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Section 1
INTRODUCTION AND SUMMARY

1.1 GENERAL INTRODUCTION

In this report we document progress we have made in two major subject areas.
The first of these includes the analysis and interpretation of spectral
earthlimb emission data obtained in the DNA sponsored SPIRE experiment, and
the implications of this analysis for application to cases of interest to the
AFGL/DNA community. The second subject area involves a supporting laboratory
experiment to obtain data pertinent to understanding the nuclear effect of
fluorescence of fireball light. The laboratory experiment also directly
supports the analysis and interpretation of the SPIRE data and the
interpretation and analysis of high resolution spectral earthlimb emission
data that are expected to be obtained in forthcoming DNA sponsored
experiments, such as the SPIRIT and related experiments.

1.2 SUMMARY OF THE SPIRE DATA EVALUATION EFFORT

Analysis and interpretation of spectral earthlimb emission data obtained in
the SPIRE experiment was the principal thrust of this effort. The analysis
was aimed at quantifying the role of CO2 in the formation of the non-LTE
earthlimb at wavelengths 15, 4.3 and 2.7 uym. Non-LTE mechanisms for CO2
emission in these wavelength regions were verified and in some cases upgraded,
by comparison between predictions and the SPIRE data. Implications of this
analysis for the gravity wave-induced horizontal structure in the 15 um
earthlimb were also presented.

Analysis of the 15 uym SPIRE data confirmed that two mechanisms were required
to be incorporated into the pre~SPIRE model to improve it, namely (1) the
detailed altitude dependence of the Tine and band shape for the 15 um
radiative transfer calculation, and (2) the rate constant for quenching the
CO, (010) by atomic oxygen was required to be considerably larger at

7
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mesospheric temperatures than T-1/3 extrapolation from high temperature
laboratory data would predict. Three mechanism were found to dominate the
sunlit 4.3 um earthlimb; these are (1) absorption and subsequent reemission by
COZ’ primarily in the 001-000 fundamental band of the major 626 CO,

isotopic specie at altitudes above 105 km and primarily by weak 'hot bands'
and minor isotopic species at lower altitudes, (2) the fluorescence of
sunlight at 2.7 um, and to a lesser extent, 2.0 and 1.6 um sunlight in the
altitude range below 105 km, and (3) the transfer of excitation from oxygen
singlet D to N, vibration via a quenching collision, 0('D) + N, is

important in the 55 to 65 km altitude range. Analysis of the night time

4.3 ym data indicated that (1) the transfer of excitation from OH(V > 0) to
NZ(V=1) is required to model the data in the 75 to 90 km altitude region,

and (2) a second mechanism is required to model the data at higher altitudes.
Direct absorption of sunlight and a "Chapman-1ike" mechanism were found to be
inadequate for this purpose. Our initial analysis of the sunlit 2.7 um SPIRE
data stimulated a coordinated effort within the AFGL/DNA community to
understand this aspect of the SPIRE data. This culminated in a combined and
complimentary effort by R. Sharma, T. Degges and ourselves in arriving at an
understanding of the sunlit 2.7 um SPIRE data. The major mechanisms were
determined by this triad to be (1) the fluorescence of 2.0 and 1.6 um sunlight
by C0,, (2) the resonance scattering of 2.7 um sunlight by H,0, and (3)
absorption and reemission of 2.7 um sunlight by C02.

Quantitative details are given in section 2,0 below, previewed by a detailed i
qualitative summary in section 2.1.

1.3 SUMMARY OF LABORATORY EFFORT

We have conducted laboratory studies of the fluorescence of C02 at 4.3 um
resulting from initial excitation of the 101 band due to absorption of laser
1ight near 2.7 um. By utilizing a pulsed laser source at 2.7 um we have been
able to observe the resulting fluorescence at 4.3 um and thereby provide
direct laboratory confirmation of this mechanism which is a major contributor |
to the earthlimb radiance from CO2 near 80 km altitude. {




OQur report discusses several experiments designed to verify the branching
ratio for radiation at 4.3 um versus reemission at 2.7 um. Several
experimental difficulties pertinent to this measurement are discussed. We
also describe measurements of the rate of decay of the 4.3 um emissions for
13C02 and 12C02 in the presence of N, and the interpretation of

these results as they relate to the rate of vibrational energy transfer
between CO, and N,. Additional possibilities for enhanced understanding
of the mechanisms related to CO, emission which would involve measurements
of several LWIR bands of CO2 are discussed.

%
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Section 2
SPIRE DATA EVALUATION AND IMPLICATIONS

2.1 DETAILED QUALITATIVE SUMMARY

Analysis of the 15 um SPIRE data given in section 2.2 below shows that our
pre-SPIRE non-LTE model for the CO, 15 um earthlimb was deficient in two
aspects. First, the altitude dependence of the line and band shape needed to
be accounted for in our radiative transfer model. Second, we also needed to
utilize an updated rate constant for the quenching of C02(010) by atomic
oxygen. This updated rate constant is required to be much faster at
mesopheric temperatures than the rate recommended by Taylor (1974) on the
basis of the extrapolation from high temperature laboratory data that the log

of the rate constant is proportional to T ‘1/3.

That the first of these effects might be important was first suggested at a
DNA meeting some years back by T. Degges in discussion of effects seen in

15 uym zenith radiance data that had been obtained in a rocket borne experiment
on 3/22/73 (Rogers et al., 1976). In subsequent analysis of these 15 um
zenith radiance data and another set obtained 2/14/74 (Rogers et al., 1977) we
incorporated the effects of altitude dependence in the line and band shape.
But we found there was still indication that some further improvements were
required to achieve satisfactory agreement with the 15 uym zenith radiance data
sets. To this end we proposed that a much faster rate constant at mesopheric
temperatures for the quenching of C02(010) by atomic oxygen than was
recommended by Taylor (1974) on the basis of extrapolation from high
temperature laboratory data could indeed provide the key to achieving
satisfactory agreement with the two 15 um zenith radiance data sets.

Recent laboratory measurements (Simpson, 1980; Allen et al., 1980) of

quenching of (0,(010) by N, have shown that high temperature results of
this rate constant could not be extrapolated to Tow mesopheric temperatures by




the method recommended by Taylor, and that in fact, the extrapolation severely
underpredicted the low temperature rate constant, as we had suggested might be
the case for the quenching by atomic oxygen as based on our analysis of the

15 um zenith radiance data. Based on the Simpson data, Sharma and Nadile,
(1980) proposed a square root dependence at low temperature for the quenching
by atomic oxygen, normalized to achieve a reasonable fit to the SPIRE 15 um
data. Sharma developed a non-LTE model for the COZ 15 uym earthlimb that
utilized both the altitude dependent line and band shape for radiative
transfer for the CO2 15 um radiation, and also the faster rate constants at
mesospheric temperatures for quenching by N2, 02 and most importantly, by
atomic oxygen. He utilized this model to achieve a much better understanding
and fit to the SPIRE 15 um data than had been achieved by earlier pre-SPIRE
calculations. In the work we report here in section 2.2 we provide
independent confirmation for the results obtained by Sharma.

The comparison of our predictions and the daytime SPIRE 4.3 um data that we
report in section 2.3 below confirms the predictions of James and Kumer (1973)
that the fluorescence of 2.7 um sunliight by C02 is a major mechanism for
producing the daytime 4.3 ym earthlimb on the tangent altitude interval from
approximately 60 to 110 km. The role of fluorescence of 2.7 um sunlight by
minor isotopic CO2 species, and the role of fluorescence of 2.0 and 1.6 um
sunlight by C02 are also considered. These are shown to be significant, but
not dominant mechanisms for producing the daytime 4.3 um earthlimb. The
contribution of "weak" C02 4.3 uym bands is seen to be approximately as
important as fluorescence of shorter wavelength sunlight for producing the
daytime 4.3 uym earthlimb for tangent altitudes less than approximately

110 km. This result could be inferred from the papers of Kumer (1977a) and
Caledonia et al. (1982). For tangent altitudes greater than approximately

65 km the primary weak band excitation mechanism is absorption of 4.3 um
sunlight. This is also the primary excitation mechanism for the strong co,
626 007-000 4.3 um band in that altitude region. In the 55 to 65 km altitude
region the excitation of Ny(V=l) by transfer of energy from oxygen singlet D
is found to be a major contributor for excitation of COZ 4.3 ym emission as
predicted by Kumer (1977a). It was found that a better fit to the data could

11




be achieved in the altitude region less than 80 km by utilizing an earthlimb
radiance calculation that accounts for altitude dependence in line and band
shape. An analytic approximation for the radiative transfer width and

transmission functions (defined in the paper by Kumer and James, 1974) derived
from work done by Neuendorffer (1982) was utilized for this purpose. The
approximation aiso utilizes the mass path averaging technique to approximate
the line and band shape parameters for a given earthlimb viewing line of sight
as suggested by Weinreb (1982).

In general we slightly overpredicted the daytime 4.3 um data for all four
sunlit scans. We investigated the possibility that this resulted from some
uncertainty in the knowledge of the azimuth of the SPIRE scan pattern such
that the pattern was rotated further than thought from the sun thereby
requiring lower solar elevation angles for our calculation than were actually
prescribed by AFGL personnel. Careful study indicated this was not the case.
We now believe our general overprediction is most likely the result of a minor
inaccuracy in absolute radiometric calibration.

The analysis of the night time 4.3 um earthlimb in Section 2.4 supports the
theory of Kumer et al. (1978) that the principal night time C02 4.3 um
excitation mechanism in the approximate region 75 to 90 km is the transfer of
vibration from the OH airglow upper states OH(V > 0) to N2(V=1) followed by
subsequent transfer to the C02(v3) states. At higher altitude an

additional source of excitation is required to model the data. In our analysis
we showed that direct absorption of sunlight could not be responsible for this
additional source. We also showed that a "Chapman-like" airglow related
source could not be responsible for the additional excitation.

In section 2.5 we discuss our work in modeling the 002 contribution to the
sunlit 2.7 um earthlimb. In our first efforts at modeling the daytime CO,
contribution to the 2.7 um earthlimb we showed (Kumer, 1981) that absorption

and reemission of 2.7 um sunlight by the 626 COZ specie would severely
underpredict the SPIRE data. This stimulated the community to reconsider the
problem. Sharma (1981) showed that the €0, contribution would be
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considerably enhanced by considering fluorescence of 2.0 and 1.6 um sunlight.
Degges (1981) showed there was a very significant contribution to the daytime
2.7 um earthlimb due to absorption of 2.7 um sunlight by HZO followed by
subsequent reemission. We showed that an additional enhancement in the model i
could be obtained by considering the absorption and reemission of sunlight at
2.7 ym by the minor isotopic C02 species. Sharma (1981) pulled all these
results together and showed that the combination of these effects can in fact
reasonably account for the SPIRE daytime 2.7 um earthlimb data.

In section 2.6 we considered a simplified implication of the SPIRE data.
i Looking ahead to problems of interest such as that of the horizontal structure

j in limb radiances at various wavelengths we utilized what we had learned in
the 15 um region to generate an example of the horizontal structure that might
be caused in the 15 um region by a gravity wave. For the simplified gravity
wave model we utilized a cross section of data (Noxon, 1978; Faire et al.,
1972; Petersen 1979) from the literature on the perturbation effects of
gravity waves on the ambient temperature profiles and the simple theory of
Hines (1960) to relate temperature and density perturbations. These data
suggested that a model with a temperature perturbation of 40 deg at 95 km and
wavelengths of 140 km horizontally and 20 km vertically is not unreasonable.
This example gravity wave is consistent with description of the data, and the

theory of the phenomenon presented in Chapter 5 in the report
(AFGL-TR-81-0207, Atmospheric Infrared Radiance Variability, edited by
Humphrey et al., 1981), which is devoted to structure and wave-1ike phenomena

in the upper atmosphere. For this model we perturbed the SPIRE model L
atmosphere for two cases differing by » in phase and performed 15 ym 1limb
radiance calculations for these two cases. Significant horizontal radiance
structure was noted as the result of this exercise.

2.2 ANALYSIS OF SPIRE 15 um DATA

The discussion in section 2.2 focusses on the analysis of the final version of
firm computer processed spectrally integrated SPIRE data in the 14 to 16 um
band as prepared by Sharma and Nadile, 1980. The final version of the

13

- ™ R e




Nadile SPIRE 14 to 16 um data and a representation of these data that we will
use in subsequent comparisons with our calculations is shown in fFig. 2-1. An
overall numerical correction factor of 2, discoverea by Dave Green in 1981,
has been applied to the data shown on Fig. 2-1.

2.2.1 Modifications in our CO2 15 um Model Required to Achieve the Best Fit
to the SPIRE DATA

A major point of interest in the SPIRE 15 um data is the prominent
plateau-like structure which appears in the 90- to 110-km region, this feature
was not predicted by pre-SPIRE non-LTE modeis of the 15-um CO2 earthlimb.

In this report we provide evidence for upgrading the pre-SPIRE model by two
effects (1) inclusion of altitude dependence in the CO2 rotational

population and in the absorption line shape, and (2) the use of a faster rate
for quenching by 0(3P) of the CO2 upper state 01'0 for 15-um radiation

than earlier literature recommended estimates (Tayior, 1974).

