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•testimony Prof. F. SherwoocJ Rowland, Donald Bren Pro-fessor o-f Chemistry, 
University o-f Cali-fornla, I r v i n e , Cali-Fornia 92717 

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

HEflRINSS ON STRflTQSPHERIC OZONE DEPLETION, April I h , 1991 

Total 02one Loss in the Northern Hemisphere 

The new ozone data =̂rom the TOMS instrument on the Nimbus-7 s a t e l l i t e , 
as re?ported by Dr. Richard S t o l a r s k i and h i s colleagues, provide no grounds 
-for optimism about the global status of stratospheric ozone depletion, nor 
about the situa t i o n d i r e c t l y over the United States. Their measurements 
and analysis cover the period oi operation o-f the s a t e l l i t e instrument, 
from November 1978 through May 1990, and d e c i s i v e l y confirm and extend the 
conclusions announced in March 1988 by the NASA Ozone Trends Panel that: 

(1> s i g n i f i c a n t osone l o s s has been observed over the United States and 
other countries in the latitu d e bands northward of SOON; and 

t h i s northern hemisphere osone depletion i s greater during the winter 
than in the summer. ,, ._ j 
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 occurred not only in the polar regions with i t s 
well-Known Antarctic "ozone hole", but also at a l l l a t i t u d e s south of 30-3. 

While the new s a t e l l i t e data are both s t a r t l i n g and ominous in their 
own righ t , they do not represent the total ozone depletion which has 
occurred over the past decades, but only that part of the lo s s which has 
taken place <3ince commencement of the s a t e l l i t e measurements in November 
19"'8 The 1988 ozone depletion estimates of the NASA Ozone Trends Panel 
were'based upon the observations taken from the global network of ground-
based stations using Dobson cpectrophotometers for ozone measurement. 
Their s t a t i s t i c a l a n a l y s i s u t i l i z e d only ground stations which had 
continuous records for 22 years or longer, at lea«t from January 
through December 1990, and reported s i g n i f i c a n t ozone depletion over the 
United States during the 17-year period from 1969 to 1986, and that roughly 
half of these losses had already happened by 1980. The December through 
March wintertime ozone depletion between 1969 and 1986 averaged 6.27. for 
^he latitu d e band from 530N-640N, 4.77. between 40ON-52°N, and 2,37. in the 
band from 30ON-39ON. The recorded ozone losses during the other eight 
months were smaller, but the ozone depletion averaged over a l l twelve 
months was s t i l l -2.37. for 53=N-64'='N, -7.07. for 40°N-52«>N. and " l - y * 
30ô j_T;9ai<4. T.f half of these ozone losses had already been recorded by the 
time Nimbus-7 was launched, then the best estimate for total ozone 
depletion over the past two decades requires recognition that the s a t e l l i t e 
measurements were not in place when ozone l o s s commenced. CoQi^^y^n for 
these e a r i t e r losses w i l l add about 2V. to 3U.J:3.jyt>e ̂ .Ê teĴ ^̂ ^̂ ^̂  
fqEr"t"^re^"wim'eF°m^ from 40ON-65"=»N. An approy.l.mate. estimate for the 
total..lwi^t^ij!Le:.^^^^ 

Uni ted~States is^theref ore, about 1Q7.,.Ji 
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Hearings o_n Stratospheri c Or:one Depletlon F, Sherwood Rowland p<r*ge 2 

