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1. INTRODUCTION

The calculation of infrared (IR) radiance and transmittance spectra is an important ingredient in
many areas of atmospheric science. These include modeling the atmospheric energy budget for
global climate change predictions, analyzing data from remote sounding experiments, and
understanding molecular excitation and production processes. Typically, a large number of
calculations are required that span an extensive spectral/spatial domain. For the upper atmosphere,
non-local thermodynamic equilibrium (non-LTE) effects must also be treated.

Available computer codes for atmospheric IR radiation that have gained wide use include several
developed and maintained by the US Air Force. LOWTRAN' and MODTRAN? are rapid, LTE
codes for low- to moderate-resolution spectra. FASCODE? is a high-resolution, line-by-line code
that can be used in both LTE and non-LTE applications; however, the non-LTE molecular state
populations must be externally generated. Until recently, a rapid and unified standard code for
first-principles calculations of non-LTE atmospheric background radiation has been lacking.

SHARGC, the Strategic High-altitude Atmospheric Radiation Code,*” calculates emission and
transmittance spectra in the 2-40 pm region for arbitrary line-of-sight (LOS) paths between 50 and
300 km with sufficient accuracy, speed, and resolution (0.5 cm™) to be useful for a wide range of
applications. It incorporates the IR bands of NO, CO,, O,, H,0, OH, CO, and CH, found in the
quiescent atmosphere, including minor isotopic bands of CO, and H,O. It also accounts for auroral
production and excitation of CO,, NO, and NO" caused by the flux of energetic solar electrons.

To account for non-LTE effects, molecular vibrational state populations are calculated from first
principles. As in other non-LTE atmospheric models (e.g., Wintersteiner et al.,® Lopez-Puertas et
al>1%), steady-state kinetics are assumed for the quiescent atmospheric processes of collisional
excitation, de-excitation, energy transfer, radiative decay, illumination by the sun, earth and
atmosphere, and chemical production. In SHARC, additional production and excitation mechanisms
resulting from electron deposition are included using a time-dependent kinetic model.
Rotation-translation equilibrium is assumed.

This final report describes the development of high-altitude infrared (IR) radiance models which
are presented in Sections 2-6. Section 2 presents an overview of the basic structure and functionality
of SHARC with brief comparison to data. Section 3 describes the atmospheric generator model,
which was developed to provide atmospheric properties required to model radiance in the terminator
region as illustrated in Section 4. Section 5 discusses the merging of SHARC with MODTRAN to
extend the LOS radiance capability to the ground. Next, amodel for atmospheric stochastic structure
1s derived and applied to assess atmospheric structure in the 2.7 um and 4.3 pm spectral regions in
Section 6. Finally, Section 7 gives a summary of the work performed under this contract.

2. OVERVIEW OF SHARC

The schematic in Figure 1 illustrates SHARC's module structure and overall calculational
sequence. The input module queries the user for parameters needed to define the calculation.
Atmospheric temperature and species density profiles are specified via an external file. Profiles are
required for the IR-active species (NO, CO,, H,0, O,, CO, OH, and CH,), the major atmospheric
species to which they are collisionally coupled (N,, O,, O), and atomic hydrogen, whose reaction




with O; provides the main source of OH(v). Other input parameters include the LOS specifications
and, if desired, the coordinates of a localized auroral region through which the LOS may pass.

MAIN
SHARC-4

SCENARIO INPUT

INTERACTIVE LOS REGION INTERSECTIONS
INPUT DATA CONSISTENCY

INPUT VERIFICATION

o G e
ENVIRONMENT ANBIENT POPULATIONS

J AURORAL _DOSING KINETICS
AURORAL
ll ENVIRONMENT RADIATIVE TRANSFER

AURORALLY ENHANCED POPULATIONS

POPULATION EXCITED STATE
FLUCTUATIONS NUMBER DENSITY FLUCTUATIONS

r o] e ]
SPECIFICATION

LOS DIURNAL COLUMN DENSITIES

RADIATIVE LOS SPECTRAL RADIANCE
TRANSPORT

AND RADIA
LOOP OVER INSAND IANCE

MULTIPLE LOS'S

CORRELATION LENGTHS/ANGLES
RADIANCE STANDARD DEVIATION

STATISTICS SPECTRAL INDICIES

NUMERICAL COVARIANCE

l
|
1 ~{ Hip
|

|

|

|

|

|

il |
-

'_

Figure 1. Calculational Sequence for SHARC-4.

Excited vibrational state populations are calculated in the chemical kinetics and radiative transfer
modules and are saved in an output file for later use. For the quiescent atmosphere, steady-state
conditions are assumed. If auroral excitation is specified, a time-dependent chemical model
calculates the additional production of NO and NO* arising from interactions of auroral electrons.
To generate the desired LOS spectrum, the vibrational state populations are fed to the spectral
radiance module, which outputs radiance and transmittance spectra and in-band intensities.

Condensed descriptions of the chemical kinetics and radiation transport calculations are given
below. Detailed descriptions of SHARC may be found in several technical reports.*®""  Code
upgrades performed during this contract, which include provisions for LOS’s through multiple
distinct atmospheric regions for use in modeling terminator and atmospheric structure, are discussed
in detail in Sections 5 and 6.




2.1 Quiescent Chemical Kinetics

The quiescent chemical kinetics are handled primarily through separate reaction sets for each
IR-active molecule; the reaction sets can be solved selectively for the specific molecules under
investigation. The reaction database files contain the list of vibrational states for each molecule, the
chemical equations written in symbolic form, and the rate constant expressions. The equations
include chemical formation of excited vibrational states, collisional deactivation and excitation
(satisfying detailed balance), spontaneous emission, and the radiative excitation processes associated
with absorption of radiation from the sun and from the atmosphere. The atmosphere is assumed to
be horizontally uniform and is divided into altitude layers that are typically 2 km to 10 km in height.

The reaction files are read and the time-dependent differential rate equations are set up using a
technique based on the Sandia CHEMKIN general-purpose chemical kinetics code.”” Each
quiescent vibrational state number density [M*] in each atmospheric layer is obtained from the
solution to the steady-state equation

%”“AW‘I+2Sk-EQk[M*]+ra+re+ra 6
k k

where A is the total spontaneous emission rate, the S, are the source terms for production by
collisional processes, and the Q, are the collisional quenching rates. The production rates due to
radiation from the sun, earth (i.e., from below the 50 km altitude boundary), and atmosphere (above
50 km), r,, r,, and r,, respectively, implicitly depend on the densities of the lower-energy states of
species M. Eq. (1) is solved for [M*] with the constraint that the total number density for the
molecule equals that specified in the atmosphere input file.

While most of the excitation and de-excitation processes involve only a single vibrationally
excited molecule, leading to uncoupled, linear equations, the species CO,(v), H,O(v) and OH(v) are
indirectly coupled to each other via resonant energy transfer processes involving N,(v=1), as
discussed by Kumer and co-workers.*"* The steady-state equations for these species are linearized
by equating the ground vibrational state number densities with the total number densities, and are
solved for the N,(v=1) population. The result is then inserted into the uncoupled Eq. (1) from which
refined excited state populations are calculated. For energy transfer processes involving O,(v=1),"
0, is assumed to remain in LTE.

The collisional rate constants were obtained from the recent literature and from Taylor's review'®
of measurements prior to 1974. The solar excitation rates k, are derived from transmittance
calculations using either MODTRAN? or the LOS radiance model discussed in Subsection 2.5. The
earthshine rates k, are expressed in terms of an effective blackbody temperature corresponding to
the altitude where the vibrational band becomes optically thick in a nadir view.

The calculation of the excitation rate r, due to atmospheric emission originating within the
50-300 km altitude range is considerably more complicated than for r, and r,, and briefly described
below.




2.2 Radiative Excitation from Atmospheric Layers

The effect of the atmospheric excitation term r, is to enhance the excited state number density
within each atmospheric layer by an amount

r
a = M* _ M *
e M7] - [M7], 2

Here q is the total quenching rate and [M*], is the steady-state solution with I, set to zero, as
obtained from an initial steady-state calculation. Re-excitation due to transfer from N,(v=1) is
incorporated as a reduction in q rather than as a separate source term in Eq. (1).

The excited-state enhancement, and hence r,, may be evaluated following the treatment of Kumer
and co-workers."' For a given vibrational band and atmospheric layer i we may write

M :] = M :]o + “i“’i; Pji“)j[M;] 3)

where o is the probability for absorption of a photon entering the layer, P;; is the probability that a

photon emitted from layer j will be absorbed in layer i, and w; 1s the branching ratio for re-emission,

W, = 4’ 4
Tl @

where A* is the Einstein coefficient for emission in the given band.

For a calculated probability matrix (P) and set of ;, the set of Eq. (3) for all layers may be solved
simultaneously. A physically instructive solution is provided by repeated substitution into Eq. (3)
of the corresponding equation for the layersj. After collecting factors the result is the infinite series

M1 = M), + a,.w,]z (P(jli) . P(jzi) R ...)(oj[M;]o 5)

Here, the (P)" matrices represent probabilities for k-th order photon scattering; (P)V=(P). Except
in the case of the CO,(v,) band, which is strongly trapped, the series converges in a small number
of terms.

Both (P) and the «; depend on the lower vibrational state populations. Therefore, the overall
solution proceeds in stages for successively higher-energy states. The ground state populations [M,]
and the initial excited state populations [M*,], for transitions to the ground state are calculated
assuming r,=0. The results are then used to evaluate (P) and a; and to compute the radiative
excitation rates r, for those transitions. The steady-state equations are then solved again including
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1, to generate the corresponding populations for the next set of vibrational transitions. This sequence
is repeated until solutions for the highest-energy states are obtained. The major calculational effort
is in computing the elements of the layer-layer excitation probability matrix (P). This involves a
multidimensional integral over the location, direction, vibration-rotation line, frequency location
within the line, and propagation distance of the radiation. The integral is evaluated with the aid of
Monte Carlo sampling using trial "photons". The calculation assumes semi-infinite plane-parallel
geometry and uses the exact temperature- and pressure-dependent Voigt lineshape.

Sample results for vibrational states excited by both atmospheric and solar radiation appear in
Figure 2, which displays vibrational temperatures for selected states of CO, at a solar zenith angle
of 82°. The states are labeled using the HITRAN convention;'’ only the main isotopes are shown.
This calculation was performed to simulate emissions observed near the dawn terminator during the
SPIRE rocket experiment.'® The species number density and temperature profiles were obtained
using the MSISE-90 model" and an altitude-dependent CO, mixing ratio representative of rocket
and satellite observations.*”* Up to 10,000 Monte Carlo "photons" per band were used in the
NEMESIS runs, which was sufficient to essentially converge the vibrational temperatures.

As seen in Figure 2, the v;-excited states (00011), (01111), and (10011) depart from LTE around
60-70 km altitude. Very similar vibrational temperatures have been reported by Wintersteiner et
al.?"? using the "RAD" algorithm. The (01101) (v,) state has been treated theoretically in recent
studies by Lopez-Puertas et al.” and Wintersteiner et al.* The SHARC calculation for Figure 2 used
the value 3x10"*V'T cm’/s for the rate constant for collisional excitation of (01101) by O atoms,
consistent with those studies, and consequently generates a similar vibrational temperature profile
which remains close to LTE up to 100 km.
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Figure2. Vibrational Temperature Profiles for Selected

CO, States.




2.3 Auroral Chemical Kinetics

The SHARC auroral kinetics model calculates the enhancements of CO,, NO, and NO" radiation
resulting from energy deposited in the upper atmosphere by solar electrons. Approximately 600
time- and energy-dependent rate equations are used to calculate the secondary electron distribution
and the subsequent reactive and energy-transfer processes. The energy deposition model for the
primary electrons is based on work by Griin, Rees and Strickland®*? as implemented in AARC.”’
The chemical reactions and energy transfer processes are described in detail in References 12 and
27. The integration of the time-dependent differential equations is accomplished using the Gear
algorithm."” The use of time-dependent kinetics results in a significant improvement over the
steady-state treatment used in AARC. For example, according to SHARC the NO(v=1) production
efficiency per ion pair increases with time during the aurora as the result of collisional excitation of
the increasing concentration of ground state NO.

SHARC uses a discretized -local time-dependent Boltzmann equation approach to solve for the
secondary electron distribution, negelecting electron-electron interactions. The features and altitude
dependence of secondary electron distributions in the atmosphere have been discussed in detail
elsewhere.”® Secondary electrons are formed via collisional excitation of N,, O,, or O, and undergo
further collisions with atmospheric species, resulting in relaxation of the electrons and production
ofionic and electronically excited molecular states. In SHARC, the secondary electrons are divided
into fourteen energy bins. The general features of the secondary electron spectra are in good
agreement with existing auroral models.

When the electrons interact with ambient upper atmospheric species, ionization generates odd
nitrogen in the form of N(°*P), N(*D), and the ground state, N(*S). The production mechanisms in
SHARC are direct dissociation of N, by the primary electrons, recombination of ions (e. g., NO")
with secondary electrons, and charge transfer reactions of the primary ionic products. Collisions
between nitrogen atoms and O, create NO. The net production rate is highly sensitive to the ratio of
N(D) to N(*S) formed, as the NO is formed primarily by reaction with N(*D) and destroyed by
reaction with N(*S). The vibrationally excited NO is quenched by O and O, and also undergoes
radiative relaxation. NO" is assumed to be formed primarily via the ion-molecule reaction of N*
with O,, which competes with the charge exchange reaction forming O,". NO*(v) is quenched by
N, and by radiative relaxation.

CO,(v,) is efficiently excited by direct electron impact, which is prompt, and by energy transfer
from N,(v=1), which is delayed. The coupling of the chemical kinetics to the radiative transfer is
treated via a modified escape function approximation based on the work of Kumer.”” The
vibrationally excited N, is presumed to arise from secondary electron excitation, the N(*S) + NO
reaction and from the quenching of O('D), and is removed by relaxation with O atoms and transfer
to CO,(v;). In SHARC, the N,(v) density is calculated simultaneously with the secondary electron
distribution.

