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ABSTRACT

The classic two-level or equivalent two-level model that includes only the statistical equilibrium
of radiative and thermal processes of excitation and quenching between two vibrational energy levels

is extended by adding chemical production to the rate equations.

The modifications to the non-local

thermodynamic equilibrium source function and cooling rate are parameterized by ¢., which characterizes
the ratio of chemical production to collisional quenching. For applications of broadband emission of O3 at
9.6 um, the non-LTE effect of chemical production on the cooling rate and limb emission is proportional
to the ratio of O to Os. For a typical [O]/[Os], the maximum enhancements of limb radiance and cooling
rate are about 15%-30% and 0.03-0.05 K day ™!, respectively, both occurring near the mesopause regions.
This suggests that the broadband limb radiance above ~80 km is sensitive to O3 density but not sensitive
to the direct cooling rate along the line-of-sight, which makes Og retrieval feasible but the direct cooling
rate retrieval difficult by using the O3z 9.6 pm band limb emission.
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1. Introduction

Atmospheric radiative transfer sometimes involves
non-local thermodynamic equilibrium (non-LTE) pro-
cesses. The mathematical formulations of the non-
LTE processes are composed of two sets of equations:
a set of rate equations and a set of radiative trans-
fer equations. The rate equations describe a local-
ized statistical equilibrium at given states of molecules
that correspond to certain energy levels, and the radia-
tive transfer equations relate the non-localized radia-
tive energy exchanges among different layers of atmo-
sphere to the changes of populations at those states.
In general, the coupled equations for the multi-states
are nonlinear and need to be solved iteratively (e.g.,
Mihalas, 1978; Zhu and Strobel, 1990; Kutepov et al.,
1998; Lopez-Puertas and Taylor, 2001).

Many applications of infrared radiative transfer in
the middle atmosphere and planetary atmospheres uti-
lize vibrational-rotational spectra of gas molecules and
often require calculations of broadband radiation fields
such as cooling rates or spectrally integrated limb ra-
diances of radiatively active species (e.g., Goody and
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Yung, 1989). A broadband usually consists of many
sub-band transitions among many vibrational states.
However, the fundamental band corresponding to the
transition between the ground state and the first vi-
brationally excited state is far stronger than the hot
bands and other minor isotope bands. The classic two-
level model that includes only the fundamental band
(e.g., Houghton, 1986) reduces the non-LTE system
into one rate equation and one equation for radiative
transfer. Most importantly, the system is linearized
so that the solution of its source function and other
radiation fields such as radiative heating/cooling rate
can be expressed in closed matrix forms.

For an optically thick atmosphere, contributions
from the hot bands and minor isotope bands become
comparable to or more important than those from the
fundamental band (e.g., Wehrbein and Leovy, 1982;
Dickinson, 1984). To reduce the generally nonlinear
multi-level system into a linear two-level system while
still accounting for the non-LTE processes of various
sub-bands, Zhu (1990) and Zhu and Strobel (1990) ex-
plicitly developed and tested an equivalent two-level
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model for the middle atmosphere cooling rate calcula-
tions. Since a broadband cooling rate of an equivalent
two-level model using a broadband Curtis matrix is
efficient and accurate, it has been used in some radi-
ation algorithms for middle atmosphere models (e.g.,
Zhu, 1994).

In addition to the common non-LTE processes
of collisional pumping/quenching and radiative ab-
sorption/emission, the populations of different en-
ergy states may also be affected by chemical pro-
duction/loss. Depending on the relative importance
of different processes, chemical production could be
a determining factor for source functions under cer-
tain circumstances. In this paper, the equivalent two-
level model developed by Zhu (1990) for the broad-
band source function and cooling rate calculations is
extended by including an additional term of chemi-
cal production in the rate equations. The model is
used to evaluate the influence of chemical production
of O3 vibrational pumping by the three-body reaction
0+024+M—03+M on the O3 9.6 pm band cooling
rate and limb emission in the mesosphere.

