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Abstract

Experiments have been conducted with a two-dimensional time-
dependent, numerical model of the general circulation of the atmosphere up
to the mesopause. A scheme for the calculation of cooling rates due to the
1§um band of carbon dioxide is developed. It uses the Curtis matrix approach
which incorporates cooling-to-space, transfer of radiation between atmospheric
layers and non-equilibrium effects in the upper mesosphere. The sensitivity
of the cooling rate calculations to the choice of collisional relaxation time
is investigated. An 'almost exact' scheme to calculate heating rates due to
the absorption of solar radiation by ozone and molecular oxygen is presented.
Use of both new radiation schemes enables the diabatic heating rate to be
calculated to the upper boundary of the model, Other heat sources in the
region of the mesopause are discussed. Incorporation of the new schemes
considerably improves the modelled temperature structure of:the stratosphere
and lower mesosphere. The upper mesosphere is not well reproduced with no
indication of the observed cold summer mesopause. The heat and momentum
budgets of the mesosphere are studied. Eddy momentum fluxes derived from
satellite observations of planetary waves are found to be significant for the
circulation and transport properties of the stratosphere but incapable of
producing the required distribution of angular momentum in the mesosphere.
A Rayleigh friction parameterisation is included in the mesosphere to re-
produce the observed zonal wind and temperature structure. Momentum deposition
by tides and gravity waves is discussed. Curtis matrices are calculated with
higher mixing ratios of carbon dioxide and the effects of increased atmospheric
CO, on stratospheric temperatures and ozone is investigated. Temperature de-
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creases of up to about 10K are predicted with increases in ozone concentration



in the upper stratosphere. In the lower stratosphere the ozone increases

are restricted to high latitudes and a decrease shown in equatorial regions.
The latitudinal variations are reflected in the ozone column density. An
experiment is conducted in which chlorofluorocarbons are released into the
model atmosphere and the effects on stratospheric ozone are in exactly the
opposite sense to those predicted for the CO2 case. A run in which CO2 and
CFCs are introduced simultaneously shows that the two effects are not linearly
additive. A simple photochemical theory is used to investigate the temp-

erature dependence of ozone and to explain the non-linearity of the coupled

experiment.,
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CHAPTER 1

Introduction

1.1 Numerical modelling of the atmosphere

The use of numerical models has become established as an important
part of the overall effort to understand and explain the structure, composition
and behaviour of the atmosphere. A wide variety of models have been employed
to test theories of atmospheric physics and chemistry, to try to reprpduce
the observed features of the atmosphere and to predict possible changes in
its state. The specifications of a particular model will depend on the aims
of the modeller; for example, it may be of global scale and simulate climatic
change over centuries, it might attempt to reproduce the development of a
localised thunderstorm over a few hours or it may be a steady state represent-
ation of the mean concentration of a particular minor constituent. Obviously
there are many possibilities.

To study the general circulation of the atmosphere a model would,
ideally, have three-dimensional global coverage with high resolution in each
dimension, include all possible dynamical effects, detailed and diurnally
varying radiation calculations and a photochemical scheme which contained all
known atmospheric constituents and the reactions between them. Such a model
is far from being constructed; the computing effort it would require is
prohibitive for even the largest and fastest computers currently in existence.
Thus a choice of approximations must be made depending upon which atmospheric
features are to be investigated.

Three-dimensional models include, in general, fairly good represent-
ations of dynamical processes but only rudimentary schemes for radiation and
photochemistry. One-dimensional models (including only variation with altitude)

have been used to study radiative transfer and atmospheric chemistry in detail



but in neither case is there any interaction with the dynamics and furthermore
the transport of chemical species is treated in a very empirical manner. Two-
dimensional (latitude - height) models provide a compromise between the heavy
computing requirements of the three-dimensional models and the simplistic
dynamics of one-dimensional models, On a rotating planet with a homogeneous
underlying surface the values of metéorological quantities averaged over a
sufficiently long period of time may be expected to show no variation with
longitude so a model in which the variables are averaged round latitude circles
should provide a reasonably accurate representation.

The work described in this thesis involves experiments with a two-
dimensional model of the general circulation already established at Oxford
University (Harwood and Pyle, 1975). The basic framework of the Model is
given in Chapter 2. A major part of the work has been the replacement of the
schemes to calculate solar and thermal heating rates by more accurate methods
which, moreover, extend up to the top of the model domain, The thermal rad-
iation scheme is described in Chapter 3, the solar heating scheme in Chapter 5
and the effects on model behaviour of introducing the new methods in Chapter 6.
Chapter &4 deals with the dependence of infrared radiative cooling calculations
on the values of collisional relaxation time used.

The new scheme for calculating cooling rates due to the carbon dioxide

lﬁpm band allows for a choice of CO_, mixing ratio. Atmospheric CO_ amount are
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increasing and in Chapter 7 the possible consequences for stratospheric ozone
are assessed using the Model. The results are compared with predictions of the
effects of the release of chlorofluorocarbons (CFCs) and an experiment with
the Model in which CO2 and CFCs are simultaneously increased is discussed.

In Chapter 8 the heat and momentum budgets of the mesosphere are

reviewed with particular reference to the role played by planetary waves and

the driving forces of the mean meridional circulation.



In the next section the observed structure of the atmosphere is

briefly described as a basis for later comparisons,

1.2 The observed structure of the atmosphere

l1.2.1 Temperatures

The different regions of the atmosphere are classified according to
temperature lapse late and may be identified in Fig. 1.1 which shows a rep-
resentative zonal mean temperature cross-section for the northern hemisphere
solstices compiled by Murgatroyd (1969a). The lowest region is the troposphere
in which the temperature decreases with altitude at the wet adiabatic lapse
rate (dT/dz ~ =7 K km™') up to about 16 km in the tropics and about 10 km in
middle and high latitudes. Thus the tropopause, i.e. the division between the
troposphere and the stratosphere, is at a higher temperature in polar than in
equatorial regions and has breaks in all seasons at about 40°N, Extending
between the tropopause and 50 km is the stratosphere in which the temperature
increases with height due to the absorption of solar radiation by ezone. The
gradient is steepest near the summer pole and here the temperatures exceed |
290 K at the stratopause, defining the upper boundary of the stratosphere; in
winter high latitudes the lower stratosphere is almost isothermal and there is
only a slight increase in the upper stratosphere to around 240 K at 50 km.,
Above the stratopause is the mesosphere; here the temperatures decrease
sharply in the summer hemisphere, dropping to below 160 K at the polar meso-
pause which exists at around 85 km. In winter high latitudes the mesosphere
is almost isothermal so that the temperature, of around 240 K, at the winter
polar mesopause is higher than that at the same altitude in summer. Above
the mesopause is the thermosphere in which strong absorption of solar ultra-
violet radiation, particularly by 02, leads to a steep increase of temperature

with altitude,



4
Height

Prerivre ) Km pppros)

mb
50

.lohlvdt

Fig.l.l Representative zonal mean temperatures.

From Murgatroyd(1969a).

SUMMER WINTER

Ly
Height
Km{ approx)

*Lativde

Fig.l.2 Representative zonal mean zonal winds.

From Murgatroyd(1969a).



1.2.2 Zonal winds

Fig., 1.2 shows the zonal wind field corresponding to the temperatures
of Fig. 1.1. In the troposphere and lower stratosphere mid-létitudes there
are westerly jets with maxima, of about 30 m s~' in winter and 15 m s~ in
summer, near the tropovause breaks, There are easterlies in low latitudes and
near the poles in the troposphere. In the upper stratosphere and mesosphere
there is a strong westerly jet in winter, maximum 80 m s-! at 65 km, and an
easterly jet in summer reaching -60 ms™ . The summer easterlies encroach
into the winter hemisphere.

The winds of Fig. 1.2 represent average conditions and indicate the
magnitude of the annual oscillation above the tropopause. The zonal wind
varies on the scales longer and shorter than one year, however, and an
instantaneous value may be quite different from the mean. In the tropics
there is a strong (amplitude ~ 20 m s~ ) quasi-biennial oscillation in the
stratosphere which is increasingly modulated by a semi-annual cycle (amplitude
reaching ~30 m s=' ) above about 32 km,

In addition to these cyclic variations there are irregular short-
term fluctuations associated with vertically propagating waves which occur
over a wide range of spatial and time scales from small-scale turbulence (on
the scale of a few metres) through internal gravity waves (horizontal scale
~ 100 km) and synoptic scale waves (A ~ 1000 km) to planetary scale waves
(A ~ 10000 km). These waves are of varying significance for the transport of
heat and momentum at different altitudes. 1In particular planetary waves are
important for the meridional circulation of the stratosphere although they may
not be significant to the mean zonal wind or temperature fields (see Chapter 8).
One striking effect of planetary waves is the sudden stratospheric warming

(Scherhag, 1952) that occurs during some winters and in which the high latitude

pi.. . night jet may actually reverse for several days.



Figel.3 Mean meridional circulations for January and

July, 1964 and 1965. From Vincent(1968).



1.2.3 The mean meridional circulation

The vertical and meridional velocities are smaller and more variable
than the zonal velocity and more difficult to measure., Thus they are usually
deduced indirectly from the momentum and thermodynamic equations using ob-
served zonal velocities and temperatures. Meridional ciculations so derived
by, among others, Murgatroyd (1969b) show in the troposphere a three=-cell
st ‘e in each hemisphere: a direct Hadley cell in low latitudes, an
indirect Ferrel cell in mid-latitudes and a weaker direct cell in polar regions.
Similar calculations were made by Vincent (1968) for the lower stratosphere of
the northern hemisphere and Adler (1975) for the southern hemisphere., Vincent's
results for the solstices are shown in Fig. 1.3. The tropospheric structure
is replaced by a two-cell system with ascent throughout the summer hemisphere
and in winter high latitudes and descent in winter mid-latitudes. In the upper
stratosphere and mesosphere, in order to maintain the observed zonal flow
against frictional effects, it appears that the mean meridional circulation
consists of one large cell with rising motion near the summer pole and sinking

near the winter pole (see Chapter 8).

1.2.4 Ozone

Although ozone is only a minor constituent of the atmosphere (maximum
mixing ratio of the order of 10 ppm) it plays an important role in the heat
balance through its absorption of solar radiation and emission of thermal
radiation. It also protects the earth's surface from ultra-violet rays which
would be harmful to living tissue. In most of the expeiments described in
this thesis, as in the atmosphere, the ozone concentration depends on the
radiative flux, temperature, mean circulations, eddy motions and the concentration
of other minor constituents. In turn, these quantities depend on each other

and on the ozone distribution. The system is thus highly coupled and it is
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important for a successful model to reproduce the observed ozone fields.

Fig. 1.4 shows a ctross-section of ozone partial pressure in March/
April from Diitsch (1971). Maximum amounts in the middle stratosphere occur in
low latitudes, as would be expected from a photochemical source. In the lower
stratosphere, however, there are large values in polar regions and low values
near the equator; this is due to dynamical effects which dominate the slow
photochemistry at these altitudes. The maximum partial pressure occurs at
around 70mb in spring high latitudes. Fig. 1.5 shows a latitude-time section
of ozone column density. Maxima occur in spring and minima in autumn in both
hemispheres but the behaviour differs between the hemispheres in other respects.
In the north the maximum occurs at the pole whereas in the south it is located
around 50°. This may be explained by different planetary wave activity in the
two hemispheres (Pyle, 1976). The absolute values are generally larger in
the north.

It is the task of the modeller to reproduce the fields of wind,

temperature and ozone described above. To do this, as shall be demonstrated

.
L

in Chapter 2, the effects of planetary waves, radiation and photocheﬁisgry‘ "
must be included and schemes for calculating these are described in succeeding
chapters. Radiation schemes, in particular, are discussed in some detail.
The treatment of radiation is important because the solar radiation absorbed
and its redistribution at longer wavelengths is crucial to the héat balance,
and thus the circulation, of the atmosphere.

In Chapter 2 the framework of the Oxford University two-dimensional

model will be described.
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CHAPTER 2

Description of the Model

2.1 Introduction

The Oxford University Model was established to provide a framework
for inquiring into the sensitivity of the atmosphere to changes imposed
upon it, into the inter-relationshiﬁs between dynamics, radiation and
chemistry and for studying the budgets of heat, momentum and minor atmo-
spheric constituents., To achieve these aims without using the vast computing
requirements of a three-dimensional treatment a two-dimensional (zonal mean)
time-dependent approach was adopted. Detailed formulations of the model
have been given by Harwood and Pyle (1975) and Pyle (1976) but an outline

will be given here as a background for the experiments described later.

2.2 The Dynamical Basis

2.2.1 The dynamical equations

The Navier-Stokes equations for a fluid on a rotating sphere are :

D - 2B 0, (R,6) +g v F ~L% G
_llfl + c V.v = 0
Y2 (2.2)
where D = 9 4+ ud , vd L w 4
dDt ot O ﬁj o5
L is the position vector with coordinates x, y, §
i! is the velocity vector with components u, v, w
=g; is the angular velocity of the earth's rotation
F is the total frictional force per unit mass
éﬁ is the acceleration due to gravity
e is the density
P is the pressure

11



1 VP is the pressure gradients force and 2 2,v the Coriolis force.
The centrifugal force may be combined with the gravity term to give an
effective gravity

$ = g + R.(2,1)

The coordinate system is chosen with respect to a spherical earth
radius a with x as distance eastwards.y distance northwards and § = -1n(p/p,)
where p, = 1000 mb., For application in a general circulation model a good
approximation to the vertical component of the momentum equation is the
hydrostatic equation :

dp = -pd2 (2.3)
where Z is the geopotential.,

The x- component of the momentum equation is 3

dw . wdh . Vw o WM _ uvhaap) — 2RvsiAp)  (2.4)

o o
t 3 Y 0% o L 92 .0
O
neglecting friction. ﬁ' is latitude. The equation of continuity (2.2)
becomes
S, O - Vi) + W —w = O
ox éd o ok (2.5)

Also needed is the thermodynamic equation 1

2}? + wdb Vfi? + ’dﬁﬂ? = 9
ot O dy B} (2.6)

..K
where the potential temperature 8= T (p/p,) , qQ is the diabatic heating
rate and K =2 R/CP.
For a two-dimensional model dealing in zonal means all quantities

must be averaged with respect to longitude A . For example the zonal mean

12



of a quantity is given by 1

2w
g =
3 g /osdA

Deviation from the zonal mean is represented by s'= s - §, Zonally

averaging equations (2.4), (2.5) and 2.6) yieldﬁ 3

L (Tagpe?) + 2 (VD) + 2 (WD) =

at )j (2.7)
dV + &N = O (2.8)
¢{3 d%
- -3 = — 2 (oa) -—
fg (Gasp) e ) + ;%(VB) *;g(wf’_) ;ﬁ)" (‘;-”
g ws(p)e” +

where T = ({la cosp+ u) a cog¢)is the absolute zonal angular momentum per

unit mass.
b

V= ve™" cos(¢) (2.10)
W= we  cos(¢) (2.11)
A VTET) - 2 (WY .
H 5 ( ¥ (W) - @a
Q = -2 (V¢) - 2 (W'B') (2.13)
dj oF

H arises from the divergence of the eddy momentum flux and Q from the
divergence of the eddy heat flux. The representation of eddy fluxes in
a zon;1 mean model is one of the most difficult probiems and will be
discussed in section 2.4.3.

