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vestimony of Prof. F. Sherwcod Rowland, Donald Bren Professor of Chemistry,
University of California, Irvine, California 92717

U.8. Senate Committee on Commerce, Science, and Transportation
Subcommittee on Science, Technology, and Space
Senator Albert Gore, Chairman

HEARINGS ON STRATOSPHERIC OZONE DEPLETION, April 16, 1991

Total Ozone Loss in the Nerthern Hemisphere

The new ozone data from the TOMS instrument on the Nimbus-7 matellite,
as reported by Dr. Richard Stolarski and his colleagues, provide no grounds
for optimism about the global status of stratospheric ozone depletion, nor
about the situation directly over the United States. Their measurements
and analysis cover the period of operation of the satellite instrument,
from Ngvember 1978 through May 1990, and decisively confirm and extend the
conclusions announced in March 1988 by the MAEA Ozone Trends Fanel that:

(1) significant ozone loss has been observed over the United States and
other countries in the latitude bands northward of Z09N; and

(2) this northern hemisphere ozone depletion is greater during the winter
than in thes summer.
However, the quantitative information from the new data goes well beyond
the analyses reported in 1988 and indicates that extensive southern hemi-
spheric ozone losses have cccurred not only in the polar regions with its
well-known Antarctic "ozone hole", but also at all latitudes south of 3098.

While the new satellite data are baoth startling and ominous in their
own right, they do nct represent the total ozone depletion which has
oceurred cver the past decades, but only that part of the loss which has
taken place since commencement of the satellite measurements in November
1978. The 1908 czone depletion estimates of tha NASA Ozone Trends Panel
ware bhased upon the observations taken from the global network of ground-
based stations using Dobson spectrophotometars for ozone measurement.

Their statistical analysis utilized only ground stations which had
continuous records for 22 years or longer, at least from January 192463
through. December 1990, and reported significant oczone depletion over the
United States during the 17-year period from 19469 to 19856, and that roughly
half af these losses had already happened by 1980. The December through
March wintertime ozone depleation between 1969 and 1986 averaged &.2% for
the latitude band from S3ION-&49N,; 4.7% hetween 409N-S5S29N, and 2.3%Z in the
band from I0SN-399N. The recorded ozone losses during the other eight
months were smaller, but the ozone depletion averaged over all twelve
months was still -2.3% for S3ON-64°N, -2.0% for 409N-32°N, and -1.7% for
ZOON-ZF9N, If half of these ozone losses had already been recorded by the
tipe Nimbus—-7 was launched, then the best estimate for total ozone
depletion over the past two decades requires recognition that the satelllte
measurements were not in place when ozone loss commenced. Correction for
these marlier losses will add about 27 to 2% to_the satellite-recorded’data
for tHE-Winter months from AQSN-LESHN. " "An approximate. estimate for the
total wintertime loss since 1949 5Ver  Canada_and the northern half of the
United States is therefore about 10%.J}
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S8imilar comments alsc apply for the "arone hole" which reappears svery
awstral springtime over Antarctica. The familiar TOMS “"before and after”
pictures of the daily orune distributions for the southern hemisphere begin
with the chbservations from Octcher 1979, the =zarliest Dctober in the
Mimbus-7 orone rzcord, and end with the most recent data, those from
Cetober (1990, While these ozone aaps graphically illustrata that very much
lass crone existed over Antarctica in October 1990 than 11 years earlier,
they substantially underestimate the actual wzone depletion for the south
autas reglon.  The original Dobscn data of Joseph Farman and his colleagues
from the British Antarctic Survey’'s Halley Ray station showed four 1979 an
Octuber ozome average of only 26Q Dobson units as compared to an average of
about Z17 D.U, for the first ten years (1957-1966) of their Dectober
nhsar vationg, Qecne depletion of about 187 had already taken place over
Halleywﬁa;, and presumably much of_ Antarctica, before the satellite
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Pertaps the most discorcerting aspects of the new ozaone data analysis
are that (1) the‘?3195ko+ ozone depletion appear tu be accelerating; and
(2) tha depletion seems to be spreading into the summer months aver the
narth temperate zone of latitudes. The peak rate of ozone loss beltween
1979-1950 in the satellite dJdata is about 0.8% per year in Fabruary/March
for latitudes around S0oN,-_almost--double. the maximum_ozone_loss rate found
in_the ground-based.data foc_ the years 19&%.through 198&6. The earlier
analysis by the NASA Ozone Trends Panel had given indications that spring
and summer ozone losses (April through August) had crept in and intensified
Juring the 1980s.. Dgana depletion has now been observed in the satellite
data @hrcgghout the year &t all latitudes from SOSN-6T°9N.
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Continurd Increase Lﬁ Atmaspheric Caoncentrations of Chlorofluorocarbuans

