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I. STRATOSPHERIC OBSERVATTIONS AND INTERPRETATIONS

A. Introduction

In 1970 Murcray ggnéifl measured four vertical profiles of
nitric acid vapor between about 15 and 28 km. These observations
are as valid today as they were in 1970, and they are used later in
this chapter to check the results of current theories. Also in
1970 some modelers calculated the vertical distribution of strato-
spheric ozone using photochemical models, which involved no atmospheric
motions. Both the 1970 photochemistry and the neglect of motions
are regarded as unacceptable now, and one would not cite the
results of these calculations as being significant in current dis-
cussions. These two examples point up a distinction between Qbservau
tions in the stratosphere and model calculations for the stratosphere:
(1) Although each observation is pieceméal9 the information deriwved
from stratospheric measurements is cumulative, is of long-lasting

value, and leads directly to interpretations. (2) A dynamical and

photochemical model must be complete, at least within a certain domain,
in order to lead to any statements; and a change of any of its input
quantities (rate coefficients, solar radiation intensity, parameteriza-
tion of atmospheric motions, etc.) in principle modifies all of its
results and in fact can lead to important changes in its predictions.
Observations lead to cumulative, permanently valid interpretations, but
are incapable of making future predictions. Models are susceptible to
being outdated as new laboratory and atmospheric data are developed,
but they are capable of making future predictions. This chapter is in

three parts. The first concerns interpretations that can be made
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from atmospheric observations, the gecond reviews some predictions
made by atmospheric models, and the third compares
between certain model results and atmospheric measurements with an

emphasis on detecting evidence of significant disagreements.

B. Interpretation of Atwmospheric Observations

1. Stratosphere Temperature and Ozone Distributions

Two observable quantities of especial interest in this
context are atmospheric temperature and ozone, for which standard pro-
files are given by Figure 4.1, The latitudinal and vertical dependences
of temperature are given by a zonal-average contour map in Figure 4.2, and,
similarly, mixing ratios for ozone are shown in Figure 4.3. These two figures
are based on Dﬁtsch’s2 data published in 1978 and supplied in tabular form to
this laboratory; these figures are the three-month averages for September,
October, and November. Several zonal-average figures appear later in
this chapter based on these distributions of temperature and ozone,

2. Catalytic Cycles and Null Cycles

The detailed development of this approach is given by a
long recent article by Johnston and Podolske,3 and certain high points
are recapitulated here. Ozone is present in the stratosphere with
mixing ratios of parts per million (Figure 4.3). There are a number of

%
free radicals HOy, (H, HO, HOO), NOy (N, NO, NO NOB)g and C1X (€1, Cl0) that

29

*  There are a number of different conventions used in this context.
In this Chapter the terms HOyx, NOy, and ClX are used for the chemically
active free radicals as listed above. The free radicals plus photo-
chemically reversible molecular reservoirs for the free radicals are

often defined as HOy(H, HO, HOO, HZOZ9 HNO3, HOONGO,,, HOCL), NOy (N,

29

NO, NOZ’ NOS’ NZOS’ HNO39 HOONOZ, ClONOZ) and ClY (Cl, €10, HCl, HOCL,

ClONOZ)° These families do not include the parent substances, H,O,

2

NZO’ or organic chlorine compounds.
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react with ozone, but these are present in the stratosphere with mixing
ratios of parts per billion or less. Because of this great disparity
in number a one-way reaction of free radicals with ozone would have

only a small effect on ozone, for example

NO + 0, > NO, + 0, G .1)
= %3

Before 10m=9 10_6

After 0 0.999 x 107°

If the trace species reacts in a cyclic manner, such as

NO + 0, > NO, + 0, (4.1

2

O3+h\)°>02+0 “.2)

NO, + 0 > NO + 0, 4.3)
net: 2 0y + hv > 3 0, (catalyzed by NOy) 4.4

it can have a significant effect on ozone:

0 %
Before 10“9 lOm6
After one cycle lOm9 0.998 x 10”6
After two cycles 10-=9 0.996 x 10»6
After 100 cycles 1077 0.8 x10°°

The way free radicals can have a significant effect on ozone is to act
as catalysts in processes that are cyclic in free radicals and destruc-
tive or productive of ozone. Cyclic, catalytic processes are dis-
proportionately important.

This simplifying principle is immediately confronted by
the need for qualifying statements. Reaction (4.1) itself is catalyzed

both by the HO, and ClX free radicals



These reactions tend to couple the NOy, HOy,, and ClX systems. Reactions
4.1y, ¢.7), and (4.10) are not always followed by reaction (4.3), which

leads to ozone destruction, but rather they are usually (altitude |
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HO + O » H +
3 00 02

HOO + NO ~ HO + NO

2

net: NO + O3 > NOZ + O2 (catalyzed by HO)
cl + 03 > C10 + O2
Cil0 + NO »~ C1 + NOZ

net: NO + 03 > NOZ + 02 (catalyzed by ClX)

4.6

(4.5)

(4.6)
(4.7)

(4.8)

(4.9)
(4.10)

dependent) followed by photolysis of nitrogen dioxide and regeneration

of ozone:

NO + O3 > NO2 + O2

N02 + hv (300 < A < 400 nm) » NO + O

+
0 02 + M > O3 + M

net

null reaction

The situation can be summarized by the diagram

No2 + 0 (4.3)

NO + 03 (4.1, 4.7, 4.10) /////f

AO

\NOZ +hv (4.11)

(4.1, 4.7, 4.10)

¢4 .11)

.12)
(4.13)

Thus reaction (4.3) is the bottleneck or the rate-determining step for

the destruction of ozone by NO, in the complex coupled N-H-Cl system of

reactions (4.1 ~ 4.12).

In the NOy system, this identification of the

rate-determing step becomes an important, valid, simplifying principle
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in the interpretation of atmospheric observations and in the interpreta-
tion of the results of model calculations: the rate of destruction of
ozone by the oxides of nitrogen is given as an excellent approximation

by twice the rate of reaction (4.3)
2 k3 {NOZ]{O] (4.15)

where k 1s the rate constant and square brackets refer to the concen-
tration of the corresponding species. As shown in reference 3, there
are several other very small terms that contribute to ozone destruction
by the oxides of nitrogen, but these may be neglected relative to
reaction (463)9 at least in the middle ana upper stratosphere.

3. Ozone Production and Loss in the Oy Family of Reactions

In the middle and upper stratosphere, ozone is formed
almost exclusively by the photolysis of molecular oxygen with short-

wavelength ultraviolet radiation

O2 + hy (A < 244 nm) > O + O (4.16)
2 (0 + 02 + M O3 + M) (4.12)
net: 3 O2 + hv > 2 03 . (4.17)

The rate determining step in this couplet of reactions is (4.16), so

that the rate of ozone formation in the stratosphere is primarily
2 3,6 10,] (4.18)

where j is the photochemical coefficient.
Ozone is photolyzed at a rate much faster than that for
photolysis of oxygen; however, the photolysis of ozone does not lead

to ozone destruction since it is usually followed by recombination:
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0, + hv (A > 310 nm) - 0, + 0 (4 .19)
0 - 02 + M - O3 + M (4012)

net: null
0, + hv (A < 310 nm) > 0, + o('p) 4 .20)
o(lp) + M >0 + M (4.21)
O+0, +M~>0, +M (4.12)

2 3

net: null

These processes have relaxation times of less than one second over almost
all of the stratosphere, and they rapidly set up steady state concen-

trations of singlet atomic oxygen and of ground-state atomic oxygen.

0'Dy = 3,,10,1/k, M] (4.22)

J20'¥3

0 = (g + 379 10,17k, IMI[0,] 4.23)

#

The destruction of ozone by the O [039 0, O(lD)] family

of reactions occurs through the sequence

+ hy > 0, +
0, + hv >0, +0

03 + 0+ o2 + 02, (4.24)

net: 2 03 4+ hv +~ 3 o2 . (4.25)

In this case, reaction (4.24) is the rate determining step, and the rate

of ozone destruction by Oy reactions is

2 kZé[O}[OS] . (4.26)

o ’ L
Similar processes occur with O(lD) but the concentration of 0('D) is so

small that this rate is small compared to the rate of reaction (4.24).
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4, The Method of Instantaneous Rates4

The atmosphere of the globe may be divided into a three-
dimensional grid with intervals of 10° latitude, 15° longitude, and
1 km altitude (from ¢ to 50 km). The intensity of solar radiation has

2,657 By means of molecular absorp-

been measured above the atmosphere.
tion of radiation, Rayleigh scattering of radiation§8 and an assumed
albedo of 0.3 for the surface of the earth and tropospheric clouds,

one may calculate the intensity of radiation at each wavelength between
170 and 700 nm in each volume element as defined above. This distyibu-
tion of radiation depends on longitude, latitude, and altitude of the
volume element. The rate of production of ozone from photolysis of
molecular oxygen, Equation (4.18), was calculated in each volume

element for the observed average ozone distribution given by Figure 4.4,
and these rates were averaged around 360 degrees of longitude at each
latitude and altitude to give the zonal average rates of ozone formation,
Figure 4.5,  The contours of this figure are given on a linear scale to
emphasize the regions of large gross photochemical formation of ozone.
The maximum rate of ozone production is above the tropical region and
between 35 and 45 km. Rates at 10 percent of the maximum rate occur
down to 25 km at the equator and out to * 85° latitude at 40 km.

Figure 4.5 is not the result of a model calculation; rather it comes
from the observed distribution of ozone, oxygen, and solar radiation
above the atmosphere and an independent, one-step calculation. Figure

4.5 is only one step removed from being the "observed" rate of gross

czone production.
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Another one-step calculation leads to a useful interpreta—
tion. The local concentration of ozone (Figure 4.4) is divided by the local,
zonal-average (360° longitude) rate of ozone formation (Figure 4.5) to

give a fictitious ozone photochemical replacement time, Figure 4.6,

T = [0,1/2 ;0 (4.27)

2} ’

This time is how long it would take locally to produce an amount of
ozone equal to that locally pfesent and with the rest of the atmosphere
having the ozone distribution given by Figure 4.4, The rate of air
transport and mixing rates in the stratosphere are independently
measured from the dissipation of radiocactivity from nuclear bomb tests
and from a number of meteorological considerations. A comparison of
air transport times and ozone photochemical replacement times, such as
Figure 4.6, leads to the conclusion that so far as the local distribution
of ozone is concerned, photochemistry is dominant in the upper strato-
sphere, air motions are dominant in the lower stratosphere, and air
motions and photochemistry are of comparable importance in the middle
stratosphere.

Another example of the use of observational data to
interpret certain aspects of stratospheric ozone is given by super-
imposing the zonal-average rate of ozone production (Figure 4.5) on the

contour map of ozone concentration (Figure 4.4), and this is done in

“Figure 4.7. As has been known for several decades, the location of

high rate of ozone production is substantially different from that of
maximum ozone concentration. In temperate and polar regions, the peak

ozone concentrations occur in volumes of air where the rate of ozone
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production is exceedingly slow (compare Figure 4.6). TFigure 4.7 implies
the occurrence of atmospheric motions as a mechanism for transporting
ozone from the region of fast production to the region of high concen-
tration. The input to Figure 4.7 involved no explicit consideration of
atmospheric motions, but involved only measured ozone concentrations

and solar intensities. Actual three-dimensional motions in the atmo-
sphere are demonstrated by the observed static ozope distribution.

The rate of ozone destruction by Oy species,” Equation (4.26),
was calculated in each volume element (dincluding zero rates on the dark
side of the earth) and the zonal average rates as given in Figure 4.8
with the same scale of contour lines asg in Figure 4.5, Simple visual
inspection of Figures 4.5 and 4.8 shows that the Oy destruction of
ozone is very much less than the photochemical production of ozone.

The "ozone production region,” which supplies the "ozone storage zone,"
compare Figure 4.7, is presumably at and below the maximum ozone mixing
ratio, Figure 4.3. At wmost latitudes this maximum is at 35 to 40 km,
but at some latitudes and seasons it extends almost to 45 km. For this
reason, it has been judged appropriate to compare the global rate of
ozone production between 15 and 45 km, Figure 4.5, with the corresponding
integrated loss from Oy reactions, Figure 4.8. Over this altitude
range, the global ozone loss to Oy reactions is only 15 percent of the
rate of ozoﬁé production from solar radiation. For the last 15 years,
the large discrepancy between ozone formation and ozone destruction by
Oy reactions has required the search for other sources of ozone destruc=—

tion, and these searches have led to catalytic cycles based on trace

HOy, NOyx, and ClX species.

