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Abstract. A matrix parameterization of the 15 um CO; band radiative cooling
in the middle and upper terrestrial atmosphere for both local thermodynamic
equilibrium (LTE) and non-LTE (NLTE) layers is proposed. For the atmospheric
region between ~13 and 85 km, matrix coefficients for CO2 concentrations of 150,
360, 540, and 720 ppm have been precalculated using a line-by-line technique. A
method for interpolation of the matrix coefficients for arbitrary CO; concentration is
suggested. In the layer between 85 and 110 km, where strong NLTE effects start to
occur, a recurrence formula relating cooling rate values at two neighboring altitude
levels is used. To calculate the cooling rate above 110 km, a simple approach
accounting for both the absorption of the radiative flux formed below 110 km and
the cooling-to-space terms is suggested. The accuracy of the parameterization is
examined for different temperature and CO; profiles as well as for different atomic

oxygen concentrations in the NLTE layer.

1. Introduction

Among the important open questions facing atmo-
spheric scientists today is what effect anthropogenically
generated increases of CO2 concentration in the atmo-
sphere will have on the Earth’s atmosphere. Investiga-
tion of this question is not limited to the troposphere
but includes the stratosphere, mesosphere, and lower
thermosphere. Although the “greenhouse effect,” as
this is often called, involves heating of the troposphere,
other regions of the atmosphere are significantly cooled
[e.g., Fels et al., 1980; Rishbeth and Roble, 1992]. To
investigate the effect of changes in the CO; concentra-
tion using three-dimensional (3-D) atmospheric models,
a radiation code capable of quickly and accurately cal-
culating the CO2 cooling rate over a range of heights,
temperatures, and COj concentrations is needed. In
this paper, such a code is presented and described.

Radiative cooling in the 15 pym CO5 band is one of
the basic processes which determines the Earth’s cli-
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mate and its changes. The calculation of cooling rates in
the middle atmosphere is a widely investigated problem
which still consumes a lot of computer time. Complete
descriptions of the problem and approaches to its solu-
tion have been presented by several authors [e.g., An-
drews et al., 1987]. The most expensive part in comput-
ing the cooling rate is the calculation of the absorption
characteristics of the spectral bands taking into account
the effects of atmospheric inhomogeneity. In addition,
above ~70 km the breakdown of local thermodynamic
equilibrium (LTE) conditions in the 15 pm CO3 band
must be taken into account, rendering the calculations
more complex. Thus providing parameterizations for
the 15 pm CO5 band cooling rate is an essential part of
the development of modern comprehensive dynamical
models.

To adequately account for radiative cooling in these
dynamical models, an ideal parameterization must sat-
isfy the following conditions: (1) it must be compu-
tationally efficient; (2) it must be accurate for the pur-
poses of the model; and (3) it must easily allow for feed-
backs by ensuring that the dependencies on all input pa-
rameters (temperature, atmospheric composition, and
the rate constants for collisional quenching of the vi-
brational states) are easily taken into account. Unfor-
tunately it is not possible to completely satisfy all these
requirements at once. There is always a compromise
between computational efficiency, on the one hand, and
accuracy and flexibility, on the other hand. Depending
on the complexity of the dynamical model and on the
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problem at hand, a suitable compromise may be chosen
for each case.

All existing parameterizations can be classified into
two major groups. The first group consists of parame-
terizations employing simplified methods for solving the
radiative transfer equation. In this case, cooling rates
in the 15 pm CO, band ¢ are calculated from some
standard expressions for ¢, and the absorption charac-
teristics, such as transmission functions, band absorb-
tances, atmospheric emissivities, and absorptivities, are
evaluated utilizing simplified analytical formulae or nu-
merical procedures. Such an approach allows the vari-
ation of all input atmospheric parameters to be easily
taken into account. The parameterizations suggested
by Apruzese et al. [1984] for both LTE and non-LTE
(NLTE) layers and by Chou and Kouvaris [1991], Kiehl
and Briegleb [1991], and Briegleb [1992] for LTE layer
are examples of this group. The main disadvantage of
these parameterizations is a relatively large computa-
tional overhead, especially in the NLTE region. This
makes their implementations into comprehensive 3-D
models of the middle and upper atmosphere, where
NLTE treatment is required, almost impossible at the
moment.

The second group of parameterizations are the so-
called matrix parameterizations [e.g., Wehrbein and
Leovy, 1982; Akmaev and Shved, 1982; Zhu, 1990, 1994;
Fomichev et al., 1993; Fomichev and Blanchet, 1995].
All these schemes, except the one suggested by Akmaev
and Shved [1982], include consideration of the NLTE
layer. This type of parameterization allows the cooling
rate to be calculated directly without numerical differ-
encing or integration, and hence these parameteriza-
tions are at least an order of magnitude faster than
those in group one. Because of their speed and suffi-
cient accuracy, matrix type parameterizations are desir-
able for application in comprehensive 3-D models of the
middle and upper atmosphere [Haus, 1986; Grinkevich
and Fomichev, 1993]. However, this type of parameter-
ization is, as a rule, less flexible because the parame-
terization (Curtis) matrices are usually calculated on a
certain height grid and for some fixed temperature and
atmospheric composition profiles.

Parameterizations by Wehrbein and Leovy [1982] and
Zhu [1990, 1994] suggest utilizing a set of Curtis matri-
ces calculated for a fixed set of temperature profiles and
for a specific atmospheric composition. To obtain ¢ for
an arbitrary temperature profile, matrix interpolation
is used, which slows down the calculation. Moreover, in
order to evaluate ¢ for different atmospheric composi-
tion a new set of Curtis matrices must be calculated.

Akmaev and Shved [1982] developed a matrix param-
eterization of the 15 um CO; band for the LTE layer
and suggested a parameterization formula with the tem-
perature dependence specified in an explicit form. This
avoided matrix interpolation and accelerated calcula-
tions. Fomichev et al. [1993] extended the parame-
terization of Akmaev and Shved [1982] down to the
tropopause and up into the NLTE layer. The simple re-
currence formula by Kutepov and Fomichev [1993] was
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utilized in the NLTE layer. This formula links the val-
ues of € at two neighboring altitude levels thereby mak-
ing it possible to easily take account of variations in
temperature, [O], [O2], and [N3] and to vary the value
of the rate constants for the collisional quenching of the
vibrationally excited CO2 molecule. Finally, Fomichev
and Blanchet [1995] simplified the parameterization for-
mula of Akmaev and Shved [1982], combined the pa-
rameterization for the 15 um CO; band with that for
the 9.6 pm Oz band [Fomichev and Blanchet, 1995],
and merged this combined scheme with the tropospheric
longwave radiation model of Morcretie [1984]. The ma-
trix parameterizations of Fomichev et al. [1993] and
Fomichev and Blanchet [1995] have been successfully
implemented and utilized in several different 3-D and
comprehensive 2-D dynamical models [Akmaev et al.,
1992; Berger and Dameris, 1993; Roble and Ridley, 1994;
Beagley et al., 1997, Chen et al., 1997]. The main ad-
vantage of these parameterizations is that they provide
formulae for cooling rate with explicit dependencies on
temperature, atmospheric composition, and quenching
rate constants, which makes it easy to take account of
variations in input atmospheric parameters. The main
disadvantage is that these parameterizations were de-
veloped using a fixed CO, volume mixing ratio profile
€co,, which restricts their application to investigations
of the current climate.

Reporting on a new matrix parameterization applica-
ble to a variable CO; concentration is the main purpose
of this paper. For this parameterization the approach
suggested by Fomichev et al. [1993] and Fomichev and
Blanchet [1995] was generalized to a wide range of CO-
concentration (150-720 ppm). The parameterization is
based on and tested against reference cooling rate calcu-
lations utilizing a newly developed line-by-line radiative
transfer model for LTE and an updated version of the
Kutepov and Shved [1978] method for NLTE layers. The
accuracy of the present parameterization, especially in
LTE region, has been substantially improved in compar-
ison to that of our previous schemes. For application in
dynamical models which include treatment of the tropo-
spheric processes, we recommend merging our scheme
with tropospheric longwave radiation models using the
approach suggested by Fomichev and Blanchet [1995].

The dimensionless log-pressure height

(1)

where p is the pressure in mbar, is used as a vertical co-
ordinate throughout the study. Figure 1 shows the rela-
tionship between log-pressure and geometrical heights
for all climatological temperature models utilized to de-
velop and test the parameterization. To a first approx-
imation this relation can be expressed as z(km) = 7z.

Section 2 of the paper describes the reference meth-
ods used in order to develop and test the parameteriza-
tion for both LTE and NLTE layers. The input atmo-
spheric parameters such as temperature, CO2, O, O,,
and Nj concentrations are presented in section 3. Ap-
proaches utilized in creating the parameterization are
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Figure 1. Relationship between log-pressure and geo-
metrical coordinates derived for the temperature mod-
els taken from the COSPAR. International Reference At-
mosphere (CIRA)-1986 model and utilized to develop
and test the parameterization (see Figure 4a). The
abbreviations are defined as follows: SAW, Subarctic
winter (June, 70°S); MLW, midlatitude winter (June,
40°S); TROP, tropics (June, equator); MLS, midlat-
itude summer (June, 40°N); SAS, Subarctic summer
(June, 70°N); and MLE, midlatitude equinox (Septem-
ber, 40°N).

discussed in section 4. Section 5 provides an analy-
sis of the accuracy of the parameterization for differing
temperature, O, and CO2 models. In the LTE layer,
two versions of the parameterization utilizing different
height grids to account for the internal heat exchange
have been developed. The first scheme is based on a grid
with uniform height step Az = 0.25 (Az = 1.7 km).
Employing the method of matrix transformation sug-
gested by Akmaev and Fomaichev [1992], the uniform
grid parameterization can be adopted for any height
grid appropriate for a given dynamical model. The sec-
ond scheme utilizes an optimized variable height step,
the value of which increases with increasing distance
from the level for which cooling is calculated. The
scheme with the optimized height grid requires fewer
parameterization coefficients, which makes the param-
eterization more computationally efficient in compari-
son to the scheme with the uniform vertical grid. A
complete description of the scheme with the optimized
height grid is presented in section 6. Section 7 summa-
rizes the main results.

2. Reference Method

In order to develop and test the parameterization we
have created a reference method for the calculation of
€. It consists of two parts. In the LTE layer, below
~z = 10 (z = 70 km), a line-by-line technique was ap-
plied to account for the spectral line overlapping. In the
upper part of the domain, NLTE treatment with the as-
sumption of nonoverlapping spectral lines was utilized.
The values for € obtained by these methods were merged
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in the layer between z = 10 and £ = 11 (z & 70 and
2 2 76 km). In this section we discuss the main features
of both the line-by-line and the NLTE methods used in
the reference calculation.

2.1. Line-by-Line Calculation in the LTE Layer

The line-by-line spectral code General Atmospheric
Spectral Integration Suite (GENASIS) [Drummond et
al., 1993] was used to evaluate the mean diffuse trans-
mission matrices for the 15 pum CO; band. Each of these
matrices contains all the possible diffuse transmittances
between any two levels of the atmosphere. These levels
are defined by z = 0-14.125 at 0.125 intervals.

