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ABSTRACT

Various photochemical models based upon the infinite-day assumption were inves-
tigated. The effect of the deletion of certain of the photochemical reactions was
ascertained. An infinite-day model was developed in which none of the photochemical
reactions were deleted.

A time-dependent model was developed by an integration over the day. This model
provided the distribution of the three oxygen allotropes as a function of height, latitude,
time-of-day, and meteorological conditions at a given time of year.

The results obtained from the time-dependent model were then compared with those
from the infinite-day model and the actual observed data. It was found that the
departures between the observed data and the infinite-day model were in many cases
greater than the differences between the observed data and the time-dependent model.

The seasonal phase lag was obtained by an integration over one year. This lag is then

shown as a function of time of year and height at a given latitude.

Table of symbols

ay Ratio of the rate of change of ozone to rate

C,

€y

€,

ks

Mé¢ Air mass correction factor for different zenith

angles (approximately the secant correction up
to 60°).

of change of atomic oxygen. N, Notation for concentration of atomic oxy-
The total number of oxygen atoms per unit gen, No./em?3.

volume, No./em?, at a given level in the N, Notation for concentration of molecular
earth’s atmosphere. oxygen, No./cm?.

The quantum efficiency of dissociation for N,; Notation for concentration of ozone, No./
molecular oxygen. cm?.

The quantum efficiency of dissociation for N, Notation for concentration of third-bodies,
ozone. No./em?.

Planck’s Constant =6.610 x 10?” erg sec. 0, Atomic oxygen.

The number of photons per unit area, time O, Molecular oxygen.

and wave number. O; Ozone.

The rate coefficient for dissociation of mole- ¢  Time.

cular oxygen, sec—1. At Time step.

The rate coefficient for dissociation of ozone, V; The number of oxygen molecules in the
sec—1, vertical above a unit area, No./em?.

The rate coefficient for the three body colli- V; The number of ozone molecules in the
sion process producing molecular oxygen, vertical above a unit area, No./cm?2.
cm®/sec. V. The vertically integrated volume during the

The rate coefficient for the three body colli-
sion process producing ozone, em®/sec.

The rate coefficient for the two body colli-
sion process producing two oxygen mole-
cules, cm?/sec.

Unspecified gas molecule involved in the
three body collision process.

1

time-of-year when the adjustment to chang-
ing radiation is by the collisional proc-
esses.

The work presented in this paper was done

during a stay at the International Meteorological
Institute, Stockholm.
2 Contribution No. 178.
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Vi The vertically integrated volume during the
time-of-year when the adjustment to chang-
ing radiation is by molecular dissociation.

V¢ The optical depth =V,-M¢ or V,-M¢.

z Ratio of ozone concentration at any given
time to its solar noon value.

@y Molecular absorption cross-section of mole-
cular oxygen.

s Molecular absorption cross-section of ozone.
v  The wave number of the radiation.

7 Time defined by t<t<? + A,

¢ Zenith angle.

Introduction

The importance of ozone in the earth’s
atmosphere as a heating and cooling agent has
been shown by Prass (1956), OHrING (1958),
Lrovy (1963) and others. Ozone is also an
important agent in the study of atmospheric
circulations. HEssTvEDT (1963) has shown that
the three oxygen allotropes below 30 km and
above 90 km have a relatively long life. The
departures in the upper portion of the ozone
profile, about 100 km, from the photochemical
distribution have been shown by NicorLeT (1960)
to be a result of the time required for diffusion
being shorter than the time required for photo-
chemical recombination or dissociation at these
levels.

The validity of most circulation studies in-
volving ozone in some way depends on knowl-
edge of what the distribution would have been
in the absence of such processes as transport
and diffusion. After CHAPMAN’s (1930) discovery
of the rapid dissociation of oxygen above 100km,
many model atmospheres have been developed
which closely approximate the distribution of
the three allotropes of oxygen. These models
have been based on different rate coefficients
and in some cases different forms of the photo-
chemical equations. The aim of this paper is to
develop a time-dependent model which will
provide the height distribution of ozone as a
function of location, time of year, time of day.
and meteorological conditions in the absence of
transport and diffusion. In order to accomplish
this aim it is necessary first to analyze the
infinite-day approximations that have been
used as to the effect of deleting certain of the
photochemical reactions, the degree of sensiti-
vity of the infinite-day distributions to various
rate coefficients, and the effect of various tem-
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perature distributions and zenith angles. The
infinite-day models under consideration are
those of HessTvEDT (1963), LonDON (1962) and
Leovy (1963).

Two main assumptions are made throughout
this study; first, that the time required for
diffusion is long in comparison to the time re-
quired for photochemical dissociation or re-
combination in our height range of interest 20
to 100 km. Second, that the only reactions
allowed occur between atomic oxygen, mole-
cular oxygen and ozone.