0

®
Oy = odd oxygen, 0 and 030
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C. Source of Stratospheric Oxides of Nitrogen

Nitrous oxide, N, O, is produced in soils and waters at the

2

surface of the earth by biological processes {compare Chapter 9), and

3

it is produced as a by-product in some combustion processes., Away
from the earth's surface, nitrous oxide is inert in the troposphere.

Air motions transport nitrous oxide into the stratosphere where it is

destroyed by ultraviolet radiationll

NZO + hv + NZ + 0 (4.28)
s . . , 12,13
and it is also destroyed by reaction with singlet oxygen atoms
N,.O + O(lD) + N, + O (4.29)
2 2 2 :
N,0 + o(*p) + N0 + NO ) (4.30)

The reaction of singlet atomic oxygen with nitrous oxide is the pfincipal
source of natural stratospheric nitrogen oxides, and it appears to be
very nearly the exclusive source.

The vertical profiles of nitrous oxide between 0 and about 35 km
have been measured by balloon flights at a wide range of latitudeslé’lssl6
and the concentrations of nitrous oxide between 40 and 60 km have been
measured at one latitude by two rocket flights,17 The data available
through early 1978 were interpolated and extrapolated te produce an
estimate of the global distribution of atmospheric nitrous oxide from
0 to 50 kmal8 The distribution of nitrous oxide mixing ratios for
spring-fall conditions is given as Figure 4.9. Although this figure is

based on observations, there are very few observations in the important

tropical half of the globe, 30°N to 30°S, and there are few observations
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above 35 km. This figure leads to some perspective on the global distri-
bution of nitrous oxide and of its photochemical reactions, but one should
not take literally its fine structure (or its lack of fine structure).
The figure shows large values of nitrous oxide mixing ratios in the
tropical stratosphere relative to values at corresponding altitudes in
tempefate and polar zones, and these features are consistent with the
classical global circulation model of large injection of tropospheric
alr into the tropical stratosphere, horizontal transport to temperate
and polar regions, and return of stratospheric air to the troposphere at
polar zones and at discontinuities in the tropopause in temperate zonesaﬂ
With the qualifications stated above, Figure 4.9 gives an
estimate of the observed three-~dimensional distribution of stratospheric
nitrous oxide. The rate of photolysis of this nitrous oxide in all
volume elements of the sunlit half of the earth was evaluated, and the
global zonal average is givenl8 by Figure 4.10. At each latitude, the
altitude of maximum photolysis rate is very nearly 30 km, and the
photolysis rate is approximately symmetrical about this altitude. There
is very little photolysis below 20 km or above 40 km. As a function of
latitude, the photolysis rate is a strbng maximum in the tropical zomne.
The rate of reaction of nitrous oxide with singlet atomic
oxygen to produce nitric oxide [reaction (4.30)], was calculated over the
atmosphere, and the zonal average rate over the globe is givenlS by
Figure 4.11. The altitude of maximum rate of nitric oxide production
is roughly pgrallel to and slightly above the altitude of maximum ozone
concentration (Figure 434); it is about 26 km at the equator, 23 km over
temperate zones, and 20 km in polar regions. The formation of nitric

oxide from nitrous oxide (Figure 4.11) has a different latitude
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dependence than the photolysis of nitrous oxide (Figure 4.10). The global

rate of nitric oxide production based on Figure 4.11 is 1.4 x 1027

12

molecules s“lg 2.3 x 1077 g (NO) yrml, or 1.06 x 1012 g (N) yrwls The

global rate of loss of nitrous oxide [photolysis plus both channels of

12 1

O(lD) reaction] is 6.4 x 1027 molecules s“ls 14.7 x 107° ¢ (NZO) yr o,

or 9.4 x 1012 g (N) yrml, The global inventory of N, O from Figure 4.10

2
is 3.5 x 107 molecules, 2550 x 1072 g (N,0), or 1620 x 10?5 v

The nitrous oxide average '"'residence time with respect to photochemistrysn
defined as the ratio of globél inventory to global loss rate, is 175 vears.
Alrhough extensive measurements of stratospheric nitrogen oxides (NO,

NOZ’ HNOB) have been made, they ave sufficient to permit only a rough
estimation of the global inventory of the sum of these species.

This global inventory divided by the global rate of formation of NO from
NZO (Figure 4.11) gives an average stratospheric residence time of 1

to 3 years for nitrogen oxides. They are presumably removed from the

stratosphere by transport into the troposphere and rainout there,

largely as nitric acid.

D. Solar Proton Event

This section concerns observations associated with the large
solar proton event of August 4 to 8, 1972. During a solar proton event,
a stream of high energy protons are emitted from the sun, and they are
focused by the earth's magnetic field into the polar regions, primarily
above 60° latitudes. In Auguét 1972, the largest solar proton event
within 25 years occurred. At the time one orbiting satelliﬁezo measured
the magnitude and velocity of the incoming protons above the earth's

atmosphere, and another satellite was making continual global measurements
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of stratospheric ozone from backscattered solar ultraviolet radiation.
From the nature of the incoming beam of solar protons, it can be calcu~-
lated that the protons and secondary energetic electrons derived from
their interactions with air would penetrate deep into the stratosphere.
From laboratory measurements of the effect of energetic protons and
electrons on air, it is calculated that the August 1972 solar proton
event formed about 4.5 x 1033 molecules of HO and HOO free radicals and

20,21,22 As discussed in the

about 3 x 1033 molecules of nitric oxide.
preceding section, the stratospheric residence time for nitrogen oxides

is 1 to 3 years, but the residence time for HO and HOO radicals is the
order of magnitude of 1 hour in the mid-stratosphere. The photochemical
relaxation times for ozone are given in Figure 4.6, although one needs

to look at the comparable figure for summer,z3 in which case one sees

that these times in the summer polar regions are about a month at 27 km,

a week at 30 km, a day at 36 km, and 10 hours at 41 km. Thus one should
look at the ozone record to see if there was a fast (1 hour) change and
recovery from the HOy radicals and to see if there was a prompt, sustained
effect high in the stfatospbere and a slowly appearing effect in the
middle stratosphere caused by the increased NOx.

In 1975 Crutzen EEHQLBZQ compared the calculated vertical
profile of natural nitrogen oxides in the polar region with the vertical
profile of nitric oxide calculated to be produced from the observed flux
of solar protons, and these two vertical profiles are given by Figure
4,12, At about 40 km the natural NOy concentration was suddenly doubled,
at 50 km the NOyx concentrations were iuncreased by a factor of five,

and at 30 km the NOx concentrations were increased by 20 percent. Since
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April 1970 and at the time of the solar proton event, the Nimbus 4
satellite had circled the earth about the poles in a sun-synchronous
circular orbit; and it had been measuring backscattered solar ultra-
violet radiation, from which vertical ozone profiles above about 24 km
can be derived. 1In 1975 the ozone data from the Nimbus 4 satellite had
not yet been interpreted, and Crutzen predicted that the dara should
show a sudden decrease of local ozone in the 35 to 45 km altitude range
above the summer polar cap. In 1977, Heathﬂgg_é;321 published three
gseries of direct ozone observations by the satellite for about one
month before to one month after the solar proton event. The predicted
ozone decrease was conspicuously present at 75° to 80°N latitude above
the 4 mbar pressure surface. For this chapter, Crutzen donated a large
amount of data from the Nimbus 4 satellite, that is, observed ozone
columns above various pressure surfaces for a wide range of latitudes.
A portion of these data are presented as ozone columns above certain
altitudes (approximately 24, 32, 35, 39, 44, and 49 km) as a function
of day of the year of 1972 for one month before and one month after the
solar proton event: Figure 4.13 for 75° to 80°N, Figure 4.14 for 65°
to 75°N, and Figure 4.15 for 45° to 55°N. The main solar proton event
occurred on day 217 and further pulses occurred during 4 subsequent
days.

Heath gg_g},Zl analyzed the Nimbus 4 satellite data for July
and August of 1970, 1971, and 1973 in order to compare them with the
record for 1972. They reported that the normal seasonal trend in the
upper stratosphere at these times was a slow ozone increase at 55°N to

65°N and that stratospheric ozone was essentially constant around 75°N
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to 80°N. The solar protons came into the stratosphere primarily above
60° latitudes, but there were some longitude-dependent irregularities
and an exponentially decreasing input at latitudes lower than 60°.
It is interesting to examine the direct data in Figures 4.13 -

4.15. The records give observed ozone columns above various pressure
surfaces (here translated to approximate altitudes); the cross represents
the 24-hour-~average cobserved value and the vertical bar associated with
each datum includes both the imprecision of the measurement and the
longitude-dependent variations of ozone. At 75° to 80°N before the solar
proton event, there appears to be a slow decrease of ozone for the total
atmosphere and for the columns above 24, 32, and 35 km; there appears
to be a slow increase in ozone columns above 44 and 49 km: and the
column above 39 km was very nearly constant for about 3 weeks before the
solar proton event. After the solar proton event at 75° to 80°N, the
observations indicate a sharp decrease of the ozone columns above 32,
35, 39, and 44 km, and the decreases seem to persist for the rest of
the month of August, Simple inspection of the data do not reveal any
conspicuous changes for the entire atmosphere nor for the column above
49 km.

Six panels of primary data for 65° to 75°N are given by Figure 4.14.
For a month before the solar proton event the data show little or no
systematic trends in the various ozone columns. Immediately after the
solar proton event, one can see ozone decreases for the columns above
35 km, above 39 km, above 44 km, and perhaps above 49 km. For the month
after the solar proton event, there is a slow increase in ozone: for

each case where there was an ozone decrease; by the end of August



Harold S. Johunston

4.18

ozone was restored to its average July values; but above 44 km there
appears to be an increase of ozone to a wvalue above the July average.
Seven panels of primary data are given for 45° to 55°N lati-
tude in Figure 4.15, At no altitude was there a large or conspicuous
effect of the solar proton event. If one looks very closely at the
record, certain small trends and effects can be perceived, but it would
be difficult to argue that these effects are outside the experimental
error of the measurement. The panels showing the ozone columns above 32,
35, and 49 km seem to show steady ozone before the solar proton event,
a small decrease immediately after the solar proton event, and a slow
increase later in August restoring the July value by the end of August.
Above 39 and 44 km, there appears to be a slow increase in ozone during
July, a slight downward break in this decrease immediately after the

solar proton event, and a continuation of the increase during the rest ‘

of August. TFor the total atmosphere and for the column above 24 km, the
observations show more noise and variability than for the other cases.

The Nimbus satellite itself was bombarded by the solar protons
and one should ask whether the large changes in ozone shown in Figure
4,13 merely represent a change in the calibration of the instrument by
the strong ionization caused by the solar protons. A comparison of
Figures 4.13 and 4.15 rules out this interpretation. The measurements
at 50°N were made (several times each day) within a few minutes of the
measurements at 80°N, and a change in calibration would show up at all
latritudes.

A somewhat more sensitive test than visual inspection of the

observed ozone columns was carried out. The satellite measures the
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total ozone column C above a series of altitudes i (or pressure surfaces),
From the difference in successive columns divided by the difference in
the corresponding altitudes, one can evaluate the average change in

ozone concentration between the two altitudes. For adjacent levels,

i and i+1l, the difference in ozone columns

A Ci = Ci - ci+l (4.31)

was evaluated for each day from day 210 to day 235, which is one week
before, 4 days during, and two weeks after the solar proton event. The
average value of A Ci was calculated for the 24 days of observations
for each altitude interval, and the local percentage change in ozone is

defined as

AC o -AC
z - AVE (4.32)
AVE

A O33 percent = 100

These percentage changes in local ozone are given for 75°N to 80°N in
Figure 4.16 and for 65°N to 75°N in Figure %4,17. On day 218 the
ionization caused by the stream of protons disabled the instrument and
during the 4 days after the initial solar proton event there are
occasional irregularities that should probably be dismissed as instrument
noise.