To complete the equations the geostrophic approximation is used
in thg]component of the momentum equation and combined with the hydrostatic

equation and the equation of state p = ( RT to give a thermal wind relation-

ship

lw
l

. ﬁl eg.k} fﬂ?
2.Q ton(d) a,b (2,16 )

>3
o
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Use of these approximations filters out acoustic and gravity waves which
would lead to computational instability without rather short timesteps.
White (1979) has pointed out that the inclusion of the term %gtaq@)in the
X momentum equation without the corresponding term, %épan(), in the y
momentum equation leads to inconsistepcy in the energy budget. However
experiments in which the extra term is included in the thermal wind equation
have shown that this is only a small effect (Harwood, private communication).
Equations (2.7), (2.8), (2.9) and (5.14) form a closed set for the
dependent variables 'E, V, W ) 0.
For convenience the equations are made dimensionless using a con-
sistent set of scaling factors. Solutions are then obtained as follows.

From Equation (2.8) a stream functionﬁjP may be defined such that

Vv =-9X% W = ot
J5 op

(2.15)

The time derivatives in Equations (2.7.) and (2.9) are removed by differen-
tiating with respect to § and f respectively and using Eqﬁation (2.14).:?

Substituting for V and W from Equation (2.15) an equation for 7 is obtained 1

-Tt ¢ 2FH, + (L 5}) LY

tan (¢)
< (3T o+ &7 (14 sinve) =L 5,)
c s snt(p) T/ ¥
= -x§}, - -K33
+ T 09, + Ki S )

RHS

where RHS iss a function of Hy Q and q but not T. Subscripts § and 95

indicate differentiation with respect to these quantities, §J is the scaling
factor for the vertical coordinate. Given sufficient boundary conditions

Equation (2.16) can be solved for 7’yie1ding\the meridional circulation

14



which maintains the thermal wind balance between the zonal mean westerly
wind and the zonal mean north-south temperature gradient against the
perturbing effects of diabatic heating and eddy fluxes. V and W, cal-
culated from 1’. are used in equations (2.7) and (2.9) to give values of
dT/dt and d0/dt which yield T and 8 at the next timestep (see section 2.3.2
on time integration). The equation for ¥ is solved again at the new time-
step with the new values of T and § and the process repeated. The boundary
conditions on ¥ are T=0 at f==im72, implying zero flux through the pole and
=0 at § =0 and at the top boundary. The upper boundary condition is
necessarily artificial but it has been shown (Harwood and Pyle, 1973) that
the effects-of the upper boundary are confined to within six vertical
gridpoints of the 1id. Thus by setting the upper boundary at about 100km

the main region of interest (0-80km) will not be affected.

2:.2,2 The treatment of matter

The equation for the time rate of change of a substance with mixing

ratio X is

ELK + K é}f + Vv Eﬁﬁ + W EZ& = 'FD
Jt dx %J ot '

where P is the rate at which the substance is produced per unit mass of air.

Using scaling factors and zonally averaging this becomes

f’é( X astp) +2- ( X) L (WX) = P costpy +

+ 9
} (2 17)

where E = -2 (V-';') - -‘i(’\—"—’-‘—')
o d§

The eddy flux divergence E is written in terms of mean quantities as de-

scribed in section 2.4.3. Equation (2.17) is ysed to step forward in time

15



using the mean motion field obatined from equation (2.16).

1\

2.3 Computational Details

2.3.1 Space representation

A portion of the finite difference grid used is shown in Fig. 2.1l.
The ¢-¥ plane is divided into 19 x 29 equal rectangles of width h =1/
and height k =é~nressure scale heighg} T, 8, q, Q and H are held at the
centre of each rectangle ; W at the midpoint of the horizontal sides ;
V at the midpoint of the vertical sides and qﬁat the corners. If the
notation s(L,M) is used to denote the value of a variable s at the point

¢= -T2 + (L-1D)h/2, §= (M-1)k/2 then equation (2.15) may be written :

V[L,M) = [”I" (1-,M-1) —"I'(L,M-H)J /k at{even M}only

odd L

N (LM) = ["I- (L1, M) = F(L-, M)]/h at{odd M]:Sonly

even
(2.18)

Equation (2.18) ensures that the total mass of the system is
conserved. Similarly the finite difference forms of equations (2.7) and
(2.9) are constructed so that the total absolute angular momentum is
conserved and the mass averaged potential temperature is constant for

adiabatic motion. The finite difference analog of equation (2.16) is :

T (er2,me2) D (L,M) + TV (5,me2) D (LM) + F(L-2 Me2) Dy (L,M)

+ F (42, M) Dy (,m) + Y((,m) + ¥ (=2, n) D, (,m)
F F @+2,M2) B (Lm) + V(LM2) Do, M) + F (-2, M-2) D (1, h)
= RHS (L, M) (2.19)

in which D; (L,M) are functions of 'f and & and RHS is a function of

H, Q and q. These are given in Appendix A.
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The integration procedure is to solve (2.19) for‘T by Liebman
relaxation using the values of T ,8, H, Q and q at time t. V and W are
calculated from and used in the finite difference forms of equations
(2.7) and (2.9) to give Q%Idt and 35/(11: which are then used with the
time integration scheme (see next section) to give the values of T and
5 at time t + At. The process is répeated for as many steps as required.

The over-relaxation parameter for the lLiebman relaxation was determined by

a numerical experiment.

2.3.3 Time Integration

The Adams-Bashforth scheme is used for integration over time (see
e.g. Haltiner, 1971). In this method the value o/, of a quantity £ at
time t, + ndt (t, is initial time, At is the timestep and n is an integer)

is given by

o= oLy, + AL (3f - fn_z)

2 (2.20)
- (2
where 1(:‘ T \JE/ ezt +ndt

The next term in the expression (which indicates the order of the truncation
error involved) is  § (A(:)3 _d_i_()
'z at36:6,+0u94t
Since this is an implicit scheme (i.e. it involves more than one time
step) a spurious computational mode is generated but this decays exponentially
if 4t is less than some value determined by the equation for the time rate -

of - change. For example the photochemistry scheme, in the absence of

advection, requires the solution of an equation like égé = c{t_“ ol

0
where £ 18 a concentration, aQ_the equilibrium con- ¢ Te

centration and 7; the relaxation time constant.
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It can be shown that the computational mode generated in the Adams-Bashforth
scheme will decay if At < T. . The physical mode represents an ex-

ponential approach to the equilibrium value with relaxation time T, sgiven

by
T T (I + £ (2) + O(%))

12 Te

[

So a choice of At = T, will give 90% accuracy for the relaxation time

and ensure that the computational mode is damped. In all the runs described

in this work A& = 4 hours.

2.3.3. Conditions for solution of the equations

There is a singularity in equation (2.14) at'¢=0 due to the term
(tan@QY“ ; however this problem is circumwented by the grid chosen which
does not require this expression to be evaluated at ¢=0.

Solutions to equation (2.,16) can only be found if it is elliptic

everywhere. This condition reduces to

_ BT, 8 T [ >e s 877
2% O¢ op 93 <o , $<°

which expressed in physical terms means that the gradient of the absolute
angular momentum on an isentroplc surface must be directed towards the
equator. This is achieved in the Model by introducing an equatorwards
momentum flux whenever the equatorward T, gradient is less than a certain

value,

2.4 Eddy Fluxes

2.4.,1 Boundary Fluxes

The momentum flux across the earth's surface is an important com-
ponent of the angular momentum budget and is calculated as a function of

the model state. The sensible heat flux is also calculated explicitly to
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balance the tropospheric heat budget. The flux of latent heat through
the lower boundary is specified (see section 2,3).

The fluxes of heat and momentum are calculated as functions of
wind and temperature, using the method of Clarke (1970), at the lowest
level. The underlying surface is asspmed to be an infinite heat-capacity
ocean with temperatures obtained by zonally averaging the monthly mean

sea-surface temperatures of Washington and Theile (1970).

2.4,2 Convective adjustment

Above the tropopause the atmosphere can remain statically stable
under the action of radiation alone. 1In the troposphere itself, however,
static stability is maintained by vertical fluxes of heat associated with
both cyclone and cumulus scale motion. To simulate this effect in the
model an upward heat flux is introduced whenever the lapse rate exceeds

6.5 K km~/,

2.4.3 Large scale eddy transport

Eddies play an essential part in maintaining the general circulation
(Green, 1972). To include these deviations from the zonal mean is a major
problem in a two-dimensional model. The approach usually adopted is that
of Reed and German (1965) in which eddy fluxes are expressed in terms of
the zonal mean variables using K-theory. Thus the northward eddy flux of

a substance s is written i

Ve = — K. 25 _ K. o5
Vj. lj .%J 'gjxlgii

and the upward flux t

N‘S' < - lfJ E - I(If f—i
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The K factors are supposedly related to the slope of the mixing surface

o = d}/dy and are inter-related 1

Kyg = Kpy = 5= L Ky K =(§3¥)z (L7 + L) Ky

The K factors are assumed to be functions of the basic state and independent
of the property being diffused. Sevefal sets of these coefficients have
been calculated ; in the Oxford Model those of Luther (1973) are used.
These are specified monthly from O to 60 km and from equator to north pole
with a 1km resolution in height and 10° in latitude.
K-theory is not entirely satisfactory. The justification for its
use has been that it produces realistic distributions in tests. Recently
work by Pyle and Rogers (1980) has suggested that a firmer physical base
may exist, though unrelated to the mixing-length theory of Reed and German.
K-theory may only be employed for quantities that are conserved by
the fluid motion. Thus it can be used for heat and matter but not for
momentum which may be transferred to and from fluid particles by pressure
forces. In the Model eddy fluxes of angular momentum are specified monthly
in the stratosphere from values calculated by Dr. A.J. Crane from Nimbus
IV ;nd V spacecraft data. In more recent experiments with the model both
eddy heat and momentum fluxes have been specified climatologically up to the
mesopause level, The results of these experiments, together with a further

discussion of the limitations of K-theory, are given in Chapter 8.

2.5 Radiation Schemes

The diabatic heating function q, required by the thermodynamic
equation (2.6), may be divided into three parts: the heating due to the
absorption of solar radiation (section 2.5.1), the cooling due to the

transfer of thermal radiation (section 2.5.2) and heating due to latent heat
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release. The last of these is specified climatologically from the values
of Newell et al (1969).

A major part of the work described in this thesis has been the
extension- of the radiation calculations into the mesosphere, this is
detailed in Chapters 3 and 5. Here a description of the schemes used

previously will be given for the sake of comparison.

2.5.1 Solar heating

In the stratosphere the overwhelming contribution to the heating
comes from the absorption of solar radiation by ozone. A method constructed
by Mr. D Rendel calculates this heating as a function of height, latitude,
date and ozone mixing ratio profile. The amount of ozone in the path of the
solar beam, as a function of height for each latitude, is calculated and
then tabulations of absorption versus absorber amount (Kennedy, 1964) used
to compute the energy depletion of the solar beam crossing each rectangle
and hence the rate of heating. An empirical formula was fitted to Kennedy's
values 3 Cr

S = 385,28 - 2.24764 exp(=400A) - 12.953 exp(-75A)
- 12.9645 exp(=4.5A) - 357.144 exp(-0,1A)
where S is the power removed per unit area (in Wm-%!) and A is the path
length of ozone traversed (in atmo=-cm),

The heating rates are :calculated for each latitude 5 times per day
and a Gaussian integration performed to obtain the average heating rate
for the day as a function of height above 25km. At first ozone mixing
ratios were specified from Edwards (1970), more recently model-generated

values have been employed. Heating is calculated between 25 and 80km.
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2.5.2 Thermal radiation

The radiative cooling of the troposphere is fixed at 1.5 K day™
below 8km and 0.75 ¥ day~' in the region 8 to 12 km. Between 12 and 24 km
the cooling is set to zero as is the solar heating. Rodgers (1967) has shown
that the lower stratosphere is in approximate radiative equilibrium.

The main contributions to the long-wave cooling in the stratosphere
and mesosphere come from the léum band of carbon dioxide and the 9.qum band
of ozone. Following Houghton (1968) this cooling is treated as a function

of height and temperature only !

