. As
a result, the tangent heights associated with the daytime observa-
tions are generally less accurate than those for the corresponding
nighttime measurements. However, it should be remembered that,
due to the orbit constraints of the STS-39 mission discussed eariler,
daytime observations were limited primarily to the northern hemi-
sphereand nighttimedata were obtained primarily from the southern
hemisphere. The accuracy of the LOS determinations for the day-
time measurements is directly tied to the accuracy of the IHS on
which the daytime pointing solutions are based. These solutions
are inherently less accurate than the correspondingnighttime CAS-
based solutionsby abouta factor of 2. The limitations and accuracy
of the pointing solutions based on this sensor have been discussed
elsewhere 2

Fortunately, IHS-based solutions were available for both day and
nighttime conditions. This allowed for the direct comparison of the
two primary pointing solutions for nighttime conditions. From these
comparisons, an accurate assessment of the errors in the IHS-based
pointingwas obtained. Based on the results of these comparisons, we
estimate that the accuracy of the final pointing solution for daytime
(northernhemisphere) conditionsto be between £1.0 and 3.0 mrad,
whereas the LOS accuracy for the nighttime (southern hemisphere)
data is better than £1.0 mrad for the entire CIRRIS mission.

It is highly desirable that the LOS uncertainties be significantly
less than the vertical resolution of the measurements; for the night-
time data, this is the case for all of the interferometer detectors
(which range from 1.6 to 10 mrad) and all but the two smallest ra-
diometer detectors (which are 0.5 mrad). However, because of the
larger uncertaintiesin the daytime observations, this criterion is not
always met for the daytime data. This was especially problematic
for measurements at low altitudes (in the stratosphere), where the
vertical footprintsare largestand the most useful data were collected
using the two smallest interferometerdetectors (due to saturation of
the big detectors). Fortunately, the large central detector (D3-2) was
the primary detector for most of the CIRRIS observations that have
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Table4 Vertical resolutions at selected tangent heights
for the primary interferometer and radiometer detectors

Vertical footprint (resolution)

Tangent . a
height, at the tangent point, km'
km ID3-2 RD1-1 - RD1-6
0 18.5 5.6
25 17.6 53
50 16.4 4.9
75 15.5 4.7
100 14.4 4.3
150 11.9 3.6
200 8.4 2.5

“Footprints for the other interferometer detectors can be obtained by
multipling the D3-2 values 0.48,0.21,0.156,and 0.156 for D3-1, D3-3,
D3-4, and D-3-5, respectively.

been reported to date. As a result, the pointing accuracy is consid-
ered to be adequate for all of the mesospheric and thermospheric
measurements for both day and night conditions.

The cited LOS accuracies correspondto maximum tangentheight
uncertainties of 2.5-5.4 km for the 200-15-km-tangent-height
range. These values should be compared to the vertical footprints
given for the primary interferometer and radiometer detectors in
Table 4.

Overview of CIRRIS-1A Data

Several brief overview articles that summarized the CIRRIS-1A
experiment and preliminary results were presented’~%-2* in the pe-
riod immediately following the initial data analysis in early 1992.
However, very few CIRRIS data were presented in these prelim-
inary reports, and the final calibration and pointing data were as
yetunavailable. In the intervening years, numerous detailed papers,
on various specific observations have been published by many au-
thors from analysis of the spectral and radiometric data obtained by
CIRRIS. These papers will be referred to and discussed in subse-
quentsections of this paper. The following s the first comprehensive
overview of the CIRRIS data.

The CIRRIS-1A database is a compilation of atmospheric emis-
sion spectra and radiometric profiles measured in a limb-viewing
geometry. As aresult, the detectedradianceincludes emissions from
all along the atmospheric path in the LOS and thus covers a range of
altitudes. The brightness of spectral features is affected by optical
thicknessconsiderationsalong the path and, thus, is not a measure of
local volumetric radiances. Likewise, the measured tangent height
profiles are not vertical altitude profiles and, thus, do not represent
radiance vs altitude at one location on the Earth. The tangent points
foratypical vertical scanare spread outalonga slant path thatcovers
a range of many hundreds of kilometers.

Interferometer Spectral Survey Summary
Open Filter Spectra

In this section we present an overview of the broadband infrared
spectra obtained with the open-filter position for various altitudes
from the stratosphere to the lower thermosphere for both day and
nighttime conditions. Examples of day and night spectra for a num-
ber of tangentaltitudes between 13 and 165 km are shown in Figs. 6
and 7, respectively. Although the arsenic doped silicon detectors
are sensitive throughout the entire 2.5-25-um region, the spectral
response falls off rapidly on the short-wave side of 4 um and be-
yond about 22 um on the long-wavelengthside. For this reason, the
open-filter data are only presented for the 4-22-um spectral region.
Coadding is generally required to achieve adequate signal to noise
outside of this region.

A significant problem evident in many of the open-filter spec-
tra was the presence of harmonic distortion (ghost) features. These
ghost features appeared in the spectra at levels that ranged from
one to a few percent of the real spectral features and were caused
by nonlinearitiesin the interferometerdetectors. Second-order (and
occasionally third-order) harmonic features were often seen in the
open-filter data depending on the particular detector used and alti-
tude observed. This problem was particularlysevere for spectra with
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Fig. 7 Nighttime spectra from the open filter at several altitudes.

tangentaltitudes between ~40 and 85 km, where the 9.6-um ozone
and 15-um CO, emissions are comparable in amplitude. In these
cases, combination band ghost features (sum and difference bands)
also appeared in the spectra, in addition to the normal harmonic
distortion features. The presence of these artifacts in the open-filter
interferometer data severely limited the usefulness of these spectra
at tangent altitudes below ~120 km, where the data for wave num-
bers greater than 1700 cm~! were essentially unusable. In a few
extreme cases, five separate ghost features were observed in these
open-filter spectra. These features were located at 20, 30y, 20,
0, — 01, and o0, + 0y, where 0, =667 cm™! and ¢, = 1043 cm™!
are the wave numbers of the CO,(v,) and the O;(v;) bands, re-
spectively. In cases where these anomalous features occurred, they
have been eliminated from the spectra and appear as regions of no
data.

Stratosphere (14 kilometers). The dominant emission feature
in the CIRRIS open-filter spectra in the lower stratospherenear the
tropopause is the broad 15-um CO, band system. The v, ozone
emission feature at 9.6 um is also very prominent in these spectra,
particularly in the nighttime data (see Fig. 7a). Between the strong
ozone and CO, features is a region that contains several important
molecular emissions, including CFC-12 (vg at 10.9 um), HNOj3 (vs
at 11.4 yum), CFC-11 (v, at 11.8 um), and CCl, (v; at 12.5 pum).
Vibrational and pure rotational emissions from water at 6.3 um (v,)
and 18-22 um, respectively, are also present in these spectra.

Typical daytime spectra in the lower stratosphere are very
similar to the nighttime spectra, except the emissions are about
30% higher. The integrated radiance from 4 to 22 um is about
1.4 x 103 W/cm? - st for the nighttime spectra in Fig. 7a, whereas
for the daytime case (Fig. 6a)itis 1.9 x 107 W/cm? - sr. This may be
due to warmer temperaturesaffectingthe emissions and solar scatter
contributions from water at the short wavelengths. Harmonic dis-
tortion (artifact) features that occur near 7.5 um in both day and
nighttime spectra have been removed from these data. These fea-
tures are due to the first harmonic of the 15-um CO, band.

Lower mesosphere (50 kilometers).  Spectra in the lower meso-
sphere near 50 km (Figs. 6b and 7b) are dominated by the ozone
(9.6 um) and CO, (15 um) features that are of nearly equal radi-
ance. The greenhouse gas emissions in the 10.5-12.5-um region
that were so evident in the stratospheric spectra are greatly dimin-
ished. Vibrational and rotational emissions from water in the 6.3-
and 17-22-pm regions, respectively, remain as significant features
in the spectra at this altitude, and a second strong CO, emission fea-
ture (the v; band) is now clearly evidentin the 4.3-um region. There
is little or no difference between the day and nighttime spectra in
this altitude range. Artifact features that occur near 7.5 and 5.8 um
have been removed from both the daytime and nighttime spectra.
The ghost feature at ~5.8 um (1710 cm™!) is due to the sum of the
15-um (667-cm™!) and 9.6-pum (1043-cm™!) bands.

Mesopause region (85 kilometers). Typical day and nighttime
open-filter spectrain the mesopauseregion near 85 km are shown in
Figs. 6¢c and 7c, respectively. These spectracontinueto be dominated
by the strong ozone and CO, emission features that also dominated
the spectra at lower altitudes. The daytime spectra show six promi-
nent features. In addition to the CO, and Oj; features at 15 and
9.6 um, respectively, that appear in the nighttime spectrum, there
are also strong emissions features from solar-pumped vibrationally
excited CO, at 4.3 um, from NO (Av=1) at 5.3 um, and from
the two CO; laser bands at 9.4 and 10.4 um. The 9.6-um ozone
peak is significantly weaker in the daytime spectra than in the cor-
responding nighttime cases due to photodissociationof O3 during
the day. The 15-um CO, emission is unchanged from day to night,
as is also the case for the rotationally excited water vapor emissions
in the 17-22-pum region. We have again removed artifact features
that occur near 7.5 um (day and night) and 5.8 wm (nighttime only)
from these spectra.