The principal excitation mechanisms for 002 15-um emission in the earth
upper atmosphere include absorption of earth shine and excitation by thermal
collisions with the more abundant species in the earth's atmosphere, i.e.,

N N
02}+ 010 > £+ 00% (2.1)
2§ 2
and
0(%) + 010 > o(%) + 00% (2.2)

These reactions proceeding to the right result in the quenching component due
to constituent M at a rate Q;y = Ky [M] where M may be 0y, N,, or

0(3P), and where i correspondingly is 1 or 2. Proceeding to the left
excitation by thermal collisions is given by Xim = 2 kiBy [M] where By

is the Boltzmann factor associated with the local atmospheric kinetic
temperature, and factor 2 accounts for the increased degeneracy in the upper
level 01'0 with respect to the lower 00°0. For our discussion it is
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critically important to point out that at high altitudes (Z ~ 75) where

A/Q >> 1, i.e., where radiation rather than quenching dominates de-excitation
of the 01'0 state, an increase in the quenching rate constants ki actually
results in an increase in CO2 15 um emission.

Another complicating facet of the problem is that the C02 15 um emission is
strongly self-absorbed along the limb viewing line of sight up to 120 km
tangent altitude. Radiation transport that accounts for multiple absorption
and re-emission of CO, 15 um photons is required. We will review our
detailed radiation transport formulation, which includes the temperature
induced altitude variation in rotational population and absorption line
shapes, in section 2.2.2 below.

The calculations we report here were performed with a model atmosphere for the
SPIRE event that was utilized by Sharma and Nadile (1980).

This mode) atmosphere is shown on Figs. 2-2 and 2-3. The Refs. 2, 3, and 4
that are cited in Table 2-1 are given in Table 2-2. Calculations of the SPIRE
14— to 16-um earthlimb above 65 km were performed for various conditions as
listed in Table 2-1. The parameter "key" identifies these conditions in
subsequent discussions. The parameter Zb is the lower boundary of the
calculations; blackbody radiation upward incident at Zb is characterized by
the atmospheric temperature at Zb. The rate constant k; for quenching of
01'0 by N, or 0, and k, for quenching by 0 are given as a function of
temperature T by the following:

Process Reference Analytic Approximations

1/3

M + 010 3 K -
M + 010 & ke | o= kpp+ 10718 VE

0 + 010 3 Ky | o= 2,32 x 1070 x exp (-76.75/T1/3)
0 + 010 2 kyg | = kpp v 10714VT
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Figure 2-2 Temperature model used for modeling analysis of the SPIRE
data (from Sharma and Nadile,6~27-1980). I ! !
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l Table 2-1 CONDITIONS USED FOR CALCULATIONS

Rate Constants
i Absorption Line and

i KEY Z (km){ M+010  0+010 Band Shape(2)

: 1 65 | Ref. 4 Ref. 2 | Variable with altitude

, 2 65 | Ref. 4 Ref. 3 { Variable with altitude

; 3 65 | Ref. 3 Ref. 3 | Variable with altitude

! 3-LOLORP 65 | Ref. 3 Ref. 3 | Line shapes fixed by 65-km

temperature and 65-km
pressure broadening

3-HILORP 65 | Ref. 3 Ref. 3 ] Line shapes fixed by 65-km|
temperature and 140-km
pressure broadening

4-LOLORP 65 | Ref. 4 Ref. 2 | As in 3-LOLORP
4-HILORP 65 { Ref. 4 Ref. 2 | As in 3-HILORP

5 40 | Ref. 4 Ref. 2 | Variable with altitude
6~HILORP 40 | Ref. 4 Ref. 2 | Line shapes fixed by 40-km

temperature and 140-km
pressure broadening

(a) Distribution of rotational populations.

Table 2-2 REFERENCES FOR RATE CONSTANTS UTILIZED IN THE C02 15 uym MODEL

2. R. Sharma and R. Nadile, “Carbon Dioxide (v2) Radiance Results Using
a New Nonequilibrium Model," paper presented at DNA-AFGL Nuclear Weapon
Effects Chemistry Conf., AFGL, Bedford, MA, 26 and 27 June 1980.

3. R. L. Taylor, "Energy Transfer Processes in the Stratosphere,” Can. J.
Chem., Vol. 52, 1974, p. 1436.

4, C. J. S. M. Simpson, private communications, 1980.
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The analytic approximations to kic and kyg were presented by Sharma at the
1980 DNA Chemistry Meeting. The analytic forms for Kls and Kog shown here

are prelimlnary expressions derived by Sharma. The form for KlS was
selected by Sharma to have the same low temperature functional form as Kls
and to achieve a reasonable fit to the SPIRE data. We stress that the form
that we show for KZS is a preliminary version and that Sharma has probably
updated this version in his more recent efforts to achieve a best fit to the
SPIRE data.

Calculations in which variation in the C02 band and line absorption shapes
as a function of altitude varying temperature and pressure are designated by
key =1, 2, 3, and 5. For comparison, some calculations performed with band
and line shapes constant throughout the atmosphere are characterized by
temperature T taken to be T(Zb) and by pressure broadening as given by

Table 2-1.

Case key = 3-HILORP represents the pre-SPIRE model, which uses the old rate
constants and non-varying line and band shapes; results of the calculation are
compared to the data representation in Fig. 2-4. It can be seen that the
plateau-1ike feature present in the data near 95 to 110 km is not at all
present in the calculation. The case key = 2, which improves on the old model
in that the recent Simpson data for reaction (1) is utilized and, in that the
altitude variation in line and band shape is accounted for, is shown in

Fig. 2-5. Here we see noted improvement between the predictions and data as
compared to the pre-SPIRE results previously shown on Fig. 2-4. The best
agreement however is achieved for the case key = 1 and is shown on Fig. 2-6.
This case further includes a postulated Tow temperature enhancement in 0(3p)
rate constant k, for quenching 01'0 as discussed above. We consider the

case key = 1 as providing the best fit since details of the shape of the 1limb
radiance profile are best reproduced by this case. A somewhat higher quality
fit of the data could be achieved in this case by translating the SPIRE data
set down by ~ 2 to 4 km. This is consistent with the stated experimental

accuracy of absolute altitude determination for the SPIRE data.
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for,and (2) the newer values for the rate constants as proposed by
Sharma (discussed in the text) are utilized.
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In this, our final report, we present results for the cases key = 1, 2, and
3-HILORP since these consistute a useful illustration of the improvements we
have implemented in our 15 um model. Exhaustively detailed results and
further discussion of all the cases included in Table 2-1 have been presented
in a previous contractual progress report. These results and the further
discussion are available on request for the interested reader.

2.2.2 Details of the Improved CO2 15 um Radiation Transport Model

The ability to account for the temperature and pressure altitude dependent
variation in the C0, 010-000 line and band shape is one of the two major
improvements in the models that are reguired to achieve an improved fit to the
data. In this sub-section we discuss the implementation of the effect into
the model in more detail.

The radiation transport problem breaks into two distinct steps: first, the
non-LTE calculation of the altitude dependent population of upper state of the
band, and second, the calculation of the observable radiance that resuits from
this non-LTE solution. In step 1, multiple self absorption and emission of
photons must be accounted for in general. In step 2, emission and self
absorption of photons along the sensor line of sight must be accounted for.

Calculation of the Non-LTE Solution. On Fig. 2-7 we show the basic geometry

and transport equation to determine S the excitation rate of C02 01'0 per
unit o [CO,] at altitude Z. The discretized matrix version of this integral
radiative transport equation €5 Gij Sj = Soi which actually must be

solved on a digital computer in order to solve for Si (i.e., the value of S

at altitude Z.) is also shown on Fig. 2-7.

The physics involved in the calculation of the radiative transport matrix
elements are shown in Fig. 2-8. The nested loops in the computer program that
are rquired for the calculation of the matrix elements Hij and for the

array T} is also indicated on Fig. 2-8.
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Note that line shape altitude dependence is accounted for by the altitude

dependent parameters b., a; and Gy(Z;). The quantity by is the

ratio of Doppler width “D(Zb) at reference altitude Z, to the width

vp(Z;) at the altitude Z;. Here vy is the 1/2 e-fold Doppler width as

used commonly in the astrophysical literature. The altitude dependent
parameter a; gives the ratio of the 1/2 maximum 1/2 width pressure broadened
Lorentz line parameter P(Z.) y (T[2;1/296") /% to the Doppler width
vD(Z ). Here P(Z ) is the atmospheric pressure at altitude Z; in

units atm at a]t1tude 21, y ~ 0.07 cm™ /atm is the pressure broadened
Lorentz parameter for CO, by air at STP and the factor (T(Z;)/296°)"}/2
accounts for temperature variation in y. The Voigt line profile ¢(ai, b
x) then, with x = (v - v,)/vp(Zy), gives the altitude dependence of the
line shape for a line centered at vo- The altitude dependence of the band
shape is given by GJ(Zi), the fractional rotation population of CO, in

the level J. The quantities GJ[T(Zi)] and “D[T(Zi)] are explicitly
dependent on atmospheric kinetic (and rotational) temperature T(Z;), and
derive their altitude dependence as the result of altitude dependence of the

i

temperature.

Also note the exponential function El (SpT Bj(x))which occurs in the
expression for H1J, this function relates emission and absorption between
layer pairs i and j in a plane parallel atmosphere. This function has been
defined and discussed in application to radiative transport in plane parallel
atmospheres going back to the days to Milne. The property that El (r) is
proportional to -1n (7) for T— 0 requires the use of the somewhat complicated
expression for G j as given on Fig. 2-7. This expression exploits the fact
thatf dr' £y (-,- ) =E5 (0) - E5 (T) where Ej(0) = 0.5 and

2(7) decreases monotonically with increasing 7. This property is exploited
by utilization of the escape function E; as defined on Fig. 2-9. Note the
alternate interpretation that Ei = SJ Hi in the limit that the j mesh

goes tow. Thus on a finite altitude mesh we can easily compute well behaved
matrix elements Gij ="£’Hj W; 93 for i # j anda Gj;=1-(1-
Ej)@; +2 Hi: Wi Q The quantity @; is the fraction of

i=j Mg "j¥5e
de-excitation of the upper level at Zi due to radiation. Total
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de-excitation is due to the sum of the radiative and quenching processes.
This is consistent with the definition of Si as proportional to the total
excitation rate at Z, in our formulation of the problem. The quantities

Nj are veighting factors required to perform the radiative transport
integrals over altitude. More detail on the choice of the wj is given in
the paper by Kumer and James (1974). Note here that Zﬁwj =_f;Lc

[C0,] dz = o N; where G Sg o N; is ~ the zenith optical depth at

altitude Zb at line center for a line in branch B (where B can be p, q or r)
which originates from ground rotational level J. Detailed definitions and
properties of the En (1) can be found in standard texts such as Abramowitz
and Stegun (Handbook of Mathematical Functions. U. S. Dept. of Commerce, U.

S. Printing Office, Washington, D. C. 1966).

The element Hij then is formed by an integral over all lines in the band,

and over all frequencies in each line, it gives the contribution to SJ due
to absorption at level Z; of photons that are emitted from level Z;. The
calculation assumes that the lines in the band are non over lapping, that 9,
applies for both the lower and upper states of the band, and that ¢ is the

line profile for both absorption and emission at Zj.

To calculate the solution S, to the discretized radiative transport
equation, equation Zj 635 Sj = Soj then requires a computation of the

matrix elements as described here and on Figs. 2-7 and 2-8, and a computation

of the inhomogeneous term S .. This followed by a routine calculation of

the inverse matrix G;} allows for calculation of the S; via S; =
-1

EJ' Gij SOj'

Given the G;; it is easy to use standard matrix inversion routines that have

been developed over the years by many different groups for matrix inversion to

obtain the elements G;%.

The inhomogeneous elements S . are the result of absorption of earthshine
which crosses the lower boundary Z,, and a second mechanism, collisional




excitation. This second mechanism was discussed in considerable detail in
section 2.2.1.

The details of calculating the contribution to Soi due to the absorption of
earthshine are given in our earlier papers (Kumer and James, 1974; Kumer 1977a
and 1977b). In the present application we have upgraded this calculation to
include the altitude dependence of the line shape ¢ (ai, b; x) and band

shape G (Z;).

The Radiance Calculation. Once the non-LTE solution Si has been computed
the next step is to calculate the radiance, as might be observed by a rocket

borne sensor in either a zenith or an earthlimb geometry, as is shown in
Figs. 2-9 and 2-10 respectively. The formulation shown utilizes altitude
dependent line and band shapes.

2.2.3 Further Improvements Required in Our 15 um C02 Model

To date we have implemented the altitude dependent line and band shape
formulation, as described in section 2.2.3 above, for just the CO2 15 um
fundamental band 01'0500°0. In our modeling effort, the results of which
are shown on Figs. 2-4, 2-5, and 2-6, we found that hot bands, such as
0220 010, also contribute significantly to 15 um CO, radiance. For these
bands however we remain limited to our older formulation which does not
account for altitude dependence in the line and band shapes.

In order to perform detailed spectral modeling of the SPIRE 15 um data, and of
data we anticipate will be obtained in the upcoming experiments such as CIRRIS
and SPIRIT, we will need to upgrade our code to account for this effect in all
the bands. The code also needs to be upgraded so that all isotopes can be
dealt with in a single run rather than a number of separate runs.