Similar comments also apply for the "ozone hole" which reappears every 
^(uslr-al iapringtime over Antarctica. The familiar TOMS "before and aft(-?r" 
jiictur-es of the daily 02one d i s t r i b u t i o n s for the southern hemisphere begin 
with the cbier vat i ar^s from Octobe*' 1979, the e a r l i e s t October in the 
Mifnba5-7 o:".one f-sc^jrd, end end with the most recent data, those from 
October 1990, While.' these ozone map?, graphically illustrat:.? that very much 
l e s s ozone existed over Antarctica in October 1990 than 11 years e a r l i e r , 
th»sy sub!=t<iint i al 1 y under est i m-ate the actual azanie depletion for the south 
pol^i'- .•"'e^iar.. Th'j' o r i g i n a l Dobson data of Joseph Farman and h i s colleagues 
from B r i t i s h Antarctic Survey's Halle/ Bay station showed for 1979 ar> 
Octi^ber ozar.'i- jiveraga of only 260 Dobson units as compared to an average of 
about 317 D.U. for the f i r s t ten years (1957-1966) of their October 
nbserV.Jltions. O^cnG depletian of about 137. had already taken place over 
Hail..l-ey.--«-Bay..,_.aj2,d_jgreŝ  ..Ojf-.Antar-c-ti.ca.,._.bef.ore_t_he s a t e l l i t e 
measurements everi__b.eganj 

Perhaps the most_,d.i sccncarti .aspects of the nevg ozone data a n ^ l y s i a 
iire thiat H) the \raT:e'jj \of ozone i'ft?pletion appear ta be accel e r a t l :'uj j and 
(2) th«3 depl etion "seerns^ to be spreading into the summer months over the 
nor th temperate zone of l a t i t u d e s . The peak r ^ ^ " °f...°?°D^ ^9^5 between 
: 979-199J2^_J_i2_ the.._sateJJ.Xte„,..Uata .i..a.„abQT7t~T>.̂  i n February/Mar ch_ 
f or l_ati tudes ar_ound._5i?°.M.,.~al.mQstig=do.ub;l̂ ^̂  
iD̂,..Vl;L«?..„Gr̂ n̂ :::fea3̂ ^̂  The earl i e r 
a n a l y s i s by the NASA Ozone Trends Panel had given indications that spring 
and •summer ozone losses (April through August) had crept in and i n t e n s i f i e d 
during the .19S0s. Ozone depletion has now been observed in the s a t e l l i t e 
data (thr OL^yhout the yea> ,at a l l l a t i t u d e s from 30*'N-65*»N. 

Cont i rmrjiJ Iricreaise i n Atmospheric Concentrati ons of Chl orof 1 uorocarbons 