Lower thermosphere (120 kilometers). Typical day and night
open-filter spectra in the lower thermosphere are shown in Figs. 6d
and 7d, respectively. In these spectra, which were obtained at
~120 km, the 9.6-um ozone feature has vanished, and only two
major emission features remain. These features are the NO funda-
mental band emission at 5.3 xm and the CO, (v,) band at 15 pm.



WISE ET AL. 305

The band-integratedlimb radiances of these two featuresare roughly
equivalentat night. The 4.3-um CO, (v;) emission also appears as
a narrow feature that is just barely detectable above the instrument
noise level in the nighttime case. In the daytime spectra, the 4.3-um
CO, and the 5.3-pum NO emissions are enhanced over the nighttime
case by about a factor of 3 and 5, respectively.

Lower thermosphere (160 kilometers). Typical day and night-
time interferometer spectra taken with the open filter in the lower
thermosphere near 160 km are shown in Figs. 6e and 7e, respec-
tively. The 5.3-um NO fundamental band emission is the dominant
feature in the nighttime spectra for tangent altitudes above about
160 km. The 15-um CO, emission remains a prominent feature
in these spectra, but it no longer dominates the spectrum as it did
at lower altitudes. The 5.3-um NO emission feature also dominates
the daytime spectraat these altitudes. However, in these spectra, this
emission is more than an order of magnitude brighter than the cor-
respondingnighttime emission. This is at least partially because the
daytime data were collected at a higher latitude (65°) than the night-
time data (45°). The daytime 15-um CO, emissionis also larger (by
about a factor of 2) than for the nighttime case.

Interferometer Spectra from Selected Bandpasses

Spectra in the 3-4.9-micrometer passband (2040-3333 cm™).
The emitters in this region are CO,, NO™, CO, Os, OH, and H,O.
The CO, (v,) emissionat4.3 um was observedthroughoutthe lower
atmosphere and mesosphere. Emissions from the NO* fundamental
band were observed primarily in the daytime and the aurorally dis-
turbed lower thermosphere. Using these spectra, we were able to dif-
ferentiatebetween structure due to CO, and NO™ in various altitude
regions. Both of these emissions are enhanced in aurora. The NO™*
is observed mostly in the lower thermosphere. Below 100 km, the
emissionin this passbandis almostexclusively due to CO,, whereas
above 100 km, the emissionis from a combinationof CO, and NO™,
with NO* dropping off more slowly than CO,. There is significant
diurnal variationin the emission from CO, due to solar fluorescence
during the day. CIRRIS-1A spectra in the 2050-2200 cm™! (4.55-
4.88-um) region near the mesopause was successfully modeled by
Dodd et al.?* as a superpositionof emissions from O3, OH, and CO.
The following radiators were identified: Oz (v; +v;)at2111 cm™ L
O; (v + v, +v3 —v,) at 2084 cm™!, OH (9-8) band at 2236 cm™!,
the fundamental bands of '>C'°0, and its two most abundant iso-
topes C1*0! and C'20'8. Several examples of spectraobtained with
the 4.9-pum short pass filter are shown in Fig. 8.

Spectra in the 4.7-13-micrometer passband (770-2080 cm™").
The emitters in this region are CO, NO, and H,O. Spectra from
nitric oxide for day and night midlatitude conditions are shown in
Fig.9. The NO fundamental (1-0) emissionat 5.3 um dominates this
passband above ~110 km and exhibits a strong diurnal variation.
Resultsof the spectralanalysisof the 5.3-pumregionare summarized
in a later section. In the daytime spectra, the peak of the P-branch of
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Fig. 8 Sample spectra from the 4.9-um short pass filter in the
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Fig. 10 Spectra from the 4.9-8 pm region from the stratosphere
(21 km) and lower thermosphere (132 km).

the thermal distribution (centered around 5.42 pm) of spin L canbe
distinguished from a second thermal distribution of spin 5, which
peaks around 5.5 um. In Fig. 10, we compare nighttime spectra
in the 4.9-8.0-um region for two different tangent heights. In the
stratosphere,the spectrumis dominatedby CO (4.7 pm) and the wa-
ter vapor continuum, including the 6.3-um H,O vibrational band.
The band feature at 7.7 um is due to methane. In the lower ther-
mosphere, the only emission is due to the NO fundamental band
at5.3 pm.

Spectra in the 8-13-micrometer passband (775-1250 cm™).
The emitters in this region are O3, CO,, the CFCs, and HNO;.
The ozone spectrum is one of the most complex systems in the IR
region. In Fig. 11, we show several examples of spectrain this pass-
bandregiontaken at differentaltitudes for nighttime conditions.The
spectrain this passband are highly dependent on the altitude of the
observation.In thelower atmosphere,thereis little diurnal variation,
but as we examine higher altitude data, diurnal variations are much
more dramatic. In Fig. 12, the spectra for day and night conditions
are compared for a tangent altitude of about 72 km. Note that the
05 (v,) peak emission is comparable for both day and nighttime
conditions. However, additional emission features are apparent on
both sides of the O; peak in the daytime spectra. These daytime
features are the CO, laser lines at 9.4 and 10.4 um. Pure rotational
emissions from vibrationally and rotationally excited OH are easily
discernible in the nighttime spectrum between 10 and 12 um. At
higher altitudes, near 85 km, there is a more pronounced diurnal
variation due to dissociation of O; in daytime.

Spectra in the 11-13-micrometer passband (770-910 cm™!).
The 11-13-pum passbandis often thoughtto be a window region, but
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Fig. 13 Nighttime spectra in the 11-13-pm region at 20, 45, 67, and
82 km.

significant emissions were discovered in this window from high-N
transitions of pure rotational OH (Refs. 25 and 26), as well as from
CO,, and several stratospheric trace gasses. Several typical night-
time spectra for various tangent altitudes are shown in Fig. 13. Note
the OH pure rotational (high-N) emission lines in the 67- and 82-km
spectra. Note also the incursion of the strong feature at 12.6 um in
the spectra below about 70 km. This is a satellite band of the strong
15-um CO; v, band system. This featureis easily discerniblein the
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Fig. 14 Quiescent nighttime spectra of the CO, () band system at
13, 54, 80, and 125 km.

daytime spectra up to about 100 km but is partially masked in the
nighttime spectraat altitudesabove 70 km by the presence of high-N
(N =24-33) pure rotational emissions from OH. At 20 km, emis-
sions are primarily from nitric acid (11.3 um) and CO, (12.6 pm).

Spectrainthe 13-18-micrometerregion(550-770cm=1).  There
was no interferometer (or radiometer) filter that isolated the 13-
18-um region of the spectrum; therefore, it was necessary to use
the open filter data to analyze this part of the LWIR region. Typi-
cal nighttime spectra in this region for several tangent altitudes are
shown in Fig. 14. The emitters in this spectralregion are CO,, H, 0,
and Os. The 15-um CO, (v,) emission dominates the region, from
the ground all the way up to 200 km, where the Q-branch could still
be observed above the interferometernoise level. The O3 (v,) emis-
sion is hidden beneath the R-branch of the 15-pum CO, (v,) band.
Its contribution to the overall emission is thought to be relatively
minor compared to CO, (about 1% of the 15-pum emission near the
Os emission peak at 85 km). The variation in optical thickness with
altitude and the constant mixing ratio of CO, in this band enable the
user to derive temperature as a function of altitude. Emissions from
H, O occur throughout this region. The 15-um CO, 626 band sys-
tem was examined for variations in relative spectral contributions
to the total integrated 15-um band emission. It was determined
that emission enhancementsrelated to geophysical conditions were
the result of equal contributions across the entire band system, that
is, the spectra could be overlaid except for a constant scale factor.
These observations should be considered in conjunction with the
results from the EXCEDE III experiment,” where the atmosphere
was artificially dosed with a large flux of highly energeticelectrons.
Although this flux level was high enough to induce very high vi-
brationalrotational transitions in NO (higher than those observed
in CIRRIS), no enhancements were observed in the 15-um CO,
emission. Based on the EXCEDE observations, it can be argued
that the 15-um enhancements observed by CIRRIS are probably
not due to particle precipitation, but rather to increased CO, con-
centrations. Temperature retrievals above 100 km based on ratios of
spectrallines in the P- and R-branches of the 626 band system were
attempted using the method of Zachor and Sharma,”® but were not
successful. This may have been due to a lack of sufficient signal to
noise and/or spectral resolution.

Spectra in the 17-25-micrometer passband (400-590 cm™).
Observations in this region have been examined between about 20
and 120 km. The emission in this region up to about 80-km tan-
gent altitude is dominated by pure rotational H,O, which is char-
acterized by numerous randomly spaced lines that belong to the
P-branch of several subbands in the ground state. Emissions from
CO, (544 cm~')and high-N (N = 13-17) purerotationallines of OH
also contribute to the spectrain this region. The daytime spectra are
similar to the nighttime spectra except for the absence of OH, whose
populationis greatly reduced in the daytime. Nighttime spectra for
varioustangentaltitudesare showninFig. 15. CIRRIS spectrain this
region have been compared with the SHARC model?*=3! for both
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day and night conditions with excellent agreement for the strong
H,O lines. At altitude above 80 km, emission from collisionally
excited shuttle outgassed water vapor begins to contribute to the
rotational water spectrum, and above 100 km the emission is due

solely to this shuttle-induced water vapor contamination.**-3?