The first of the above assumptions should
not produce significant errors below about
100 km according to the findings of Nicoretr
(1960). However, the second assumption will
produce errors in the distribution near 70 km.
HEessTVvEDT (1965) has shown that the introduc-
tion of hydrogen reactions in the photochemical
equations tends to have little effect on mole-
cular oxygen but appreciable effects on ozone in
the 70 km region. However, this difficulty
although serious does not directly affect the
aim of the present study in that all models
considered are based only on reactions between
the three oxygen allotropes.

Photochemical reactions

The chief photochemical reactions involving
the formation and distribution of ozone are
assumed to be

0, +hw—0,+0, J,, (1)
0s +lw>0,+0, J,, (@)
0,40, + M0, +M k, (3)
0, +0, + M0, +M ks, (4)
0, +0,—20, ks (5)

The photochemical equations that express
the above reactions may be written as:

dN,/dt = 2J,N, +J,Ny — 2k, N, N? —k, N, N,N,
~kyN,N,,  (6)

dN,/dt =k, NmN? + 2ky Ny Ny +J3 Ny —J3 Ny —
kN, N,N,,  (7)
(8)

The collisional rate coefficients k,, k, and k,
express the reaction rate for processes given in

dAN,jdt =ky N, NN, —J4 N3 —ks N, N,
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equations (3), (4), and (5) respectively and are
functions of the temperature to various degrees
depending on whose model is used.

The photochemical rate coefficients J, and Jg
express the dissociation rates for the processes
given in equations (1) and (2) respectively and
may be expressed by

Jy = f €y, Gy, Iy, 0xp —(ay, Vyg +a, V) - dv,
(9)

Jy= f €, @y, Iy, cexp—(a, Voo +a, Vyo ) dv.
(10)

The data used to compute the dissociation
rate coefficients were taken from LEovy (1963).
Leovy used the spectral energy distribution as
arrived at by Jomnson (1954). Below 2200 A,
Johnson found that the solar spectral irradiance
curve is well approximated by the radiation
which would be received from a blackbody
source with the same size as the sun and having
a temperature of 4500 degrees K.

Formulation of the infinte-day model

A form of a continuity equation can be arrived
at from the complete mixing-condition: the
total number of oxygen atoms in whatever state
they exist must remain constant on a constant
density surface. This constant is expressed by
C, and the continuity equation becomes

N, +2N, +3N, =C, (11)

which under the assumption of constant tem-
perature profile is valid even at fixed heights.

If we now assume that the equilibrium state
for the infinite-day model has been reached we
may set dN,/dt =dN,/dt =dN,jdt =0 in equa-
tions (6), (7) and (8).

Multiply equation (7) by two and using the
continuity equation to arrive at an expression
for N, in terms of N, and Ny, i.e.

2Ny =0y —N, —3N,,
equation (7) with the above operations becomes:
2k, N, N+ 4k, N, N, +2J,N,-J,(C,- N, - 3N,)
-k Ny N, (C,—N,—-3N,)=0 (12)

or rearranging the terms of equation (12) we
obtain
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N, (4k, N, +2J,+3J,+ 3k, N, N,) + k, N, N}

_(J2+kﬂNle)(Oo—N1)=0' (13)
Solving for N, from equation (13) we find
_ Jy+ & Ny N,) (Cy—N,) -2k, Ny N3 (14)

s 4k, N, + 2T, +3J,+ 3k, Ny N,

Multiply equation (8) by two and using the
continuity equation for 2N, remembering that
dN,/dt =0 gives:

EyN,N,(Co—~N, ~3N;) ~2J3N, —2k; N, N, =0.
(15)
Solving for N, from equation (15) we find.

N~ Ny (G- Ny
' Bky,N,N,—2J,+2k N,

(16)

Setting equations (14) and (16) equal and fac-
toring out V,, we arrive at a third degree equa-
tion for N, in terms of k,, k,, kg, J,, J3 and N,,
which are all known for a given level.

N3 (kyky N, 3k %, Ny — 2k, k3 N,,)
F N3 (—Cokoleg Ny — 4k, J Ny — 2k )

+N(ColesJy —J 3 J3) +J:J50, =0. (17)
This equation has one positive root, that is the
infinite-day equilibrium value of atomic oxygen.
Substituting the equilibrium value into equa-
tion (16) gives the equilibrium value of ozone.
These two equilibrium values may be substitu-
ted into the continuity expression, equation (1),
in order to obtain the equilibrium distribution of
molecular oxygen.