The Uniled Naticns conference in Montreal in September 1987 has
drservedly recalved widespread publicity because of the cooperative
agreement, now known as the Montreal Protocol, which emerged from that
meating to reduce the yearly amissions of chlorofluorocarbon (CFC)
compourds to the atmosphere. The original 1987 pact called for a 20%
reduction in emissions by 1994, with a further 30% cut in 1999, boath based
on CFC emissicns to the atmosphere in 1984. A lesser known aspect of these
CFT enission scenarios was the _continued.jincrease.in..global. emissions
dacing, 1787 and 1988 above this base level of 1984, The best estimate of
OFC emissions during 1988 fFlgure 1) is that they exceeded_Lhe 1984 level
by.aimost 1€%, with much of the increase caused by the Qg_;«ll—gromng, uge,.of
CFC- 111 (CCI;FCCIF:) for cleaning of electronic components. “As"shown in
Figure T, the "chlorofluorocarbon-stratospheric ozone" problem of the
mid-1770s when CFC regulations were first introduced intoc the global
picture was essentially concerned with TFC—-11 (CClsF) and CFC-12 (CCl1aF=z).
By 19?91, however, the regulatary problem has expanded to three CFCs; with
the yearly emissions of CFC-113 now almost as important as those of CFC-11
and CFC-12. The revision of the Montreal Protocol in London in June 1990
now calls for an essentially complete phasecut of the use of CFCs in the
rountries of the first world by the year 2000,
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In the atmeasphere itself, the corcentrations of CFC-i1 and CFC-12 have
been increasing at a steady rate for more than a decade, reflecting the
nearly constant emission level for each coupled with their atmospheric
lifetimes of many decades to a century or more. Y¥The_concentration of
LEC=11T has been grawing very rapidly, as.more-and-more. of this cnmpound is
used. every year on a global basis (Figure 2) with most of it ending up in
|the atmospherd.” "The total emission of CFCs to the atmosphere during the
lfive year period 1985-1989, the most recent period for which data are
available, is larger than for any other five year period in the past.
Although an international agreement now exists for control of the emissions
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of CFC=, the procééss of. “Slowing_down their ‘use is taking_a long, long time.

and the total amounts o# man-mace_ chlor1ne in the .atmosphere are cont1nu1ng
tngraw. The total organochlorinanccncantration_gn_tbe atmosphere is._now
Jimost 4.0 pa'tﬂ per billion by volume (ppbv), in comparison to about 1.8
ppBv in 1978, 0.8 ppEV in 19%0, and 0.4 ppbv at the beginning of the 20th
century. While the atmospheric chlorine concentrations have multiplied by
a factor of 2 over the last 15 years, and a factor of 5 in the past 40
veirs, the decline in concentration after the Montreal Protocol is fully in
effect a decade from now will be much slower because of the long

Atmospheric lifetimes for all three of these CFC compounds.