Summary of Radiometer Broadband Emission Survey

In this section we present a sample of limb radiance vs altitude
profiles for various CIRRIS-1A radiometric filter passbands. The
diurnal variation of the limb emission is shown for each band. Note
that the daytime profiles were generally obtained at high latitudes,
and so there remains the possibility that these data are influenced
by particle precipitation and Joule heating effects in the lower ther-
mosphere. In addition, the daytime observations at high latitudes
generally correspond to significantly lower SZAs than the daytime
data for low- to midlatitudes, thus further complicating the analysis.

Significant diurnal and latitudinal variations were observedin a
number of the filter bands. However, it was difficult to compare ra-
diometer profiles at high altitudes (above 100 km) due to low signal
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to noise. Attempts to average the data at high altitudes were com-
plicated by the presence of high-intensity outliers caused by tran-
sients resulting from within the signal processing system and also
from gamma particle hits. These large transients heavily weighted
the mean values resulting in artificially high (false) values for the
mean radiances. These spurious data points were eliminated using
straight-line demarcations separating them from the real data. The
data were then sorted into 2-km altitude bins, with the mean and
standard deviation determined for each bin. Figure 16 shows an ex-
ample of a processed profile superimposed on the raw data. The
average NER for this filter passbandis 1.8 x 10™° W/cm? - sr.

Radiometer Focal Plane 2 Data, 2.5-3.4-Micrometer Passband
(2940-3985 cm™")

Emissions in the 2.5-3.4 um region are due to OH, CO,, NO,
H,0, and aerosol scattering. Data were collected in this bandpass
continuously throughoutthe CIRRIS experiment. The most promi-
nent emissionin this bandpassis due to the Meinel bands of the OH
airglow emission, which peaks near 85 km. The fundamental band
sequence extends from ~3600 to 2200 cm~', but only the first four
transitions (4-3-1-0) fall within this optical passband. This Meinel
band emissionis brightestat night,due to productionof vibrationally
excited OH in the exothermic reaction of H+ O3, and diminishes
during the day due to chemical recombination processes. Variations
in the 2.7-um OH emission are also caused by gravity waves that
can introduce structure into the OH layer. Several typical profiles
are shown in Fig. 17. Note the similarity in behavior between the
nighttime low- and midlatitude profiles. The OH peak emission near
85 km is evident in the nighttime profiles. The daytime enhance-
ment at lower altitudes (below 75 km) is due to solar pumped CO,
and aerosol scattering. At high altitudes, there can be significant
emission from the NO (Av = 2) overtone band near 2.7 ;um, which
is an indication of chemical production of NO. The average NER
for this filter passbandis 1.8 x 107 W/cm? - sr.

The nighttime 2.7-pm profiles were examined for latitudinal and
SZA dependencies. No significant relationship was found between
peak radiance and latitude, or SZA. However, significant dependen-
cies were found between the peak altitude and SZA and between the
peak altitude and latitude (around local midnight). Unfortunately,
latitude and SZA are not independent parameters in the CIRRIS
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Fig. 16 Typical 2.7-pm (2.5-3.4-pum) profile for high-latitude daytime conditions showing the raw radiometric (FP2) data superimposed with the

fitted profile (crosses) described in the text.
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Fig. 18 Radiometer profiles for various conditions in the 4.1-4.5-psm passband.

database, and, therefore, it is difficult to determine whether the peak
altitude was dependent on SZA, latitude, or a combination of the
two. Modeling studies® of OH suggesta dependency on SZA that
is generally consistent with the CIRRIS observations.

Radiometer Filter 1 Data, 4.1-4.5-Micrometer Passband
(2210-2450 cm™")

The main emitters in the 4.3-um region are CO, (v3) and NO*.
Emissionsin the 4.3-um passband from CO, (v3) and NO™ were ob-
served for both day and nighttime conditions but are up to 60 times
brighter in the daytime. These emissions are also enhanced in au-
rora. Several typical profiles are shown in Fig. 18. The average NER
for this filter passband is 1.3 x 10~° W/cm? - sr. Below 100 km, the
emission is primarily due to CO,, whereas above 100 km, the emis-
sion results from a combination of CO, and NO*. The bump in the
profile near the mesopause at night was determined to be the result
of the 9-8 and 8-7 transitions of the OH (Av = 1) fundamental band

sequence, which emit throughoutthe 4.3-um passbandregion. The
daytime enhancementswith SZA are due to CO, solar fluorescence.
At altitudes above about 140 km, the emission is due primarily to
NO*.

Radiometer Filter 2 Data, 4.9-7.1-Micrometer Passband
(1405-2060 cm™")

The emitters in this region are CO, NO, and H,O. Several typical
profiles are shown in Fig. 19. The average NER for this filter pass-
bandis 5.9 x 107! W/cm? - sr. In the lower thermosphere this band-
pass is dominated by the 5.3-um NO fundamental band emission.
The emission was observed from about 60 km up to shuttle altitudes
of about 260 km. The variability of the 5.3-um emission in the
lower thermosphere is described by Wise et al.>* The peak radiance
of the 5.3-um NO emission was found to vary between 105 and
140 km. Radiance vs tangent height profiles are shown for various
atmospheric conditionsin Fig. 19.
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Fig. 20 Radiometric tangent height profiles in the 6-9-p4m passband.

In many of the nighttime profiles, a bump can be seen around
85 km near the mesopause. This may be due to a temperature
inversion. Between 70 and 95 km, emission from the fundamen-
tal band of CO makes a significant contributionto the total radiance
observedin this passband. Below 70 km, the passbandis dominated
by emission from vibrationally excited H,O at 6.3 pm.

Radiometer Filter 3 Data, 6-9-Micrometer Passband (1115-1690 cm™")
The only significant emitters in this passband are NO and H,O.
Above about 80 km, this bandpass is generally considered to be a

window region. However, P-branch emissions from the rotationally
nonthermal component of NO (Refs. 35-37) are present through-
out the 6-9 um passband for both day and nighttime conditions.
These nonthermal emissions vary with both local time and latitude
and will be described in more detail in a future paper. The average
NER for this filter passband is 4.2 x 107!° W/cm? - sr. In the lower
atmosphere and the mesosphere, the emission in this passband is
dominated by the 6.3-m water band and falls off very rapidly with
altitude. For aurora and daytime conditions, the emission persists
well above 100 km due to the rotationally hot component of the NO
emission. Typical profiles are shown in Fig. 20.
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Fig. 21 Radiometric profiles in the 8-12-pm passband.

Radiometer Filter 7 Data, 8-12-Micrometer Passband (835-1250 cm™')

Emission in the 8-12-pum passband is dominated by the v; band
of ozone at 9.6 um. Emission from the v, band of ozone at 9.1 um
is weaker than the v; band by more than an order of magnitude
and, thus, makes only a small contribution to the total radiance
measured in this passband. In the daytime, between about 60 and
100 km emissions from the two solar-pumped CO, laser bands at
9.4 and 10.4 um are significant contributors to the overall radiance
in this passband. Above 105 km, the radiances are consistent with
predictions for NRER due to telescope off-axis leakage. The O;
(v3) emission peaks at about 85 km and diminishes rapidly with
increasing altitude thereafter. Daytime radiances exceed the night-
time values up to about 60-65 km. At higher altitudes, depletion of
ozone in the daytime causes the D/N ratio to fall below 1. Above
100 km, the nighttime radiances exceed the daytime values by about
an order of magnitude. Variations are most notable at 85 km, where
the secondary peak in the ozone concentration diminishes in the
daytime due to solar photodissociation. The average NER for this
filter passbandis 2.2 x 107! W/cm? - sr. Typical profiles are shown
in Fig. 21.

Radiometer Filter 0 Data, 8-18-Micrometer (555-1195 cm™!)