51' . K (3) B(T) + K.(3 (2.91)
o

where B(T) is the Planck function at temperature T. The factors K, and K,

were calculated for CO, and 0. by Pyle (1976). The TELLUS program (based

2 3
mainly on the work described by Rodgers and Walshaw, 1966) was used to
calculate the heating rates appropriate to nine different temperature
profiles and then dT/dt was plotted against B(T) at several different heights
to find K (3) and K,(5) by a least squares fit. The 9.6um O, cooling is
calculated between 25 and 60 km. The 1§pm CO2 cooling is calculated from
25 to 80 km.; however above 60 km the regressions for K, and K, are not
very good. This is because heat transfer between different layers of the
atmosphere becomes important (i.e. the cooling to space approximation is
no longer valid) and at higher altitudes Local Thermodynamic Equilibrium
breaks down so that Equation (2.21) is no longer applicable. For these

reasons the net heating rate, q, at 55 km is reduced smoothly to zero at

80 km.
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2.6 Photochemical Schemes

The radiative balance of the atmosphere depends critically on the
ozone distribution. This is determined by the solar flux and by the con-
centrations of other minor constituents which react chemically with ozone.
For a model to be able to simulate the feedback that occurs between radia-
tion, temperature and ozone distribution it needs an interactive photo-
chemical scheme. In most of the runs described in this thesis a simple
linearised photochemical scheme has been used but in some, particularly
those described in Chapter 7, a more complete non-linear scheme has been

introduced. Both will mow be briefly described.

2.6.1 Linear photochemical scheme

The classical oxygen only photochemical scheme (Chapman, 1930)

consists of the reactions @

0, + hv > O+ 0O T,
0, + O + M= O3+ M ky
0; + hy - 0, +0 J3
o3 + © > 20, ks
0O + O +M > 0,+M k, (2.22)

where k; and J‘ are the reaction rate constants and dissociation rates.

The last reaction is not important below about 55 km and is neglected,
Assuming a rapid equilibrium is established between O and 03 the production

rate of ozone is given by (D'érsd\,l‘ua) :

f‘_[id . 27, [6] - Zkzj;[oz]z

d .
t "z [Oz] [”] (2.23)
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Y
In equilibrium [03] = ]-z kz LMJ - [02.]
e 'j; k;

Considering small perturbations from the equilibrium state Equation (2.23)

may be written 1

fLO_}l [03]¢_ - '[03]

dt t,

(2.26)

to first order in perturbation quantities.

The relaxation time t, is given by :

-k [o]][M]
i 4 ks T; [05),

Dissociation coefficients and values of [03]eand trwere calculated for the

solstices and equinoxes at all gridpoints (Pyle, 1976). In the Model the
rate of change of ozone concentration is determined by Equation (2.24),
using the appropriate [b3]¢ and é&, unless &, is less than 6 hours in which

case [03] is set to its equilibrium value [03]& .

2.6.2 More complete non-linear scheme

The Chapman scheme tends to predict too high values for [b3] because
it neglects other ozone destruction mechanisms, A scheme involving all the
reactions in the stratosphere would need prohibitive amounts of computing
time but a scheme incorporating only the most important reactions gives
satisfactory results. The reactions used in a more complete photochemical
scheme for the Model are given in Table 2,1 ; those involving chlorine
compounds are only included in perturbation studies (see Chapter 7). The
computational method (Pyle, 1980) is to write continuity equations (including

photochemical sources and eddy fluxes) for the following families of species 1
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0('D), O and 043 N, NO, NO, and C1ONO,; HNO,; H,0,5 H, OH and HO,;
ci, Cl0, (I.thNO2 and HC1; CFC13; CF2C12. Photochemical equilibrium is
assumed among the species in each group. The other species ¢ H, 0, CH

2 4’
Hz. NZO and CO are assumed to be invariant and are specified, independent

of latitude,

The results of the Model as specified in this Chapter (with the

linear photochemical scheme) are discussed in section 6.1.
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Table 2.1

The photochemical scﬁeme.

Og + hw—0 + O

0 + Og + M-—>03 + M

O;\ + hv—-»O + 03

Oy + v—0O(CD) + O,

0 + 03'—)203

O(CD) + N3— 0 + N,
O(CD) + 0, —+0 + O,
O(D) + H,0 — 20H

O(¢D) + CHy — CH,* + OH
O(’D) + H;—H + OH
OH+ O—H + O,
H+03+M—’H02+M
HO; + O —-OH + O,

H+ 0,-0H + 0O,

OH + 03—>H02 + 02

HO; + O, — OH + 20,
CO+OH—->CO,+H

HO: + HO:—‘ HQOQ + 03
HzO: + OH —PH:O + HO:
H,0; + hv— 20H

OH + HO, — H;0 + O,
OH + CH,— H,0 + CH,
OH4+ OH-—->H,0+0
O('D) + N,O0 — 2NO

O(ID) + N,O-—- Nz + Oz
NO + 03—’N03 + 03

NO; + O— NO + O,

NO; + v—=NO + O

NO: + 03 - NOaT + 03
HO; 4+ NO — NO; + OH
NO; + OH + M —=HNO; + M
HNO; + hv - NO, + OH
HNO; + OH — H;0 + NO,
NO+h—->N+O0

N+ NO—-N;+ 0

N + O3 =+ NO + O,

CFCly + hv — 3CI

CF.,Cly + hv — 2CI

CFCly + O('D) — CIO + 2CI
CF.Cl; + O('D) - ClO + (i
Cl+ O, —=CiO + O,
ClO+0—Ci+ 0,

CiO + NO = Cl + NO,
CIO + NO; + M — CIONO; + M
CIONO; + hv = CIO + NO,
CIONO; + O — CIO + NO,
CH, + Cl — CH; + HCI

H; + Cil - H + HCI

OH + HCl —- H,0 + CI
HO; + Cl -+ O; + HCI

1.0SE(— 34) exp (510/T)
A>3077A

A<3077A

1.9E(—11) exp (—2300/7)
2.0E(— 1) exp (108/T7)
29E(- 1) exp (67]T)

2.3E(-10)
1.3E(-10)
1.3JE(-10)
4.2E(-11)
2.1E(—32) exp (290/7)
JSE(—11)
2.6E(-11)

1.SE(—12) exp (- 1000/T)

J7E(-14) exp (= 1025/T)

(1 + 4.18E(—-20)-[M])-2.1E(=13) exp (- 115/T")
6.4E(—13) exp (500/7)

1.0E(=11) exp (= 750/T)

S.1E(-11)

2.36E(—=12) exp (= 1710/T)
1.0E(—11) exp (— 550/T)
7.0E(~-1D

7.0E(—-11)

9.0E(—13) exp (—1200/T)
9.1E(—-12)

1.2E(—13) exp (— 2450/T)
1.2E(-12)
ANASTASI et al. (1976)

8.0E(-14)

Based on CiesLix and NicoLeT (1973)
8.2E(—11)exp (—410/T)

5.5E(—12) exp (- 3220/T)

S.0E(=12) exp (—650/T)

2.3E(-10)

2.0E(-10)

27E(—- 1) exp (—=257/T)

1.07(-10) exp (— 224/T)

8.0E(—12) exp (250/T)

Based on ZeLLNER (1977) and ZAHNISER et al. (1977)

4.5E(—12) exp (—840/T)
7.3E(=12) exp (= 1260/T)
3. 5E(=11)exp (—=2290/T7)
2.8E(~12) exp (—400/T)
2.5E(-11)

HNO,, H;0; and HCI are removed from the model troposphere with a time constant

of 20 days.
*) CH; = JHO,, instantaneous.

1) NO,; — (a) NO; + O and — (b) NO + O, with (a):(b). = 10:4, instantaneous.

N.B. 1.0E(-10) = 1.0 x 10-*°,

,@efm’nce.r - see %/e (193<)
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CHAPTER 3

“

The calculation of infrared radiative cooling in the stratosphere and mesosphere

3.1 Introduction

The calculation of radiative heating and cooling forms an essential
part of the specifications of a circulation model. In the stratosphere and
mesosphere the major contribution to ﬁhe thermal radiation budget comes
from the lgpm band of carbon dioxide, The 9.§pm band of ozone is also
significant in the stratosphere and this is discussed briefly in section
3.6 The main part of this Chapter is concerned with the use of a Curtis
matrix in calculating atmospheric cooling due to the CO2 1§um band.

Above about 60km the cooling - to - space approximation-is not
accurate and above approximately 75km the assumption of Local Thermodynamic
Equilibrium (L.T.E.) is no longer valid for the CO2 15um band. In order to
calculate the effects of thermal radiation at these altitudes a method which
can incorporate transfer of radiation between levels and calculation of the
source function is needed.

The Curtis matrix approach is such a method and as it needs to be
calculated only once, for a standard atmosphere, and can then be used on any
realistic temperature profile with only small error ‘it provides an efficient
method for use in numerical models. The calculation of the matrix, described

below, is based on work by Williams (1971).

3.2 The solution of Schwarzchild's equation

The starting point of all radiative transfer theory is Schwarzchild's

equation 1

oL, (8,2)
02!

= =k, (z') sec(0) [I,,(G,Z') - J @ (3.1)
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expressed here in a form applicable to the stratified atmosphere of Fig.
3.1. I,(8, =') is the monochromatic (wavenumber » =!/A) radiative
intensity crossing, at angle § to the vertical, an infinitessimal layer
of atmosphere thickness dz' at height z'. k,(z') is the monochromatic
volume absorption coefficient which is a rapidly varying function of fre-
quency depending on the structure of fhe spectral band under consideration.
J,(z') is the source function (equal to the local Planck function under the
conditions of L.T.E.).

To solve equation (3.1) first an optical depth, ¥, is defined 1

z
T = /k,(Z”) sec(8) dz"

where only the caéz z>z' 1is considered at present,

ot -k, (2') sec(b)
/oz'
and equation (3.1) may be written

0L, B=) _ T, (02) — J, ()

"

SO

3T
This equation may be integrated with the help of an integrating factor e't :
b
z
‘ -T '
I (62) e = — L (=) &7 X 4z
y JZ'
b z
or (22b) z
-T({2'= -T
T, (02) = I(sb)e  + | k{E)see(s) )@)€ dz' (3.7
b

where b is the bottom of the region under consideration. The first term on
the right-hand side is the intensity at z due to the intensity I,(6,b)
incident at the bottom boundary, the second term is the attenuated intensities
originating from all layers of the atmosphere between b and z. The atten-
uating factor e"r is called the transmission of the atmospheric path with

optical depth T i
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Ficure 3.1 Stratified Atmosphere

1,(6,z+dz)
2 + dz

dA

Figure 3.2 Cylindrical volume element along
the direction of I,(6,z)
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A
19
0

T (ozz) = exp {*/ k, (") sec(6) df'}

so that o, (9:2’12') = T; (9) z,z') kr(z') sec {9)
PEA

Equation (3.2.) may be written

Iv(gpz) = Iv/B,B)_,:(Q,Z,b) /T(z) 9 (G 4 Z) dz
b 22
The upward flux of energy at z, F#(z), is obtained by integrating

I, (8,2z) cos(8) with respect to solid angle over a hemisphere and with
respect to frequency over the band width Ay, If the lower boundary is the
ground or a layer of cloud I, (8,b) may be assumed independent of § . Both
I,(0,b) and J,, (z') vary little with frequency compared with the trans-
mission thus I, (8,b) may be replaced by I (b) and J, (z’) by J(z'). The
integration for upward flux gives

Fs) . () Ty (zb) / Ty 9Telez) dx

T Av 22’

where —7—; (Z,Z') -

// (6 z, z') s (8) 27 sia(6) 46 dv
7r44v
is the flux transmission of a slab of atmosphere between z and z’ for the
spectral interval Av.

The procedure may be repeated for the case z<z' and the downward flux

at z, F¥(z), due to the atmosphere between z and the upper boundary t is

given by :

FY() = T T (¢2) /J‘(z (z AN
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To avoid the calculation of the flux transmission gradients the flux

equations are integrated by parts

3 J(=z' '
F' | T o+ [T -T6) @Y —-/T,(z,z')%;,(—)dz

m Av | b (3.3

t
FY2) | J(2) « [m) —J'(&)J'I;(t,z) + / T, (x2) 43 o
T Ay z (23.4)

If the lower boundary is taken as the ground (b=0) and assumed to
be black then I(0) = B(Tj). The lower levels of the atmosphere are in
L.T.E. so J(0) = B(0) ; making a further assumption that the temperature
of the air near the surface is equal to the ground temperature, i.e.

J(0) = B(Tb), the second term in equation (3.3.) vanishes. The lower
limit of the integration in (3.3) may be raised from O to z, if the con-
tribution from this region is small. The lower stratosphere is almost
isothermal so dJ(z')/dz' is very small there. The contribufion from the
troposphere to a point in the stratosphere is negligible because of the
low transmission. Thus the lower boundary may be raised from the ground
to about 20km without seriously affecting the calculation of upward flux above
20km,

The contribution to downward flux at 1§Am from space and in the solar
spectrum is negligible thus I(t) = O is a valid assumption if t =o0, i.e.
outside the atmosphere. It is more practical to set the upper boundary at a
level 2 ; the terms involving contributions from atmospheric regions above
Z will be negligible if dJ(z’')/dz' is a constant above Z. Above about 70km
and the breakdown of L.T.E. the source function is almost independent of

local temperature so that for Z 2 70km dJ(z')/dz’ « 0 and the condition is

32



satisfieds The flux equations become 3

y 4
Fr) T - [Tl dIEa
T Ay “
Z
P& T - T@)Tate) + [ Tl a1 i
v J dz' (3.6)

A method for the numerical solution of the height integration was
suggested by Curtis (1956). The atmosphere between z, and Z is divided

into N-1 layers of equal thickness £1
z =2 + (n=-1)E
z' =z, + (r+d-1)E

thus n is the label of the layer under consideration (1S n< N) and r is

o<«L< |

a count over all layers above, or below, layer n. The integration is re-

placed by a sum over levels

»
F, = J; - /7; (r\,r-o—a() d Jeik d &
W—Av r=1 P o &
F N-i ! .
L T =T+ S [T () AT ax
TTAV ron o' Ad -
Defining /7; (n reo)doL n>e

14

3

)

/7:(F+d'n)da( | ngr

[4
and assuming that the source function is a linear function of height between

two levels the flux equations may be expressed :

L LT T cST(T-Ty) + T (0-Tu) 69

LAY,

N-i
F;\l' = J; (‘ - rl:,,) +€ I(‘T:'f-l— Tr) M J; (‘T:wq "-,;("","))
T Ay F204 1

(3.8)
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The source function and transmission calculations may now be separ-
ated, Defining a function of transmission differences Cg equations (3.7)
and (3.8) may be written t

F T = é an,r T Ev = Nécpwn,r J,

(Y

or in matrix notation @

Fr o= ¢t J e GV T

These may be combined into one matrix equation 1@

F = £F J (3.9)

Lo d P

where F is a column matrix of dimension 2N with elements F¥ , Fy? 0000000,

Fob 5 E? yeeeeeesFv, FF and C is a matrix of dimensions N x 2N with

n

!

alternate rows from C,¥ and C.* .