The data in Figure 4,16 at 75°N to 80°N show large local
percentage ozone éhanges, The biggest effect is shown at 39 to 44 km.
There appears to be an ozone reduction of almost 25 percent. The
reduction appears within two days and persists for at least 17 days.
These changes ave consistent with a change in ozone from one photo-

chemical steady-state before the solar proton event to another
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photochemical steady-state involving an increased rate of ozone destruc-
tion after the solar proton event. The photochemical ozone relaxation
time is about 7 to 14 hours over this altitude range and at this season.
The long persistence of the effect is consistent with the long residence
time of NOy in the stratosphere, and it indicates no rapid mixing of

this stratospheric air with alr at lower latitudes. The two records at
32 to 35 km and 35 to 39 km are similar and are discussed together. There
is a prompt initial decrease in ozone and about a week after the end of
the solar proton event there is a further decrease of ozone. In the 32
to 35 km range, the photochemical relaxation time for ozone is about a
week. The later ozone decrease is consistent with slow photochemistry
{(photolysis of the nitric acid formed from the hydroxyl radicals pro-
duced by the solar proton event) or it could be due to atmospheric motions
interchanging ozone poor air for the local ozone rich air. The case at
24 to 32 km is of especial interest even though there are two quite
different explanations. At 24 to 32 km, ozone appears to go down a small
amount immediately after the solar proton event and continuously to go
down further over the two-week period. At 24 km the ozone photochemical
relaxation time at 75°N in the summer is about 4 months, and at 32 km

it dis about 5 days. The slow decrease in ozone indicated in Figure 4.16
for the range of 24 to 32 km could be slow photochemical ozone reduction
from the added NOy catalysts from the solar proton event, or it could

be a natural trend associated with air transport. At these altitudes

the characteristic times for horizontal air transport and for ozone
photochemigtry are of comparable magnitude, and a slow effect such as

that shown here is consistent with either photochemistry or air transport

or both.
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The local percentage changes in ozone at 65 to 75°N at various
altitudes are given by Figure 4.17. One should ignore the large erratic
changes during the first four days after the initial solar proton shower.
Within the scatter of data, the record at 44 to 49 km shows little or
no effect from thé solar proton effect, but there is an increase of ozone
that starts about one week after the completion of the solar proton event.
The photochemical relaxation time for ozone is a small number of hours
at this altitude, latitude, and season: and it is difficult to ascribe
any feature in this panel to local photochemistry. Between 39 and 44 km,
the record shows a sharp ozone decrease, which is less than that seen at
80°N; and there appears to be a slow increase in ozone during the two
weeks after the solar proton event. Between 35 and 39 km, there appears
to be a prompt, sustained, ozone decrease after the solar event. Between
32 and 35 km there are a number of short-term ozone changes, but there
appears to be no systematic change related to the solar protons. Between
24 and 32 km there appears to be a small sustained ozone reduction after
the solar proton event. As a group, the five panels in Figure 4.17 for
70°N show greater day-to-day variations than the examples in Figure 4.16
for 80°N. The solar proton beams and associated cascading electrons
had irregularities with longitude. These irregularities overlapped some
of the latitudes of 65° to 75°N, but stratospheric air at 75° to 80°N
was well inside the region uniformly affected by the solar proton event.,
Both the initial irregular pattern of the solar proton event at 65° to
75°N and the mixing of air between strongly and weakly affected rggions
during the two weeks after the solar proton event could explain some of

the irregularities of Figure 4.17.
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The solar proton event may be interpreted as a direct demonstra-
tion of stratospheric ozone destruction by a long-chain catalytic process.
Over each altitude interval for 75° to 80°N in Figure 4.16, the ratio of
observed ozone decrease to calculated nitrogen oxides increase was
evaluated, and the component data are given in Table 4.1. The average
concentration of ozone over each interval was obtained, from Figure 4.4
for example. The percentage change in the ozone column for one week
before the solar proton event relative to. one week after the end of the
event was obtained by inspection of Figure 4.16 and listed in Table 4.1,
The average (over altitude) increase in nitvrogen oxides from the solar
proton event was obtained from Figure 4.12. The next to last column in
Table 4.1 gives the ratio in ozone decrease to NOy increase for each
altitude band. Between 32 and 44 km this ratio is very nearly 50, which
can be interpreted as the minimum catalytic chain length demonstrated
by this event. As can be seen from Figure 4.6 or rather from similar
figures for summer-winter conditions,23 the ozone replacement time is
less than one week over most of these altitudes, and the miniwum chain
lengths should be increased by an altitude dependent factor. A rough,
order-of-magnitude correction for this effect is the duration of the
period of reduced ozone (the period of one week is arbitrarily selected)
divided by the ozone replacement time. With this correction, one obtains
an estimate of the catalytic chain length (NO + 03 > NO2 + 029 NO2 + 0 =
NO -+ 02) over a period of one week; these numbers are rounded to the
nearest 100 and entered as the last column of Table 4.1. These chain

lengths for a period of one week vary between 100 t 100 in the lowest

altitude band to 600 * 100 in range of 39 to 44 km.
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The importance of the solar proton event of August 1972 is
that it demonstrated a conspicuous and unambiguous ozone reduction
(Figures 4.13 and 4.16) in the middle and upper stratosphere following
the sudden, natural introduction of ozone~destroying catalysts at
concentrations 100 to 1000 fold less than that of ozone itself,
These observations apply to a specific season, latitude, altitude range,
and catalyst (NOyx); and they should not be uncritically extended to other
seasons, latitudes, altitudes, or catalysts. However, the facts in the
case deserve to be understood by all who are interested in stratospheric

science.,

E. Nitrogen Oxides in the Global Ozone Balance23

1. Ozone Destruction by the Oxides of Nitrogen in the

Natural Stratosphere

The catalytic destruction of ozone by the oxides of
nitrogen including interactions with the HOy and C1X families of free

radicals is summarized as follows:

Step 1L
NO + O3 - NOZ + 02, direct (4.1)
NO + O3 > NO2 + 02, catalyzed by HOy (4.7
NO + 03 -+ NO2 + OZ’ catalyzed by C1X (4.10)
Step 1T
' N02 + 0 - NO + 029 rate determining step (4.3)
OVERALL:

O+0, >0, +0

3 > 29 catalyzed by NOX .
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o

Since the atom of oxygen in (4.3) was provided by ozone photolysis, the

h

ffect of veactdion (4.3) is the loss of two ozone wolecules. The

3
4]
pe
1]

gross rate of ozone destruciion by the oxides of nitrogen is 2 kg[o][Noz]9

-

o an excellent degree of approximation. Both atomic oxygen and nitrogen

dioxide have been measured in the stratosphere, and the rate constant k3
has been measured by several different groups in the laboratory and is
regarded to be known to about 10 percent at stratospheric femperatures.
Thus the rate of ozone destruction by NOyx in any volume element could
be derived purely from observations if atomic oxygen and nitrogen
dioxide were measured simultaneously. However, it is rare to have
gimultaneous measurements of trace species in the stratosphere.
Fortunately atomic oxygen measured in the stratosphere agrees

with the amount calculated to be there from considerations of local
ozone and light intensities. To the extent that atomic oxygen can be

accurately calculated from observed local ozone, the rate of ozone

degtyuction by NO, is

2 k, [0] [NO,1 5 (4.33)

N
-

Observation of Nitrogen Dioxide

25 .
Noxon and co~workers measured, from the ground, the

vertical column of nitrogen dioxide over a wide range of latitudes,
figure 4,18, Four vertical columms of nitrogen dioxide as found from
balloon~based observations are included on the figure.
. ; " 23
Using a special-purpose model, Solomon et al. calcu=-

lated the shapes of the NO, profiles as a function of time during the

2
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day, but the magnitude of the NO2 column was taken from Noxon's observa-—

tions at each latitude. By this method, Noxon's observed NO2 columns

were translated into a three-dimensional distribution of nitrogen dioxide

over the sunlit half of the globe. The daytime average NO, mixing ratios

2
derived in this way are given by Figure 4.19, and the corresponding

concentrations of nitrogen dioxide as a function of latitude and

altitude are given by Figure 4.20.

3, Rates of Ozone Destruction by NO,

The concentrations of atomic oxygen were calculated in
each volume element of the sunlit globe, and the rate of ozone destruction

throughout the sunlit atmosphere was calculated as 2 k [O][NOZ], Complete

_ 3
zonal averages or 24 hour averages of these rates were evaluated and are
given by Figure 4.21. The contour lines of ozone destruction by NOx in
Figure 4 .21 are to the same, linear scale as those showing ozone forma-

tion from photolysis of molecular oxfgen9 Figure 4.5, and it is

instructive to compare these two figures, The altitude of maximum

rate of ozone destruction by NO, is about 38 km, which is just below

the altitude of maximum rate of ozone formation, which is about 41 to

43 km, Figure 4.5. Another interesting comparison of altitudes can be

made; the altitude of maximum ozone mixing ratios is about 35 to 38 km,
Figure 4.3; and the altitude of maximum rate of ozone destruction by

NOx is about 38 km. Presumably the net source of ozone to the lower
stratosphere is a downward transport of ozone more or less down the mixing-
ratio gradients of Figure 4.3. The cosine weighted integral (equal weight to

equal area of earth's surface) of ozone destruction between 15 and 45 km
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(Figure 4.21) is 45 percent of the correspondine integral for ozone forma-
tion (Figure 4.5), It will be recalled (Figure 4.8) that the corresponding
integrated rate of ozone destruction by Oy reactions was 15 percent. All
of these numbers are subject to substantial uncertainties, but the present
state of knowledge indicates that the nitrogen oxides are the most important
single cause of ozone destruction in the natural stratosphere. However,

HOy destruction of ozone, or ClX destruction of ozone, or both are quite
important in the natural ozone balance, apparently contributing about

40 percent to the total destruction of ozone below 45 km.

F. Consideration of Magnitudes in the Stratosphere

This section has been devoted to observations in the atmosphere
and to the interpretations that can be derived from these observations
with a minimum input of theory. The next section concerns possible future
changes of stratospheric ozone as a result of human activities, and such
predictions are, of coﬁrses entirely theoretical (it is impossible,
literally, to carry out any observations or experiments in the future
itself). Before ending this section, a slightly whimsical discussion
will be given for the various masses and species in the atmosphere. Such
masses may be regarded as observed quantities, and the object of this
exercise 1s to see if any general statements can be made as to the
plausibility or implausibility of proposed "threaﬁs to stratospheric ozone."

For this discussion the unit of mass will be taken to.be the
global human mass (GHM), a whimsical unit as promised above. Assuming
three billion people in the world and further assuming an averége mass

of 50 kg per person, one estimates the global human mass to be about
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1.5 x 1014 g. A series of masses and relative masses is given in
Table 4.2,

The mass of the entire atmosphere is 35 million-fold greater
than the mass of all the people in the world. The mass of atmospheric
oxygen is more than 7 million timés greater than the global human mass,
and the stratosphere exceeds the human mass by a factor of over 4 million.
There are no human activities underway or proposed that would add or
subtract a significant fraction of such large masses as these.

