Reports

Freon Consumption: Implications for Atmospheric Ozone

Abstract. Freons are a potential source of stratospheric chlorine and may in-
directly cause serious reductions in the concentration of ozone. The reduction
could be as large as 3 percent by 1980, or 16 percent by 2000, if Freon con-
sumption were to grow at 10 percent per year. Even if Freon use were terminated
as early as 1990, it could leave a significant effect which might endure for several

hundred years.

Ozone is an important minor con-
stituent of the atmosphere, formed
photochemically in a complex sequence
of reactions initiated by dissociation of
molecular oxygen (/). The gas is re-
moved by reaction with atomic oxygen,
and the net rate of this reaction, and
consequently the abundance of ozone,
may be critically affected by the pres-
ence of trace quantities of OH (2),
NO (3), and CIO (4, 5).

Nitric oxide plays a major role in
the normal stratosphere (3). It is formed
by reactions involving N,O

O('D) 4+ N.O —» 2NO

where O(1D) is an excited oxygen atom,
and contributes to ozone removal by
reaction sequences such as

NO + 0;— NO. + O.
followed by

NO; 4+ O = NO + O.

The mixing ratios of NO and NO, near
30 km are of order 2 X 10—? (6) and
5 X 10—9? (7), respectively.

There has been concern in recent
years that large fleet operations of
supersonic aircraft (SST’s) could add
significant quantities of NO to the
normal stratosphere, with consequent
reduction in the abundance of Oy and
an associated rise in the flux of ultra-
violet radiation reaching the earth’s
surface (3). According to one estimate
(8), a fleet of 320 Concordes operat-
ing for 7 hours a day at 17 km could
reduce Oz by 1 percent. Larger fleets,
such as those projected by Grobecker
(9) for 1995 to 2025, could reduce
ozone by more than 20 percent in the
year 2000 (10). These projections as-
sume an affluent world in which air
travel is a larger percentage of total
economic activity than it is currently in
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the United States, with most of the
longer flights in supersonic planes. We
shall argue here that chlorine, released
into the stratosphere by photolysis of
various chlorofluoromethanes (/1-13)
may be comparably serious. The ulti-
mate reduction in O, effected by reac-
tion sequences such as

followed by

Cl0 4+ 0—-Cl+0,

could be as large as 13 percent, if pro-
duction of CF,Cl, and CFCl; were to
continue at its present rate. Allowing
for reasonable growth in the Freon in-
dustry, ~ 10 percent per year, the re-
duction in Oz could be 2 percent by
1980 and, if left unchecked, could grow
to the disastrous level of 20 percent by
the year 2000.

Fig. 1. Reductions

We shall investigate six conceptual
models for future global consumption
of Freon. Model A assumes that con-
sumption continues indefinitely at 1972
rates, approximately 2 X 10° metric
tons per year for Freon 11 (CFCly)
and 3 X 105 metric tons per year for
Freon 12 (CF,Cl,). Models B to D
consider an initial growth rate of 10
percent per annum. A somewhat larger
rate, approximately 21 percent per an-
num, is adopted for models E and F.
The initial growth rate is allowed to
continue indefinitely in models D and
F, while consumption of Freons is as-
sumed to end abruptly in models B, C,
and E after the years 1978, 1995, and
1987, respectively (14).

According to Molina and Rowland
(12), Freons are removed from the
atmosphere by photolysis at altitudes
in excess of 25 km. The primary reac-
tions are

hv 4 CFCl; — CFCl: + Cl

and

v 4 CFCl. = CF:Cl + ClI

where /v is a photon. Subsequent chem-
istry leads to release of additional chlo-
rine, and for present purposes we as-
sume that all of the available chlorine
is eventually liberated to form com-
pounds such as HCI, ClO, CIOO, and
Cl,. We shall refer to these compounds
collectively as odd chlorine. Odd chlo-

‘rine, formed in the stratosphere by

photolysis of Freon, is transported
downward and removed from the
atmosphere, mainly by heterogeneous
processes in the lower troposphere (15).