Substitutes for the CFCs are now appearing in almost all of their
technological uses, but the praocess of substitution is a slow one. Often
decisicn—makers are very reluctant to substitute an untested new apparatus
for an old-CFC based one which is known to be successful for the local
need, even though they are well aware that the CFC will eventually
contribute to the depletion of stratospheric o:one. Government requlatory
activities such as the current tax on CFCs may need o Haé Btrengthened in

arder to acccmplxsh tatal replacemenE of CFCs as sogn as possible.
r__._,._.- i e WY

Stratosgheric Chlorine Chemistry

The chloraflucrocarbon compounds are quite inert in the lower
atmosphere (although very effective as greaenhouse gases in while in this
unchanged state), but are decomposaed in the middle .stratodphers by solar
ultraviolet radiation from which they are shielded by the oczone layer
itself. Once decompused, the individual chlorine atoms relsased from the
CFC molecule react very rapidly and continually with Qzone through a long
tree radical chain which can remove thousands of ozone molecules without
getting rid of the chlorine itself. Two different classes of chlorine
chain reactions have been identified in the lahoratory and in the
atmosphere. In the $irst, which occurs in the upper stratosphere above the
temperate and tropic 1at1tudeai the chlorine chain proceeds in fits and
starts, with the chain interrupted after a few hours by alternative
reactions with NOa to form chlorine nitrate (C10ONOz), or with methane to
form HCl1. While chlorine is chemically located in these raservoir
molecules, the chlorine chain is temporarily not operating and no ozone is
being lost. However, subsequent chemical reactions release the atomic
chlorine, and the chain removal of oczone begins all over again. These
alternating processes continue until eventually the chlorine atom, in some
chemical form, works its way through the ozone layer into the lower
atmosphere, and is rained out as hydrochloric acid.
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" The G6ther chlorine chain reaction takes place with the assistance of
‘articles in the atmosphere, especially with tha surfaces of the polar
stratospheric clouds, or PSCs. when the stratospheric temperature drops
down as low a3 -1109F to -11S9F (about -809C), droplets of nitric acid
trihydrate (NAT) form, and these in turn serve as the nucleus for the
condencation of water ice to form larger drops. These very 1ow
stratospheric temperatures are usually associated with polar winter
conditions, especially during the long Antarctic darkness, and the P8SCs
furnish reactive surfaces on which the chemical nature af the gases can be
transformed. The nitrogen oxides are almost entirely converted to nitric
azid anmd then incorporated inm.the cloud particles as NAT. The temporary
~hlorine reservoirs HCl and chlorine nitrate can react on the surfaces to
create molecular chlorine, Cla, which is released into the gas phase, and
nitric acid which is tied up as NAT. These chemical changes can proceed
even in the darkness of polar winter, and leave a system primed to react
whenever eunlight penetrates again. With the arrival of sclar radiation,
the molecular chlorine is destroyed with the release of atomic chlorine
which then initiates the polar chlorine chain reaction. In the absence of
NDz, sequestered as nltric acid in the clouds, tha chlorine chain remaves
ozone very rapidly until the PSCs evaporate. In the Antarctic, the very
strong stratospheric polar vortex prevents mixing of warmer air from the
temperate zune $or many weeks, and massive ozone depletion is aobserved
during September and @arly October. 1In the Arctic, the polar vortex is not
as strong, and the very rapid chain reaction can only go forward for a week
or two before the FSCs are dissipated at lower latitudes. However, a
succession of air masses can pass through the Arctic polar region, form
PS0s, lose some ozone, and move southward. The scientific measurements of
the chemistry of the the Arctic stratosphere have cleaarly shown that the
same reactions important in the Antarctic ozone hole are also occurring in
the northern palar air.

The ztrong polar emphasis of the ozone depletion recorded by the
TOMS instrument for tha northern hemisphere suggests that an appreciable
fraction of this ozone loss has originated through the polar chlorine
chain, presumably facilitated by PBC formation in the Arctic stratosphere.
While the PSCs are certainly implicated in polar ozone depletion, the
normal stratosphere in the temperate and tropical zones also contains fina
particles of sulfuric acid, and the question is then raised whether these
droplets cam also serve to fnitiate the chemical transformations known to
occur an P8C surfaces. Lnboratory‘giggglmggggpggggggt»hhatwgtrlggst,snme
of_these reactions can_take FIEte on sulfuric acid particles, making rather
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probable some reactions of this nature in the temperate zone stratasphere.