At lower altitudes the radiance calculation needs to be modified to account
for line overlap. We will show explicit examples of this effect and how it
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impacts analysis of 4.3 um SPIRE data in section 2.3.

region,

2.3 ANALYSIS OF SUNLIT SPIRE 4.3 um DATA

2.3.1 Data Processing and Comparison

To assist us in this analysis Nadile and Grieder provided us with spectrally

integrated SPIRE data on the following spectral pass bands.

Pass Band (um)

Spectrometer

4.00 - 4.03
4.03 - 4.45
4.45 -~ 4.48
3.90 - 4.10
4.10 - 4.50

HS-2
HS-2
HS-2

NS-2
NS-2

A comparison of our prediction for spectrally integrated 4.3 um earthlimb
radiance with the spectrally integrated SPIRE NS-2 data for sunlit scans 9

through 12 are shown on Figs. 2-11 through 2-14. The data (curve 1 on

Figs. 2-11 through 2-14) are given by

D = (0.4 um) (Ryy _

where Ry 1_4 5 is the average spectral radiance from 4.1 to 4.5 um provided
to us by Nadile and Grieder and Ry g , ;| is the average spectral radiance
from 3.9 to 4.1 um. The Ry g 4 1 is subtracted from Ry 1_4 g in order to

a15 ~ R3.9 - 4.1)

The effect will be
important in low altitude 15 uym data as well, particularly in the Q-branch
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Figure 2-11 The data (curve 1) for scan 9 are compared with our
predictions(curve 2) .Curve 3 is the component of the predictions due
to emission by the 626 CO, 001-000 band,curve 4 is the component due
to the "weak" bands and curve 5 the solar flourescence component.
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Figure 2-14 Same as Figure 2-11 except for scan 12,




provide a first order correction for DC offset in the spectral data. These
predictions for scans 9 through 12 apply for solar elevation data that were
also provided to us by Nadile and Grieder. The solar elevation data were a
subset of comprehensive SPIRE attitude and trajectory data that were provided
by Nadile and Grieder. The solar elevation angle at the tangent point of the
sensor line of sight on the 40 to 140 km tangent altitude range are listed for
scans 9 through 12 below:

Scan No. Range of Solar Elevation (deg)

9 13.2 to 9.6
10 11.6 to 7.3
11 6.8 to 4.2
12 10.2 to 0.3

2.3.2 Spectral Composition of the Sunlit CO2 4.3 um Earthiimb

Our predictions for the sunlit CO, 4.3 um earthlimb are labelled by curve 2
on Fig. 2-11 through 2-14, and are broken into components that are curves 3
through 5. Curve 2 is the sum of these components. Some of the bands that we
have included in our predictions of the sunlit 4.3 uym earthlimb are listed in
Table 2-3. Curve 3 is the contribution from the fundamental band of the major
C02 isotope, i.e., the 626 001-000 band. Curve 4 is the component that
includes the "weak" bands no. 2 through 8 in Table 2-3. The principal
excitation mechanism for the components labelled by curves 3 and 4 is the
resonance scattering of sunlight, i.e., the absorption of sunlight at 4.3 um
by €O, followed by subsequent reemission at 4.3 ym. A number of other
mechanisms contribute to the day time 4,3 um earthlimb as was discussed by
Kumer and James (1974). These are listed in Table 2-4 and will be discussed
below in more detail in the perspective of their importance to understanding
the SPIRE data. Curve 5 is the solar fluorescence contribution which is due
to absorption of sunlight by C02 at wavelengths shorter than 4.3 um followed




Table 2-3 THE C02 4.3 um BANDS

o €02 (§v3)  (3)

J Transition Isotope Comment
1 00°1 00°0 626 > Strong Band
2 00°1 00°0 636

3 00°1 00°0 628

4 00°1 00°0 627

5 otl1 o1lo 626 >— Weak Bands

6 o1l1  o1lo 636

7 o1tl1 o1lo 628

8 oil1  o1lo 627

9 0221 02% 626

10 02°1 02°0 626 IJ—-Fluorescent Bands
11 01°1 10°0 626 ‘

by reemission at 4.3 ym. The contributions to curve 5 include bands 10 and 11
in Table 2-3. These are the contribution from the 626 isotope that result
from absorption of sunlight at 2.7 um followed by reemission at 4.3 um. Curve
5 also includes contributions from the analogous minor isotopic bands that are
not listed in Table 2-3. Other bands which have been included in the
calculation labelled curve 5 are those €0, 4.3 um fluorescence bands that
result from absorption of sunlight at wavelengths 2.0 and 1.6 um. The
relative importance of these bands will be discussed in more detail below.

Verification that solar fluorescence of 2.7 ym sunlight is a major source of
4.3 ym earthlimb emission was a driving factor for performing the SPIRE
experiment. The importance of this mechanism was predicted by James and Kumer
(1973). It is seen that the fluorescence is in fact the major contribution
near 80 km as was predicted.




Table 2-4 MECHANISMS FOR DAYTIME EXCITATION OF co, vy IN THE

UPPER ATMOSPHERE

Item Mechanism

1 Thermal collisions with atmospheric species other than No.*

2 N+NO->No(v>0) + 0

3 | 0(1D)*Ny—>0(3p)+No(V>0)

4 Thermal collisions with Ny

5 Solar photo electron collisional excitation

6 COp(J)+hv(4.3 um)->C0(Jv3), i.e., abscrption of 4.3 um
sunlight in the CO2 "weak" bands

7 626(000)+hv(4.3 um)->626(001), i.e., absorption of 4.3 um sunlight
in the fundamental band of the major isotopic specie of CO»

8 Absorption of 4.3 um earthshine by atmospheric COp

9 Absorption of sunlight by COp at wavelengths shorter than 4.3

um, mainly at 2.7 um but absorption at wavelengths 2.0 and 1.6 um
have also been included, to produce the combination states
C02(Jdv3), next the J portion of the combination state is
passed to CO, via a resonance collisional transfer, i.e.
C02(Jv3)+C0p->C02(J)+C0»(001)
» or CO,(001) is obtained by the circuitous process;
CO2(Jv3)*+N2->C02({J)+No(V=1)
N2(v=1)+C02->N>+C02(001)

, in each case the end product of interest is C0,(001).

*The mechanisms above, exclusive of mechanism 6, have been discussed in
detail by Kumer and James (1974); mechanism 6 has been discussed
in detail in papers by Kumer (1977ab).
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It is also seen that the "weak" bands contribute approximately the same amount

to the 1imb radiance near 80 km as does the fluorescence component. Both the
"weak" band and the fluorescence emission dominate the contribution due to the
626 001-000 band for altitudes less than 100 km. The "weak" band contribution
to the sunlit CO, 4.3 ym earthlimb emission was not addressed in the

original James and Kumer (1973) paper, but its importance could be inferred
from the later papers by Kumer (1977a and 1977b). Analogously, Caledonia,
Green, and Murphy (1982) point out that the weak bands are the dominant
contributors to C02 4,3 um emission that is observed in laboratory

experiments that involve heavily self absorbed CO2 mass path lengths. Here,
our analysis of the SPIRE data indicates that the 4.3 um CO2 mass path for
earthlimb geometry is large enough to produce significant effects for
altitudes less than or equal to approximately 110 km. The pertinent effect is
that the "weak" bands make up almost 1/2 of the 4.3 um daytime earthlimb
emission on the tangent altitude interval from approximately 55 to 95 km.

2.3.3 General Discussion of the Comparison of the Data and the Predictions

Here we note that although the data vary by more than 2 orders of magnitude on
the range 40 to 140 km tangent altitude, our predictions are never
significantly more than a factor of 2 in disagreement, and for the most part
agree better than that with the data. There are several cases in the overall
comparison of the predictions and data for the four scans where disagreement
is more obviously marked, and we will discuss these cases here in general, and
then in subsequent discussion in more detail.

First we note relatively large disagreement between prediction and data in the
high altitude end of scans 10 and 11. Inspection of the predictions for all
four scans and of the data for the presumably better behaved scans (9 and 12)
would argue that the discrepancy can be attributed to noise, or perhaps an
effect of the variation of the DC level, and therefore, should be discounted.




Secondly, we note a sharp disagreement between prediction and data at lower
tangent altitudes beginning at 54 km and becoming very noticeable at 40 km in
all cases. We are reasonably sure that this results from a breakdown in our
assumption of non-overlapping lines in the cailculation of earthlimb radiance
for tangent altitudes less than ~ 55 km. We discuss this point, and a method
to remedy the situation in detail in section 2.3.7 below.

Third, there appears to be a general tendency for over prediction of varying
significance on the entire tangent altitude range from 55 to 140 km for the

i e wn

four scans. This apparent discrepancy is not particularly serious (typically
much less than a factor 2) and here we briefly consider several alternative
possibilities to improve on this situation; (a) the generally mild
overprediction on the approximate range ~ 80 to 140 km would be reduced if we
would use the Hays and Olivero (1970) CO2 mixing ratio model, which breaks
away from and becomes less than the constant altitude value of 3.2 x 1074 at
80 km, rather than at 100 km, which is the model we have employed for
generating our predictions on Figs. 2-11 through 2-14; (b) next, there is a
possibility that the solar flux is less than the value that we used in the
calculation, i.e., there may be solar absorption lines coincident with the

002 atmospheric absorption lines near 4.3 um; we have considered this
possibility to the extent that we have looked at papers such as thatof Mount
and Linsky (1975) which indicate that it is very doubtful that there is enough
002 in the solar atmosphere to cause the required absorption in the lines of
the fluorescent and weak bands that dominate the 4.3 um earthlimb from ~ 50 up
to ~ 105 km, and have concluded that this explanation is very unlikely; (c)
next, we have also considered the possibility that the entire scan pattern of
the SPIRE experiment was rotated further away from the sun than was determined
by AFGL personnel on the basis of star sensor and other data. Here we
consider item (c) in summary.

We discuss the issue of possible azimuthal misregistration in detail in
section 2.3.8 below. Attitude sensor systems on the SPIRE did experience some
problems. Vertical positioning was solved to better than 5 km accuracy on all
the scans by the utilization of prominent and well known features in spectral
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earthlimb emission. The comparison between data and predictions on Figs. 2-11
through 2-14 indicates generally that vertical registration of the SPIRE data
was indeed better than 5 km in accuracy. The general overprediction seen in
Figs. 2-11 through 2-14 suggests the average in whatever vertical
misregistration that there may have been should shift the data upwards
relative to the predictions.

The problem is somewhat more difficult for the azimuthal case. We looked into
this possibility in some detail, and report on it in section 2.3.8 below.

Here we summarize that our study was not absolutely conclusive but seemed to
indicate that a major error in azimuthal registration of the SPIRE scan
pattern is not likely. Again, the overprediction noted in Figs. 2-11 through
2-14 suggests that if there is any average misregistration in the SPIRE
azimuth, it should be away from the sun to reduce the predictions relative to
the data.

Finally we believe that the most likely explanation for the general
overprediction might be the simple result of some inaccuracy in the
radiometric calibration of the SPIRE instrument, and that the small scan to
scan variations in the qualitative comparison between the data and the
predictions might be the effect of some minor scan to scan misregistration in
both the vertical and in the azimuthal registration of the altitude of the
SPIRE.

2.3.4 Mechanisms for COZ 4.3 um Fluorescence

In discussion above it has been pointed out that 4.3 um fluorescence of
sunlight is a major mechanism for the 4.3 um earthlimb on the ~ 60 to ~ 100 km
tangent altitude range. Here we discuss that mechanism in a little more
detail. The James and Kumer (1973) work was limited to just the CO2 626
fluorescence originating from absorption of 2.7 um sunlight. Recently Sharma
and Nadile (1981) have shown that fluorescence of ~ 2.0 um and ~ 1.6 um
sunlight is important for explaining the 2.7 uym SPIRE data. This suggested
that we could improve on our previous work by quantitatively accounting for
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this effect at 4.3 um. Also it has been seen above, and it also has recently
been recognized by a number of workers in the community, that contributions
from minor isotopic species such as COZ 636, 628, and 627 can be very
important in the formation of CO2 earthlimb emission.

In the work we report here we have accounted for these effects on the 4.3 um
earthlimb fluorescence. On Fig. 2-15 we show for scan 9 the contributions to
4.3 ym earthlimb fluorescence from these sources. Curve 1 on Fig. 2-15 is the
contribution from fluorescence of 2.7 um sunlight by CO2 626, i.e., the
mechanism considered previously by James and Kumer. Curves 2 through 4
illustrate the contribution of the C02 isotopic species 636, 628, and 627
respectively. Curves 5 and 6 show the contributions due to C02 fluorescence
of 2.0 and 1.6 um sunlight respectively.

It can be seen that these additional sources of CO2 4.3 um fluorescence can
not be completely neglected. Curve 5 on Figs. 2-11 through 2-14 above is the
sum of the six components shown on Fig. 2-15., Although these additional
sources of fluorescence as defined in this section are not particularly
important for the 4.3 um earthlimb, the analysis by Sharma shows that they
should indeed be of major significance for the sunlit 2.7 um earthlimb.