The United Nations conference in Montreal in September 1987 has 
d--.'£,e.>r-vedly received widespread p u b l i c i t y because of the cooperative 
agreement, now known as the Montreal Protocol, which emerged from that 
meeting to reduce the yearly omissions of chlorofluorocarbon (CFC) 
Lonipijur Js to the atmosphere. The o r i g i n a l 1987 pact called for a 20% 
reduction In emissions by 1994, with a further 307. cut in 1999, both based 
on CFC emissions to the atmosphere in 1986. A l e s s e r known aspect of these 
CFC einission scenarios was tb.e^continued.increase.,i.n...Ql.Qbal.. emi.ssioas 
during 19B7 and 1988 above thi s bas.ê..,l,e.ve.l..̂o,f,„19.96.. The best estimate of 
CFC emissions during 19®l»«.!LQjJ^i[^-A,LJJ]^^ tiiey ̂ >!«̂ ede*i-thê ^̂ ^̂  
by almost 167., with much of thti in'c"rBase""cau5^ed'"Bry^ 
CFCrilJ^ (CClaFCClFa) for cleaning of e l e c t r o n i c components. As shown in 
rTgure"'!', the "chl orof 1 uorocarbon-stratospher i c ozone" problem of the 
mid-17709 when CFC regulations were f i r s t Introduced into the global 
^Jicture wajj e s s e n t i a l l y concerned with CFC-11 (CCl^F) and CFC-12 (CClaFa) . 
By 1991, however, the regulatory 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 re v i s i o n of the Montreal Protocol in London in June 1990 
now c a l l s for an e s s e n t i a l l y complete phaseout of the use of CFCs in the 
iDuntries of the f i r s t world by the year 2000. 
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In the atmosphere i t s e l f , the concentrations of CFC-1t and CFC-12 have 
been increasing at a steady rate for mora than a decade, r e f l e c t i n g the 
nearly constant omission l e v e l for each coupled with the i r atmospheric 
l i f e t i m e s of many decades to a century or more. "̂ Th e. con F en t r a tion Q f 
.CF.G::il 13_ has^.been growi ng ver^y _j[;iapijJJ_y.,...ac-•more-and -m̂  cpmppund . 1 s 
use.dZe.very, year'^oh" a'~̂^̂^̂  (Figure 2) with most of i t ending up in 
tihe atmosphere,'' The Vot emission of CFCs to the atmosphere during the 
f i v e year period 1985-1989, the most recent period for which data are 
available, i s larger than for any other f i v e year period in the past. 
Al though an i n t e r n a t i ^ a l ^ agj^eemerr 
oi 3i.FCTi'rtHe~{̂  
and the,..tj)tal amoun^^ 
C6' QrLow..„_jThe tDtal̂ .,̂ 4gjiaoch.l.orlDe.„con.cen±rat,̂  
Ilmocjt , 0 parTs^per bi^llion byvolume (ppbv), in comparison to about 1.8 
ppbv^Ln 197Ti'"~CiTa"ppb"v''l'W'T936, and 0.6 ppbv at the beginning of the 20th 
cemtury. While the atmospheric chlorine concentrations have multiplied by 
a factor of 2 over the l a s t 15 years, and a factor of S in the past 40 
yoij^rs-, the decline in concentration after the Montreal Protocol i s f u l l y in 
effect a decade from now w i l l be much slower because of the long 
."Atmospheric l i f e t i m e s for a l l three of these CFC compounds. 

Substitutes for the CFCs are now appearing in almost a l l of the i r 
technological u<3es, but the process of substitution i s a slow one. Often 
decision-makers are very reluctant to substitute an untested now apparatus 
for an old-CFC based one which i s known to be successful for the local 
need, even though they are well aware that the CFC w i l l eventually 
contribute to the depletion of stratospheric ozone. Covern/nent,_regulat 
a c t i v i t i e s such as the current tax on CFCs may need tO~6o strengthened in 
drd'ê -̂  to^'accqmplTsH t o t a l re CFCs as soon ae possible. 

Stratospher!g. Chlorine Chemistry 

The chlorofluorocarbon compounds are quite inert in the lower 
atmosphere (although very e f f e c t i v e as greenhouse gases in while in t h i s 
unchanged s t a t e ) , but are decomposed in the middle stratosphere by solar 
u l t r a v i o l e t radiation from which they are shielded by the ozone layer 
i t s e l f . Once decomposed, the individual chlorine atoms released from the 
CFC molecule react very rapidly and continually with ozone through a long 
free r a d i c a l chain which can remove thousands of ozone molecules without 
getting r i d of the chlorine i t s e l f . Two differ e n t c l a s s e s of chlorine 
chain reactions have been i d e n t i f i e d in the laboratory and In the 
atmosphere. In the f i r s t , which occurs in the upper stratosphere above the 
temperate and tropic l a t i t u d e s j the chlorina chain proceeds in f i t s and 
s t a r t s , with the chain interrupted after a few hours by a l t e r n a t i v e 
reactions with NOa to form chlorine n i t r a t e (ClONOa), or with methane to 
form HCI. While chlorine i s chemically located in these reservoir 
molecules, the chlorine chain i s temporarily not operating and no ozone i s 
being l o s t . However, subsequent chemical reactions release the atomic 
chlorine, and the chain removal of ozone begins a l l over again. These 
alternating processes continue u n t i l eventually the chlorine atom, in some 
chemical form, works i t s way through the ozone layer into the lower 
atmosphere, and i s rained out as hydrochloric acid. 
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The""other chlorine chain reaction takes place with the assistance of 
a r t i c l e s in the atmosphere, es p e c i a l l y with the surfaces of the solar 