2. Parameterization of the non-LTE source
function with chemical production

Considering two states j and ¢ = j—1 of vibrational
energies E; and E;(= E; — hv) with occupation num-
ber densities (populations) n; and n; (m~3), where
h(= 6.626 x 1073* J s) is the Planck constant and v
(s7!) the band frequency, we start with the following
rate equation for an upper state j (e.g., Zhu, 1990;
Lopez-Puertas and Taylor, 2001)

n;(Aji + BjiLyj + kj[M]) +n;D; = n;(By; Ly,

+RiM]) + > P+ Pej, j=1,2,3,... (1)
l
The notation in the above equation mostly follows Zhu
(1990). Bj;, Bij (m? J=! s71sr), and Aj; (s71) are the
Einstein coefficients for absorption, stimulated emis-
sion, and spontaneous emission, respectively, for the
vibrational transition between j and i. [M] (m~3) is
the air number density, k; and k; (m® s™!) the vibra-
tional quenching (k;n;[M]) and excitation (k;n;[M])
rate coefficients, respectively, and fl,j (Jm=2 sr 1=
W m~2 st ! Hz!) the mean radiance. The first
two terms in the parentheses in (1) represent the rates
of loss and production, respectively, for the state j
that are usually included in a two-level model (e.g.,
Houghton, 1986). n;D; and ) P,_,; denote the rates
1

of loss and production, respectively, by other colli-
sional transitions not included in the first two terms
(Zhu, 1990). The last term P,.; represents the added
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chemical production generated by photochemical reac-
tions for the state j.

Lopez-Puertas and Taylor (2001, section 3.7) dis-
cussed the non-LTE source function for the follow-
ing two special cases: (i) the classic two-level model
that includes only the first two terms in (1); and (ii)
the non-classical situations that neglect the absorption
and stimulated emission (B;; = B;; = 0). In this pa-
per, we consider the following case, which adds a term
of chemical production to the classic two-level model
(i=j-1)

nj(Aji + BjiLy; + k;[M]) = ni(Bij Ly
+ kM) + P, j=1,2,3,... (2)

The rate equation (1) needs to be solved simul-
taneously together with the radiative transfer equa-
tion that relates the radiation field (L, ;) to the source
function (J;: W m™2 st~ Hz™') determined by the
ratio of the two occupation number densities (n;/n;).
In general, the coupled equations are nonlinear and
need to be solved iteratively (e.g., Mihalas, 1978; Zhu
and Strobel, 1990; Kutepov et al., 1998; Lopez-Puertas
and Taylor, 2001). The complete solution that explic-
itly takes into account the rate equations for many
states and the radiative transfer equations for the cor-
responding transitions among those states is tremen-
dously time consuming and impractical in many ap-
plications. The classic two-level model that includes
only the fundamental band linearizes the system and
expresses the non-LTE cooling rate in a closed matrix
form (e.g., Houghton, 1986).

One source of nonlinearity in a multi-level system
comes from the V-V energy transfer among different
states during collisions within the absorbing molecules
(kyyning). By establishing the rate equations for tran-
sitions rather than for states, Zhu (1990) showed that
a multi-level system can be de-coupled into a set of
linear two-level models for different sub-bands when
the V-V transitions are absent, assuming LTE pop-
ulations of different rotational states within a vibra-
tional level. Neglecting V-V transitions induces no-
ticeable errors in the source functions for different
sub-bands. In addition, the source functions among
different sub-bands differ significantly due to different
band strengths and quenching rates. However, Zhu
and Strobel (1990) found that a significant cancella-
tion exists among those errors so that the broadband
radiation field, such as the total cooling rate by all
the sub-bands, was well approximated by an equiva-
lent two-level model that adopted a mean quenching
rate weighted by the sub-band strengths. A possi-
ble improvement was also proposed in Zhu (1989) in
which the source function was parameterized as a lin-
ear combination of two limiting source functions with
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an adjustable parameter that determines the relative
contribution from the V-V transitions.