2.3.5 Mechanisms for the Sunlit Earthlimb Emission at 4.3 um

The mechanisms for excitation of 002 (Jv3) are shown in Table 2-4. The
contribution for scan 9 of each mechanism to the quantity S(s& N) (which is
proportional to the excitation rate of the upper state 626 001 of the
fundamental CO2 4.3 ym band of the major isotope) is shown on Fig. 2-16. We
see that absorption of sunlight (in one way or another) is the dominant
mechanism all the way down to approximately 55 to ~ 65 km where the oxygen
singlet D mechanism begins to become dominant. The contribution by the 0
(10) mechanism to the 626 001-000 band 1imb radiance is shown on Fig. 2-17.
It is seen that evidence for any serious discrepancy between our model for
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oxygen singlet D mechanism and what is actual reality would show up in the
comparison of our predictions and the data in the range 55 to 65 km tangent
altitude. Our model for this mechanism is given in our paper (Kumer, 1977a).

Considering that anything very much different from our model (in the sense
that it could be considerably more than our model predicts) would show up in
the low altitude data, and it does not. We believe that our model is
perfectly adequate for consistent interpretation of the SPIRE data, and we see
no evidence in these data for any 0(10) model that is very much different

from ours. We must add that there are a number of factors to be considered
when judging the applicability of any model for the O(ID) mechanism. The
product of the O(ID) production rate with the efficiency for transfer of
excitation of vibration to N2 is the pertinent quantity. Production of

O(ID) depends on the 03 number density and in this case an inaccurate 0
density (too large or too small) could be compensated for by an inaccurate
choice (in the opposite direction) for the efficiency. Our bottom line here
is that agreement with the data that we get with our present model argues that
changes to our present model for the 0(1D) mechanism are probably not
warranted.

2.3.6 Vibrational Temperatures

Vibrational temperatures and atmospheric kinetic temperature for scan 9 are
plotted on Fig. 2-18. Curve 1 is the atmospheric kinetic temperature.
Curve 2 is the N, vibrational temperature. Curves J+2 designated the
vibrational temperature of the 4.3 um CO2 band designated by J in

Table 2-3. For example curve 3 is the vibrational temperature of the 626
C02 (001) state. Curve 8 is the vibrational temperature of the 636 Co,
(011) state, etc. The vibrational temperatures are defined by

T = -1.439 v'/In(B) (2.3)

where B is defined by
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temperature for scan 9 are shown plotted on the figure . The curve
labelled by 1 (s the atmospheric kinetic temperature. The curve

labelled by 2 is the N, vibrational temperature.
designate the vibrational temperature of the 4.3,

2-3 above

Curves labelled by J+2
m CO; band J in table




[CO2 (va)] = a'B [COZ (000) ] (2.4)

and where v' 1is the upper state energy in units cm“1

, @' is the degeneracy
of the upper state. The stancara that (x| symbolizes the number density of
the species x is utilized above. For N2 the definition of vibrational

temperature is given by Eq. (2.3) above with B given by

[N,V = 1)] = B [N,]

The vibrational temperatures listed on Fig. 2-18 were calcuiated by methods
and techniques described in the (1977a) paper by Kumer. The radiance
predictions, which agree very well with the SPIRE data (see Fig. 2-11 through
2-14 above) as is discussed above, are related to these vibrational
temperature calculations in that they specify the excited state populations
that are used in the calculation of the radiances. We believe this gooa
agreement between our predictions and the data provides confirmation of our
model for the daytime CO2 atmospheric emission processes and confirmation

for our predictions for daytime COZ and N2 vibrational temperatures that

were published in the (1977a) paper.

2.3.7 Band and Line Shape Altitude Dependence in the Limb Radiance Calculation

Referring to the discussion of radiance calcuiation that appears in

section 2.2.3 we note that our 4.3 ym mode) has not been completely upgraded
to include the effect of altitude dependence in the line and band shapes as
has been done for the CO2 626 010-000 band in our 15 um model. Such an
upgrade of the 4.3 ym model would involve considerable effort and was beyond
the scope of the effort we report here. One of the problems with upgrading
the 4.3 um model is that so many bands are important, i.e., the fundamental
band becomes relatively unimportant for altitude < 100 km for example. We
did, however, find a way to approximately account for line and band shape
altitude dependence in the 4.3 um radiance calculation for all the bands by




utilizing an analytic approximation for the transmission function matrix
elements that appear on Fig. 2-10. This approximation can be inferred from
the work of Neuendorffer (1982) on developing an analytic expression for the
absorption of a single non-overlapping line for a given mass path length of
absorber gas, and a mass averaged (over the path length) value for the
pressure broadening parameter and for the Doppler width of that line. The
Neuendorffer approximation is an improvement over previous analytic
approximations in that it is generally applicable through both the optically
thick and the thin regime, and in that it may be utilized for arbitrary ratio
of Lorentz to Doppler broadening. It is restricted to homogeneous paths, but
can be applied to the earthlimb case by replacing the inhomogeneous earthlimb
mass path with an equivalent homogeneous pseudo-mass path specified by the
inhomogeneous earthlimb mass path averaged values of pressure (Lorentz) and
Doppler broadening.

To verify the Neuendorffer approximation and to illustrate the expected effect
on the 4.3 um radiance calculation we show on Fig., 2-19 several calculations
of the earthlimb width function for the 626 001-000 band that differ in the
assumptions that are employed in the specification of band and line shape.

The width function for a CO, band is defined on Fig. 2-9 above. The

physical significance of the width function is that a good approximation to
the earthlimb radiance is given by the product of the width function
calculated along an earthlimb viewing line of sight for a specific tangent
altitude and the emission source function value at the tangent point. The
emission source function is the quantity s that is defined in section 2.2.

On Fig. 2-19 curve 1 is the quantity oN for earthlimb geometry, plotted as a
function of tangent altitude. In the optically thin case the width function
is equal to oN independent of the band shape and of the vaiue used for Doppler
and/or Lorentz widths; this is seen to be the case for tangent altitudes 2
130 km for the 626 001-000 band for earthlimb viewing geometry.

The width function calculations shown on Fig. 2-19 are characterized by
parameter "“a," called the Lorentz parameter, that is defined as the inverse of
the Doppler e-fold 1/2 width divided by the Lorentz half width at half max.
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The width function calculations presented on Fig. 2-19 differ by the value of
"a" that is used for each calculation, and by the distribution of rotational
levels, which determine bandshape, that is used for each calculation. Curve 2
was computed on the assumption that a = 10-3 over the entire tangent
altitude range. Curve 2 was computed by the methods we have discussed

’ previously (Kumer and James, 1974). Curves 3, 4, and 5 were calculated by the
Neuendoeffer approximation. Curve 5 was calculated for the pure Doppler case
i.e., a = 0 over the entire altitude range; Curve 4 was calculated for the

same condition as curve 2, i.e., a = 10'4, and curve 3 was computed by
utilizing a mass averaged altitude dependent value of “a“ that is plotted on
Fig. 2-20. For curves 2, 4, and 5 the band and Doppler line shape are set to
be given by 225 deg, considered to be generally representative of mesopheric
conditions. Curve 3 is the most realistic case. For curve 3 the altitude
dependence of the line shape is accounted for by combining the Neuendorffer
analytic approximation with mass averaging. The altitude band shape
dependence due to temperature variation is also accounted for by utilizing
mass averaging to assign a mean temperature to each limb viewing path (this
procedure is identical with that used to assign a Doppler width to each 1imb
viewing path).

The agreement between curves 2 and 4 provides mutual verification for our
previous method and for the Neuendorffer analytic approximations. The
comparisons indicate that there may not be a lot of effect on the CO2 626
001-000 4.3 um radiance calculation due to altitude dependence of line and
band shape above approximately 80 km. However, below 80 km it would appear
that there should be a large effect due to the increasing pressure broadening
with decreasing altitude. One would expect this since in first approximation
the radiance is given by the product of the width function and the emission
source function S. This effect is illustrated by curve 3.

A comparison of the data for scan 9 and our predictions is shown on

Fig. 2-21. The predictions shown on Fig. 2-21 differ from those shown on
Fig. 2-11. For predictions shown on Fig. 2-11, the altitude dependent value
for "a" as shown on Fig. 2-20 was used in a Neuendorffer like calculation
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; Figure 2-19 The quantity o N; (curve 1)for earthlimb geometry and the

earthlimb viewing width function W{ ¢ n ) that is calculated by
utilizing various assumptions for the line and band shapes as
discussed in the text are plotted on this figure as a function of
tangent altitude.Curves 2,4 and 5 use altitude independent line and
band shapes,curve 3 uses a more realistic altititude dependent
"earthlimb path mass averaged" line and band shape .
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Figure 2~21 Same as Figure 2-11 except in this case the calculation
utilizes the same altitude independent line and band shapes that were
utilized above in the calculation of the width function curves 2 and 4
on Pigure 2-20 . By contrast the the more realistic "earthlimb path
mass averaged” line and band shapes were used for the calculations
shown on Figure 2-11 through Figure 2-14 .
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accounting for altitude dependent band and 1ine shape variation of the
transmission function matrix elements (these are defined on Fig. 2-10). This
is required to achieve an "exact" 1imb radiance calculation as defined on
Fig. 2-10. By contrast the altitude independent band shape, and line shape
characterized by a = 10'3, is used in the calculation of the transmission
function matrix elements that were used to produce the predictions that are
shown on Fig. 2-21.

By inspection of the comparison between data and prediction on Fig. 2-11 with
that on Fig. 2-21, it is seen that better agreement can indeed by obtained
between the data and the predictions, all the way down to about 53 km tangent
altitude, by use of the more realistic calculation which takes into account
the altitude dependence of the band and line shapes. Below 53 km the
predictions on Fig. 2-11 rapidly become much greater than the data. This
happens because our model utilizes the assumptions of non-overlapping lines.
This is a good assumption above 53 km but at lower altitudes this assumption
begins to break down. For example the square equivalent width of the
strongest line of the 626 001-001 band is about 1.3cm'1 for the 40 km

tangent altitude 1imb viewing path; this is to be compared with the average
line spacing of about 1.6 cm'l in that band. In this case then (according

to the assumption of non-overlapping lines) all of the lines of the weaker
bands that are located in the same spectral region as the strong line are
incorrectly making an additional contribution to the 1imb radiance at 40 km.

This is not the case at higher altitudes since it can be shown that the
equivalent square width of the strong lines varies like exp (- z/h) where h is
the atmospheric scale height (for saturated lines with strong Lorentz wings as
is the case for strong lines of the 626 001-000 band near 40 km). In this
case a line that is 1.3 cm'1 wide at 40 km slims out to about 0.13 cm}

equivalent width at appro)rimately 55 km. This is considerably less than the
average line spacing in band. Considering the number and relative strength of
the weaker bands that are contributing, it becomes reasonable that the
non-over-lapping assumption is adequate for altitudes > 55 km. This is




adequate for altitudes 755 km. This is verified to be the case by the
comparisons of our predictions with the data that are shown on Fig. 2-11 and
Fig. 2-21.

On Fig. 2-11 the discrepancy between theory and data below approximately 55 km
could be reduced by using a radiance calculation that takes line overlap into
account, One way to do this might be to modify LOWTRAN so that we could
supply the non-LTE C02 vibrational temperature for the calculation of the
Planck black body radiance (which is required for calculation of the
atmospheric radiance by LOWTRAN) and at the same time maintain the standard
LOWTRAN procedure of utilizing the atmospheric kinetic temperature for the
calculation of atmospheric transmissivity that is also required for the
LOWTRAN calculation of the radiance. This is a promising approach to
obtaining better agreement with the data in the 55 to 40 km region that we
were not able to pursue in the scope of the currnt effort. We believe this
would be a useful task to pursue in fufure efforts.

2.3.8 Possibility for Azimuthal SPIRE Scan Pattern Misregistration

In section 2.3.3 we mentioned that our predictions were generally slightly
larger than the data (see Figs. 2-11 through 2-14). Here we explore the
possibility that the solar elevation angles appropriate for analysis of the
SPIRE data may be smaller than is currently accepted due to some inadvertent
azimuthal misregistration of the SPIRE scan pattern. Since the directional
data for SPIRE pointing were somewhat degraded, this possibility does have
some viability as pointed out above. The SPIRE data have been well calibrated
vertically by AFGL personnel by using prominent atmospheric infrared features
such as the OH maximum, the HN03 maximum, the O, 4.3 um knee, etc. The
azimuth however may not be as well calibrated, thus an azimuthal rotation of
the entire SPIRE scan pattern (the pattern with currently accepted aximuth is
shown in page 205 of the AFGL Technical Memo. AFGL-TM-18, Nadile, 1979)

towards the night side would result in lower solar elevation angles for the
sunlit scans than are currently accepted.




On the basis of the currently accepted SPIRE scan pattern azimuth Nadile and
Grieder predict a solar elevation angle 7.7° for tangent point of the earth's
surface for scan 11 (the closest of the sunlit scans to the dark region).
However when we plot the window region 3.9-4.1 um data versus tangent altitude
down to negative tangent altitudes (i.e., for looking at the hard earth) it
appears (see Fig. 2-22) that scan 11 much more closely resembles the dark data
than the sunlit data. This might suggest that the solar elevation at ground
level for scan 11 is less than the nominal 7.70°.

This same behavior is not conclusively mirrored in other window spectral
regions of the SPIRE data however. For example, AFGL personnel find that in
the 2.2 um window region, the radiance in the earth viewing dark scans that is
below NESR; is heavily saturated for the sunlit scans 9, 10, and 12, but
fairly mildly saturated for scan 11. Since scans 9, 10, and 12 are heavily
saturated, it is difficult to tell whether these represent full sun and scan
11 a terminator case (essentially zero solar elevation angle) or not.