The mean diffuse transmittance matrices used to de-
velop the parameterization are 10 cm™?! averages. They
are created by integrating across a set of wavenumber
dependent diffuse transmittance matrices on a 0.002
em™! grid. The diffuse transmittance of each matrix
element is explicitly evaluated using the third exponen-
tial function applied to the total optical depth between
the levels represented by the matrix element. The total
optical depth is the sum of the optical depths of each
contributing layer which is the product of the layer’s
absorption coeflicient and the absorber amount. The
absorption coefficient is evaluated using the layer’s ab-
sorber amount weighted pressure and temperature ap-
plied to all contributing spectral lines. A contributing
line is one that is within 385 Lorentz halfwidths of the
matrix’s position in wavenumber space. All spectral
lines are assumed to be Voigt. The spectral parame-
ters of the CO, lines are taken from the HITRAN-92
spectral database [Rothman et al, 1992]. In total, 26
mean diffuse matrices from 540 to 800 cm~! are ob-
tained for each set of input atmospheric parameters (see
section 3).

The LTE cooling rates are calculated using a stan-
dard method [e.g., Andrews et al., 1987]. The cooling
rates were obtained with the atmospheric region defined
by # = 2-11 (2 = 13-76 km) on a Az = 0.25 (Az ~
1.7 km) grid taking into consideration the internal heat
exchange within £ = 0-14 (z =~ 0-93 km). The upward
and downward fluxes were calculated using trapezoidal
integration on a Az = 0.125 (Az = 0.85 km) grid. The
radiative flux divergence is evaluated by a finite differ-
ence method on a Az = 0.5 (Az = 3.4 km) grid.

The above calculations were validated against the re-
sults of Schwarzkopf and Fels [1985]. A comparison be-
tween the two methods is shown in Figure 2. The cool-
ing rate differences between our method and that of
Schwarzkopf and Fels [1985] do not exceed 0.15 K d~1!
and are probably due to differences between the two
models.

Unlike our calculations, Schwarzkopf and Fels [1985]
used data from the Air Force Geophysics Laboratory
(AFGL)-80 spectral database [Rothman, 1981] and com-
bined lines <0.01 ¢cm~! apart with a weighted line
width and summed line strength. In addition, they in-
cluded only those lines within 3 cm™! of a wavenum-
ber grid point, assumed a Voigt profile above 100 mbar
(Lorentz otherwise), and performed a four-point Gaus-



11,508 FOMICHEV ET AL.: PARAMETERIZATION OF CO, COOLING
!

10 . ]
g sf ] ]
E
£
[=3
[=3
S 6 - -
=
Ke)
% S&F —

4 present ---- . -

a
2 1 1 1 1 1 1 1

0 1 2 3 4 5 » 6
Cooling rate, Kd

-0.1 0 0.1 ;
Cooling rate difference, Kd~

Figure 2. Comparison of the 15 ym CO; band radiative cooling rate in the local thermody-
namic equilibrium {LTE) layer: S&F, line-by-line calculation by Schwarzkopf and Fels [1985] and
present, present line-by-line method. (a) Cooling rate profiles and (b) difference between S&F

and present method.

sian quadrature for the angular integration. Our method
explicitly performs the angular integration prior to the
spectral integration. Finally, the vertical numerical in-
tegration and differentiation was performed on a differ-
ent vertical grid, Az ~ 0.155 (Az = 1.1 km).

2.2. NLTE Treatment

Above z = 10 (z = 70 km) the density of the atmo-
sphere is low and the collisions between molecules are
so infrequent that the populations of the excited vibra-
tional levels are no longer controlled by the collisional
processes alone. This means that the Boltzmann distri-
bution law is not valid, and in contrast to LTE condi-
tion, the source function S is not equal to the Planck
function B. In this case, to obtain S for some vibra-
tional transition, one must solve the integral equation
for an optically inhomogeneous medium (see Kutepov
and Shved [1978] and Kutepov and Fomichev [1993] for
details). In order to calculate ¢ one needs to obtain
the source function for every contributing vibrational
transition of the 15 um CO; band. In our calculation
we chose to use a nonoverlapping spectral line model
and accounted for 14 vibrational transitions: the funda-
mental transitions 0110-00°0 of the 12C160Q,, 13C180,,
12¢160180, and '2C!%0'70 molecules, the first-order
[02°0-0110, 0220-0110, 10°0-0110], and the second-order
[030-02°0, 0310-0220, 03'0-10°0, 0330-0220, 1110-02°0,
1110-0220, 1110-10°0] hot transitions of the 2C!60,
molecule.

To calculate the values of ¢ in the NLTE layer, a
method based on the approach suggested by Kutepov
and Shved [1978] was used. The band strengths of
the vibrational transitions, as well as data on the fre-
quencies and energy levels of the vibrational transi-
tions comprising the 15 pym CO2 band, were taken from
the HITRAN-92 database [Rothman et al., 1992]. The
Voigt line shape with constant Doppler yp and Lorentz

71 halfwidths for all lines was assumed (7. (300K) =
0.07368 cm~! at p = latm and yr o« T70-74).

The collisional deactivation rate constants from Shved
et al. [1998] were used. In their paper the following ex-
pressions for the quenching rate constants (in cm3s~1)
for collisions CO3(0110)-Ng, O, and -O were sug-
gested

kn, = 5.5 x 10717V/T + 6.7 x 10~ exp(—83.8T "3

ko, = 10~ %exp(23.37 — 230.9T~ % + 564T %)
ko =3 x 10712

To determine the rate constants for the collisional quench-
ing of the vibrational states higher than the first one,
the harmonic law relating the rate constants for states
with different degrees of excitation was used. It was
also assumed thai the total combined quenching rates
for the second vibrational states (10°0, 0220, and 02°0)
are equal to 3kn, and 3ko, for collisions CO3-Ny and
-0g, respectively (see Shved et al. [1998] for details).
The value of ko is one of the most important, but
still not well known, factors determining the energy bal-
ance in the lower thermosphere. Laboratory measure-
ments carried out by Shved et al. [1991] (for tempera-
ture range of 290-350 K) and by Pollock et al. [1993]
(at room temperature) found the values of ko to be
(1.5 £ 0.5)x107!2 ¢cm® s~! and (1.2 + 0.2)x10~12
ecm? s™1, respectively. Analysis of satellite observa-
tions of solar radiation absorption in COj infrared lines
[Lopez-Puertas et al., 1992] provided ko = 3-6x10712
em?3 s~ For our calculations we used ko = 3x10~12
ecm?® s7!, the value which represents the lower limit
of the satellite observations and is close to the upper
limit of the laboratory experiments. This value is also
supported by Bougher et al. [1994], who have found
that Venus, Earth, and Mars simulations all agree that
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3x10712 ¢cm® s~ is the best rate to use to yield the CO,
cooling rates required in each of the respective thermo-
spheres.

The values of ¢ in the NLTE layer, obtained using
the present method, have been recently compared with
those obtained from a comprehensive solution of the
CO; NLTE problem [Ogibalov et al., 1998]. Two hun-
dred sixty vibrational transitions associated with the
156 vibrational states of the v v mode manifold for
seven CQO, isotopes were taken into consideration in
that study. Nevertheless, the comparison [Ogibalov et
al., 1997) showed that the difference in values of € ob-
tained with their extremely comprehensive model and
with the present relatively simple method is generally
<10% for a wide range of input atmospheric parame-
ters.

3. Input Atmospheric Data

The cooling rate in the 15 pum CO5 band is quite sen-
sitive to variations in atmospheric parameters such as
temperature, [O], and [CO3] and much less so to [Na]
and [O2]. In order to develop and test the parame-
terization a set of reference calculations of cooling rate
for different sets of input atmospheric parameters has
been created. These sets of input parameters represent
a wide variety of atmospheric conditions and include
models of vertical profiles for temperature T" and vol-
ume mixing ratios for COz (cco,), O (co), N2 (en,),
and Oz (co,). These are discussed below.

3.1, CO; in the Lower Thermosphere

The CO3 number density in the lower thermosphere
is not well known. A handful of [CO;] measurements
have been conducted, mostly at midlatitudes, at differ-
ent times of day and year and with different techniques.
These measurements exhibit considerable variability in
the reported number densities, but when reduced to the
mixing ratio as a function of the dimensionless height
z, the CO5 abundance appears to be less dependent on
local conditions. There are two common features ob-
served in all CO; measurements: (1) nearly constant
cco, values up to ~z = 12-13 (z =~ 83-88 km) and (2)
a rapid decline in ¢co, above this region.

To establish a ccqo, profile in the lower thermosphere,
we examined the published measurements of CO5 con-
ducted with the mass spectrometer technique of Of
fermann et al. [1981] and Trinks and Fricke [1978] as
well as results obtained from the Atmospheric Trace
Molecule Spectroscopy (ATMOS)/Spacelab 3 observa-
tions [Rinsland et al., 1992]. Only the latter observa-
tions provide all the necessary information needed to
calculate the cco, () dependence. The mass spectrom-
eter measurements are in terms of altitude instead of
pressure. To make use of these measurements, we took
pressure profiles from the Mass Specrometer and In-
coherent Scatter (MSIS)-90 model [Hedin, 1991] using
input parameters that were appropriate for each event.
The resulting experimental cco,(z) profiles are plotted
in Figure 3.

11,509
20 T L] !
Offermann et al. [1981] (S75-A) X
Offermann et al. [1981] (S75-B) &
3 Offermann et al. [1981] (B2-1) x
Offermann et al. [1981] (B2-2) ¢
18 | ¢ Rinsland et al. [1992] (30N) -+-- ]
§ Rinsland et al. [1992] (48S) -&--
» 3. Trinks and Fricke [1978] -o---
= v ORY. model (360 ppm) —
B, ¥
S 16 N -
3
=
(o]
o
— 14} .
o
ko)
Il
x Ed
12 “:~;_'. -
47
5
10 | .
1 1 1
0 100 200 300 400

CO, volume mixing ratio (ppm)

Figure 3. Model CO, mixing ratio profile fixed at
360 ppm below £ = 12.5. Also shown are CO» mixing
ratios from experiments reported in the literature (see
text for details).

To construct a cco, () profile appropriate for current
atmospheric conditions, we assumed the following:

1. Below z = 12.5 (z ~ 85 km) cco, is assumed to
be independent of height with a value of 360 ppm;

2. Between z = 13.5and £ = 16.5 (z &~ 91-110 km) a
linear dependence on z was suggested with parameters
obtained from the experimental profiles using a least
squares fit. All the experimental data were weighted
equally;

3. Above £ = 18.5 (z ~ 135 km) the only available
observation in this region [Trinks and Fricke, 1978] was
used;

4. A second-order interpolation was used to merge
the aforementioned intervals.

This derived eco, profile is also presented in Figure 3.

3.2. Input Data Sets for Reference Calculation

3.2.1. Temperature and O. For a given CO,
abundance the cooling rate in the middle and upper at-
mosphere is primarily dependent on temperature and
O abundance. Whereas temperature along with the
CO, abundance affects cooling rate values at all heights,
O is only important in the NLTE layer above ~z =
13 (z ~ 88 km) where the 15 pm CO, band source
function is strongly dependent on O abundance [e.g.,
Fomichev et al., 1996]. In our study we utilized six
models of T(z) and co(z). These models are meant
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Figure 4. (2) Model temperature and (b) COz mixing
ratio profiles used to create and test the parameteriza-
tion. Figure 4a shows temperature profiles taken from
the CIRA-1986 model (see Figure 1 for notation). Fig-
ure 4b shows basic models for CO, mixing ratio profiles
fixed at 150, 360, 540, and 720 ppm below £ = 12.5.
The CO, mixing ratio profile, fixed at 450 ppm below
z = 12.5, is used to test CO5 dependence of the param-
eterization.

to be a representative sample of typical climatologi-
cal atmospheric conditions and include Subarctic win-
ter (SAW) and summer (SAS), middle latitude winter
(MLW), summer (MLS), and equinox (MLE), and trop-
ics (TROP). The T'(z) profiles used in this study were
taken from the COSPAR International Reference Atmo-
sphere (CIRA)-86 model [Fleming et al., 1990] and are
presented in Figure 4a. To construct c¢o(z) models for
appropriate latitudes and seasons, [O] vertical profiles
from Llewellyn et al. [1989] together with total number
densities and pressure profiles from the MSIS-90 model
[Hedin, 1991] were utilized.