The mass of carbon dioxide is 7 thousand times greater than
the human mass. In recent decades carbon dioxide has been increasing
at a rate of about 9 x 1015 grams per year,26,or about 60 global human
masses per year. Lf this increase is caused in large measure by human
activity, that is all the combustion processes in the world, then this
perturbation of the atmosphere probably represents about the upper limit
of what the human race can do at this time. The total mass of atmospheric
ozone ig about 24 fold greater than the global human mass, and as can be
seen by comparison with carbon dioxide it would require an extremely
great effort for human activity directly to manufacture or to consume
a large fraction of atmospheric ogzone,

The global inventory of nitrogen dioxide, taken to be twice
the amount in the sunlit hemisphere, is about one percent of the global
human mass. The mass of nitric oxide produced in the atmosphere by the
solar proton event of August 1972 is about one~tenth of one percent of
the global human mass. This unusual unit of mass gives some readily
grasped perspective as to the quantities of the major, minor, and trace

species in the stratosphere.
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In the natural atmosphere, nitrogen dioxide at about one
percent of the global human mass destroys roughly half the ozone photo-
chemically produced between 15 and 45 km. During the solar proton
event of 1972 the introduction of nitric oxide in a restricted portion of
the stratosphere at 0.001 global human masses, appears to have caused large
local reduction of ozone (Figure 4.13 and 4.16). These quantitative con-
siderations offer a reasonable guideline as to which proposed perturbations of
the stratosphere deserve serious consideration. If a proposed human activity
would globally add ozone~destroying catalysts in quantities comparable
to the order of magnitude of natural stratospheric nitrogen dioxide,
then such a proposal should be taken quite seriously. It should be
assumed that such an addition of ozone-destroying catalysts would
reduce stratospheric ozone until and unless deep study of the problem
reveals special features, such as a buffering action, that show the
added ozone-destroying catalysts to have no significant effect. On
the other hand, if a proposed human activity would add ozone-destroying
catalysts to the stratosphere in masses very small compared to that of
natural NOZ9 then it should be assumed that such an addition to the
stratosphere would have negligible effect on ozone until and unless
deep study of the problem revealed that this substance would have an
exceptionally large special effect on ozone. Theése simple consider-
ations based on the magnitude of substances in the stratosphere should
provide some model-independent guidelines as to what attitude one should
take toward possible or proposed perturbations of the stratosphere. As
an example, military aircraft add and have added NOx to the stratosphere

. 27
in amounts far less than the natural source rate, and such a source
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can be regarded as probably negligible on this basis alone. On the other
hand a large fleet (500 or so) of large supersonic trarnsports operating
at 20 km are expected to add NOy to the stratosphere at a rate comparable
to the natural rate (10 to 100 percent, depending on auxiliary assump-
tions). Thus it is plausible that this case should receive careful
consideration (see Chapter 7 and Section IT. B; 1. below).

Although these-considerations provide preliminary guide-
lines, it requires a detailed mathematical model of the atmosphere to

come up with a prediction as to the effect of a perturbation.
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IT. RESULTS OF MODEL CALCULATIONS

A, Introduction

The advantage of model calculations is that, taking present
knowledge and information, the models can make future predictions. The
vulnerability of model predictions ig that present knowledge 1s, to
some degree, incomplete and incorrect; and new discoveries or the correc~
tion of wrong data may lead to substantial changes in the future predic-
tions. A model of stratospheric dynamics, radiation balance, and
photochemistry may involve several hundred input parameters, a calcu-
lation may involve a 1ong'and expensive computer run, but the discovery
of some new effect or the revision of some numerical value in the input
parameters may render obsolete the entire expensive computation. In
problems of stratospheric ozone models since 1970, significant new orx
revised factors have appeared more or less every six months, major
changes have appeared every couple of vyears, and the end of this process
is not yet in sight. By the time a major model calculation is refereed
and published in a journal, some new fact has developed that
modifies its conclusions. Referees and editors accept this
situation, and model calculations are published recognizing that they
represent the expectations as of a certain date. Although articles méy
become obsolete in some respect by the time they are published, they
still retain considerable value; and the history of various predictions
as a function of new information is a vital part of the present knowledge
of the subject. This section focuses not so much on the latest model

developments as on the recent history of certain model predictions.
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B. Recent History of Model Calculations

1. Stratospheric Perturbations by NOy

Between 1971 and 1977 models of étratospheric ozone pre-
dicted that the injection of nitric oxide at 20 km altitude would reduce
stratospheric ozone, and the amount of NO that would be injected by certain
large fleets of supersonic transports (see Chapter 7) using engines com-
parable to present-day models would reduce global ozone between 5 and 20
percent, although some models gave results above and some below this range327’28
Since early 1978, the same model dinput of nitric oxide at 20 km has led to
predictions of very small changes of the ozone vertical colummn and of un-
certain sign. Most models predict a small increase in the column of ozone.
This situation is illustrated by Figure 4.22, which is derived from Rundel
gg_glfzg This figure presents the calculated ozone reduction as a
function of NO injection at 20 km altitude using the same mathematics
and physics for each curve but using 1976 chemistry in one case and 1978
chemistry in the other case. For chemistry as it was understood to be
in 1976, any injection of NOyx at 20 km would cause a reduction of ozone;
for moderate to large rates of NOy injection the ozone decrease would be
directly proportional to the NOy injection; and for the larger NOy
injections ozone column reduction shows the
beginning of saturation of the effect (Figure 4.22). For chemistry as it
was understood to be in 1978, small injections in NOyx at 20 km would cause
very small ozone column increases; for moderate to large NOy injections the
calculated curve is essentially flat showing a buffered situation where
the ozone column is unaffected one way or another by changes of NOx

injection rate; and very large NOx injections would cause large ozone
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decreases approaching the magnitude predicted with 1976 rate constants
(Figure 4.22),

In recent decades the fixation of nitrogen to make fertili-

zer has increased exponentially and at present the total rate of nitrogen
- fixation by human activities approaches or perhaps equals the global
natural rate of nitrogen fiiation (see Chapter 9). 1In the natural nitro-
gen cycle there is a balance between the fixation of nitrogen and the
return of fixed nitrogen to the atmosphere, part of which appears as
nitrous oxide. Although time scales and magnitudes remain very uncertain,
large increases in atmospheric nitrous oxide have been predicted for
certain scenariosa3o Duewer and Wuebbles31 calculated the ozone reduction
to be expected with 1979 chemistry from a doubling of the flux of nitrous
oxide from the earth's surface, and they showed the calculated changes

of both ozone and the nitrogen oxides as a function of altitude,

Figure 4.23., Doubling the flux of nitrous oxide, leads to about a 40
percent increase in stratospheric nitrogen oxides. There is a large ozone
increase between 0 and 26 km and a large ozone decrease between 26 and

45 km. These large local increases and decreases of stratospheric ozone
are very nearly equal, and the net effect is the small difference of

two large numbers.

W. H. Duewer carried out special calculations for the sake
of this chapter giving results for doubling the NZO flux on the basis of
three different sets of chemical rate constants, those as understood to
be in 1976, March 1979, and September 1979. The three calculations used
the same 1979 model with respect to vertical eddy diffusion function,

treatment of solar radiation, list of chemical species, and boundary
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conditions. The 1976 model used rate constants from Hampson and Garvin,32
taking their upper limit for the rate constant for the reaction HO + HOO ~»
HZO + 029 and the total stratospheric chlorine was 1.2 ppbv. The early

1979 model takes total chlorine (ClY)"c to be 1.9 ppbv, and there are some
differences in 90 rate constants between this and the 1976 model. The late
1979 model takes ClY to be 1.2 ppbv, there are minor changes in 40 rate co-
efficients, but the largest effect comes from a three-fold reduction in

the rate of NO photolysis in the upper stratosphere., The calculated changes
in the ozone vertical profile for these three cases are given by Figure 4,24e

A doubling of the N_O flux according to 1976 chemistry (curve

2
A in Figure 4.24) would cause a reduction in ozone at all altitudes between

0 and 50 km. The maximum reduction in local ozone concentration is 5.7 x
1011 molecules cmﬂ3 at 26 km. According to the early 1979 model (curve B),
doubling the NZO flux increases ozone between 0 and 26 km with a maximum
increase in local ozone concentration at 20 km: and it decreases ozone
between 26 and 50 km with maximum reduction at 33 km. According to the
September 1979 model, the situation is essentially the same as the March

1979 between 0 and 25 km, that is, an equal calculated ozone increase;

but the late 1979 model (curve C) calculates a larger ozone reduction hetween
25 and 50 km by increased NZO° Curve A, representing 1976 chemistry,
corresponds to an 11 percent decrease of the ozone column. For the March
1979 model, the area of ozone increase very nearly balances the area of

ozoneé decrease, and the net effect is an increase of the ozone column by

0.5 percent. Curve C, representing September 1979 chemistry, also shows
large ozone increases at low altitudes and decreases at high altitudes,

but the net effect is a two percent decrease in the vertical ozone

column.

*See footnote on p. 000.
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2. Stratospheric Perturbations by ClX

Since chlorine chemistry has a direct impact on nitrogen-

oxide perturbations, it is necessary to mention chlorine effects in this
. ; 29

chapter on nitrogen oxides. For example, Rundel et al. made a calcula-
tion for the chlorine perturbation of ozone by way of chlorofluoromethanes,
Figure 4.25., Figure 4.25 shows the calculated ozone reduction for both
1976 and 1978 chemistries as a function of increasing tropospheric chloro~
fluoromethanes (CFM) but expressed as longmterm increase in stratospheric

ClY mixing ratio, that is for C1 + ClO + HC1 + CLlONO For both cases,

9
the model predicts an ozone decrease for any value of chlorine increase.
There is very nearly a linear relation between percentage’reduction of
the ozone vertical column and increased stratospheric C1X, although for
large dncreases there 1s a slight negative curvature for the 1978 models
and a slight positive curvature for the 1976 model. For a given chlorine
perturbation, the calculated ozone reduction with the 1978 model of chem~
istry is about twice as great as that for the‘l976 model. The changes in
the values of the chemical rate coefficients between 1976 and 1978 had
opposite effects on the predicted ozone reduction due to NOy increases
and to ClX increases.

Rundel gg,éiﬁzg provided a breakdown of the effect of
increased chlorine (from CFM) on ozone asg a function of altitude,
Figure 4,26. Rundel's model using 1976 chemical rate constants pre-
dicted that an increase in CFM would slightly increase local ozone
between 15 and 27 km and strongly decrease local ozone between 28 and
45 km, with a maximum local effect at 35 km. The reason that the 1976 model

predicted a local ozone increase in the lower stratosphere is that
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added stratospheric chlorine caused additional amounts of the active
oxides of nitrogen to be tied up temporarily in the inert reservoir

species chlorine nitrate, CLONO Chlorine tended to reduce the ozone-

9
reducing power of NO,, and this double negative caused a small positive
effect on local ozone. The model using 1978 rate constants shows a
reduction in ozone at all altitudes between 15 and 45 km as the long-
term (centuries) effect of the addition of CFM to the atmosphere. The
increased sensitivity of ozone to chlorine perturbations as calculated

between 1976 and 1978 (Figure 4.25) largely depends on effects in the

lower stratosphere, 15 to 30 km (Figure 4.26).

3. Relations Between NOy and ClX Perturbations

a. Importance of Hydroxyl Radicals

The model-predicted increase in ozone sensitivity
to chlorine (Figure 4.25) and decrease in sensitivity to nitrogen oxides
{(Figure 4.22) between 1976 and 1978 are not unrelated topics, but rather
two sides of the same coin. The degtructive effect of nitrogen oxides

on stratospheric ozone is reduced as the active species N02 is

reversibly tied up as nitric acid

NO, + HO LHNOB ' (4.34)

HNO, + hv (UV) =—s HO 4+ NO

3 (4.35)

2

The destructive effect of chlorine radicals on stratospheric ozone is
reduced as the active species Cl is reversibly tied up as hydrogen

chloride

Ccl + CH4 > CH3 + HC1 (4.36)

HO + HC1 - HZO + Cl . (4.37)
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Note the opposite effect of hydroxyl radicals on the NOy and ClX family

of reactions: the hydroxyl radical directly ties up the active nitrogen

dioxide to form inert nitric acid; and the hydroxyl radical breaks

down the inert hydrogen chloride releasing the active atomic chlorine.
In 1974 there were some high temperature studies

that indicated the rate constant for the reaction

HO + HOO -~ HZO + O2 (4.38)

11

to be around 1 to 2 x 10~ cm3 molecules"l sﬂl and there were two

separate low temperature studies that indicated the values 1.5 x lOmlg

and 2 x 10310 for this rate constant. Hampson and Garvin32 could not

find a basis to resolve this major difference, they presented 2 x 10nll
and 2 x lOle as of equal apparent validity, and they recommended that
modelers use both values. The value 2 x lOelO

was the more recent; all concerned in the Climatic Impact Assessment
Program (CIAP) were very busy trying to reach the Congressionally
mandated completion of the program by the end of 1974; hence Hawmpson and
Garvin's recommendation to use both 2 x 10all and 2 x 10*10 was not
acted upon until after the conclusion of CIAP. Then it was found that
the low wvalue led to larger amounts of the HOy radicals than the
previously used high value, and use of the low value simultaneously

decreased the predicted effect of NOy on ozone and increased the

predicted effect of ClX on ozone,
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b. Interactions Between NOx and ClX Catalytic Cycleg