Summary of results from infinite-day
model

It was found that the difference between the
various reduced photochemical equations (those
in which certain reactions have been deleted)
and the results obtained from the complete
photochemical equations is not great except in
the regions where the reduced equations change
form. These differences are not quantitatively
large but they do produce an effect on the
slope of the ozone profile and, therefore, they
may produce an effect on the cooling rate com-
puted from these data. This effect would be
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100 /'

%0 F_/:\

:

Latitude

F1a. 1. Ozone concentration (numberfem?) in
powers of 10 at the vernal equinox, summer tem-
peratures profiles used in the southern hemisphere.

brought about by either producing a too large
or too small radiation flux divergence in these
layers.

The analysis of the effect of various rate
coefficients was more difficult. However, one
striking difference was evident from the analysis
of London’s and Hesstvedt’s rate coefficients.
In London’s case, the rate coefficients produce
distributions that remain relatively unchanged
with varying temperature distributions. In a
meridianal cross section, such as is shown in
Fig. 1 for the equinox, London’s rate coeffi-
cients would produce a symmetric distribution
about the equator even though different tem-
perature distributions exist in the northern and
southern hemispheres. As is shown by Fig. 1,
Hesstvedt's rate coefficients produce a tempera-
ture dependent distribution and therefore a non-
symmetric distribution under varying tempera-
ture conditions. Such a distribution is in agree-
ment with the observed seasonal variation at
the 40km level for Flagstaff, Arizona (Handbook
of Geophysics, 1960). The 40 km level was
selected for evaluation due to the minimum
zenith angle effect occurring at that level. Fig. 2
shows the distribution for the summer solstice
(northern hemisphere) and reflects both the
temperature and solar angle dependence of the
ozone distribution.

As a result of this analysis Hesstvedt’s rate
coefficients and the complete photochemical
equation will be used as a first guess in the time
dependent model.

The time-dependent model

The time-dependent equations (6), (7), and
(8) must be used in order to obtain the distribu-
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tion as a function of time-of-day (longitudinal
variation). Such a time-dependent model must
incorporate a varying solar radiation intensity
as a function of the time-of-day. This model is
then used to produce a photochemical distribu-
tion as a function of time-of-day, location and
time-of-year and under known meteorological
conditions.

The basic approach to the development of the
time-dependent model may be sumymarized in
the following steps:

1. The infinite-day solutions are modified
and used as an initial guess.

2. The optical path for the radiation at a
given latitude and time of the year but as func-
tion of the time of the day is arrived at through
a consideration of the geometry of a curved
atmosphere under the assumption of horizontal
homogeneity.

3. A constant temperature profile is assumed
in all cases.

4. Numerical integrations of equations (6),
(7), and (8) in time with varying J, and J, are
conducted until a convergence criterion is met.

Infinite-day initial guess for time-
dependent model

By averaging over J, at 100 km during a 24
hour period an effective mean zenith angle was
obtained for a given location and time of year.
The validity of this method of selecting an
average zenith angle will be discussed in the
latter portion of this paper. This zenith angle
was used in the infinite-day model to obtain the
first guess of the mean concentrations of the
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Fi1a. 3. Geometry of time dependent problem at the
equator during the equinox, where Z =0 represents
the earth’s surface, Z ~Z, represents a height in the
ozonosphere, Z = Z, represents the top of the earth’s
atmosphere.

oxygen allotropes, i.e. N,(Z), Ny(Z) and N4(Z).
The pressure at 20 km and the vertical tem-
perature distribution is assumed to be inde-
pendent of time-of-day but dependent on geo-
graphic location and time-of-year. With speci-
fied values of these meteorological parameters
N A(Z), ki(Z), k5(Z), ks(Z), and C4(Z) were deter-
mined.

In order to proceed with an integration over
a 24 hr period it was also necessary to compute
the solar zenith angle (4) as a function of time-
of-day. It is then possible to compute the optical
paths (V¢) from the vertical concentrations of
the absorbers at a given time and therefore
the dissociation rate coefficients J, and J,.
These are assumed to be constant during a given
time step and equations (8), (7), and (8) may be
solved for the new concentrations of N,(Z),
N,(Z) and N4(Z).

Computation of the optical path

We will consider the simplest case, that of the
equinox condition at the equator. This is shown
in Fig. 3. The radial coordinate represents the
local solar time.

At solar noon (1200 hr) the dissociation rate
coefficients (J, and J4) may be computed without
approximation since the integrated concentra-
tion from the top of the earth’s atmosphere to
level Z, exactly represents the optical path
through which the radiation is passing. How-
ever, as one approaches 1800 hours the inte-
grated concentration along the zenith times the
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zenith angle correction (M¢) is less likely to
represent the true optical path. In using this
representation of the optical path one is essen-
tially assuming & horizontally homogeneous
distribution of the absorbers.