3.2.2. CO;. The eco, models used in this study
are shown in Figure 4b. Reference calculations for each
of the six aforementioned atmospheric models were per-
formed using four basic CO2 mixing ratio profiles with
fixed values at 150, 360, 540, and 720 ppm below z =
12.5 (2 ~ 85 km). These models were created by appro-
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priately scaling the 360 ppm model illustrated in Fig-
ure 3 using the ratio of the mixing ratios. In addition,
an extra calculation for the three extremal atmosphere
models (SAW, TROP, and SAS) assuming a cco, value
of 450 ppm was constructed. This calculation was not
used in the development of the parameterization but
was used to test how well the parameterization handled
an arbitrary CO, mixing ratio.

3.2.3. 0O; and Nj. The co, and ¢, values are
nearly constant up to the level £ = 13 (2 ~ 88 km).
Above this level the dependence of cooling rate on co,
and cn, is negligible in comparison to its dependence
on ¢o(z). Consequently, for all latitudes and seasons
the same co,(z) and ¢n,(z) profiles (taken from the
United States Standard Atmosphere (USSA)-76 model
[Chamberlain and Hunten, 1987]) were used in our cal-
culations.

4. Method

There are two regions in the middle atmosphere where
it is relatively simple to create a parameterization. The
first one is the LTE region below ~z = 10 (z = 70)
where the cooling rate is only sensitive to variations in
T and cco,. The second region is the NLTE layer above
z = 14 (z = 93) where the fundamental band of the
12¢160), isotope dominates the radiative cooling, and
the recurrence formula of Kutepov and Fomichev [1993]
can be utilized without any additional modifications.
The most difficult region for creating a matrix param-
eterization is the transition region between z = 10 and
z = 14. In this region the LTE condition starts to break
down, but many of the vibrational transitions compris-
ing the 15 pm CO2 band still contribute significantly
to the radiative cooling. Below we consider approaches
used to develop the parameterization in each of these
regions.

4.1. Matrix Parameterization for the LTE
Layer

The parameterization for the LTE layer is based on
the line-by-line calculation presented in section 2.1. It
was constructed using the following five steps:

1. Using the line-by-line diffuse transmittance matri-
ces, Curtis matrices A™S were defined for each 10 ¢!
interval s within 540-800 cm~! for each T'(z) profile
7 and for each CO2 model presented in section 3.2.2.
With the Curtis matrices determined the cooling rate
at the grid level zo can be evaluated using the formula

€7 (x0) = 3 AT (z0)p} ()

J

where
cp;” = exp(—hv, /kT}) (3)

is the exponential part of the Planck function. The in-
dex j corresponds to the set of height levels x; within «
= 0-14 at an interval of 0.25, h is the Planck constant,
k is the Boltzmann constant, v, is the frequency at the
center of a 10 cm™! spectral interval s, and T7 is the
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air temperature for model 7 at the grid level z;. Equa-
tion (2) provides the reference line-by-line values of the
cooling rate in the LTE layer.

2. The next step was to express the temperature
dependence of the Curtis matrices in the form suggested
by Fomichev and Blanchet [1995].

Curtis matrices depend on temperature through the
temperature dependence of the band strength. In turn,
the total strength S; of each spectral interval s can be
considered as a sum of the strengths of spectral lines as-
sociated with fundamental S§, first hot S}, and second
hot S} vibrational transitions. Taking into consider-
ation that the strength of the fundamental bands de-
pends slightly on temperature, whereas strength of the
hot bands depends exponentially on the temperature,
we divided the elements of the Curtis matrices into two
parts and introduced the temperature dependence as
follows

A7 (20) = al* (o) + ] (20)}”
where
5%

S8+ (S§ + S3)wo”
20) 57+ 53

"S5+ (ST +5p)ec”
With the elements of the Curtis matrices defined in this
manner the temperature dependence is mainly concen-
trated in the g terms.

3. The coefficients a;**(zo) and 47°(z¢) are deter-

mined for spectral intervals of 10 em™! within 540-800

cm~!. We combined these coefficients in order to obtain
coefficients for the whole 15 um CO5 band.

D a7 (w0} /]
$

> b (zo)e] @5 /(9] %0)

a;*(z0) = A}’ (20)

b;'a(l‘o) — A}_’.s(

a;-(l‘o) =

where ¢7 1s determined from (2) for the frequency of
the 0110-00°0 transition of the 12C0, isotope (i.e., v
= 667.3799 em™1).

4. The coefficients a](zo) and b7 (zo) are still differ-
ent for different temperature models 7. The final step
is to introduce temperature independent coefficients by

combining the coefficients a7 (z0) and b (zo):
aj(z0) = D €77 (z0)  bi(x0) = Y _ €76 (20)

The weights 7 (5, £7=1) are determined by minimiz-
ing the function

AET) =Y {er (o)
3¢ Y la] (z0) + b (o)edle] }2
7! j

in a least mean squares sense. Here €] is the refer-
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ence line-by-line cooling rate and 5™ (3_, n”=1) are the
fractions of the area on the globe which can be de-
scribed by a certain temperature model 7. In this study
we supposed 77 to he equal to 0.05, 0.1, 0.4, and 0.3
for Subarctic (winter and summer), midlatitude (winter
and summer), tropical, and equinox temperature pro-
files (Figure 4a), respectively. With the new coefficients
the parameterization formula for the 15 gm CO2 band
radiative cooling in the LTE layer is transformed to the

form
£(20) = D_[a;(20) +bj (20)¢f 1] (4)

5. The 15 pm CO2 band radiative cooling in the LTE
layer depends on both temperature and cco,. With
(4) we have expressed the temperature dependence in
an explicit form. The CO, dependence is present in
the parameterization coefficients a;(z0) and b;(zg) in
both explicit and implicit forms and can be expressed
as ¢co, (¢0)xF(cco,), where F(cco,) is some combina-
tion of the second-order exponential integrals. We cre-
ated four sets of the parameterization coeflicients for
the basic CO, models of 150, 360, 540, and 720 ppm
(Figure 4b). To obtain the matrix parameterization for
arbitrary CO3, concentration, linear interpolation of the
values log[a;(20)/cco,(x0)] and log[b;(zo)/cco,(%0)] is
recommended.

To calculate values of e(zo) by (4), the parame-
terization coeflicients and air temperature should be
prescribed on a uniform height grid with a step of
Ar = 0.25. We call this the full grid matrix param-
eterization. Employing the method of matrix trans-
formation suggested by Akmaev and Fomichev [1992],
the full grid matrix parameterization can be adopted
to an arbitrary vertical coordinate grid. In our study
we used this method in order to optimize the param-
eterization by minimizing the number of levels which
contribute to the cooling rate at a given level as well
as the number of parameterization coefficients. With
the optimized vertical grid, only eight levels (Table 1)
need to be considered to account for the internal heat
exchange in the LTE region of the atmosphere. As will
be shown in section 5, the accuracy of the parameteri-
zation with the optimized vertical grid is only slightly
different than that with the full vertical grid.

Table 1. Dimensionless Height Steps Az;, Which De-
termine the Grid Points z; Used for Calculation of e(zg)

J Az,
-5 -6.25
-4 -3.00
-3 -1.75
-2 -0.75
-1 -0.25
0 0.00
1 0.25
2 0.75
3 1.50
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4.2. Recurrence Formula for NLTE Layer

The second region where it is relatively simple to cre-
ate a parameterization is the NLTE layer above z =~ 14
[z =~ 93 km]. Two assumptions can be made in this
region which considerably simplify cooling rate calcu-
lations. These are (1) the fundamental band of the
12C160, molecule dominates the radiative cooling rate
so that the contributions of other vibrational transitions
can be omitted and (2) since the 15 pum CO3 band is
optically thin above z a2 14 the radiative heat exchange
between a given atmospheric level in this region and
the atmosphere above this level can be neglected. With
these assumptions the recurrence formula suggested by
Kutepov and Fomichev [1993] can be utilized to calcu-
late the cooling rate in the 15 yum COs; band. This
formula relates the value of the cooling rate in the fun-
damental band of the 12C'%0, molecule at a given level
in the atmosphere with the value at the neighboring
lower level. Starting from some lower boundary level,
the cooling rate can be calculated moving upward from
one height level to another. In our parameterization
the value of € at 5 = 13.75 is used as a lower boundary
condition.

Under NLTE conditions the 15 yum CO4 band cooling
rate depends not only on temperature and CO, con-
centration but also on values of co, co,, ¢n,, and on
the quenching rate constants. The recurrence formula
contains the explicit dependence of ¢ on all these pa-
rameters, except the COy concentration. The cooling
rate (o) depends on the CO; concentration both ex-
plicitly and implicitly. First, it is proportional to the
value cco, at level zg, and second, it depends on the
total CO3 column amount u above level z¢ through the
escape function L(u). To account for the implicit de-
pendence of ¢ on COy concentration, values of L were
calculated as a function of u, and logL was linearly in-
terpolated over u.

Above ¢ & 16.5 the 15 ym CO; band is so optically
thin that L(u)=1 for any CO, model, thus it is not nec-
essary to take into account the internal heat exchange
within this region of the atmosphere to calculate the
value €. Taking this fact into consideration, we ex-
pressed the recurrence formula as a two-term formula
with the first term providing cooling-to-space from a
given level z¢, and the second term describing the radia-
tive heat exchange between level z¢ and the atmosphere
below # = 16.5. In this two-term formula the depen-
dence of € on all input parameters is given in explicit
form.

4.3. Transition Region

The most complicated region to parameterize the
15 pm CO;, band cooling is the transition region be-
tween ~z = 10-14 (z = 70-93 km). NLTE effects must
be taken into consideration in this region, but neither
the radiative heat exchange with the overlying atmo-
sphere nor the contribution of bands other than the
fundamental band can be neglected.

Figure 5 illustrates the conditions in the transition
region (see Fomichev et al., [1996] for details). For il-

g '
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Figure 5. The 15 um CO; band cooling rate in the
non-LTE (NLTE) layer for June at 70°S. (a) Contri-
butions of different transitions to the radiative cooling
rate: total, the total sum for all transitions; fundamen-
tal, the 01'0-00°0 transition of the 12C10, molecule;
isotoges, the sum of the 0110-00°0 transitions of the
13C160,, 12C0180, and 2C%07Q molecules; first
hot, the 2v,-v, transitions of the 2C'Q5 molecule;
and second hot, the 3v9-2v, transitions of the 12C16Q,
molecule. (b) NLTE and LTE cooling rates: [O], NLTE
cooling rate for input parameters appropriated to June,
70°S; 0.5[0] and 2[0], the same but for the halved and
doubled atomic oxygen abundance, respectively; and
LTE, cooling rate in the case of LTE.

lustrative purposes we selected the case of the Subarctic
winter where all the features discussed below are most
prominent. As can be seen from Figure 5a, bands other
than the fundamental band contribute substantially to
the radiative cooling up to ~x = 14. Moreover, the
contribution of the first hot band to the total cooling
between £ = 9 and = = 11 is larger than that of the
fundamental band. Figure 5b shows cooling rates calcu-
lated for different co models and LTE conditions. The
effects of NLTE conditions start to influence the cooling
rate above z = 10. On the other hand, below z ~ 12.5
variations in co do not significantly affect the radiative
cooling.