The oxides of nitrogen interact with species in.the
chlorine gsystem of reactions. The reaction (NO + ClO0 -~ NO2 + Cl) plays
an interesting double vole. An increase in C1X tends to increase the
rate of the non-rate-determining step in the NOy catalytic cycle
(reactions 4.8, 4.9, 4.10), so that ClX weakly increases the rate of NOy
destruction of ozone. On the other hand, the chlovrine catalyzed

destruction of ozone

Cl + 03 - Cl0 + 02

Cl0 + 0 »~ C1 + O2 rate determining step

net: O3 + Q> O2 + O2 catalyzed by C1X (4.39)

is diverted into its null channel by nitric oxide

CL+0,>Clo+0

3 2
C1l0 + NO ~ NO2 + Cl rate determining step
N02 + hv > NO + O
0+ OZ + M= 03 + M
net: null . (4.40)

Thus an increase in nitric oxide acts as a double negative; it reduces
the chlorine-catalyzed reduction of ozone; and an increase in NOx tends
in this way to increase ozone. The inert reservoir compound, chlorine

nitrate, ties up key species in both the NOy and ClX systems

M
Cl10 + NO_ Zz——= CLlONO . (4.41)
2 Thv 2
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b Relations Between NOx and HOy Reactions

a. Interactions Between NOyx and HOx Catalytic Cycles

The interactions between the NOy and HOy systems are
even more extensive. Probably the major interaction is the formation of
nitric acid (Equations 4.34, 4.35). A similar but apparently much less

important process is the formation of peroxy-nitric acid

M
HOO + NO, Z=————= HOONO

) T 2 (4.42)

As in the chlorine system, the HO and HOO radicals catalyze the non-rate-
determining step in the NOy catalytic cycle (reactions 4.5, 4.6, 4.7),

and thus an increase in HOy weakly increases the rate of the NO, catalyzed
destruction of ozone. The reaction of the hydroperoxyl radical with

nitric oxide (analogous to C1l0 + NO)

HOO + NO - HO + NO2 (4.6)

is the key step in determining whether several catalytic cycles destroy

ozone or lead to null cycles; one example is

HO + O, > HOO + O

3 2
HOO + O3 =+ HO -+ 02 + O? rate determining step
net: 2 O3 »> 3 02 catalyzed by HO, (4.43)

HO + O3 -+ HOO + 02

HOO + NO » HO + NOZ rate determining step

NO2 + hy > NO + 0O

o+ 02 + M = O3 + M

net: null (4.44)
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The increase in NOy, has the double negative effect in this system; it

reduces the rate of ozone reduction by HOy.

b, Methane~Smog Reactions

During CIAP it was recognized33934 that the oxides

of nitrogen catalyzed ozone formation from the methane smog reactionms,
and 1t was pointed out35 that below 13 km at midlatitudes the formation
of ozone from the Noxamethane smog reactions equaled or exceeded the
rate of ozone destruction by the NOyx catalytic cycle. Some CIAP models
did not fully include the methane-smog reactions, but recent models have
usually done so.

The detailed chemical reactions in this complicated system are written
out by Johnston and Podolske§3 and they are simplified and abbreviated here.
Hydroxyl radicals, singlet atomic oxygen, or atomic chlorine convert methane

to the methyl free radical

1
. HO, 0("D), Cl 4*~CH3 (4.45a)

In rapid sequence, the carbon-containing free radical reacts with oxygen,

CH

nitric oxide, and oxygen to produce formaldehyde and perhydroxyl radical

) NO 0, -
CH3 CH3OO “CHBO wﬂmmﬁPHZCO + HOO (4.45b)

Formaldehyde is photolyzed along two product channels to give hydrogen,

carbon monoxide, and perhydroxyl radical

hv 20,

H, 00— HCO + H——EmsCO + 21100 (4.45¢)
hv

H,C0 s b, + CO | (4.45d)

Both hydrogen and carbon monoxide undergo reactions leading to additional

perhydroxyl radicals

0

H, + HO ——>1,0 + H s 1100 (4.45e)
0y

CO + HO =m0, + H =i HOO (4.45%)

2
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In all these sequencies HOO is produced, and competition between the

reactions
HOO + NO—=HO + NO,
HOO + 033“#350 + 202
determines whether the smog reactions produce ozone or destroy ozone.
This feature will be illustrated by the carbon monoxide smog reactions,

which are the last portion of the methane smog veactions. Consumption

of carbon nomoxide leads to ozone formation by this sequence of reactions

CO + HO > CO, + H

2
H + O2 + M > HOO + M
HOC + NO - HO + NO2 rate determining step
NO2 + hv > NO + O
0+ O2 + M > O3 + M
. - . b, 46
net: €0 + 20, > CO, + 0, ( a)

However, consumption of carbon monoxide leads to ozone destruction if

the sequence is
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CO + HO ~ CO2 + H
H + O2 + M~ HOO + M
HOO + 03 +~ HO + 02 + 02 rate determining step
: + 0, . 4
net: €O + 0, > CO, + O, (4.46b)

The methane system shows these features illustrated by the carbon
monoxide smog reactions. The process is catalytic in HOy and NOx radicals,

but it is limited by the supply of fuel, CHQ or CO. It leads to ozone

formation if the intermediate HOO radical {(or the CH3OO radical) reacts

with NO to form NO23 but there is ozone destruction if the HOO radical

reacts with ozone.

The methane-smog reactions are important in the troposphere and

lower stratosphere.

C. Revised Rate Constant for HOO + NO Reaction

Before 1977 the rate constant for the reaction

HOO + NO = HO + NO, (4.6)
was thought to b632 about 2 x lOwlS cm3 moleculesl sals Then Howard and
36 : . =12 3

Evenson~~ found the rate to be forty times larger or 8 x 10 cm

moleculesml swle With hindsight, one can see why the old values were

incorrect. When HOO and NO are mixed together and the above reaction

starts to occur, many other reactions become possible
+ + H
HO NO2 N03

HO 4+ HOO ~ HZO + O2 (4.47)

HO + NO - HONO

HOO + NO,, - HOONO

2 ° 2

At room temperature peroxynitric acid forms and then decomposes quite

rapidly. The presence of peroxynitric acid was not recognized in
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this system until quite recently,37 Peroxynitric acid temporarily delayed
the appearance éf NO29 the product of reaction (4.6), making the reaction
seem slower than it actually is. When large errors are made in measured
rate constants, the cause is often the presence of some unidentified
speciles or the occurrence of other, parallel, unrecognized reactions.

The fast fate of reaction (4.6) led directly to
larger calculated values of hydroxyl radicals in the stratosphere,
larger calculated values of nitric acid concentrations and larger
HNO3/N02 ratios, lower calculated vélues for hydrochloric acid concen-
trations and lower HC1/ClX ratios, and higher rates for ozonme production
by the methane smog reaction. The net effect was simultaneously to
reduce the calculated impact of NOy on stratospheric ozone and to
increase the calculated iﬁpact of ClX on ozone. These effects are the
major differences in the 1976 and 1979 predictions, Figures 4.22 - 4.26,
and these differences occur primarily in the region 10 to 25 km, Figures

4,24, 4,26,

C. Model Predictions for Very Large NOy Perturbations

As can be seen from Figure 4.22, current atmospheric models
predict large ozone decreases in the event of very large increases of
stratospheric NOx. The double-negative effects become saturated, and
the methane-smog production of ozone is limited by the available methane.
After these finite effects are saturated, added NOy is predicted to
reduce the ozone column. A posSible example of such a situation
would be a full-scale nuclear war with calculated ozone reductions as
large as 60 percent (dependent on altitude of cloud stabilization in
the stratosphere)a31 Solar proton events at a time of reversal of the

earth’s magnetic field could cause very large additions of nitric oxide
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38
to the stratosphere with large ozone reductions calculated to follow.
Supernovae, depending on distance from the earth and the magnitude of

the event, could add — or in the past every few hundred million years

may have added — very large amounts of NOy to the stratosphere;39

which is calculated to cause very large ozone reductions (35 to 65

percent), even with 1979 chemistryQBL’éo
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I1T. CHECKING CERTAIN ASPECTS OF MODEL CALCULATIONS AGAINST ATMOSPHERIC
OBSERVATIONS

A. Nitric Oxide Injection Experiments

It would be very desirable to have an historical event where
large amounts of nitrogen oxides were injected into the stratosphere
and simultaneous measurements were made éf both ozone and total NOy
before and after the injection. Two recent events meet many but not éll
of the requirements of this desirable experiment. (1) The nuclear bomb
tests of 1961-62 injected 1érge amounts of NOy dn the stratosphere4
the distribution of this NO, in the
stratosphere can be associated with the observed distribution of excess
carbon~14, which was observed before, during, and after the bomb testsézg
and there were scores of ground-based Dobson meters over the globe that
made daily (weather permitting) observations of the total overhead

ozone column. (2) As discussed in Section I-D, the large solar proton

event of August 1972 injected large amounts of ionizing radiation in
the polar caps of the earth, thé intensity of this radiation was
measured by satellite, the degree of NO production from the radiation
is readily calculated, and the Nimbus 4 satellite measured the coarse
ozone profile all over the globe for several yearé before and after
this sudden nitric oxide injection. The comparisons of model calcula-
tions and atmospheric observations for these two cases are discussed

, . . 4
in this section. 3,44
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1. Calculated and Observed Effects of the Nuclear Bomb

Tests of 1961-1962

Foley and Rudermanél in 1973 calculated the approximate
mass of nitrogen oxides expected to be formed by the high-temperature
fireballs of the nuclear explosives, and they pointed out that most of
the debris from large nuclear bombs is lifted into the stratosphere.
Johnstonvgg_élféz proposed that the NOyx from the nuclear bombs should
be located in the stratosphere at abhout the same places as the radio-
active debris such as 9OSr and 14C9 which were observed by the U.S.
Atomic Energy Commission for several years. On the basis of a theo-
retical proportionality factor between bomb-produced carbon-14 and bomb-
produced nitrogen oxides, a stratospheric distribution of NOy for
January 1963 is given by Figure 4.27. A large cloud of NOy is seen
to spread from the North Pole to the equator between 10 and 25 km°27
This picture of "observed" NOy is to be interpreted with caution:

(i) The area below 21 km was extensively sawmpled by U-2 flights, but
the area above 21 km was sampled by balloon for carbon-14 only at 30°N
and only to 35 km height. (1i) Debris from the 60 MT bomb of

October 1961 ﬁay be largely above the region of samplipng. (iii) The
latitude gcale in Figure 4,27 1s not proportional to equal éurface

area for equal distance along the abscissa.

Using a list of chemical reactions and rate constants
as they were understood to be in 1973 and using Figure 4.27 as
the NOyx vperturbation, Johnston EE’E&}AZ estimated the latitude
dependent maximum pzone reductions of 1 to 6 percent. Chang
and Duewer45 in 1973 calculated the time dependent, hemispherical-

average ozone decreases as given in Figure 4.28, which includes the
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1957-59 test series as well as the 1961-62 tests. The maximum ozone
decrease was calculated to be 4 percent in 1963, becoming 2 percent in
1966, and 1 percent by 1968 (using later lists of chemical reactions and
rate constants, Chang §§w§;f46 in 1979 have calculated other time~-
dependent ozone changes from these tests, but this review uses Chang
and Duewer's 1973 result in order to examine the observability of such
a pulsed change in the ozone records).

Komhyr §£A§;f47 examined the ozone records as observed
at several stations using Dobson instruments over the period 1961-1970,
and at a large number of stations they found a perplexing increase of
ozone over much of this period. Their results for observed ozone for
a given month minus the 10-year average for the same month is given for
five stations in Figure 4.29. The noise of the data was such that one
cannot precisely determine when the increase began nor how long it
lasted, but the average trend for these stations was an increase of

about 2 to 10 percent for the decade.,

Johnston‘ggugieéz posed the hypothesis that the ozone increase
reported by Komhyr EE.E&°47 might be the atmosphere reéovering from an
ozone decrease in 1962-63 caused by the nuclear bomb tests. Chang and
Duewer'sé5 calculated ozone decreases (from Figure 4.28) are plotted to
the same scale as the ozone records in Figure 4.29. The observed and
calculatec changes in ozone are of comparable magnitude.

