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FTefcace 

Th is repor t descr ibes the f ind ings of recent research and 
the result ing improvements in sc ient i f ic under stand ing of 
the causes and effects of changes in stratospher ic ozone . 
The r eport is one in a ser ies on the subject prepared 
under the auspices of the Nat ional Research Counc i l .  Our 
purpose has been to update the informat ion conta ined in 
the most recent NRC repor t in the ser ies , Causes and 
Effects of Stratospher ic Ozone Reduct ion: An Update 
( 1982) . 

The r epor t was prepared at the r equest of the u. s. 
Environmental Protect ion Agency . Under the prov is ions of 
the Clean Air Act as amended (Title I ,  Par t a: 4 2  usc 
7450 et seq . ) ,  the agency is requ ired to repor t to 
Congr ess b ienn ially on the status of research related to 
protect ion of stratospher ic ozone . 

The repor t is d iv ided into two par ts: Par t I deals 
with changes in the atmospher e  and per turbations to 
s tratospher ic ozone , Part II with effects of changes in 
ultrav iolet-a (UV-a ) rad iat ion that would accompany 
changes in the total amount of ozone above the Ear th ' s  
sur face . Each par t  conta ins its own introduction and 
summary and its own citations to the sc ienti f ic 
literatur e .  The subjects of the two par ts ar e treated 
separately because they involve d i fferent types of 
sc ient i f ic exper tise and are l inked only by the ir  
r elationsh ips to the intens ity and spectral d istr ibut ion 
of ultrav iolet l ight at the Ear th ' s  sur face .  Taken 
together , however , the two subjects def ine the state of 
knowledge needed to car ry out the prov is ions of the Clean 
Air Act . 

I t  should be noted that potent ial changes in 
stratospher ic ozone are not the only influences lead ing 
to increased exposure of humans to ultrav iolet-a 

v i i  
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radiation . As descr ibed in Par t  I I , cer ta in soc ial , 
r ecreational , and economic trends are lead ing to increased 
exposure . Consequently , the analyses provided in Par t I I  
have impl ications beyond the context o f  protection of 
stratospher ic ozone . S imilar ly , changes in a tmospher ic 
ozone may have consequences other than those associated 
with UV-B . 

In conduct ing its study and prepar ing th is r epor t ,  the 
Committee was ass isted by a number of NRC staff  member s ,  
among them Myron F .  oman , Kate Nesbet , Roseanne Pr ice ,  
Estelle Miller , and Robert Rooney . I express my 
appreciat ion for the ir  effor t and for the selfless 
dedication of my colleagues on the Committee . 
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PART I 

Perturbations to 
Stratospheric Ozone 
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1 
Introduction and Summary 

Ozone , the tr iatomic molecule of oxygen (chemical formula 
o3) ,  absorbs shor t-wavelength ultrav iolet (UV) solar 
radiation that can be harmful to animal and plant l ife 
(NRC 1973, 1975, 1976b , 1982 ) .  Ozone is pr esent in the 
upper atmospher e in small amounts and prevents most of 
th is rad iat ion from reach ing the Bar th ' s  sur face . I f  al l 
o f  the ozone in the atmosphere was distr ibuted un iformly 
over the sur face of the Bar th at sea level , it would form 
a layer only about 3 mill imeter s (mm) th ick . Most of the 
atmospher ic ozone ( roughly 9S percent ) is found in the 
s tratosphere , a layer of the atmosphere at alt itudes from 
about 16 k ilometer s ( km) to SO km at low latitudes and 
about 8 to SO km at h igh latitudes . The lower and upper 
limits in alt itude ar e called the tropopause and the 
s tratopause , respect ively , and represent min ima and maxima 
in a tmospher ic temperature . The r ise in temperature with 
a lti tude in the stratospher e is a consequence of the 
absorpt ion of ultrav iolet radiat ion by ozone and its 
convers ion into heat . Th is inver ted thermal structure in 
turn inh ibits ver tical transpor t .  Ozone is a h ighly 
react ive chemical .  Near ground level , the r elatively 
h igh concentrations of ozone tha t may occur from t ime to 
t ime dur ing a ir pollut ion episodes over parts of Nor th 
Amer ica are harmful to publ ic health and welfare (NRC 
1977, U. S .  EPA 1978). 