Taking these facts into consideration, we divided the
transition region into two layers. Between z = 10 and
z =12.5 (2 ~ 70 and z ~ 85 km), where there is no sig-
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Figure 6. (a), (¢c), (e) Cooling rates and (b), (d), (f) cooling rate errors of the parameterization
for CO2 model 360 ppm (see Figure 4b) and for Subarctic winter (Figures 6a and 6b), tropics
(Figures 6¢ and 6d), and Subarctic summer (Figures 6e and 6f): exact calculation, calculation
made with the reference method; parameterization, calculation made with the present parame-
terization using a constant height step Az = 0.25 to account for the internal atmospheric heat
exchange; and optimized grid, calculation made with the present parameterization using the op-
timized vertical grid (Table 1) to account for the internal atmospheric heat exchange (see text

for details).

nificant influence of atomic oxygen on the cooling rate
and where co, and ¢y, are nearly constant, the matrix
approach (equation (4)) was used with the parameteri-
zation coefficients corrected in such a way as to include
NLTE effects. Between z = 12.5 and z = 14 (z = 85
and z & 93 km) the recurrence formula of Kutepov and
Fomichev [1993] was used with correction parameters
introduced to correct the escape function in such a way
as to account for both the radiative heat exchange with
the overlying atmosphere and the contribution of bands
other than the fundamental band. Both the parameter-
ization coefficients for the layer £ = 10-12.5 and correc-
tion parameters for the layer £ = 12.5-14 were obtained
by minimizing the error of the parameterization using

least mean squares methods similar to the one described
in section 4.1. Sets of the parameterization coefficients
and correction parameters were created for four basic
CO2 models of 150, 360, 540, and 720 ppm (Figure 4b),
and a linear interpolation of the logarithms of its values
was used in order to obtain the parameterization for an
arbitrary CO, concentration.

5. Accuracy of the Parameterization

In this section the cooling rates of the 15 um CO,
band generated by the parameterization are compared
to results obtained by the reference method (section 2).
To verify the parameterization, the comparison has



11,514

FOMICHEV ET AL.: PARAMETERIZATION OF CO, COOLING

. — T
18ta: [ b L
— 14 | e
5 ! —
£ 12| | MLW N
B 10} v
8 | {
2 8l | 0
% i 360 ppm: I
9 gl exact calculation— || i
5 parameterization —- l
|
4 =
T=
z &
=} .
E '
S y
(=}
Q
B i
W %
" |
i
f =
=
= N
] |7
Q s
E <
¢
S
g )
=1
o
T
b
0 10 20 30 40 50 60 -2 -1 0 1 2

Cooling rate, Kd™’

Cooling rate error, K d 1

Figure 7. The same as in Figure 6 but for (a) and (b) midlatitude winter, (c) and (d) midlatitude

summer, and (e) and (f) midlatitude equinox.

been carried out for the wide range of input atmo-
spheric parameters (temperature and atmospheric com-
position) described in section 3 and illustrated in Fig-
ure 4. Although the parameterization, as implemented,
is applicable in the middle and upper atmosphere, its
accuracy was investigated only in the region between
z = 2 and z = 17, where reference cooling rate calcu-
lations were available.

Figure 6 compares cooling rates obtained for the
360 ppm CO; model and for extremal conditions of the
Subarctic winter and summer and the tropics. Two ver-
sions of the parameterization, full and optimized grids,
have been tested and showed almost the same accuracy
throughout the domain.

As can be seen from Figure 6, the present parame-
terization provides a reasonable approximation for the
cooling rates for a range of input atmospheric param-
eters and the height region under consideration. The
difference between the cooling rates obtained with the

reference method and the parameterization does not ex-
ceed 0.15and 0.3 K d~! below £ = 7 and z = 11, respec-
tively. This is much better than the accuracy of the pa-
rameterizations by Fomichev et al. [1993] and Fomichev
and Blanchet [1995] where the cooling rates were under-
estimated by 0.5-0.8 K d—! near the stratopause. The
maximum error for the present parameterization occurs
in the transition region between £ = 12 and z = 14.5,
where it reaches 1.6 K d~! for the Subarctic summer
and ~1 K d~! for the tropics and Subarctic winter con-
ditions. The parameterization of Fomichev et al. [1993]
has a similar accuracy in the transition region, and it
appears unlikely that the accuracy of the parameteriza-
tion in this region can be improved within the context of
the matrix-recurrence relationship approach used here.
On the other hand, this approach provides a highly ef-
ficient computational parameterization of the cooling
rate. It should also be noted that the maximum error
occurs in the narrow Subarctic region during the sum-



FOMICHEV ET AL.: PARAMETERIZATION OF CO, COOLING

11,515

150 ppm:

log[1000/p(mbar)]
o

xX=

SAW

exact calculation— ||
parameterization ——— {

x=log[1000/p(mbar)]
[+°]

TROP {} F

-
~

log[1000/p(mbar)]

X=|

|
,{.

6 5 1.0 15

Cooling rate, K at

20 25-08 04 0 04 08
Cooling rate error, K d !

Figure 8. The same as in Figure 6 but for CO; model 150 ppm (see Figure 4b).

mer season, and errors are much less for other regions
and seasons. In the NLTE layer above ¢ =~ 14.5 the
accuracy of the present parameterization is better than
1 K d=! (or ~5%) for a range of input atmospheric
parameters.

The parameterization works much better in the mid-
latitude regions, where the error does not exceed ~0.5
K d~! for most of the domain (Figure 7). Error curves
in Figure 7 look like noise, especially in the upper part
of the domain, where the error is ~0.5-0.7 K d=! or
<2%. Taking into consideration that the accuracy of
the parameterization in the midlatitude regions is much
better than that in the case of the extreme Subarctic
and tropics conditions, only results for these extremal
conditions are presented hereafter.

Figures 8 and 9 show the comparison of the refer-
ence and parameterization cooling rates for the 150 and
720 ppm COs models, respectively. For the 150 ppm
CO3 model the parameterization provides cooling rates
with errors <0.5 K d~?! throughout all the domain. The

error curves for the 720 ppm CO, model are similar to
those shown in Figure 6. The deviation from the ref-
erence results is within 0.5 K d~! in the height region
below ~x = 11 for any input atmospheric parameters
and has a maximum in the transition region where the
error reaches ~5 K d~! for the Subarctic summer and
~2 K d~! for the tropics and Subarctic winter atmo-
spheres.

One of the main features required from the 15 um
CO; radiative cooling parameterization is a proper re-
sponse to variations in ¢o occurring in the lower ther-
mosphere. Figure 10 presents the results obtained for
doubled and halved ¢o. As can be seen from Figure 10,
above # = 12.5, where we use the recurrence formula,
the parameterization responds appropriately to varia-
tions in atomic oxygen concentration. The difference in
cooling rates between the reference method and param-
eterization obtained with the halved c¢o does not exceed
1 K d~?! throughout all the domain for any temperature
profiles, whereas the error obtained with the doubled co
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reaches 4, 2, and 1 K d~! for Subarctic summer, Subarc-
tic winter, and tropics, respectively. The error curves
are generally similar to those obtained with the undis-
turbed co profile. It is worth noting here that since the
value of ¢ is actually dependent on the product ko x[O]
a test for sensitivity to O variationsis, at the same time,
a test for sensitivity to variations of the ko constant.
A final test has been carried out in order to verify
the ability of the parameterization to reproduce cool-
ing rates for COy concentrations other than the basic
ones. For this purpose the reference method has been
applied to the 450 ppm CO2 model (Figure 4b), and the
parameterization coefficients for this CO2 model have
been obtained by interpolating the coefficients precal-
culated for the basic CO, models. Figure 11 shows the
comparison of the cooling rates provided by the refer-
ence method and by the parameterization for 450 ppm
CO, model. The results obtained with the reference
method for other basic CO2 models (150, 360, 540, and
720 ppm) are also shown in Figure 11. Variations in
cco, cause cooling rate variations which are different in

Cooling rate error, K d !

The same as in Figure 6 but for CO2 model 720 ppm (see Figure 4b).

different height regions. The difference in the cooling
rates associated with different CO4 models lies within
afew K d~! below the mesopause and increases rapidly
in the lower thermosphere where the atmosphere be-
comes transparent in the 15 pm COgy band and the
cooling rate is roughly proportional to cco, at a given
height. For the 450 ppm COj; model the deviations
between the parameterization and reference method re-
sults are generally much smaller than the differences
between cooling rates for the 450 and 360 ppm (as well
as for 450 and 540 ppm) CO» models. This deviation
lies within ~1 K d~! throughout the domain for both
the Subarctic winter and tropics and for most of the
domain for the Subarctic summer. The maximum error
of ~2.5 K d~! occurs in the transition region z = 12.5-
14 for the Subarctic summer atmosphere. Comparing
the results shown in Figure 11 with those in Figures 6
and 9, it can be concluded that the parameterization
approximates the cooling rate values for arbitrary CO»
concentrations with the same accuracy as it does for the
basic CO2 models.
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Figure 10. The same as in Figure 6 but for doubled and halved atomic oxygen abundances.

6. Parameterization Scheme

In this section the parameterization of the 15 pm CO2
band radiative cooling designed for the optimized height
grid is presented. In order to calculate the radiative
cooling rate ¢ all input information (air temperature T,
air molecular weight p, volume mixing ratios ¢n,, co,,
co, and cco, for gases Ng, Oz, O, and CO3) should
be prescribed as a function of the dimensionless height
z (equation (1)). The value cco, should be fixed to a
value between 150 and 720 ppm below £ = 12.5 and may
vary with height above this level. The values of € pro-
vided by the parameterization are given in erg (g s)~!.

For the height zo = 2-12.5, ¢ is approximated by

3

e(zo) = ) [aj(z0) + bj(za)pole;

i=-5

(3)

where

p; = exp(—960.217/T;) (6)

and T;=T(z;) is the air temperature in kelvins. The in-
dex j corresponds to the set of height levels ;, which for
every 2o and j = -5, -4, ..., 2, 3 are defined by expression
z; = zo+Az;. The intervals Ax; are presented in Ta-
ble 1 (if 2; <0, 2;=0 should be taken). For each given j,
o, and specified cco, the parameters a;(xo) and b; (o)
are obtained by interpolating over cco, between sets of
values al50;(z0), a360;(xo), a450;(x0), and a720;(zo)
and b150;(zo), b360;(z0), b450;(z0), and b720;(xo), re-
spectively (Tables 2-9). Linear interpolation of the
values log[a;(z0)/cco,(zo)] and log[b; (z0)/cco,(0)] is
recommended for those sets of parameters which do not
change sign. Otherwise a second-order interpolation of
the parameters themselves should be used.