0

Subsequently, however, Birrer ©
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went to the original ozone records at Arvosa, Switzerland and recalcu-
lated all the observations from 1926 through 1971 on a consistent basis.
His results for 1942 through 1971 are given in Figure 4.30; again the
theoretical ozone changes of Figure 4.28 are entered to the same scale
as a dashed line on Figure 4.30. Birrer pointed out that the ozone
record at Arosa had shown increases and decreases that sometimes lasted
several years and that were comparable to or larger than the 1961-1970
trend. The long-term record did not support an hypothesis that a bomb=
produced ozone decrease could be demonstrated.

Goldsmith EE.E;FQQ considered the problem of nitric oxide
produced by nuclear bomb tests. They discussed the quantity of NO, injec~
ted into the stratosphere by these tests, but they did not calculate or
consider the magnitude of the expected effect on ozone. They loocked at
the noisy, forty-year records at Arosa and at Oxford, and they concluded
that the failure of these records to display a conspicuous ozone deple-
tion positively disproved the theory that additional stratospheric

nitrogen oxides would reduce stratospheric ozone.

Goldsmith gg_é;¢49 and Angell and KorshoverSO examined this
question by pobling the data from a number of ozone-observing stations
and by carring out various averaging and smoothing operations. The
combined, smoothed data were compared to Chang and Duewer's theoretical
ozone decreases (Figure 4.28), no similarities were seen, and the result
was interpreted as demonstrating that NOy from the nuclear bombs had
little or no effect on ozone. Angell and Korshover in 197650 concluded that
any ozone reductions caused by the nuclear test series must Eave Been

less than 1 to 2 percent.
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Tt is argued here that these investigators did not make a proper
comparison between theory and observation. To illustrate this contention,
their procedure is repeated here. For the sake of this review, J. Angell
provided a large block of his data as monthly-mean ozone columns. For
seven European stations (Aarhus, Arosa, Cagliari-Elmas, Lerwick, Messina,
Oxford, Rome) the monthly deviations from monthly means are averaged for
the seven stations and plotted for the period 1957 to 1974 as the curve
marked "observed" in Figure 4.31, Chang and Duewer's theoretical function
(Figure 4,28) was scaled by the factor ."3/&;.{€ The observed ozone record at
each station was modified by this theoretical function to generate what
the observed record would have 1éokad like subject to four different
hypotheses, These modified records were processed in the same way that

49,50 Average deviations from the

the observed records were treated.
long-term monthly mean were evaluated for each month and at each station
and these deviations were averaged for the seven stations. 1In this way a
uniform treatment was given to each of four cases: (i) What the observed
record would have looked like in the absence of nuclear bomb tests on the
assumption that the observed record included ozone decreases with a history
as Figure 4.28 but with a maximum 10 percent ozone reduction. (ii)

What the observed record would have looked like in the absence of nuclear
bomb tests assuming a 5 percent maximum ozone reduction. (iii) What the
observed ozone record would look like on the assumption of zero effect

by the nuclear bombs, that is, the actual observed record. (iv) What

the observed ozone record would have looked like if the nuclear bombs had

produced ozone with a history as Figure 4.28 but with a maximum ozone

production of 5 percent. There was, of course, only a single observed

*Scaling factors used in this examination and Figure 4.31 are arbitrary

and intended to provide a large effect for this examination.
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record. Figure 4.31, however, poses a test for four hypotheses. If one

4
is judging the situation simply by inspection, as Goldsmith et ala§9 and

-

as Angell and KorshoverJO did, one should ask whether there is any
geophysical principle that would exclude any of the four records in
Figure 4.31 from being a satisfactory history of unperturbed ozone at
these stations. If one cannot make such an exclusion, then the ozone
records cannot, by simple inspection, prove or disprove the destruction
or formation of ozone according to a function like Figure 4.28.
Goldsmith §E<§1f49 and Angell and Korshoverso also apply
various smoothing techniques to remove some of the fluctuations from
the monthly records, and the smoothed records failed to show a decrease
in ozone in association with the nuclear bomb tests. The four cases in
Figure 4.31 were subjected to such smoothing processes and are givén
in ¥igures 4.32 and 4.33. In Figure 4.32 ménthly deviations are
combined to quarters and subjected to a running 1-2-1 smoothing process.
In Figure 4.33 the monthly deviations of Figure 4.31 are subjected to
a running 29 month smoothing function. In each of Figure 4.32 and
4.33 the four panels contain various multiples of the theoretical
ozone~reduction function, Figure 4.28: but the final smoothed curves
do not resemble or reveal the presence of these perturbed ozone
functions. It seems quite incorrect to smooth the observed record and
then compare it to an unsmoothed theoretical function such as

Figure 4628330
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In terms of analyses and arguments presented so far, it seems
that the long-term ozone records (1) do not support an hypothesis that
a bomb-produced ozone change can be demonstrated and (2) do not exclude
that there was a transient ozone change comparable to Figure .28, It
is frustrating thg?wﬁhis hiﬁ%gﬁical’iﬁiggﬁégﬁMégperiment doesvnot lead

to a definite answer, one way or another: but such seems to be the

case,

2. Calculated and Observed Effects of the Solar Proton

Event of 1972

Within a few days, the solar proton event of August 1972

formed 0.2 x 1012

g NO, primarily in the two polar caps above 60° latitude with

a profile calculated to be that of Figure 4.12. At that time the southerm

hemisphere was still in or just emerging from the winter night, and there was

a major sudden stratospheric warming in July, so that meaningful measure-

ments of ozone by the Nimbus 4 satellite could not be made over the south pole.

In the northern hemisphere, some of the observed changes in ozone are

given by Figures 4.13 - 4.17. 1In the month of obgservations after the

solar proton event, there was sure to be some North-South air transport

in and out of the source region. It is clear that one needs to have a

time-dependent two-dimensional or three-dimensional model properly to

handle this case., Brief publications have appeared giving results of

calculations with two different two-dimensional modelsszo’51
Heath g;ﬁg},zg used Crutzen's two-dimensional model, which

incorporated 1975 values for rate constants and did not include chlorine

species. At 75°N to 80°N, the model in general calculated less ozone re-

duction than that observed, about 30 percent less in the 35 to 45 km range

and very much less (factor of 5 to 10) in the 25 to 33 km range. At 30°

to 40°N, the model calculated greater ozone reductions than those observed,
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28 days after the solar proton event. The underestimation of ozone reduc~
tion inside the NO source region (75° to 80°N) and overestimation of ozone
reduction outside the source region (30° to 40°N) were interpreted by
Heath et al. as evidence that their 2-D model had too fast North-South air
transport. Below 3Z km, there appears to be a substantial disagreement
between observations and theory, with more ozone reduction being observed
than calculated. Above 35 km, the theory gave a reasonable estimate of
the magnitude and altitude of maximum effect, provided allowance is made
for too fast horizontal transport in the model.

Fabian ggﬁgéeSl examined the detailed time behavior of the ozone
column at altitudes above the 4 mbar surface, using the Oxford 2-D model.
They, too, included only O~H~N chemistry, whereas chlorine chemistyy is
surely important at these altitudes. During the month of August, their
model calculated too slow a recovery of ozone at 50°N to 60°N relative to
observations and too rapid a recovery at 70°N to 80°N, dindicating that
their model (like Crutzen's) had too fast mixing of air in the horizontal
dimension, Even at the high altitudes of their example {(above about 39 km),
they calculated ozone reductions much less thanvthose observed, and they
interpreted this result to mean that the solar proton event deposited more
NO than that calculated by Crutzen. Since their model omitted chlorine
chemistry, it seems premature to ascribe the disagreement between theiry
theory and experiment to any single feature.

As of September 1979, there appears to be no published comparison
of theory and observations that utilizes contemporary chemistry in a
time-dependent two-dimensional model. In a field where millions of dollars
are being spent each year to obtain new data and to carry out novel model

studies, it seems unfortunate that more effert is not devoted to this
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test for stratospheric ozone models. In this case there was
a sudden injection of ozone-destroying catalvsts, and ozone was observed
to decrease in amounts that varied with altitude and latitude. It seems

particularly important to test theories against these observations.

B, Checking Model Calculations Against the Observed Distribution

of Some Atmospheric Species

In checking model calculations agaiunst observations of species
in the atmosphere, one must be very careful on several scores. One of
the most difficult aspects is that one~dimensional (1-D) models can
apply only to long-term global averages, and an atmospheric observation
is usually made at a specific location on a certain day. To test 1-D
models one needs global data from satellites, and such data are just
beginning to become available. Wherever possible, it is desirable to
check specific observations against a 2-D model, matching latitude and
season., The models are required to specify a large number of boundary
conditions; in some cases the boundary conditions are, appropriately,
fitted to atmospheric observations; but then the model cannot be verified
by comparing calculated and observed values of such quantities near
the boundary. Sometimes stratospheric models set up a buffer zone,
perhaps in the lower troposphere or above the stratosphere; unrealistic
physical assmptions may be tolerated in these buffer regions whose
function is to remove the arbitrarily specified boundary conditions
far enough from the stratosphere so that errors are not propagated from
the boundary into the region of interest. In such a case, the failure
of a calculated property to agree with observatlons in the buffer zone

is a matter of no consequence.
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1. Calculsted and Observed Total Stratospheric

Nitrogen Oxides

In one~dimensional stratospheric models the calculated
mixing ratios of total nitrogen oxides are about 0.1 ppb in the lowest
stratosphere, rapidly inczease to attain a more or less uniform value
over the middle stratosphere, and decline slowly from this uniform value
in the upper stratosphere. The rapid build up of nitrogen oxides with
altitude occurs where nitrous oxide reacts with singlet atomic oxygen
(compare Figure 4.11). The slow decrease in the upper stratosphere is

caused by photolysis of nitric oxide

NO + hv - N+ 0 (4.48)
and the reactlon of atomic nitrogen with nitric oxide

N + NO = N2 + 0 . (4.49)

The total nitrogen oxides consist of NO, NOZ’ HNO35 C10NO and

2> Mp0s:
possibly HOONO2° It is very rare that an investigator measures NO, NO29
and HNO3 at once; and of the other three species, only ClONO2 has been

detected in the s‘crato:~3jg>here‘,5‘)‘= High in the stratosphere, HNO C1ONO, ,

3?
NZOS’ and HOONO2 are rapidly destroyed by solar radiation, and the total

oxides of nitrogen are well approximated by NO + NO At 50 km, the

9°
observed rati053 of NO2 to NO is 0.1, so the total nitrogen oxides are

given to a good approximation by 1.1 times the observed nitrix oxide.

Including three cases where NO, is calculated at 43 and 50 km, six

2

examples of observed nitrogen oxides (NOx = NO + NO,)
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in the upper stratospher653m57 are given in Table 4.3. These values

were obtained at midlatitude. The mixing ratios vary from 5 to 14 ppbv,
and the average of the set is 9.4 ppbv. ’

Anderson58 quotes six values of total nitrogn oxides as
calculated for 50 km altitude by various modelers. These values and the
original reference546’58“63 are also included in Table 4.3. The mixing
ratios of NOy at 50 km vary between 13 and 25 ppbv, and the average value
is 19 ppbv, which is about twice the average value of the observed
values quoted in Table 4.3. Apparently these calculations were made
during or before the spring of 1979. Meanwhile in the summer of 1979,
Frederick and Hudson64 reevaluated the photolysis rate of nitric oxide
in the upper stratosphere, and they found it to be much slower than it
had previously been regarded to be., When these new photolysis rates arvre
put in the models, there is less calculated destruction of NOy, reactions
(4.48) and (4.49); and the calculated mixing ratio of NOyx in the upper
stratosphere incxeaseseés As of the fall of 1979, it appears
that one-dimensional models systematically overestimate the mixing
ratios of total nitrogen oxides in the upper half of the stratosphere;

a cémparison of observations and calculations in the lower half of the

stratosphere is made difficult by lack of enough simultaneous measurements

of NO, NOZ9 and HNO, in this region, plus the uncertainty about ClONO2

3

and HOONoza

Although this discrepancy between observations and theory
is identified in the upper stratosphere, it is probably caused by

effects in the middle and lower stratosphere, Nitric oxide is produced
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from nitrous oxide and singlet atomic oxygen; at midlatitudes the altitude
of maxinum rate is about 25 km; rates of half the maximum value

occur at 18 and 32 km, (Figure 4.11). A possible cause of this
disagreement between measurements and models is that the models calcu-
late too high a rate of NO formation from nitrous oxide and singlet

atomic oxygen.