The dominant emissions in the 8-18.0-um passband are O;
(9.6 um) and CO; (15 um). However, at altitudes above 100 km, the
O; emissionfalls off very rapidly, and thus, the 15-um CO, band be-
comes the only significant radiator in this passband. Consequently,
in the lower thermosphere, this passband can be considered to be a
15-um CO, filter, which measures variations that are due solely to
changes in the CO, emission. Figure 22 shows typical day, night,
and auroral profiles. The profiles in this passband show considerable
variability, especially in the 80-120-km-altituderegion. Variability
due to ozone similar to that observed for the 8-12-um passband is
apparentnear 85 km. Above 100 km variations are due to variability
in the atomic oxygen and CO, densities. The average NER for this
filter passbandis 1.8 x 107!° W/cm? - sr. Nearly all of the 8-18-um
profiles exhibit radiance peaks or knees in the 80-120 km region.
Many profiles exhibittwo peaks, one at about 80-90 km and another
at approximately 105-110 km, whereas others show only the upper
of these two peaks. Often these features appear as only knees in
the profiles, whereas in other cases they appear as actual peaks. In

either case, these features are observed for both day and nighttime
conditions and for all latitudes. The emission above 110 km was
found to be enhanced in the daytime and at high latitudes relative
to nighttime midlatitudes. At present, there are no known mech-
anisms for chemical production of CO, in excited states that can
explain these observations. We do not believe that these enhance-
ments above 110 km can be attributed to atomic oxygen density or
temperature effects. Consequently, we suggest that these observed
enhancements in CO, radiance are most likely the result of varia-
tions in CO, density resulting from vertical winds induced by Joule
heating and wave activity3*

In the mesosphere, emission from the 9.6-um (v;) band of O;
makes a significant contribution to the overall radiance observedin
this passband. As a result of this, the 15-xm emission from CO, in
the mesosphere can only be estimated by subtracting the radiance
measured in the 8-12-pum passband for a nearby scene from the
value observed for the 8-18-m band. A more comprehensive and
unambiguous set of 15-um CO, data have been collected for the
mesosphere and lower thermosphere by the SPIRIT III sensor on
the MSX satellite experiment.*

Radiometer Filter 6 Data, 17-Micrometer Long Pass (420-565 em™!)

Emissions due to pure rotationaltransitionsof water vapor are the
only importantemissionsin the 17-24-um passband. Profiles in this
passband are characterized by steadily diminishing radiance from
the ground to approximately 80 km. There is little diurnal variabil-
ity observed for this emission, however, a latitudinal variation was
observed. These profiles were found to be in good agreement with
profiles generatedby using the SHARC atmosphericradiance model
up to about 80 km where the observed profiles flatten out and the
emission becomes dominated by NRER (see earlier discussion on
telescope off-axis leakage) and eventually by collisionally excited
near-field water contamination® Typical filter six radiometric pro-
files are shown in Fig. 23. The average NER for this filter passband
is 1.2 x 107" W/cm? - sr.

Summary of the Minor Species Measured by CIRRIS
Trace Gases of the Mesosphere and Lower Thermosphere

In this section we collect and summarize the results reported
elsewhere by various authors.
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Fig. 23 Radiometric tangent height profiles from the 17-ym long pass filter.

CO. Dodd et al.** have analyzed the emission from CO in the
4.7-pum region between 70 and 150 km and have reported abso-
lute column radiances for '>C'°0, 3C'°0, and >C'"*0. The mi-
nor isotope column radiances are up to 30 times more intense
than predicted, based solely on the natural isotopic abundances
of 13C and 80, with greater relative importance at night. These
isotopes are optically thin and efficiently pumped by the warm
Earth surface. The Atmospheric Radiance Code (ARC) line-by-
line non-LTE code was used to calculate the CO vibrational tem-
peratures and the resulting band limb radiance, based on a spec-

tral fitting technique. Synthetic basis functions were calculated
for various rotational temperatures, with positions from the HI-
TRAN9?2 database’® fitted to the '2C'®0. The radiance profiles for
day/night conditions are shown in Fig. 24 along with model re-
sults (Winick, private communication). Daytime CO limb radiances
are about seven times brighter than corresponding nighttime cases.
The data indicate that currentclimatology databasesunderestimated
CO above ~70 km. Lower atmospheric boundaries (ground and
clouds) can be a predominant excitation source for weak, isotopic
bands.
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Fig. 24 CO limb emission profiles obtained from interferometer data
(courtesy of Jeremy Winick).

CO,. CO; emissions observed at both 4.3 and 15 um in the
lower thermosphere exhibited strong latitudinal dependencies for
bothnightand daytime conditions. This was probably due to the high
geomagnetic activity that occurred before and during the CIRRIS
observationsresulting in increased CO, concentrationsin the lower
thermosphere from vertical winds generated by Joule heating 3* In
the daytime, the high/midlatitude ratio of the 4.3-m emission var-
ied from about 2.6 at 120 km to about 5.8 at 140 km. Because of
the high-inclination orbit of the STS-39 mission, this variation in
CO, emission was due to the variation in latitude and SZA. The
SZA dependence was due to the radiative excitation from the upper
mesosphere, which itself exhibits a strong SZA dependence (due to
the opacity effects on solar pumping). When the effects of this up-
welling emissionare incorporated,it was found that the CO, density
declines by about a factor of 4 between high and low latitudes at
140 km (independentof SZA) and by abouta factor of 2 at 120 km
(for K, =5) (Winick, private communication). Similar results are
evident from analysis of the CO, data in the 15-m region.

H,0. Emissions from atmospheric water are found throughout
most of the IR spectrum for tangent altitudes up to about 85 km.
Vibrational emissions from water occur in both the 2.7- and 6.3-pum
regions. The v, fundamental band at 6.3 um was observed with
the CIRRIS interferometer (filters 0 and 3) and with the 6-9-um
radiometer filter band (filter 3). Pure rotational water vapor emis-
sions in the 17-22-pum region were also measured with both the
interferometer (filters 0 and 6) and radiometer (filter 6). Spectral
simulations performed using the SHARC and SAMM atmospheric
radiance models were found to be in good agreement with CIRRIS
observations?®¥ Typically, this agreement was better than 30%
over the observed tangent height range in both the v, and pure-
rotation wavelengthregions. In addition to atmospheric water, near-
field contaminationfrom collisionally excited water outgassed from
the shuttle was also observed at tangent altitudes above ~85 km
(details are given in the section on contamination).

NO. Emissions from NO were observed in both the fundamen-
tal and overtone band regions. These data have been analyzed and
reported by a number of authors 33364041 Several important dis-
coveries were made from analysis of the CIRRIS-1A spectrain the
fundamentalband region around 5.3 um (Refs. 35,36, and 40). One
of these is the identification of R-branch rovibrational bandheads.
The first two bandheads (v = 1 and 2), which are located at 2020 and
1990 cm™!, respectively?>3¢ are prominent features in the daytime
spectra, particularly at high latitudes and also at nighttime in the au-
roral zone (see Figs. 9and 11). Althoughnotas easily apparentin the
nighttime spectra for low and midlatitudes, Smith and Ahmadjian®’
have confirmed the presence of bandheads in the spectra for these
conditions as well, by analyzing coadded interferograms. The spec-
tra in this region have been interpreted as a superposition of two
components: one that is rotationally thermalized and one that is

characterizedby a nonthermal rotational distribution with very high
rotational excitation where Jy,,, > 82. This nonthermal rotational
component is excited both vibrationally and rotationally and can
be characterized by rotational temperatures in the range of 2500~
5000 K. Smith and Ahmadjian®* identified R-branch bandheads for
vibrationalstates up to v =1—10. These highly rotationally excited
emissions in NO have also been observed in the artifically excited
atmosphere by an IR interferometer flown on a rocketborne elec-
tron beam experiment (EXCEDE 111).*> These authors reported ro-
tational bandheads correspondingto vibrationallevels up to v =12
and rotational temperatures in the range of 4500-8000 K. Lipson
et al.** used nonlinear least-squares spectral fitting to analyze the
thermalized componentof the NO fundamental band in the CIRRIS
spectra and found that the spin-orbit distribution represents a third
degree of freedom, along with vibration and rotation, that is not
in equilibrium with the local kinetic temperature. This subthermal
distribution is most likely produced by the collisional uppumping
of NO (v =0) by O atoms, which is the major source of NO (v =1)
in the thermosphere. Determination of the kinetic temperature from
the rotational envelope of the thermalized component has been ex-
amined by Sharma et al.,** Dothe et al.,** Duff and Sharma,* and
Sharma and Duff* for altitudes above 130 km. Sharma et al.*}
found that the rotational envelopes could be adequately described
by Maxwell-Boltzmann distributions. The temperatures derived by
these authors were typically 25% lower than those predicted by the
MSIS model at most altitudes.* Analysis of NO spectra for alti-
tudes below 80 km was complicated by the presence of competing
emissions from water (v,) and from two Oz combination bands.
Armstrong et al.*® developed a model from their analysis of the
fundamental band, which they used to predict NO emissions for
the two components in the overtone band. They concluded that this
region would be dominated by the nonthermal component. These
predictions have recently been confirmed by Smith.*’

NO*. AlthoughNO™ is the dominantpositiveion below 170 km
in the thermosphere during the day, its atmospheric emission spec-
trum in the IR has been somewhat difficult to measure due to the
coincidence of its fundamental band (2344 cm~!) with the very
strong CO, (v3) emission band at 2349 cm~!. Nevertheless, NO*
was tentatively identified in the emission spectra of an overhead
aurora obtained by the field-widened interferometer rocketborne
experiment*®%°; however, the observed signal was very close to the
noise level of the instrument. This problem was overcome in the
CIRRIS experimentdue to the superiorsensitivityof the CIRRIS-1A
interferometer, and unambiguous spectral identification of NO* in
the atmospheric emission spectra was made for the first time. NO*
was clearly observed not only for high-latitude auroral conditions,
but also for daytime conditions as well. Emissions from NO* for
low/midlatitude conditions were more difficult to discern from the
nighttime spectra but were clearly evident even with weak auro-
ral dosing at high latitudes. The presence of NO* emissions for
low/midlatitude nighttime conditions was confirmed by analysis of
coadded spectra. In general, quiescent nighttime NO* emissions
are about an order of magnitude weaker than daytime emissions,
and emissions at low latitude are weaker than emissions at high
latitudes.