Fredictions of future ozone depletion can be attempted if all of the -
pertinent chemical and physical data are available for incorporation into
the atmazpheric models. The gas phase reactions of the temperate and
tropic stratospheric chlorine chain can indead be rather well described by
the atmospheric models, and the ozone los= in the upper stratosphere
predicted in a manner consistent with the varicus measurements. However,
the P3C-deiven hetercgeneous reactions characteristic of the Antarctic and
Aretic winter stratospheres cannot be gquantitatively desacribed from
laboratory data with sufficient precision to permit successful

-



extrapolation into the future. The‘égpacentﬂacg&Lenat;giyin the rate of
zone depletion which 1s suggested by the new satellite data is
articularly noteworthy, because an ozone 1pss of %%—&% in a single decade
is well beyond the expectatiors from the temperate chlorina chain alone.
Produc! ion of chlorefluorocarbuns and related molecules is scheduled to
continue under the revised Montreal Frotocol until the year 2000, and
further time delays of a decade or more can be expected for final release
of tte OFCs into the atmosphere from their various uses, and for transport
to the stratosphere, For these reasons, stratospheric. ozone depletion,is™
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litely to worsen beycond it?mEﬁﬁﬁﬂﬂxwlgxﬁlgwigg¢égpLhemmzouto»2§mx§§ss
heigﬁgwggau“élxygxesﬁéﬁfﬁﬁ;througbggk%;heﬂﬁemaAngsnguth@,gjﬁﬁwggmxmnx,
and intg the_Q;ggmﬁﬁmkbmbgmuﬂﬂﬁnjngﬁignL£icantmcanwnoﬁfﬁﬁfﬂanﬁwfgf the
:Efgﬁ;ﬂlr@ﬂgxwﬂeLeﬂgﬁd”ta,thematmosphere,,but”e+ionts@neeﬁ“tngbehmeéﬁgifigd
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ko minimize further rglesse of these CECs to the atmosphere. e
N . s 2300
Cursecuences of Stratospheric O:zone Depletion L ngaTL(Wya
i * L Rend Qo
The absarpticn of solar ultraviolet radiation by stratugphéric ozé%e el
has two important physical consequences in the atmosphere: much less sclar<1\
ultraviolet-B radiation reaches the surface of the earth, and; the absorbed “\°",
ultraviolet energy eventually emerges as a high altitude heat source. This"fyd
conversion of UV radiation into haat actually creates the stratosphere——theiﬂ
atmospheric region between about 6-10 miles and 30 miles in which the ﬁ,ﬁv
temperature rises with increasing altitude because the ozone heat source W
@iists at its top. Wngngégﬂgggngvknrgggwﬁira%géamgremmggégcially*in_ng
uggggulgiglgﬂ=$Qggglgiigg§ﬁp£nthemhedtusﬂun:emwﬁikﬁhatZQggggaﬁ and the
erneraturs .gradient. of .the stratosphere altered. -“Already, satelllte"data
ﬂéiﬁ,LQQLQQLEQré“Fﬁﬂﬁgfﬁiuﬂe.d?ﬁﬂﬁaﬁguﬁtgthWKprgfzihE~5tFatdsﬂbétélafhwb
To1#1.39F (4,741,090, cgggisteq&mgﬁggmggeﬂ;pmbiggg“gngnge,expﬁ§$?§,fEEm
ovonm depl E

P

ﬁgglpnwiﬂ»ihguuppﬁa&stmaiospheaeyandwimammthemgneanhpuégJgf?eg&mgf

CO05. !The greanhouse cffect is expected to warm the lower atmasphere, but
to cgol the upper stratosphers.)