To derive an equivalent two-level model for the sys-
tem (2) we first note the following relations among the
different coefficients (e.g., Mihalas, 1978; Zhu, 1990;
Lopez-Puertas and Taylor, 2001):

Ajz' - 2}7,1/d Bij o gi

Bj; 2’ B g
9 N
ki = 0 exp ( kBT) k;, (3)

where c(= 2.998 x 10® m s71) is the speed of light,
kp(= 1.381x10%% J K1) is the Boltzmann constant, T’
is the kinetic temperature, and g; and g; are the statis-
tical weights of states j and i, respectively. To simplify
the derivation we note that the stimulated emission is
negligible in (1) and (2) for vibrational transitions

BjiL,; < Aji . (4)

For example, neglecting Bj; L, ; in (2) produces a frac-
tional error of about 0.25% for emissions at the 9.6
pm band. Under such an approximation, the source
function (J;) and the Planck blackbody function (B,:
W m~2 sr~! Hz™!) can be expressed as (e.g., Mihalas,
1978; Zhu, 1990; Lopez-Puertas and Taylor, 2001)

2hv3 gin; 2hv3 hv
J; = 1 B,=—— —1. (5

J 02 gjni ’ 62 exp ( kBT> ( )
Substituting (3)-(5) into (2) we obtain the source func-
tion for the two-level model with chemical production
zz/j + ¢tj(]- + ¢cj)Bu

1+ ¢y

where ¢y; = k;[M]/Aj; is a well-known parameter mea-
suring the non-LTE effect in a two-level model (e.g.,

Houghton, 1986) whereas the non-LTE correction due

to chemical production is determined by

_ gipcj hv . .

bej = Y exp (kBT) , j—i=43—1. (7)
In an equivalent two-level model developed by Zhu

(1990) and tested by Zhu and Strobel (1990) the pa-

rameters ¢.; for different sub-bands (j — ¢, j =

1,2,3,...) were averaged over sub-band strengths to

yield an equivalent ¢,

G =Y S;0;/S, j=1,2.3,... (8)
J

Jj = L i=1,2,3,... (6

from which a single source function (.J,)) for the broad-
band emission was derived. Here, we introduce an
equivalent ¢. using a similar approach by averaging
the chemical correction factor ¢.; over S;¢y;

¢C:ZSJ¢U¢C]/(S¢t)a .]:172a37 (9)
J
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In (8) and (9), S; (m? kg=! s71) is the band strength
for sub-band j and S = )" S; the total band strength

J
for the broadband. Replacing ¢;; and ¢.; in (6) with
their equivalent values ¢; and ¢., we obtain the broad-
band source function

J, = Zu + ¢t(1 + ¢C)BV
14 1 + qst k)

where L, is the broadband mean radiance and is re-

lated to the heating/cooling rate (Q: K s~1) through a

formal solution of the radiative transfer equation (e.g.,
Zhu, 1990)

(10)

o 47T’f‘airS

Cp

Q (Zufju)v

(11)
where ¢, (J kg™ K™!) is the atmospheric specific heat
at constant pressure and 7,;; the air mass mixing ra-
tio. Eliminating L, between (10) and (11) yields the
broadband source function for an equivalent two-level
model

Cp
=P 14 ¢)B, .
% 47Tairs¢tQ+ ( +¢ )

The above equation represents a localized relationship
between the source function and the cooling rate that
holds at every spatial point (2;) in the vertical. It can
be written in the following matrix form:

J=EQ+B', (13)

where the non-zero diagonal matrix F that measures
the non-LTE effect of vibrational quenching is given
by (Zhu, 1990)

(E)k = (cp/[AmTaix Zsj¢tj])k )

(12)

(14)

and the vector B’ is the modified Planck blackbody
function that includes the non-LTE effect of chemical
production

(B = ([1+ éc]By)i - (15)

When E=0 and ¢. = 0 we recover the LTE source
function of J = B.

Solving the radiative transfer equation for a given
broadband source function we can express @ in
terms of J and a contribution from boundary flux (q)
through the broadband Curtis matrix (C) that also
easily takes into account the overlapping absorption
among different sub-bands (e.g., Houghton, 1986; Zhu
1990, 1994)

Q=CJ+gq. (16)

Combining (13) and (16) we finally arrive at the follow-
ing set of equations of an equivalent two-level model for
the non-LTE source function and the heating/cooling
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rate with chemical production
J=(I-EC) B+ Eq),
Q=(I—-CE)"'(CB +q),

where I is the identity matrix.