o

in global ozone com-
puted for six models
of Freon use. Emis-
sions of CF:Cl. and
CFCl; were assumed
to be 3.5 X 10° and
2.2 % 10° metric
tons, respectively, in
1972. The growth
rates for each of the
Freons are taken as
10 percent per year
(7-year doubling) for
models B, C, and D;
22 percent per year
(3.5-year  doubling)
for E and F; and
production held con-
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ly, but in models B, C, and E Freon emissions are assumed to cease abruptly in 1978,
1995, and 1987, respectively. For comparison, we show ozone reductions due to SST
operations calculated with our earlier model (8) and Grobecker’s (9) estimate for
the upper bound on NO injection by future fleets. The arrow indicates steady-state
conditions approached by model A at long times.
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Fig. 2. (a) Production rates for odd oxygen from photolysis of O. (bold line) together
with loss rates due to reactions of O with ClIO and NO. (model C, 1995). Above
45 km, removal of odd oxygen is dominated by reactions of O with O;, OH, and HO..

(b) Vertical profiles of CFCl; (Freon 11),

CF.Cl: (Freon 12), and odd chlorine are

given for model C in 1995. In that year Freon production is assumed to end, and the
dashed curve shows odd chlorine concentrations calculated for 2001. Model C predicts
a stratospheric concentration of HCl consistent with Farmer’s (20) upper limit in 1973.

The height distribution and time vari-
ability of Oy was obtained by numeri-
cal solution of a set of time-dependent,
one-dimensional, diffusion equations
(16). The approach was shown else-
where (8) to give a good representation
of the undisturbed atmosphere, with
predicted profiles for O4 showing excel-
lent agreement with the available ob-
servational data. The results in the
present instance are summarized by
Figs. 1 and 2. Figure 1 shows reduc-
tions in global ozone predicted to take
place as a function of time if Freon
usage follows the patterns assumed in
models A to F. Figure 2 shows some
details of the results obtained with
model C. Figure 2a shows volume pro-
duction and loss rates for odd oxygen
and indicates that the catalytic effects
of odd chlorine could be comparable
to those of NO, by 1995. Concentra-
tions of CFCl;, CF,Cl,, and odd chlo-
rine, computed for the year 1995, are
shown in Fig. 2b, which also illustrates
the continued growth in the concentra-
tion of stratospheric odd chlorine which
is expected to take place even after
termination of Freon usage. The con-
tinued growth is a consequence of the
relatively long lifetimes, 45 and 68
years, of atmospheric CFCl; and
CF,Cl,, respectively (17).

The results in Figs. 1 and 2 raise
serious questions which must be ad-
dressed as a matter of urgent priority
by those responsible for public health
and environmental policy. On the basis
of best current models for the strato-
sphere and contemporary knowledge of
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Freon chemistry, there are reasons to
believe that present consumption levels
of Freon may pose serious problems
for atmospheric ozone. There may be
significant reductions in ozone, accom-
panied by important increases in the
intensity of ultraviolet radiation, with
a variety of associated biological im-
pacts (/8). We note particularly the
long time constants which appear to be
associated with the disturbance. A de-
cision reached as early as 1978 (model
B) to eliminate Freon use could still
allow for a reduction in ozone which
might grow to a value as large as 3
percent by 1990. If the decision to
eliminate Freon were postponed until
1995 (model C), the reduction in ozone
could exceed 10 percent, and would be
significant for as long as 200 years
after termination of Freon use.

Note added in proof: Since this re-
port was written, we have learned of
measurements by Lovelock (19) of
atmospheric CCl, and also measure-
ments by Lazrus (private communica-
tion) which may be interpreted in terms
of stratospheric HCl. The HCI data
are larger by about a factor of 2 than
values predicted by the present model.
The model would give good agreement
with Lazrus’s data if one allowed for the
additional chlorine contribution due to
photocomposition of CCL,.
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Earthquake Prediction: Modeling the Anomalous