Figure 3 shows the N,(v) excitation efficiency for a typical calculation. It is seen that direct
electronic excitation of N, is almost as important as its chemical production, and there is only a
slight altitude dependence to the efficiencies.
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for Several Mechanisms.

2.4 Line-of-Sight Spectral Radiance Model

The LOS spectral radiance is calculated by numerically integrating the radiation transport
equation along the LOS path. The approach in SHARC is based on an equivalent-width formulation
for single lines. It is around 100 times faster than the usual line-by-line (LBL) grid method, which
numerically integrates over the line shape. The spectral resolution of the calculation can be made
as high as 0.5 cm™ throughout the 50-300 km altitude range. Above 60 km, the lines are sufficiently
narrow and optically thin that the resolution can be increased to 0.1 cm™.

The inhomogeneous LOS path is represented with a series of homogeneous atmospheric layers,
and the equivalent width is calculated using an expression appropriate for Voigt line shapes. The
mean line strength and width are derived from the Curtis-Godson approximation.*®*' After
calculating the equivalent width for each line, the combined equivalent width for all lines within the
spectral bin is calculated using an approximate (but typically small) correction for line overlap.
Comparison to exact LBL calculations demonstrate that the overall errors in this approach are less
than 10% for typical cases.

2.4.1 Calculation for a Single Line

With the atmosphere represented as a series of N homogeneous layers, the equation of LOS
radiation transport for a single molecular line, j, is given by

N
5= E_;R"J'(EMW(MY - &y) ©




where the path is from the observer to the beginning of the ith layer, L is the observed radiance for
the single emission line, i is the index for each atmospheric layer, R;; is the molecular emission
source function (in W/cm*sr/cm™), and W; is the cumulative equivalent width of the line for the
path. The emission source function is given by

3
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where C, is the first radiation constant and Y 1s the ratio of upper to lower state populations, defined
by

- glpu
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The subscript (1 or u) denotes the lower or upper state, g is the degeneracy, and p is the number
density. The states in Eq. (7) are defined by their vibrational, rotational and electronic labels, and
the number densities in Eq. (8) are those calculated from the CHEMKIN and NEMESIS routines.
For LTE conditions, y = exp(-C,v/T), where C, is the second radiation constant, and R reduces to
the standard Planck blackbody function. In the limit of no line overlap (§=1) Eq. (6) is exact
provided that the equivalent widths are exactly determined. However, this is computationally time
consuming. By using the approximations described below, a rapid evaluation of the equivalent
width can be achieved with only a modest sacrifice of accuracy (~+10%).

For Voigt lineshapes, which apply to upper atmospheric conditions, the Rodgers-Williams
approximation® to the single-line equivalent width provides a reasonable compromise between
computational efficiency and accuracy. It is given by

2 2 w.w,
W; - W - “DE[WE + Wy - ( ;,WD)Z] ©

where the subscripts V, D, L, and W refer to Voigt, Doppler, Lorentz, and weak-line limits, and o,
(cm™) is the Doppler linewidth. The equivalent widths are calculated using the approximations™

2 In2 _Su.,
W= - 2 su
W [%] (10)
2 2
W, = In(l+W) (1)
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where « (cm™) is the line width, S (cm/molecule) is the line strength, and u (molecules/cm?) is the
absorber column density. The errors in the computed W,, are comparable to the 8% peak errors in
the approximations for W, and W, . These expressions for Wy, and W, are more quickly calculated
than the more accurate polynomial series of Rodgers and Williams.

Since the above expressions apply to a homogeneous gas, and the atmosphere between the
observer and each layer is inhomogeneous, Curtis-Godson®**' path-averaged values of Su, o, and
o, are used. The line parameters (strengths and air-broadened half-widths) are tabulated in a file

72 - _ISuF
L .S (12)
4o,

generated from the HITRAN atlas'’ that has been supplemented with lines for NO* and higher
vibrational states of NO and O,.

In the absence of line overlap, the radiances for each line within the spectral bin would sum to
form the total radiance and the equivalent widths for each line would sum to form the total
equivalent width. The presence of overlap reduces these total quantities. A simple line overlap
treatment is used which provides reasonable agreement with exact results for typical atmospheric
conditions. The assumption, valid in the statistical limit, is made that the lines are randomly
distributed within each bin. The overlap correction factor for the spectral interval Av is given by

W,
g =av[l -JJa - ek YW, 13)
J v J

where the product and sum is over all lines in the interval. It is implicitly assumed that the spectral
interval Av is larger than the largest single-line equivalent width for the entire LOS. Within the
altitude range of SHARC (tangent paths > 30 km), atmospheric linewidths are less than 0.01 cm™,
and equivalent widths remain small enough over the entire spectrum that Av can be set as low as 0.5

cm’.

2.4.2 Illustrative Calculations

The accuracy of the LOS radiance algorithm has been explored through comparisons to standard
high-resolution LBL calculations for typical atmospheric conditions. A number of different regimes
were investigated, including vertical and horizontal viewing geometries, optically thin and thick
lines, multiple overlapping lines and bands, and LTE and non-LTE conditions. Below, we discuss
representative results for the CO, 15 um region.

Evaluations of the Curtis-Godson and Rogers-Williams approximations are illustrated by
calculations on two individual CO,(v,) lines, one strong (Q10, w, = 667.494 cm™, S = 3.35x10™"°
cm’'/molec/cm™ at 244 K) and one weak (R56, w, = 713.134 cm™, S = 8.24x10% cm/molec/cm™




at 244 K). The 1976 US Standard Atmosphere™ was used to define the kinetic temperature and
species number densities. The atmosphere is layered into 2 km steps from 51 to 149 km and 10 km
steps from 155 to 295 km. We consider two types of multi-segmented paths, zenith views from 60.5
km altitude to 65.5, 71.5, 81.5, and 101.5 km altitudes, and a 60 km limb path. The vertical paths
thus have 3, 6, 11, and 21 segments along the LOS while the limb path has 121 segments along the
LOS.

The calculated radiance values compared with "exact" LBL grid calculations typically result in
errors ranging from 3.4 to 4.9% for strong lines and from 2.0 to 8.7% for weak lines. These errors
are consistent with those expected for the equivalent width approximations. The limb calculation
with the strong line is a good test since the temperature, pressure, and density vary considerably
along the path.

A complete spectrum for the CO,(v,) region is shown in Figure 4 for a 50 km full-limb view.
This calculation provides a test of the line overlap treatment, since at this altitude there is si gnificant
overlap in the Q branch of the strong 667.380 cm™ band. The agreement with an "exact” LBL
calculation, carried out with FASCOD3, is seen to be excellent over virtually the entire 300 cm™
spectral range and the six-order-of-magnitude range of radiance. The only major discrepancies are
due to the omission in this SHARC version of three weak vibrational bands, which are responsible
for the features around 508, 582, and 757 cm'.
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2.5 Data Comparisons

While comparisons with other computer codes can validate the numerical procedures,
comparisons with upper atmospheric IR data are needed to test the physical models in SHARC,
including kinetic mechanisms, rate constants, and properties of the atmosphere. A comprehensive
validation of these models will require a considerable effort and a very large measurement database.
Here, we present illustrative comparisons of predictions and data from several rocket experiments
sponsored by the Air Force Research Laboratory.

Figure 5 shows a predicted emission spectrum from the quiescent nighttime atmosphere in a
near-limb view (4° elevation angle) from an altitude of 78 km. The spectral resolution has been
degraded to 4 cm” FWHM. The 1400 to 3800 cm™ region shown contains a varied assortment of
molecular emission features, including resolved lines of the H,0(v,) band (1400-1700 cm™"), the NO
Av=1 band (1700-2000 cm™), which is emitted from thermospheric altitudes, several O;(v,+v;)
bands (2000-2140 cm™) generated from chemiluminescent as well as collisional processes, the CO
Av=1 band (2100-2200 cm™), the 4.3 um CO,(v;) feature (2300-2400 cm™), consisting of a number
of optically thick, radiatively trapped bands, and resolved OH Av=1 nightglow lines (beyond around
2500 cm™). All of these emission bands are non-LTE.

SHARC Calc for EXCEDE 78 km
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Figure 5. Comparison of SHARC Calculation
(Top) and Observation (Bottom) of
Quiescent Nighttime Emission in a
Near-Limb View from an Altitude of 78
km.
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The SHARC calculation simulates the quiescent atmospheric radiance during the recent
EXCEDE III experiment,* which measured IR emissions induced by dosing the atmosphere with
an electron beam. The experiment, flown in April 1990 from White Sands Missile Range, NM,
collected both beam-on and beam-off data in a slant-viewing geometry using cryogenically-cooled
Michelson interferometers that covered a wide spectral range (around 500-5000 cm™) with high
resolution (approximately 2 cm™). Late in the flight, the sensor rolled towards the horizon, and
during a beam-off period near 78 km altitude it obtained data, shown in the lower panel of Figure
5, In an average viewing geometry similar to that of the SHARC calculation in the top panel of
Figure 5. All of the features predicted by SHARC appear to be present, and they generally agree
very well in both shape and absolute intensity. An exception is the NO band, which is three times
stronger than predicted, indicating too low a concentration in the SHARC model atmosphere. This
discrepancy is not very disturbing considering the large variability of NO. The good quantitative
prediction of the CO,(v,) feature is quite satisfying, since it presents the most severe test of
SHARC's atmospheric excitation and LOS radiation transport algorithms.

A more detailed examination of the CO,(v,) feature is provided in F igure 6, which shows limb
radiance profiles measured in another experiment, SPIRE, " launched from Poker Flat near the dawn
terminator. Different phenomena dominate the excitation in various altitude ranges, and this is
reflected in the solar angle dependence. During the day, the primary isotope is solar-excited above
110 km, while at lower altitudes the radiance is enhanced by pumping of the 2.7 pm band and by
emissions from hot bands and minor isotopes. As the density increases, the solar excitations are
quenched, and single-quantum excitation of the primary isotope again dominates. The good
agreement between the data and the SHARC calculations indicates that these processes are treated
accurately.
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An example of SHARC's auroral capability is shown in Figure 7. A nitric oxide spectrum from
the 1973 Field-Widened Interferometer experiment,*® which observed an IBC Class II aurora, is
compared with a SHARC model calculation at aresolution of 1 cm™. The overall band shape, which
includes strong aurorally-induced hot band contributions, is reproduced well by the calculation,
except near the edges of the band where non-LTE rotational populations, not currently modeled in
SHARGC, yield enhanced high-J lines. The overall absolute radiance falls to a factor of four below
the data; however, the results are quite promising for a first principles calculation that starts with
electron dosing of the ambient atmosphere.
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Figure 7. Calculated and Observed NO Spectrum for a 90 km
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3. DEVELOPMENT OF AN INTERACTIVE ATMOSPHERE GENERATOR
MODEL

One of their most critical applications of radiance models is the prediction of radiance variations,
which can occur over a wide range of spatial and temporal scales. Short-term and smali-scale
variations associated with random processes can be characterized statistically but cannot be
predicted. On the other hand, systematic variations, which can be predicted, can be quite large and
thus play an important role in setting the overall background radiance level for a given bandpass.
In particular, at the solar terminator, large radiance variations can occur over a small (several-degree)
range of solar angle due to photochemical processes in the atmosphere.

The SHARC Atmosphere Generator (SAG) has been designed to allow the major known
systematic variabilities in the atmosphere, including terminator and other diurnal effects, to be
practically incorporated in strategic IR radiance calculations. SAG is presently implemented as a
stand-alone, interactive FORTRAN program which generates a file of species and kinetic
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temperature profiles compatible with SHARC and SAMM, and an additional atmosphere file for use
with MODTRAN and LOWTRAN. The profiles are customized for the geophysical and geographic
information input by the user.

Using information on the day of the year, local time, solar activity indices, etc., SAG reasonably
models the systematic variabilities in CO,, 0,, OH, NO, H,0, and O atom densities. For other
species, diurnally-averaged profiles are taken from recent databases. To facilitate use without
detailed inputs, defaults are provided so that simple designators, such as day/night, season, and
latitude region (low, mid, or high), can be specified as desired.

SAG draws primarily on two existing empirical atmosphere models. MSISE-90*" is used for the
temperature and major species profiles. It provides profiles for species including N,, 0,,0,and H
as a function of altitude, latitude, longitude, universal time (UT ), local solar time (LST), daily Ap
index, and the F10.7 and F10.7A (30 day average) indices. The second atmosphere model is a new
NRL climatology database® for altitudes up to 120 km. This database is used for the SHARC
species CH, and CO, and for lower portions of the O, and O profiles, as well as for the additional
species N,O, NO,, and HNO, used in SAMM. The NRL database contains mean monthly
concentrations at 1 to 5 km increments and 10° latitude increments. SAG interpolates between these
values and converts to number densities using the MSISE-90 total densities.

The remaining species profiles, including those for CO,, NO, H,0, OH, SO,, and NH; are
derived from a combination of standard concentrations™ used in LOWTRAN and MODTRAN (SO,,
NH,), photochemical or empirical models based on MSISE-90 inputs or outputs (CO,), or some
combination of these (NO, H,O, OH), as described in this report.

3.1 Profile Computations

This section describes how the atmospheric profiles are generated. The N, and O, profiles are
taken directly from MSISE-90 and have been discussed in detail in Hedin's®’ paper. Brief
discussions are given in the following subsections on the profiles for temperature and the remaining
species.