This method must be modified when the
zenith angle exceeds 90°, that is, after 1800
hours and before sunset at 100 km and after
sunrise at 100 km and before 0600 hours. From
the geometry of the problem it is seen that the
radiation reaching level Z;, at B has passed
through levels where the density of the atmos-
phere is greater than the density at the level Z,.
The optical path at point B may be expressed
as the difference between twice the optical
path at point D, which could represent the
optical path through the total atmosphere along
the line F, B, D, E, and @, and the optical
path for point E, that is, along the line £ to G.
Under the assumption of horizontal homoge-
neity one may express the optical path to level
Z, at point B, see Fig. 3, remembering that
Vé = V(Z)-M(4) by the following:

Vé(B) =2V(C)-M(D) ~V(B)-M(E), (18)

where

V¢(B) =optical path along the line B,
D, Eand G

2V(C)M (D) =optical path along theline F, B,
D, E and @

V(B)M(E) =optical path along the line £ to G

The vertical integrated volume is taken from
the distribution along the radial A, B, C. The
angle for the air mass correction factor (M¢)
is taken at the indicated points.

Alternatives to this assumption do exist.
For example, if one could treat all latitudes at
all times simultaneously it would in principle be
possible to obtain the optical path in a more
exact way. However, such a treatment requires
large computer storage and furthermore requires
some assumed distribution in order to calculate
the optical path at sunrise. This is necessary
since one is observing the sun through an optical
path that has yet to be calculated. For these
reasons the present model makes use of an
assumption of horizontal homogeneity. This in
effect slightly decreases the length of day at the
ozone level.
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A PHOTOCHEMICAL MODEL FOR THE VARIATIONS OF THE OXYGEN ALLOTROPES

Time steps and time constants

The time steps used in this model vary with
the time of day (solar time); as long as the
zenith angles are less than 75° a half hour time
step is used. For the time period between a
zenith angle of 75° and sunset or sunrise at
160 km, a 10 minute time step is used. The ten
minute step is also continued for one hour : fter
sunset and from one hour after sunset to sunrise
a thirty minute step is used.

The reason for the use of the shorter time
steps before sunset and just after sunrise is that
these are the times of the greatest change in
the optical depth for a given change in zenith
angle. The shorter time period for the first hour
after sunset is necessary in order to depict
the rapid changes that occur during the first
phase of night. That is, the rapid destruction
of atomic oxygen and resulting buildup of ozone.

A simple forward time step method will lead
to computational instability unless time steps
on the order of one second or less are used. For
the above reason a combined numerical and
analytical method is developed for the time-
dependent model.

Numerical solutions

An analysis of the terms contained in the pho-
tochemical equations and their variations in time
and space has led to the definitions of 5 regions
in each of which a specific numerical method
for solution is used (see Fig. 4). The sizes of
the regions change with latitude and time of
year and some even disappear. In all the regions
N,, J, and J, are treated as constant during a
time step for the calculation of new values of
N, and N, at the end of the time-step but then
also a new value for N, is determined by means
of the continuity-equation (11). We now go over
to a description of the five regions.

Region I

This is the region defined by the condition
that J,+ksN,>0.8-10-2 Here N, may be
treated as being relatively constant during a
time step and the solution of equation (8) at
time 7, ¢<7<?¢+ At may be written:

N;=Na (E)+[N§J_N3 (E)] exp [a(rft)]’
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a= —JS _kINiy
b=k, N, N, N,

where

Ny(E)= —b/a =the stationary solution of
N, from eq. (8).

Under the defined condition for this region
already when 7 —¢ =10 minutes exp [a(r —¢t)] <
0.01 and this together with the fact that a and b
change very slowly assures us that we may set
N; =N,4(FE) in this region at any time. The new
value of N, at the end of the time step is now
obtained by inserting N, = N4( E) in equation (6)
and solving the resulting ordinary differential
equation of the form

dN,/dt —aN? +bN, +C,

with a¢= -2k, N,
= —ky N4(E) *kszst
¢ =J3 Ny(E) +2J, N,.

Region IT

This is the region during night not included
in region I. We make here the assumption that
during a time step t<t<t+ At

dN,/d\" (dNa Jdt\*t
dN,/dt dN, /dt
_ —(kszN,—kst,) =a
(kN N,+k,Ni+ 2k, N, N§) Y

At the beginning of night aj;~ —1 because of
the big size of k, N, N, compared to k3 N; and
kyN,,N,, but k3 N; may later during the night
grow to a magnitude comparable to k; N, N,. By
these times however the changes in N, are
rather slow and even considering the addition
of the terms in the denumerator the assumption
appears sound. Thus we get

Ni=a, N+ (Ni-a, NY) (19)
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and inserting this in equation (6) we get for the
golution of N, at the end of the time step an
ordinary differential equation of the form

Ny aN? 0N
—* =aNi+
de ! 1

where a= -2k, N, —a, k,,

b= ~ky Ny N, —ky Ni+a, k, Nt

Equation (19) gives then also N, at the end of
the time step.

