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ABSTRACT

Atmospheric infrared radiance fluctuations result from fluctuations in the density of atmospheric species, individual molecular state
populations, and kinetic temperatures and pressures along the sensor line of sight (LOS). The SHARC-4 program models the
atmospheric background radiance fluctuations. It predicts a two dimensional radiance spatial covariance function from the underlying
3D atmospheric structures. The radiance statistics are non-stationary and are dependent on bandpass, sensor location and field of view
(FOV). In the upper atmosphere non-equilibrium effects are important. Fluctuations in kinetic temperature can result in correlated or
anti-correlated fluctuations i vibrational state temperatures. The model accounts for these effects and predicts spatial covariance
functions for molecular state number densities and vibrational temperatures. SHARC predicts the the non-equilibrium dependence of
molecular state number density fluctuations on kinetic temperature and density fluctuations, and calculates mean LOS radiances and
radiance derivatives. The modeling capabilities are illustrated with sample predictions of MSX like experiments with MSX sensor
bandpasses, sensor locations and FOV. The model can be applied for all altitudes and arbitrary sensor FOV including nadir and limb
viewing,

1. INTRODUCTION

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 for understanding the effects of turbulence
structures on molecular excitation processes. The atmospheric infrared radiance fluctuations depend on fluctuations in atmospheric
species mumber 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 use 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.

At lower altitudes (~50 km), collisional quenching of excited vibrational states is 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 includes
seven species which radiate in the 2-40 pm wavelength region. It includes NO, CO,, 05, H,0, OH, CO, and CH,. Isotopes of CO,
and H,0 are also modeled. 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 responses 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 vitrational 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. The vertical variations are 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 altides,

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 mage syntheses models, to create realizations of 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 form the NSS
mode] 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 model is a LOS radiance variance distribution function which determines the
contribution to radiance variance of each portion of the LOS. The radiance variance distribution function act as a weighting function.
It reveals contributions of temperature and density fluctuations to radiance variance along the LOS,

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 ,, ), is given by

Ly,@ = fdl fdr S(F Aot Aer . M

The quantity S{t,A) is the emission source term at the wavelength, A. The atmospheric transmittance, t, along the LOS depends
on the scalar distance r from the observer to the pixel and P is a vector in the sensor plane defining the pixel location. In the LTE
approximation the source term is the Plank blackbody function at the local atmospheric gas kinetic temperature, T). In The NLTE
regime the source term is dependent on the non-equilibrium number densities of the molecular states involved in the bandpass.! The
populations of rotational states involved in the the bandpass transitions are assumed to be in LTE. The vibrational states, j, are in NLTE.
The dependence can be expressed in terms of vibrational state temperatures, Tjﬁb. Implicit in Equation (1) is a sum over all species
and there molecular states which emit in the bandpass, AX.

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 mechanism. 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.
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The fluctuation in local vibrational temperature for a specified vibrational state, j, can be approximated as

AT}, = (3T]/6TOAT, + .. @

The proportionality constants, (aijﬂ/&T ), 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 1 and 2. NLTE
effects in vibrational state populations, and their linear response to fluctuations in temperature and occurs for these states above 40 to
50 km. The NLTE effects in vibrational temperature is consistent with previous NLTE models and has been presented previously.!
Although vibrational temperature fluctuations have not been examined by 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 dominates below 50 km in the LTE regime, and diminishes in importance above 100 km.
Radiative pumping in important above 50 km and dominates between 80 km and 100 km corresponding to the minimum in 8T,;/6T;
around 80 km, as shown in Figure 2. Above 90 km, O atom excitation becomes increasingly important until ~250 km where again
radiative excitation dominates. The behavior of the CO,(vs) state is quite different than CO,(v,). CO,(v3) 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
vibrational-to-vibrational energy transfer between CO, and N, is an 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.

2.2 Radiance covariance

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

My@) = [d(Y FH(PAT) + FY(PATY + OATY] . @
J

The FiM 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

FL& = f dAJ[ST \ot(r, \)/orfeTs, . @

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

Fo(P) = fdl IST Mot(rA)arfeT, . %)

Only the linear terms in Equations (2) and (3) are retained to make a direct estimate of the radiance statistics.” This approach is an
extension of an LTE approximation used to determine atmospheric radiance statistics.® The expression for a radiance fluctuation can
be simplified in the linear approximation to
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AL, (P) = fdr Fu(MAT, (6)

where F, ;) includes radiance fluctuation contributions from both vibrational state temperature fluctuations and kinetic temperature
fluctuations.

Fu(F) = Y FLMAETLET, + FOF) . @)
i

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. In this work we use the NSS2 model.