[ At

The heating rate is determined by the divergence of the fluxes :

T . -t 2F( hete F = Ft_ Y
ot < oz
= - 5 2 F(s)
P e Js

where s is the vertical coordinate in a IOgPressure scale 1

i . £
0z P

Taking £ as the spacing, in pressure scale heights, between levels a

quantity h may be defined such that

. =& OF(s
h(s) T (3.10)
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The mean heating rate of layer n is

and of layer n-1 - A .
A,‘.‘ = = ('_n - Ew\
The heating rate at level n is assumed to be the average of the values in

its two neighbouring layers i.e.

}1'\

< (h, + ha)

]}

A A
= g (R = )
= _ZL.(F.; FI -FY « 7 (3.11)

For layers 1 and N a linear extrapolation is used. This formulation may be

written :

h =

g = 1l >
(A

:T- using Equation (3.9)

or

o o
M
e

(3.}2)

This defines the Curtis matrix C = A Cy . Matrix A consists of the mul-
tiplying factors given by equation (3.11). Cg depends on the transmission
functions. The separation of transmission and source functions makes the

calculation of heating rates possible in regions where L.T.E. does not apply.

3.3 The Source Function

The source function is the intensity of the radiation emitted by the
gas in the frquency interval of interest. In its t& band carbon dioxide
emits radiation at wavelengths around laum. The transitions which take

place involve changes in the vibrational energy of the molecule and often
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also in the rotational energy as each vibrational energy level has a fine
stracture of rotational lines.

Consider a transition between a state (v,j) and a state (v',j'),
where v and j and the vibrational and rotational quantum number respectively,
with line centre at », . Because each of the levels has a natural width
there is a finite probability of absorption or emission at all frequencies
close to Y, . Apart frsm radiative processes transitions may also be in-
duced by collisions between molecules. The collisional relaxation time T
is defined as the average time a molecule exists in a particular state
before being knocked into a different state by a collision. T is inversely
proportional to the probability of relaxation by collisions and the collision
rate 1s directly proportional to pressure so f(?) = P Z(?S)
where 15 is a standard pressure. P
[it is unfortunate that conventionally the same symbol, U, is used for
optical depth and collisional relaxation time. It should not lead to con-
fusion here, however, as the two quantities are never used in the same
expressiong

If L.T.E. prevails the population of the energy levels is dis-
tributed according to the Boltzmann distribution and maintained by collisional
processes., The equilibrium population of the levels is disturbed by
radiative processes and an indication of the validity of L.T.E. is given
by T(p)/ & where O is the radiative relaxation time (related to the spon:-
taneous emission rate, see below). If this ratio is much less than unity
the dominant relaxation mechanism is by collisions ; as it increases rad-
iative effects become more important and one can say that L.T.E. breaks
down where t’(f)/9‘= 1. For the CO2 15um band this occurs at about 75-80km.
Because changes in rotatlional state alone involve much small-er amounts of

energy collisions are more efficient at maintaining a Boltzmann distribution
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among the rotational levels in one particular vibration state. Thus for
rotational 1lines tc?)/9==1.at about 150km and at all heights of interest
in this work equilibrium may be assumed.

The spontaneous emission rate per unit volume is 1

n(») = é Lt(v) n(v) f[v','J") a(J’,J) A/V',V)
¢
the induced emission rate per unit volume 1

ne(v) = g Le ) n(v) ‘f(V',J') be,(J",J) gg,(v”v) (_,(p) } (3-'3)

t

and the absorption rate per unit volume 3

na(v) : é[_e (v) n(v) f-(V,J) ba(J',J") Ba(v,v') (?(V) J

t

where the suffix t denotes a particular transition

L, (») is the line shape function i.e. the relative probability that
the transition involves a photon of wavenumber Vv . |

n(v) 1is the number density of molecules in vibrationai state ' v,

f(v,j) is the fraction of n(v) molecules in rotational state j.

a(j',3) A(v’,v) is the Einstein coefficient for spontaneous emission,
factorised into two components assuming the vibrational and
rotational wave functions are separable.

be(j',3j) Be(v',v) is the Einstein coefficient for induced emission.

ba(j,j’) Ba(v,v') is the Einstein coefficient for absorption.

((v) is the energy density per unit wavenumber interval.

In equilibrium n + ne = na

a(3%4) Alv)V)

(j) 9(v) ba(i i’ ) oheviT . y
S ) S

.EZfo =

(3.14)
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where the overbar on e indicates the thermodynamic equilibrium value and
where the Boltzmann equilibrium distribution has been used viz 1

A £ 9() 9 T

A () fiv'y') 9¢j) 9(+)

g(j) is the statistical weight of state Jj.

For a system in thermodynamic equilibrium the Planck function for

radiative energy density is 1

— 3
(’(") = 8mhey (3.15)

eh > /icT ,

Equations (3.14) and (3.15) are only consistent if

3D 3N o (, 1) Bafvy) = be (j4)) Be(viv)

and (3.16)
‘\(J,;J) A(V'/V) - 81Thc_))3
be (j',j) Be(v')v)

In general the system will not be in equilibrium and the net number

of quanta emitted em™@s™ (em™) ™" is
N&(v) dy = (n(v) + ne(v) - nax(y)) dy

Which may be rewritten, using equations (3.13) and (3.16) :

Ne(v)dy = gLe(v)n(V) £(vj) ba(j,j’) Ba(v,v) X
¢

(g,r;‘wz 3(.;").7(') n(v) flr)j’) +( 30 g lryr) ‘ ()(v)
3G)90r)  a(v) flv) 9(5)9) 2 ) (v ) o
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Consider photons travelling only within a solid angle {1 in a
direction making an angle O to the vertical axis. The energy density of:

this radiation at altitude z is

e (82) - L I, (5z)d2

Where c is the velocity of the photons (i.e. the speed of light). 1In a
cylindrical element whose cross-sectional area is dA and length is dzsec(8)
(see Fig. 3.2) the net increase in number of photons travelling in this
direction due to processes within the elements is Ne(8,»)dL2dy dz sec(8)dA
where the number per unit volume Ne(8,») is given by equation (3.17) with
e(v) replaced by e,(e,z) and the spontaneous emission term multiplied by
dfl /4T to give the contribution within the solid angle dfl, The net energy
emitted within the volume is

N¢(9,v) d{d dv dz se(8) dA hcy = .?LI_*_’{QZ') dz dl) dv dA

22

Thus the change in radiative intensity between the two ends of the cyliq@er i

may be expressed by 13

OL,02) . heyscl®)S L) av) £1j) bolj) Ba(rv) X
oz ¢

~heV/ikT

2 heyd AMa() e + L I,(Q;Z) n{v')A(v) [h"’/k"’__
n(v) A(r) c n(r) A(r)

This is the equation of radiative transfer, comparison with equation (3.1)
yields 1

~hev/c

k,(2) = hv S L6) () £05) b(j7) Balh,v) (/ - At ")
¢

. v ) (v;) ba(;,i’) Bafv,v') 2hc*p? Pl)Aly) &= kT
I(z) " gL‘(V n(v) £0%)) 0a(),j’) Bafv,v') 2he DR & .
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— nr)aly) ’h‘y/‘dJ
alternatively 1 kv [z) = Kk, (Z) n(v) [I n(V)n(v)

i [ = ]

J, (2)

where the Planck function

B () Kk»(z) n(v)
ky, (2) A(V)

3

B.6) = G2

Consider a fundamental band ~ that between the ground state (v=0) and the

first excited state (v’/=1). The population density of the lower state

n(0) will not deviate greatly from its equilibrium value [(0), The same

cannot be assumed for n(l) but n(1) -“OV£F<?: I thus for
A(l)
a fundamental band k,(z) = Kk, (z)

Le) = 86) 2
3 .
The rate of increase of population density n(l) due to excitation by

collisions between CO2 and air molecules is

dnlt) _ k ald)n, — k a(1)n
Ae

where k' , k, are rate constants and n, is the number density of air
molecules, If Hl is the rate of increase of n(l) due to radiative processes
(i.e. the net number of photons absorbed per unit volume per second) then
the kinetic equation, an expression for the steady state balance of n(l),

may be written 1

k' n(0)n, = lk, nlt)a, + HI = 0
where processes which could increase n(l) by transfer from higher energy

states have been ignored (for justification of this see Shved, 1965 and Kuhn

and London, 1969).

40



4 -—
In thermodynamic equilibrium H1=0 and k- J;!Ll
K, 7 (0)
This relationship between rate constants must apply under all conditions
so, assuming n(0)~ n(0) the rate of change equation and the kinetic equation

may be written 1

an (1) k a4 (,,(,) - a(n)

dt
koa (00) = A(1) = HI

(3.19)

The source function becomes

_ > Hl .
J(z) = B, (z) || s (3.20)

The collisional relaxation time T may be defined by

dE . _ E -E
dt T

where E, is the total vibrational excitation energy of a system of molecules.

Assume this system is those in the first excited state then E, = n(1) hcy

and

an()  _ a() - A1)

dt T

-
By comparison with equation (3.19) T = (kﬁ ﬂn)
From equation (3.20)
TG - B[l + T4
" (3.21)

n, is proportional to pressure so I}(F“, as has been assumed earlier in
this section, ¥ (Ps ) has been measured in the laboratory for €O, in N, and O,

but until recently (Allen, 1979) not at atmospheric temperatures. The
effect of using different values of T in calculating cooling rates is dis-

cussed in Chapter 4.
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For hot bands, i.e. transitions which do not involve the ground
(v=0) state similar arguments can be applied, Consider, for example, the

transition from the v =2 state to the v=1 state. Assuming that
A (1 ~h T
n(2) ~0) o ~herlet < |
a(2) (1) -
n(')

ignoring higher energy terms and assuming further that ___)
a(l

A l the

expression for the source function is 1

T(z) = B (2) [1 — ]

k, n, A(2)

+ T hz
B, (2) [/ i~ ]

assuming T is the same for hot bands as the fundamental band. From

]

equation (3.18) an expression for the volume absorption coefficient under

conditions of L.T.E. is obtained y

k (z) = gl_e(») AW £(v)) balj,j) Ba(v,v) ‘W[f - C.WM]
t |

The absorption coefficient per atmo.-cm, is defined :

—

k,(z) = D k, (z)
v
N
where ng is the number density of CO2 molecules at S.T.P. (i.e, Loschsmidt's

number ).
or ES” (Z) : é Lt (v) s,
t

S, is the line-strength of transition t 3

se = 0 2O L00)) bo () Balrr) by [1 = &

The band strength

v-v'!
:i ' = QE; S

_ “heV/ kT
. 20 Ba(vy) hy [I- e "‘]
N (3.23)
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The radiative relaxation time, 8, of an excited vibrational state
is given by the inverse of the v-dependent component of the probability,

per unit time, of spontaneous emission.

o Alv,v)

g hvie 0 Ba(vy) (3.24)
§)

"

from equation (3.14).
Making use of the relationship
7 (v) (v) "7<T

e
() 90)

Ba(v,v') can be eliminated between equations (3.23) and (3.24) yielding :

41 SM' 8,, 8 = .A(v) hcy where S = 7?- 'S.r.v'
3

This relationship can be used to substitute for n(l) in equation (3.21) and

n(2) in (3.22) giving a general expression for the source function i

]— < 8 -+ hC.D H T
} 4 » )
4+ S B
The quantity H is given by j - = I dF and is
hey dz

thus related to h, defined by equation (3.10) 1

= 1 h
}i hey _gg— E

giving the final expression for the source function 1

L= B +-—1l _ 4
Fm SV pb

which may be written in matrix form :

:T. = fg + é; l&

o o d A
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where‘g is a diagonal matrix with elements € J appropriate to

4 5"' o}

each level of the atmosphere. A simpler derivation of this relationship
is given by Houghton (1977).
It is now clear that the magnitude of the elements of E determine

the deviation from L.T.E., at each level. This equation may be combined

with equation (3.12) to yield h=C B+ C E h which may be inverted to give

= ~ T x

h= (L - c‘g)“g‘g where I is the unit matrix. This expresses the heating

rate at each level in terms of known atmospheric parameters and avoids the
intermediate step of calculating the source function explicitly.
The difference between using the sum of the heating rates calculated

for individual bands and treating all bands as one combined band is dis-

cussed by Williams and Rodgers (1972).

3.4 Calculation of transmission functions

To calculate the elements of the Curtis matrix the transmissions of
the atmosphere between’each level and all the other levels must be found,
or in the notation of section 3.1, the value of T s+ for all n and r.