The strength of the fundamental band between the
ground state and the first vibrationally excited state
of a major isotope is far greater than those of hot
bands and minor isotope bands (Rothman et al. 1992).
Therefore, the mean values of ¢; and ¢, specified by
(8) and (9) are mainly contributed from the fundamen-
tal band of the major isotope. Note that contributions
to the broadband cooling rate by hot bands and mi-
nor isotope bands sometimes are comparable to that
by the fundamental band (e.g., Wehrbein and Leovy,
1982; Dickinson, 1984). However, the effect of non-
LTE processes on the broadband radiation fields, such
as the broadband cooling rate or the broadband limb
emission, becomes important only when the emissions
by the majority of the sub-bands become non-LTE.
Therefore, the equivalent two-level model as suggested
by (8), (9), and (17) is expected to be a good approx-
imation for the broadband radiation fields, as demon-
strated in Zhu and Strobel (1990). In addition, Zhu et
al. (1992) showed that the line overlap effect among
different sub-bands could be a significant source of er-
rors in cooling rate calculations. The fact that a broad-
band Curtis matrix can easily take into account this
overlapping effect automatically removes the hurdle in
all existing non-LTE models that can only be applied
to the special case of weak absorption when the over-
lapping effect can be neglected (e.g., Lopez-Puertas
et al., 1986; Wintersteiner et al., 1992; Lopez-Puertas
and Taylor, 2001, p. 162).

(17a)
(17b)

3. Applications of the equivalent two-level
model to the ozone 9.6 ym emission

One important example showing that chemical pro-
duction may play a major role is the Oz 9.6 pm
emissions in the mesosphere (Mlynczak and Drayson,
1990). To apply the equivalent two-level model (8),
(9), and (17) to this case and to quantitatively evalu-
ate the effect, we note that the major chemical produc-
tion of the excited vibrational states is the following
three-body reaction (Mlynczak and Drayson, 1990):

kg, kej : O+ 02 + M — Og(vr,v2,v3) + M, (18)

where (v1,v2,v3) denotes various vibrational quantum
numbers, ks the loss rate coefficient, and k.; the pro-
duction rate coefficient of an excited vibrational state.
kcj(= quks) is related to k3 by the quantum yields (g)
of different vibrational states. Based on the analysis
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in the previous section we have (g;/¢; = 1)
kc [02] hv
= N s 19
) e P\ T fi3 (19)

where f13=[0]/[O3]. Because the fundamental band
is far stronger than other sub-bands, we have replaced
n; in (7) with the total O3 number density (ng =[O3])
while deriving (19). In addition, we have also approx-
imated the average over ¢; by replacing k¢; and k.;
with the band-strength weighted mean values of k; and
k., respectively.

Equations (12) and (19) suggest that the effect
of chemical production always enhances the localized
source function (¢, > 0) by increasing relative pop-
ulations at higher energy levels. A strong effect of
chemical production, i.e., ¢. > 1 due to a very small
ks, means that the energy acquired and stored in a
vibrationally excited state through chemical reaction
(18) is lost by non-localized radiative emission before
being thermalized by localized collisions.

It is known that both [O] and [O3] change signif-
icantly with altitude, latitude, and local time in the
mesosphere. Equation (19) suggests that the effect of
chemical production is proportional to their ratio fi3.
The daytime f13 varies less dramatically in space than
[O]. On the basis of chemical equilibrium, it can be
approximated by (e.g., Brasseur and Solomon, 1984)

fis = 0
P ks M][0,]
where Jo, is the Os photolysis rate coefficient for
Osz+hv — O+0 and ks is defined in (18). Substitut-
ing (20) into (19) we obtain the daytime modification
to the source function due to chemical production

keJ hv

¢c(day) = ktlzgﬁ\j[} exp (kBT> : (21)

The nighttime fi3 in the mesosphere has to be deter-
mined by more complicated chemical-transport model-
ing since it usually depends on more than one process.
In Fig. 1, we show two f13 profiles, at the equa-
tor and at 84°N, on 15 January, as functions of al-
titude (z) derived from the Johns Hopkins Univer-
sity Applied Physics Laboratory (JHU/APL) two-
dimensional (2D) dynamical-photochemical coupled
model (Zhu et al., 1999). The equatorial profile repre-
sents a daytime condition whereas the profile at 84°N
represents a polar night condition where the upper
mesosphere [O] is primarily determined by transport
processes. The figure shows that fi3 at the equator
is greater than at the polar night at most altitudes
because an efficient conversion of O3 to O by the day-
time photolysis reaction Og+hr — O+0O2 maintains a
great [O] even in the stratosphere. Around the winter
mesopause region, the meridional transport of O from