Similarly, AFGL personnel have looked at the SPIRE data in the 3.65 um region,
here scan 11 is an order of magnitude brighter than for the dark scans. It is
not clear that the 3.65 ym data represent reflection of 3.65 sunlight from the
earth or solar pumped non-LTE emissions of CH4 and 03 at altitude, (i.e.,

the effective earth shadow height could be several km high) so again it is
difficult to use these data to draw hard conclusions on what the solar
elevation angle might be for scan 11.

Qur predictions for the 4.3 um earthlimb radiance for solar elevation angles
calculated on the assumption that the SPIRE scan pattern was in fact rotated
14 deg further away from the sun (i.e., in the counter clockwise direction as
viewed in the perspective of the figure on page 205 of the Memo AFGL-TM-18
that was cited above) than is currently believed to be the case are shown
compared against the data for scans 9 through 12 on Fig. 2-23 through 2-26.

It can be seen that the predictions that are based on the rotated case (i.e.,
those shown on Figs. 2-23 through 2-26) do indeed match with the data slightly
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Figure 2-22 SPIRE spectral earthlimb radiance data in the 3.9 to 4.1um
window region are plotted versus tangent altitude h on this fiqure. %

Note that scan 11 data for hard earth viewing (ie. for h<0) more
closely resemble data obtained in the night time scans 1 through 8
than data obtained on the obviously sunlit scans 9,10 and 12.
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Figure 2-23 same as Figure 2-11 except that the solar elevation angles
utilized for the calculation are reduced by the assumption that the
SPIRE scan pattern has been rotated 14 degrees further away from the
sun than is currently accepted.
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Figure 2-24 Same as Figure 2-12 except that the solar elevation angles
utilized for the calculation are reduced by the assumption that the
SPIRE scan pattern has been rotated 14 degrees further away from the
sun than is currently accepted.
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Figure 2-26 Same as Figure 2-14 except that the solar elevation angles
utilized for the calculation are reduced by the assumption that the
SPIRE scan pattern has been rotated 14 degrees further away from the
sun than is currently accepted.
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better than do the predictions generated on the basis of no rotation from the
accepted scan azimuth (shown in Figs. 2-11 through 2-14 above).

Considering both the "nadir 4.0 um window" data and the high aititude daytime
4.3 ym data, we do seem to have reason to suggest that there may be some
residual uncertainty in the registration of the azimuth of the SPIRE scan
patterns. We are reluctant to push this suggestion very hard though, since in
neither case is the argument conclusive as much as it is suggestive. That is,
in either case alternate possibilities that might explain the evidence that we

have construed in these cases to suggest azimuthal misregistration can be
invoked. For example, in section 2.3.3 we cite several mechanisms alternate
to azimuthal misregistration which could contribute to the overprediction that
is generally evident in Figs. 2-11 through 2-14. The latter predictions are
based on the currently accepted azimuthal registration. Similarly, we have
discussed in this section some of the effects that render the “"nadir 4.0 um
window" data more suggestive than conclusive, that there could be some
misregistration in the SPIRE scan pattern azimuth.

2.4 ANALYSIS OF THE NIGHT TIME SPIRE 4.3 um DATA

2.4.1 Introduction

In this section we discuss a brief correlative analysis of the 2.7 and 4.3 um
data obtained in the eight night time SPIRE data scans and a more detailed
quantitative analysis of a representative sample of the night time SPIRE

4,3 ym data, namely quantitative analysis of the night time scans 2 and 8.
The scope of our effort limited us to quantitative analysis of just a portion
of the data. Scans 8 and 2 are the extreme "south" and "“north" scans
respectively, thus we thought these scans might provide extremes of night time
variability. Scan 1 was slightly further "north" than scan 2 but we did not
choose to analyze this scan in detail since it was not complete, i.e., it did
not extend up to high enough altitude. The data were processed as described
in section 2.3.1 in an attempt to extract effects such as drift of the DC
level in the data.
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The comparison of our predictions for the night time 4.3 um earthlimb against
the data for scans 2 and 8 generally supports the position in our paper (Kumer
et al., 1978) that night time CO, 4.3 ym emission in the altitude region

>~ 75 km is dominated by collisional transfer of vibrational excitation from
OH(v > 0) to N,, followed by subsequent transfer to 0, and multipie
scattering in the 4.3 um bands. The correlative study of all eight scans did
not conclusively support or refute this position.

We also find that additional mechanisms are required to achieve a better fit
to the data. The requirement for these additional mechanisms becomes
particularly noticeable above approximately 90 to 95 km. We looked
quantitatively into the possibility of two mechanisms to explain the
additional high altitude excitation, (1) the direct excitation by sunlight,
and (2) an excitation related to the recombination of oxygen, i.e., a
Chapman-1like mechanism. Neither of these can account for the extra excitation
mechanism that is required at high altitude. The major problem with the
Chapman mechanism is that it requires an efficiency for producing N2
vibrational excitation from the energy released by the exothermic reaction
0+0+M->0,+M that is nearly 200 percent. We discuss results obtained
and requirements on this Chapman-1ike mechanism for the extra source of CO2
(v3) excitation above 90 to ~ 95 km in detail in section 2.4.2.

We must caution that these findings should be considered as preliminary since
we did not have the resources in the scope of the effort that we are reporting
to produce a scientifically complete investigation. To do this would require
us to quantitatively analyze all eight data scans that were obtained in night
time conditions. Since the two mechanisms cited above could not explain the
extra excitation above 90 to 95 km, it is required that we should consider a
number of additional mechanisms. Some candidate mechanisms that need to be
considered, but were not in the scope of the effort we are reporting on, would
include precipitation, transport of CO2 (v3) by muitiple scattering of
sunlight from the adjacent sunlit region of the atmosphere, or a broader
source of OH(v) than we actually used, one that extends to higher altitudes
than currently envisaged for production of OH(v).




2.4.2 Comparison of Predictions and Data for Scans 2 and 8

On Figs. 2-27 through 2-29 we compare the data for scan 2 with our
predictions. As above, the data are represented by curve 1, the predictions
are curve 2, the 626 C0, 001-000 band contribution to the predictions is
curve 3, and the contribution of the weak bands is curve 4. We progressively
add in mechanisms to achieve a better fit in going from Figs. 2-27 to 2-29.
The mechanisms we consider for the night time case are given in Table 2-5.
Note that absorption of sunlight is not included in Table 2-5. Since the hard
earth shadow heights were less than 140 km for many of the "dark" scans we
specifically investigated the posibility that absorption of sunlight could
play a role in producing the extra source of excitation of CO2 (v3) that

is required at high altitude. We found that this was not an important factor
since the large absorption along the long slant paths through the atmosphere
renders the effective shadow height for absorption of sunlight by C02 to be
approximately 80 to 110 km higher than the hard earth shadow height.

The non-airglow associated mechanisms, thermal collisions and absorption of
4,3 um earthshine, are utilized to attempt to model the aata on Fig. 2-27.
These are mechanisms 1, 4, and 5 listed in Table 2-5. It can be seen that
these mechanisms do not produce sufficient excitation to adequately model the
data.

On Fig. 2-28 we add in the OH airglow related mechanism 2 in Table 2-5. This
mechanism has been discussed by Kumer et al (1978) where it was shown that
excitation transfer via mechanism 2 in Table 2-5 of about 0.12 ergs/(S-cmZ)
was required to achieve agreement with a set of quiet night time 4.3 um zenith
radiance data obtained 4-11-74 by AFGL and Utah State University personnel.

To achieve the modeling agreement shown by Fig. 2-28 required transfer from
OH(V > 0) via mechanism 2 in Table 2-5 of 0.19 ergs/(S—cmz) in the half

width altitude range 83 to 89 km. It can be seen that an additional source of

excitation above 90 km is required to achieve a better fit to the data.
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Figure 2-27 The 4.3um data for dark scan 2 are given by curve 1. The
predictions are labelled by curve 2,components due to the CO, 626
001-000 band by curve 3 and due to the "weak" bands by curve 4. The
non-airglow associated mechanisms 1,4 and 5 in Table Figure 2-5 are
used to caculate the predictions.
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Figure 2-28 same as Figure 2-27 except the OH airglow related

mechanism 2 in Table Figure 2-5 is also included in generating the
predictions.
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Figure 2-29 Same as Figure 2-28 except the "Chapman-like" airglow
related mechanism 3 in Table Figure 2-5 is also included in generating
the predictions.




The predictions we show on Fig. 2-29 include a second postulated airglow
related mechanism. The "Chapman-1ike" mechanism is shown by item 3 in

Table 2-5. The excitation E, in units (vibrational quanta)/(S - cm3) due
E to this postulated mechanism is given as a function of altitude by

2
£, = E¢ (M) 0]

and the value Ef =1.1E - 31 cm6/S is required to achieve the quality of
fit shown on Fig. 2-29. Since the rate constant k = 3 x E - 33 cm6/S for
the reaction

0+0+M-> 02 + M (2.5)

and since there are 5ev released by reaction (2.5), we are requiring that
about 200 percent of the available energy finds its way into vibrational
excitation of N2. This appears to exceed the realm of credibility.

Table 2-5 MECHANISMS FOR NIGHT TIME EXCITATION OF CO, vz IN THE
UPPER ATMOSPHERE

Item Mechanism
1 Thermal collisions with atmosphere species other than No*
2 03+H->0H (V>0) +0

OR (V>0) *Np—30H {¥-1) + Ny (V<1)
N2 (V=1) +CO2 <=> N + CO2 (v3)
COp (v3) <=> CO2 *+ hv (4.3um)

3 0+0+M->0,+M  +energy
4 Thermal collisions with Np
5 Absorpiton of 4.3 um earthshine by atmospheric COp

* The mechanisms 1, 4 and 5 above have been discussed in detail by Kumer and
James (1974), the mechanism 2 has been discussed in detail in the paper by

Kumer et al. (1978), and the mechanism 3 is discussed in detail in the
present report.
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On Fig. 2-30 we show the comparison of our predictions with scan 8 data. Both
the OH and the Chapman-1ike mechanism were utilized to provide the fit as
shown. Again the transfer of 0.19 ergsI(S-cmz) from OH (V > 0) was used to
achieve the fit to the scan 8 data that is shown in Fig. 2-30. In order to
invoke the Chapman-1ike mechanism to achieve the quality of fit as shown
required Ef = ~ 3.4E-31 cm6/S. This differs from the value required to

fit the scan 2 data by a factor ~ 3. This provides further evidence that the
Chapman-1ike mechanism is not a good candidate for explaining the extra energy
source for two reasons; (1) the requirement on Ef is inconsistent from scan

2 to scan 8, and (2) the value required for Ef for scan 8 is so large that

it becomes inconveivable that the Chapman-1like mechanism can supply the
required energy.

2.4.3 Night Time Vibrational Temperatures

The atmospheric kinetic temperature and the vibrational temperatures of No
(V.= 1) and CO, (001) which are calculated for scan 2 on the basis of the
non-airglow associated mechanisms 1, 4, and 5 in Table 2-5 are shown plotted
as a function of altitude on Fig. 2-31. Changes to the vibrational
temperatures obtained by progressively adding in the mechanisms Z and 3 in
Table 2-5 are illustrated by Fig. 2-32 and 2-33.

2.4.4 Comparison of the SPIRE 2.7 and 4.3 um Night Time Earthlimb Data

In order to determine if we could establish a correlation between the 2.7 and
4.3-uym night time earthlimb on a scan by scan basis, to support the hypothesis
that the OH airglow mechanism is the dominant excitation mechanism for both
these spectral regions in the night time earthlimb, we performed a brief
examination of the 2.7 and 4.3 uym earthlimb in the altitude region of the OH
airglow emission layer in the 2.5 to 3.1 uwm and in the 4.1 to 4.5 um bands for
all eight "dark"” scans. The spectral radiances in the 2.7 um region varied
between 1.3 and 2.3 x 10’7 watts/ (sg. cm-sr-um) and the spectral radiances

in the 4.3 um region varied from 6 to 10 x 107 watts/(sq. cm-sr-um).
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Figure 2-30 Same as Figure 2~29 except the data are from scan 9.
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Figure 2-31 Atmospheric kinetic temperature(curve 1) ,N, and CC, (001)
vibrational temperatures (curves 2 and 3 respectively) are shown
here.Mechanisms are those utilized to generate the predictions for
scan 2 that are shown on Figure 2-27.
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Figure 2-33 Atmospheric kinetic temperature(curve 1),N; and C02 (001)
vibrational temperatures (curves 2 and 3 respectively) are sghown

here.Mechanisms are those utilized to generate the predictions for 1
scan 2 that are shown on Figure 2-29,




First, there appeared to be only a small correlation, if any at all, on going
from one scan to the next in either of the wavelength regions. The noise and
the DC drift in the baseline of the spectral data could have contributed to
difficulty in establishing any readily apparent "one scan to the next
correlation" in a given band. Also the altitude resolution is approximately
equal to the half width of the OH emission layer and this could also have
introduced some problems in trying to identify any apparent trend in the data
on going from "one scan to the next".

Secondly, we did not find any readily identifiable correlation between the 2.7
and 4.3 um data on a scan by scan comparison basis. However, correlation on a
scan by scan basis in the 2.7 and 4.3 um data is difficult to identify for the
same reasons given above for the difficulties faced in identifying any
correlation or trend within a given band on going from one scan to the next.
Also, the multiple scattering of photons by C02 would tend to smooth spatial
structure that may be present in the OH airglow source. Since the relaxation
time constant for 002 emission is 6 to 8 minutes in this altitude region,

this too would tend to smooth temporal structure in the OH airglow source.