The integration of T over X (see definition of Ma,r ) is carried out by

the method devised by Kubik (1965)

Tr (z,2') = _A.;)__ 2 j cxp{ / K, (z") sec(8) dz'} c0s(6) sin(8) 48 o

Z/ 7;,. (8,2z,2) cos(b) sia(e) 48

where ’ / Z ( p
/ - e —— — ~ D "
T,, (22 ;. L exp { Z,(z) sec (8) A2 { dy

; - Tsed @)
S e dy
4” 4ay (30 25)

z
where. T = j‘(, (z") d2"
zl
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For a particular value of 0=B')TF (z,z') = Ty, (0, z,z'). This value is
usaally denoted by the diffusivity factor /5 = sec (8'). Williams (1971)
discusses in detail the choice of/s , showing that for weak absorption

by a single line the appropriate value is 2, for strong Lorentz absorption
1.78 and for strong Doppler absorption about 1.65. He concludes that for

a whole band the value that can be used most accurately under all conditions

is 1.7.
—87
/ £ e
T (2,2) - / e " av
dv ),
The optical depth z
e / k, (2") dz"
z 2
x ik, (z') d2"
z
z M .
- L " " - i 4 L
-jk”(z)nﬁ, PRI /ksy[m)dm
z ! i RN
The path-length is atmo.-cm., m, is related to z by dm” = 4 dz2" = X_ dp”

n, 69

where x is the volume mixing ratio of CO_, and e, is the density of air at

2
S.T.P. This integral is much simpler if the integrand may be gepresented
by a homogeneous path. In this case T, = E_w /AM"

The Curtis-Godson approximation has been shown to be sufficiently accurate
for the CO2 lgpm band (Walshaw and Rodgers, 1963) and enables a mean ab-

sorber amountsand mean pressure f to be defined for a homogeneous path such

that the transmission is approximately equal to the real path.

5o fam P
ay S . [xrar

1]

\

B
S
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This idea may be extended futher to define the mass-weighted mean tempera<

ture;f; of a path.

F . JTam [ Tdp"

/O‘M" jxdF"

For carbon dioxide the mixing ratio is constant up to about 100km and the

expressions for m, p and T simplify further @

3 % ) - T'}
¢ 9 r

P (7

— [ "

T Ip=7) /Td”

T may be simply evaluated by assuming that the temperature depends linearly

3

”

on log (pressure) between levels.

It remains to calculate Z;v = :E;L*'st where L, is the shape
and s, the strength of the line correséo;aing to transition t. Line-
strengths have been calculated by Williams (1971) and Drayson and Young
(1967). Lineshapes depend on the mechanism(s) by which the 'lines are
broadened. Spectral lines suffer natural broadening du; to the uncertainty
in the exact position of the energy levels, however this effect is small
(~3 x 10" em~') and negligible compared with other mechaniéﬁs. Impa;tant’
in the lower atmosphere is pressure, or Lorentz, broadening which is due to
the effect of other molecules on the molecule which is changing its energy
state. Assuming a 'strong' interaction between the molecules (i.e, billiard

ball type collisions) and basic kinetic theory it can be‘shown that the line

shape will be of the form
Lo
m {(V"Ve); +- 0(‘_’-}

-\
where the Lorentz half-width .(‘_ = (er'c l:‘). Because of its dependence on t,

L) =
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the time between collisions, d& is proportional to pressure and may be
written ‘(a.= o(,_, f/P,— . The expression only strictly applies to molecules
all travelling with the same speed but errors incurred by averaging over

all t, are small compared with, say, the use of a single value of d&,

for air which involves taking the mean of two broadening partners (N2 and 02).
d&: is also dependent on temperature but this effect is less important and

is neglected here. An appropriate value for 41$ for N2 - pressure broaden-
ing is 0.08 cm™ .

The other important source of line broadening is the Doppler effect in

which the apparent frequency of the radiation emitted by a molecule is de-
pendent on its velocity. Assuming that the translational states are in

thermodynamic equilibrium it can be shown that the lineshape due to Doppler

L () Z—’;—;L exp {“ (ﬁ;}—y")z}

broadening is

————

M

———

b4
where the Doppler width "(b = Y ( ZQT) 2
C

The dependence of x& on temperature is small over the range of atmospheric
temperatures and may be neglected without serious error. The value of «
for T = 200K is 6.1 x 10-’cm-'. It can be seen that at high éressure (2 10mb)
the Lorentz broadening dominates however its effect decreases with increasing
altitude until Doppler broadening becomes the more important mechanism. At
intermediate heights both effects are significant and fora single line the
Voigt profile (a convolution of the Lorentz and Doppler shapes) may be used.
To evaluate E;, exactly a knowledge of the position, shape and
strength of every line in the band would be necessary and the calculation
would involve a large amount of computing time. A way round this is to

assume a particular distribution.of lines within the band such that the
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transmission may be expressed as an algebraic function. Two such band
models have been used extensively - the Elsasser regular model and the
Goody random model - however neither of these is particularly suitable for
describing the CO2 15um band in which the lines are quite regularly spaced
but of widely ranging strengths. An alternative is to use an independent
line model; this assumes no overlapping of lines (a valid assumption for
the CO2 15um band above 50km and a good approximation for some way below).,

In this case K, receives a contribution from only one line at any particular

frequency and the summation over transitions may be removed

Ew = Lt (») s,

The intergral over the frequency interval Av may be replaced by a sum of
I,

integrals over subinterval S”t where each Evt contains a single 1line.

Equation (3.25) may then be written

dv

~ L) s, M sec(®
7;v (%% z, zf) - / :f;\/f o e s, i sec(D) v
€ LA

(3.26)

For a path of optical depth T,ﬁ Léf") 535549) the equivalent width

of a single line is

W, =/(' -~ c_n)dv

Assuming that the contribution to T, is negligible outside the frequency

range Jﬁ: the range ' of integration may be reduced :

-1,
Ne 2 JVC - ﬁv, é dy

and from equation (3.26)

T, (6,2,2) = | =~ e

Av (3.27)
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For large optical depths, specifically for paths low in the atmosphere,
it is possible that é;kk, found in this way using the independent line
model, might exceed AY thus giving a negative value for the transmission.

To avoid this equation (3.27) is replaced by
To(52,2) = exp (= EWe /)

which gives a better approximation to T,,, at low altitudes,where the
overlapping of lines may not be ignored,and is virtually unchanged from
(3.27) at higher altitudes.

To economise on computing effort line strengths are grouped
according to magnitude so that an equivalent width needs to be calculated
only once for each group. The number of lines in each group is specified
at temperature intervals of 20K with a linear interpolation assumed for
intermediate temperatures.,

The equivalent width of a line with a Lorentz profile is given by -
W, o= Zmd Llsemp [2m4.)

where the Landenberg-Reiche function is given, in terms of Bessel functions,

by

L(u) = we™ [I.,(u) + T, (u) ]

The equivalent width of a line with a Doppler profile is given by

/‘/b = oy D (‘e“f/"y‘a/,)

where P

b(w) = / [/ ~ exp (_ uc"‘t)]dx. 2 = y;/‘yt

-~ o

Both J(u) and D(W) may be given by numerical approximations (Rodgers and
Williams, 1974). However the equivalent width of a Voigt profile may not
be approximated easily by a numerical method ( a fast method to compute the

Voigt profile is given by Drayson, 1976). Rodgers and Williams show that an

expression for the
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equivalent width of a mixed-shape spectral line, which may be used with

less than about 8% error, is

2
;J = lJ;? + LJZL - ('LJLlJb
W

where W, is the equivalent width of a weak line (W, =5 Mp ).

Yo

Using the above approximations the transmission function may be

calculated and hence the elements of the Curtis matrix.

3.5 Heating Rates

Using a Curtis matrix calculated using the U.,S.A. 1962 Standard
Atmosphere temperature profile with 4y = 375 cm™ , collisional relaxation
times from recent measurements (see Chapter 4), a volume mixing ratio of
320 ppm and other parameters as specified previously in the text heating
rates were evaluated for the temperature structure of Fig. 3.3 appropriate
to the December solstice. The results are given in Fig. 3.4, The greatest
cooling occurs at the summer stratopause, where the temperature reaches
285K and cooling-to-space predominates, and in the winter lower thermo-
sphere,‘where temperatures increase sharply above the isothermal mesopause
region. The cold temperatures at the summer mesopause lead to a situation
in which the absorption of radiation emitted from lower regions is greater
than the emission of radiation at that level and a net heating, rather than
cooling, results.

The general features of Fig. 3.4 are similar to those of previéus
heating rate calculations for solstice conditions (Murgatroyd and Goody,
1958; Kukn and London, 1969). A more detailed comparison is difficult due
to the different temperature structures used,

Fig. 3.5 shows the U.S.A. 1962 Standard Atmosphere temperature profile

and Fig., 3.6 the corresponding heating rates due to the CO2 lzum band as
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calculated by (a) the method described above, (b) Dickinson (1973) and (c)
the method previously used in the Model., Dickinson used an exact line-by~line
method for each CO2 vibrational band with an approximate Voigt line shape,
temperature dependent collisional relaxation time and a coz volume mixing ratio
of 330 ppm. The agreement betweem his results and those of the Curtis matrix
approach is good as would be expected, within the bwnds of the approximations
used in each method, as the Curtis matrix was specifically calculated for
the U.S.A. temperature profile. More interesting would be to compare
Dickinson's parameterisation for calculating the cooling rates for other
temperature profiles with cooling rates calculated using the Curtis matrix.
However Dickinson was concerned with total infrared cooling and the para-
meters he provides are appropriate to the sum of cooling in the CO2 léﬂm and
the 03 9§ﬂm bands. (The standard atmosphere cooling rate for the ozone

was also calculated by a line-by-line method). Thus a direct comparison\Pf

-

the two methods for CO2 cooling is not possible without repeating Dickinsoﬁ's
work.

Experiments in which the results of using the correct Curtis matrix
for a given temperature profile were compared with the results of using the [
standard atmosphere matrix show a maximum error in the cooling rate of 1 K day~
throughout the region. Dickinson's method is accurate to within 10% of the
exact solution below 60km but deviates markedly above this altitude.

The third heating rate profile shown in Fig. 3.6 is that calculated
for the standard atmosphere using the method described in section 2.5.2.

Below &47km it corresponds well with the other calculations, above this
however the cooling rate is too small with a difference of ~ 4 K day~' above
55km. The difference is due to the use of the Lorentz profile for line
broadening at all heights in the TELLUS program (which was designed for use

at lower altitudes),
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The results of using the Curtis matrix method in the Model and

comparisons with the previous method are given in Chapter 6.

3.6 Radiative cooling in the 9.6am band of ozone

The transfer of radiation in the 9.§pm band of ozone is only sig-
nificant below about 60km and calculations of cooling rates due to this
band need not be concerned with the breakdown of L.T.E. or transfer of
radiation between atmospheric levels. Thus the scheme used in'the Model
was not replaced when the radiation calculations were extended to the
mesopause. However it is interesting to compare the results of the method
described in section 2.5.2 with those of Dickinson (1973). The cooling
rates ealculated for the U.S.A. 1962 Standard Atmosphere temperature profile
by the two schemes are shown in Fig. 3.7. There are large differences,
especially in the middle stratosphere where variations may have a signifi-
cant effect on temperature when the scheme is used in a Model. The dis-
crepancies are almost certainly due to the different ozone profiles assumed
in the derivation of the schemes. When used in models both methods calcu-
late cooling rates in a manner dependent on temperature but independent of
ozone concentrations. A scheme which is sensitive to both parameters would
be more satisfactory particularly as in some of the experiments with the

Model (see Chapter 7) the ozone amount deviates widely from its mean value.
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CHAPTER &

The collisional relaxation time for the COZ(VE)vibration

4.1 A simple theory of molecular collisiqns

It was shown in section 3.3 that in order to calculate heating
rates for regions of the atmosphere which cannot be assumed to be in
Local Thermodynamic Equilibrium the collisional relaxation time, T,
must be known. U is the inverse of the probability per unit time that
a molecule in an excited state will release its excitation energy due
to a collision. Thus it depends on the frequency of the collisions 2
and the probability P,, that a collision will cause the given transition:

' =28,

The collision rate is given by kinetic theory as Z = &na“(TrKT/m)s
where n is the molecular number density, 0 the collisional cross-sectionl
and m the molecular mass. However not all the molecules with which the
excited molecule (v=1) collides will be in the ground state (v=0) and the
expression for Z must be modified:

Z = bnal(n-KT/m)% (1 - n(1)/n(0))
where only the molecules in the ground and first excited state have been
considered. The average probability per collision for a vibrational tran-
sition is given by various theoretical models., The Landau-Teller theory
assumes a repulsive potential of the form e-“r and results in an expression
for B,

P

Io

= exp { ~3( wtm »*] * KT)"Q}

where ¥ is the frequency of the v(1->0) transition. Many non-polar molecules
_l

show such a linear relationship between 1In P, and T /é. The situation is

more complicated with polar molecules because the intermolecular potential

depends upon the orientation of the molecules before the collision,
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Inclusion of this attractive potential in more involved theories gives a
more complicated dependence of P,, on temperature but at temperatqés for
which the dipole (or quadrapole) interaction energy is much greater than
RT the T~ ' law still holds.

For amixture of gases the mass of éhe molecule must be replaced by‘2)(

the reéduced mass./x, of the collision:
ma mB

/U.= My + Mg

and the collision cross-section replaced by a hybrid value 0,4

2 2 2
I
Opg = o (6; + 6%?)

Thus the value of the collisional relaxation time of, for example, the

CO2 bending (»3) vibration measured in pure CO2 will not apply to CO2 in a
mixture with othgr gases. For calculations involving atmospheric CO2 we
need to know the value of T for a dilute mixture of CO2 in predominantly
NZ and 02.

The theory of molecular collisions and vibrational-translational
energy transfer is dicussed more fully by, for example, Stevens (1967) and

Lambert (1 977) .

4,2 The temperature dependence of T

Until recently measurements of the collisional relaxation times for
gases were confined to temperatures above about 290K. In reviews Cottrell
and McCoubrey (1961) and Read (1965) found that for the CO2 vé vibration a value
of 6'7/LS atm. in pure CO2 at 290K corresponded to the majority of measure-
ments. Taylor and Bitterman (1969) found a spread in results of at least
257% to each side of this value and in the absence of measurements at lower
temperature it was not known whether the nearly linear plots of logufr

Y3

against T ° could be extrapolated down to 180K or.the even lower temp-

eratures appropriate to the summer polar mesopause.
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Houghton (1969), using the Schwartz, Slawsky and Herzfeld (1952)
theory of inelastic collisions and fitting the results to the measured

value of 6 ms atm in pure CO, at 290K, predicted a range of values from

2
9 to 5 ms atm in an oxygen-nitrogen mixture over the temperature range

180 to 240K, Most calculations of the heating due to the transfer of
thermal radiation in the atmosphere have neglected the temperature de-
pendence of T, Curtis and Goody (1956) used a value of 15 us atm. Drayson
(1967) and Kuhn and London (1969) performed calculations using values

from 2 to 20 mus atm. Williams (1971) also showed the effects of using
different values but for mostof his computations used IOIMs atm,

More recently the impr;vement of measuring techniques and the
purity of the gases available have enabled experimenters to conduct more
accurate estimations. The purity is particularly important for the CO2
case because any trace of water vapour present can greatly decpgase the
measured value of T+ This rapid relaxation by -water vapour is probaﬂly
due to the formation of H2C03.