(20)
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the high altitude and the summer hemisphere coupled
with the catalytic destruction of O3 by HO, leads to
a greater ratio of O to O3 than at the equator. In cal-
culating the two corresponding ¢. profiles by (19), we
have also adopted the global mean temperature and
[O2] profiles derived from the JHU/APL 2D model.

-]

Figure 1 shows that the effect of chemical produc-
tion in terms of ¢ is negligible (¢, < 1) below ~60 km
but becomes important (¢. > 1) above ~80 km. Also
shown in the figure are the global mean O3 and ¢; pro-
files derived from the JHU/APL 2D model. Note from
(10) that J, — L, as ¢; — 0, which corresponds to
a scattering-determined source function. According to
(11), the cooling rate also vanishes under this circum-
stance even though scattered radiance is still coming
from the region (J, # 0). To quantitatively examine
the effects of chemical production on the broadband
radiation fields, we calculate cooling rates and limb
emissions of the O3 9.6 ym band in the mesosphere.

Figure 2 shows O3 9.6 um band cooling rates (Qo, )
for the O3 profile shown in Fig. 1 under three different

1.2 x 1078 exp(—1800/7) m3 71,
3.3x 1072 m3s7 1,
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The chemical pumping rate coefficient used in the cal-
culations is k. = 0.2 x [6 x 107%6(300/7)?-3] m® s~!
(Rawlins, 1985; Mlynczak and Drayson, 1990). For the
collisional quenching rate coefficient k;, we use the fol-
lowing formula that fits the temperature-dependence
to recent measurements (Menard et al., 1992)

T > 220 K;
T<220K. (22)
specifications of ¢. : ¢.=0 and the ¢. values taken from
the two profiles shown in Fig. 1, respectively. The cool-
ing rate algorithm has been adopted from Zhu (1994),
where the correlated-k distribution method was used
for calculating the Curtis matrices. A negative cooling
rate indicates that the radiative heating from the un-
derlying warmer stratopause overcompensates the lo-
cal cool-to-space cooling rate. Note that the radiative
heating near the mesopause without chemical produc-
tion (¢.=0) is much smaller than those derived from
previous calculations (e.g., Zhu, 1994). This is due
to the quenching rate coefficient (22) adopted in this
study, which is much smaller than the one suggested by
Rawlins (1985). A much smaller k; produces a vanish-
ing ¢; near the mesopause (Fig. 1) so that O3 molecu-

110 g
100 |
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80 - N
§ 70 -
N L
60 - _=h —r 03
i ——0/03[Eqt] | 1
50 f —=—0/03 [84N] |
i v |~ phi_c [Eqt]
40 [ “nl‘ weefedees phI_C [84N] _
’ Vo hi_t
7 g5 phi_
30 Lol il iy " n@w L pnl il |
“ 10° 10% 10" 10° 10* 10° 10° 10* 10°

Fig. 1. Vertical profiles of a global mean O3 volume mixing ratio, fiz and ¢,
at the equator and at 84°N, and ¢; derived from the JHU/APL two-dimensional
dynamical-photochemical coupled model for the date of 15 January.
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Fig. 2. Vertical profiles of O3 9.6 um band cooling rates (K day™') under three

different specifications of chemical production of ¢. :

¢ = 0 and ¢ values taken

from the two profiles shown in Fig. 1, respectively.

les scatter most radiation energy emitted from the
stratopause without going through a collisional ther-
malization process. In terms of relative magnitude,
Fig. 2 shows a significant effect of chemical production
on the radiative cooling rate above 80 km, where the
sign of the cooling rate is reversed due to significant
enhancement by chemical production. However, ra-
diative cooling in the region between 70 and 100 km
is primarily contributed by the COs 15 pm band. The
overall magnitude of cooling by the O3 9.6 pm band
(Qo, < 0.06 K day—!) is much smaller than that by
CO2 (Zhu 1994, Qco,: 520 K day~1t). Therefore, the
effect of modification in Qo, by chemical production
on the mesospheric energy budget and the dynamics
is expected to be minor.