Region 111

In the daytimeregion wherek, N, N, +k; N, >
0.8-10-2 N, is sensible constant during one time
step. By analogous reasons as in region I for N,
we may say that

Nt =N, (E)=(-b-Vb" - 4ac)/2a,
where a= ~2k N,

b= —ky, N, N, —ks Nt,

¢=2J,N, +J; NL.

N, =N, (E) is the stationary solution to (6).
The new value for N, at the end of the time step
is obtained by solving the differential equation
arrived at by inserting N, =N, (X} in equation
(8). The criterium 0.8-10-2 was chosen because
by this choice the 20-100 ki region is divided
into two layers, one where N, >N; and the
other where N, <N, at noon.

Regron IV

There are levels where during daytime neither
the conditions for region I nor those for region
III are satisfied. A solution for N, at the end of
& time step is obtained by inserting N, =N?
(its value at the beginning of the time step) in
equation (8) and solving the obtained ordinary
differential equation for Nj.

A similar procedure is used to obtain new N,
values, now by fixing N, =N§, inserting in
equation (6) and solving the differential equa-
tion obtained for N,.

This region is the least satisfactory from a
computational point of view, but it is not ex-
pected to introduce systematic errors because
this region is a narrow one and because of the
physical tendency toward selfcorrection.
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Region V

There may be levels where the conditions for
both region I and region IIT are satisfied. To
save computer time this new region is intro-
duced. As seen from the considerations made for
region I and III dN,/dt =dN,/dt =0 and thus a
solution may be obtained from the simultaneous
evaluation of equations (8) and (8) giving:

e
! 2a

kyNp Ny N,

N ,
Jy+k N,

and N, =

where a = ~k.ksN,,, b =J,k;, ¢ =J,J; Again, to
save computer time the term k,N, N: has here
been deleted because of its very small size
compared to the other terms entering into the
exact solution. It should be pointed out that
this is the only time in the treatment of the
time-dependent model that any reaction is
dropped from the equations.

Convergence of solutions

The question of convergence of this model is
difficult to evaluate in an analytical fashion.
For this reason, a convergence check was intro-
duced into the model. This check consists of
storing 62 values of ozone taken from different
levels at three selected times and comparing
them with the values that occurred twenty-four
hours previously. If the concentration changes
by less than one per cent of its previous value
(twenty-four hours before) the solution at the
point is considered to have converged. The three
times selected for these comparisons are solar
noon, sunset at the earth’s surface and sunrise
at the earth’s surface. After each twenty-four
hour period (about ten minutes on the Besk
computer) a print-out is provided listing the
day number and the total number of points that
have not fulfilled the convergence criteria. It
was found that in general the number of such
points decreases rapidly at first, and more
slowly as time progresses. The results of all runs
indicate a slow but steady convergence.

Results from the time-dependent model

The numerical results of the time-dependent
model will be discussed in terms of five special
cases; they are:

1. High latitude summer case (80° Latitude,
with polar summer temperature profile).
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Fic. 5. 80° Latitude, summer, 7 days for converg-
ence, solid line infinite-day guess, dashed line re-
sults from time dependent model, concentration
powers of 10.

2. Mid-latitude summer case (45° Latitude,
with mid-latitude summer temperature pro-
file).

3. Tropical case (0° Latitude, with tropical
atmosphere temperature profile).

4. Mid-latitude winter case (45° Latitude, with
mid-latitude winter temperature profile).

5. High latitude winter case (67° Latitude, with
polar winter temperature profile).

Latitudinal variations of ozone

Figs. 5, 6, 7, 8 and 9 present the ozone distri-
bution at selected times of day at these latitudes
and seasons. The initial guess of the ozone distri-
bution obtained from the infinite-day model is
also shown. The number of days taken for the
convergence criterion to be met is given below
the figures.

100
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70 F
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50 |

height in km

W
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4 S 6 7 9 9 10 n 12 13 13 15
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Fie. 6. 45° Latitude, summer, 14 days for converg-
ence, solid line infinite-day guess, dashed line re-
sults from time dependent model, concentration in
powers of 10.
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Fie. 7. 0° Latitude, 23 days for convergence, solid
line infinite-day guess, dashed line results from time
dependent model, concentration in powers of 10.

From these figures it is evident that certain
changes from the infinite-day guess must be
explained. The following questions are asked:

1. Why does the time-dependent model give
smaller ozone concentrations in the upper levels
and larger concentrations in the lower levels
than does the infinite-day guess?

2. Why is the above departure nearly absent
in the high latitude summer case and appears
to become larger as one approaches the high
latitude winter case?