Merrill and Amme (1969) measured T by an acoustic dispersion method
with CO2 mixed in varying concentrations with 02 and Nz. Their results at
300K weres for almost pure Nz. lo/us atm; for almost pure 02, 9/&5 atm.
These were larger than previous measurements but since then other workers
using different methods have produced similar results, [Cannemeyer and
de Vries (1974) using an optic-acoustic (spectrophone) method, Bass (1973)
with an ultrasonic absorption method and Simpson et al (1977) using a
laser-Schlieren technique are some:]. These results consistently indicate
that O, relaxes CO2 (92) faster than N2; the theories of Landau and Teller

2

(1936) and Schwartz, Slawsky and Herzfeld (1952) predict that 0, should be
slightly less efficient than N2 in this respect due to its larger reduced

mass. The disagreement must reflect some stronger interaction between the
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oxygen molecule and the carbon dioxide molecule although the nature of
this attraction is not clear,

The errors involved in assuming a linear extrapolation of the
Landau-Teller plot to lower temperatures were demonstrated by Allen et al
(1977) who measured the relaxation time in pure CO2 and a 002 - AT mixture
down to 150K by a laser fluorescence technique. Below 300K the CO2 - CO2
relaxation time is almost independent of temperature at a value of about

7/&atm; the departure of the CO_, - Ar values from the high temperature

2

Landau-Teller behaviour is not so pronounced but still clear.

The results of Simpson et al (1977) for CO2 - N2 and 002 - 02

mixtures did not show the same curvature as the CO2 - CO2 values of Allen

et al at 295K and the authors extrapolated the data using a similar

curvature to the Allen et al CO2 - Ar results giving an estimated value

at 210K of 22 s atm for CO, - air (with no curvature the figure would

2
have been about 207% higher).
Finally laser fluorescence measurements were carried out in 002 - N2
mixtures down to a temperature of 170K (Allen, 1979). Their results are
shown in Fig. 4.1 along with a linear extrapolation of higher temperature
measurements. It can be seen that the value of ‘thfNi levels off below
300K to an almost constant value of 16 us atm below about 185K. This is
a more rapid fall-off than predicted by Simpson et al (1977). The value
of 16/us atm at 170K is just over half the value of 28/as atm which is
obtained from straight extrapolation of older, higher.temperature, measure-
ments and which was used previously in heating rate calculations. From

the work of Simpson et al (1977) we may assume that 0. is about 20% more

2
efficient than N2 at relaxing CO2 () so for CO2 - air at 180K we obtain

7

a value for T of about 15us atm,
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4,3 The effect of using different T values in calculating cooling rates

As was shown in section 3,2 the deviation of a gas from Local
Thermodynamic Equilibrium may be expresseé in terms of a diagonal matrix
whose elements are directly proport%onal to T, Thus the cooling rates
calculated for regions of the atmosphere above about 75km depend critically
on the values of T used. 1In order to evaluate this effect three different
temperature profiles were chosen and the corresponding cooling rates, due
to thermal emission in the 15um band of COZ’ were calculated, using the
Curtis Matrix method of Chapter 3, for three cases:

(a) Assuming Local Thermodynamic Equilibrium,

(b) Using the latest measurements of T (Allen, 1979),

(c) Using values of T gained by extrapolating older measurements at
higher temperatures (i.e. as were used previously).

A brief discussion of this work has been given by Allen et al (1979).

Fige 4.2 shows the U.S.A. 1962 standard atmosphere temperature
profile, the corresponding heating rates for cases (a), (b) and (c¢) and
the heating rate due to the absorption of solar ultraviolet radiation by
ozone and molecular oxygen assuming a solar declination and daylength
appropriate to 1st July at 30°N, The solar heating is included so that
the magnitude of the changes in the CO2 cooling may be seen in the context
of the other major component of the heat budget; it is calculated using
the method described in Chapter 5. Figs. 4.3 and 4.4 show similar cal-
culations for temperature profiles appropriate to January at 70°N and
December at 70°S, In all three Figures it can be seen that the use of
the new T values, case (b), increases the magnitude of the cooling (or
heating) relative to case (c). The largest change is in the polar winter
lower thermosphere where the cooling increased by about 2,5 K day ™! ’

this is particularly significant at a time when the solar heating i{s small

(<1 K day ™),
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In the absence of any other ;ooling mechanisms this extra cooling
would have to be balanced by dynamical he;ting due to an increase in
downwards motion of about 0.25 km day ™ (= 2.9 mm s™'). There are few
reliable measurements of wind-in the mesosphere but mean meridional
circulations calculated by the Oxford model indicate a maximum downward
velocity near the winter mesopause of about 30 mm s~ (see Chapter 8)
so the use of the latest T values might be expected to intensify the
meridional circulation by about 10%. However, as is discussed in Chapter
8, the diabatic heating is only one component of the complex system which
drives the mesospheric circulation and it is not possible to make such
simple assumptions about the effect of changing its value on the circu-
lation calculated. Such analysis does, however, allow the orders of
magnitude involved to be abbreciated.

In the next two Sections calculations which depend sensitively on

the values of collisional relaxation time used will be described.

4.4 A radiative relaxation time for the atmosphere near the mesopause

A quantity which is of interest in the study of the mesosphere is
the rate at which radiative processes tend to return a perturbed atmo-
sphere to a radiative mean state. The upper mesosphere is not in radiative
equilibrium as is obvious from Figs. 4.3 and 4.4, In high latitudes in
winter the insolation is very small ( or zero in the polar night) but the
relatively warm temperatures lead to a significant (~ &4 K day~') cooling
by thermal radiation. In summer the absorption of solar radiation is
significant (~ &4 K day ™) but the cold temperatures near 80km result in
a net absorption of thermal radiation which gives an additional contribu-
tion to the heating of 4 K day~', Therefore there cannot be a radiative

balance, The mechanisms which enable this apparently anomalous temperature
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structure to be maintained are discussed in Chapter 8. Here we are
interested in evaluating a radiative time constant for the atmosphere
near the mesopause,

In Fig, 4.5 a radiative equilibrium temperature profile calculated
for 30°N in January is shown by a solid line together with a rather un-
usual temperature profile in a broken line. This latter profile was
measured on January &4th 1976 over southern Spain (37°N) from a rocket and
confirmed by other measurements on the same day during the Western
European Winter Anomaly Campaign (Offermann et al, 1979). Other data in
the same series suggest that this pertrbation persisted for some while,
being part of a wavelike disturbance with period 7 or 12 days.

Also shown in Fig. 4.5 are the net heating rates (i.e. solar heating
+ thermal cooling) for the two temperature profiles. The first is, by
definition of the temperature profile, approximately zero; the second
shows a large cooling ( ~ 36 K day~!) where the corresponding temperature
deviates by +60K from the radiative equilibrium value. Use of the latest
T values, discussed above, has enhanced the magnitude of the calculated
cooling rate and as the ozone concentration is inve}éely cor;ef;ted ;ith

temperature the heating due to absorption of solar u.,v. has decreased.

A radiative relaxation time t. may be defined by the simple expression:

dT = (T -T,.)
at t

Where T, is the equilibrium temperature appropriate to the latitude, date
and altitude in question. From the calculations above we find t. = 60/36-=

1.7 days so a temperature perturbation of this magnitude cannot persist

for longer than a couple of days without some kind of continual forcing.
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4,5 Relaxation of the co2 ()&) vibration by atomic oxygen

It was mentioned in section 4.1 that the collisional relaxation time
of a vibrationally excited molecule depends on the characteristics of the
molecules with which it collides. For carbon dioxide in the stratosphere
and mesosphere the only collision partners of importance are nitrogen and
oxygen molecules. However above the mesopause oxygen suffers photo-
dissociation and the mixing ratio of atomic oxygen becomes significant.,
The question arises as to the efficiency of atomic oxygen, as compared
with the other constituents of air, in relaxing CO, (vz).

Crutzen (1970) first pointed out that atomic oxygen might be im-
portant in this context and demonstrated the effect of using different
values of co, -0 » together with an assumed O concentration profile, on
calculations of the radiative cooling rate.

No direct measurements of T for a CO2 - 0 mixture ha;e been made
but values of the rate of vibration - translation energy transfer have
been obtained for the collisions of other molecules with free atoms (see
e.g. Cramp and Lambert, 1973 or Buchwald and Wolga, 1975). It has become
clear that 0, Fe, F, C1l and Br atoms are very efficient energy transfer
catalysts while H atoms are rather less effecient. Two alternative ex-
planations for this behavious have been advanced:

1) All the atoms mentioned above, except H, possess resultant orbital
angular momentum. This means that energy transfer between the
vibrational levels of the molecule and the electronic levelévof the
atom (e.g. a spin - orbit sPlitting such as QP%:é_) ZP%& ) would be
possible.

(ii) Very strong attractive forces would be expected to operate between
free atoms and molecules and these (or perhaps a chemical reaction
as between CO2 and Hzo) might be responsible for the efficient

transition.
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Cramp and Lambert (1973) found that atomic oxygen was about sixteen
times as efficient as molecular oxygen in relaxing the CO, (%) vibration.
It does not follow that the same factor would apply in the case of CO, ( vz)
but there is certainly an indication that the value of T found for CO2 in
N2 and 02 would not apply if the mixture contained appreciable amounts of
0.

In an attempt to put a value on the efficiency of O, relative to
*air', calculations of the downward flux of radiation in the CO2 15/am band
were calculated and compared to the measurements of Stair et al (1974).

The measurements were taken at Poker Flat, Alaska (latitude 65°N) on 22nd
March 1973 and gave values of zenith peak spectral radiance at ISfxm up
to an altitude of about 150 km, Further details of this experiment are
given by Stair et al (1975).

The calculations made use of the matrix method described in Chapter
3., However as the fluxes of radiation were required (rather than thg

divergence of the fluxes to give heating rate) the relevant formula was:

F= Q-GEDN &3

which may be derived from the matrix equations in Chapter 3. A standard

March temperature profile (from Groves, 1970, below 115 km and C.I.R.A.

F

1972, above) was used together with atomic oxygen concentrations and mean
atmospheric molecular weights from C.I.R.A. (1972). These parameters are
shown in Figs 4.6 and 4.7; also shown, by a broken line, is the U.S.A.
standard atmosphere (1962) temperature profile,

A complication which arises in extending the Curtis matrix method.
above about 100 km is that the CO2 mixing ratio decreases above this al-
titude. This is due partly to molecular diffusion and partly to photo-

dissociation. Trinks and Fricke (1978) have measured the ratio of CO2
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concentration to Ar concentration up to 150 km using a rocket - borne
mass spectrometer. The CO2 |/ Ar ratio is a more reliable estimate of
CO2 amounts than a pure CO2 measurement because the lower thermosphere is
subject to pronounced wavelike disturbances which may effect different
constituents to greater or lesser extents and as the molecular weight of

Ar is only 10% less than that of CO., the dynamical effects of any waves

2
should be suppressed in the CO2 |/ Ar ratio.

Assuming that the Ar distribution is determined entirely by molecular
diffusion and correcting for the difference in temperatures (Trinks and
Fricke made their measurements at 30°N in June) we obtain the CO2 mixing
ratio profile shown in Fig. 4.7.

With an altitude - dependent mixing ratio the Curtis - Godson approx-
imations for the mean absorber amount m, mean pressure P and mean temperature
T of an atmospheric path do not reduce to the simple forms of section 3.4.
However,./xdp and‘/dep may be found assuming that the mixing ratio o< and
the product xT vary linearly with lnp between levels and jﬁxpdp may be
Tewritten as .ﬁxd(%pl) so that a similar finite difference method may be
used for the integration.

The downward flux was calculated for four cases - for the March
temperature profile assuming tca,_-o= r“’z' air and tw,_-o = wa_A-., /20
and for the U.S.A. (1962) standard atmosphere using the same two relative
relaxation times. The results are shown in Fig. 4.8 together with the
measurements of Stair et-al (1975). It is obviously inappropriate to
compare the calculations for the U.S.A. temperature profile with measurements
taken in March at 65°N however the results of these calculations are in-

cluded to give an indication of the sensitivity to temperature of the flux

calculations.,
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Given the uncertainty in a number of the parameters used in the
calculation (T, [boz], [0]) the correspondence between measured and cal-
culated fluxes is good and considerably closer than previous calculations
(Degges (1974), James and Kumer (1974) and Gordiets et al (1978)). However
it is not possible to estimate ‘rha-o from these results and it would
appear that, unless simultaneous measurements of 1§pm flux, T, CO2 and O

mixing ratio can be made, it must be measured directly in the laboratory.
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CHAPTER 5

The heating of the atmosphere by the absorption of solar radiation

5.1 Introduction

Chapter 3 discussed the transfer of thermal radiation and the
resultant atmospheric cooling, mainly in the IS/Lm band of carbon di-
oxide but also in the 9.6/Lm of ozone. However, the major role played
by ozone is its absorption of solar radiation in the ultraviolet (2000 -
3500 X) and, to a lesser extent, the visible (5000 - 7000 K) wavelength
regions. Most of the energy absorbed in this way is converted into
kinetic energy, thus heating the atmosphere. The stratopause is formed
at the altitude of maximum absorption per unit mass. Molecular oxygen
strongly absorbs solar radiation at shorter wavelengths (< 2050 ). This
is important only above about 70 km but a weaker continuum, between 2060
and 2425 K, causes diss&ciation of the oxygen molecules near 30 km pro-
ducing the atoms essential in the formation of ozone.