The concentration of stratospher ic ozone is ma inta ined 
by a balance of processes that create and remove it 
(Pigure 1-1) . Ozone is cr eated in a photochemical 

process that beg ins with the photolys is of diatomic 
oxygen <02>• It is destroyed in several complex ser ies 
of chemical reactions involv ing oxygen (0), hydrogen (H) , 
chlor ine (Cl ) , and nitrogen (N)  compounds , with the last 
three acting as cata lysts at very small concentrations . 

3 
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FIGURE 1 · 1  Representation of the processes that determine the concentration of ozone in the stratosphere. SOURCE: NRC (1 982). 
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Ozone is also r emoved from the stratosphere by large-scale 
transpor t processes . For descr ipt ions of the chemical 
and dynamic processes and a sequence of assessments of 
understand ing about them , see NRC ( 1975 , 1976a , 1979 , 
1982 ) ,  NASA ( 1979a) , WMO ( 1982a) , and Bower and Ward 
(1982 ) .  

In the ear ly 1970s it was realized that human 
act ivities r esult in the add it ion of cer tain chlor ine , 
n itrogen , and other catalyst spec ies to the stratosphere ,  
upsett ing the balance between product ion and destr uct ion 
processes and lead ing to changes in the total amounts bf 
ozone above the Ear th ' s  sur face . Among the chemical 
agents cons idered to have the potential to affect 
stratospher ic ozone in var ious ways ar e ni trogen oxides 
(NOx) ,  chlorofluorocarbons (CFCs ) , n itrous oxide (N20) , 

methyl chloroform (CB3ccl3 ) ,  carbon tetrachlor ide (CC14 ) ,  
methane (CB4 ) ,  and carbon d ioxide (�). Among the CFCs 
the most impor tant are CFC-11 (CFC13 ) and CFC-12 ( CF2Cl2 ) .  
A reduct ion in str atospher ic ozone would lead to an 
increase in the intens ities of UV l ight r each ing the 
Bar th ' s  sur face , and the consequences would potent ially 
be harmful ( see Par t II of this repor t ) . 

The oxides of nitrogen (NOx) are the major chemica l 
family respons ible for the loss of ozone in the strato
spher e .  The addit ion o f  s ign if icant quantit ies o f  NOx 
to the stratosphere--for example , from increas ing con
centr ations of N20 ,  detonat ion of nuclear weapons , or 
substantial number s of super sonic a ircr aft--would r esult 
in substantial decreases in the total amount of ozone . A 
small increase in atmospher ic N2o (of 0 . 2 percent per 
year ) has been observed and is taken into account in 
cur rent scenar ios . Cur rent models do not account for 
emiss ions of NOx from commercial fleets of supersonic 
a ircr aft , however , ma inly because there are no plans for 
such fleets cur rently under cons iderat ion . I f , however , 
we were to env is ion a fleet of such a ircraft s imilar to 
that of CIAP ( 19 7 5 ) , the most recent chemical models 
would yield substantial ozone depletions ( in the r ange of 
8 percent or more ) . Most of the projected increases in 
atmospher ic NOx are assumed at present to be injected 
i nto the upper troposphere by subsonic commer cial 
a ircraft . Contrary to the case of the stratosphere ,  the 
addition of NOx to th is r eg ion of the atmosphere leads 
to product ion of ozone , wh ich is fur ther enhanced by 
global increases in concentrat ions of methane and other 
hydrocarbons . Excess tropospher ic NOx may produce 
substantial increases in the local concentration of ozone 
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in the tropospher e and modest increases in the total 
amount of ozone in the atmosphere .  

Th is repor t focuses on the effects o f  addit ions of 
chlor ine to the stratospher e due to r eleases of CPCs and 
other halocarbons . I t  also takes account of chang ing 
concentrations of other tr ace gases , such as �' ca. ,  
and N2o ,  wh ich ma y  be the result of huaan act ivities 
and/or natural processes . It  is clear that , over the 
past centur y or more , huaan act iv ities have led d irectly 
or indirectly to changes in the chemical ooaposit ion of 
the atmosphere .  Stratospher ic concentrat ions of chlor ine 
are now more than twice the value associated with natural 
sour ces (methyl chlor ide [CB3Cl)) . Th is change can 
cause substant ial per turbat ions to the chemical reactions 
controll ing the abundance of ozone in the stratospher e .  
We do not emphas ize anthropogenic add it ions o f  NOx to 
the stratospher e because curr ent est imates of futur e 
emiss ions to the stratosphere do not include substantial 
inject ions of th is pollutant . 