In the height region z; = 12.75-16.5 the value ¢ is
determined by the formula

2.63187 x 10'1cco, j(1 — Aj)
K

(7)

&(x;)

e(zj) =
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Figure 11. The same as Figure 6 but for the nonbasic CO; model 450 ppm (see Figure 4b). The
results obtained with the reference method for the basic CO2 models 150, 360, 540, and 720 ppm

are also shown.

where

Aj = A(zj) = 1.5988/{1.5988

hilonag(5:5 % 10717V/T; +
6.7 x 10™ Cexp(—83.8T %))

[1=X(1 = Dj)lé(=;) = [1 = A -1(1 — Dj—1)Jé(;-1)

+Dj-195-1 — Djop;

with the boundary condition at z = 12.5,

05, (107 Pexp(23.37 — 230.9T; ¥ + 564T; *))

+co,jko]}

(8)

£(12.5) = 1.10036 x 10~'%(12.5)/

{cco,(12.5)[1 - A(12.5)]}

where £(12.5) is determined from (5). In (9)

pj = p(z;) is the mean molecular weight (in g mol™1!),
and p; = p(z;) is the number density (in cm~3) of
the background atmosphere; cco,,;, = cco,(%;), cN,,j

= ¢N,(&5), co,,j = co,(z;j), and co; = co(z;); ko (in

where

em3 s71) is the rate coefficient for the collisional deacti-

vation CO2(0110)-O. The value of &(z;) is determined

by the recurrence formula

|

D; = 3(dj—1+ 3d))
Dj-1 = 3(3dj-1+d;)

a(u,z;)L(u) 125< z; <13.75
L(u) z; >14.00 '

9)

(10)

(11)

(12)
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Table 2. The Values 10~ x a150;(zo) for —5 < j < 3 Calculated With a Step Azo = 0.25 in the Dimensionless

Height Range 2 < zp < 12.5

J
Zo -5 -4 -3 -2 -1 0 1 2 3
2.00 2.50 0.00 9.41 247.65 324.67 -1109.0 40.70 210.62 62.00
2.25 3.15 0.00 15.66 318.86 305.56 -1256.0 21.71 221.57 77.18
2.50 3.62 0.00 25.39 388.67 285.25 -1400.9 -0.39 225.76 91.03
2.75 3.95 0.00 40.54 446.74 261.99 -1520.3 -20.23 224.54 101.23
3.00 4.39 0.00 63.52 494.90 238.73 -1628.2 -40.15 223.34 109.83
3.25 1.49 5.21 88.19 540.55 213.11 -1730.5 -57.15 224.65 117.36
3.50 1.88 8.24 111.80 579.43 189.08 -1824.7 -71.04 230.30 123.35
3.75 2.30 12.96 130.44 613.69 168.79 -1912.1 -84.78 240.19 127.64
4.00 2.1 19.75 144.27 643.90 149.97 -1989.6 -98.53 254.05 129.46
4.25 3.01 28.48 156.05 668.46 134.69 -2058.2 -111.15 270.10 129.51
4.50 3.31 38.72 167.72 689.08 126.66 -2129.9 -123.33 290.02 129.22
4.75 3.68 50.03 181.86 708.44 123.77 -2214.3 -139.97 313.84 130.38
5.00 4.10 62.58 197.91 730.78 118.88 -2313.8 -158.39 341.94 133.43
5.25 4.55 75.18 212.09 758.51 112.25 -2422.1 -180.76 373.50 137.78
5.50 5.06 88.36 223.46 792.75 100.78 -2529.0 -206.53 405.77 142.64
5.75 5.63 102.56 232.51 832.40 85.71 -2637.6 -234.40 438.96 148.27
6.00 6.26 117.99 241.92 875.37 71.11 -2753.2 -262.84 474.08 154.89
6.25 6.95 135.13 253.85 920.24 59.85 -2883.7 -290.66 512.30 163.15
6.50 9.87 146.43 271.98 967.27 56.54 -3032.4 -317.08 553.86 174.11
6.75 14.21 155.87 294.12 1018.3 62.96 -3207.4 -342.38 598.32 189.06
7.00 20.88 163.15 319.41 1075.7 80.52 -3414.1 -366.62 643.68 209.64
7.25 30.51 169.87 346.35 1142.9 107.47 -3658.5 -388.43 689.32 238.07
7.50 43.09 176.34 376.50 1225.3 144.49 -3948.7 -409.49 735.21 276.04
7.75 56.23 185.45 409.22 1328.6 186.55 -4296.9 -431.41 777.26 331.37
8.00 65.59 197.89 441.92 1447.3 227.32 -4675.8 -451.19 810.60 400.69
8.25 71.49 213.91 475.55 1579.2 263.29 -5078.4 -469.36 837.81 479.06
8.50 75.92 233.06 513.21 1723.6 297.79 -5517.9 -488.28 871.36 551.38
8.75 81.06 254.62 557.25 1876.1 333.68 -6000.7 -507.88 919.50 610.26
9.00 86.94 276.84 610.37 2016.5 377.11 -6479.2 -528.66 990.49 617.27
9.25 94.29 301.23 668.75 2122.5 442.66 -6934.1 -553.92 1104.0 552.20
9.50 101.89 324.97 723.00 2069.8 513.05 -7119.1 -574.78 1251.0 355.34
9.75 114.49 370.84 746.30 1949.5 555.11 -7381.9 -549.97 1497.2 231.95
10.00 129.99 433.25 747.55 1633.8 517.50 -7516.6 -447.53 1753.0 245.55
10.25 145.12 503.31 702.24 1518.0 326.75 -7813.4 -303.85 2043.0 274.39
10.50 158.38 576.55 600.92 1419.9 509.35 -8093.8 -318.73 2139.7 238.26
10.75 168.05 667.68 429.56 1481.1 843.27 -8625.6 -419.12 2291.9 148.85
11.00 177.01 778.03 343.48 1856.9 1368.7 -10164 -614.59 2701.7 143.67
11.25 210.81 985.59 333.85 2545.3 1916.3 -13508 -791.00 4037.1 316.37
11.50 251.17 1204.3 298.37 3052.5 2119.0 -16547 -1036.1 5575.3 638.50
11.75 272.71 1313.1 140.05 3177.7 1826.1 -17548 -1289.1 6474.4 990.29
12.00 248.17 1254.9 125.21 3250.6 1590.1 -16344 -1708.0 5950.6 798.04
12.25 204.50 1140.3 388.51 3709.8 1321.5 -15453 -2125.7 5225.6 547.05
12.50 176.09 1178.2 733.94 3600.3 572.92 -14489 -2151.8 4741.9 207.65

L(u) is the escape function which depends only on the
total CO2 column amount u above a given level z;.
This dependence is presented in Table 10. In order
to calculate L(u) for a given cco, profile it is recom-
mended that a linear interpolation of logarithm of L(u)
be used. Since L(u) depends only on u the coefficients
d; for the region &; > 14.00 can be calculated on an ar-
bitrary height grid. In our calculation we have used
a height grid with step Az; = 0.25 throughout the
domain. To determine the coefficients d; in the re-
gion 12.5 < z; < 13.75, the parameters a(u,z;) are
also needed. The dependence of a(u,z;) on u at lev-
els z; = 12.5-13.75 with step Az; = 0.25 is presented

in Table 11. To obtain the parameters a(u,z;) for a
user-defined cco, profile, linear interpolation of the log-
arithm of a(u, z;) at each level x; is recommended.

In the region z; > 16.5 the value £ can be deter-
mined by the following simple formula which provides
a smooth transition to the cooling-to-space approxima-
tion arid does not require any pararmeterization coeffi-
cients

2.63187 x 10'cco,,(1 — Aj)
i

[©(16.5) — ¢;]
(13)

e(zj) =

where
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Table 3. The Values 10~3 x 5150 (zo) for —5 < j < 3 Calculated With a Step Az = 0.25 in the Dimensionless
Height Range 2 < 29 < 12.5

J
Zo -5 -4 -3 -2 -1 0 1 2 3
2.00 3.54 0.00 6.05 59.11 24.12 -181.03 -0.74 18.01 17.04
2.25 3.12 0.00 6.98 57.20 20.24 -171.00 -2.40 18.32 15.74
2.50 3.04 0.00 9.08 55.10 13.93 -161.06 -4.94 16.08 14.93
2.75 3.30 0.00 13.16 56.15 10.44 -167.15 -7.07 15.20 15.53
3.00 3.50 0.00 18.03 54.92 7.84 -170.25 -8.49 14.32 15.76
3.25 1.87 2.1 19.75 54.11 5.90 -171.21 -9.36 13.89 15.67
3.50 2.09 3.62 19.18 52.43 4.32 -167.30 -9.82 13.66 15.01
3.75 2.26 4.77 17.13 49.72 2.54 -158.18 -10.09 13.30 13.89
4.00 2.45 6.30 15.32 48.64 0.94 -153.18 -10.68 13.77 12.98
4.25 2.70 8.30 14.67 49.71 -0.69 -154.64 -11.83 14.87 12.64
4.50 3.01 10.34 14.76 51.02 -2.22 -157.88 -13.46 16.57 12.31
4.75 3.33 12.02 15.12 51.26 -3.76 -159.38 -15.17 18.10 11.93
5.00 3.68 13.37 15.49 50.38 -5.60 -158.54 -16.54 19.31 11.57
5.25 4.02 14.41 15.48 48.94 -7.17 -156.14 -17.64 20.52 11.21
5.50 4.32 15.29 15.28 48.66 -7.76 -156.91 -18.63 22.49 11.17
5.75 4.61 16.15 14.98 49.36 -7.94 -160.22 -19.79 25.01 11.39
6.00 4.89 17.12 14.68 50.60 -8.03 -164.87 -21.10 27.57 11.91
6.25 5.12 18.15 14.55 52.65 -8.04 -171.62 -22.73 30.24 12.70
6.50 6.95 14.81 16.72 56.07 -8.06 -181.89 -24.94 33.12 14.02
6.75 9.49 10.89 19.53 60.74 -8.20 -195.02 -27.75 35.77 15.90
7.00 13.20 6.77 22.98 66.83 -8.80 -211.16 -31.23 37.85 18.56
7.25 18.35 2.96 27.02 74.76 -10.24 -230.87 -35.39 39.28 22.03
7.50 24.24 -0.01 31.41 84.12 -12.60 -252.10 -39.94 39.90 25.64
7.75 28.90 -1.80 35.60 93.62 -16.26 -270.76 -43.92 38.27 29.58
8.00 32.23 -2.38 41.19 107.10 -21.94 -298.20 -49.13 36.91 34.89
8.25 34.90 -1.711 49.62 127.29 -29.86 -342.96 -56.74 37.39 42.35
8.50 37.69 0.27 61.73 154.70 -40.35 -407.68 -67.25 40.12 51.59
8.75 40.81 4.18 78.17 189.15 -53.54 -494.25 -80.91 45.42 62.22
9.00 43.38 10.52 99.17 226.58 -67.76 -594.81 -96.67 54.28 69.25
9.25 45.67 19.16 123.99 259.79 -80.92 -697.22 -113.91 68.93 67.84
9.50 48.15 29.65 151.97 269.05 -90.13 -768.51 -130.01 89.27 49.05
9.75 51.97 45.70 177.20 260.58 -99.23 -844.00 -142.48 119.06 35.84
10.00 57.38 67.58 198.71 214.24 -105.92 -901.96 -143.24 148.35 38.64
10.25 63.80 94.18 204.41 196.44 -130.89 -973.26 -139.77 179.13 43.02
10.50 70.64 123.95 189.16 171.95 -110.44 -1026.5 -145.44 195.45 36.84
10.75 76.84 161.72 149.09 169.11 -75.70 -1097.3 -159.36 216.62 24.06
11.00 83.23 208.19 128.35 206.77 -36.31 -1296.1 -192.72 262.88 21.98
11.25 96.16 285.62 119.66 287.49 -12.24 -1752.8 -242.63 409.70 41.32
11.50 113.57 375.96 98.65 365.98 16.10 -2296.2 -286.07 629.29 74.85
11.75 128.29 441.49 42.54 434.49 35.76 -2732.7 -317.40 852.28 122.50
12.00 124.81 433.49 33.62 486.85 73.97 -2761.9 -358.47 874.36 103.68
12.25 109.94 374.80 123.28 612.20 74.49 -2823.1 -438.41 848.03 79.80
12.50 101.38 372.76 243.76 711.93 140.92 -3324.3 -443.25 1053.2 32.31