Diurnal variations in the CO,, NO, O,, O, and OH densities are handled in an empirical,
analytical manner in SAG using an interpolation weighting factor, W, in combination with limiting
daytime and nighttime profiles:

X(LST) = W(LSDX,+[1-W(ISD)X, 14)

Here X(LST) is the density of species X at time LST, X4 1s the daytime (equilibrium) density and
X, 1s the nighttime (equilibrium) density. W approaches or equals 0 during the night and 1 during
the day, and is set to 0 during continuous polar nighttime and 1 during continuous polar daytime.
For CO, and NO, W is calculated with the assumptions that the approach to the daytime or nighttime
equilibrium starts immediately at sunrise or sunset (SZA = 90°) and proceeds with a characteristic
time constant, T. An analytical solution to W(LST) exists in this case. In calculating the sunrise and
sunset LST's, 0° longitude is assumed. This can lead to a small error, typically less than one minute,
compared to the sunrise and sunset times at the actual longitude.
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For O,, O, and OH, the chemical time constants are often comparable to or shorter than the
sunrise or sunset duration. For these profiles, an alternative empirical interpolation factor is
developed that is an explicit function of solar zenith angle (SZA) rather than LST. A detailed
description is given in the subsection on O;.

3.1.1 CO,

The CO, profile is computed from specified nighttime and daytime ratios relative to the argon
number density, which is obtained from MSISE-90. Below 90 km, a fixed CO,/Ar ratio is used,
based on a ground level CO, mixing ratio of 340 ppm. Above, the ratio decreases, and separate
daytime and nighttime equilibrium ratios are used. The relaxation time constant 7 is taken as 8 hr.

Above 90 km, the daytime and nighttime CO,/Ar ratios were obtained by combining the
theoretical calculations of Rodrigo et al.*’ for sunrise (representing nighttime equilibrium) and sunset
(representing daytime equilibrium) with mass spectrometric measurements. MSISE-90 was used
to compute Ar densities corresponding to the conditions of Rodrigo et al.; using their CO, densities,
the CO,/Ar ratios were taken. These ratios were then systematically rescaled for overall consistency
with measurements from the daytime Aladdin experiment’ and lower-altitude nighttime
measurements.*’ The resulting daytime and nighttime ratios are shown in Figure 8 along with the
theoretical calculations and the Aladdin measurements.
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CO, concentration profiles generated by this model, such as the examples in Figure 9, are found
to be consistent with measurements summarized in a recent review,” and are very similar to
mid-latitude profiles used previously for IR radiation modeling.®* Very recently, new CO,
concentrations have been derived from ATMOS data® at altitudes of up to 120 km. The model is
found to provide an excellent representation of the average of these somewhat scattered
measurements. From these comparisons, the SAG CO, profile is estimated to be accurate to within
£30% or better in the 100-150 km range.
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Figure 9. CO, Concentration Profiles for Autumn,

Mid-Latitude, Moderate-Activity Conditions.

3.1.2 NO

Below 90 km, the NO concentration is taken from the AFGL Constituent Profiles tabulation >
While the actual concentration should have strong diurnal and latitude variations, little or no NO
radiation is expected to be observable from this altitude range due to competing sources. At higher
altitudes, NO emission is quite strong, so the variations need to be modeled. Above 100 km,
separate daytime and nighttime profiles are calculated from the empirical latitude, temperature, and
Kp-dependent models of Smith et al.,* as discussed below. The time constant T is taken as 3 hours.
The densities between 90 and 100 km are estimated by interpolation.

The daytime and nighttime profiles were chosen to give consistency with the latitude-dependent
diurnal variation in NO reported by Smith et al. and with low-latitude satellite measurements®’
during daylight hours. The nighttime profile above 100 km is specified using a fitting parameter,
the so-called equatorial night/day ratio NO,(n)/NO,(d), which is given an altitude-dependent value
of between 0 and 0.2. This ratio is a fictitious quantity since the minimum latitude absolute value
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for the NO computation is taken to be 10°, to ensure that finite values of nighttime NO are obtained
at the equator. For latitude absolute values > 70°, the latitude is "folded back" (i.e., effective latitude
=140-1at) to give better agreement with satellite data compiled by Barth.*® Taking average nighttime
and daytime NO densities as represented by LST = 0 and 12 hr respectively, the results at 110 km
are in reasonable agreement with the data compiled by Smith et al. The time-dependent behavior
of NO according to this empirical model is shown in Figure 10. The low-latitude simulation
reasonably reproduces the increase in mesospheric NO at sunrise found in the Atmospheric Explorer
C measurements.”” However, it predicts the maximum to occur at sunset, whereas the observed
maximum is somewhat earlier, in the mid-afternoon. The nighttime behavior of NO at low latitudes
1s not known from measurements, as the satellite data are from a solar fluorescence technique and
there have been very few rocket measurements at low latitudes. Available IR measurements* show
little diurnal variation at polar latitudes.
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Figure 10. Diurnal Dependence of NO Densities for
Autumn, Moderate-Activity Conditions.

3.1.3 O Atoms

The MSISE-90 O atom profile has been adopted above 86 km altitude. However, at lower
altitudes it is unrealistic, as it lacks a diurnal variation. Alternative approaches were therefore used
for the lower altitudes.

Daytime and nighttime profile shapes from 72 to 86 km (scaled to the MSISE-90 value at 86 km)
were estimated from various measurements and calculations in the literature. The nighttime profile
is essentially equivalent to that of MSISE-90 and the U. S. Standard Atmosphere. Below 72 km, the
daytime O atom profile is computed from the daily average value from the NRL climatology
database®® under the assumption that the nighttime value is zero; the day length is accounted for.
The result is rescaled to match the lower boundary of the 72-86 km region daytime profile. The
scale factor is typically between 0.6 and 1.6. The O atom profiles are switched from day to night
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using the linear interpolation scheme of the ozone terminator model, discussed in the following
subsection.

The predicted O atom profiles should be reasonable at most altitudes during the day, when the
concentration is nearly in steady state, but almost meaningless for altitudes below 80 km at night,
when the concentration drops rapidly. Fortunately, such low O atom concentrations are believed to
have little impact on atmospheric IR radiation.

3.14 O,

The ozone profile is presently derived from a combination of the NRL database® and a
photochemical equilibrium model. The NRL database contains daytime mixing ratios and night/day
ratios, and is used below 72 km. The latitude range is restricted to £60° to avoid difficulties during
continuous polar day and night. The photochemical model is used at 80 km and above, and the two
regions are connected by interpolation.

The photochemical equilibrium model accounts for ozone formation from O atoms and
destruction via H atom and O atom reactions (the former yielding OH) and solar photolysis.
Standard rate constants from the recent literature®* have been adopted. The inputs are the
temperature, N,, O,, O, and H profiles and, if daytime, the photolysis rate. As discussed in the
following subsection, uncertainty in the MSISE-90 H atom profile leads to a comparable uncertainty
in the nighttime ozone. A two-body radiative association term is included as a formation
mechanism, and has a significant and increasing impact above 100 km. The value of the rate
constant, 8x10%! cm’/molec/s, is estimated from rate constants for formation and relaxation of the
0,-O complex™ and from v, band Einstein coefficients. It is almost certainly an upper limit.
However, for systems applications it is safer to overestimate the ozone than to underestimate it.
Furthermore, any overestimation from this 2-body channel would be offset by the presence of certain
0,"+ O, reactions that have been proposed to form ozone® but which are not presently included in
SAG.

A comparison of typical SAG and NRL ozone concentration profiles is provided in Figure 11.
There is quite good agreement between the two, except at 80 km at night. This can probably be
ascribed to a slight underestimation of the H atom density at that altitude by MSISE-90.

The transition between the day and night profiles is handled using a simple empirical model that
approximates the terminator behavior in the time-dependent calculations of Rodrigo et al.,** which
were performed for mid-latitude equinox conditions above 60 km. The transition is made by linearly
interpolating over a 5° range of SZA computed for LST-0.075 hr; the 0.075 hr (4.5 min) difference
accounts for the approximate photochemical lag time. The midpoint of the interpolation region is
taken to vary linearly with altitude at the rate of 0.12° per km. Based on a comparison with the
calculations of Rodrigo et al. This simple representation of the terminator location and width should
be accurate to within around 1° in SZA in the 70-100 km altitude region. Typical time-dependent
profiles generated by SAG for the dusk terminator are shown in Figure 12.
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3.1.5 OH

The OH profile is taken from a standard profile tabulation® below 72 km, a chemical equilibrium
model above 80 km, and interpolated values in between. The chemical model, involving formation
via the H + O; reaction and destruction via O atoms, insures that the H, O,, and O concentrations are
self-consistent and thus accounts for diurnal variation. The standard profile neglects diurnal
variation. Little or no sensitivity of atmospheric radiance to the ground state OH density is expected,
since it neither contributes to nor significantly absorbs the dominant chemiluminescent (Meinel
band) radiation from the higher vibrational states.

3.1.6 H Atoms

The H atom profile is taken from MSISE-90. As with the O atom profile, the H atom profile cuts
off below 74 km, and its accuracy is suspect below 80 km due to the lack of diurnal variation.
Compared with the nighttime H atom profiles derived by Thomas®' for the 80-93 km altitude range,
the corresponding MSISE-90 predictions appear to average a factor of 2 to 4 lower. However, the
uncertainty in Thomas' values is reportedly a factor of 2, and other experiments®>> show better
agreement with the MSISE-90 profile.

If the H atom profile were indeed too low, the photochemical model for ozone and OH,
implemented at and above 80 km, would predict too much O, at night and too little OH during the
day. There is some evidence for the first effect at 80 km (see Subsection 3.1.4). However, the
daytime O, and nighttime OH densities are not affected by the H atom density.

3.1.7 CO and CH,

These profiles are taken from the NRL database™ for altitudes up to 120 km. Above 120 km the
mixing ratios are set equal to the 120 km values; this should result in an upper limit to the expected
IR radiances, which are extremely small, however.

3.1.8 H,0

Due to problems in the current NRL database®® for water vapor, an alternative empirical model
has been developed for SAG which combines the LOWTRAN models in Reference 39 with the
recommendation in Reference 18 for the upper troposphere. Between 0 and 8 km the profile is a
linear fit to the LOWTRAN models for relative humidity, which indicate an average humidity of
approximately 75% at the ground and 30% at 8 km. As recommended in Reference 54, above 8 km
the mixing ratio is logarithmically interpolated to the value of 4 ppmv (2.5 ppmm) at the tropopause,
which we take as the altitude of the MSISE-90 temperature local minimum. (In the unlikely event
that the tropopause is below 9 km, it is assumed to be at 9 km for the purposes of this calculation.)
At 40 km and above, the standard profile from Reference 39 is used. Between the tropopause (4
ppm mixing ratio) and 40 km (approximately 5 ppm mixing ratio) the mixing ratio is logarithmically
interpolated.
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3.1.9 Additional Species for SAMM

The species N,0, HNO,, and NO, are taken from the NRL database.®® These profiles include
seasonal and latitude variabilities, but do not address the diurnal variability, which in the case 0of NO,
is very large due to daytime depletion by the NO, + O reaction and by photolysis. The species SO,
and NH, are not covered by the NRL database, so the standard LOWTRAN/MODTRAN profiles”
are used.

3.2 Temperature

The empirical MSISE-90 model developed by Hedin®’ provides a smooth extension of the
widely-used MSIS upper atmospheric model to the lower atmosphere. The accuracy of the
temperature profiles above 120 km, which are based on mass spectrometer, incoherent scatter and
satellite drag data, has been discussed in Hedin's documentation for previous MSIS versions. The
temperature profiles in MSISE-90 have been designed to follow standard lower atmosphere
climatology compilations quite closely (to within several degrees) under most conditions.

The MSISE-90 temperature profiles are probably suitable for most SHARC applications. It
should be noted, however, that IR radiances can be extremely temperature-sensitive, particularly at
low temperatures. One altitude region where the temperature uncertainty may be significant is
directly above the mesopause, where there is a steep gradient. To ensure that the best possible
profiles are used, MSIS upgrades are expected to be incorporated in future versions of SAG.

4. DEVELOPMENT OF A TERMINATOR MODEL

One of the most critical applications of atmospheric radiance codes is in modeling spatial
variability, which is an important effect in the solar terminator (earth shadow edge) region. Two
types of effects can occur which lead to spatial radiance variations at the shadow edge. One is a
change in molecular number densities due to photochemical processes, such as the photolysis of
ozone (O;). The other is a change in the vibrational excitation with the solar zenith angle. The net
result in either case can be a substantial variation in the spectral radiance for many molecular bands,
including O, (9.6 um), CO, (4.3 pm and 2.7 pm), and OH (~1.9 pm and ~3.3 um).

The section discusses an approach for the accurate modeling of the terminator region through
the use of multiple atmospheric profiles corresponding to different solar angles in the SHARC code.
The spectral radiance may be calculated for an arbitrary line-of-sight (LOS) passing through up to
seven profiles. Interpolation is used to characterize the atmosphere between the solar angles
assigned to each profile. The number of profiles is sufficient to accurately describe the
characteristics of the shadow edge in any arbitrary view (parallel, perpendicular, or oblique).

In the current investigation, a new version of SHARC, SHARC-3, was used to simulate
terminator limb radiances for CO,, O,, and OH that correspond to field observations. Dawn
terminator data for the CO, 4.3 um band were selected from the 1977 SPIRE rocket measurements. '®
New SHARC simulations were performed using an input atmosphere from the SHARC Atmospheric
Generator (SAG) discussed in Section 3, a model that utilizes recent climatology databases,
empirical models, and theoretical calculations to construct appropriate atmospheric profiles for any
desired conditions. The calculated CO, radiances are in good agreement with the SPIRE data as well
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as with simulations performed using GL's line-by-line code RAD 2! In addition, we have simulated
dusk terminator emissions from O, and OH measured in the 1991 CIRRIS-1A space shuttle
experiment.”” The reasonable agreement obtained serves to validate both the SHARC code and the
SAG solar angle-dependent model for O, concentration.

4.1 Calculation Methods

Two slightly different methods for performing SHARC terminator calculations were used in the
current investigation. The CO, 4.3 pm simulations for SPIRE were performed using a
multiple-regions version of SHARC-3. Five atmospheric regions corresponding to different solar
angles were defined with explicit geographic boundaries. For convenience, a transformed coordinate
system was used in which the scan-center tangent point was placed on the equator and the solar angle
served as the longitude coordinate. The atmospheric regions were stacked along the equator and
bounded by longitude lines; the boundary longitudes were chosen as the mean of the solar angles
assigned to the two regions on either side of the boundary. One of the five regions was "extended",
i.e., had no boundary. This region was placed at one end of the stack.