We conclude that the comparison study between the 2.7 and the 4.3 um night
time earthlimb did not show any readily apparent correlation on a scan by scan
basis, but for reasons given above this should not be taken to mean that the
OH mechanism is not the dominant mechanism for producing CO2 (v3) in the
altitude region 80 to 90 km.

2.5 ANALYSIS OF DAYTIME C02 CONTRIBUTION TO THE 2.7 um EARTHLIMB

2.5.1 Estimated C02 Contribution to the Sunlit 2.7 um Earthlimb

In our January 1981 presentation at the AIAA meeting held in St. Louis (Kumer,
1981) we showed that absorption of sunlight at 2.7 um by the 626 CO2 species
followed by reemission at 2.7 um could not produce sufficient radiance to
explain the 2.7 um daytime SPIRE data. This stimulated work by Sharma to
investigate the possibility that absorption of sunlight by CO2 at ~2.0 and

U ———————
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1.6 um followed by fluorescence at 2.7 um could be an important contributor to
the SPIRE sunlight 2.7 um earthlimb. Likewise Degges investigated the
prospect that resonance scattering of sunlight at 2.7 um by H20 might also

be an important contributor.

In the event Sharma and Degges showed that both of these mechanisms were
indeed very important in the formation of the 2.7um earthiimb. Additionally
we looked into the prospect that absorption and reemission of 2.7 um sunlight
by the minor isotopic COZ species 636, 628, and 627 could also play a
significant role in the formation of the 2.7 um sunlit earthlimb, and found

] indeed that it did. By considering the contributions of all these mechanisms
Sharma and Nadile (1981) showed that the 2.7 um sunlit SPIRE data could be
reasonably well understood.

On Fig. 2-34 we show our estimated prediction for the contribution to the

2.7 um earthlimb that is due to absorption and reemission of 2.7 um sunlight

by CO,. Curve 2 is the component that is due to absorption and reemission

of 2.7 um sunlight by the major isotopic species 626 COZ' The sum of all

these components is curve 1 on Fig. 2-34. The contribution from absorption

and subsequent reemission of 2.7 um sunlight by the 636,628 and 627 isotopic

species of CO2 is given by curve 3.

The predictions that we show for curves 2 and 3 are a factor ¢ smaller than we

had reported previously in our March through April 1981 progress report.

Since the time of that work we have found and corrected a very troublesome bug

in our program that had introduced an overprediction by a factor of 2 in our

curves 2 and 3 on Fig. 2-34. We found and corrected this error just recently

in the process of analyzing the daytime 4.3 um earthlimb data as is described
‘ above in section 2.3. Our program had originally been functioning accurately
; but we introduced the bug when we made an attempt to deal with the effect of
the reaction

11001 M2 022 1 + M. (2.6)
(02 1
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Figure 2-34 Predictions for the CO, contribution (curve 1) to the
sunlit 2.7 um earthlimb that results from the absorption of 2.7um
sunlight by CO2 ,followed by subseguent re-emission ,are shown here.
Curve 2 is the component due to the 626 CO, specie and curve 3 is the
component due to the minor isotopic species of CO;
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We were concerned with this reaction because the states with = 2 are
forbidden to radiate in the 2.7 um band, thus the effect of this reaction
would be to reduce the predictions cn Fig. 2-34 by another factor 2 if the
rate constant for reaction 2.6 is as large as, or comparable to, the rate
constant for the reaction

COp{v3) *+ Ny ~ > €O, *+ N, (V=1) (2.7)

Since our calculations on Fig. 2-34 represent an underprediction, one might
infer that the rate constant for the reaction 2.6 is not as large as that for
the reaction 2.7. We had hoped to measure the rate constant for reaction 2.6
in our complimentary laboratory experiment but circumstances prevented this.
Details are provided in section 3.0 below which deals with our complimentary
laboratory effort. Future effort should be directed at development of an
accurate method to account for reaction 2.6 quantitatively in the calculation
of its effects on the 2.7 um earthlimb, ana to establish realistic estimates
of the magnitude of the rate constant, i.e., it is not of much interest unless
it is comparable to or larger than for reaction 2.7.

2.5.2 Prelimipnary Efforts to Spectrally Model the 2.7 ym Earthiimb

The 2.7 wm sunlit SPIRE data lend themselves to spectral analysis which may
possibly yield fairly precisely the contribution from each of the candidate
sources. To this end we began a preliminary effort to adapt a very general
and comprehensive software package that has been developed partially under the
Lockheed Independent Research Program and partially under the ongoing contract
NAS5-26173 for the purpose of calculation of spectral limb radiance and for
the decomposition of spectral earthlimb data into the components that result
from various species and/or mechanisms. The package includes capability for
relatively rapid calculation at spectral resolution av 5 vp where vp is

the Doppler width of the radiating molecular species. Arbitrary slit
functions may be utilized. The calculations may be performed for any of

20 molecular species compiled on the latest version of the AFGL
McClatchey/Rothman tape. On Fig. 2-35 we show a sample calculation of

78




L 40 S .

TANGENT ALTITUDE = 70.0 KM

CVF SIMULATED
DATA

= |

1.0x10° Y
- 08
] -
. 8.0X10
(%]
~
1 &
/)]
N\
s
~ ~08
= 6.ox10 %
w
(@)
4
<
< 08
= u.ox10 %8
|
<
o
'—
(@)
o
w  2.0x10 %}
0,3

2.6

2.7 2.8 2.9
WAVELENGTH pym

Figure 2-35 The contribution to the sunlit 2.7um spectral earthlimb
that is due to absorption and re-emission of sunlight by CO2 is shown
here. The simulated data are calculated for resolution and sensitivity
that approximates SPIRE performance.
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earthlimb spectral radiance at 70 km tangent altitude due to absorption of
sunlight at 2.7 wm by CO, followed by reemission at 2.7 um. The calculation
was performed for conditions of solar illumination approximately applicable to
suniit scan 9 of the SPIRE experiment.

A facility of this software is that the contribution to spectral radiance due
to any bands of interest to the programmer may be calculated and displayed
independently. The software also has facility to use these components as base
functions to be fit to actual data, thereby providing the quantitative means
to decompose the SPIRE data into the components that result from various
species and/or mechanisms. The software may also be employed in an inversion
mode to determine either the number density of the emitting species, or, in
some cases, to determine the vibrational temperature of the upper levels of
the transition. The projected capability of this improved software package
which is being developed under the programs cited above differs from our
previous capability in that (1) spectral earthlimb radiance is calculated,
rather than molecular band integrated earthlimb radiance, (2) the capability
may be applied to all 20 species on the latest Rothman update of the
McClatchey tape, (3) the new capability does not utilize physical models to
calculate vibrational temperature; instead, the vibrational temperatures must
be (a) input from an independent calculation such as can be provided in
certain cases by our previous software capability, or (b) derived by an
inversion process directly from earthlimb data such as the SPIRE data, or data
that are to be obtained in the ELIAS, CIRRIS, and SPIRIT experiments.

A logical development for the improved software package would be the detailed
adaptation to the analysis of DNA/AFGL earthlimb problems that require this
type of detailed spectral earthlimb modeling capability. This would include
further detailed application against the SPIRE data, to glean the added
information that is contained in the spectral signature of the SPIRE data.
Such an effort need not be limited to the 2.7 um region but in fact would be
useful throughout the 1.4 to 16.5 um spectral region. The improved software
may also be used for analysis of data to be obtained in upcoming earthlimb




experiments such as SPIRIT and CIRRIS that are tc employ very high spectrai

resolution.
2.6 HORIZONTAL STRUCTURE CONSIDERATIONS

To this point the discussion in section 2 has been concentrated on the
analysis of the SPIRE data. In this section we digress from this theme, to
utilize the SPIRE data at 15 um to assist in constructing a reasonably
realistic scenario for the occurrence of horizontal structure in earthlimb
radiance for "long period" gravity waves (approximately 30 min or more).

There are cases in the literature (Noxon, 1978; or Faire and Murphy, 1972 are
a small cross section of these) which suggest that gravity waves with
atmospheric temperature perturbations of the order 40°K are not uncommon in
the mesopause region. Also, there is evidence that suggests that horizontal
wavelengths may be comparable with length scales of interest to the

community. For example, Peterson (1979) discusses a bright structured visual
OH airglow event suggestive of gravity waves with 16 km horizontal wavelengths
which occured on 4 and 5 April 1978. On the other hand, gravity waves ducted
through the mesopause region may have horizontal wavelengths of hundreds of km,

A plausible approximation for a gravity wave perturbation to the model
atmosphere (shown on Fig. 2-2 and 2-3 above) that we used for modeling the
SPIRE data, as is discussed in section 2.2, is given by equations (2.8) and
(2.9) below.

-
I

To(2) 31 + A(z) sin [ky(z - 80 km) * k, X, +W¥] ; (2.8)

3
n

noi(7) {1 - A(z) sin [kz(z - 80 km) + ky Xy * W] $ (2.9)

Here T and ny; are the temperature and number densities of the
unperturbed atmosphere.




For this sample case we use kx = 2w/140 km, k, = 27/20 km, v = 3.06 x
10-3 71, ¢2 = 0.08 (km/sec)?, g = 0.0095 km/s2, H = 6 km and y =

715 and wg = (y - 1)g2/C2 = 4.5 x 1074 572 50 that (from Hines
Equations (33) through (36)) we get

o = wg(k,/k,) = (2.12 x 1072) (20/140) = 3.03 x 1073 571

Thus the period is 35 min, considerably slower than the Brunt frequency. For
this case it can be shown that the approximate formulation of Hines (1960) can
be used to show that the relative phase and amplitudes of the fractional
perturbations in temperature and number density are as shown in Eqs. 2.8 and
2.9 above.

The fractional amplitude A(z) of the perturbation is selected so that the
temperature perturbation is ~ 40 deg at ~ 95 km. The specific altitude
dependence of the fractional perturbation is given by:

A = 0.056 exp [(z - 80)/2H]

for z < 100 km where z is altitude in km and H = 6 km. But for z > 100 km we
introduce an empirical damping fator, so in this case

A = 0.05 exp [{z - 80)/2H] exp [(100 - z)/H].

To illustrate the possible infrared horizontal structure effect of a plausible
approximation for a gravity wave perturbation to the model atmosphere (shown
on Fig. 2-2 and 2-3) that we used for modeling the SPIRE data as is discussed
in section 2.2, we show earthlimb radiance profiles due to C02 010 » 000
emission in the 14 to 16 um band on Fig. 2-36. Curve D is representative of
the SPIRE data as shown on {ig. 2-1. Curve U is calculated via our most
recent techniques as described above in section 2.2. Curve U is identical
therefore to our predictions for the 15 um earthlimb that are compared with
the SPIRE 15 um data on Fig. 2-6. It is cailculated for the case of the
unperturbed model atmosphere we have used for analysis of the SPIRE data that
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2-36 Earthlimb radiance in the 14 to 16um region for various cases as
explained in the text are shown here .Curve D is represenative of the
SPIRE data.Curve U is a calculation based on the unperturbed atmospheric
model (figures 2-2 and 2-3 above) that we have utilized in our SPIRE data
analysis effort. Curves 0 and I are calculations based on gravity wave
perturbations of the SPIRE data analysis model atmosphere that differ by

1 in phase.




is illustrated by Fig, 2-2 and 2-3. Curves O and = apply for calculations
that are performed with the atmosphere perturbed by a gravity wave as given by
Eqs. (2.8) and (2.9) above for the phase angle = 0 and = respectively.

Note that this example assumes plane gravity waves that are propagating in a
direction that is perpendicular to an earth limb sensor line of sight (LOS),
hence there is no gravity wave induced horizontal variation along the line of
sight for this example. The gravity wave model that we have utilized is a
simple variation of the isothermal Hines (1960) model and is useful for this
illustration. However, more realisitic calculations of the gravity wave
perturbation of temperature and density in a real atmosphere are necessary to
assess the effect of gravity waves more reliably than we have done here. This
would require utilization of the latest results of Tuan and coworkers (Private
Communication, Tuan, 1982).

2.7 IMPROVEMENTS SUGGESTED IN THE CURRENT HIGH ALTITUDE INFRARED RADIANCE MODEL

The SPIRE experiment and subsequent analysis provides a vehicle to verify and
upgrade the AFGL High Altitude Radiance Model. This is an extremely useful
thing to do since experience has shown that derivatives of the High Altitude
Radiance Model, such as the 0SC Code earthlimb model, are widely utilized in
industry for evaluating sensor performance in sensor simulation studies. Too
frequently the codes are applied by personnel with little knowledge of the
applicability of the code to their particular problem, and not much of an idea
as to when the code may not be applicable to their particular problem. Since
this kind of utilization is sometimes practiced (certainly not the recommended
practice by any means) it is necessary that the possible shortcomings of the

model be explicitly spelled out so that misuse of the model is minimized, and
that the mode) be kept up to date to the extent that the availability of data,
such as the SPIRE data, and the analysis thereof permits.