stratospheric clouds, or PSCs- When the stratospheric temperature drops 
down as low as -UOop to - l i s o p (about -QO^t) \ droplets of n i t r i c acid 
trihydrate (NAT) form, and these In turn serve as the nucleus for the 
condensation of water ice to form larger drops. These very low 
stratospheric temperatures are usually associated with polar winter 
conditions, e s p e c i a l l y during the long Antarctic darkness, and the PSCs 
furnish reactive surfaces on which the chemical nature of the gases can be 
transformed. The nitrogen oxides are almost e n t i r e l y converted to n i t r i c 
acid and then incorporated in-the cloud p a r t i c l e s as NAT. The temporary 
chlorine r e s e r v o i r s HCI and chlorine n i t r a t e can react on the surfaces to 
create molecular chlorine, Cla, which i s released Into the gas phase, and 
n i t r i c acid which i s tied up as NAT, These chemical changes can proceed 
even in the darkness of polar winter, and leave a system primed to react 
whenever sunlight penetrates again. With the a r r i v a l of solar radiation, 
t̂ lfc• molecular chlorine i s destroyed with the release of atomic chlorine 
which then i n i t i a t e s the polar chlorine chain reaction. In the absence of 
NOa, sequestered as n i t r i c acid in the clouds, the chlorine chain removes 
•zone very rapidly u n t i l the PSCs evaporate. In the Antarctic, the very 
strong stratospheric polar vortex prevents mixing of warmer a i r from the 
temperate zone for many weeks, and massive ozone depletion i s observed 
during September and early October. In the A r c t i c , the polar vortex i s not 
as strong, and the very rapid chain reaction can only go forward for a week 
or two before the PSCs are dissipated at lower l a t i t u d e s . However, a 
succession of a i r masses can pass through the Arc t i c polar region, form 
PSCs, lose some ozone, and move southward. The s c i e n t i f i c measurements of 
the cht=»mi3try of the the A r c t i c stratosphere have c l e a r l y shown that the 
same reactions important in the Antarctic ozone hole are also occurring in 
the northern polar a i r . 

The strong polar emphasis of the ozone depletion recorded by the 
TOMS instrument for the northern hemisphere suggests that an appreciable 
fraction of t h i s ozone l o s s has originated through the polar chlorine 
chain, presumably f a c i l i t a t e d by PSC formation in the A r c t i c stratosphere. 
While the PSCs are c e r t a i n l y implicated in polar ozone depletion, the 
normal Stratosphere in the temperate and tropical zones a l s o contains f i n e 
p a r t i c l e s of s u l f u r i c acid, and the question I s then raised whether these 
droplets can also serve to I n i t i a t e the chemical transformations known to 
occur on PSC surfaces. Laboratory experjjnenls_suggest..th«t. at 
of^ these react 1 ons_„canJ:^e:'Rl"ace3jl_ml:f-"-CL^^ 
pVobable„.ioniiIFaact o^ t h i s nature in the temperate zone stratosphere. 

Predictions of future ozone depletion can be attempted i f a l l of the -
pertinent chemical and physical data are available for incorporation Into 
the atmospheric models. The gas phase reactions of the temperate and 
tropic stratospheric chlorine chain can indeed be rather well described by 
the atmospheric models, and the ozone l o s s in the upper stratosphere 
predicted in a manner consistent with the various measurements. However, 
the PSC-driven heterogeneous reactions c h a r a c t e r i s t i c of the Antarctic and 
Arctic winter stratospheres cannot be quantitatively described from 
laboratory data with s u f f i c i e n t precision to permit successful 