For simplicity, the vehicle was regarded as stationary during each spatial scan (this is a good
approximation for SPIRE and other rocket experiments). Since the azimuth angle was also fixed
during the scan, the entire limb radiance profile for the scan could be mapped out by changing only
the LOS tangent height.

The O, and OH simulations for CIRRIS-1A were performed using the multiple-profiles feature
in the official release of SHARC-3. Seven atmosphere profiles, corresponding to a 92°-104° solar
zenith angle (SZA) range, were specified in a single quiescent region. The actual latitudes and LOS
azimuth angles for the experiment were used. The correct placement of the sun was achieved
through the choice of input longitude.

The only real difference between using a single profile within multiple regions (in the CO,
calculations for SPIRE) as opposed to multiple profiles within a single region (in the calculations
for CIRRIS-1A) is that in the latter case the vibrational state populations are interpolated along the
LOS, whereas in the former case they are constant within each region and change abruptly at the
boundaries. For radiators such as CO, where the solar angle-dependence of vibrational state
populations is gradual, the calculated limb radiances are similar with either approach. With O, and
OH emissions, which change dramatically over a several-degree solar angle range, the interpolation
provided in the multiple-profiles method should give smoother results.

4.2 Results and Comparisons
4.2.1 CO,4.3 um

Calculations of the 4.19-4.49 um bandpass radiance were carried out to simulate the SPIRE
"terminator/night" scans 1, 4 and 8 and the "day" scans 9 and 11. For the former, five layers at 2°
SZA increments were used, for a total SZA range of 10° along the LOS. This is sufficient for
coverage of tangent heights up to 150 km or greater. For scan 8, which looked much farther into the
night than the other two, a low-solar-angle extended region was substituted for the daylit extended
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region used in the scan 1 and scan 4 calculations. For the day scans 9 and 11, which have generally
greater East-West ranges, the atmospheric regions were made three and four degrees wide.

4.2.1.1 CO, Vibrational Temperatures

To obtain some insight into the SZA-dependence of the CO, excitation and the convergence
properties of the calculations, we tabulated the vibrational temperature of the main isotope (00011)
state (associated with the v, cold band) for each atmospheric region. As expected, there is a general
decrease with increasing SZA (Figure 13). The temperatures for one set of altitudes, around 119 km,
track one another closely. High temperatures in region 1 are followed by approximately level
temperatures in the darker regions. A similar trend appears at lower altitudes around 91 km, but the
temperatures do not track. The small fluctuations appearing at this altitude are statistical, stemming
from the finite number of Monte Carlo "photons" used in the NEMESIS routine that calculates the
vibrational populations.
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Figure 13. Solar-Angle Dependence of the CO, (00011) State
Vibrational Temperature.

4.2.1.2 Radiance Profiles

The 4.3 um radiance profiles from SHARC have already been shown in Figure 7 along with the
SPIRE data. Since the data display significant scatter not correlated with SZA, data for similar
angles have been collected into two sets, corresponding to day and night sides of the terminator. The
scan 1 data are very limited and are not shown. Two SHARC profiles are shown for each set to
indicate the sensitivity of the calculations to the SZA. No differences are found between the various
nighttime calculations below 100 km, where strong atmospheric absorption of sunlight leads to total
shadow. In other cases, minor differences are found. The agreement between the SHARC
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calculations and the SPIRE data is seen to be within the data scatter. As can be seen in Figure 7, the
SHARC calculations for 99 and 107 SZA are essentially nighttime except at the higher altitudes.

Preliminary SHARC calculations have also been performed to simulate CIRRIS 1A data, which
have better signal-to-noise. The results, which will be reported in the future, indicate agreement to
within a factor of 2 over the 50 to 125 km tangent height range. The SHARC radiances tend to be
lower, particularly at the higher tangent heights. An underprediction of this magnitude has also been
found by Wintersteiner and co-workers at nighttime using a different radiation code (RAD)* with
similar kinetic mechanisms.

4.2.2 0,9.6 pm

In contrast with CO,, the variation in ozone radiance at the solar terminator is due to an abrupt
change in concentration. Thus, the SHARC terminator results depend critically on how the ozone
concentration profile changes with solar zenith angle in the model atmospheres. A discussion of the
ozone profile derivation and validation has been presented in some detail in Section 3.1.4. Before
we present the terminator results for O,, the next section describes an upgrade to the O, chemical
kinetics data base used in previous versions of SHARC.

4.2.2.1 AnImproved O, Chemical Kinetics Model

This section discusses the modeling of non-LTE (non-local thermodynamic equilibrium) infrared
emission from ozone in the upper atmosphere. Recent measurements from space platforms including
CIRRIS-1A***" and SPIRIT-1° have provided new and detailed information on the atmospheric
emission spectrum near the mesopause (80-100 km altitude region) in the 10-12 um window and
nearby wavelengths. This region is dominated by non-LTE emissions from ozone (O5) v, high
vibrational bands, solar-pumped CO, bands, and pure rotation lines of the hydroxyl radical (OH) at
night. The data provide important benchmarks for the atmospheric radiation codes. '

Prior versions of SHARC do not include a mechanism for exciting the recently discovered OH
lines, and also uses a much earlier O, high-v model based on the kinetic scheme and spectroscopic
parameters of the older HAIRM code.” Recent analyses of the field data and laboratory
measurements of quenching rate constants and vibrational energy levels indicated the need to
upgrade the SHARC-2 O, model to include recent information on the location of the centers of the
various hot bands and a more complete kinetic mechanism with additional emitting states.

The following subsection describes an upgraded O, model which has been implemented in
SHARC-3. The new model provides an improved representation of the upper atmospheric ozone
spectrum in the 10-12 um window, the v, region near 9 pm, and the V1V, region near 4.8 um.
Comparisons are made with SHARC-2 results and with representative CIRRIS-1A data.

4.2.2.2 Overview of Ozone Models

The original HAIRM/SHARC-2 model for O, incorporates a number of one- and two-quantum
states, but it considers only the (00N) (i.e., pure v,) states above three quanta. These states are
assumed to be populated directly in the O + O, + M recombination and relax by Av, = -1 radiative
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and collisional processes. The high (00N) band centers are estimates based on a linear extrapolation
from lower-lying states. This results in a structured spectrum of evenly-spaced bands that fall off
rapidly towards lower wavenumbers, as shown in Figure 14. Using more recent estimates of the
band centers, the (0ON) bands are more widely spaced at high v, making the predicted structure even
more pronounced. In contrast with the SHARC-2 prediction, the CIRRIS-1A data near the
mesopause show little obvious structure associated with the O, hot bands. Fine structure previously
seen in SPIRIT-1°® has been recently shown® to be due instead to the OH lines. The lack of O, hot
band structure indicates that there are many more O, bands contributing to this spectral region than
are present in SHARC-2.
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To generate a sufficiently smooth spectrum, Adler-Golden and Smith® proposed that the
populations of O, states having v,>0 and v,>0 are comparable to those of the (00N) states of similar
energies or total vibrational quanta. This is in accord with results of detailed state-to-state kinetic
model calculations.®"*® In the COCHISE laboratory experiment® both the (00N) and (10N) states
were detected, although v,-excited states were not. However, Rawlins et al.** identified the
(011)-(010) band in the atmospheric emission spectrum measured in the SPIRIT-1 experiment, and
Green et al. (B. D. Green, unpublished data) have inferred high v,-excited state populations from
CIRRIS-1A spectra in both the v, and v,+v; regions.

A fundamental difficulty for SHARC is that a complete state-to-state kinetic model for O,(v)
would require a very large number of states. According to the established collisional relaxation
pathways, stretching quanta (v, and v,) equilibrate among themselves and are also converted to
bending quanta (v,), which relax primarily via V~T,R processes. This means that to calculate
populations of even a limited subset of states such as (O0ON) all states having N total quanta must be
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included in the kinetic scheme. For example, the state-to-state kinetic model of Manuilova and
Shved® for N of up to 3 includes all 20 vibrational states. Extension of their model to N=7, required
to simulate the region near 800 cm™ (12.5 pum), would require 120 states. To implement this model
in SHARC would entail a much larger and more complicated kinetics input file and around four
times the number of vibrational bands compared to SHARC-2.

An alternative to such a complete kinetic model for ozone is an "effective" model employing a
subset of states linked by fictitious relaxation pathways and rate constants. The HAIRM/SHARC-2
model is in this category, but as stated earlier it is incomplete. An alternative "effective” model that
can account for all possible vibrational bands has been proposed by Adler-Golden and Smith.° We
have implemented this model for 20 states having more than two quanta. While the work of
Adler-Golden and Smith can be criticized for omitting the OH lines, making their band center
assignments questionable, their basic hypothesis regarding the participation of bending-excited states
is strengthened, rather than weakened, by this omission, since now the model must yield even less
ozone spectral structure than before.

For the ten states having two quanta or less, SHARC-3 uses a complete state-to-state relaxation
model similar to that of Manuilova and Shved® and Joens et al.’” Details of the kinetic model and
its implementation are described in the next section. In the subsequent section, sample radiance
calculations are presented and discussed.

4.2.2.3 SHARC-3 O, Model Description
4.2.2.3.1 N> 2 Model

The model proposed by Adler-Golden and Smith® (denoted AGS) is used to describe the kinetics
of states whose total vibrational quanta, N, exceeds 2. The implicit physical assumptions are that,
to first order, all states of a given N are equally populated, multiquantum relaxation is negligible,
and the nascent ozone is formed entirely in states with N equal to or greater than the maximum in
the model, N=7. In this situation, all vibrational states with a given N are assigned identical
collisional and radiative relaxation rate constants which represent averages for the N manifold. The
relaxation product states are not defined. Rather than letting relaxation feed the lower states, the
formation rate for each state is specified by an "effective" rate constant which equals the total O,
formation rate divided by the number of states with N quanta, which is N*/2+3N/2+1. The N>2
states presently included in SHARC-3 are those having v)=0 or 1 and v,=0 or 1 (20 states).

The "effective" formation rate constants in the AGS model serve the same function as the
"quasi-nascent" state distribution proposed by Rawlins and co-workers.% (A simpler, early version
of the Rawlins model® involving only the (OON) states had been adopted for HAIRM and
SHARC-2.) Besides the inclusion of bending states in the AGS model, another important difference
is that the sum over all vibrational states of the "effective" rate constants exceeds rather than equals
the net rate constant for O, formation. To gether with the use of smaller, manifold-averaged radiative
relaxation rates, the result is a larger overall radiance in the 11-13 um window region.

Numerical values for the rate constants were derived as follows:

1. The manifold-averaged radiative relaxation rate is taken as 4N s, representing
approximately 1/3 of the Einstein coefficient for the (OON) states.
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2. The rate constant for relaxation by N, and O, is taken as 1.3x10"*N cm*/molec/s, and for
reasons discussed by Adler-Golden et al.% the rate constant for O atoms is taken to be
400x larger. These values give the correct daytime hot-to-cold band intensity ratio when
the recently measured relaxation rate constants of Menard et al.”’ are used to calculate
the N=1 state populations. The scale factor of 1.3x10™ is quite close to the measured
(100),(001)~(010) and (010)-(000) relaxation rate constants for air at 200 K, the
approximate atmospheric temperature in the altitude range of the hot band emissions.

3. To accurately model the (1 v, v)/(0 v, v+1) state ratios, which are near thermal
equilibrium, resonant exchange processes between these states are included. The rate
constant values in the exothermic direction are taken as 1x10™"! cm*/molec/s for N, and
O,, consistent with the Menard et al. measurements of the (100)-(001) rate. The rate
constants are assumed to be ten times larger for O atoms, in the absence of further
information. The state populations are not expected to be sensitive to these precise
values at most altitudes of interest.

4. The "effective” formation rates are computed as described above from the total formation
rate constant. The latter is taken as 1.6x102"T?*® cm®%molec®/s based on literature
measurements for standard air composition.*

As mentioned earlier, in this model the relaxation processes do not feed the lower states. To
implement this scheme in SHARC, the final states are specified as O, with no vibrational quantum
numbers attached. As SHARC requires all vibrational radiative processes to be included in the
kinetics scheme, the Av=-1 transitions were listed in the kinetics file but their Einstein coefficients
were set to zero.

4.2.2.3.2 N <2 Model

The complete set of 10 states with N<2 are included, along with best-guess estimates for their
state-to-state collisional and radiative relaxation rates. The N=2 states are formed using the
"effective" rate constants described above. The resonant v,-v, exchange rate constants are identical
to those used for N>2. The other collisional relaxation rate constants are based on the measurements
of Menard et al.”™ for N, and O,. Linear scaling is used when the mode losing a quantum has more
than one initial quantum. Since both the N, and O, rate constants have similar temperature
dependencies, to reduce the number of reactions in the input file the rates for O, are ratioed to those
for N,. Theratio is taken as 0.8, in accord with the measurements near 200 K. As before, the O/N,
rate constant ratios are taken as 400. This gives acceptable agreement with the measurements of
West et al.”! if it is assumed that the O atom rates at room temperature and 200 K are similar. The
actual temperature dependencies of the O atom rate constants are unknown. Detailed balance is
included throughout.

4.2.2.3.3 Vibrational Energies and Spectroscopic Parameters

The vibration-rotation line parameters were taken from the 1992 HITRAN atlas'” where
available. For bands not present on the atlas, such as those originating from states having four or
more quanta, approximate line intensities and positions were generated by scaling and shifting
corresponding bands of lower-energy vibrational states. The intensity scale factors assume harmonic
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oscillator scaling of the transition dipoles. This approximation may overestimate the highest-energy
band strengths [such as for (006)-(005)] by almost a factor of two, since it does not account for
dilution due to the Darling-Dennison interaction.*® Also, the postulated local resonance® between
the (005) and (311) states has been neglected for the present.