Analysis of CIRRIS-1A data has indicated that NO* is the dom-
inant radiator in the 4.3-um regions for tangent altitudes above
about 140 km in the daytime’*3' The authors of Refs. 50 and 51
reported that the vibrational distribution (v < 2) was consistent with
NO* production dominated by the N;’ +0—NO*"(v)+ N(D)
reaction in agreement with the conclusions reported by Caledonia
et al.5? from recent rocketborne auroral radiometric measurements.
More recently, Smith et al.* have reported that a significant fraction
of the NO™ emissionis from highly rotationallyexcited NO* (v, J),
where J > approximately 90. This non-LTE rotationally excited
component was observed for both quiescentand aurorally disturbed
conditions.

03.  Ozone emissions in the v; and v; fundamental bands at 9.1
and 9.6 um, respectively, were observed with several interferom-
eter filters (0, 3, and 7) and radiometer filter 7 (8-12 wum). These
data have been analyzed to retrieve O3 density or VMR profiles
in both the stratospheric®> and mesospheric® regions. Generally,
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Fig. 25 Example of stratospheric IR emission spectrum collected at 2224 LT 29 April 1991, at a tangent height of 14.1 km, latitude of 42°S, longitude

of 32°W, by CIRRIS-1A interferometer detector 5, filter 3.

these profiles were found to be in good agreement with previously
reported measurements by others>>=57 Zhou et al.>* inverted CIR-
RIS limb radiance profiles to retrieve the (001) excited state pop-
ulations that were in turn used, in conjunction with the modeled
vibrational temperature, to estimate the total ozone density profiles.
The mesospheric profiles derived from the CIRRIS observations
showed a strong diurnal variation and a clear secondary maximum
near 88 km. However, the derived ozone concentration was roughly
two times larger than that predicted by the recent two-demensional
photochemical model of Garcia and Solomon.*® Zhou et al.,’ also
estimated the daytime ozone photodissociationrate. Lowell et al.>
used the (001)-(000) band to retrieve the kinetic temperature profile
in the 70-110kmregion, assuming the closely spaced rotationallev-
els to be strongly collisionally coupled, given mean collision time
(10~* s at 90 km) and radiative lifetime of 10~! s.

Spectraof ozonehotband chemiluminescencein the v; band were
also obtained with the CIRRIS interferometer (filters 0, 3, 5, and 7)
and radiometer (filter 5). These NLTE emissions from highly vibra-
tionally excited ozone are an important source of radiation in the
10-12.5-pum region in the mesosphere. The high-lying vibrational
levels responsible for these emissions are populated in ozone pro-
ductionresulting from three-body recombination of O and O,. The
spectraobservedin this region show considerablespectral structure;
however, most, if not all, of this structure can be ascribed to pure ro-
tational transitions from highly rotationally excited OH. These OH
emissions are described in more detail in the next section. A state-
by-state intrepretation of the CIRRIS O; (v) spectra has not been
performed, but is clearly complicated by the presence of these OH
features. However, the absence of spectral structure in this region
that can be associated with O3 hot bands appears to indicate a high
degree of vibrational mode mixing or hot rotational distributions as
suggested previously by Rawlins et al.>’

OH. IR emissions from OH were observed in all of the in-
terferometer filter passbands (filters 0, 1, 2, 3, 5, 6, and 7). As a
result, a large number of OH Earthlimb spectra were collected in
several spectral regions. Fundamental band vibration/rotation emis-
sions from OH (v = 1—9) and pure rotationalemissions from highly
rotationally excited OH (N = 13—33) were observed between tan-
gent heights of 80 and 110 km for both daytime and nighttime qui-
escentconditions>® These data were analyzedin the 430-575cm™',
780-1000cm™!, and the 2100-3750 cm™! spectralregions by Dodd
et al.?® to derive OH (v, N) absolute population column densities
and the relative populations for the four spin sublevels. This anal-
ysis indicated equal populations in the two spin-rotation states, but
a preferential population of the TT(A’) A-doublet state leading to
a TI(A")/TI(A”) ratio of 1.8. Smith et al.>* gave several possible
sources for the highly rotationally excited OH (v, N). These were
1) direct chemical production by the H 4 O; reaction, 2) collision-
induced transfer of vibrational to rotation energy, that is, V/R trans-
fer, from nascent OH high-v states, and 3) excitation of thermal OH
(v=0) by translationally excited (fast) oxygen atoms (O /). Dodd
et al.* examined these and other possible sources and concluded
that mechanisms 1 and 2 were both consistent with all aspects of
the CIRRIS OH (v, N) observations, but that other possible sources
could be eliminated from consideration. In addition, these authors

suggestedthe possibilitythatthe two separatechannelssuggestedby
Kaye®! for the H + Oj; reaction might preferentiallypopulate high-v
and high-N levels of OH, respectively. Further study will obviously
be required to identify which of these two possible sources is the
correct mechanism.

In addition to the spectral data discussed, OH emissions also
contributed to the in-band radiance observed in six of the eight
radiometer filter passbands (FP1, filters 0, 1, 5, 6, and 7 and FP2).
At night, OH emissions dominated the radiance in the FP2 filter
passband (2.5-3.4 um). As a result, a large number of OH radiance
vs tangentheightprofiles were obtained during the CIRRIS mission.
These profiles were discussed in an earlier section.

Trace Gases of the Stratosphere

In this section we summarize the results reported previously by
several authors 2234:52=64 More than a dozenimportant stratospheric
species (greenhouse gases) were measured simultaneously by the
CIRRIS interferometer.These speciesinclude CO,, CFC-11, HNO;,
CFC-IZ, 03, NzO, NOz, N205, CH4, ClONOz, HzO, CF4, and CC14,
all of which emit in the 5.5-13 um region. A typical CIRRIS strato-
spheric spectrum in this spectral region is shown in Fig. 25.

Unfortunately, only a small portion of the mission was allo-
cated to the collection of vertical Earthlimb radiance profiles in
the atmospheric window regions using a step-stare (vertical stair-
case) data collectionmode. In addition, remember that the CIRRIS-
1A experiment did not carry ancillary sensors designed to provide
the temperature, pressure, and aerosol measurements necessary to
retrieve the trace gas volume mixing ratios directly from the IR
data. As a result, the analysis and retrievals were performed by us-
ing the National Meteorological Center temperature-pressure pro-
file closest to the measurement in time and space. Details of the
specal analysis, the density profile retrievals, and the error analy-
sis are found elsewhere>*62% VMR profiles were retrieved from
the CIRRIS spectra utilizing an onion-peel retrieval method that
used FASCOD3% with HITRAN9?2 database® to provide the syn-
thetic comparison spectrum. The horizontal bars in Fig. 25 indicate
retrieval regions used by Bingham et al.?> and Zhou et al.®>% to
obtain the VMR profiles for the various species.

Recently, an optimal numerical temperature and constituent re-
trieval code was developed and applied to the CIRRIS-1A data.®*
This code utilized an efficient derivative of FASCODE 3, in con-
junction with the HITRAN96 database,®® coupled to an optimal es-
timation inversion method. This code allowed for the simultaneous
retrieval of middle atmospheric temperature and trace gas species
VMR profiles with significantly reduced errors. In addition to the
trace species mentioned earlier, this code found clear evidence for
the presence of several additional speciesin the CIRRIS-1A spectra.
These speciesinclude SFg, HNO,, and several additional CFCs such
as CHCL,F (F21), C,CL,F; (F113), and C,CL4F, (F114). Unfortu-
nately, the signatures of these species were either very weak or were
apparent at only the lowest tangent heights available in the CIRRIS
database (15 km or less). As a result, accurate stratospheric profiles
for these species could not be retrieved. Initial daytime tempera-
ture retrievals using the CO, laser bands (940-960 cm™!) produced
exaggerated temperatures above 50-km altitude due to significant
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non-LTE contributions from the upper stratosphere. These non-LTE
effects were later accounted for by Miller et al.,*” who used a non-
LTE compensation technique to retrieve accurate daytime tempera-
ture profiles from the CIRRIS data in the CO, laser band region.

Significant diurnal variations were observed for several species
(N,05,NO,, and CIONO,) in agreement with previous observations
by others. The VMR profiles for a number of stratospheric species
also exhibited differencesthat are believed to be due to hemispheric
variations. However, it must be remembered that (due to orbital
limitations) nearly all data collected for the northern hemisphere
were for daytime conditions, whereas the southernhemisphericdata
correspondedto nighttime conditions. As a result, all differencesin
the VMR profiles must be considered as due to a combination of
both latitudinal and diurnal effects.