These questions are not separable but do
result from the same physical processes. That is,
if one considers the basic equations (equations
6, 7 and 8) at night, it is seen that dN,/dt always
is less than or equal zero and dN,/dt is always
greater than or equal to zero, while dN,/dt may
be either greater than, equal or less than zero.
At the beginning of night at those levels where
some atomic oxygen exists, dN,/dt will be grea-
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Fi16. 8. 45° Latitude, winter, 29 days for convergence,
solid line infinite-day guess, dashed line results
from time dependent model, concentration in powers
of 10.
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Fic. 9. 67° Latitude, winter, 54 days for convergence,
solid line infinite-day guess, dashed line results from
time dependent model, concentration in powers of
10.

ter than zero and dN,/dt will be less than zero as
long as
Ny<(k; Ny Ny—ky Ny N,)/2k,. (20)
As seen from equation (8) the maximum pos-
sible value of ozone is given by

Ny =k,N,,N,/K,. (21)

This value may be reached only if sufficient
atomic oxygen is available. If one compares
equations (20) and (21) it is seen that the build
up of ozone at night may result first in a de-
creagse of molecular oxygen and then an increase
in molecular oxygen. For example, at the 70 km
level about 2000 seconds after sunset most of the
atomic oxygen being destroyed is being trans-
ferred to molecular oxygen rather than to
ozone. The process will continue for the re-
maining period of night or until all the atomic
oxygen is destroyed.

With the beginning of daylight, this build-up
of ozone is eliminated and the excess concentra-
tion is returned to atomic oxygen almost im-
mediately. However, that portion of the atomic
oxygen that was transferred to molecular oxy-
gen during the night cannot be completely re-
placed during the day. There will therefore be a
decrease in the amount of atomic oxygen at
these leves, from its infinite-day value, until a
point is reached when the atomic oxygen con-
centration is restored to its original value during
the day. The result of this decrease in atomic
oxygen as seen from equation (8) will be a cor-
responding decrease in the ozone concentration
at these levels.

This process will be of major importance at
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upper levels and will not occur at lower levels
due to the atomic oxygen being so small that
equation (20) is always satisfied during night.
At the upper levels where the atomic oxygen is
large this process will be dependent on the
length of night and therefore a function of the
latitude and time of year.

The effect of this reduction of the ozone con-
centration in the upper levels is to reduce the
optical path due to ozone and thereby allow
the radiation to penetrate to lower levels. Such
an increase will produce more atomic oxygen
at lower levels and, as seen from equation (8),
yield a greater production of ozone. The amount
of this build-up of ozone between 20 to 30 km
would be dependent on the amount of the reduc-
tion in the optical path above. It is therefore
seen that this build-up will be a function of the
length of night and the intensity of mid-day
radiation and thus will be latitude dependent.
At very high latitudes the length of night is
long in the winter, but the ozone build-up is
not as large as may be anticipated due to the
low intensity of the radiation during day.

No night occurs in the high latitude summer
case and therefore it shows little of the depar-
tures discussed above. The infinite day guess
based on an average radiation (J,) is also seen
to be a good approximation to the time-depen-
dent solution.

The end result of the above effect is to build
and lower the ozone maximum at high to mid-
latitudes with very little effect in the equatorial
region where the length of night wvaries little
over a year. Fig. 10 shows height of the ozone
maximum as a function of latitude as obtained
from the infinite-day model, time-dependent
model, and that actually observed.

height in km
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Fia. 10. Height of ozone maximum concentration
for: Infinite-day model noon zenith angle ( Yy
Infinite-day model based on average daily radiation

(———), Time-dependent model results (———),
and actual observed height of maximum ozone
layer as given by DtTscH 1964 (—————— ).
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The result indicates that it is of vital impor-
tance to consider this effect if one is using the
difference between the observed ozone distribu-
tion and the photochemical distribution as a
measure of the circulation or mass transport in
the upper levels of the atmosphere. It is obvious
that the circulation required to explain the dif-
ferences between the time-dependent photo-
chemical model and the observed is much less
than that required to explain the differences
between the infinite-day photochemical model
and the observed distribution.

The longitudinal variations of ozone

The longitudinal or daily variation of the
ozone concentration for the cases considered is
shown in Figs. 11-15. The isolines represent
lines of the ratio of the ozone concentration at
any given time to its noon value, i.e. x =
Nf; /N;I;QOO.

The most striking features are the build-up
of ozone during the night and the resulting
excess depletion (z <1) of ozone at sunrise.
This is due to the rapid time for dissociation
compared to the much slower three-body col-
lisional process. Such an effect, when integrated
over a year, may also yield a phase lag in the
seasonal build-up and destruction of ozone, that
is the minimum total ozone concentration may
occur during the late winter rather than at the
winter solstice.