With less total ozone in the whole atmospheric column, more uv-8
radlation will ~each the surface of the earth. This relationship of "less
‘azone, more UY-B" is so strong and well-established that the ozone data
taken with the Dobson spectrophotometer are actually direct measuremants of
ultraviolet radiation and not of ozone. The Dobson instrument records the
rFatioc of radiation intensity received directly from the sun at two
ultraviolet wavelengths. One of these wavelengths is chosen from the UV-A
range, and passes through the atmosphere and the stratospheric ozone layer
with aunly minor diminution on its path to the detector. The other
wavelength is chosen in the UV-B range, and is sibstantially reduced in
intenszity in passage through the ozone layer; the more ozone, the greater
the reduction in inten=ity at this UV-B wavelength, and the smaller the
ratic of UV-B/UV-A intensities recorded by the Dohson spectrophotomaeter.
The arswer to the frequently asked guestion, "Has any increase in UV-B been
observed to accompany the measured ozone depletion?" is that the lpcrease
in direct solar UV-B radiation is actually what was observed. In actual
practice, of course, the cbservation is of the ratio of UV-B to UV-A, but
an increase in this ratio without any change in UV-A radiation—--most of
which always reaches the surface--necessarily means an increase in UV-B.
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Some measurements of UV-B intensities at the surface have also been
aade with a quite different detector, the Robertson—-Berger meter. This
apparatus measures the total UV-B radiation coming from all directions, and
not just directly from the sun. As anyona knows who has managed to receivea
a tan despite protection against direct sunlight by a beach umbrella,
appreciable amounts of UV-B radiation-—the cause of human sunburn—-—-reach
the skin by an indirect route. Unlike the Dobson spectrophotometer which
measures only the radiation received on a direct li:@ fram the sun, the
Rebertson-Berger meter responds to the sum of the diract and {ndirect solar
UV-B radiation. Whan the R-P meter has been operated in a relatively
remcte ‘location, as in Australia and in the Swiss Alps, increases in UV-B
over the past decada have also been recarded. When operataed in urban
locations, as has fregquently been the case in the United States, the
amounts of indirect UV-R radiation received by the instrument can be
reduced over a decade if local pollution, including ground-level ozone, has
increased over that time. Under such circumstances, the sum of an
increased direct UV~B radiation because of stratospherlic orone depletion,
Cwnd decreased indirect UV-B radiation because of local pollution, can
result in little change in tha total, o

The maior impacts of additional UV-B radiation upch humans are located
in those parts of the body directly exposed to the sun-—an increase in skin
cancer, an increase in eye cataracts, and perhaps in changes in the immune
system. It should be noted that the UV-B radiation exposure of humans is
dependent on tha sun’s angle, with greater exposure near solar noony and at
{atitudes nearer the equator. With the larger ozone lossas of the northern
hemisphere concentrated toward the winter, the larger percentage increases
in UV-B sxposure-—a 2% increase in UV-B for aach 1% decrease in toctal
orone——-will occur at seasons of the year when UV-B exposure in the northern
United States is much less than the maximum received during June and July.
Humans already have some aystems for protection against UV-B, as in the
pruceé@ &4 tanning in the sun, and these are immediately available 1+ the
UV-B exposure is increased substantially during a season when such wouild
not normally take place. :

OFf course, mankind is not the only biological species at the surface of
the earth, and many of these spacies have been shown by field experiments
to be sensitive to UV-B radiation. With significant ozone loss extending
into the northern hemisphere springtime, special concern needs to be
directed toward biological species which evolve rapidly during a one or two
month period in March ar April, with larval forms as a possible example.
With normal ozone levels and the sun far from directly overhead, such
transitional biological forms would not need much protection against UV-B
radiation because such exposure could not normally occur. In this -
situation, the larger percentage increases in UV-B accompanying springtime
ozone depletion might cause substantial disruption even though the absolute
amount of UV-B radiation {8 no larger than would be found in the same
location in mid-summer. In any avent, the biological exposures to UV-R
radiation can alsoc be expected to intenaify for another 20 or 28 years into
the future as ozoene depletion reaches 1ts maximum.
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