Table 4. The Values 107! x a360;(zo) for —5 < j < 3 Calculated With a Step Az = 0.25 in the Dimensionless
Height Range 2 < z¢ < 12.5

J
To -5 -4 -3 -2 -1 0 1 2 3
2.00 1.711 0.00 8.30 258.29 449.82 -1339.3 94.33 285.60 54.67
2.25 2.29 0.00 14.18 343.15 460.65 -1574.2 79.38 323.02 75.44
2.50 2.73 0.00 23.16 434.74 471.06 -1824.3 55.67 346.88 98.49
2.75 3.08 0.00 37.25 525.47 470.45 -2057.2 31.05 354.62 120.07
3.00 3.55 0.00 59.80 613.81 457.52 -2270.0 -0.01 354.37 139.96
3.25 0.91 4.89 86.26 705.22 427.02 -2466.2 -30.60 356.40 156.87
3.50 1.29 8.06 115.35 787.22 387.61 -2639.6 -56.18 365.60 170.11

3.75 1.73 13.15 141.56 856.81 351.75 -2792.5 -82.21 382.62 179.43
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Table 4. (continued)

J
To -5 -4 -3 -2 -1 0 1 2 3
4.00 2.17 20.53 163.57 919.28 317.58 -2930.8 -108.72 406.24 184.41
4.25 2.54 29.82 183.84 971.78 287.42 -3052.3 -133.68 432.48 185.25
4.50 2.87 40.33 205.31 1015.1 267.04 -3168.2 -156.87 462.07 183.53
4.75 3.23 52.40 233.04 1054.6 254.51 -3299.4 -186.50 496.65 182.39
5.00 3.62 66.26 265.43 1092.0 237.93 -3443.0 -214.22 538.02 182.79
5.25 4.02 81.88 295.11 1131.5 225.43 -3603.7 -244.55 588.20 185.75
5.50 4.41 99.44 319.62 1181.2 215.71 -3783.8 -279.47 644.88 191.30
5.75 4.86 119.34 337.57 1236.5 203.83 -3964.9 -319.11 701.80 198.62
6.00 5.41 141.93 353.25 1299.0 192.02 -4157.7 -362.10 758.91 208.23
6.25 6.06 167.05 369.79 1366.4 181.83 -4364.3 -405.05 815.20 219.88
6.50 8.84 187.63 392.81 1442.7 179.44 -4600.0 -447.24 876.16 234.13
6.75 13.07 205.15 421.01 1525.4 189.10 -4867.8 -486.78 941.22 252.01
7.00 19.63 218.88 453.73 1613.4 214.84 -5171.8 -523.03 1008.0 275.44
7.25 29.25 229.99 490.57 1711.9 256.85 -5526.7 -555.88 1080.5 304.52
7.50 42.07 240.46 532.21 1828.7 317.24 -5948.0 -586.50 1159.0 344.22
7.75 56.57 254.71 578.02 1975.0 392.25 -6467.1 -617.21 1243.7 407.78
8.00 68.16 272.80 625.13 2147.4 471.61 -7053.4 -645.51 1325.0 500.17
8.25 75.82 295.31 673.97 2346.5 550.30 -7700.7 -673.21 1400.3 623.91
8.50 81.94 322.32 728.06 2573.8 625.92 -8419.0 -706.25 1472.4 767.81
8.75 88.34 352.81 790.13 2828.7 691.49 -9208.1 -747.00 1539.1 919.34
9.00 96.26 387.50 863.10 3054.4 745.19 -9987.3 -782.32 1589.6 1064.7
9.25 106.57 426.69 943.91 3195.0 720.98 -10632 -783.89 1655.2 1165.6
9.50 119.18 474.13 1019.2 2999.4 660.01 -10795 -712.20 1702.1 1171.5
9.75 134.48 530.49 1080.4 2815.2 300.57 -10807 -582.96 1954.5 1039.3
10.00 153.21 602.82 1118.2 2485.5 360.60 -10871 -528.56 2077.7 825.16
10.25 171.58 689.49 1092.0 2343.7 132.98 -11132 -451.35 2520.3 619.70
10.50 190.16 796.67 996.18 2052.5 428.17 -11362 -500.31 2719.4 449 .84
10.75 212.44 938.28 755.90 1967.8 702.20 -12033 -491.26 3185.1 387.17
11.00 236.64 1126.5 566.93 2149.1 1126.5 -13697 -578.12 4048.6 296.47
11.25 279.13 1403.0 481.02 2605.0 1372.2 -17247 -515.46 5980.6 401.51
11.50 320.48 1685.5 384.14 3026.7 1867.9 -20901 -549.77 7771.8 590.62
11.75 345.14 1824.4 188.58 3403.1 2200.1 -23196 -613.86 8935.6 763.31
12.00 317.35 1785.8 152.39 3987.4 3014.4 -23702 -1206.4 8432.6 594.67
12.25 288.99 1722.6 360.62 5099.1 3834.6 -25185 -1927.7 8148.0 438.08
12.50 263.08 1951.0 663.21 5925.1 3521.7 -26413 -2589.6 8270.4 223.45

Table 5. The Values 10~2 x 4360, (z¢) for —5 < j < 3 Calculated With a Step Azg = 0.25 in the Dimensionless
Height Range 2 < z < 12.5

J
Zo -5 -4 -3 -2 -1 0 1 2 3
2.00 3.32 0.00 7.36 76.80 36.45 -240.80 4.55 19.81 24.31
2.25 3.24 0.00 8.93 76.99 35.83 -242.31 2.86 25.71 22.44
2.50 3.42 0.00 12.23 77.60 30.00 -242.45 -0.90 25.18 22.35
2.75 3.82 0.00 18.06 77.88 21.68 -242.76 -4.77 21.05 23.45
3.00 4.16 0.00 25.06 75.59 16.60 -243.95 -7.37 18.45 24.03
3.25 2.02 3.66 27.66 74.40 13.45 -245.00 -9.07 17.60 24.04
3.50 2.34 4.95 26.74 73.30 11.57 -242.82 -10.36 18.25 23.13
3.75 2.58 6.55 23.74 71.13 9.23 -233.76 -11.45 18.91 21.48
4.00 2.84 8.75 21.17 69.97 6.33 -226.45 -12.75 19.80 20.05
4.25 3.18 11.66 20.30 71.74 3.50 -228.45 -14.83 21.60 19.39
4.50 3.58 14.76 20.87 75.30 1.11 -237.39 -17.84 24.72 18.97
4.75 4.02 17.48 22.10 78.01 -1.34 -245.78 -21.35 28.00 18.42
5.00 4.50 19.89 23.92 80.26 -4.08 -255.31 -24.75 31.87 17.81
5.25 4.95 21.85 25.06 80.52 -6.68 -259.45 -27.55 35.28 16.94
5.50 5.40 23.72 25.32 79.67 -8.92 -259.48 -29.81 38.22 15.98
5.75 5.82 25.59 25.20 80.72 -9.50 -265.99 -31.84 42.60 15.46
6.00 6.22 27.63 24.95 82.66 -9.02 -275.96 -33.63 47.48 15.52

6.25 6.55 29.76 25.01 86.32 -7.69 -291.46 -35.70 53.08 16.18
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Table 5. (continued)

J
T -5 -4 -3 -2 -1 0 1 2 3
6.50 8.86 26.04 27.72 91.26 -5.64 -310.26 -38.08 58.97 17.41
6.75 12.12 21.47 31.22 97.93 -3.27 -333.60 -41.19 64.98 19.37
7.00 16.92 16.60 35.63 107.52 -0.52 -365.18 -45.43 71.58 22.54
7.25 23.50 12.02 40.69 120.32 2.38 -404.92 -50.82 78.74 27.04
7.50 31.01 8.23 46.12 135.78 5.09 -448.99 -57.14 85.64 32.39
7.75 36.72 5.67 50.95 151.58 6.08 -488.14 -62.94 88.31 39.59
8.00 40.35 4.51 56.89 172.53 4.40 -536.21 -70.08 89.43 50.07
8.25 43.15 4.59 65.64 202.08 -1.44 -601.97 -80.12 90.30 64.64
8.50 45.80 6.18 78.48 242.08 -12.29 -690.85 -94.00 92.02 82.65
8.75 48.93 9.73 96.79 294.38 -28.85 -809.49 -112.69 95.31 104.09
9.00 52.15 15.74 121.12 350.47 -49.63 -948.67 -134.05 99.65 127.58
9.25 55.29 25.00 152.48 404.43 -78.99 -1101.5 -155.85 109.08 149.91
9.50 58.42 37.74 189.33 413.50 -110.87 -1210.4 -169.12 114.41 164.53
9.75 62.52 56.22 234.53 427.79 -173.34 -1334.7 -181.77 149.98 161.36
10.00 67.85 80.62 279.57 392.40 -187.47 -1439.1 -198.84 174.45 138.90
10.25 74.32 112.85 313.47 382.43 -242.94 -1562.0 -220.47 232.39 115.89
10.50 81.98 155.29 325.09 318.30 -223.82 -1648.5 -247.82 266.96 90.61
10.75 91.46 211.30 282.60 282.33 -209.94 -1762.3 -267.61 324.15 79.59
11.00 101.84 289.12 242.85 287.82 -192.63 -2008.8 -308.16 430.60 62.82
11.25 118.06 402.23 225.17 339.73 -230.78 -2537.2 -357.16 652.88 77.64
11.50 135.86 526.31 189.82 397.60 -218.83 -3139.7 -404.67 888.36 102.55
11.75 151.33 615.62 107.83 482.41 -163.62 -3684.4 -413.72 1111.3 122.12
12.00 151.95 650.82 72.54 636.88 53.88 -4160.0 -453.47 1209.3 92.24
12.25 143.36 616.71 124.23 815.56 139.19 -4298.9 -567.67 1143.5 69.84
12.50 130.71 655.14 197.99 885.04 90.99 -4228.0 -614.82 1099.6 30.36

Table 6. The Values 10! x a540;(zo) for —5 < j < 3 Calculated With a Step Az = 0.25 in the Dimensionless
Height Range 2 < zp < 12.5

]