-3-



extrapolltion into the future. The tâ .aĉ n.t-..ace.e.l.eĉ ^̂ ^̂  the rate of 
zone depletion which i s suggested by the new s a t e l l i t e data i s 
arHc:ularly noteworthy, because an ozone los s of 57.-67. in a single decade 

i s well beyond the expectations from the temperate chlorine chain alone. 
ProdMc! ion of chlorofluorocarbons and related molecules i s scheduled to 
cont'inur- under the revised Montreal Protocol until the year 2000, and 
furM-ier time delays of a decade or more can be ekpected for f i n a l release 
of the CFCs into the atmosphere from t h s i r various uses, and for transport^ 
to thi' stratosphere. For these reasons, stnatD?3p.h,e,cij:,,,=??2̂ o.0.e-.,.̂ ^̂  
ll.ke.1/ to worsen beyond i t s pres£^t..lexeX.s„i^r_anot^ 
V;t-f p'r-V' gr a d l ^ T r r -l'e's¥€)̂  

a - n d T n t o t h e i 2 ( 5 ; J L » . 0 * i ^ V k » . . ^ ^ ^ r v J ^ ? * • « H ^ . „ „ „ , , . _ ™ . . ^ ™ » ^ t h e a t m o s p h e r e , . b u t . e f f . o r t . s . . . . . a e e . d . t o _ l T e . . . l . n t e n s i f i e d 

Xc5'"aiTn'i'mTsG" " " f u r t h e r r e l ea.s.e .o f . t h e s e .CFCs t o . t he . , a t m o s p h e r e . 
— • — 2 , ^i,^) ^ 

t m t j c u e n i i e s o f S t r a t o s p h e r i c O^one D e p l e t i o n S W-fit. 
• ^ /• bi f kc..̂ ^ S-v̂ ^ 
Th.- absorption uf solar u l t r a v i o l e t radiation by stratospheric ozone V.VMV. 

h..̂ . two important physical consequences in the atmosphere: much l e s s °̂̂ >̂', 
ultru v i o l e t - B radiation reaches the surface of the earth, and/the absorbed | , 
u l t r a v i o l e t energy eventually emerges as a high a l t i t u d e heat source. This' 
cnnv..r-,ion of UV radiation into haat a c t u a l l y creates the stiratosphere—the, i 
atmo-pheric region between about 6-10 miles and 30 miles in which the l^/^'^f 
temperature r i s e s with increasing a l t i t u d e because the ozone heat source 1 
e.iUs at its top. ^i^^J^%ozon,^,^MJ^^^ 
upper Tfiv.aXs,,_the^aljLUJ=Ld.e^.ai.tb^^^^^^ 

•Ŝ ^̂ 7it;:')̂ ;;::ĝ adi.en̂  
,f"v!tTndicated a temperature, decrease. a L tHe J:op.of„.thB--stratOSpbere of 

oz on dep 1 et i on i n.AhJL.L.pp.er..st r.ato,spher.e=.-and^f r.om^thu^gr.eenbou^^^ 
C^aT'^'^TThr^iTi^'house effect i s expected to warm the lower atmosphere, but 
t"o .:aol the upper stratosphere,) 