In this discussion we address our remarks to the version of the Current High
Altitude Radiance Model (CHARM) that is described by T.C. Degges in the report
of Humphrey et al. (1981). Major ingredients of the CHARM include the

(1) physical radiative transfer model, (2) non-LTE emission mechanisms,

(3) the identification of the spectral bands of a given radiating specie that
must be included in CHARM in order to perform adequate calculations, and

(4) the temperature and composition of the input model atmosphere. Our
discussion will address items (1) through (2).

Assumptions that go into the physical radiative transfer model that are used
in CHARM are listed on page 12 of the report by Humphrey et al. (1981). The
analysis of the 14 to 16-um radiance that we report in section 2.2 above
indicates that utilization of the assumption (6) "temperature variations at
different altitudes do not affect the radiative transfer" in the CHARM does
indeed introduce serious error in the altitude region above 95 km. In
section 2.2 we have shown that the inclusion of band and 1ine shape variation
versus altitude, which results directly from "temperature variations at
different altitudes," is one of the major effects which must be accounted for
to improve on pre-SPIRE modeling of the 15-um SPIRE data is achieved.

We also believe that the CHARM could be improved by utilizing line strengths
that are properly weighted across the band as we described above in

section 2.2, rather than by use of the current CHARM assumption (4) "line
strengths are used as if each line were at the band center, neglecting
wavelength variation across the band." The method we use to account for
variation of line strength across the band has been discussed by Kumer and
James (1974) and is also discussed in section 2.2 above. We believe this
method could be included into CHARM and would result in an improved version of
CHARM that would suffer little or no increased complexity and run time.

The analysis of SPIRE data we report here has also given some insight as to
additional non-LTE mechanisms that are required to improve the CHARM.
Inclusion of the faster vtr rate constant for quenching of €0, (010) by
atomic oxygen at mesospheric temperatures is required to better model the




15-um earthiimb. This was the second effect that we found in section 2.2
above to be very important to achieve an adequate model of the 15-um SPIRE
data. The inclusion of the 0(10) mechanism is required to achieve a better
model for the daytime 4.3-um earthlimb. For the nighttime 4.3-um earthlimb
our analysis of the SPIRE data in section 2.4 above has shown that the
transfer of energy from OH(V > 0) is required to be included into CHARM in

order to adequately model the data in the approximate altitude range 75 to

90 km. The analysis also indicates that another, as yet unidentified
mechanism needs to be specified in order to account for the underprediction of
SPIRE nighttime 4.3-um data above approximately 90 km that we discussed in
section 2.4 above.

The version of CHARM that is described in the report by Humphrey et al. (1981)
does not include the "weak" bands 2 through 8 that we have presented in

Table 2-3 above. However, we have shown in section 2.3 above that these bands
are major contributors to both the day and nighttime 4.3-um earthlimb in the
altitude region from approximately 60 to 105 km and are required to achieve an
accurate model of the 4.3-wym SPIRE data. Hence an improved and realistic
version of the CHARM should include these bands. The analysis also shows that
a larger number of bands than presently included in CHARM should in fact be
included in order to adequately model the 15-uym earthlimb. Likewise Sharma
has shown by analysis of the SPIRE 2.7-um data that the bands which account
for the fluorescence of sunlight at 2.0 and 1.6 um should be included in the
CHARM in order to adequately model the day time 2.7-um SPIRE data. Finally,
bands of the minor isotopic species of CO2 have been shown to be required in
all three regions of the SPIRE data that we have subjected to detailed
analysis, namely 15, 4.3, and 2.7 um.

In this section we have summarized a number of aspects of the CHARM that the
SPIRE data, and the analysis thereof, show require improvement. By the time
our report is published we would expect that some of these deficiencies would
have been corrected in the CHARM.




Section 3
LABORATORY STUDY OF C02 FLUORESCENCE

3.1 EXPERIMENTAL OBJECTIVES AND APPROACH

During the time period covered in this report we undertook a number of
experiments aimed at studying the processes:

C02 (000) + hv (2.7 um)———COZ (101)

CO2 (101) + CO2 (000)——>C02 (100) + 002 (001) (3-1b)
and

C02 (001)-—>C02(000) + hv (4.3 pm) (3-1C)
CO2 (101)———£02(000) + hv (2.7 um) (3-1d)
C02 (101)-——C02(100) + hv (4.3 um) (3-1le)

The primary goal of these experiments was to obtain experimental values for
the branching ratio which described what fraction of COZ in the 101 level
decayed via process (3-1le) (emission at 4.3 um) as compared with process
(3-1d) (emission at 2.7 um).

The approach was to produce molecules in the 101 level via process (3-la) by
using a tunable 2.7 um laser to excite the C02. By comparison of the

relative intensity of emission at 4.3 um and 2.7 um the branching ratio can be
determined.

There are a number of factors which complicate these measurements and which
make the use of a pulsed laser a desirable technique for obtaining the desired
results.

In the absence of any emission measurements it would be expected that the
branching ratio could be calculated from known values of the absorption band
strengths for the 4.3 um band and the 2.7 ym band. While this is true, there
a number of reasons for testing an emission measurement aside from the value

87




e e b s et m

of having a direct confirmation of the branching ratio to compare with the
calculated ratio. The branching ratio is affected by many collisional
processes which result in a transfer of the initial vibrational excitation to
other molecules or else cause a redistribution of that energy among various

vibrational modes.

Depending on the number of densities of the colliding partners, many of these
processes occur on time scales smaller than the radiative lifetime. As a
result, the actual branching ratios obtained under a given set of conditions
may differ considerably from the values expected for the isolated molecules in
a hypothetical collision free environment.

The single most important process which affects the laboratory measurements
and leads to considerable difficulty in the measurement is process (3-1b) (the
sharing of the excitation between two molecules as a result of collision of
excited €0, with C0, in the ground state). While for the isolated

molecules the lifetime for radiating at 2.7 um is longer than that
corresponding to 4.3 um, it turns out that the exchange shown in (3-1b) occurs
with such a high efficiency that any 2.7 um radiation is quenched at a rate
fast compared to emission at 4.3 ym. This requires that the 2.7 um
measurement be made on a time scale which is much smaller than that required
at 4.3 ym. The emission at 4.3 uym is not affected by this because emission at
4.3 ym from the states (101) and (001) presumably takes place at the same rate
and therefore process (3-1b) which redistributes the V3 excitational energy
should not affect the overall rate of emission at 4.3 um.

The rate constant for reaction (3-1b) is 1.3 «x 10'10 cm3 s'l. (Finzi

and Moore, 1975). Therefore at a pressure of the order of 10'2 torr, for
example, the lifetime of the 101 level is of the order of 21 us, which is more
than two orders of magnitude smaller than the 4.3 um band radiative lifetime.
This clearly points to the need to be able to measure the relative emission on

a time scale much faster than required for pure radiative decay.




In actual measurements, a pressure of 10'2 torr would be unsuitable because

under the conditions of our experiment which utililzed a small fluorescence
cell, the results would be effected by deactivation as a result of wall
collisions. In our experiments we utilized CO2 in the presence of 50 torr

of Argon. Under these conditions the V3 vibration responsible for

4.3 emission, is quenched with a lifetime of approximately 400 us. Still, the
2.7 ym radiation is quenched by reaction 3-16 at a much more rapid rate even

at €0, pressures as low as 1072 torr.

The need for using a laser in order to study the branching ratio becomes
apparent from the above considerations of the erergy transfer process (3-1b).
In order to have a reasonable rate for the transfer reaciton, small number
densities are required. At the small number densities, the use of a
continuous source would not provide enough energy for easy measurement of the
resultant signal. Thus a laser source which can provide large initial
excitation of the (101) level is required. Furthermore, a puised laser is
ideal because of the rapid decay of the (101) level following initial
excitation.

Previous preliminary experiments which are described in the final report
"Fluorescence Experiment and Auroral Data Evaluation to Improve Prediction of
Nuclear Atmosphere Infrared Background" DNA 4906F by Kumer and James had
indicated that our chromatix laser which was tunable at 2.7 um would be
adequate for this purpose.

In the following section we describe our experimental effort and some of the
modifications to our original experiments which were made in an attempt to
overcome certain experimental difficuities. Prior to this discussion,
however, we first give ‘a brief summary of the types of measurements which we
expect to be able to measure with a sufficiently stable pulsed laser source.

Equations (3-1a) through (3-le) represent only a portion of the processes
which are of importance in atmospheric applications. In addition to the band
(101), there is another band which is excited by radiation near 2.7 um. That
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is the (02°1) band at 2.7 um. Therefore all of the reactions shown in
equations (3-1) will also occur with the (101) level replaced by the (02°1)
band.

The levels (02°1) and (101) of C02 are quite closely spaced (about 100
cm“l) and as a result can become equilibrated via collisions of the type:

CO2 (10°1) + M— CO, (02°1) + M (3-2)

Therefore any inital excitation of the 101 level should also result in the
(02°1) level becoming populated. The rate constant for this reaction can be
estimated as about 3 x 10'11 cm3$"1 (Sharma, 1968) which is the value
obtained for the corresponding reaction with vy = 0.

In our laboratory measurements with 50 torr of Argon present in the cell, this
equilibration should occur on a time scale much faster than reaction (3-1b) so
that regardiess of whether the (10°1) band or the (02°1) band is excited, the
emission observed near 2.7um will include the contributions of both bands:

(10°1) ——(000) + hv, 5 (3-3)
(02°1)——=(000) * hv, 5,

Also fluorescence near 4.3 uym will incluae bands
(101) ——= (10°0) + hv4 3 (3-4)
(02°1) —=(02°0) + hv4'3

The reactions (3.2) would affect the branching ratio measurements in that the
value obtained would represent an average value for the 2.7 um and 2.77 um
bands.

In addition to the states (10°1) and (02°1) which are split by Fermi
Resonance, there is another nearby state (0221) which differs from (02°1) in

having vibrational angular momentum. This a state with £ = 2 would also be
expected to be formed in collisions of the type.
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(101) 2 _
The state (0221) can still radiate at 4.3 um to produce (0220); however,

the transition
(0221 )—=hv + (000) (3-6)

is forbidden with the result that process (3-5) would tend to reduce the
intensity in the 2.7 um region and also increase the apparent lifetime. This
process would therefore affect the measured value of the branching ratio. The
exact amount by which the branching ratio would be affected would depend on
whether or not process (3-5), which involves a change A £= 2, has the same
rate constant as process (3-2). Later in this report we suggest ways in which
this might be determined.

A major process affecting excited CO2 in the atmosphere and one which can
easily be studied in the laboratory is the transfer of excitation between
CO2 and N, according to:

This process of rapid sharing of vibrational excitation between C02 and N,
affects the time dependence of the C02 emission in the atmosphere. In the
laboratory, information concerning this ratio can be obtained from the study
of the time dependence of the C0, emission as different amounts of N, are
mixed with the CO, in the sample cell. Preliminary measurements involving
this process are discussed later in this report.

3.2 SUMMARY OF EXPERIMENTAL MEASUREMENTS

In our report (DNA 4906F) we described preliminary measurements of the 4.3/2.7
branching ratio in which a boxcar integrator was used to measure the 2.7 um
signal. One of the major difficulties encountered in these earlier
measurements was the fact that there was a large scattered pulse from the

2.7 ym laser light used to excite CO,. In those earlier experiments the
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preamplifier used to measure the scattered 2.7 uym light had a response time of
the order of 10 microseconds. This resulted in a large wide (>10us) pulse
from the exciting laser light pulse which overlapped and masked the 2.7 um
reemission from COZ. When this signal was amplified it saturated the
amplifier. To avoid this probelem we worked at Tow CO, pressures (5§ x

10"3 torr) to increase the lifetime of the 101 level and placed the boxcar
window a long way away (70 us) from the exciting pulse in order to eliminate
the interference between this exciting line and the resonance fluorescence at
2.7 ym. The low pressures and the fact that we were many half-lives away from
the peak of the fluorescence required sacrificing signal intensity.

In an attempt to remedy this situation we built an amplifier with a response
of 1.5 us, expecting that we could work at higher pressures with a
corresponding increase in signal, and also separate the scattered pulse from

the fluorescent puilse.

As it turned out, we continued to have problems with measuring the signal at

2.7 um.

Our earlier experiments utilized a cylindrical fluorescence cell in which the
two detectors (one for 4.3 ym and one for 2.7 um fluorescence) viewed along
the axis of the cylinder through two CaF2 windows. A 2.7 um filter was

placed in front of one detector and a 4.3 um filrer was placed in front of the
other. The 2.7 ym laser pulse was directed perpendicular to the axis through
two windows which had been placed in holes drilled through the cylinder

walls. 1In the earlier experiments the laser light made just one pass through
the cell. The geometry of this is shown in Fig. 3-1. In order to enhance the
signals we built a multiple pass cell by placing parallel mirrors inside the
cell to give the geometry shown in Fig. 3-2. This cell design was chosen
because it was one which would increase the number of passes without producing
a significant loss in solid angle between the excitation region and the
detectors. In most of our subsequent experiments the mirrors were positioned
to give .seven passes through the cell.




The large amplified scattered pulse originating from the exciting laser light
continued to create problems with our electronics. This was due in part to
saturation of electronics and equally as much due to the fact that our laser
was extremely unstable. For each exciting pulse a corresponding fluorescence
pulse as monitored by 4.3 um fluorescence did not always occur. The 4.3 um
pulses which did occur were stored in a Tracor-Northern signal averager so
that after a run of several minutes (with 5 laser pulses per second) the

4.3 um signal was well defined. Since the signal at 2.7 um always contained
the effects of the tail of the 2.7 um scattered laser exciting line plus
(presumably) some occasional contribution from resonance fluorescence at

2.7 um results obtained with the boxcar integrator were unstable.