To -5 -4 -3 -2 -1 0 1 2 3
2.00 1.40 0.00 8.41 270.00 498.55 -1442.8 119.32 311.12 52.29
2.25 1.84 0.00 13.81 355.08 524.98 -1703.6 110.96 364.61 71.57
2.50 2.29 0.00 22.67 453.27 556.70 -2007.2 90.70 406.62 96.77
2.75 2.68 0.00 36.64 556.19 580.04 -2312.6 67.68 427.55 123.65
3.00 3.13 0.00 58.73 661.92 586.20 -2599.0 33.72 432.06 150.84
3.25 0.61 4.68 85.36 778.21 564.76 -2867.4 -3.24 435.42 175.54
3.50 0.96 7.89 115.48 887.91 523.30 -3102.5 -35.40 447.39 194.80
3.75 1.36 13.07 143.91 980.97 480.32 -3299.5 -68.66 469.60 207.77
4.00 1.77 20.67 168.61 1064.1 437.93 -3475.1 -102.92 500.45 214.96
4.25 2.14 30.07 192.10 1136.6 399.95 -3633.5 -135.71 534.48 217.01
4.50 2.49 40.59 218.13 1198.8 373.02 -3785.7 -167.00 571.83 215.33
4.75 2.83 52.18 253.05 1255.0 353.59 -3948.8 -207.23 612.38 213.32
5.00 3.22 66.57 295.83 1308.0 326.13 -4126.4 -244.06 661.23 211.93
5.25 3.61 83.15 336.14 1357.8 305.08 -4316.7 -280.85 720.30 213.01
5.50 4.03 102.97 370.22 1417.1 291.28 -4533.6 -321.04 789.46 217.76
5.75 4.49 125.99 396.15 1483.0 280.30 -4762.5 -366.41 862.25 225.58
6.00 5.00 152.24 417.57 1555.7 272.04 -5004.4 -416.90 935.69 236.18
6.25 5.64 182.14 438.50 1635.4 265.60 -5264.3 -469.17 1007.3 249.79
6.50 8.31 207.90 464.27 1725.4 266.78 -5550.1 -521.01 1080.9 266.17
6.75 12.39 230.45 495.15 1826.2 280.40 -5873.8 -570.19 1157.9 286.80
7.00 18.91 248.70 531.35 1935.7 311.10 -6241.9 -615.62 1237.1 313.42
7.25 28.40 262.77 573.04 2056.4 360.12 -6664.7 -655.63 1321.2 345.31
7.50 41.26 276.04 620.57 2195.9 431.64 -7162.3 -691.63 1412.9 387.11
7.75 55.91 293.04 673.24 2366.1 522.76 -7769.7 -725.78 1514.8 451.44
8.00 67.74 313.84 727.90 2564.7 622.56 -8457.8 -755.73 1620.6 544.99
8.25 76.10 339.36 785.72 2795.1 727.29 -9231.2 -784.60 1730.5 674.68
8.50 82.15 368.97 849.10 3056.5 837.12 -10096 -817.88 1842.6 833.35
8.75 89.73 403.71 921.79 3354.1 942.43 -11068 -862.95 1953.9 1019.4
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Table 6. (continued)
J
To -5 -4 -3 -2 -1 0 1 2 3

9.00 98.65 443.10 1005.1 3620.2 1034.1 -12033 -904.65 2032.3 1217.0
9.25 110.10 488.98 1097.9 3805.1 1018.3 -12865 -916.89 2114.1 1373.9
9.50 125.23 545.07 1184.5 3605.6 926.41 -13103 -857.02 2146.5 1403.2
9.75 142.90 614.93 1263.0 3466.0 461.13 -13253 -769.23 2538.5 1181.4
10.00 163.93 696.03 1304.5 3129.2 502.50 -13241 -802.18 2724.8 817.99
10.25 184.22 791.25 1285.0 2991.9 165.39 -13374 -755.23 3206.7 546.50
10.50 205.56 911.98 1195.2 2622.9 540.64 -13513 -859.19 3380.5 339.09
10.75 231.95 1076.5 942.32 2468.0 782.82 -14260 -817.16 3931.4 327.46
11.00 267.41 1305.6 736.83 2590.1 1185.3 -16172 -866.79 4935.8 312.83
11.25 312.74 1619.0 661.71 2985.2 1399.6 -20033 -716.56 7058.6 500.72
11.50 353.42 1935.7 565.59 3361.1 1782.8 -23702 -622.84 8816.3 731.70
11.75 378.34 2096.5 325.88 3701.0 2118.9 -25903 -586.2 9855.4 862.23
12.00 350.46 2079.7 198.96 4332.9 3081.5 -26553 -1103.0 9343.3 609.78
12.25 333.89 2060.7 255.67 5692.8 4350.0 -28735 -1783.4 8970.1 370.20
12.50 326.75 2371.7 354.88 7117.4 4941.8 -31866 -2509.9 9430.2 150.43

Table 7. The Values 1073 x 5540;(zo) for —5 < j < 3 Calculated With a Step Az = 0.25 in the Dimensionless
Height Range 2 < 2o < 12.5

J
To -5 -4 -3 -2 -1 0 1 2 3
2.00 2.97 0.00 7.26 82.40 46.78 -268.96 8.87 22.64 26.98
2.25 3.12 0.00 9.66 87.26 45.58 -281.13 6.53 30.57 25.61
2.50 3.46 0.00 13.78 91.77 42.05 -295.81 2.47 32.87 26.46
2.75 3.94 0.00 20.60 91.75 30.58 -292.39 -2.57 26.49 28.01
3.00 4.35 0.00 28.81 87.36 21.48 -284.67 -6.35 21.03 28.62
3.25 2.00 4.05 31.96 84.07 16.20 -279.09 -8.62 18.72 28.41
3.50 2.36 5.60 31.03 82.42 13.92 -275.99 -10.28 19.28 27.42
3.75 2.67 7.54 27.73 81.71 11.96 -271.48 -11.90 20.90 25.92
4.00 2.99 10.19 24.97 82.25 9.08 -268.78 -13.76 22.86 24.61
4.25 3.36 13.64 24.06 85.28 5.74 -273.39 -16.34 25.18 24.06
4.50 3.79 17.35 24.74 89.87 2.84 -284.70 -20.18 29.25 23.55
4.75 4.25 20.53 26.52 94.19 -0.20 -297.13 -24.84 33.54 23.04
5.00 4.76 23.45 28.85 97.93 -3.37 -311.12 -29.37 38.84 22.24
5.25 5.24 25.81 30.78 100.04 -6.42 -321.10 -33.39 43.88 21.21
5.50 5.70 28.05 31.61 100.25 -9.25 -324.51 -36.67 48.01 19.90
5.75 6.14 30.36 31.87 101.51 -10.76 -331.54 -39.52 53.00 18.82
6.00 6.59 33.05 31.92 103.96 -10.60 -344.29 -41.92 58.97 18.36
6.25 6.97 35.93 32.19 108.17 -8.91 -363.74 -44.28 65.94 18.63
6.50 9.51 32.67 35.52 114.52 -5.91 -390.00 -47.09 73.91 19.69
6.75 13.03 28.27 39.67 122.72 -1.95 -421.49 -50.49 82.20 21.62
7.00 18.17 23.39 44.58 133.80 2.93 -461.42 -54.86 91.18 24.81
7.25 25.31 18.72 50.23 148.85 8.62 -512.36 -60.51 101.39 29.44
7.50 33.63 14.75 56.23 167.36 14.93 -570.45 -67.28 112.17 35.06
7.75 39.98 11.96 61.76 187.44 20.14 -626.74 -73.83 119.34 43.08
8.00 44.11 10.70 68.46 214.00 23.26 -695.95 -82.14 125.66 55.47
8.25 47.27 10.74 77.89 250.24 22.43 -785.21 -93.71 131.64 73.65
8.50 50.26 12.32 91.51 298.71 15.72 -900.03 -109.84 137.32 97.26
8.75 53.38 16.00 110.25 360.30 1.65 -1042.8 -131.04 142.63 125.72
9.00 56.54 22.08 135.02 425.40 -19.36 -1201.7 -154.97 146.20 156.67
9.25 59.67 31.33 167.12 487.60 -52.50 -1372.1 -179.21 154.91 185.00
9.50 63.13 44.31 205.38 500.36 -88.32 -1500.9 -195.44 162.86 200.60
9.75 67.25 61.35 249.81 518.66 -173.93 -1607.9 -216.16 205.14 184.21
10.00 72.52 87.08 300.32 497.95 -193.74 -1748.8 -251.54 252.70 141.08
10.25 78.56 120.85 343.69 505.59 -270.72 -1899.5 -286.33 326.97 109.54
10.50 86.09 167.90 369.76 437.87 -251.73 -2023.5 -332.52 370.66 79.72
10.75 96.43 233.15 339.02 394.61 -254.55 -2205.9 -363.08 447.00 80.95
11.00 109.46 322.89 305.83 386.25 -255.79 -2515.6 -414.51 572.53 78.42
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Table 7. (continued)

J
o -5 -4 -3 -2 -1 0 1 2 3

11.25 126.92 448.86 302.44 426.15 -318.44 -3125.5 -469.24 823.40 110.46
11.50 144.41 582.43 275.41 471.82 -336.49 -3718.5 -510.67 1044.0 142.77
11.75 159.16 674.02 180.70 550.47 -293.24 -4216.4 -514.34 1242.7 158.64
12.00 160.12 723.80 114.75 715.11 -69.80 -4691.4 -541.51 1330.2 110.12
12.25 154.71 704.19 113.10 885.68 24.90 -4676.8 -633.12 1171.3 64.98
12.50 150.21 790.25 117.79 1050.7 117.711 -4950.7 -685.70 1195.5 23.63

Table 8. The Values 10~! x a720;(z0) for —5 < j < 3 Calculated With a Step Az = 0.25 in the Dimensionless
Height Range 2 < z¢ < 12.5

J
Zo -5 -4 -3 -2 -1 0 1 2 3
2.00 1.10 0.00 8.16 280.44 538.98 -1528.6 138.91 330.52 50.98
2.25 1.54 0.00 13.68 369.55 575.60 -1814.7 135.96 395.57 69.20
2.50 1.99 0.00 22.56 470.49 620.84 -2148.6 119.61 451.37 94.59
2.75 2.43 0.00 36.56 577.23 660.36 -2494.9 99.21 482.26 124.17
3.00 2.88 0.00 58.20 691.63 683.25 -2832.2 64.25 491.44 156.22
3.25 0.49 4.48 84.54 825.27 675.46 -3164.1 23.65 497.22 187.64
3.50 0.76 7.66 114.94 955.96 637.00 -3453.8 -12.94 511.43 212.63
3.75 1.11 12.92 144.65 1070.0 591.60 -3696.8 -51.50 538.44 229.95
4.00 1.51 20.68 170.88 1171.0 543.64 -3905.6 -92.07 576.32 239.14
4.25 1.88 30.26 196.41 1260.6 499.93 -4096.0 -131.52 617.98 242.31
4.50 2.24 40.80 225.43 1338.3 467.38 -4276.3 -169.92 662.11 240.71
4.75 2.60 52.14 265.60 1411.4 442.87 -4472.6 -219.95 708.89 238.55
5.00 2.98 66.46 316.64 1480.9 406.45 -4684.3 -265.37 764.37 236.13
5.25 3.37 83.83 366.16 1543.0 377.27 -4905.4 -309.09 830.82 235.74
5.50 3.77 105.12 408.75 1612.0 358.18 -5152.9 -354.43 909.33 239.20
5.75 4.23 130.36 441.96 1688.1 346.71 -5422.9 -404.49 995.46 246.79
6.00 4.75 159.65 469.12 1769.2 340.59 -5705.3 -460.35 1082.3 257.94
6.25 5.36 193.02 494.02 1856.4 337.80 -6004.2 -519.11 1166.5 272.44
6.50 7.92 222.83 522.69 1956.4 343.43 -6332.4 -578.58 1252.2 290.22
6.75 11.95 249.59 555.84 2070.3 361.85 -6702.7 -635.85 1340.2 313.00
7.00 18.39 271.46 594.41 2196.7 398.00 -7123.3 -689.30 1430.0 342.42
7.25 27.90 288.63 639.37 2337.2 453.27 -7606.6 -736.42 1525.0 377.69
7.50 40.91 304.43 691.46 2498.1 533.38 -8171.1 -778.25 1627.2 422.87
7.75 55.65 323.69 749.69 2690.2 635.84 -8852.2 -816.32 1740.0 489.89
8.00 67.75 346.39 810.44 2911.6 749.37 -9620.1 -847.97 1860.1 584.74
8.25 76.42 373.51 875.28 3166.9 871.09 -10484 -876.88 1990.9 715.38
8.50 83.22 405.55 946.81 3456.0 1004.7 -11462 -909.31 2135.1 879.35
8.75 91.30 442.97 1029.0 3786.4 1144.5 -12584 -953.91 2289.7 1078.6
9.00 101.64 487.21 1124.9 4087.8 1276.7 -13731 -999.25 2414.9 1308.4
9.25 114.15 538.15 1229.3 4294.1 1287.7 -14705 -1011.0 2528.8 1508.4
9.50 129.75 598.19 1322.6 4058.5 1173.9 -14918 -935.69 2552.6 1579.5
9.75 148.28 672.70 1408.3 3925.2 621.24 -15042 -845.80 2997.2 1333.4
10.00 170.53 762.00 1468.2 3618.3 591.49 -15116 -939.69 3281.7 900.65
10.25 192.76 869.04 1452.3 3575.1 240.91 -15492 -1015.6 3941.9 493.38
10.50 214.51 1004.0 1369.8 3182.0 711.13 -15760 -1139.7 3973.7 347.62
10.75 244.69 1185.9 1094.4 2949.4 884.40 -16440 -998.82 4402.0 467.28
11.00 284.11 1437.6 884.20 3026.1 1258.9 -18408 -933.12 5268.2 645.06
11.25 332.74 1780.5 833.15 3413.2 1395.3 -22590 -720.06 7670.8 845.41
11.50 375.93 2129.6 743.82 3778.8 1752.5 -26251 -677.51 9556.2 974.09
11.75 402.15 2314.6 446.73 3998.0 1966.5 -28011 -624.91 10617 971.24
12.00 376.15 2327.8 242.01 4581.0 2999.8 -28413 -1116.4 9895.3 637.35
12.25 372.40 2358.8 201.06 6059.6 4673.2 -31152 -1761.4 9460.6 344.89

