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ABSTRACT, Radiative equilibrium temperature for the middle atmosphere (20-90 km) has been computed as
asymptotic solution to the time-dependent equation describing the radiative balance in that region. Strobel’s
(1978) parameterization was used for short-wave heating, while Wehrbein and Leovy’s (1982) and Ramanathan’s
(1976) parameterization are used for long-wave cooling. The computed temperature profile shows good agreement

with the USSA (1976) temperature profile.

1. Introduction

Observations reveal that approximate radiative
equilibrium obtains in the lower stratosphere. However,
upper stratosphere, mesosphere and thermosphere,
particularly at high latitudes, are regions of strong source
In summer and strong sink in winter.

Murgatroyd and Goody (1985) were the first to
perform a radiative equilibrium calculation taking all
important species into account. Subsequently, Leovy
(1964) and Kuhn and London (1969) performed similar
computations. Wehrbein and Leovy (1982) and Apru-
zese et al. (1982, 1984) developed fast and efficient
parameterizations for inclusion in two dimensional
models. To date, one of the most accurate radiation
computations for the middle atmosphere has been
performed by Dickinson (1973).

The work reported here uses fast and accurate algori-
thms for flux computations, instead of detailed line-by-
line method. The reason is that future experiments and
coupling with models of other processes in the middle
atmosphere can hopefully be more easily performed.

2. Model
The heating due to absorbed energy is defined as:

Total heating = Solar heating -- Infared cooling.
Photodissociation followed by transport represents

storage of chemical energy (mainly for molecular
oxygen, above 80 km) that has to be subtracted from
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the total; final result is called the ‘net’ radiational
energy.

The model computes net heating or cooling for the
region of atmosphere between 20 km and 90 km.
This is represented by a grid of 15 levels of equal
distance (5 km). At each level the total and net heating
are computed.

Solar radiation causes heating in the atmosphere
at al]' levels due to the absorptions in the ultra-violet
and visible wavelengths. This takes place mainly through

the Hartley (20003000 A), Huggins (3000-3500 A)
and Chappuis (4500-7500 A) bands of ozone, and the
Schumann-Runge continuum (1250-1750 /'\) and Schu-

mann-Runge bands (1750-2050 A) of molecular
oxygen, in addition to minor heatings by water vapour,
CO,, NO., etc. Ozone is responsible for heating at
most levels, while molecular oxygen dominates the
heating above mesopause. Hartley band contributes
the maximum amount to ozone heating in the upper
stratosphere, and Chappuis bands contribute the most
in the lower stratosphere, while Huggins band does
most of the heating in between. Insaddition, in the

Herzberg continuum (2000-2450 A) both molecular
oxygen and ozone absorb ultraviolet radiation. Here
the photolysis of molecular oxygen creates ozone.
The remarkable ability of ozone to absorb both solar
and infrared radiation in stratosphere is to a large
extent responsible for the temperature maximum at
stratopause.
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Fig. 1. Model rates of heating and cooling (in °K day) by
various raciatively active species in the middle atn.os-
phere, plotte against height (km). The rumbers ()} at
{he lll'i;._‘.ht edge denote the grid indices for the vertical
evels

Atmospheric heating by O, and O, in the present
mode! is computed follownig Strobel’s (1978) parameteri-
zation. This parameterization, which claims an accuracy
of +-5 percent is based partly on the work of Lindzen
and Will (1962). Here the authors assumed the absorp-
tion coefficient of ozone to be constant in the Hartley
and Chappuis bands, and exponentially varying with
wavelength in the Huggins band. For wave lengths

higher than 3000 A the effects of multiple scattering
and ground reflection are included following the original
work of Lacis and Hansen (1974). Actually, multiple
scattering has maximum effect in the Chappuis band
region. Furthermore, above mesopause, oxygen atoms
generated from photolysis of O, are transported both
vertically and horizontally and carry with them chemical
energy, which are used in atmospheric heating when the
oxygen atoms recombine. This retards the heating due to
solar radiation absorption by O,. Equations describing
the parameterizations of all the above mentioned physi-
cal processes are given in Strobel (1978).

Diurnal averging of solar heating follows the prescrip-
tion of Cunnold er al. (1965). However, the ozone
profile used for computations did not have any diurnal
variation, for reasons of simplicity.

Cooling in the middle atmosphere takes place mainly
through the emission of infrared radiation by 15 micron
band complex of carbon dioxide and 9.6 micron band of
ozone. For the CO, cooling we employ the Curtis
matrix formulation of Wehrbein and Leovy (1982). Here
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Fie. 2. Componenis of globzl average radiative heating and
cooiing (0-100 km: “K/day). This is a composite of heating
and cooling distributions obtained by different investi-
gators (Afrer London 1980)

the rate of heating (or cooling) of the atmospheric
layer is given by:

iy = 2: .R,;,l Bj (!)

where, 8; = B(T})/B(Trer)
is the ratio of the planck functions at level j and at a
reference temperature 7r.f.