The CIRRIS stratospheric measurements are important because
they occurred only a few weeks before the eruption of Mount
Pinatubo (June 1991), which drastically changed the stratosphere
for a number of years thereafter. Consequently, these measurements
serveas a baselineagainstwhich various post-Pinatuboobservations
can be compared ®~7° In this way, the short- and long-term effects
of a major volcanic eruption on the stratosphere can be accurately
assessed. In addition, these data fill an important gap in the mea-
surements between the LIMS (1979)"!'-73 and ATMOS (1985)"+7°
and the more recent ATMOS (1992),%° UARS,%-7¢ and EASOE’%7"
data sets.

VMR profiles for various stratospheric species retrieved from
CIRRIS spectra were in excellent agreement with previously re-
ported results from other investigators’3~% The major findings and
conclusions from these investigations are summarized as follows.

1) The use of the CO, laserband at 940 cm™! providedaneffective
way to estimate aerosol emissions in the retrieval of greenhouse gas
profiles.

2) Aerosol densities in the pre-Mt. Pinatubo eruption period were
found to be very low, as expected for a period with low volcanic
activity.

3) The average annual global increase of CFC-11 and CFC-12 in
the stratosphere was found to be continuing at a rate of about 5%
per year.

4) The average annual global increase of CF, and CCl, near
the tropopause was estimated at approximately 2 and 3% per year,
respectively.

5) Linear relationships between several of the long-lived trace
gases (CHy, N,O, and CFC-12) were observed as predicted by the
two-dimensional model calculations of Plumb and Ko.%

The successfulretrieval of the VMR profiles for a number of very
weakly emitting, minor trace gases such as N,Os, CION,, CF,, and
CCl, from the CIRRIS database has demonstrated the extremely
high quality of this data set and the usefulness and accuracy of
the FASCOD3/HITRAN model and database. It is clear from the
success of this effort that a set of broadband, high-precisionspectral
measurements with moderate resolution, when used in conjunction
with a high-accuracymodel, can provide adequate data for the long-
term monitoring of a large number of important greenhouse gases.

Auroral Emissions

The CIRRIS auroral data collections occurred during periods of
moderate to active (4- < K, < 7-) geomagneticactivity (see Fig. 2).
Aurorally produced emissions were observed for NO (at 2.7 and
5.3 um) and CO, and NO* (both at 4.3 um). Enhancements were
also observed in CO, emission in the 15-um region, but these are
believedtobeduetoJoule-heating-induced verticalliftof CO, rather
than any direct excitation mechanism.3* Spectral enhancements of
the NO bandheads have previously been discussed by Smith and
Ahmadjian® and Armstrong et al.*

The brightest auroral emissions were observed in 4.3-um CO,
and in 5.3-um NO bands. The high-latitudenighttime radiance pro-
file in Fig. 18 for aurorally disturbed conditions shows the dramatic
enhancementeffect of particle precipitationon CO, and NO* in the
4.3-pum region. In the lower thermosphere above 100 km, the auro-
ral enhancementsin this spectral region are due mainly to enhanced
production of NO™ because the transfer of vibrational energy from
N, to CO, can take an hour or greater at these altitudes. Below

100 km, the N, vibrational transfer to CO, is more efficient, and
there is also much less NO*. Large enhancementsin the radiancein
the NO (v = 1) fundamental band were also observed for aurorally
active conditions (see Fig. 19). In many cases the high-latitude au-
roral radiances exceeded those observed for high-latitude daytime
conditions.

In the lower thermosphere at altitudes above 100 km, NO over-
tone emissions at 2.7 um were observed during high-latitude au-
rora, making this channel an effective auroral diagnostic tool. The
3914A and 5577A emission channels were also elevated during
these periods, thus confirming the presence of auroral excitation.

The possibility of direct auroral excitation of O; has been sug-
gested by Rawlins et al. 7% from analysis of spectra in the 9.6-um
region from two separate rocketborne auroral measurements. En-
hancementof O; (v > 3) number densitiesin the vicinity of a strong
auroral arc was suggested as one possible explanation for a dis-
crepancy between full-limb and partial-limb column density results
observedin the SPIRIT 1 experiment® These conclusionsare con-
sistent with observations of electron beam-enhanced O; (v3) emis-
sionreportedby Paulsen et al.*? during an artificially induced aurora.
Unfortunately, a detailed analysis of the CIRRIS auroral spectra in
the ozone hot band region has yet to be carried out. As a result,
these potential auroral effects on ozone emissions have not been
confirmed by CIRRIS observations and, thus, for the time being
remain inconclusive.

Terminator Crossing Data

The CIRRIS-1A sensors collected data during both sunrise and
sunset terminator crossings. However, the data collected from the
sunset terminator crossings were more useful because the LOS was
oriented parallel to the terminator during these crossings. Prelimi-
nary results from these terminatordatacollectionswere firstreported
by Smith et al.¥” In most cases, the structure observed near the ter-
minator was due to diurnal variations. Abrupt changes (of a factor
of 2-4) were observed near the mesopause in the 2.7-um (OH) and
8-12-um (O3) filterbands. The OH band exhibits a sharp increase of
abouta factor of 4 at the dusk terminator, whereas the O; band shows
a similar abrupt increase of around a factor of 2.5. The 8-12-um
band radianceis lower during the daytime due to ozone photolysis,
but this is partially offset by contributions from Oz hot bands and
solar excited CO, laser bands. OH productionis primarily from the
H + O3 reaction and, thus, decreases rapidly after dawn due to de-
pletion of O;. A slow increase of about a factor of 3 in OH radiance
during the day is attributed to an increase in ozone due to O atom
photoproductionand to an increasein H atoms.*® The observed vari-
ations across the terminator in the 2.7-um band have been closely
simulated using the OH model of Makhlouf et al.** In the meso-
sphere, large diurnal variations (~x 100) were also observed in the
4.3-um CO, band. It is well known that NO also exhibits a large
diurnal variation, but this variation was not discernible close to the
terminator in the CIRRIS data. This is probably because changes
in the 5.3-um emission are mainly due to increases in NO density
rather than a solar fluorescence mechanism (such as is the case with
4.3-um CO,). However, significant spatial structure was observed
in the 5.3-pum band near the edge of the auroral oval. Several bands,
including the 6-9-, 11-13-, and 17-um long pass window bands,
showed almost no variation near the terminator.

Downward-Viewing Backgrounds
Below the Horizon Spectra

Downward-looking observations of the Earth background were
obtained over the United States from Baja California, Mexico, to
Ontario, Canada. Spectral data were collected for both cloudy and
clear conditions, primarily in the 4.9-um short-pass optical fil-
ter. Figure 26 compares spectra obtained in the mid-wave infrared
(MWIR) region for two different cloud cover conditions. The emis-
sion in the heart of the band is optically thick and, thus, originates
from the same altitude in both spectra. Spectral data of this type can
be useful for space surveillance applications in the MWIR. Black-
body radiation from the warm Earth surface dominates the spec-
trum for broken cloud conditions, whereas when denser clouds are
present, these clouds attenuate the emission from the Earth’s surface
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and thermal emission from the cooler clouds is the dominantsource.
On the short wavelength side of the band, the emission is due to a
combination of thermal emission and solar scattering components.
The atmosphereis opaque in the heart of the CO, bandnear 4.3 um
and, therefore, the sensor is unable to view the ground. The emis-
sion in this region originates from an altitude of about 20 km and
thusis invariantfor the differentcloud conditions. A typical CIRRIS
below-the-horizon(BTH) spectrum in the 4.3-m region was mod-
eled by Adler-Golden et al.*° using both LTE (MODTRAN) and
non-LTE (SAMM) atmospheric codes. Significantly better agree-
ment was obtained using the SAMM model, thus indicating the
importance of non-LTE effects in modeling upwelling radiation in
the 4.3-um region of the IR. A typical example of a downward-
looking background spectrum obtained with the open filter (filter 0)
is shown in Fig. 27.

Spatial Structure in BTH Backgrounds

Spatial structure in the nadir-looking backgrounds from CIRRIS
hasbeen well characterizedby several groups.33~%° The goal of these
studieswas to characterizebackgroundclutteragainstwhich surveil-
lance systems must detectmissile and plume signatures. An example
of the spatial structure observed in the 2.7- and 4.3-um bands (col-
lected simultaneously) is shown in Fig. 28. The 2.7- and 4.3-um
bands are either correlated or anticorrelated,depending on the pres-
ence of cloudsand the SZA. Note the transitionfrom terrain to cloud
background, which occurs at appoximately 60 s. When clouds are
present, the 2.7-um band (2.5-3.4 um) is dominated by scattered
sunlight off of the clouds, whereas the 4.3-um band (4.2-4.6 um) is
dominated by thermal emission from the cloudtops. Because these
clouds are coolerthan the Earth’s surface, the emitted radiancein the
4.3-pum band is lower than when clouds are absent. This generally
results in anticorrelationbetween the 2.7- and 4.3-um channels. We
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Fig. 26 Examples of downward-looking spectral data from the
CIRRIS interferometer in the MWIR (4.3-pum) region.
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use the term anticorrelation here to mean a high degree of nega-
tive correlation as opposed to no correlation. When no clouds were
present, the emittance from the Earth’s surface could be detected
in both bands, and the emission in these two bands was generally
correlated. However, atmospheric absorption along the LOS must
also be considered, particularly in the case of the 4.3-um band.