The band center estimates are based on a recent semi-empirical energy level formula given in
References 58 and 60. They are expected to be accurate to within several cm™ for up to N=5 total
quanta, where COCHISE data are available. Higher-N bands of ozone have yet to be identified in
the IR. An extrapolation from N=4 was performed using the quadratic Darling-Dennison formula
derived by Barbe et al.” in 1974. The results are in good agreement with the N=5 band centers
reported in COCHISE.* However, problems occur at higher energies. The dissociation energy of
ozone is greatly overestimated,’*® and even-v, states with six and seven quanta observed in recent
resonance Raman spectra” are overpredicted as well. The discrepancy between the quadratic
formula and the Raman data has been observed and discussed by several authors.””

The improved energy level formula in References 58 and 60, adopted in the present work, gives
a much better fit to Raman data for 6 and 7 quanta as well as the correct dissociation energy,
although there is little difference at lower energies. It predicts that the (007) and (106) bands lie
below 800 cm™. The bands originating from (006) and (105) are predicted to lie nearly on top of
each other, in part due to the (311)-(005) resonance. However, even if they were well separated, they
would still be unable to produce a spectrum as smooth as that observed in CIRRIS-1A. between 800
and 900 cm™. This has provided a major motivation, although not the only one, for including the
additional bending-excited v, bands.

In addition, several other bands from the 1992 HITRAN atlas have been added to SHARC-3.
One is the (200)-(001) crossover band, centered at 1159 cm™. As discussed below, it is clearly
visible in the daytime simulations, when the total ozone concentration is low and the nearby v, cold
band is weak. Two new two-quantum transitions have also been added, the (003)-(100) crossover
band and the stronger (102)-(001) combination band. While we have not yet made comparisons with
CIRRIS-1A datain the region around 5 um where these bands emit, we anticipate that the latter band
atleast should be observable, and that higher-energy combination bands (originating from states with
N>3) that are not present in HITRAN might also be visible.

4.2.2.3.4 Results

The SHARC-3 model was run using the same input atmosphere (daytime "U.S. Standard") and
view (80 km limb) as before; the result is shown in Figure 14. The smoother appearance of the
window region is in better accord with the CIRRIS-1A and SPIRIT-1 data, and the overall radiance
is larger than before, especially at low wavenumbers. It should be noted that this model atmosphere
contains atypically large O atom densities below 90 km, which results in higher O, formation rates.
This, in turn, results in hot band radiation that is greater than normal.

The contribution from the (200)-(001) crossover band in SHARC-3 is observed above 1 140cm™.
Intensity increases in the 1020-1140 cm™ region of the v, and v, cold bands are also observed. These
probably result from the use of somewhat smaller N=1 deactivation rate constants.

SHARC-3 was also run using the SAG atmosphere for the nighttime conditions of the SPIRIT-1
experiment. Comparisons of the observed and predicted hot and cold band limb radiances between
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80 and 100 km are shown in Figure 15. The hot bandpass is 930-976 cm™ (10.25-10.75 pm), where
the emission is mainly from four-quantum O, states. The SHARC radiances have nearly the
observed ratio and are in good absolute agreement with the data up to around 90 km. Above that
altitude the data fall off more rapidly, but this behavior is somewhat atypical as larger ozone
radiances have been observed at these altitudes in other experiments including CIRRIS-1A and
SPIRE. The cold band intensity would be reduced by nearly half at 100 km if the proposed
two-body ozone formation reaction O + O, - O, + hv currently present in the SAG photochemical
scheme were eliminated.
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Figure 15. Predicted and Observed (SPIRIT-1) Nighttime Cold Band (1000-
1087 cm™) and Hot Band (930-976 cm™” Limb Radiance Profiles.
Input Atmosphere is from the SHARC Atmosphere Generator.

The ozone hot band spectrum for any representative atmosphere should be essentially the same
except for differences in overall intensity. Comparisons of Figure 15 with CIRRIS-1A data suggest
that the intensity envelope of the spectrum lies in between the two SHARC models. The SHARC-3
model may have somewhat overestimated the hot band strengths, as discussed earlier, and the linear
scaling of the effective relaxation rate constants might have led to underestimates of the quenching
at the highest vibrational energies (N>4).

A "fix" that compensates for the likely hot band strength errors has been implemented in the
latest SHARC-3 kinetics input file. In the new file, the "effective" formation rate constants are
reduced by ratio of the AGS (Reference 60) theoretical transition dipoles (which take into account
Darling-Dennision interactions and other anharmonic effects) to the harmonic oscillator-based
transition dipoles used to generate the spectral lines for these bands. This results in essentially no
change in the hot band structure, but a slightly steeper roll-off of intensity towards the red.
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4.2.2.4 Terminator O, Radiance

SHARC calculations were performed to simulate selected data from the CIRRIS-1A experiment
on O, v, radiance in the dusk terminator. The data were taken from a horizontal scan near 20° S
latitude during Block PC11G, when a SZA range of 93° to 101° was covered with nearly constant
elevation and azimuth angles. During this period, two radiometer detectors, numbered 1-4 and 1-6,
acquired data at 89 km and 81 km tangent heights, respectively, in the 8.0-11.9 um bandpass. The
LOS was nearly parallel to the terminator.

The data and SHARC simulations are shown in Figure 16. The SHARC simulations show a
smaller altitude dependence on the night side and slightly underestimate the day side radiance, but
on the whole they agree reasonably with the data. The agreement is better at 81 km, which is closer
to the peak of the ozone emission, than at 89 km. The differences on the night side may have to do
with a mismatch between the calculated and actual ozone peak altitude, which averages around 83
km in CIRRIS-1A nighttime measurements but can fluctuate by several km. For these particular
data, the peak appears to be several km lower than average. At 89 km, the scale height of the
emission is very steep, so that a small change in the peak altitude can have a large effect on the
radiance. Uncertainties in the CIRRIS-1A pointing could also explain some or most of the
differences. The tangent height uncertainty is estimated to be 1 to 2 km for these data.
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Figure 16. Calculated (SHARC-3) and Observed
(CIRRIS-1A) O4(v;) Limb Radiances at the
Dusk Terminator.
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4.2.3 OH AvV=1

The OH AV=1 Meinel band emission above 80 km is generated from the H + O, reaction. The
H and O, concentration profiles have been discussed in Sections 3.1.4 and 3.1.6. The OH emission
1s expected to show a similar terminator behavior as the O, emission, since the H atom concentration
should not vary across the terminator at these altitudes. Not surprisingly, we find the
SHARC/CIRRIS-1A data comparison for OH to be similar to that for O,.

4.2.3.1 Terminator OH Radiance

Figure 17 shows 2.5-3.4 pum bandpass data from CIRRIS-1A that were taken simultaneously with
the O, data of Figure 16. The small quantity of emission at the lowest SZA's is from a blend of
OH(AV=1) and CO, 2.7 um bands; the increase starting around 94° is ascribed entirely to OH(V)
formed from the increasing quantity of ozone. The SHARC calculation yields slightly more OH
emission than observed, but the difference is well within the variability of the OH emissions and the
pointing uncertainty. The solar angle dependence of the data is also reproduced quite well; the
location of the terminator edge appears to be accurate to within 2° or less of SZA.
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Figure 17. Calculated (SHARC-3) and Observed
(CIRRIS-1A) OH(AV =1) Limb Radiances
at the Dusk Terminator.
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Since the concentration of ozone derived from the photochemical model is inversely proportional
to the H atom concentration, the quantity of OH emission at night does not depend on the assumed
H atom profile. However, it does depend on the O atom recombination rate, and hence on the O
atom concentration as well as the mechanism and rate constants for OH(V) deactivation. Future
refinements of the OH(V) kinetics in SHARC will provide a more precise relationship between the
OH emissions and the recombination rate, so that these emissions could be used for deriving accurate
O atom profiles in the mesopause region.

5. DEVELOPMENT OF SAMM

This section describes SAMM, a moderate spectral resolution (2 cm™) infrared (IR) atmospheric
transmission and background radiance model applicable at altitudes from ground to space (300 km).
SAMM,” SHARC® And MODTRAN>"” Merged, was developed by integrating the DOD standard
lower atmosphere (2 cm™ MODTRAN) and upper atmosphere (1 cm™ SHARC) moderate spectral
resolution models into a single, seamless code with a unified and correlated radiative transport
algorithm. This section provides an overview of the SAMM model. A more detailed discussion
which describes how to run SAMM by providing code implementation and execution instructions
can be found in the SAMM User’s Manual.” It also discusses the newly developed radiative
transport algorithm which is applicable to both the low and high altitude regimes.

5.1 Overview

SAMM is amodel for predicting spectral radiances for selected lines-of-si ght (LOS) through the
atmosphere. In SAMM, the earth's atmosphere from 0 to 300 km altitude is partitioned into a single
extended ambient region and localized ambient and/or auroral sub-regions. The aurora are regions
whose chemistry is influenced by the bombardment of solar electrons; specification of the incident
electron energy spectrum and its duration is required for modeling these aurora. Both ambient and
auroral localized regions are bounded by surfaces of constant altitude, latitude, and longitude.
Within each region, the user may define/select either a single set of pressure, temperature, and total
molecular density profiles or multiple sets, each one associated with a particular solar earth center
angle (solar earth center angle is used rather than solar zenith angle, because the former is not
affected by spherical refractive geometry and therefore is altitude independent at a fixed latitude and
longitude).

In addition to generic atmospheric profiles supplied with SAMM, additional atmospheric profiles
can be generated using the SAG program (see Section 3). Aerosol profiles are not defined in the
atmospheric profile files, but instead are defined in an external file; these profiles use the
MODTRAN/LOWTRAN 7 format, and they must be entered or modified by directly editing the
aerosol file.

Solar position is specified either by directly entering solar latitude and longitude or by selecting
year, month, day, and Greenwich mean time.

There are three basic LOS types: observer-to-source, observer-to-space, and limb viewing. For
both the observer-to-source and the observer-to-space paths, the observer location is defined by
entering the observer altitude, latitude, and longitude. There are five options for specifying source
location; input (1) source altitude and observer zenith & azimuth, (2) path range and observer zenith
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& azimuth, (3) source altitude, path range, and observer azimuth, (4) source altitude, path earth
center angle, and observer azimuth, or (5) source altitude, latitude & longitude. For paths to space,
the observer altitude, and either the observer zenith or the tangent altitude must be input. Limb
viewing LOS are tangent paths extending from space to space; these paths are specified by entering
the tangent point altitude, latitude, longitude & azimuth. For all paths, azimuth angles can be
specified either by directly entering the angle (degrees East of North) or by entering a latitude and
longitude in front of or behind the observer (tangent point for limb paths) location.

All spectral data are entered in wavenumber (cm™) units. The spectral range of SAMM is 250
to 10,000 cm™ and the minimum spectral resolution is 1 cm™.

5.1.1 Refractive Geometry

The refractive geometry model calculates all required refractive paths for SAMM. The basic
refractive geometry equation is

ng R sin® = constant (15)

where R is the earth center distance, ny is the real part of the refractive index, and @ 1is the zenith
angle at R. The assumption is made that the refractive path varies insignificantly with wavelength,
and refractive geometry calculations are performed for the central frequency of the spectral bandpass
only. A second assumption is that the refractive index is constant above 30 km i.¢., at low pressures,
and straight line geometry is used for the 30 to 300 km altitude region.

Refractive paths are tracked by marching along from the initial location to the termination point.
It is necessary that the altitude, latitude, longitude, path zenith, and path azimuth at the initial
location all be known. If this LOS starting point information is not actual input (e.g., if path range
instead of zenith angle is used to specify an observer-to-source path), then the model solves for the
required initial data, directly if possible and iteratively when necessary.

Output from the model includes column densities and layer averages for both optical and
scattering point-to-sun paths below 30 km. A new algorithm has been developed to calculate these
quantities directly from the layer path length and boundary zenith angles, altitudes, and densities.”

5.1.2 Column Densities

The column density information is obtained from the relevant MODTRAN and SHARC
algorithms. MODTRAN determines all the lower altitude (< 30 km) total molecular column
densities; for radiators common to both MODTRAN and SHARC (H,0, CO,, CO, NO, O, & CH,),
densities must be partitioned into their vibrational states. At higher altitudes, the SHARC column
densities are combined with the MODTRAN path amounts for HNO,, SO,, NO,, NH,, N,0, O,, and
the aerosols.

33




5.1.3 Radiative Transfer Model

The radiative transfer model is based on a modification to the MODTRAN radiative transport
routines, and calculates and outputs spectral radiances. The spectral bandpass is sampled in 1 cm
steps. The resulting 1 cm™ data is internally degraded using a digitized triangular slit function if the
user requests a FWHM (Full Width at Half Maximum) in excess of 1 cm’".

For each frequency, there is a loop over the optical path layers to determine their contribution
to the spectral radiance. Single scatter solar/lunar radiance is included in the layer radiances by
considering the contribution from L-shaped paths from the sun/moon to the layer to the observer.
The multiple scattering contribution to the spectral radiance is determined by initially performing
a two-flux calculation at each frequency; the required upward and downward fluxes are calculated
by looping over the atmospheric layers below 100 km using a vertical path from ground to space.
Details of the radiance algorithm are presented in Section 5.2

5.2 Radiation Transport Algorithm

In the lower atmosphere, below 30 km altitude, collisional processes dictate the distribution of
the dominant vibrationally excited species, i.e., LTE conditions prevail. At higher altitudes, where
densities are much lower, radiative pumping and spontaneous emission processes can begin to
compete with the collisional processes. The deviation from LTE depends on details of the excitation
reactions and varies from one molecular band to another. When the ambient temperature no longer
describes the distribution of vibrationally excited states, a molecular band is said to be in non-local
thermodynamic equilibrium (non-LTE). Transmittances and radiances then depend explicitly on
these vibrational distributions.