12.50 379.61 2675.5 230.96 7776.3 5770.9 -35374 -2440.1 10057 87.50
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Table 9. The Values 1073 x 5720;(zo) for —5 < j < 3 Calculated With a Step Azo = 0.25 in the Dimensionless
Height Range 2 < 25 < 12.5

J
Zo -5 -4 -3 -2 -1 0 1 2 3
2.00 2.84 0.00 7.49 87.26 49.15 -283.06 10.23 21.83 29.34
2.25 3.04 0.00 10.13 93.39 49.06 -299.80 8.40 31.44 27.75
2.50 3.44 0.00 14.77 99.68 47.20 -322.28 4.68 35.81 28.84
2.75 3.98 0.00 22.24 101.62 38.19 -329.51 -0.36 31.37 31.07
3.00 4.46 0.00 31.28 97.14 27.68 -321.13 -4.80 24.67 32.10
3.25 1.99 4.30 34.96 92.32 19.55 -308.63 -7.87 20.41 31.87
3.50 2.36 6.00 34.16 90.10 16.57 -303.84 -9.94 20.70 30.83
3.75 2.70 8.16 30.61 89.62 14.40 -299.82 -11.98 22.59 29.27
4.00 3.04 11.08 27.70 91.66 11.56 -300.89 -14.40 25.52 28.02
4.25 3.42 14.89 26.88 96.04 8.00 -308.85 -17.50 28.63 27.57
4.50 3.86 19.00 27.89 102.25 4.85 -324.37 -22.10 33.74 27.15
4.75 4.35 22.60 30.26 108.26 1.46 -341.45 -27.81 39.19 26.72
5.00 4.87 25.86 33.16 113.40 -2.18 -359.46 -33.26 45.53 25.94
5.25 5.38 28.56 35.61 116.71 -5.69 -373.09 -38.15 51.59 24.86
5.50 5.86 31.11 36.90 117.84 -9.11 -379.11 -42.33 56.61 23.38
5.75 6.33 33.72 37.27 118.91 -11.69 -384.88 -45.89 61.65 21.87
6.00 6.80 36.90 37.60 121.74 -12.07 -399.08 -48.83 68.10 21.05
6.25 7.22 40.33 38.37 127.12 -10.37 -423.20 -51.74 76.31 20.95
6.50 9.86 37.43 42.37 134.71 -6.81 -455.32 -54.98 85.86 21.69
6.75 13.56 33.32 47.18 144.19 -1.74 -493.73 -58.66 95.89 23.54
7.00 18.96 28.66 52.63 156.48 4.70 -540.94 -63.18 106.69 26.81
7.25 26.43 24.08 58.63 172.85 12.58 -599.82 -68.83 119.02 31.51
7.50 35.15 20.13 65.02 193.28 21.79 -667.85 -75.63 132.44 37.24
7.75 41.83 17.32 70.90 216.18 30.62 -736.75 -82.38 142.90 45.58
8.00 46.29 16.07 78.13 246.82 38.08 -822.74 -91.16 153.61 58.73
8.25 49.88 16.07 88.23 288.24 42.52 -932.98 -103.44 165.15 78.53
8.50 53.23 17.74 102.55 343.31 41.67 -1073.2 -120.83 176.96 105.53
8.75 56.58 21.72 122.20 413.97 33.03 -1246.5 -144.27 188.02 139.75
9.00 59.32 28.29 147.33 487.33 15.63 -1430.1 -170.16 194.33 177.88
9.25 62.25 38.01 180.11 557.12 -18.40 -1619.4 -196.22 203.77 213.56
9.50 65.58 51.42 218.82 566.68 -58.78 -1745.3 -211.94 211.81 232.10
9.75 69.61 68.20 263.12 590.63 -157.44 -1852.4 -233.19 260.85 211.70
10.00 75.22 94.38 318.88 584.41 -189.82 -2027.6 -280.95 327.30 158.52
10.25 81.82 129.71 368.27 619.14 -281.65 -2242.0 -343.55 437.37 105.53
10.50 89.63 178.00 403.74 552.18 -260.89 -2410.2 -401.73 464.32 86.12
10.75 100.36 246.47 376.01 497.80 -279.95 -2605.3 -424 .44 519.42 112.74
11.00 114.49 341.57 350.45 481.10 -295.72 -2946.2 -467.15 618.40 147.15
11.25 132.73 474.33 362.99 520.29 -386.60 -3636.4 -530.04 911.63 185.27
11.50 150.94 615.56 347.10 562.21 -420.73 -4235.3 -589.04 1155.9 200.12
11.75 165.68 713.79 241.18 617.35 -399.48 -4634.7 -592.24 1350.8 189.77
12.00 165.99 767.11 152.53 759.90 -201.22 -4931.6 -626.92 1372.1 126.98
12.25 164.00 763.27 119.05 956.20 -50.09 -5031.6 -700.61 1212.4 66.34
12.50 165.39 869.58 90.84 1175.3 88.08 -5475.1 -763.86 1258.9 21.10
&(z) = &(z) + () (14) of the cooling rate on temperature, atmospheric compo-

sition (excluding CO3), and quenching rate constants.

is the boundary condition to be determined at the level 4 take into account the dependence on CO; concentra-

& = 16.5 from the recurrence equation (9).

7. Summary

A new parameterization for evaluation of the cooling
rate of the middle and upper atmosphere for the 15 pm
CO,, band has been developed. The parameterization
is based on the matrix-recurrence relationship approach
and provides very high computational efficiency. Pa-
rameterization formulae provide an explicit dependence

tion, a method for interpolation of the parameterization
coefficients has been developed. The parameterization
is valid over a wide range of CO; concentrations (150-
720 ppm). Because of its high computational efficiency,
the parameterization is primarily recommended to be
used in comprehensive 3-D atmospheric models, espe-
cially those where NLTE treatment is required.

The accuracy of the method has been examined for
a wide variety of atmospheric conditions. The param-
eterization provides quite satisfactory agreement with
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Table 10. Dependence of Escape Function L(u) on the
Total CO3 Column Amount u

log () —log[L(u)] log () —log[L(u))
< 26.3216 0 36.8923 1.78857
26.3216 2.41011-4 37.1960 2.08170
27.0882 5.47141-4 37.4904 2.37948
27.7324 1.06159-3 37.7763 2.67572
28.3000 1.87979-3 38.0552 2.96732
28.8270 3.16602-3 38.3278 3.25212
29.3322 5.18544-3 38.5950 3.53048
29.8124 8.21667-3 38.8582 3.80372
30.2630 1.25089-2 39.1183 4.07275
30.6894 1.83860-2 39.3762 4.33831
31.0997 2.63111-2 39.6322 4.60105
31.4990 3.68818-2 39.8869 4.86159
31.8925 5.09649-2 40.1406 5.12037
32.2872 7.00406-2 40.3934 5.37779
32.6843 9.60375-2 40.6456 5.63412
33.0779 1.30768-1 40.8973 5.88939
33.4646 1.76295-1 41.1486 6.14349
33.8430 2.35023-1 41.3997 6.39644
34.2120 3.09521-1 41.6505 6.64877
34.5720 4.02734-1 41.9011 6.90146
34.9237 5.17857-1 42.1516 7.15521
35.2679 6.58126-1 42.4020 7.40965
35.6054 8.26500-1 42.6523 7.66354
35.9362 1.02468 42.9025 7.91568
36.2610 1.25290 43.1527 8.16587
36.5801 1.50947 43.4028 8.41502
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Table 11. Dependence of Values a(u,z;) on the
Total CO; Column Amount u(z;) Calculated in the
Dimensionless Height Range 12.50 < z; < 13.75
With a Step Az; =0.25

Z; log(u(z;)) o(u, ;)
12.50 36.9008 1.28799
37.7763 1.62387

38.1817 1.87071

38.4694 2.06443

12.75 36.6149 1.22735
37.4904 1.52566

37.8958 1.70450

38.1835 1.85887

13.00 36.3206 1.11078
37.1960 1.34421

37.6015 1.45841

37.8892 1.57233

13.25 36.0168 1.09607
36.8923 1.22971

37.2977 1.29592

37.5854 1.35612

13.50 35.7046 1.04633
36.5801 1.13247

36.9855 1.16349

37.2732 1.19569

13.75 35.3855 1.03442
36.2610 1.05963

36.6665 1.07132

36.9541 1.08278

Read 2.41011-4 as 2.41011x10™*; » is in cm™2.

benchmark reference (line-by-line) calculations over all
height and latitudinal regions. For the 360 ppm CO,
model the error does not exceed 0.3,1.6,and 1 K d=! in
thie height regions below z = 11 (z & 76 km), between
z = 11 and z = 14, and above z = 14 (z = 93 km), re-
spectively. For the double CO; concentration (720 ppm)
the error, in the same height regions, can reach 0.5, 5,
and 3 K d-1, respectively. For the halved (150 ppm)
CO;, concentration the error does not exceed ~0.5 K d~!
throughout all the domain. These maximum errors oc-
cur in the narrow Subarctic region during the summer
season, and errors are much less for other regions and
seasons. For arbitrary CO2 concentrations the param-
eterization approximates the cooling rate values with
the same accuracy as it does for the basic CO, models.
In the NLTE layer the scheme provides an appropriate
response to variations in the atornic oxygen concentra-
tion.

Two versions of the parameterization, with uniform
(full) and optimized height grids, have been developed.
Employing the method of matrix transformation sug-
gested by Akmaev and Fomichev [1992], the uniform
grid parameterization can be adopted for any vertical
coordinate grid used in a given dynamical model. In
the present study we utilized this method in order to
optimize the parameterization by minimizing the num-
ber of levels which contribute to the cooling rate at
a given level as well as the number of parameteriza-
tion coefficients. With the optimized grid, only eight

The u(z,) are in cm™2.

levels need to be considered to account for the in-
ternal heat exchange in the LTE region of the atmo-
sphere. The parameterization coefficients for the opti-
mized grid are presented in the paper. Tables 2-9 are
also availiable from anonymous ftp at maia.sca.uqam.ca
(132.208.133.174) in the file pub/CO2param/CO2tab.
The parameterization coefficients for the optimized or
the full height grid can also be obtained upon request
from the principal author (VIF).
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