2. Calculated and Observed Stratospheric Nitric Acid

A comparison between observed nitric acid columns as a
function of latitude and a contemporary (March 1979) two dimensional
model by Widhopf and Glatt66 indicates another disagreement between
current theory and observations. Figure 4,34 shows the nitric acid
vertical column above 12 to 16 km as measured by Murcray g£_§}};67
their cases for the HNO3 columns above 18 km are omitted from the figure.
The measurements were the total vertical column of nitric acid above an
alrcraft; the circles are for January 1974 and the triangles are for April
1974, Nitric acid wvertical columns above 12 km were obtained by summing
over vertical profiles observed frém balloons. These vertical columns
are plotted as squares enclosing the initial of the observer: L for
Lazrus and Gandrud,68 M for Murcray~ggvégg,l E for Evanskggig;357 The
balloon data are also ddentified by the month of the observation.

Figure 5.34 also includes the calculated vertical HNO3 column above
12 km for four seasons by Widhopf's 2-D model. Also at 30°N latitude,
the vertical column of HNO3 above 12 km as calculated by the Lawrence

Livermore Laboratory 1-D mode169 is

included as a cross on the figure. The 1-D calculation is in good
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agreement with the 2-D calculation, but there is a major disagreement
between these models and observed nitric acid vertical columns.

The Livermore 1-D model has atmospheric and radiative
properties associated with 30° latitude., The detailed nitric acld vertical

profile from the Livermore Model 69 is given in Figures 4,35 and 4.36;

Lazrus' observed profiles for spring conditions at 34°S and 32°N are
included in Figure 4.35: and profiles corresponding to Murcray's
largest and smallest columns at 30°N are included om Figure 4.36. In
general, although not in every instance, the calculated profiles show
much more nitric acid than the observed nitric acid profiles.

Simultaneous measurements have been made of HNO3 and NOZ
by Evans §§‘§;,57 at 59°N and by Harries70 at 44°N. The observed ratio
of HNOB/NO2 as reported by Evans et al. is presented as a smooth curve
on the left~hand panel of Figure 4.37, and Harries' three local values
of this ratio are entered as circles on this figure. The calculated
ratio of HNO3 to NO2 at 60°N according to Widhopf's 2-D model is included
as a smooth curveg66 It can be seen that Widhopf's calculated value for this
ratio at 60°N 1s larger by a factor of about five than Evans' observations
at 59°N. The right-hand panel of Figure 4.37 gives the ratio of (HNO3/N02)CALC
to (HNOB/NOZ)OBS for 59° and 60°N. Over the region 25 to 35 km, the
calculated ratio exceeds the observed ratio by factors between 2 and 6,
averaging about 3. Between 16 and 25 km, the calculated ratio exceeds
the observed ratio by factors between 4 and 10.

Although natural variations of stratospheric species

make it very difficult to compare observations and model calculations,
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a pattern seems to be emerging that 1979 stratospheric models calculate

more NO, (NO + NO, + HNOB) than that observed, calculate more HNO, than

2 3
that observed, and calculate too large a ratio of HNO3/NO2°

3. Calculated and Observed Shape of the ClO Profile

This topic is covered in Chapter 6, but it is mentioned
here because it may be related to the apparent discrepancies between
observations and model calculations for NOy. The ClO profile
discrepancy concerns the shape of the vertical profile, The absolute
magnitude of this calculated profile is determined by the boundary conditions
assumed for oﬁganic chlorides (CHBCl9 CFM, etc.). TFigure 4.38 gives
six vertical profiles as measured at midday at 31°N by Anderson g§_§l°58
at various seasons. The heavy dashed line corresponds to the Livermore
model 7 with 1.2
ppbv for total atmospheric chlorine. The ratio of calculated Cl0 at
35 km to calculated Cl0 at 25 km is 3.9. For the observed Cl0 profiles,
the ratios of values at 35 km to 25 km are in order of increasing value
at 25 km: 21, 26, 13, 12, 6, 9 (where the value of 13 was based on an
extrapolation of the observed profile from 26 to 25 km). Between 35

and 25 km the observed Cl0 profiles decrease more rapidly than the

calculated ClO profile.

C. Discussion of Apparent Discrepancies Between Observations

and Model Calculations

The first point to make is that these discrepancies may only
be apparent and may not be real. One-dimensional models represent

long~time global averages, and the quoted observations may be too small
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a sample to give such averages. At one location a given method measuring
a single quantity typically shows large variations from one measurement
to the next, for example, compare the six measured Cl0 profiles in

Figure 4.38., These variations could be natural fluctuations, or they
could be unrecognized systematic errors in the measuring techniques,

In comparing observations and model calculations, one needs to
examine the full vrange of observations and the full range of model
calculations, and one needs to keep alive multiple hypotheses anut
apparent disagreement — or agreement, for that matter — between observa-
tions and theory. If the models are in error, the trouble is not likely
to be in the numerical computation, since many modelers using various
numerical methods get similar results; the difficulty is expected to be in
the input data or in the concepts of the model itself. The models sﬁecify
a list of chemical and photochemical reactions, boundary values for all
independent species, a theory of global-average vertical mixing, and a method
of calculation the distribution of radiation. The input data are based on
observations in the laboratory or in the atmosphere, and any measurement is
susceptible to having unsuspected systematic error. The great uncertainty
always hanging over any model calculation concerns the unrecognized features
that have been omitted,

Recognizing that these discrepancies may be only apparent and
not real, one can nevertheless list the\several conflicts between
observations and model calculations noted in this re#iew:

(i) The solar proton event caused a larger reduction in
ozone below 32 km at 80°n than that predicted by

models.
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(ii) The limiting mixing ratio of total nitrogen oxides
in the upper stratosphere is overestimated by the
models,

{(1ii) The observed vertical columns of nitric acid vapor
are much less at all latitudes than the values
calculated by 2~D models, and the observed value
at 30° latitude is much less than the value calcu-
lated by 1-D models.

(iv) The observed ratio of nitric acid to nitrogen

dioxide, [HNO ]/{NOZ]s is generally, but not always,

3
less than that calculated in the lower half of
the stratosgphere.
(v) The models calculate more ClO at 25 km relative to
35 km than that observed.
Of these five indicated discrepancies between theory and observations,
it appears that the one concerning the solar proton event below 32 km
is the least well established. For the sake of discussion, these
discrepancies between theory and observation will be regarded as real,
and possible, multiple reasons for the differences will be discussed.
All five discrepanices noted above would tend to be resolved
if, for some reason, the models overestimate the coﬁcentration of
ginglet atomic oxygen in the lower half of the stratosphere. A lower
éoncentration of O(lD) would cause lesgs production of nitric oxide
(Figure 4.11)

N0 + o(*p) > 2 wo (4.30)
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with consequent greater photolysis of nitrous oxide (Figure 4.10), and
thus the models would calculate less NOy in the upper stratosphere
(item ii, above). A lower concentration of O(lD) in the lower strato-

sphere would result in a reduced rate of production of hydroxyl radicals

H,0 + octp) » 2 mo | (4 .50)

and a lower steady-state concentration for the family of HOx species.
A reduced concentration of hydroxyl radicals would form less nitric
acid

HO + NO, miia%vHNOB G .34)

which would relieve the overcalculation of the nitric acid vertical
column (item 1i1). The steady-state concentration of nitric acid is

largely the resultant of formation as in Equation (4.34) and photolysis

HNO3 + hv < HO + NO . (4.35)

The steady-state ratio of nitric acid to nitrogen dioxide is

LENOS Ty () [mo]
[NO, ] JHNO

(4.51)

Thus a reduction in hydroxyl radical concentration would reduce the
ratio [HNOB]/[NOZ]9 which is item (iv). There are many reactions inter-
changing C1, Cl0, and HC1l, but the dominant processes in the lower

stratosphere are

a. CL+ 0y Clo+0, (4.52)
b.  NO + C10 > NO, + Cl (4.53)
c. Cl+ CH, > HCL + CH, (4 .36)
d. HO + HCL » H,0 + C1 (4.37)

2
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The steady state ratio between the Cl0 radical and the reservoir species
HC1 is

o k 10,1 k,[HO]
’ b[ c 4

In this case a reduction in the concentration of hydroxyl radicals
around 25 km would cause a reduction in Cl0, as is indicated by item
(v) above. A reduced calculated O(lD) in the lower half of the
stratosphere would also affect items (i), the unexpectedly
large reduction of ozone below 32 km by the solar proton event.
The principal difference in the calculated effect of NOyx on ozone between
1976 and 1978, Figure 4.22, resides in the higher concentrations of
HO in the lower stratosphere according to the 1978 models. As can be
seen in Figure 4.24, the calculated effect of increased NOy went from
a decrease of ozone in 1976 to an increase of ozone in 1978 as the
calculated concentrations of hydroxyl radicals increased. A decrease
in O(lD} in the lower stratosphere with a corresponding decrease in HOy
radicals would tend to change Figures 4.24 and 4.26 towards the 1976
shapes. An increased sensitivity of ozone towards reduction by NOy in
the 25 to 32 km range would relieve the possible discrepancy listed
as item (i) above.

The steady~state concentration of singlel atomic oxygen is
largely determined by the photolysis of ozone below 310 nm and the

deactivation of excited atomic oxygen by oxygen and nitrogen of air
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0, + by (A < 310 nm) > 0, + ot (4.20)
1 3
o('D) + Nz > 0("P) + Nz (4.55)
1 3
o) + o2 + Q(°P) + o2 . (4.56)
71-78

These reactions have been measured several times in the laboratory,
but agreement between different workers is not good. The sense of the
discrepancies in the stratosphere largely concern the relatively cold,
high pressure lower stratosphere as opposed to the warmer, lower pressure
upper stratosphere. If the temperature and pressure coefficients of the
quantum yield (4.20) and/or the rate constants (4.55 and 4.56) are
systematically wrong, then this error alone would tend towards relieving
all five discrepancies noted above. Many of the laboratory observations
were made at low pressures, far less than those in the lower stratosphere,
The experiments are difficult, and large systematic ervors might still

be present. It is possible that some models use too high an intensity

of solar radiation in the 250 to 310 nm range79 and such an ervor in
input data would lead to too high a concentration of O(lD) and to too

high a production rate of HO and NO in the lower stratosphere.

Another possibility is that some process recomﬁines HOy radicals
in the 15 to 30 km stratosphere much faster than current models indicate,
thereby accounting for the discrepancies associated with the nitric
acid columns, the HNOB/NO2 ratio, and the C10/HC1l ratio. For this to be
true, it might be that the reaction HO + HOO - HZO + O2 is, after all,
much faster at stratospheric temperatures and pressures than the values

now calculatéd. Or it might be that the catalytic cycles

(4.57)
HOO + HOO > H,0, + 0,

HO + H202 > HZO + HOO

net: HO + HOO - HZO + O2
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HOO + NO2 + M -~ HOONO2 + M (4.58)
-
HO + HOON02 HZO + O2 -+ NO2
net: HO + HOO - HZO + 02

at low temperatures are faster than they are now considered to be.

Reaction (4.58) represents catalytic destruction of HOyx free radicals by

the oxides of nitrogen. The rate constant for reaction, HO + HOON02 >
13

H.0 + 0, + NO is quoted to be 5 x 10~ cm3 molecule~1 sml with a

2 2 2°
factor of 10 uncertainty,SO 1f this rate constant should be at the
upper end of its quoted uncertainty range, that is, 5 x 10*129 then the
NOyx catalyzed destruction of ozone (4.58) would be, by far, the fastest
mechanism for HOx destruction in the lower stratosphere. [Because of
the occurvence of M in reaction (4.58), this effect decreases with
increasing altitude. ]

If these five discrepancies are real and if they are to be
relieve§ by decreasing the calculated concentration of O(lD) in the
lower stratosphere or by increasing the rate of recombination of HO4
species, then the revised models will probably move part-way in Figures
4.24 and 4.26 from the situation as shown for 1978 to the situation as
shown for 1976. In particular, the sensitivity of the ozone column to
NOx perturbations would tend to increase, and the sensitivity of the
ozone column to chlorine perturbations would tend to decrease.