The radiance covariance Covy (B p,), where B, corresponds to point 1, and P to point 2, in the sensor plane, can be expressed
as

Covy(ByPy) = EIALLPALLP)] &)

where E is the expectation value, as illustrated in Figure 3. Substituting Equation (6) into Equation (8) yields

p,D, PR (7 Ze s 9
Covy(PiPy) = [dr, [drFy()Fu(F)Covi(Fi 7o) ©)

The radiance variance, o2 (B), is determined by setting P , =P, in Equation (9) so there is zero lag

oi(j;') = fdr dr'Fy,(FYF,(F YCov,(F,7 ) (10)

Equation (10) shows dependence of the radiance variance on the atmospheric temperature covariance along the LOS direction.
Integration over one of the variables in Equation (10) leads to a LOS variance distribution function, or weighting function, w,, D,

0;(p) = fdrwm_(_ﬂ (1)
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where

wu() = [dr FEOFF)Cov (7 ) (12)

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 the pixel location p. The variance distribution
fimction, 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(i: |)F{t ;) can be replaced by
the product of the radiance fluctuation amplitudes, F(1),? at the midpoint location; T, and taken outside of the integral. The integral of
the temperature covariance function yields the temperature correlation length along the LOS direction.

WA_;_(?) = Fm(?)z 1,.(?) - (13)

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. (13), numerical integration of Eq. (12) 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. (13). The covariance weighting functions, w,;, is evaluated numerically by SHARC. The
role of the 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.”

2.3 Image synthesis

The bandpass dependent statistics of the radiance fluctuations, can be input into a model for synthesizing images. The radiance
statistics are non-stationary. This requires an image generator which can deal with spatially varying statistics. In this effort we utilize
the Poorman's Image Generator (PIG), which was developed for the purpose of rapid generation of non-stationary statistical structures.
Input to PIG are the mean radiance, horizontal and vertical correlation lengths, and a variance for each altitude. The model uses Fourier
techniques to generate horizontal correlations and an auto-regressive (AR) method to synthesize vertical non-stationary correlations.

First, the image is correlated in the stationary direction. In the Fourier approach a zero mean, unit variance Gaussian random image
is transformed and each scan line is filtered by a Power Spectral Density (PSD). The PSD corresponds to an assumed power spectra
for the altitude or to a numerical spectra determined from the radiance covariance. The image is then inverse transformed. The
horizontally correlated image is then correlated in the vertical direction using the AR approach. In the non-stationary direction, the
vertical correlation fimction is assumed to be exponential, leading to a single AR parameter.? This exponential assumption allows a rapid
algorithm, but is not always representative of vertical covariance functions. More accurate methods are currently being developed.

3. RADIANCE STRUCTURE STATISTICS AND IMAGES

The model described in this paper has been applied to calculate the radiance structure for two bands under nighttime conditions.
One of the bandpasses samples radiance from CO,(v,), MSX band B1, the second bandpass samples radiance from the fundamental
NO(Av=1) and O4(v,) bands, MSX band A. The predicted variance weighting functions for the day and night CO, (v,) are illustrated
in Figures 4 and 5. They are given as a function of altitude from the upper atmosphere to the limb. Because of the opacity found in this
bandpass, the emission from the later half of the LOS does not reach the observer and plays no role in the radiance statistics. There are
strong diurnal effects with the day mean radiance being two orders of magnitude larger than the night radiance, above about 60 km.
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Solar pumping of the CO, hot bands is responsible for this difference below 90 km where the fundamental is essentially self absorbed.
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. Strong absorption at approximately 40 km causes structure at this altitude to contribute to all
tangent point altitudes below, for both day and night. Solar pumping effects the magnitudes of daytime mean radiance and the varjance
distribution function. There are knees in the nighttime and daytime weighting function at 120 km, 90 km and 45 km and a small daytime
knee at 70 k. The effect of these knees is that the local atmospheric structure at the knee altitudes strongly affect the structure along
the LOS with lower tangent point altitudes. For example, the 120 km knee causes the structure in LOS with tangent points between
90 and 120 to be dominated by the structure at 120 km. The nighttime knee is larger and therefore has a greater effect on the structure
parameters. Likewise the strength of the daytime knee at 90 km and the existence of a small knee at 70 km significantly influence the
LOS penetrating to lower altitudes, in fact all the way down to the next knee at 45 km.