Another important quantity of broadband radia-
tion fields is the spectrally integrated limb radiance
L (W m~2 sr71) that is the integrated source func-
tion emission attenuated by the transmission function
along a limb path (e.g., Lopez-Puertas and Taylor,
2001, p.260)

/w/

where p, (kg m~3) is the absorber density, k, (m? kg=1)
the absorption coefficient, s the limb distance, and 7,

(s)Ju(s)] T (s)ds . (23)

the limb transmission function given by

[ neas|| e

The source function J,, in (23) is shown in (17a) and
has been derived by solving the non-LTE radiative
transfer equation in a plane-parallel atmosphere. The
term in the brackets of (23) is the source function emis-
sion so that k,p,ds can be defined as the monochro-
matic emissivity for an infinitesimal element of ds.
Equation (23) also provides a physical justification
for introducing ¢. by (9) in the equivalent two-level
model. At high altitudes, say, above 80 km, where
¢ > 1, ¢ < 1 (Fig. 1), and 7,(s) ~ 1, the limb
radlance contributed by the source function due to
chemical production is L. & S¢;¢p.. According to
(6) and (23), this is also applicable to individual sub-
bands: L.; o S;j¢j¢c;. Equating L. to Y, L, for non-

Tv(s) = exp {—

J
overlapping sub-bands yields (9) for the definition of
an equivalent ¢..

In Fig. 3, we show Og limb radiance as a func-
tion of tangent altitude (z) that is integrated over a
wavenumber band of 980-1180 cm ™! under the same
three specifications of ¢. as in Fig. 2. The overall mag-
nitude of limb radiance decreases with the tangent al-



NO. 4

XUN ZHU 493

105 |

100 |
o5 |
90 &
85 |

80

Tangent Height (km)

75 b
70

65 -

60 [

—L [phi_c=0]
—O—L [phi_c = Eqt]
—+L [phi_c = 84N]

10° 10"

10°

O3 9.6-um Band Limb Radiance (W m? sr'l)

Fig. 3. Same as Fig. 2 except for O3 limb radiance (W m™2 sr™!) integrated over

a wavenumber band of 980-1180 cm

titude exponentially because of the decreasing emissiv-
ity. We see that the largest enhancement of ~ 35% in
limb radiance by chemical production occurs near 85
km. According to (23), a change in limb radiance will
translate into approximately the same magnitude of
change in O3 number density for a given source func-
tion. Therefore, when the 9.6 ym band limb emissions
are used to retrieve mesospheric O3 profiles (e.g., Ed-
wards et al., 1994; Mlynczak and Zhou, 1998) it is
necessary to have an accurate and efficient parameter-
ization of the source function with chemical production
in a non-LTE radiative transfer model.

It is well known in a classic two-level model for
parameterizing non-LTE processes that the departure
of a source function from the Planck blackbody func-
tion depends not only on the localized ratio of ¢¢;(=
k;[M]/A;;) but also on the atmospheric opacity (e.g.,
Houghton 1986; Dickinson et al. 1987; Strobel et al.,
1996). Specifically, even if the occupation number den-
sities (n;) depart from the Boltzmann distribution, the
radiance emerged from an optically thick atmosphere
may still show an LTE source function distribution as
photons experience absorption and re-emission many
times through the atmosphere. Mathematically, this
can also be understood from (17) that the localized
non-LTE effects as defined by E are modified by the
Curtis matrix C' that describes the non-localized pho-
ton exchanges among different layers of atmosphere.