Solar heating of the atmosphere provides the driving force for
the zonal mean circulation. Any variation in the solar input, with
latitude, altitude or season, will cause changes in the temperature and
wind structure leading to alteration of the transfer properties of the
atmosphere and thus the possibility of an entirely different structure.
Any dynamical model of the stratosphere must therefore contain an expression
or parameterization for solar heating. Several approximations for cal-
culating it without excessive computation have been devised and some of
these are considered later in this chapter. First the physical basis for
the calculations will be discussed.

The justification for separating atmospheric radiation calculations
into two separate regimes t solar and thermal, or shortwave and longwave,

is demonstrated by Fig. 5.1. The Planck curve for 6000 K, which is an
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approximation to the radiative flux from the sun, barely overlaps that

for 250 K, representing atmospheric temperatures., The division comes

at about a/um; at longer wavelengths the contribution to the radiation
field from direct solar radiation is negligible while at shorter wavelengths
the solar radiation dominates. There are a few examples of atmospheric
gases having absorption bands in the overlap region (e.g. the 4.3/4m band

of carbon dioxide) but these can, in general, be separated into the two

components.

5.2 Solar radiation above the atmosphere

Solar radiation arrives at the top of the atmosphere at an average

Z with a wavelength dis-

rate, measured normal to the beam, of 1370 Wm "~
tribution indicated by Fig. 5.2. Its spectral distribution changes as it
traverses the atmosphere and the resultant spectrum at the earth's surface
is also shown in Fig. 5.2 along with identification of some of the major
absorbers. In order to sort out the processes which occur as the sun's
radiation penetrates the atmosphere as well as evaluate its wavelength
distribation outside the atmosphere it is important to measure the radia-
tion field at many altitudes.

In 1814 Joseph von Fraunhofer published the first spectroscopic
observations of the solar spectrum. These showed 374 dark spectral lines
and it was not until 1854 that Kirchéff explained these lines as being due
to absorption in the atmosphere of the sun. Since then great advances
have been made in the fields of instrumentation and data recording and
processing. Ground-based measurements have been largely superceded by

experiments mounted on balloons and rockets but a recent exception is the

work of Labs and Neckel (1973) who used a spectral photometer at
Jungfraujock (altitude 3600m) in the Swiss Alps. There have also been

some measurements from aircraft.
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The advantage of a balloon as a platform is that is allows
measurements of solar flux variations with altitude; balloon-borne
u.v. spectrometers have been described by Ackerman et al (197!) and
Simon (1975). Rocket-borne experiments can measure the shorter wavelength
radiation which does not reach the ground or balloon altitudes; rocket =
borne spectrometers have been described by Ackerman and Simon (1973),
Braodfoot (1972), Rottman (1974) and Heroux and Swirbalus (1976). Rocket -
borne spectrographs have been used by Samain and Simon (1975) and Brueckner
et al (1976). A rocket-borne spectrometer has been designed to look
specifically at the hydrogen Lyman - K line by Vidal -~ Madjar (1975).

With such great effort apparently put into measuring the solar
spectrum it might be assumed that values for solar flux were fairly well
established. However, there are quite large discrepancies between different
measurements, Although these are undoubtedly partly due to the limitations
of accuracy of the instruments used another relevant factor is the
variabllity of the solar flux. Apart from changes due to the well-known
eleven year sunspot cycle, the solar flux also varies with the 27-day solar
rotation period and annually by 7% due to the ellipticity of the earth's
orbit, The most definitive data on ultraviolet variations due to the sun's
rotation have been obtained from satellite observations by Heath (1973).
Radiation in three relatively broad spectral intervals in the 115 - 300 nm
region was monitored for one solar rotations peak to peak variations were
about 257% at 120 nm, 5% at 170 nm and only 0.3% at 260 nm. These results
have yet to be corroborated.

Several intercomparisons and tabulations of solar flux data have
been made including those of Detweiler et al (1961), Johnson (1954),
Thekaekara (1970) and Ackerman (1971). A more recent survey is that of

Delaboudiniére et al (1978) whose comparisons are reproduced in Figs.

503 - 5060
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In this work the values of Ackerman (1971), modified in the
region 200 - 230 nm by the measurements of Simon (1975), have been
used because they were an accurate compilation and conveniently already
established in the Oxford 2 - Dimensional Model for photochemical cal-
culations., A smoothed representation of these fluxes in terms of the
number of photons in a 5 nm wavelength band arriving per unit area per
second is given in Fig. 5.7.. The flux of photons in the hydrogen Lyman -L
line is shown by a cross; its high value, relative to the fluxes at
nearby frequencies, is an important factor in the heating of the upper
mesosphere as its frequency, 121.6 nm, happens to lie in an atmospheric

window. Numerical values of Ackerman's fluxes are given in Appendix B.

5.3 The absorption cross-sections of 02 and 03

Figs. 5.8 and 5.9 show the absorption cross-sections of 03 and 02
smoothed from the values tabulated by Ackerman (1971). Numerical details

of these cross-sections are given in Appendix B.

2y

In the region of 1300 & ozone has some quite high (:>10’47 cm
values for its absorption cross-section but these are of little interest
in this work as solar radiation at these wavelengths is absorbed by
molecular oxygen well above the altitudes of significant ozone mixing
ratio. The most important feature in the spectrum of ozone is the Hartley
band which extends from 2000 & to 3000 & with a peak cross-section of
1.12 x 10"‘7 cmz at 2550 &, The cross-sections are not very sensitive to
temperature varying by less than 10% between 181 K and 291 K according to
Vigroux (1953). The Hartley band is responsible for the majority of the

absorption of solar radiation which occurs in the upper stratosphere and

lower mesosphere.
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Ad joining the Hartley band are the weaker Huggins bands between
3000 & and about 3500 X, which are responsible for flux depletion in the
middle stratosphere. Vigroux (1953) found that absorption in these bands
is sensitive to temperature with a different dependence in absorption
maxima and minima. For the maxima the ratio o (T)/ 6(291) varies between
0.51 at 181 K and 3295 A and 4.25 at 393 K and 3421 A. The same magnitude
of variation applies to the minima but at different wavelengths. These
extreme values of the ratio are confined to the extremes of temperature
which are not typical of atmospheric temperatures in the altitude region
of interest here. The wavelength interval of 50 X used by Ackerman (1971)
is too large to resolve the maxima and minima of the Huggins bands and thus
any attempt at determining a temperature dependence for Ackerman's co-
efficients is futile.

The Hartley and Huggins bands of ozone are responsible for shielding
the earth's surface from the biologically harmful radiation in the wave-
length region 2800 - 3200 X.

At visible wavelengths, around 4500 - 7500 A, are the Chappuis

2 at 6000 K. Vigroux (1953)

bands with maximum cross-section 4.89 x 10 %'cm
found no temperature dependence for the absorption in these bands. The
ma jor contribution of the Chappuis bands occurs in the lower stratosphere.

In all the ultraviolet and visible bands of ozone absorption is
found to be independent of pressure,

The absorption cross-section spectrum of molecular oxygen shows
some sharp peaks and troughs at wavelengths shorter than 1300 X. Solar
radiation at frequencies corresponding to the peaks is absorbed well above
the mesopause but in the troughs it may contribute to the thermal budget

as low as 85 km. The cross-section at 1216 K, which is the wavelength of

strong solar output due to emission in the hydrogen Lyman - 1line, is
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particularly small at about 10'"2°cn3and thus radiation at this wavelength

is important at altitudes significantly lower than the mesopause., Between

1300 & and 1750 & is the strong Schumann - Runge continuum which extinguishes

radiation in this wavelength band well above the region of interest here.
From 1750 & to 2026 & is an area of particular importance but also

considerable uncertainty. Absorption in this region by 02 is due to the

Schumann - Runge bands. This absorption is particularly sensitive to tem=-

perature ( Ackerman et al (1970), Kock arts (1971)) as it depends on

the relative population of the first excited vibrational level v'=1, of

the ground state; as the temperature decreases the v'=1 bands tend to

disappear. Another reason for the temperature sensitivity is the relative

roehoaul 1aes of The :
intensities of thq(P and R branches inside a specific band; this effect

! as at wider waveintervals

can only be seen at resolution of about 0;5 cm”
the difference is smoothed out. The absorption cross-sections in this wave-
length band shown in Fig. 5.9 are those of Kock-arts (1971) with the length
of the bar indicating the difference between the values at 160 K and 300 K,
In this work a linear interpolation is used between these temperatures at
each wavelength interval to find the cross-section at an intermediate
temperature. Because of the very fine structure of the Schumann - Runge
Bands the use of absorption cross-sections averaged over 50 X may lead to
errors in calculating the absorption at a particular wavelength. This is

of great importance in the estimation of the photodissociation coefficients

of e.g. H.,O and CO2 (see Kockarts, 1976) but not of significance in

2
heating rate calculations. Further complications at these wavelengths
arise from uncertainty in the magnitude of the solar flux (see Fig. 3.4).
The Schumann - Runge Bands are the main source of heating in the upper

mesosphere,
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Between 2026 & and 2420 £ 1lies the Herzberg continuum, competing
for radiation with the shorter wavelength end of the Hartley band of
ozone. It contributes a small amount to the heat budget of the upper
stratosphere and mesosphere but is more important for the oxygen atoms

it produces in the region of ozone formation. Absorption by O, and 03 in

2
all the other wavelength intervals mentioned in this section can also
lead to photodissociation of the molecule. Calculations of heating rates,

therefore, may not assume that all the absorbed radiative energy is

immediately transferred into kinetic energy.

5.4 Optical depths and heating rates

In order to simplify the radiative transfer equation for short
wave radiation we may neglect the contribution to the source function
from thermal radiation in the atmosphere., A further simplification can
be made by neglecting the scattering and reflection of radiation.
Scattering in the atmosphere is usually considered to take place
by one of two methods. Firstly there is Rayleigh, or molecular, scattering
for which the radius of the scattering centre (in this case an air molecule)
is much smaller than the wavelength of the radiation. Dave and Furukawa .
(1967) found that the inclusion of Rayleigh scattering would increase the -
amount of solar radiation absorbed above 5 mb by 3 - &4%. They concluded
that the effect of reflection from the ground was far more significant.
Edwards (1970) developed this idea and studied the effect of different
surface and cloud albedos on heating rate calculations. He found that
varying the height of the cloud made little difference but that by varying

' at

its albedo from 0.2 to 0.9 a maximum incréase of about 0.9 K day~
30 km was obtained in the heating rate. Lacis and Hansen (1974) con-

cluded from their detailed multiple scattering calculations that diffuse
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solar radiation can be modelled by a pure absorption region above a

purely reflecting layer of which the albedo is determined from the ground
reflectivity and lower atmosphere albedo. They showed that the reflecting
layer could have a significant (5 1 K day ™) effect on the heating rate
between about 15 and 35 km,

The second form of scattering is that by atmospheric aerosols which
have radii of the order of or larger than the wavelength of the radiation.
There is still considerable uncertainty in the size distribution, com-
position, optical properties and variation of concentration with altitude
of aerosols (see e.g. Cadle, 1977 ) so it is difficult to make an accurate
assessment of their effect on the transmission of radiation. Cadle and
Grams (1975) have calculated the percentage reduction in the solar constant
as a function of particle radius and imaginary reflective index, their
maximum depletion is about 2% for zenith ansle 60°,

Scattering and reflection also affect the calculation of photo-
dissociation coefficients but they have not been included in any of the
heating or photochemical schemes used in the Oxford Model and this is a
problem that remains to be tackled.

The neglect of scattering reduces the radiative transfer equation

to the simple form

S (z,0) = S(=N) e

_."c(z.,?\le)

(5.1)
where 50”53) is the solar flux at wavelength ) outside the atmosphere and

S(z,N) is its value at an optical depth T(z,M,8) into the atmosphere., §

is the solar zenith angle at altitude Z,
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This is the Bouguer - Lambert Law first used in 1760. The local

heating rate may be obtained from the convergence of the fluxes:

3T (z,6) = ! 35 @)

3t Plic, sec® 9z
| ~t(z\
. =1 S(,2) 3TEAD) e T(z\8)
PE)Cr sec & oz (5.2)

Thus a knowledge of the solar spectrum outside the atmosphere, the
distribution of absorbing gases and their frequency - dependent absorbing
properties makes possible a calculation of heating rates throughout the
atmosphere.

The absorption cross-section ¢”(A,Z) is defined by the equation
w .
- 2') n(z2') 4z’ sec '
,t()\)zl 9) —i/o— (A' ) ( ) See (5.3
<

where A(2Z') is the number density of the gas at altitude z', 07 is a
function of Z through its dependence on temperature and pressure, it may
also depend on the number density (see discussion of the work of Strobel
(1978) in Section 5.5).

Separating the ozone and oxygen contributions to the optical depth

equation (5.3) becomes:? .
o0

T (M2 6) = [ o5 (N 2')0,([2)d2'sec & + 5}(,\\/:\3(2.') dz' sec b
z Z

where the suffix 2 indicates 02 and 3 03. The absorption cross-section of

ozone is assumed independent of temperature and pressure and therefore of Z.
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In finite difference form we obtain:

J:k

. = 0,.. N, . Na.
T« (6) = Az secb S o5, 0y + G;é y
J™ |

where i indicates a wavelength interval and the summations occur over

Ld, nZJ

63& have constant values over each

layers each of vertical thickness Az, 0, and ﬂ_;J have constant

values over each layer and 6}.7\) 5
wavelength interval i. 1In practice it is not possible to sum to infinity

and a further approximation can be made by specifying the optical depth

't;tabove the highest level of interest {1

t
. B 5
Ti)k (6) = Az sec b 02,5 Nz; + ogégn{] + /tst(o) see
sk 1

J Jzke (5.4)

Because of the curvature of the earth's surface the solar zenith
angle 9 at altitude Z is not the same as the zenith angle 9_, at the earth's

surface, The relationship between the two¢is:

Y
ws & = {/ (1 — w:sZBS) z where a is the

(I + Z/a)z rodivs of the earth
which may be approximated by:
z/ )((M?‘e + Zz./og)-yz' for z/o << |
3659 = (' + Q 5
Houghton (1963)
Optical depths have been calculated for é%= 0° and 81.6°. Using
a midlatitude summer temperature profile and the ozone mixing ratio profile

constructed by Edwards (1970). The height intervals were fixed by 3= n/?_"' ‘/4»

being approximately 95 km. 't;céo was specified from the data of Kock arts

(1971).
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Fig. 5,10 shows the frequency dependence of the heights at which the
optical depth is 0.1, 1.0 and 10.0 for a zenith angle of OO; Fig. 3.11
presents the same for 9, = 81.6°, The numbers along each abcissa indicate
the wavelength interval specified in Appendix B; the horizontal scale is
therefore not linear throughout the range of wavelengths.