CIRRIS Celestial Observations

Three stars were observed by the CIRRIS-1A radiometer. These
were a-Scorpio (Antares), a-Bootes, and a-Centauri. The in-band
radiances measured for these stars are summarized in Table 5. Mea-
surements of o-Scorpio were obtained in all of the radiometric fil-
ter passbands. The in-band radiance of «-Scorpio in the 8-17-um
band was within 10% of a similar measurement made by the IRAS
experiment .’

In addition, w-Bootes was also measured in a number of different
radiometric passbands. The 6-9 um measurementcan be compared
to the in-band irradiance specified for the MSX/SPIRIT III Band A
(6.8-10.9 um) of 1.45 x 107 W/cm? (Ref. 97). The CIRRIS ra-
diometer detector FOV is approximately 1.5 x 107 sr, which gives
an in-band irradiance of 1.8 x 10~'* W/cm?.

A chanceobservationof o-Centauriby the IR radiometeroccurred
close to the sunrise terminator during an auroral measurementmode
(PC42B) near the end of orbit 20. The point source emission in
the 6-9-um band could be discerned above the rising background
emission. These results are also shown in Table 5.

CIRRIS Measurements of Shuttle-Induced Contamination

Before the STS-39 shuttle mission, there was still much debate
over the acceptability of the space shuttle as a platform for conduct-
ing sensitive IR measurements. This debate was fueled in part by
mass spectrometer measurements from an earlier mission (STS-4),
which recorded significant levels of gaseous water contaminationin
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Fig. 28 Cloud and terrain structure indownward-lookingradiometric
data in the 2.7- and 4.3-pm regions.
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Fig. 27 Typical interferometer spectrum of a downward-looking background obtained using the open filter (Filter 0); note the absorption features
due to water, ozone, and carbon dioxide near 6.3, 9.6, and 15.0 xm, respectively.
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Table 5 In-band radiances (W/cm?- sr) measured by the CIRRIS-1A
radiometer for the stars a-Bootes, a-Centauri, and c-Scorpio

Radiometer filter passband, um

Star 2.5-34 4.1-4.5 4.9-7.1 6-9 8-12 11-13 8-17 17 LP
«a-Scorpio 2.0E-07 3.0E—-08 5.0E—-08 3.3E-08 2.0E-08 S55E-09 20E-08 2.7E-09
«-Bootes 7.2E—08 1.36E—-08 2.0E—08 1.2E—-08 e e 6.6E—09 e
«o-Centauri  1.0E—-07 e e 1.05E-07 e e e e
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Fig. 29 IR shuttle glow spectrum in the 450-2500 cm™! region.

the near-field shuttle environment’®* Considerable attention was
also paid to the subject of shuttle glow, as a resultof the initial report
by Banks et al.!®

In addition, the interactionbetween contaminantsoutgassed from
the shuttle and other low-Earth-orbit (LEO) platforms and the am-
bient atmosphere was expected to produce background emissions
of sufficient magnitude to impact the sensitivity threshold for mea-
surements taken with IR sensors mounted on these platforms.!! =105
In particular, translation/vibration (T/V) and translation/rotation
(T/R) energy transfer resulting from energetic collisions between
IR-active shuttle effluents and ambient atoms or molecules in the
atmosphere was expected to be an important source of shuttle-
induced IR emission under LEO flight conditions.|%*195 The first
IR observations of shuttle-induced contaminants were reported by
Koch et al.!% from measurements made by a helium-cooledinfrared
telescope (IRT) flown on STS-51F (Spacelab 2, 1985). However, be-
fore the CIRRIS observationson STS-39, relativelylittle was known
about the IR environment of the space shuttle.

IR spectral measurements obtained by the CIRRIS-1A inter-
ferometer for high tangent altitudes and positive elevation angles
(Fig. 29) showed clear evidence of emissions in the 4-25 um re-
gion, which were not attributable to atmospheric sources.!®3%3! [In
Fig. 29, the characteristic H,O (010) band gap is illustrated in the
inset. The shaded intervalidentifies the primary region of overlap for
the v, fundamental and pure-rotational emissions, and the dashed
curve (1650-2000 cm™!) illustrates the NO (1, 0) contribution to
the uncorrected data. Positions of H,O high-J transitions are indi-
cated with pluses.] The CIRRIS-1A cryogenically cooled telescope
was designed to achieve very high off-axisrejection, and this design
proved to be quite effective in minimizing the contribution of out-
of-field-of-view radiation (leakage) from the lower atmosphere and
the hard Earth relative to the very weak signals measured in the
high-altitude Earthlimb scans. Based on an analysis of Earthlimb
and bay-to-space data, Dean et al.*® concluded that the residual
signals observed in the very high Earthlimb were not due to inad-
equate off-axis rejection of the telescope system, but were instead
produced in the near field of the shuttle by outgassed water vapor
(mostly from the shuttle tiles) that had been vibrationally and ro-
tationally excited by collisions with ambient atmospheric atomic
oxygen. Considerable translationalenergy (about 3 eV) is available
from these collisionsfor energy transferto excite the IR-active water
molecules. This excitationresults in average effective temperatures
that are very high (2000-2200 K) (Refs. 30 and 32). The effect of

these high temperatures is to produce a spectrally extended H,O
emission spectrum that extends continuously throughout the entire
IR spectral region from 2 to 40 um. In addition, numerous spectral
peaks correspondingto known positions of high-J transitionsin the
pure rotational and v, regions were identified in these spectra.!?7-198
Zhou et al.'” developed an IR contaminant model to investigate
the shuttle-inducedexcitationand emission of water molecules out-
gassed from the space shuttle. This model was utilized by these
authors to simulate the near-field measurement environment for the
STS-39 (CIRRIS-1A) and STS-51F (IRT) shuttle missions for both
normal outgassingand water dump conditions. This study estimated
that approximately 1.4 x 10>’ H,O molecules (or 41.5 kg of water)
were outgassed from the shuttle before the completion of the CIR-
RIS measurements at approximately 60 h. mission elapsed time
(MET). Starting at an outgassing rate of ~10% mol/s (0-h MET)
the water contamination decayed rapidly during the first two days
(25 h) with a time constant of ~2.5 h, and then decayed more slowly
thereafter (with a time constant of ~38 h). However, the CIRRIS
instrument cover was not open during the first 20 h of the STS-39
mission. By the time the CIRRIS measurements were begun, the
water outgassingrate had droppedto 2 x 10?° mol/s. Unfortunately,
these results can not be considered as typical of other space shut-
tle missions because the amount of water carried into space by the
shuttle tiles is highly dependent on prelaunch weather conditions,
which can vary significantly from one flight to another. The CIRRIS
measurements showed enhanced brightness from behind the orbiter.
This observationis consistent with the model calculationsof Zhou et
al.,'” which indicate that most of the H,O molecules are excited in
front of the shuttle and are then stripped back away from the source
to the downstream region. During normal outgassing periods (with
water outgassing rates <5 x 10?2 mol/s), these authors also con-
cluded that most of the H,O molecules were excited by collisions
with ambient oxygen. On the other hand, during high outgassing
periods (such as water dumps) the large amount of water released
shields the oxygen atoms from the source of the H,O molecules
and, therefore, many water molecules in the center of the cloud do
not collide with ambient oxygen atoms and are, thus, not excited.
Inadditionto the gaseouscomtaminationdiscussedearlier, partic-
ulate contamination effects were also occasionally observed during
the CIRRIS mission. The particulate environment surrounding the
shuttle during the CIRRIS mission was studied by Green et al.!'
using data from both the interferometer and radiometer. Although
these authors concludedthat the STS-39 environment was generally
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quite benign, several discrete particle events were nonetheless ob-
served. Using particleradiances, spectral distributions,and blur cir-
cle sizes, these authors estimated particle sizes and ranges. Despite
an estimated particle size detection threshold of ~50 um, the par-
ticles observed were all in the range of a few hundred micrometers
to several centimeters.

Nonthermal Emissions from Highly Rotationally Excited Species

Prior to the CIRRIS experiment, atmospheric radiance models
and codes assumed that atmosphericspecies were in rotationalequi-
librium at the local kinetic temperature (LTE). The excess energy
from exothermic reactions was assumed to go primarily into trans-
lation and vibrational excitation of the reaction products. In fact,
this LTE assumption is the basis for various techniques that utilize
the rotational distribution (envelope) to derive local atmospheric
temperatures. The CIRRIS data have clearly demonstrated that this
assumption is not always valid in the mesosphere and the thermo-
sphere and, furthermore, thatitis generallynot the case for diatomic
species.

Among the most significant scientific discoveries to come from
the CIRRIS experiment was the identification of important new
non-LTE emissions from several highly rotationally excited di-
atomic species in the mesosphere and thermosphere. These non-
thermal (high-J) rotational emissions were observed for OH, NO,
and NO* for both day and nighttime conditions. The presence of
these non-LTE rotational emissions greatly increases the spectral
extent of the IR signatures from these important atmospheric emit-
ters. Whereas non-LTE vibrational excitation extends the emission
feature only on the red (long-wavelength side) side of the thermal
band, non-LTE rotational excitation extends the emission on both
sides of the thermal band. In most cases, these high rotational emis-
sions extend into regions that were previously thought to be atmo-
spheric IR window regions, where they then become the dominant
radiators. Taken together these emissions extend nearly continu-
ously throughout the IR from 2.5 to 25 um. A summary of the
spectral extent of these non-LTE rotational emissions is given in
Fig. 30.