It is seen that the magnitude of the z-ratio
maximum is in general larger the longer the
night. This however does not mean that the
magnitude of ozone at the end of night is
appreciably different. The maximum possible
concentration of ozone at night in the 70 to
80 km layer is a function of the pressure and
temperature distribution which determines the
concentration of molecular oxygen and the
third body. The temperature distribution in part
also determines the value of the rate coeffi-
cients k, and k;. The z-ratio, however, is in-
versely dependent upon the concentration at
noon; therefore, the maximum value of x be-
comes larger the smaller the noon value, Since
this is the region of the reduction of ozone due
to the previously discussed mechanism, it is
obvious that the ratio must therefore be lati-
tudinally dependent for given meteorological
conditions. The ratio is higher at latitudes
where the duration of night is long and lower
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at latitudes where the length of night is short.
The effect of meteorological conditions, that is
temperature and pressure distribution, may
override this effect as seen in Fig. 15.

In addition to the isolines of the x ratio, Fig.
15 also has two lines on either side of solar noon
marked J, and J;. Along these lines the radia-
tion represented by these dissociation rate coef-
ficients becomes essentially zero, i.e. less or
equal 10-28 sec—1. This graphically shows the
effect of the difference in the mean absorption
as represented by their respective spectral
ranges. The J,; dissociation coefficient is the
firgt to come into existence at sunrise and the
rate of destruction of ozone is very large until
the J, dissociation coefficient becomes large
enough to increase the atomic oxygen by dis-
sociation of molecular oxygen and thereby in-
creasing the ozone coneentration.

The annual variations of ozone

The preceding analysis indicated that an
integration over a year at a given latitude was
desirable in order to determine if a seasonal
phase lag did exist in the photochemical distri-
bution as obtained by the time-dependent
model. The simplifying assumptions made and
the method of approach to this yearly integra-
tion is as follows:

1)} The solar latitude was assumed to vary as a
sine wave between the latitudes of 223° N
and 22%° S, with a period of 364 days. Its
most northerly position was at the summer
solstice and most southerly position during
the winter solstice for the northern hemi-
sphere.

2) The solar latitude was taken as constant

during the number of days required for the

sun to change its noon position by 5° of
latitude. The solar latitude used during such

a period was represented by its mid-point,

for example, a solar latitude of 15° N was

used for the time during which the sun at

solar noon was between 174° N to 124° N.

The yearly integration was conducted for

mid-latitude (45° N) using the ICAOstandard

atmosphere distribution at all times of year.

This procedure in effect removes all of the

seasonal temperature dependence. A future

experiment is planned in which the seasonal
temperature dependence will be considered.

3
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From the preceding discussions it is evident
that the time for adjustment to changing radia-
tion is different for radiation increasing than
for radiation decreasing. During the time of
year from the summer solstice through the
autumnal equinox to the winter solstice the in-
coming radiation is being progressively reduced.
The adjustment to this reduction in the radia-
tion must be brought about by the relatively
slow collisional processes. However, during the
period between the winter solstice through the
vernal equinox to the summer solstice the radia-
tion is progressively increasing. The adjustment
to increasing radiation is by molecular dissocia-
tion and is relatively fast in comparison to the
collisional adjustment process. This may there-
fore lead to the development of a lag such that
the minimum ozone concentration at a given
level may occur not at the winter solstice but at
a later time.

Fig. 16 gives the concentration of ozone for
five selected levels as a function of time-of-year.
At 90 km and at 20 km the expected seasonal
lag exists. The minimum concentrations for
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Yearly variation of volume of ozone above a cm? area at five selected levels.

these levels occur 27 days and 56 days respec-
tively after the winter solstice. The phase shift
is approximately zero for the mid-heights from
30 to 60 km. This result is in agreement with the
height dependence of the time constants as
shown by HrssTvEDT (1963).

Another interesting feature is that the relative
amplitude of the concentrations decreases
toward the 40 km level. At 40 km the concentra-
tions appear to be almost independent of chang-
ing zenith angle. LoNDoON (1962) also has found
that the mid height range showed a minimum
sensitivity to zenith angle influences.

It is also of interest to determine how these
phase shifts affect the total ozone concentration.
Fig. 17 gives the number of ozone molecules
above a square centimeter area at selected
levels.

The minimum total ozone above 90 km is
found to occur 32 days after the winter solstice.
No significant lag is found in the mid-height
range and the lag does not appear again until
the lower levels are reached. At 20 km the
integrated effect of all levels and all lags is
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Fi1a. 18. The height variation of the ratio of the volume of ozone above 20 km in early summer to that
in late summer where the solar latitude is 15° in both cases.

shown with the result that the minimum total
ozone is found to occur 22 days after the winter
solstice.