The penetration of Lyman -A radiation can be seen clearly. For an
overhead sun this radiation reaches about 75 Km before it has traversed
one optical‘depth. In the Schumann - Runge continuum the radiation has
crossed more than ten opbical depths above 100 km. The position of the
Hartley band is clearly shown by the increase in altitude of the position
of unit optical depth in the 2000 - 3000 X region. The effect of the
Chappuis bands is only just in evidence with the position of T= 0.1
appearing at 27 Km near 5900 2 for the large zenith angle.

A form of equation (5,2) suitable for numerical evaluation is:

3T (6) . __ 94 (¥, (5) — ¥ (0))
G Az ¢ Cp Sech

5.9

where the values of Yzj(O) are obtained from equation (5.4). The total
) .

heating rate for all wavelengths when the sun has zenith angle 0 is

3T (o) . I 2 Sig (T 6 - T 6) AN
at J. Az EJ C’ sec O »

where AAkis the size of wavelength interval K. The solar zenith angle

depends on the time of year (declination angle &), the time of day (hour
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angle h) and the latitude ¢ of observation according to:

cos 0 = cosp wsd cosh +  sing siad

For one daylight period (i.e. assuming constant 5) at a particular

latitude the average heating rate may be calculated using a Gaussian
average of the heating rate between sunrise and sunset with hour angle

as the variable. Net heating over the day may then be found by multiplying
the average rate by the fraction of the day for which the sun is shining.

A scheme based on the above method was used to calculate heating due
to the absorption Of solar radiation by 02 and O3 between about 25 km and
95 km. All the radiation absorbed was assumed to have become kinetic
energy directly. This is not a realistic assumption as some of the energy
absorbed is used in photodissociating the molecule and at high altitudes
the resulting oxygen atoms may be transported some distance before a
chemical reaction or recombination causes the release of the stored energy.
However, Fukuyama (1974), using a vertically diffusive - photochemical
model, concludes that at 80 km (though not at 120 km) the energy released
by various hydrogen-oxygen and oxygen-oxygen reactions together with that
released by collisidal quenching almost exactly balances that used in
dissociation and excitation of the products. Thus the heating rates given
in this section should be reasonably accurate below the mesopause and
increasingly overestimated above.

The result of such a heating rate calculation is shown in Fig. 5,12
for March conditions and Fig. 5.13 for the situation in June. Maximum
heating occurs at about 47 Km near the summer pole corresponding to the

altitude at which a large part of the spectrum of solar radiation reaches

unit optical depth and the date and latitudes for which the insolation
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lasts most, or all, of the day.

Within the limits of the theory and the experimental accuracy of
the measurements of fluxes and cross-sections the above method for cal-
culating heating rates may be considered 'exact' i.e. there have been no
approximations made solely for the purpose of shortening the calculations
involved. For use in numerical models, however, this method is impractical
because of the large amounts of computing time required to calculate the
flux depletion and heating rate in each wavelength interval at each height
level several times per model day. For this reason several workers have
suggested parameterisations which calculate heating rates without such
exhausive éomputation but within a given margin of error. Some of these

methods will now be considered.

5,5 Parameterisations of the absorption of solar radiation

There have been only two fundamentally different methods used in
solar heating parameterisations. The first, developed by Lindzen and Will
(1973) for ozone absorption and extended to incorporate oxygen absorption
by Strobel (1978), assumes that the absorption cross-sections are either
constant or have exponential variation over a given (wide) wavelength
interval. The incoming solar radiation is also given a constant value in
each of the intervals.,

Lindzen and Will (1973) found that by using constant values for the
absorption cross-sections in the regions 2373 - 2750 A, representing the
Hartley band, and 5150 - 6800 A, representing the Chappuis bands and an
exponential decay in the Huggins bands 2750 - 3400 A they could calculate
atmospheric heating due to absorption by ozone to within 5% of an 'exact'’
calculation. Strobel (1978) divided the Huggins bands into two parts each

with a different exponential factor. He also parameterised absorption by
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molecular oxygen. The Herzberg continuum was incorporated into that

part of the Hartley band with which it overlaps and the Schumann - Runge
continuum was divided into two sections: one (1250 - 1520 &) of constant
and one (1520 - 1750 &) of exponentially decreasing cross-section. For
transmission in the Schumann - Runge bands Strobel considers that both
weak line (linear) and strong line (square root) absorption should be
included and his parameterisation for the heating rate is given as a

X

function of N and N° (N is column density 02). With this scheme Strobel
attains an accuracy in calculating heating rates of 5% in the altitude
range 15 - 120 Im.

The second method used in parameterisations is to find analytic
expressions for absorption in terms of absorber amount by numerical fits
to exact calculations. Exact absorption curves have been compiled by
Craig (1951) and Kennedy (1964). Kennedy used solar flux dafa from Tousey
(1963) and Johnson (1954) and absorption coefficients from Inn
and Tabpaka (1957) and Vigroux (1953). An empirical formula to fit
Kennedy's curve was produced by Harwood, Pyle and Rendel (1972). This is
the formula, given in section 2.5.1, which was used in the Oxford Model
for solar heating calculations. Lacis and Hansen (1974) used the spectral
distribution of solar flux given by Labs and Neckel (1968) and the ozone
absorption coefficients of Howard et al (1961) to calculate exact absorption
curves for the ultraviolet and visible regions separately. They then

fitted an algebraic expression to each of the curves with a maximum error

of 0.5%. The formulae they obtained are:

0-02118 <
| + 0-042x + 0-000323x2

i

/}ﬁs
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0-0658x
/ + (7()3' 6:x:)3

)

+

A _ |- 082 x
Y+ 1386x)™

where /\ﬁ,is the fraction of the incident solar flux at visible wave-
lengths absorbed by a pathlength X atmo-cm of ozone
and Aw is the same at ultraviolet wavelengths,

Although this method can produce very accurate parameterisations
it has the disadvantage that to incorporate any revised solar flux or
cross-section data the fitting procedures must be repeated, thus making
it rather inflexible. As improved measurements have been carried out
since Kennedy's work it was felt that Rendel's formula in the Oxford
model should be replaced. The inclusion of the data compiled by Ackerman
(1971) also makes sure that the model is internally COnsisteﬁt as these

values are used in the photochemical schemes.,

5.6 An 'almost exact' method

The method described in section 5.4 was used to calculate the
heating rate due to each wavelength interval (see Sppendxi B) at each
altitude level (-In r/F, = nf, +p N= 78....28) so that its relative con-
tribution could be assessed. Fig. 5.14 shows those intervals which are
responsible for 10, 1, 0.1 and 0.01 % of the total heating rate at each
level. One obvious feature is the general trend of increase in wave-
length with decrease in altitude - as would be expected the shorter
wavelengths are more important at high altitudes. Another feature is
the lack of contribution, in the height range considered, by wavelengths
in the 1330 - 1640 £ and 3620 - 4080 £, this just reflects the properties

of the cross-sections discussed in section 5,3. Another point mentioned
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earlier is clearly demonstrated in the important role played by the
radiation of the hydrogen Lyman-X line. Between 75 and 95 km it is
responsible for at least 10% of the energy absorption.

In order to cut down the computing time needed for the calculation
of heating rates by this method experiments were carried out in which
various wavelength intervals were neglected either throughout the
altitude range or for selected heights only. Table 5.1 indicates the
intervals used in three of the experiments, chosen so as to coincide
with the most important regions indicated in Fig. 5.14. The long wave-
lengths were only incldded at low levels; this saves time in calculating
heating rates at higher altitudes but does not, of course, remove the
necessity of calculating the depletion of the solar flux as it travels

down through the higher levels.

Table 5.1
Wavelength intervals Approx. height
Experiment (see Appendix B) range (km)

1 1 - 24 65 - 95
41 - 102 25 - 95
124 - 171 25 - 50
2 41 - 102 25 - 95
124 - 171 25 - 50
3 1 - 62 50 - 95
63 - 102 25 - 95
124 - 171 25 - 50

Experiment 1 takes approximately 68% of the computing time needed
for the exact calculation while experiments 2 and 3 need about 61% and

747, respectively. Table 5.2 shows the errors incurred at each height from
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using the three different schemes. Experiment 1 has a maximum error of
2.0% at 50.8 km. This is an altitude of relatively large heating rate
but even for its maximum value (~20 K day ') the error is less than
0.5 K day™ . This is quite satisfactory for current purposes but the
three separate wavelength regions and altitude ranges makes this scheme
somewhat complex. Experiment 2 shows the result of neglecting radiation
in the Schumann - Runge continuum and the hydrogen Lyman-& line. Errors
as high as 16% occur in the region of the mesopause, This is not
sufficiently accurate for our heating rate calculations and the reduction
in computing time (~ 7%) is not large enough to justify such inaccuracy.
Experiment 3 needs slightly more time than experiment 1. However,
the reduction in the number of height ranges to two simplifies the cal-
culation and although the accuracy is slightly reduced below 48 km it is
increased above 82 km, For these reasons the scheme used in.experiment 3
was adopted for the Model and the results of using it are discussed in

Chapter 6.
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Table So 2

Altitude Errors incurred (%)
~ln p/ps Jm Expt. 1 Expt, 2 Expt. 3
14,25 95.3 < 0.1 10.9 < 0.1
13.75 92.4 0.2 12.5 < 0.1
13.25 89.5 0.3 14.3 < 0.1
12.75 86.8 0.5 13.3 < 0.1
12.25 84.1 0.3 15.4 0.1
11.75 8l.4 0.2 16.7 0.2
11.25 78.6 0.3 15.2 0.3
10.75 75.8 0.4 11.9 0.4
10.25 72.7 0.6 7.1 0.6
"9,75 69.5 0.9 2.9 0.9
9.25 66.1 1.3 1.4 1.3
8.75 62.5 l.4 1.4 1.4
8.25 58.7 1.5 1.5 1.5
7475 24,8 1.7 1.7 1.7
7.25 50.8 2.0 2.0 2,0
6.75 46,9 < 0.1 0.1 045
6.25 43.0 < 0.1 0.1 0.4
5.75 39.2 < 0.1 0.1 0.5
5.25 25.6 0.1 0.1 0.5
4.75 32.3 0.2 0.2 0.5
4,25 28.8 0.4 0.4 0.5
3.75 25.5 0.5 0.5 0.6
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CHAPTER 6

The Response of the model to different radiation schemes

6.1, Model results using the radiation schemes described in chapter 2

6.1.1 Basic Fields

In setting up a numerical model of the type established at Oxford
the aim must be to reproduce as closely as possible the observed fields
of atmospheric variables such as winds, temperature and minor constituents
and their seasonal and latitudinal variations. If there is a close cor-
respondence between the model resulés and the observed values then it may
be assumed that the theory behind the model equations is valid and that
the driving forces of the natural atmosphere are fairly well understood.
Further one may feel justified in conducting experiments with the model
in which the atmosphere is artificially perturbed in order to predict its
state under various possible conditions (e.g. increasing'the amount of
carbon dioxide in the model atmosphere to simulate the possible effects of
the burning of fossil fuel and deforestation,) If the model fields do not
correspond well with their observed counterparts then the conclusion must
be either that at least part of the model is incorrectly formulated or
that there are some other processes which have not been included and
which have a significant effect.,

Before the response of the model to different radiation schemes is
considered the merits and deficiencies of the results of the model set up
as described in chapter 2 will be discussed. This basic experiment will
be called Run A.

Figs. 6.1 and 6.2 show the temperature and zonal wind fields for

21st December near the end of the second year of Run A. Previous work by

Harwood and Pyle (1977) has shown that the model takes about one year to
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reach a state in which an annually reproducible distribution is estab-
lished and thus the results depicted in these Figures represent the
situation after the model has 'settled down',

The temperature field in Fig. 6.1 shows the general features of
the atmosphere (c.f. Fig. 1.1) but with some differences. The stratopause
has an unrealistic wide plateau-like shape and its altitude is slightly
low in the summer hemisphere. The peak temperature of 311K at the summer
pole is rather high. There is an anomalous cold cell in the lower strato-
sphere in summer high latitudes. The shape of the tropopause and the
temperature values in this region are well reproduced. There is only the
slightest indication of the reversal in horizontal temperature gradient
which occurs above about 65 km,

The zonal wind field, shown in Fig. 6.2, is linked to the tempera-
ture field through the thermal wind equation. Comparison oflthese winds
with the representative values of Fié. 1.2 shows that the subtropical
jets are reproduced, although rather too strong, and there are easterly
components in the troposphere in equatorial and polar regions. In the
stratosphere and mesosphere there are easterlies in summer and westerlies
in winter and, as observed, the easterly regime encroaches into the winter
hemisphere. The westerly region is separate from the sub-tropical jet.
Consistent with the very small reverse temperature gradient at 80 km the
peak values of both easterly and westerly regions occur at too great a
height and are overestimated by about a factor two i.e, the jets do not
close sufficiently. The westerlies apparent in Fig. 6.2. at summer high
latitudes above about 20 km are not observed in the atmosphere or in the
modelled zonal wind fields for the northern hemisphere summer. This
asymmetry is due to the difference between the horizontal eddy momentum

fluxes specified in December and June., The weak easterlies in the mesosphere
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