During the course of several months we attempted a number of further
modifications to our system in an attempt to overcome these difficulties.
None of these were satisfactory in leading reproducible results for the ratio
of signal strengths obtained in the 2.7 uym and 4.3 um channels.

A brief summary of the types of modifications that we made is given in the
following section.

Our first attempt to eliminate the problem arising from the scattering of the
initial 2.7 um laser pulse was to construct a differential amplifier and look
directly at the initial exciting pulse and compare this with the 2.7 um pulse
of readiation scattered in the fluorescense cell. By adjusting the signal
from those two sources we expected to have zero output from the differential
amplifier when no fluorescence was taking place. When fluorescence did occur,
we expected that the longer lived (longer than the initial excitation pulse)
2.7 um fluorescence signal would appear at the output. Again this was not
completely satisfactory because of saturation and corresponding long recovery
times, also it was difficult to accurately match the signal from the two
outputs of either differential amplifier.
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Continuing efforts involved rejecting the differential amplifier and using the
actual 4.3 um signal itself to trigger the signal averager and boxcar
integrator which recorded the 4.3 um fluorescence and 2.7 um re-radiation. By
using a voltage comparator we could trigger the signal averager and boxcar
only when the fluorescence at 4.3 uym was greater than a preset value. Since
we were not observing fluorescence with every pulse of the laser, this
eliminated averaging scattered pulses at 2.7 um which did not include a
fluorescence component. It also served to improve signal to noise ratio in
the 4.3 um channel since pulses less than some pre-determined value were not
included. Still we continued to have irreproducible results in the 2.7 um
channel.

Several further modifications included the use of fast switching whereby the
signal at 2.7 um was not admitted to the amplifying electronics until several
microseconds after the initial pulse so as to eliminate saturation of
electronics caused by this source. When these modifications failed to yield
reproducible results we finally replaced the boxcar integrator which appeared
to be unstable with an integrating circuit built specifically to cover the
time intervals of interest for measuring fluorescence at 2.7 uym. A diagram of
this configuration is shown in Fig. 3-3.

In spite of the numerous modifications to our system we were not able to
obtain reproducible results for the branching ratio measurements. During the
time period when these various modifications were being made we observed that
the chromatix laser was quite erratic in its output and that this effect
seemed to become worse as time went by.

In fact, we found on measuring the infrared outout from the heated LiNbO3
crystal that wavelength shifts of 100 or so wavenumbers would occur without
any change in the control setting. In retrospect we realize that most of our
earlier problems associated with trying to measure the 2.7 um fluorescence
were due to the fact that our laser was extremely unstable. When we realized
that our laser was not putting out a constant frequency we returned the system
to chromatix for repairs. As it turned out a transistor in the heater circuit
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which maintained the LiNbO3 crystal at a constant temperature had failed
which ultimately resulted in fluctuations of many wavenumbers from day to

day. In our earlier report, DNA 4906F, we had mentioned that the 2.7 um
filter placed in front of the detector rejected much of the exciting laser
light but transmitted a significant portion of the 101 and 021 bands. Thus
originally the interference of scattered laser 1ight was not as damaging as it
was in our later experiments, since in these later experiments the exciting

2.7 um was changing in frequency from day to day by an amount sufficient to
cause it to fall within the bandpass of the 2.7 um filter at times.

The manufacturer's sales personnel had claimed that their dye laser plus
associated optical parametric oscillator (heated LiNbO3 crystal) would
produce a wavelength stability of the order of 0.001 cm’1 over several

hours. Our experience was that this was not the case based on the fact that
there were pulse to pulse variations in the magnitude of the fluorescence
observed at 4.3 um and also because a considerable fraction (sometimes as much
as 70 percent) of the exciting pulses did not result in any fluorescence at
all.

In spite of the fact that we were unable to obtain reproducible signals at

2.7 um we could collect many 4.3 um fluorescent pulses and obtain a decay
curve for 4.3 um emission with good signal to noise. This was due to the fact
that the 4.3 um signal is more intense than the 2.7 um signal and also because
the 4.3 um filter rejected scattering of the 2.7 um exciting pulse so that
there was not the probiem of interference and saturation of electronics that
we had experienced in the 2.7 um channel.

3.3 RESULTS FOR VV BETWEEN N,(v=1) AND 13¢160,.

In our earlier report we examined the rate of reaction (3-7) involving the
transfer of energy between C0, and N,. We obtained results which were in
agreement with the literature value of ~ 6 x 10-13 cm:’s,ec'1 for the rate
constant. In our present set of experiments we were interested in comparing
the rate of decay of 4.3 um emission in the presence of Nz for both
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12 13
C02 and COZ' Kyy
for some of the minor isotopic species such as

measurement for reaction (3-7) is important
13002 for accurate

predictions of the CO, 4.3 um relaxation time in the x-ray deposition region
of the atmosphere near 80-km altitude. Kumer (1977b) has shown that the value
of this relaxation time can vary between 7 and 20 minutes near 80 km depending

on the values of kvv for various weak isotopic C02 4.3 uym bands.

We made several measurements of the quenching of 12C02 and 13C02 by

argon and nitrogen. The purpose of these measurements was to measure the
difference in the transfer rate for the exchange of vibrational energy between
€0, and N, for the different isotopic species of C0,. There was some

problem with the experimental data in that the quenching rates appeared to be
much faster than our expectations for both cases. In the case of a
measurement of the quenching of C02 by argon with no nitrogen present, we
obtained a value greater than the known rate. We obtained a lifetime for the
excited C02 of 156 us whereas the expected value under our experimental
conditions should have been about 400 us (Yardley and Moore 1968). This
suggests that there was probably some source of contamination in the
laboratory sample cell which was resulting in a faster guenching rate and a
corresponding decrease in the lifetime of C02.

In spite of this apparent discrepancy we have attempted to make some estimates
as to the relative quenching rates of 12C02 and 13C02 by No. To

make this comparison we have assumed that in all of our quenching runs, which
used the same amount of Argon, that the same quenching rate of 156 us would
have been obtained in the absence of N2. What this amounts to is the
assumption that the impurities which must have been present were constant for
all of the runs. Based on this assumption, we have then comapred the

12C02 and 13C02 results. To make this comparison we have calculated

curves of the emission rate as a function of time for various values of the

N, transfer rate.
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Given that in the presence of argon for our experimental conditions, the
excited CO,* appears to have a lifetime of 156 us, we have:

COZ* + (A + Impurities) — (0, + (A + Impurities) (3-8)
~d{CO,*)fdt = (C0,*) K (3-9)

where

=
n

171 = 6410 s~1

In addition to this process, the excited COZ* participates in the energy
exchange process:

* . <-E-f + N
COZ N5 CO2 N2 (3-10)

—

Kp

From this process we have:
-d(CO,*)fdt = ke(CO*)(Ny) ~ ki .(COp) (Np¥)
and
~d(N,*)/dt = K.(CO,) (Np*) - K\ (CO*)(Ny)
In our experiments we had (C02) = (N2)° If we make a simplifying
assumption that ke = k. because of the near resonant transfer, then we

have:

-d(C0,*) /dt k(COp*) ~ k(Ny*) + K (COp*)
-d(N*)jdt = k(N*) - k(COp*) (3-12)
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where k is now given by:

k = kf(Nz) -] kr(coz) (3-13)
In the case of 12C02, the measured value of kf is reported to be
6 x 10'13cm3 5'1 (Taylor and Bitterman 1964). Therefore since for our

experiments (C02) = 0.3 torr, we expect a transfer rate of k = 6,371 71,

The solution of Eqs. (3-9) and (3-12) subject to the condition that at time
t = 0 that (N,*) = 0 is:

. . Kt/2 ("'-5 - k) t (*fl * k)t]
€0,) = (€O e Jx k) e ™\ 2 WX +K) e\ 2
(C07) = (03l S [x ) e (X +K) e G
where
Vx = Y2+ a2

In Fig. (3-4) and (3-5) we show calculated curves of the rate of emission of
4.3 um radiation from excited CO,* as a function of time. These curves are
calculated for a value of K given by Eq. (3-9) and various values of k of

Eq. (3-13). The experimental results are then superimposed on these curves in
c¢rder to determine the value of k which seems to give the best fit of the
data. From Fig. (3-4) it is seen that the data appears to agree best with a
value of k = 6,371 s"1 in agreement with our expectation for 12C02. In

the case of Fig. (3-5), some of the data appears to lie closer to the curve
with k = 3186 s'1 whereas one of the runs was a better match with the

k = 1,593 s~1.

From the comparison given above, it appears likely that the rate of exchange
of vibrational energy between €0, and N, slower by a factor of 2 or 3 for
13C02 as compared with 12C02. Unfortunately we cannot place a high

degree of certainty on these results due to the fact that we know from our
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DATA FOR QUENCHING OF 12co2

In (INTENSITY)}, ARBITRARY UNITS

1 1 1 1
100 200 300 400
TIME (us)

Fig. 3-4 Plot of the Rate of Emission of 4.3 ym Radiation as a Function of
Time. The Solid Lines are Calculated from Eq. (7). The Circles
Represent Experimental Data from Two Runs.




In {INTENSITY), ARBITRARY UNITS

DATA FOR QUENCHING OF 13co2

Fig. 3-5

k = 1593 s~
] | ] |
100 200 300 400

TIME (us)

Plot of the emission of 4.3 um radiation as a function of time.

The solid lines are calculated from Eq. (7). The Circles and
Triangles Represent Experimental Data From Different Runs.
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results with pure Argon that there must be some impurities in the system.
Also this comparison does not adequately analyze the departure of the
experimental results from the calculated curves at small times. This is
presumeably related to the overall temporal response of the electronic

recording systems.
3.4 CONCLUSIONS AND SUGGESTIONS FOR FUTURE STUDIES

Our laboratory studies of the Fluorescence of COZ at 4.3 um when excited by

a 2.7 um laser pulse have pointed to a number of useful studies which can be
made using this technique. Our experience also points to a number of problems
which can arise in studies of this type. In our attempts at measuring the
branching ratio for decay of levels such as (101) via 4.3 um emission and
re-emission at 2.7 um we encountered many problems associated with the need to
separate the initial scattered 2.7 um pulse from 2.7 um resonance fluorescence
following this excitation pulse. By suitable choice of infrared filters to
isolate the 2.7 um laser pulse from most of the reemitted fluorescence and
fast electronics that would rapidly recover from a large burst of scattered
2.7 um radiation, this separation should be achievable. Our efforts to do
this were unsatisfactory because of the instability of our laser at 2.7 um.
The initial exciting pulse at 2.7 um did not always occur at the same
wavelength which made it difficult to separate the 2.7 um scattered pulise from
subsequent resonance fluorescence at 2.7 um. Any attempts in the future to
study the branching ration would have to be aware of this problem and we would
stress the need for a stable 2.7 um laser pulse which could be tuned to a
wavelength in the 2.7 um bands which could be isolated from much of the
subsequent band emission via sharp cutoff infrared filters.

The study of 4.3 um emission produced via reactions such as (3-la) and (3-1b)
is much simpler due to the fact that interference from the 2.7 uym laser pulse
is not a problem. From a study of the time dependence of the decay of
emission at 4.3 y information can be gained concerning the quenching of the
(001) level by various species and also the rate of transfer of energy between
excited CO, and other species such as N,. In order to obtain accurate
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results for rate constants from studies of this type it is necessary to have

precise capability of measuring pressures and mixing ratios of gases in the
pressure ranges from several microns to several torr. Contamination by smail
amounts of unwanted gases can completely destroy a set of measurements.

Earlier in this report we have mentioned that the initial excitation of the
levels (101) and (02°1) results in population of the levels (100) and (02°0)
as a result of 4.3 uym emission and also as a result of transfer of v3
excitation between excited and ground state COZ' In addition to these

levels the level (0220) js also expected to be formed because of collisions
such as shown in Eq. (3-5) followed by 4.3 um emission and also by similar
collisions involving (100) and (02°0) with various collision partners. These
processes should result in non-LTE populations of levels (100), (02°0), and
(0220) with resultant fluorescent pulses at 13.8 um, 16.2 um, and 14.98 ym

as these states radiatively decay to the (0110) level.

A study of the relative intensity and time dependence of the emission from
these three hands should provide information on the rate at which energy is
redistributed between these various levels. The band at 14.98 uym is closely
intermixed with the (0110) (000) band at 15 mm so that it will be more
difficult to study than the 13.8 and 16.2 um bands. It may prove feasible to
isolate selected lines in the 14.98 uym band by a suitable etalon.

Alternatively, a filter consisting of C02 in an absorption cell may prove
useful in distinguishing between radiation from the (0220) (0110) band
and the (0110)  (000) band.

Based on our experience with the Chromatix laser which did not perform
according to the manufacturer's specifications we would caution those
interested in pursuing investigations of this type to make certain that they
have a stable laser source which has a constant unchanging wavelength.
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A pulsed laser at 2.7 um does provide an excellent method for studying many
fluorescent processes and related collisional quenching and energy transfer
; processes in CO?_ which are of importance in relation to the atmospheric

' radiance backgrounds occurring at many infrared wavelengths.
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