In view of the two physical processes working
at different times of the year to bring ozone into
agreement with the existing radiation, it is
of interest to compare the vertically integrated
volume just before and just after the summer
solstice period. This comparison is made during
the time when the solar latitude is 15° N. Fig. 18
gives such a comparison where Vj represents
the vertically integrated volume in early sum-
mer and ¥V, represents the volume in late sum-
mer. The effect of the variation of adjustment
times is strikingly shown. HessTtvEDT (1963)
found that the adjustment in a pure oxy-
gen atmosphere was determined by two char-
acteristic times. The initial adjustment was
controlled by an extremely fast characteristic
time (7;) of less than a minute at all levels.
The final adjustment however was controlled by
a much slower characteristic time (7,). T, varied
from months at the low levels to minutes at
about 50 km and then increased again to months

at about 100 km. The regions of solutions used
in the time-dependent model are in agreement
with this analysis of the characteristic times and
their variation in height and season in a pure
oxygen atmosphere. The assumptions of an
immediate adjustment of ozone in region I and
of atomic oxygen in region III are expressed by
Hesstvedt’s 7, adjustment time. The constancy
of atomic oxygen in region I and of ozone in
region III are expressed by z,. Region V cor-
responds to that part where both 7, and 7, are
much shorter than a time step. Region IV may
be inferred from Hesstvedt’s results by com-
paring the changes of the characteristic times
with season. Region II is solely due to the
existence of night in the time dependent model.

Comments

It should be stressed that the results given
in this paper are not considered quantitatively
exact. The rate coefficients chosen were believed
by the writers to be the best available based
upon considerations made in the first portion
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of this paper. The magnitude of the time and
space variations of the ozone concentrations
and their interactions with other levels is de-
pendent upon the accuracy of the rate coeffi-
cients, in particular the dissociations rate coef-
ficients which are themselves dependent upon
the accuracy of the absorption coefficients. The
absorptivity changes rapidly with wavelength
and the smoothed absorption assumed for the
spectrumn in this study tends to underestimate
the absorption at some levels and overestimate
the absorption at other levels. The errors due
to such an approximation may therefore affect
the magnitude or level of these variations.
However, the existence of the phase lags and
their interactions depend upon the difference
in adjustment time by dissociation and by col-
lisional processes and are therefore believed to be
a physical reality and may be of considerable
importance in the seasonal variation of the
photochemical ozone concentration.
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The numerical method used to compute the
rate coefficients was the same in both the in-
finite day and the time-dependent model. There-
fore, the differences of the results between these
two models are independent of the computatio-
nal procedure used to obtain the rate coeffi-
cients.

The present programs have been made general
and may accept any rate coefficients, tempera-
ture and pressure profiles, geographic locations
and height and time steps. They will however be
modified to accept continuous rather than step-
wise changes in the meteorological parameters
and in the sun’s. zenith angle. Thereafter they
will be used for yearly integrations of the ozone
amounts at 0°, 30°, 45°, and 60° latitude. The
program will also be used for study of the effects
of variations of meteorological parameters and
of the sun’s radiational input.
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OOTOXUMUNYECHKAA MOAORJIb OJA NPOCTPAHCTBEHHO-BPEMEHHBIX
U3MEHEHHN O30HA B CJIOE OT 20 10 100 KM

Hecaegyrorca pasavyHEe CTaIMOHApHEE (PoTO-
XHMHYeCKne Mojfeau (Moxeln «GeCKOHEYHOTO
IHfA»). BHACHEHO BJIMAHME HA CBOMCTBA BTHX
MofRenaelt mnpeHeGperkeHMA HEKOTOPHIMH (OTO-
XMMHYeCKHMM DpeaKknuAMu. B paccmorpenHoit
cranuoHapHo#t wmopmene Onno npere6GpesxeHo
AEBATHIO PEAKIMAMH.

HecraguonapHas Mopeab OHIa pasBHUTA C
IIOMOIIbI0 MHTEFPMPOBAHMA IO BpeMeHH 3a
nepuox B 1 AeHs. Ta MOJeNb Kala pacmpejee-
HHe aTOMHOI0, MOJEKYJAPHOTO KHCIOpOAa M
030HA KaK YHKINIO BHCOTHI, IIMPOTH, BpeMeHN
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EHA M METeopoJOTMYeCKMX YCJOBHMU B maHHOe
BpeMdA roja.

PeaynwraThl, nojydeHHHE C IOMOHbI0 00eMX
3THX MojeJelt OLIIM CPABHEHH MeKAYy cobolt u ¢
ZaHHBIMH HaOmiogeHuit. Haltmeno, uyro Hecra-
NUOHApPHAA MORENb BO MHOTUX CIydYasX JKaeT
6onee xopowree coBHAjeHME C JAHHHMH Ha-
GIIOMeHUN, YeM CTAIMOHAPHAA.

Cesonnuit caBux ¢asH OHI noayd4eH HMHTe-
rpUpoOBaHMEM IO BpeMeHH 33 1 rox. dtor cABMr
$aas npeacrasieH Kak QyHKINA BPeMeHN rofa u
BBICOTH IIPM 33{aHHON muUpoTe.