5.2.1 Line-of-Sight Radiance

Computation of the spectral radiance for an atmospheric line-of-sight (LOS) passing through
both the LTE and non-LTE regimes requires detailed information about gas kinetic temperature,
pressure, species column densities, vibrational populations, solar irradiance, and surface temperature.
SHARC calculates these radiances by modeling non-LTE formation processes and then performing
LBL calculations, while MODTRAN uses an LTE band model approach. SAMM has adopted a
hybrid approach in which the SHARC radiators (CO,, H,0, O,, CO, OH, CH,, NO, & NO") are
treated LBL and all other emitters (N,O, 0,, SO,, NO,, NH,, HNO,, & continuum sources) are
modeled using the MODTRAN band model techniques. The LOS is represented as a series of
segments, and the radiance within each (1 cm™) spectral bin is calculated as the sum of emission I°,
single scattering I*, and multiple scattering I™ terms:

0

1=§ﬂj]ﬁ+lsgs+1ms, (16)

where the sum is over the atmospheric layers traversed by the LOS. The emission from each layer
is calculated as a product of the incremental transmittance T..1- T, ONE minus layer scattering albedo
1 - w,, and a source term R;;:
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=y - 7) A-0) R, . a7

The 7, are the transmittances from the observer to the far side of layer {. These calculations are done
at each wavenumber or spectral bin increment. Since MODTRAN is an LTE model, its source term
is simply the Planck blackbody function. SAMM models both LTE and non-LTE radiators by
defining the source term as an average over the individual sources (j) weighted by their incremental
spectral bin equivalent widths, AW, (= W, - W, ):
eV Py
R = — Y AW, (—=) | YL AW, (18)
T 4 Py J

where c, is the first radiation constant (c, = 27thc?, h is the Planck constant and c is the speed of
light), v is the spectral bin frequency, and p,' & o are the densities of the upper & lower states,
respectively. The sources of emission being summed over include SHARC molecular transitions,
MODTRAN band model lines for non-SHARC species, and the MODTRAN continuum sources.
This expression for the source term reduces to the blackbody function under LTE conditions, is exact
in the weak line limit, and gives greatest weight to the strongest absorber in a given layer along the
LOS. The equivalent width for each spectral bin is defined as a species' absorption within that bin
and is given by

Wy = fdv [l - fg(V)], (19)
Av

where T, is the spectral transmission through layer { for absorber j and Av is the width of the spectral
bin.

The spectrally averaged transmission arising from an ensemble of absorbers centered randomly
within the spectral interval is given by

W,
w = I[d -K_Z - 0)
J

This equation implicitly includes the statistical correction for random line overlap.” Both the single
line and band mode] equivalent widths for a Voigt lineshape are evaluated using the Rodgers and
Williams®® (RW) interpolation formula. This formula has been shown to give a peak error of 8%.
The Lorentzian line tails are subtracted from the RW expression to obtain the Voigt equivalent width
within a spectral bin.? This correction is important for lower altitudes where the total equivalent
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width of a strong line can easily exceed the typical bin width of 1 cm™. The RW interpolation
formula requires evaluation of equivalent widths in the Lorentz, Doppler, and weak-line limits.
Standard approximations™ involving Curtis-Godson®” path averages are used to evaluate these
widths. Curtis-Godson path averages are used to approximate paths through multiple layers by a
single homogeneous path.

An upgraded formulation for the single scattering solar radiance has been integrated into both
MODTRAN and SAMM. The single scatter component can be written

Tset -1
P
s sun ¢ _ L sun
Igg = 7F f - T ps) T (O AT 1)
Tect 0

F™ is the extraterrestrial solar flux and P, is the scattering phase (angular cross-section) function.
Since the variation in scattering angle along the LOS is negligible, a layer averaged phase function
can be factored out of the integral. The question remains as to how the L shaped path (observer to
scattering point to sun) transmittance from absorption varies with the LOS scattering transmittance.
In deriving an expression for the layer thermal emission, Cornette® assumed that transmission from
absorption and scattering both varied exponentially across a layer. This is equivalent to the
assumption of equal effective absorption and scattering scale heights within a layer. We similarly
assume that

L
L L Tabs [
= 2

i~ i | @)

1:ab:; 2-1

where
Inft/<,,,]
z = et 0-1 ) (23)
hl [Tsctﬂ / Tsct 2-1 ]

With this assumption, the single scatter solar integral can be evaluated analytically yielding

L L
ISS N F™ P, In Tset 0-1 Tier = T
: T T3 ( ) R (24)
Yo In [Ty, /1) ]

The first logarithm term equals the layer scattering optical depth, and the final term can be
interpreted as an averaged L shaped path total transmittance divided by the extinction (absorption
plus scattering) layer optical depth.
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In MODTRAN and hence SAMM, the molecular and aerosol single scatter solar radiance
contributions are treated separately. The total single scatter solar radiance is a sum of the two terms.
Three choices are available for the aerosol phase function: user-supplied, Henyey-Greenstein, or
Mie generated internal database.” The L shaped path transmission terms, t",, are calculated for all
the SHARC and MODTRAN absorbers, rigorously determining the column density through the
multiple higher altitude regions.

The MODTRAN LTE treatment of multiple scattering

I} = (- e |A-B)F, « B Fy|/, (25)

has not been altered because multiple scattering is only significant at the lower altitudes where LTE
conditions prevail. At each layer boundary, the upward and downward fluxes, F, the scattering
albedo, w,, and the backscatter fraction, B, are calculated. The two flux calculation, which uses a
vertical path, is performed for the atmosphere defined at the observer's latitude and longitude and
with its high altitude boundaries fixed at 30, 35, 40, 45, 50, 70, and 100 km; multiple scattering is
not included above 100 km. When multiple scattering is not requested, the scattering albedo in Egs.
(17) and (25) is set to zero.

5.3 Low Altitude Solar Attenuation

Since SHARC-3, MODTRAN and SAMM calculate LOS radiances in the region of the solar
terminator, solar zenith angles that are greater than 90° must be accommodated. Under these
conditions, the solar irradiance passes through parts of the atmosphere that are below the lower
boundary of the chemical kinetics module (50 km in SHARC-3, 30 km in SAMM). Since some of
this radiation is absorbed by the lower atmosphere, its intensity, and spectral structure are modified.
The amount of absorption at any wavenumber is a function of the solar zenith angle, or equivalently
the minimum altitude through which the sunlight passes, and of the aerosol and molecular content
of the lower atmosphere.

SHARC and SAMM distinguish the attenuation of solar irradiance by "line center" and
"continuum" sources. Both codes model the line center attenuation of solar irradiance by performing
LBL calculations for each vibrational transition. Curtis-Godson averages are used to define Doppler
and collision broadened half-widths for the solar paths. The "continuum" sources here denote all
sources of absorption other than the particular vibrational band under consideration.

5.4 Representative Calculations

SAMM has been validated by extensive comparisons with SHARC and MODTRAN and a
database® containing selected CIRRIS-1A radiance profiles and spectra. The CIRRIS-1A data base
was assembled to assist in the validation of atmospheric IR radiation codes. The simulations using
SAMM were based on model atmospheres are from SAG. Rather than reproduce the numerous
comparisons here, we simply show two comparisons of SAMM with calculations from SHARC and
MODTRAN. The more extensive comparisons can be found elsewhere.’®*
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The first example consists of a nighttime 80 km limb calculation including emission from all
seven SHARC radiators, but with none of the MODTRAN only radiators. The SAMM and
SHARC-3 results are compared at the same spectral resolution in Figure 18. A more detailed
comparison illustrates that the only significant differences arise for the 7.65 pm CH, band. Since
SHARC-3 and SAMM use different lower boundaries for solving the chemical kinetics equations
(50 km in SHARC-3 and 30 km in SAMM), they predict different amounts of earthshine pumping.
Generally these differences are small. The 7.65 um CH, band is an exception in this case.
Preliminary comparisons to CIRRIS data seem to indicate better agreement with SAMM, but these
results are inconclusive due to uncertainties in the methane profile.

The second example is a low altitude daytime calculation (limb LOS tangent at 10 meters
altitude) with all SHARC and MODTRAN radiators and aerosols. The SAMM combined LBL/band
model results are compared to the MODTRAN band model only results in Figure 19. Solar and
thermal single and multiple scattering is included in the calculations. Agreement is excellent in all
regions except the center of the 4.3 um band, where near field hot CO, significantly contributes to
the spectral radiance.
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Figure 19. Comparison of SAMM with MODTRAN for a 10 km Limb Path.

6. DEVELOPMENT OF AN ATMOSPHERIC STOCHASTIC STRUCTURE MODEL

The calculation of infrared (IR) mean radiance, transmittance and their fluctuation statistics is
important in many areas of atmospheric science, including the interpretation of satellite sensor
measurements and understanding the effects of turbulence structures on molecular excitation
processes. The atmospheric infrared radiance fluctuations depend on fluctuations in atmospheric
species number densities, vibrational state populations, and the kinetic temperatures along the sensor
line-of-sight (LOS). The standard SHARC model’ calculates mean LOS radiance and transmittance
values. The SHARC structure model predicts the two-dimensional spatial covariance function of
the radiance. The covariance function and its Fourier transform, the power spectral density (PSD),
can be used directly in sensor models or in image synthesis modes to create realizations of the
predicted structure. The radiance statistics and images are non-stationary and are explicitly bandpass
and sensor FOV dependent.

This section describes the atmospheric stochastic structure model and investigates the effects of
atmospheric variability due to diurnal and latitudinal conditions on the resultant radiance and
radiance statistics for the SWIR (2.7 um) and MWIR (4.3 um) spectral regions. The results are
summarized in terms of radiance statistical quantities, such as the correlation lengths, standard
deviations, and the slope of the radiance power spectral density (PSD). Since the most important
input to the SHARC-4 structure model is the temperature fluctuation model, additional variations
to the input temperature statistical parameters were performed in an attempt to isolate any dominate
effects. However, due to the uncertainties in the temperature model, any sensitivity study should be
considered with several caveats.

First, the nominal values of the first- and second-order statistical parameters used in temperature
fluctuation model were extracted from several sources. The uncertainties or error bars have not been
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established. Most of the measurements were of density fluctuations or radiance fluctuations with
temperature statistics inferred. There is large variability in the temperature fluctuation statistics in
the lower altitudes which the current model does not capture as it was not extended down below 10
km altitude. Furthermore, there is no diurnal, latitudinal, or seasonal variation included in the
temperature fluctuation model. It is not at all clear that doubling or halving quantities such as
correlation lengths or variances brackets actual values. The study should provide insight into the
role each parameter has on basic predictions of radiance statistics, but by no means can be
considered completely inclusive.

An additional assumption of the base line temperature model is that the underlying stochastic
process is a Gaussian Markov process with a Gaussian PDF and exponential covariance. Further, for
image generation, random phases are explicitly assumed. Different stochastic processes with the
same overall first- and second-order statistics (means, variances, correlation lengths) could differ
widely in terms of gradient or clutter properties. Gravity waves, which are believed to be a principal
source of structure, are known to break, and hence contribute structure at multiple scales; the large
amplitude, large length scale non-turbulent mode, and the turbulent mode, where length scales are
much shorter than in the non-turbulent mode. The assessment of these issues await analysis of future
measurements of atmospheric structure.

6.1 Stochastic Structure Overview

For atmospheric altitudes less than 50 km, collisional quenching of excited vibrational states is
generally fast compared to radiative decay. Species tend to be in local thermodynamic equilibrium
(LTE) and state populations can be determined from a Boltzmann distribution at the gas-kinetic
temperature. At higher altitudes, there are an insufficient number of collisions to equilibrate
vibrational energy before radiative decay occurs and the vibrational states can no longer be
characterized by the kinetic temperature. Under these conditions, the vibrational states are in
nonlocal thermodynamic equilibrium (NLTE). Models extending into the higher altitudes must
describe these deviations from local thermodynamic equilibrium. SHARC assumes steady state
kinetics for the atmospheric processes of collisional excitation, energy transfer, radiative decay,
chemical production and illumination by the sun, earth and atmosphere. The model treats seven
species which radiate in the 2-40 pum wavelength region, including NO, CO,, 0,,H,0,0H, CO, and
CH,;, as well as the isotopes of CO, and H,0. The number densities of the excited vibrational states
are predicted and can be described in terms of a Boltzmann distribution with state dependent
vibrational temperatures. Under LTE conditions, the response of the vibrational states to a kinetic
temperature fluctuation can be described by a Boltzmann distribution corresponding to the new
kinetic temperature. The emission from a small volume in the atmosphere depends only on the
gas-kinetic temperature in that volume and is determined using the Planck blackbody emission
source term at the new fluctuated temperature. Under NLTE conditions, the response of population
changes to fluctuations in temperature and density are determined for each state by a perturbation
model which uses the same steady state chemical-kinetics schemes that are used for the quiescent
atmosphere. Fluctuations in the kinetic temperature can result in correlated or anti-correlated
responses in vibrational state population. The magnitudes of the responses depend on the local
chemical environment. NLTE emission depends on the vibrational temperatures of all species
involved, as well as, the gas-kinetic temperature.
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Fluctuations in atmospheric temperature and density have been measured directly using balloon,
rocket, and satellite experiments. These experiments provide in-situ measurement of density,
temperature and species concentrations. Ground based techniques used to determine atmospheric
structure statistics include radar, lidar and airglow emission measurements. Taken together these
measurements begin to provide the necessary structure statistics which characterize the atmosphere.
Current estimates of these quantities have been summarized, in a 3-D non-stationary statistical model
(NSS).# The NSS model provides a covariance function, PSD description of atmospheric
temperature and density fluctuations. Horizontal altitude layers are assumed to be isotropic and
stationary, while the vertical variations are treated as non-stationary. Model parameters (variance,
vertical correlation length, and horizontal correlation length) are described as a function of altitude.
The NSS model currently assumes a 1-D PSD spectral slope of -2 for all altitudes.