Rotational bandhead emissions were observed for the fundamen-
tal and overtone bands of NO and for the NO* fundamental band.
Bandheads in the pure rotational spectrum of OH are predicted at
1094cm™! (v=0, N =47)and 1034cm~! (v=1, N = 46), respec-
tively, by the model of Goldmanetal.,''! butwere notobservedin the
CIRRIS spectra. Non-LTE (high-J) populations in thermospheric
CO (v=1) have been predicted by Kutepov et al.''? at altitudes
above 100 km. Indeed, CO (v =1) rotational temperatures derived
from CIRRIS data have given temperatures significantly greater
(by an average of 300-400 K) than the local kinetic temperatures
in the 120-200 km altitude range **** Consequently, a search for
CO bandheads in the fundamental band region of the CO emission
spectrum was conducted, but no bandheads were found. However,

rizes the maximum rotational and vibrational levels observed and
the corresponding minimum rotational and total internal energies.
Typically, these rotational energies exceed the vibrational energies
for v <4. The fraction of the total internal energy that is in rota-
tional excitation for several selected vibrational levels is given in
Table 7.

A summary of the rotational non-LTE emissions observed by the
CIRRIS sensors is presented in Table 8. Table 8 lists the species,
vibrational and rotational states, and the range of tangent altitudes
for which these emissions were observed.

Since the first published reports of these highly rotationally ex-
cited emissions in the upper atmosphere, there have been numerous
studies undertaken to identify the sources of these non-LTE emis-
sions and to model the emissions. For OH, these studies include
those by Dodd et al.,2%®* Holtzclaw et al.,''* and Adler-Golden.!'*
For NO, these include studies by Sharma et al.,’”43!15:116 Dyff

Table 6 Summary of the bands, vibrational and rotational levels,
minimum rotational energy, and total internal energy for
non-LTE rotational emissions observed by CIRRIS

Maximum Maximum Minimum Minimium total
Band, J or N level v level rotational  internal energy

Species  Av observed observed energy, eV R4+V), eV
NO 1 >82 9 1.4 3.1
NO 2 >82 12 1.4 3.7
NO+ 1 >90 4 1.9 3.0
OH 0 33 6 2.3 33

Table 7 Fraction of the total internal energy that is in rotational
excitation for various highly rotationally excited species

Fraction of internal energy in rotation

Species v=0 v=1 v=3 v=4 v=9
OH 1.0 0.828 0.613 0.296° —
NO — 0.803 0.626 0.558 0.33
NO* — 0.826 0.641 0.567 —

*Maximum N values for vibrational levels above v =3 are typically in the range
~19-31 and fall in the 575-780 cm™' region, which is obscured by the very strong
15-um COz (v2) emission band. As a result, the maximum N values observed are
probably not the maximum levels populated. Therefore, the rotational fraction given
should be considered as a lower limit for OH (v =4).

Table8 Summary of the vibrational and rotational levels
and tangent height range for which rotational non-LTE
emissions were observed by CIRRIS

Tangent altitudes for

Band, wlevels JorN levels whichhigh-J emissions

note that these bandhead emissions are predicted to occur starting Species Av  observed observed were observed, km
at 2326 cm™! (v =1), which is in the region dominated by the very NO (. 1) . 10 To at loast 82 100260
_ v, - o at leas —
strong CO, (v3) band at 2349 em”. NO (v, J) 2 2-12 Toat least 82 90-130
The high-J /N rotational emissions observed by CIRRIS corre- NO* (’U ) 1 -4 To at least 90 100-215
spond to very high levels of rotational excitation with minimum OH (v }V) 0 1-6 13_35 78-110
rotational energies in the range of 1.4-2.3 eV. Table 6 summa-
NO'(v, )
Av=1
NO"
Av=2 Av=1 Av =0
| oHw,N ] OH(v, N)
l | ] I | | I | I | | l
2 4 6 g8 10 12 14 16 18 20 22 24

Wavelength (pm)

Fig. 30 Spectral extent of non-LTE emissions from highly rotationally excited species observed by CIRRIS.
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etal.,''” Armstronget al.,* Hubertet al.,''® Duff and Sharma,!"*~!%!
and Dothe et al.!?? A potential source of the highly rotationally ex-
cited component of NO* was recently investigated by Duff and
Smith.1?3

Summary of Major CIRRIS Findings

The CIRRIS experiment was the first global survey of IR emis-
sions in the mesosphere and lower thermosphere. This mission pro-
vides a unique set of data that has allowed for significant upgrades
of our atmospheric models and has provided guidance for a large
number of future space experiments, ground-based investigations,
and bandpass selections for space defense systems. The CIRRIS
experiment was flown during a solar maximum period in April of
1991, at the peak of solar (sunspot) cycle 22. As a result of this tim-
ing, the CIRRIS database serves as an important benchmark against
which other measurements can be compared to determine solar cy-
cle variations of numerous species in the mesosphere and lower
thermosphere. The coincidental timing of the CIRRIS mission with
a major geomagnetic storm was an additional unanticipated benefit
that substantially increased the chances of obtaining measurements
of highly disturbedauroral backgroundsand resultedin a substantial
amount of auroral data being collected. In another bit of fortunate
timing, the CIRRIS measurementsoccurredonly a few weeksbefore
the eruption of Mount Pinatubo (June 1991). This was a significant
eruption, which drastically changed the stratosphere for a number
of years thereafter. Consequently, the CIRRIS stratospheric mea-
surements serve as a baseline against which various post-Pinatubo
observations can be compared. In this way, the short- and long-
term effects of a major volcanic eruption on the stratosphere can be
accurately assessed. The simultaneousdata collection by the two ra-
diometer channels and the interferometerresulted in a combination
of high spectral and spatial resolution that makes these data unique
and has led to importantnew insightsinto the chemistry of the upper
atmosphere.In addition, these data provided the sources of variabil-
ity within broad radiometer passbands. We summarize some of the
many significant findings to come from the CIRRIS experiment as
follows.

There were a number of unexpected and important scientific dis-
coveries that resulted from analysis of the CIRRIS high-resolution
Earthlimb emission spectra. Undoubtedly, the most significant of
these discoveries was the identification of important new non-LTE
emissions from several highly rotationally excited diatomic species
(OH, NO, and NO%) in the mesosphere and thermosphere. These
nonthermal rotational emissions were observed for both day and
nighttime conditions and were not included in or predicted by ex-
isting atmospheric models before the CIRRIS flight. Subsequent
studies®-115:117:123 have shown that several exothermic reactions can
produce significant rotational excitation of the reaction products.
This seems to be especially true for reactive collisions between
energetic (fast) atoms and ions and ambient molecular species.
The presence of these non-LTE rotational emissions greatly in-
creases the spectral extent of the IR signatures from these impor-
tant atmospheric emitters on both sides of the thermal emission
band causing them to extend into several atmospheric window re-
gions. Taken together these non-LTE emissions extend through-
out a significant portion of the IR region from 2.5 to 25 um.
These emissions are discussed in more detail in the preceding
section.

Other findings, discoveries, and conclusions derived from anal-
ysis of the CIRRIS data are listed next (not necessarily in order of
their importance).

1) There were unambiguous observations of IR emissions from
NO™ in aurora and for the first time in the dayglow and nightglow
spectra.

2) Enhanced 15-um CO, emissions were observed at high lat-
itudes, due to enhancements in CO, resulting from vertical winds
induced by Joule heating.

3) There was discovery of a new IR shuttle glow resulting from
collisionally excited outgassed water vapor, which forms an exten-
sive hot contamination cloud surrounding the space shuttle.

4) Nonthermal (subthermal) spin-orbit population distributions
were observed for NO (X?IT,v=1, Q= %, %) in the thermosphere.

5) Preferential population of the IT(A") A-doublet state was
observed for OH from analysis of the pure rotation emission
spectra.

6) Many minor stratospheric greenhouse gases were observed,
and their concentrations retrieved, thus characterizing the pre-
Mt. Pinatubo stratospheric environment. Profiles successfully re-
trieved include the weakly emitting trace gases N,Os, CIONO,,
CCly, and CF,, as well as the chloroflorocarbons CFC-11
and CFC-12.

7) Radiances from the two most abundantisotopes of CO (C!30!®
and C!20'®) were observed and found to be up to 30 times more in-
tense than predicted,based on their naturally occurring atmospheric
abundance.

8) Aurorally enhanced NO emissions are significantin the funda-
mentaland overtonebandsandin the 6-9-um regiondue to P-branch
contributions from rotationally hot NO (v, J).

9) Significant auroral enhancements were also observed for NO™
and CO, in the 4.3-um region.

10) No auroral enhancements were found in the 11-13- or 18-
22-pm window regions.
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