Ve /Vs Source Region

Abstract. Soviet observations of anomalously low values of the ratio of the
compressional wave velocity to the shear wave velocity (Vp/Vyg) in a restricted
volume around the locus of a future earthquake are duplicated by models based
on the dilatancy hypothesis. In nature the cracks that cause the dilation may be
oriented, leading to anisotropic seismic wave propagation in the anomalous region.
The models show that vertical cracks are most effective in producing the observed
effects, but that a slightly higher density of randomly oriented cracks will yield
similar effects. The premonitory observations at Blue Mountain Lake, New York,
are also duplicated by the models. These models demonstrate that Vp/Vgy mea-
sured at the surface is not that of the anomalous zone, but is related to it by a
transfer function, involving the shape and velocity gradient of the zone boundary.

Soviet seismologists (I, 2) found
significant delays in P-wave arrival
times relative to S-wave arrival times
for foreshocks that preceded large
earthquakes in the Garm region of the
Soviet Union (3). These observations
were confirmed in upstate New York
and in southern and central California
(4). They have been explained by
dilatancy (5), and many related phe-
nomena have been correlated as a basis
for earthquake prediction (6). One
aspect of the Soviet observations has
not yet been dealt with quantitatively—
the fact that the anomalous region is
small compared to the dimensions of
the seismic array. In this report we deal
only with this problem of how a local-

Fig. 1. Map of the seven seismic stations
used by Semenov (1) in obtaining anoma-
lous Ve/Vs values before large earth-
quakes near the center of the coordinate
system. These stations are used in the
models in this report, with an anomalous
region centered on the origin. The circle
of radius 10 km is the projection of
models B and E (Fig. 2), and is ap-
proximately the size ascribed to the
anomalous region by the Soviet scientists
1, 2).
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ized anomalous region can produce the
distant effect.

The Russians discovered that travel
times were anomalous only for small
earthquakes occurring within a radius
of 5 to 10 km of the focus of a subse-
quent large earthquake. This was re-
vealed in “Wadati” diagrams (7) of
these precursor shocks constructed by
Semenov (1). We attacked the prob-
lem of whether a suitably small dilatant
region can produce similar Wadati dia-
grams.

Dilatancy is believed to be due to
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microfractures created or enlarged as
the stress increases in a rock before
fracture (8). These cracks may be
expected to have a preferred orienta-
tion, in which case ¥V, would vary with
the direction of propagation. We use
Garbin and Knopoff’s analysis (9) of
elastic wave propagation through a
medium permeated by circular cracks
which are small compared to the seis-
mic wavelength. For cracks of random
orientation

VYo g N (262

Vp)_1+ v \105 )
where Vp? and Vp are the P-wave
velocities in the uncracked and cracked
regions, respectively, and N is the num-

ber of cracks of radius a in the volume
v. For parallel cracks

(Vo) =1+

Na* ( 2 40 . 8
" (?+—7coso—21 coso) (2)

where 0 is the angle between the geo-
metric ray and the crack normal. For
cracks with normals randomly dis-
tributed in a plane

VP() 2.—
W) =1+

3
Na (%; + —Z—Ellcos?o - —;—- cos“0) 3)

v

where 6 is the angle from the ray to
the plane normal. In a thrust fault
region like Garm, one might expect
the greatest (compressive) principal
stress to be horizontal and the least to
be vertical, leading to horizontal ex-
tension fractures. Hence, Eq. 2 would
be appropriate, with § measured from
the horizontal (that is, Vp least in the
vertical direction). In many thrust re-
gions, however, the observed joints and
microcracks are predominantly vertical,
because of warping of the thrust near
the surface (10). In this case Eq. 3
applies, with # measured from the
vertical (Vp least in the horizontal
direction). All three cases are explored
in our model. We assume that Vg re-
mains unchanged; the propagation of
S waves, which depends on polariza-
tion, is beyond the scope of the present
study. In real materials Vg is also re-
duced by dilatancy, but much less than
Vp. We believe that a particular Vi,
reduction in our model corresponds to
a somewhat greater ¥, reduction in
nature.

The total volume of cracks is v, =~
3Na®/A, where A is the crack aspect
ratio. In all cases, we assumed Ng3/v =
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