A simulation of the radiance fluctuations observed by a sensor array can be calculated by using
a three-dimensional realization of the atmospheric temperature and density fluctuations and by
intersecting a LOS for each pixel with the 3-D realization to determine the LOS radiance for each
pixel in the sensor.® Alternatively, the radiance statistics for the sensor FOV can be derived directly.
The radiance statistical functions can be incorporated into sensor models, or image syntheses models,
to create scenes consistent with the radiance statistics. The model described here proceeds with the
later approach although the former approach is being used to evaluate the algorithms. The radiance
statistics predicted by SHARC explicitly include radiance fluctuation contributions along the entire
LOS and not just the tangent point. The inputs to the calculation are altitude dependent temperature
and density profiles, which can be obtained from the standard atmosphere generator code (SAG),
the local temperature and density statistical quantities obtained from the NSS model and an atlas of
molecular line parameters based on HITRAN-92."” The SHARC model calculates the non-stationary
LOS radiance covariance by performing LOS integrations over the products of radiance fluctuation
amplitude functions,* and the local kinetic temperature covariance. A key quantity derived by the
modelis a LOS radiance variance distribution function which determines the contribution to radiance
variance of each portion of the LOS. The radiance variance distribution function acts as a weighting
function, revealing the contributions of temperature and density fluctuations to the radiance variance
along the LOS.

6.2 Radiance Structure Calculation Technique

The radiance structure of atmospheric backgrounds is induced by local temperature and density
fluctuations in the atmosphere. The radiance in a pixel of an image plane L,,(p) in a bandpass AA,
is given by

Ly,@) = f d\ f dr S(7,\)ot(F,A)lor . (26)

where P is a vector in the sensor plane defining the pixel location and the LOS from the observer is
defined by the vectorT. The quantities S(T,A) and t©(T,A) are the emission source term and the
atmospheric transmittance, respectively, at wavelength A and scalar distance r from the observer
along the LOS. In the LTE approximation the source term is the Planck blackbody function at the
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local atmospheric gas kinetic temperature, T,. In The NLTE regime the source term is dependent
on the non-equilibrium number densities of the molecular vibrational states involved in the
bandpass.” The populations of rotational states involved in the bandpass transitions are assumed to
be in LTE. The non-equilibrium number densities can equivalently be expressed in terms of
vibrational state temperatures, T, whose deviation from the local kinetic temperature is a
convenient measure of NLTE. Implicit in Eq. (26) is a sum over all species and their molecular
vibrational/rotational states which emit in the bandpass, AA.

6.2.1 Vibrational State Temperature Fluctuations

The local temperature and density fluctuations specified in the NSS model induce fluctuations
in the local vibrational state number densities. The influence of temperature and density enter into
the chemical kinetic rate equations in a non-linear fashion. The collision rates are affected by
temperature variations which alter rate constants and density variations which influence the number
of collisions. The model predicts fluctuations in local vibrational state densities as a function of
local temperature and density fluctuations. Temperature fluctuations cause two effects, a simple
expansion or compression which changes state populations induced by local heating or cooling
respectively, and the adjustment of vibrational/rotational state populations due to chemical kinetic
mechanisms. The latter effect can be expressed in terms of fluctuations in vibrational and rotational
state temperatures. In this work, the rotational states are considered to be LTE, so rotational
temperatures and fluctuations map exactly with kinetic temperature fluctuations.

The fluctuation in local vibrational temperature for a particular vibrational state (say the j” state)
can be approximated as

AT), = (BT’ /oT)AT, + ... @7

The proportionality constants, (3T, ,/3T,), are strongly dependent on altitude and are also far from
the LTE value of unity when NLTE effects are important.

As an example, we illustrate the results of the NLTE kinetics model for determining the
nighttime estimates of vibrational temperature and its response to temperature fluctuations for the
CO, v, and v, fundamental transitions (see Figures 20 and 21). NLTE effects in vibrational state
populations, and their linear response to fluctuations in temperature, occur for these states above 40
to 50 km. The NLTE effects in vibrational temperature are consistent with previous NLTE models
and has been presented previously.” Although vibrational temperature fluctuations have not been
computed using other models, the fluctuations can be understood in terms of the same atmospheric
processes determining the vibrational temperatures. In particular, the CO,(v,) vibrational state
involves collisional excitation by N, and O, which is dominate below 50 km in the LTE regime, and
diminishes in importance above 100 km. Radiative pumping is important above 50 km and
dominates between 80 km and 100 km corresponding to the minimum in 0T /0T, around 80 km,
as shown in Figure 21. Above 90 km, O atom excitation of CO,(v,) becomes increasingly
important until ~150 km where again radiative excitation dominates. The behavior of the CO,(v,)
state is quite different than CO,(v,). CO,(v;) is LTE up to approximately 30 km, and becomes
completely dominated by radiative excitation by 50 km up to an altitude of 100 km. Although
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vibrational-to-vibrational energy transfer between CO, and N, is the most important mechanism
between 110 and 170, there are not sufficient collisions to provide significant variations in the
vibrational temperature in this altitude regime. Clearly, the altitude variations of the vibrational
temperatures in response to temperature fluctuations will have a profound effect on the radiance
fluctuations.

As mentioned earlier, a convenient description of the temperature fluctuation statistics is
provided by the NSS model,** which is used in the present work. The parameters which characterize
themodel are the temperature variance, vertical correlation length, and horizontal correlation length,
as well as the slope of the PSD. These parameters (excluding the PSD slope) describing the
temperature statistics are all altitude dependent, and are shown in Figures 22 - 24. The horizontal
correlation length is greater than 10 km above an altitude of 30 km, increasing with altitude to a
value of ~70 km above 150 km. However, the vertical correlation length varies from 1 km to 2.5
km in the altitude regime of 10 km to 120 km, illustrating that the radiance statistics are expected
to be highly non-stationary in the vertical direction. The relative standard deviation varies from
approximately 2% to 20 % over the altitude regime of 10 km to 120 km, indicating that the largest
temperature variability will affect the higher altitude radiance.
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6.2.2 Radiance Covariance

A fluctuation in radiance is approximated using the leading terms of a Taylor series expansion
in terms of the vibrational state temperatures and the atmospheric temperature.

ALu@) = [ FL@IAT, + Fu(FATY + O[ATH] (28)
J

The F;, and F’,, are local LOS fluctuation amplitude functions. The radiance fluctuations induced
by the rearrangement of population among the molecular vibrational states, j, is given by

FlL@7) = fdxa[S(?,A)ar(?,x)/ar]/arj,ﬁb . 29)

The radiance fluctuation induced by population shifts among rotational states, which are assumed
to be in LTE, and the expansion or compression of the gas is given by

FL(F) = fdk 3[S(7,M)IT(7,A)/r)eT, . (30)

Only the linear terms in Eqs. (27) and (28) are retained to make a direct estimate of the radiance
statistics.” The present work is an extension of a previous LTE approach (where it is assumed that
OT/3T, = 1) used to determine atmospheric radiance statistics in the lower atmosphere.** For
conditions under which NLTE effects are expected to be important (see Figures 20 and 21), the
present approach properly incorporates the collisional and radiative effects. In particular, as the
altitude increases to the point where collisions are no longer important, F,,~0 since 0T /3T, ~0.
Clearly, this limit can only be treated using the NLTE approach.

The expression for a radiance fluctuation can be simplified in the linear approximation to

AL,(B) = fd" Fy,(F)AT, (31)

where F,,(T) includes radiance fluctuation contributions from both vibrational state temperature
fluctuations and kinetic temperature fluctuations,
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Fu@F#) = YF KA(?)aT \;,z:b/aT it F A()A(7) . (32)
J

The fluctuation amplitude is a linear response model for radiance fluctuations in terms of gas kinetic
temperature fluctuations. This model can be coupled with a statistical model for non-stationary
atmospheric temperature fluctuations to obtain a statistical non-stationary description of radiance
fluctuations.

The basic quantity computed in the present approach is the radiance covariance function, which
is a measure of the correlation of fluctuations about the mean at two points in space. The radiance
covariance Cov, (P,,p,), Where P, corresponds to point 1 and B, to point 2 in the sensor plane (as
tllustrated in Figure 25), can be expressed as

) 0
2
i

2

Figure 25. Schematic of Sensor Image Plane, Optics, and Two LOS Extending into the Atmosphere.

Covy(p1,p,) = E[ALG,(PDAL,@)] 33)

where E is the expectation (average) value of the product (i.e., correlation) of the fluctuations about
the mean at P, times the fluctuations about the mean at pointp,. Substituting Eq. (31) into Eq. (33)
yields
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CovyBropp) = [dr, [dryF () )Fy(F;)Cov (7, 75) (34)

where the quantity Cov(T";f,) is the temperature covariance function given by the NSS model. The
radiance variance, o7(B), is determined by setting D, =P, (and thereforeT, and¥, are coalligned) in
Eq. (34)

UP) = [dr[drFy(FIFu(F ConFF) . (39)

Eq. (35) shows the dependence of the radiance variance on the atmospheric temperature covariance
along the LOS direction. Integration over one of the variables in Eq. (35) leads to a LOS variance
distribution function, or weighting function, W, (T),

oy(p) = [dr wy(#) (36)

where

wo(F) = f dr” F(7 YF(7 )Cov(¥,7") . 37

The variance distribution function determines how contributions to the radiance structure are
distributed along the LOS through the atmosphere. The area under the distribution curve is the
radiance variance at the pixel location p. The variance distribution function, w,,, can be evaluated
numerically or it can be estimated by an approximation suggested by Lindquist, Kwon, and Nagy.%
If the radiance fluctuation amplitude is a slowly varying function of location along the LOS, the
product F (T',)F (T",) can be replaced by the product of the radiance fluctuation amplitudes, F ()%,
at the midpoint location, ¥, and taken outside of the integral yielding
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wy(F) = op Fu )P I(7) (38)

where the integral of the temperature covariance function yields the temperature variance, o7, times
the temperature correlation length along the LOS direction, /(t",). For this approximation to be
valid, the local bandpass LOS weighting functions, F, must be slowly varying over the range of a
temperature correlation length. Current estimates for the LOS weighting function are slowly varying
compared to LOS temperature correlation lengths estimated using the NSS model. As a second test
of Eq. (38), numerical integration of Eq. (37) using assumed functional forms for the temperature
covariance suggest that the integral is independent of the functional form of the covariance and
provides results within a few percent of Eq. (38). The covariance weighting functions, w,,, is
evaluated numerically by SHARC. Therole ofthe spatial statistics of the 3-D temperature structures
is revealed through the radiance variance distribution function. The temperature correlation length
along the LOS direction controls the extent to which temperature fluctuations are averaged by LOS
radiation transport. The temperature correlation lengths perpendicular to the LOS determine the
spatial radiance statistics in the sensor plane. The statistical properties of the radiance fluctuations
such as correlation angles or lengths can be determined directly from the covariance function, or they
can be approximated using the variance distribution function.*

The variance distribution function, Eq. (37), contains the information on the atmospheric
response to the kinetic temperature fluctuations along the LOS. As an example, consider the latitude
and diurnal variability of the variance distribution function in MWIR and SWIR spectral regions,
respectively. To investigate the effects of latitude variability, high latitude subarctic and equatorial
atmospheres were generated using the SAG model for moderate geophysical conditions. The major
difference in the atmospheric profiles are in the kinetic temperatures in the stratopause and
mesopause, with the subarctic atmosphere displaying a warmer stratopause (~20 K) and a cooler
mesopause (~50 K). This effect is illustrated in Figure 26 in the MWIR spectral region for 100 km
limb, which shows that the radiance statistics for the subarctic atmosphere is strongly dependent on
altitudes greater than 100 km (the tangent point), while for the equatorial atmosphere the tangent
point at 100 km determines the statistics. Interesting diurnal effects are also reflected in the variance
distribution function, as shown in Figure 27 in the SWIR spectral region for a 60 km limb. For
nighttime conditions, this bandpass is dominated by the radiance distribution function between 80
and 90 km corresponding to the OH layer. During the day, a contribution from the tangent point
at 60 km results from H,0O, in addition to the OH contribution near 80 km. These examples clearly
show the strength of the linear response approach to atmosphere structure, in that the variance
distribution functions indeed provide an interpretation of atmospheric radiance structure.
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6.2.3 Image Synthesis

The bandpass dependent simulation of the radiance fluctuations observed by an imaging sensor
is calculated by generating a three-dimensional realization of the atmospheric temperature and
density fluctuations and by intersecting a LOS for each pixel with the 3-D realization to determine
the LOS radiance for each pixel in the sensor.¥ The model uses Fourier techniques to generate
(isotropic) horizontal correlations and an auto-regressive (AR) method to synthesize vertical
non-stationary correlations. The input temperature power spectral density (PSD) function is assumed
to have a vertical slope of -3 and a horizontal slope of -5/3, consistent with the present understanding
of atmospheric structure due to gravity waves. These values of the temperature PSD slope differ
somewhat from the value of -2 used in the NSS, although the remaining temperature statistics
parameters (variance and correlation lengths) are based upon the NSS model. The resultant database
of temperature and density fluctuations has been used to generate temperature images which have
been shown to be consistent with the input temperature statistical model.®

The fluctuation amplitudes, which give the response of the radiance to temperature and density
fluctuations, are computed by SHARC as a function of limb altitude from 50 to 300 km in the
bandpass of interest. The structured radiance field can then be constructed from the fluctuation
amplitudes and 3-D realization of the temperature and density fluctuations. Line-of-sight
integrations are then performed to generate an image corresponding to the sensor specifications.
This approach has been incorporated into an imaging code, SIG (SHARC Image Generator), by
Brown and Grossbard (AFRL/VSBM) and has been used to generate synthetic images for both
MSTI-3 and MSX.