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 (see Figure 3). The resulting radiance correlation lengths at the tangent point are shown in Figures 6 and 7. They
track the temperature correlation lengths above 120 km (not shown), but below the knees in the radiance distribution function, the
statistics are determined by the higher altitudes. This behavior results from dominance of the high altitude part of the LOS variance
function for LOS paths which are below the knees in the variance distribution function, as shown in Figures 4 and 5. The magnitude
of the knee determines the extent of the effect on the lower altitudes, thus leading to diurnal effects in the spatial structure, The
calculated mean radiances and variances are illustrated in Figure 8. The relative variances, the absolute variances divided by the
absolute mean radiance, as a function of altitude are illustrated in Figure 9. The relative variances are typically insensitive to small
changes in the band edges and is typical for all CO,(v,) band passes. While the mean radiance during the day is two orders of of
magnitude larger during the day, the larger relative variances together with the shorter correlation lengths at the lower altitudes, would
give the night radiance a larger relative gradient structure. F igures 10 and 11 shows image realizations of the resulting day and night
radiance statistics for the CO, (v;) MSX band B1. The dc component of the radiance has been removed to highlight the structure.

The second set of calculations are for the MSX band A, which is optically thin. For optically thin bands, the radiance variance
distribution is not effected by self absorption, and the altitude sampling shows no diumnal effects. Typically the largest concentrations
of radiative species is at the tangent point and the spatial radiance statistics is dominated by the tangent point temperature statistics.
This is the situation with O(v,). The day and night correlation lengths predicted for band A, shown in Figures 12 and 13, closely follow
the tangent point temperature statistics up to 100 km. Above 100 km, the radiance statistics are influenced by a large knee at 130 km
due to strong fluctuations in the NO radiance. These fluctuations are caused by the large component of O atom collisional excitation
of the NO fundamental in this altitude range. Solar illumination photodissociates O; between 70 and 105 and introduces a diurnal effect
1n both mean radiance and variance between these altitudes. The calculated mean radiances and variances are illustrated in Figure 14.
At tangent altitudes above 100 kmn NO(Av=1) dominates the Intensity, the O4(v,) radiance dominates the intensity below 100 km. The
relative variance of the band radiance under daytime and nighttime conditions is plotted as a function of tangent point altitude in figure
15. An image realization for the daytime. radiance structure is given in Fi gure 16. Note the large variations in structure above 100
km.

4. CONCLUSION

The radiance structure of atmospheric backgrounds is induced by local temperature and density fluctuations in the atmosphere.
The model used here predicts the 2-D radiance covariance in the image plane of the sensor from a 3-D model of the temperature
covariance. The mean radiances and radiance covariances are calculated using non-equilibrium vibrational state distributions. The
model includes specific bandpass dependence, observer-target geometry effects, and diurnal effects. At high altitudes NLTE effects
are important. These effects must be included in estimating the mean excited state number densities and the changes in number densities
induced by temperature fluctuations. Perhaps the most important result of this work is the clear demonstration that the entire LOS path
must be included to accurately determine the radiance statistics. The importance of various altitudes along the LOS can be assessed
by the variance distribution function.
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Figure 1. Atmospheric profile kinetic temperature and vibrational temperatures of selected states of CO, for nighttime
conditions plotted as a function of altitude.
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Figure 2. Partial derivatives of vibrational temperature with respect to kinetic temperature as a function of altitude for selected
states of CO, for nighttime conditions.

SPIE Vol. 2580/ 9



-1

NOl

=0l

N

Figure 3. Cartoon of sensor image plane, optics, and two LOS extending into the atmosphere.
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Figure 4. LOS variance distribution functions for daytime limb in the CO,(v,) band plotted as functions of altitude.
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Figure 5. LOS variance distribution functions for nighttime limb in the CO,(v,) band plotted as functions of altitude.
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Figure 6.  Horizontal radiance correlation lengths plotted as a function of LOS tangent altitude for CO,(v,) band for dayin2
and nighttime conditions and an observer at 900 km altitude. The horizontal atmospheric temperature correlation
lengths of the NSS input model are also plotted for comparison.
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Figure 7.  Vertical radiance correlation lengths plotted as a function of LOS tangent altitude for CO,(v,) band for daytime
and nighttime conditions and an observer at 900 km altirude. The vertical atmospheric temperature correlation
lengths of the NSS input model are also plotted for comparison.
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Figure 11. Image of radiance structure in the CO,(v,) band for daytime conditions.
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Figure 12. Horizontal radiance correlation lengths plotted as a function of LOS tangent altitude for O4(v;) and NO(Av= 1)
bands for daytime and nighttime conditions and an observer at 900 km altitude. The horizontal atmospheric
temperature correlation lengths of the NSS input model are also plotted for comparison.
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Figure 15. Relative variances of the Osy(v,) and NO(Av=1) band for daytime and nighttime conditions.
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Figure 16. Image of radiance structure in the O4(v;) and NO(Av=1) bands for daytime conditions.
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