—1

There is a similar situation in the modification ef-
fect of chemical production on the source function. Al-
though the parameter ¢. measures the effect of chem-
ical production based on the localized rate equation
(2) or (10), its ultimate effects on the source function
and cooling rate also depend on the energy exchanges
among different layers of atmosphere. Note that the
mesospheric radiance in the Oz 9.6 ym band is mainly
contributed by the thermal radiation emitted from the
stratopause (e.g., Zhu et al., 1991). Hence, the non-
localized effect of energy exchange on modifying the
source function is especially important. Figure 1 shows
that ¢ > 10? in the altitude region between 90 km and
105 km and ¢, > 1 when z > 80 km. However, the
effect of chemical production on the source function
in the region between 90 km and 105 km is negligible
(Fig. 3). Figure 3 shows that the maximum enhance-
ment of L by chemical production that occurs near 85
km is only ~ 35%. According to (10), this suggests
that the first term in the numerator originating from
niBi;L,; in (2) is much greater than the second term.
To include the absorption term (n;B;;L,;) in (2) im-
plies that one has to solve a non-localized radiative
transfer equation in order to determine the non-LTE
source function.

It is worthwhile examining the implications of limb
measurements of (23) on the retrievals of O3 and the
cooling rate in regions of ¢. > 1 (Fig. 1: z > 80 km
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and ¢y < 1). Substituting (19) into (10) and using (3)
and (5) lead to the broadband source function
ke[O][O][M]
Blv[o?)] ’

where By, denotes the broadband Einstein coefficient
for absorption averaged over all the sub-bands. The
fact that the radiance is not greatly sensitive to chem-
ical production suggests that the second term in (25)

is much smaller than the first one:
k[OJ0M] ;-
Bleu[OS]

On the basis of (23), this makes the O3 retrieval
above 80 km possible because the limb radiance will
be sensitive to the O3z density along the line-of-sight
(LOS): L ~ [O3]J, ~ [O3]L,. At the same time, this
also implies that the measured L contains little in-
formation on the Oz cooling rate along the LOS be-
cause the source function (J, ~ L,) represents pri-
marily the scattered radiance originally emitted from
the stratopause.

It is interesting to point out a complementary lim-
iting case of (26). Had the second term in (25) been
the predominant contribution to the source function,
the measured limb radiance would be sensitive to the
O density along the LOS:

L ~[Os]Jy ~ kc[O][O2][M]/Bs (27)

from which a direct O retrieval above 80 km based
on the measurements of the 9.6 pym band would be
possible. In addition, the direct cooling rate retrieval
would be feasible because L would be predominantly
contributed by the cooling rate emissions along the
LOS.

Finally, it should be pointed out that the uncer-
tainties of more than 30% in quenching rate coefficients
are not unusual (e.g., Menard et al., 1992). There-
fore, our rationale of developing the equivalent two-
level model of (17) together with (7)—(9), (14) and (15)
for the source function and cooling rate calculations of
a broadband is well initiated on the basis of an overall
balance between computational speed and accuracy.

Jl/ - fu + ¢t¢cBu = zu + (25)

(26)

4. Conclusions

In this paper, we extend the equivalent two-level
model developed by Zhu (1990) to include an addi-
tional source term of chemical production generated
by photochemical reactions for the upper-level en-
ergy states of gas molecules. The closed formulations
of (17) for the source function and the cooling rate
are similar to those of a previous equivalent two-level
model except that the blackbody function B, is mod-
ified by a factor (1 + ¢), with ¢. characterizing the
ratio of chemical production to collisional quenching.
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By applying the model to the broadband O3z 9.6
pm band emission, it is found that the modification
parameter ¢. of chemical production by O+034+M—
Os(v1,vg,v3)+M on the source function is propor-
tional to the ratio of O to Os. Using the critical
quenching rate coefficient based on recent measure-
ments by Menard et al. (1992) it is found that the
broadband source function near the mesopause is pre-
dominantly determined by the absorption of radiance
from the underlying atmosphere. The effect of local-
ized chemical production on the O3 9.6 ym band cool-
ing rate produces an enhancement of about 0.05 K
day~! in the upper mesosphere. The maximum en-
hancement in the broadband limb radiance for the O3
9.6 pum band is about 35% and occurs near 85 km.

By analyzing the relative importance of contribu-
tions to the source function from non-LTE scattering
versus non-LTE emission, two complementary limit-
ing cases are discussed. When non-LTE scattering
is dominant over non-LTE emission, which approxi-
mately corresponds to the case of actual conditions
near the mesopause, the Og retrieval is feasible but
the direct cooling rate retrieval is not practical. In the
other limiting case, retrievals of O and the direct cool-
ing rate would be possible were the non-LTE emission
dominant over non-LTE scattering.
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