6.3 Limb and Nadir Radiance

There have been several studies of the CO,(v,) limb radiance for both day and night conditions.
The radiance mechanisms are fairly well understood and accepted in the community. Furthermore,
there have been several model validation studies for day/night conditions using Air Force Research
Laboratory observations. These mechanisms have been incorporated into the SHARC code’ since
its inception. For completeness, mean radiance profiles for both limb and nadir viewing geometries
are presented here for both the subarctic and equatorial atmospheres. The limb radiance profile for
CO,(v,) indicating day/night and latitude variations is shown in Figure 28. There are strong diurnal
effects with the day mean radiance being two orders of magnitude larger than the night radiance,
above about 60 km. Below 50 km, conditions approach LTE and there is little day/night difference.
These results are in excellent agreement with previous calculations. The relative importance of
different vibrational transitions and isotopes have been discussed previously for daytime and
nighttime conditions. Solar pumping of the CO, hot bands is the major mechanism contributing to
the limb radiance between 50 and 90 km, where the fundamental is self-absorbed. Emission from
the fundamental transition is the major mechanism at other altitudes. The nighttime radiance is also
complicated, with virtually all hot bands and the minor isotopes making an important contribution
to the limb radiance below 100 km. Above 110 km, the fundamental transition is again dominate.
These results indicate that a proper description of the 4.3 pm radiance must include a detailed
description of the chemical kinetics as well as an accurate treatment of the radiation transport.
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The limb radiance profiles for the 2.7 um are shown in Fi gure 29. In this spectral region, the OH
emission in the 80 to 90 km altitude region must be included in addition to the emission from H,O.
Again for this spectral region, the daytime profile is larger than nighttime for all altitudes, except in
the vicinity of the OH airglow layer. In contrast to the 4.3 pm spectral region, the H,O limb profile
does not exhibit LTE behavior below 50 km which will have interesting consequences for low
altitude structure calculations in this band.

A similar set of calculations were carried out for BTH viewing as a function of the off-nadir
viewing angle. Figures 30 and 31 present the results for the MWIR AND SWIR spectral regions,
respectively. For the MWIR, there is only a minor diurnal variability with a more significant latitude
dependence. This result is consistent with the limb results, which indicate LTE conditions below
30 km where most of the emission originates in the BTH scenario. Also, since the region below 30
km is LTE and the most important radiating region, any difference in the temperature profiles in this
region will have a significant effect on the observed radiance. The radiance in the SWIR shows the
direct opposite behavior to the MWIR. In this band, there is little dependence on temperature, and
therefore significant (~factor of three) diurnal variability. Again, these results are consistent with
the NLTE effects observed in the limb calculations.
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Finally, it was mentioned earlier that SHARC has been validated against other radiance models
and AFRL data (e.g., SPIRE and CIRRIS-1A), which has been discussed earlier in this report. In
general, the agreement between data and SHARC is quite good. Although extensive comparisons
have been done for the limb geometry, to our knowledge no comparisons have been performed for
nadir viewing geometry. However, recent work at Lincoln Laboratory [Burke et al., Private
Communication, 1996] has established a data base for nadir viewing in the CO,(v,) band for several
seasons using data from HIRS/2. The data base contains not only seasonal variation, but latitude
variation as well. Figure 32 shows data for both nadir and 45° off-nadir from one HIRS/2 orbit taken
during May 1995. SHARC calculations were carried out for several latitudes. Again, the model
atmospheres were generated using SAG. SHARC quantitatively predicts the orbital (or diurnal)
variation of the radiance. Similar agreement is observed for the data sets examined from summer,
fall, and winter. Although in general the agreement between the SHARC model and the HIRS/2 data
is excellent, the effect of HIRS off-nadir viewing for daylight conditions (approximately 20 %
increase in the radiance) is consistently underpredicted by SHARC by as much as 25 %. This
appears to result from a mesopause temperature which is too hot, therefore more efficiently
absorbing radiation from the stratosphere.
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6.4 Radiance Structure Statistics

The model described in this report has been applied to calculate the radiance structure for
selected bands in the 4.3 pm CO,(v,) spectral region and in the 2.7 pm (H,O and OH) spectral
region for two representative latitudes (i.e., temperature profiles) under day and night conditions.
In addition, the sensitivity of the radiance statistics to variations in the temperature fluctuation model
parameters has been investigated for these conditions. As discussed previously, the magnitude of
the variance distribution function determines the extent to which a particular portion of the
atmosphere contributes to the radiance structure at the sensor. For example, consider a LOS along
which there is a maximum (or maxima) in the radiance distribution function at an altitude greater
than the tangent point altitude. The effect of these maxima is that the local atmospheric structure
at the maxima altitudes strongly affect the structure along the LOS with lower tangent point
altitudes. The important point is that contributions to the LOS radiance structure must be considered
along the complete LOS path, and not necessarily a single region along the LOS (such as the tangent
point). In the following sections, the radiance statistical parameters are presented for both ATH and
BTH viewing scenarios.

6.4.1 Effects of Latitudinal and Diurnal Variations
6.4.1.1 Above the Horizon (ATH) Limb Viewing

The radiance statistics at the sensor can be compared to the temperature statistics at the tangent
point altitude by projecting the radiance values to the tangent point range. This corresponds to
converting a distance in the image plane to the corresponding distance at the tangent point. The
resulting radiance correlation lengths at the tangent point are shown in Figures 33 and 34 for the 4.3
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pum band and Figures 36 and 37 for the 2.7 pm band. In general, for the 4.3 um band, the radiance
correlation lengths track the temperature correlation lengths (see Figures 22 and 23) for all examples
except the nighttime subarctic atmosphere. In this case, the radiance correlation lengths between 50
km and 120 km are determined by the higher altitudes (see Figure 26). This behavior results from
dominance of the variance distribution function in the high altitude region of the LOS path over the
lower altitude portions of the LOS path, as shown in Figure 26 for the nighttime subarctic
atmosphere. Forthe 2.7 um band in all cases, the radiance correlation lengths track the temperature
correlation lengths (again, see Figures 22 and 23) at all altitudes greater than 50 km. Below 50 km,
the correlation lengths are determined by the variance distribution function in the 50to 90 km range,
showing approximately a 30% variability with atmospheric temperature and little diurnal variation.
The relative standard deviation, the absolute standard deviation divided by the absolute mean
radiance, as a function of altitude is illustrated in Figures 35 and 38 for the 4.3 pm band and the 2.7
pm band, respectively. The nighttime relative standard deviations are greater than the corresponding
daytime values for both bands and atmospheres above 50 km (a factor of two for the 4.3 pm band
and a factor of three for the 2.7 pm band. Below 50 km, the relative standard deviation for the 4.3
pm band is independent of any variation due to the dominance of LTE conditions, while the 2.7 um
band results show significant NLTE effects with the nighttime conditions again having a larger
relative standard deviation.
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6.4.1.2 Below the Horizon (BTH) Nadir Viewing

A similar set of calculations were performed for the BTH scenario as a function of viewing angle
from nadir (looking straight down) to 45° off-nadir. Here, the altitude profile of the variance
distribution function determines the extent to which a particular region of the atmosphere contributes
to the radiance structure at the sensor. The resulting radiance correlation lengths as a function of
viewing angle are shown in Figures 39 and 40 for the 4.3 um band and Figures 42 and 43 for the
2.7 umband. For nadir viewing in the 4.3 um band, the radiance correlation lengths are determined
by altitudes less than 30 km with a small diurnal variation for the subarctic atmosphere and a 30%
diurnal variation for the equatorial atmosphere. In the 2.7 um band, there is no sensitivity to
temperature at night, but a rather large variation (~50%) to temperature during the day. For both
bands, as the off-nadir angle is increased, there is little relative change in the horizontal correlation
lengths, and the variability of the vertical correlation lengths becomes less important. The relative
standard deviation as a function of viewing angle is illustrated in Figures 41 and 44 for the 4.3 um
band and the 2.7 pm band, respectively. There is only a minor viewing angle dependence of the
relative standard deviations for both bands. For the 4.3 pm band, there is virtually no dependence
on the temperature variability, and only a 20% diurnal variation. Of more interest is the 2.7 um band
which shows some temperature variability but a factor of'3 diurnal variation.
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6.4.2 Variation of Temperature Statistical Parameters for ATH Limb Viewing

The NSS temperature fluctuation model is described by the temperature correlation lengths, the
temperature variance, and the slope of the temperature PSD function. The baseline values for the
correlation lengths and variance as a function of altitude are shown in Figures 22 - 24. The slope
of the temperature PSD is assumed to be altitude independent with a value of -2 for both vertical and
horizontal directions. The effect of using values of the PSD slope derived from gravity wave theory
on the radiance statistics is discussed later in this section.

The simplest NSS parameter variation investigated in the sensitivity study is the temperature
standard deviation, 0. From Egs. (36) and (38), one would expect that a variation in the temperature
standard deviation (or variance) would result in an equal variation in the radiance standard deviation
(o) which is exactly what is observed. The same behavior is observed in the SWIR bandpass.
Thus, one can conclude that not only are o; variations directly reflected in the radiance standard
deviation, but the relative o, variability is independent of bandpass. Of course, if the magnitude of
variations are altitude dependent, then the variations in the relative radiance standard deviation
would be dependent on bandpass.

The other quantities varied in the sensitivity study are the horizontal and vertical temperature
correlation lengths, L7, and LY. The effect of variations in LY, and L on the radiance horizontal
and vertical correlation lengths LY, and LL, is quite simple, again based on Eq. (38) for the weighting
function. The radiance correlation lengths are computed by multiplying the weighting functions by
the temperature correlation lengths and integrating that quantity along the LOS. Therefore, since
the weighting function depends directly on the correlation length along the LOS, any variation in
the vertical or horizontal temperature correlation length is directly reflected in the corresponding
radiance quantity. Therefore, a factor of 2 increase or decrease in L], and/or LT, would result in a
factor of 2 increase or decrease in LY, and/or LL,. Although dependence of the o, on variations in
L}, and L, is in general not quite as simple, maximum and minimum variations of 6, can be
established quite easily. Consider the case where both LT, and LT are increased or decreased by a
factor A, then from Egs. (36) and (38), 0, is increased or decreased by v'A. For other combinations,
the variation of L], has the dominate effect on o, while variations in LT are much less important.
The dominance of variations of L, on o, results from the horizontal correlation length making the
major contribution to the correlation length along the LOS, /. ) in Eq. (38), for limb views. The
influence of variations of L}, and L], on the relative o, is independent of atmospheric temperature

(1.e., latitude), diurnal conditions, and spectral bandpass.

The final variation studied considers variation of the temperature PSD slope in the NSS model
from -2 for all directions to a -3 in the vertical directions and -5/3 in the horizontal direction, values
consistent with gravity wave theory. The effects on the radiance correlation lengths is rather
insignificant with the largest variability of less than 20 % shown for the horizontal correlation
lengths. The PSD spectral slope has no effect on the radiance relative standard deviation.
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7. SUMMARY

The research program conducted under the present contract has provided new first-principles
approaches for the development of NLTE kinetic and radiance models for the solar terminator and
atmospheric stochastic structure. These models have been incorporated into new versions of the Air
Force non-LTE upper atmospheric IR radiance code, SHARC. In addition, related efforts have
developed a capability to generate model atmospheres given the geographic location and parameters
characterizing the solar and geomagnetic activity. Finally, a new computer model, based on the
merging of SHARC and MODTRAN (SAMM), has been developed and extensively validated by
comparisons with existing atmospheric models and field data. The remainder of this section
summarizes in more detail the development of these models.

The SHARC Atmosphere Generator, which utilizes a combination of empirical models to
generate atmospheric profiles that properly account for solar terminator and other systematic
variability effects, was developed for IR radiance calculations appropriate for particular experimental
scenarios. The goal in developing SAG has been to provide reasonably accurate temperature and
species profiles with an easy-to-use, rapid-executing program. Comparisons of available field data
with radiance predictions has provided valuable tests of the radiation codes, the atmospheric profile
models and, in a larger sense, our overall understanding of atmospheric processes.

A model for ozone vibrational bands has been incorporated into SHARGC, resulting in improved
predictions for radiation in the v, and v, regions (8-12 pm) near the mesopause. An "effective"
kinetic scheme was adopted for the high-lying O,(v) states to reduce complexity and computation
time, while maintaining a sufficient number of vibrational states for an accurate representation of
the v; hot band spectrum. The lower vibrational states are handled using a complete state-to-state
kinetic model. The model parameters are consistent with the recent literature, and the predicted
spectral radiances are in good accord with the SPIRIT-1 and CIRRIS-1A data. Improved values of
the ozone band centers and quenching rate constants at the highest vibrational energies and the
incorporation of even more bands might result in further improvements in accuracy.

The atmospheric IR radiance terminator model has been used to simulate limb radiances for CO,,
O,, and OH in the solar terminator region that correspond to observations from the 1977 SPIRE and
1991 CIRRIS-1A experiments. These calculations represent the first direct comparisons with field
data using the new multiple-profiles and multiple-atmospheres features in SHARC. The good
agreement between the calculations and the data provide substantial validation of the kinetic and
radiation transport models in SHARC as well as the O; and H atom profiles from the SHARC
Atmosphere Generator.

SAMM, a new moderate spectral resolution (2 cm’) infrared (IR) atmospheric transmission and
background radiance model applicable at altitudes from ground to space (300 km), was developed
by integrating the Air Force standard lower atmosphere (2 cm” MODTRAN) and upper atmosphere
(1 cm™ SHARC) moderate spectral resolution models into a single, seamless code with a unified and
correlated radiative transport algorithm. A new radiative transport algorithm was developed which
is applicable to both the low and high altitude regimes. SAMM contains the majority of features of
both MODTRAN and SHARC, providing the scientific and DOD community with the capability to
treat both low altitude (<30 km) and high altitude phenomena in a self-consistent manner. The
model has been extensively validated in the 2-40 pm spectral region by comparisons with both
MODTRAN and SHARC, as well as the CIRRIS-1A data base.
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The NLTE infrared radiance fluctuations in the atmosphere depend on the fluctuations in the
density of atmospheric species, individual molecular state populations, and kinetic temperatures and
pressures along the sensor line-of-sight. An algorithm to predict the non-equilibrium dependence
of molecular state number density fluctuations on kinetic temperature and density fluctuations has
been developed to predict the line-of-sight mean radiance, radiance derivatives, and the resultant
radiance statistics. Calculations were performed to investigate the effects of diurnal, climatological,
and temperature statistics variability on the LOS radiance statistics.
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