Ry are the Curtis matrix elements which are defined
and computed in Wehrbein and Leovy (1982). Voigt
line shape, line overlap, and temperature dependence of
line strength distributions and transmission functions
are incorporated in this work. Above 65 km where the
frequency of collisions between the CO, molecules
are so low that a population of excited vibrational
states consistent with the kinetic temperature cannot
be maintained, the local thermodynamic equilibrium
(LTE) is said to break down. In this case the source
function for a particular transition is different from
the Planck’s function, and the non-LTE Curtis matrix
clements are used to compute Eqn. (1). These matrix
clements are also given in Wehrbein and Leovy (1982),
with values of Einstein coefficient of spontaneous
emission at 1.35 s—' and collision frequency at
0.67 ».10% s~ at standard pressure and mesopause
temperature of 180”7 K.

Cooling due to 9.6 micron band of ozone is
computed by using Ramanathan’s (1976, 1979)
formulation. In this band absorption formulation,
Voigt effects are not included; however, such effects
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Fig 3. Distribution of temperature ('K) against height (km)

are likely to be appreciable cnly at those levels where
the infrared cooling duz to ozone is smali. This formula-
tion, however, allows Doppler effects to be included.
We assume Doppler line shape above 35 km  although
actually the Lorentz effects are felt in the line wings till
upto 70 km.

In order to compute the radiative equilibrium tempera-
ture profile, the time stepping method is used (Ramana-
than and Coakley 1978). Here the temperature of a layer
centered at Z—=Z is given at time step #; = fo-= /At by

. dTy (Zg) |
Ty (Zg) = ToZe) + g O @)
0
where, /1 is the time step adopted, care being taken
to avoid non-linear instability. The net radiative heating
is given by :
dTy (Zx) g [ Ags(Zi) | A4, (Zg)
TolCE) - B SR 0)

dty ~— ¢ Ap oo

where, Ag=net radiative flux at thetop of the layer
minus net radiative flux at the bottom of the layer.
Suffixes s and r denote solar and infrared radiations
respectively.

Ap = pressure at the top of the layer]minus pressure
at the bottom of the layer,

g = acceleration due to gravity,

¢, = specific heat at constant pressure.

P

3. Result

Height profiles of heating and cooling due to impor-
tant atmospheric gases are presented in Fig. 1. Previously
there has been several attempts to compute such profiles
(Murgatroyd and Goody 1958; Leovy 1964; Kuhn and
London 1969; Dickinson 1973, to name a few), and
‘consensus’ profile based on the work of various authors
have been presented in Fig.2 (from London 1980).
Cn ccmparing the two figures, it is seen that there
is general agreement between the result of present work
and consensus result, The solar heating between 80
and 90 km seems to be less by about 1°K/day for the
present work: this probably indicates need for better
treatment of physical processes in that region. Cooling
by ozone looks reasonable except that peak cooling
is at a somewhat lower height (40 km), than expected
(50 km). However, the cooling due to CO, seems 1o
be too strong (by about 4° K/day), although the vertical
distribution looks as expected in stratosphere and
mesosphere. Above mesopause, London’s (1980) figure
shows intense cooling. However, this is somewhat ques-
tionable because there seems to be no general agreement
on this issue. Also, in the nature such major departures
from radiative equilibrium in the mesosphere occur
only at high latitudes. Therefore, the absence of such
intense cooling above mesopause might not be as much
of a problem as expected. In any case, considering
the crude manner in which we compute the cooling due
to CO, hot and isotopic bands, this is not very surpris-

ing.

As for the time dependent computation for radiative
equilibrium, after some trial a time step of 48 hours
was used. This did not cause any non-linear instability.
A convergence criterion of 0.03° K/day was used.
With these parameters, and CIRA (1972) distribution as
an initial temperature profile, convergence was achieved
after 78 days. The final radiative equilibrium temperature
distribution is shown in Fig. 3, along with USSA
(1976) profile as well as the tropical standard tempera-
ture profile (Sasi and Sengupta 1979).

4. Discussion

Agreement between observed temperature profile and
present calculation shows that the middle atmosphere
is mostly in radiative equilibrium. However, there
are strong departures from equilibrium at high latitudes
in summer and winter; this emphasizes influence of
dynamics in these situations. The reasonable agreement

obtained with only a few constituents and simplified
scheme clearly is an important step towards our goal
of construction of interactive model for the middle
atmosphere involving radiation, chemistry and dynamics.
Of course, use of more details and accurate scheme
will improve the radiation calculation by itself.
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