As more observations are obtained, these apparent discrepancies
may be swallowed up by the large range of natural variations of strato-
spheric species. On the other hand, these discrepancies may turn out
to be real, and it seems worthwhile to give careful attention to the
possibility that the models suffer from serious deficiencies in the

15 to 30 km altitude range.
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Table 4.1, 1Initial decreases in ozone, increase in nitrogen oxides from
solar proton event, and ratio for intervals in Figure 4.16,

75°N to 80°N.
Catalytic Chain Length

Minimum Corrected

Ave. A0 ANO
Altitude 0 Y3 * -AO ~AD
3 Ty e ?r20” 2 2k
Range, km Cm»3/1012 Porcent ANO ANOy T
b44-49 0.14 12 2.5 7 300
39-44 0.41 24 2.2 45 600
35-39 0.84 12 1.8 56 400
32=35 1.3 6 1.5 52 200

24~32 2.3 3 0.9 77 100
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Table 4.2. Various global masses in the atmosphere and relative masses.

Global Atmospheric Entity Mass g %%%g
All air 5.3 x 10°% 35,000,000
Oxygen | 1.1 x 1021 7,400,000
Stratespheric air 6.3 x 1020 4,200,000
Carbon dioxide 1.1 x 10'8 7,000
Ozone 3.6 x 107 24
Human race 1.5 x 101’4 1
NO, (twice Fig. 4,20) 1.8 x 1072 0.01
NO from solar proton event 1.5 x 1011 0.001
14

“Global human mass, taken to be 1.5 x 107 g,
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Table 4.3. Calculated and observed NO, in the upper stratosphere.

A, Observed NO, mixing ratios, ppbv,

Altitude Ref.
K NO NO2 NO, | Authors No.
50 obs. obs. 14 Drummond and Jarnot 53
50 obs. cale., 5.0 Horvath and Mason 54
50 obs. calc. 9.7 54
43 obs. calc. 7.7 Drummond et al. 35
36 obs, obs. 11 Ackerman et al. 56
35 obs. obs. 8.9 Evans et al. 57

average 9.4

B, Model calculated values of NOy = NO + NO, at 50 km.

2
NO, Authors R;ii
13 Miller et al. 59
13 Herman 60
15 Turco and Whitten 61
22 Logan et al. | 62
24 Liu et al. 63
25 Chang et al. 46

average 19
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Temperature and ozone profiles, based on averaged observa-
tions. Standard temperature profiles are given for
tropical and temperate zones. At temperate latitudes,

the standard profiles of ozone are given in terms of

mixing ratio and concentration.

Zonal-average contour map of tropopshere and strato-
spheric temperatures. Three month average of data as

supplied by Dﬁtschz for the months of September,

October, and November.

Zonal average mixing ratios of ozome. Fall average as

in Figure 4.2. Data supplied by Dﬁtschf,2

Zonal average ozone concentrations for same data as in

Figure 4.3

Zonal average (24=hour average) rate of ozone formation
from the photolysis of molecular oxygen, as calculated
from observed ozone distribution (Figure 4.4), observed
temperature (Figure 4.2), and observed distribution of

solar radiation above the atmosphere,




Figure 4.6

Figure 4.7

Figure 4.8
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Ozoune photochemical replacement tiﬁes, an artificial con-—
cept defined as the ratio of local ozone concentration
(Figure 4.4) divided by the local rate of ozone formation
(Figure 4.5). TFrom separate considerations one derives
the time scales for horizontal air transport and for
vertical air mixing, and interpretations follow con-
cerning the relative rates of photochemistry and

air transport.

An dinterpretation about air transport as derived from
static observations in the atmosphere and instantaneous
photochemical calculations. With a reduction in number
of contours, Figure 4.5 is superimposed on Figure 4.3,
The region of fast ozone formation is high in the
tropical and temperate stratosphere, but the region of
maximum ozone concentration is in the lower stratosphere,
espcially in the lower polar stratosphere. As has been
recognized for decades, this disparity implies large
scale alr transport of ozone from an "ozone production

region” to "ozone storage regions.”

Zonal-average rate of ozone destruction by the Oy family

of reactions. These contour lines are the same scale as
those for ozone formation in Figure 4.5. Simple inspection
shows the OX reactions to destroy ozone very much slower
than it is formed. The weighted sum of ozone destruction

between 15 and 45 km in this figure is 15 percent of the

cnrreanomnAdine Af nonma Easeme it man San TS mannnn L -



Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Harold §. Johnston
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Contour maps of global nitrous oxide mixing ratios ppbv
derived from observed nitrous oxide vertical profiles at
various latitudes. Reproduced with permission of

American Geophysical Union.

Zonal average instantaneous rate of photolysis of nitrous
oxide for spring~fall conditions. Reproduced with

permission of American Geophysical Union.

Zonal-average instantaneous rate of production of nitric
oxide from singlet atomic oxygen and nitrous oxide.
Reproduced with permission of American Geophysical

Union,18

Natural background for nitrogen oxides in north polar
regions during the summer, and the increase in nitric
oxide from the solar proton event of August 1972 as
derived from observed proton beam above the atmosphere,

24
derived from Crutzen et al.

Ozone vertical columns as observed from Nimbus &4 satellite
between 75°N and 80°N as function of day number of 19',7"2e
The main solar proton event occurred on day number 217

and was followed by secondary proton streams up to day
221. The observations were made above pressure surfaces,

but these are transcribed here to approximate altitudes.




Figure 4,14

Figure 4.15

Figure 4.16

Figure 4,17

Figure 4.18

Figure 4.19

Figure 4.20

Harold S. Johnston
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As in Figure 4.13, observed between 65°N and 75°N.

As in Figure 4.13, observed between 45°N and 55°N.

Percent change in local ozone as derived from the observed
data in Figure 4.13 for 75°N to 80°N. The average is

with respect to the local ozone columns between days

210 and 234, one week before, four days during, and

two weeks after the solar proton event.

As in Figure 4.16, as observed between 65°N and 75°N.

Observed latitude dependence of vertical columns of
nitrogen dioxide. 0, Noxon et al.; A, balloon flights
(compare Ref. 23).

Zonal-average nitrogen dioxide mixing ratios for the
sunlit hemisphere derived from the line in Figure 4.18
and local 1-D time~dependent model, which was used only
to estimate the vertical profile and time dependence of
NOZ with prescribed vertical column.

Zonal-average nitrogen dioxide concentrations (sunlit

hemispherical average).



Figure 4.21

Figure 4.22

Figure 4.23

Harold S. Johnston
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Zonal-average contour map of the rate of ozone destruction
by NO, reactions based on "observed" (Figures 4.18 and
4,20) nitrogen dioxide concentrations, calculated atomic

oxygen concentrations, as 2 kB[O][NOZ]°

Calculated reduction of the ozone vertical column as a
function of injection of nitrogen oxides at a uniform
global rate and at 20 km altitude. The dashed curve
gives the calculated ozone reduction using chemical
rate constants as they were understood to be in 1976,
and the solid curve presents the same calculation with
rate constants as they were understood to be in 1978,

Rundel §2(§;,29

Calculated local increases in stratospheric odd nitrogen
(NO + NO2 + HNO3 + CIONOZ) and local changes in strato-
spherié ozone as a result of doubling the ground-level
flux of nitrous oxide, using rate constants as of March
1979. Noteworthy features are ozone increases in the

0 to 27 km range and ozone decreases in the 28 to 50

km range. Duewer and WuebbleSBl




Flgure 4,25

Figure 4 .26

Harold S. Jchnston
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. o

Changes in local ozone concentration as a result of
doubling the ground-level flux of nitrous oxide for a
single physical model (Lawrence Liverwore Laboratory,
one~dimensional model) and for three different sets

of chemical rate coefficients: A. Set as used In early
1976, including 1.2 ppbv ClX, B. Set as used in spring
1979 with 1.9 ppbv C1X. C. Set as used in fall 1979

with 1.2 ppbv C1X. The percentage change in the ozone

18]
B

vertical column for these three cases ds: A, -11;

, P 65
B 40.5; C. =2 (W. H. Duewer 7).

Calculated reduction of the ozone vertical column as a
function of increased tropospheric chlovofluoromethanes,
expressed as the long~term asymptotic increase in upper
stratospheric odd chlorine (C1 + CI0 + HC1 + ClONOZ)
mixing ratio. According to current theory, the long-
term release of CFM at the 1974 rate would lead to an
asymptotic-odd-chlorine mixing ratio of about 7 ppbv.

As in Figure 4.22, the dashed line is calculated from
1976 rate constants and the solid line from 1978 rate

29

constants. Rundel et al.

Calculated local changes in stratogpheric ozone in terms
of 1976 rate constants and 1978 rate constants. A
noteworthy feature of this figure is that it identifies
the changes in Figure 4.25 as arising primarily from

effects in the 15 to 30 km altitude range.



Figure 4.27

Figure 4.28

Figure 4 .29

Figure 4 .30

. Harold S§. Johnston
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Zonaimaverage contour map of nuclear-bomb produced NOx
(molecules cmEB) based on observed carbon-14, January
1963, including curves showing the photochemical ozone
replacement times (compare Figure 4.6) of four months and

10 years (Ref. 27, p. 156).

Calculated changes in ozone in the northern hemisphere
as a result of the nuclear-bomb tests of 1961-62, as

calculated by Chang and Duewer545

Observed increase in ozone during the 1960's as reported
by Komhyr g§4§;}475 and the calculated ozone

changes due to nuclear bomb tests (Figure 4 .28),

Ozone record at Arosa, Switzerland from 1942-1971.

Deviation in monthly ozone (milli-atmosphere-cm, where

total column is 330 milli-atm cm) from 50 year monthly
48 .

mean plotted against time. The circles are January 1. |

The dashed line is the calculated ozone reduction shown

in Figure 4.28.




Figure 4.31

Figure 4.32

Figure 4.33

Harold S. Johnston
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Average monthly ozone deviations: from seven European
stations. All four panels are what the natural ozone
record would have looked like in the absence of nuclear
bomb tests subject to four hypotheses: ozone reduction

(as dn Figure 4.28) with a 10 percent maximum effect;
ozone reduction (as in Figure 4.28) with a 5 percent
maximum effect; nuclear bomb tests had no effect on

ozone; ozone increases (as a negative of Figure 4.28)

with a 5 percent maximum effect.

The same operations as in Figure 4.3l except for
quarterly averaging before recalculating deviations and

using 1-2-1 smoothing function.

The data in Figure 4.31 subjected to 29 month running

average.



Figure 4.34

Figure 4.35

Figure 4 .36

Harold S. Johnston
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Observed and calculated vertical columns of nitric acid
vapor above 12 km in most cases, above 16 km for a small
number of Murcray's observations. Direct measurements
of the total vertical column above an aircraft: O,

January 19743 A, April 1974. Vertical profile derived

from integration over balloon-observed profiles:

68 r— 1 r—
Lazrus and Gandrud; , Murcray et al.; » Evans

g£.§;f57 The curves were calculated with a 2-D model by

66

Widhopf and Glatt. The cross was calculated

by the Livermore 1-D modele69

Calculated and observed nitric acid profiles. Observed
68
by Lazrus and Gandrud, Calculated by Livermore 1-D

model. Compare Figure 4.34.

Same as Figure 4.35. Observed by Murcray gg.glfl Compare
the May and September points at 31°N latitude on Figure

4,34,




Figure 4.37

Figure 4.38

Harold 5. Johnston

Calculated and observed local ratios of nitric acid to
nitrogen dioxide. The left-~hand panel gives Evans
observations at 59°N. The measurements were simultaneous
but by different methods. The circles represent simultan-
eous daytime measurements by Harries70 using a single
method. The calculated curve is from Widhopf and

Glatt's 2-D model,66 The right-~hand panel is a ratio

of ratios; it is the ratio between the calculated and

observed curves on the left-hand panel.

Six observed58 and one calculated profile of Cl10
measured near midday at 32°N at various seasons.
Calculation based on Livermore mode169 including

1.2 ppbv of total chlorine.
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RATE OF OZONE FORMATION (108 molecules
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MONTHLY OZONE DEVIATIONS (29 MONTHS RUNNING AVERAGE)
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