''Ji'-h l e s s total ozone in the whole atmospheric column, more UV-S 
radiation w i l l reach the surface of the earth. This relationship of " l e s s 
ozone more UV-B" i s so strong and well-established that the ozone data 
talan with the Dobson spectrophotometer are actually d i r e c t measurements of 
u l t r a v i o l e t radiation and not of ozone. The Dobson instrument records the 
r.:Atio of radiation i n t e n s i t y received d i r e c t l y from the sun at two 
[OtTIviolet wavelengths. One of these wavelengths i s chosen from the UV-A 
range, and passes through the atmosphere and the stratospheric ozone layer 
with :.nl/ minor diminution on i t s path to the detector. The °ther 
wavelength i s chosen in the UV-B range, and i s s u b s t a n t i a l l y reduced in 
inten-^ity in passage through the ozone layer; the more ozone, the Q'-^^er 
the reduction in in t e n s i t y at t h i s UV-B wavelength, and the smaller the 
r a t i o of UV-B/UV-A i n t e n s i t i e s recorded by the Dobson spectrophotometer. 
The answa^r to the frequently asked question, "Has -̂IIY i"^;;;«f" 1",^^^'^^^"" 
obsL-rved to accompany the measured ozone depletion?" i s that the increase 
in d i r e c t solar UV-B radiation i s a c t u a l l y what was observed. In actual 
practice, of course, the observation i s of the r a t i o of UV-B to UV-A, but 
an increase in t h i s r a t i o without any change in UV-A radlation—most of 
which always reaches the s u r f a c e — n e c e s s a r i l y means an increase in UV-B. 
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Some measurements of UV-B i n t e n s i t i e s at the surface have also been 
rtade with a quite different detector, the Robertson-Berger meter. This 
apparatus measures the total UV-B radiation coming from a l l directions, and 
not j u s t d i r e c t l y from the sun. As anyone knows who has managed to receive 
a tan despite protection against dire c t sunlight by a beach umbrella, 
appreciable amounts of UV-B r a d i a t i o n ~ t h e cause of human sunburn—reach 
the skin by an indirect route. Unlike the Dobson spectrophotometer which 
measures only the radiation received on a direct 1 i f r o m the ?.un, the 
Robertson-Berger meter responds to the sum of the dire c t and Indirect solar 
UV-B radiation. When the R-B meter has been operated in a r e l a t i v e l y 
remote location, as in Australia and in the Swiss Alps, increases in UV-B 
over the past decade ha'.-e also been recorded. When operated in urban 
locations, as has frequently been the case in the United Std^tes, the 
amountii of indiract UV-B radiation r<2CGlved by the Instrument can be 
reduced over decade i f local pollution, including ground-level ozone, ha-s 
inrreased over that time. Under such circumstances, the sum of an 
increased dir e c t UV-B radiation because of stratospheric ozone depletion, 
a-.'id" decreased indirect UV-B radiation because of local pollution, can 
r e s u l t in l i t t l e change in the t o t a l . 

Thf major impacts- of additional UV-B radiaition upon humans are located' 
in those parts of the body d i r e c t l y ewposed to the sun—an increase in skin 
cancer, an increase in eye cataracts, and perhaps in changes in the immune 
system. I t should be noted that the UV-B radiation exposure Of humans i s 
dependent on the sun's angle, with greater exposure near solar noon, and at 
l a t i t u d e s nearer the equator. With the larger ozone losses of the northern 
hemisphere concentrated toward the winter, the larger gercentage increases 
Ir, UV-B .^^xposure—a 27. increase in UV-B for each 17. decrease in total 
o z o n e — w i l l occur at seasons of the year when UV-B B!<posure in the northern 
United States i s much l e s s than the maximum received during June and July, 
Humans already have some systems for protection against UV-B, as in the 
prodeVs of tanning in the sun, and these are immediately available I f the 
UV-B exposure i s increased s u b s t a n t i a l l y during a season when such wou^d 
not normally take place. 

Of course, mankind i s not the only biological species at the surface of 
thP earth, and many of these species have been shown by f i e l d e:<periments 
to be s e n s i t i v e to UV-B radiation. With s i g n i f i c a n t 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 or A p r i l , with l a r v a l forms as a possible example. 
With normal ozone l e v e l s and the sun far from d i r e c t l y overhead, s"ch 
t r a n s i t i o n a l biological forms would not need much protection against UV-B 
radiation because such exposure could not normally occur. In t h i s 
s i t u a t i o n , the larger percentage increases in UV-B accompanying springtime 
ozone depletion might cause substantial disruption even though the absolute 
amount of UV-B radiation i s no larger than would be found m the same 
location in mid-summer. In any event, the biological exposures to UV-B 
radiation can also be expected to i n t e n s i f y for another 20 or 25 years into 
the future as ozone depletion reaches i t s maximum. 
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