Obser ving the changes in the chemistry of the strato
spher e due to the release of tr ace gases is difficult . 
The substances of interest are present in only tr ace 
amounts , and many of them ar e d i fficult to measure.  The 
approach to the problem has been to develop theoret ical 
descr ipt ions , or models , of the phys ical and chemical 
processes thought to be impor tant in the stratosphere.  
These models ar e used to calculate the concentrations of 
var ious spec ies as a funct ion of pos ition and t ime .  TO 
val idate the models , calculat ions ar e compared with 
observat ional data . Labor atory expert.ents ar e per formed 
to obta in photochemical rate coeffic ients that ar e used 
in the models . As our under stand ing of str atospher ic 
processes incr eases , we may use the models to est imate 
the consequences of r eleases of tr ace gases for changes 
in stratospher ic ozone in the futur e .  

In Par t I of the repor t ,  w e  present a n  update o f  
ear l ier r eviews o f  our under stand ing o f  the changes in 
str atospher ic ozone that may be caused by human act iv i
t ies . The emphas is is on r esults of r esearch per formed 
in the last two or thr ee year s .  I n  par t icular , we 
examine the most recent advances in laboratory measure
ments (Chapter 2 ) ,  f ield observat ions (Chapter 3 ) , 
under stand ing of dynamic meteorological processes (Chapter 
4 ) ,  compar isons between model calculat ions and measure
ments (Chapter 5), and est imates of the consequences of 
continued chemical per tur bations for the future (Chapter 
6 ) . Below is a summary of the chapter s ,  followed by a 
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br ief d iscuss ion of uncer ta int ies and conclus ions . 
Recommendations for future r esearch are included in each 
chapter . 

SUMMARY 

Laboratory Measurements 

As a r esult of r ecent labor atory stud ies , the r ate 
par ameter s for many photochemical r eact ions have been 
r ev ised . These r eactions involve r ad icals and unstable 
chemical spec ies that pose formidable exper imental 
problems . The new studies , us ing s ign if icantly improved 
measurement techn iques , have reduced uncer tainties in the 
data . As indicated in Chapter 6 ,  most of the r evis ions 
have led to estimates of smaller ozone r educt ions because 
of man-made perturbat ions . A few examples are g iven in 
Chapter 2 . 

For example ,  r ecent labor atory stud ies have quanti
tatively demonstr ated the format ion of chlor ine ni trate 
(ClON02 ) in the r eact ion of chlor ine monoxide (ClO) and 
n i trogen dioxide (N02 ) ,  favor ing ClON02 as a pr inc ipal 
product channel r ather than other isomer ic spec ies with 
unknown structur es and r eact ion rates . The r esults 
r educe a major uncer ta inty in model ing the inter act ion of 
chlor ine and ni trogen spec ies in the stratospher e .  

Measurements o f  the flux o f  solar r adiat ion in the 
r ange of wavelengths cr itical to photochemical product ion 
of ozone in the stratosphere ( from 187 nanometer s [nm) to 
22 5 nm) have led to values for the o2 absorpt ion coeffici
ents that ar e 2 5 to 50 percent smaller than ear l ier  
laboratory values . The r ev is ion of the cross sect ions to 
lower values appear s to have been confirmed by a recent 
laboratory study . The 02 absorpt ion coeff ic ients 
determine the depth to wh ich radiat ion in th is wavelength 
interval penetrates the stratospher e and , in so do ing , 
determine the r ate at wh ich ozone is produced in the 
stratosphere . Accord ingly , the new data have caused 
s ubstantial r evis ions in the r esults of photochemical 
models and have lowered our est imates of the extent of 
total ozone per turbat ions caused by human act iv ities . 

Field Measurements 

D i fferent types of instruments that measure the same 
tr ace spec ies in the atmospher e ar e now be ing compared 
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s iaultaneously under field cond it ions. Rigorous , double
bl ind coapar isons prov ide an assess .. nt of the rel iabil ity 
with wh ich the abundance of key stratospher ic spec ies can 
be aeasured and , as a result of discovered differences , 
st iaulate the r efinement of exper i .. ntal techn iques . Por 
example , the f indings of balloon-borne instru-.nts for 
measur ing both stratospher ic ozone and water vapor have 
r ecently been �r ed in separate aultiple-balloon 
campaigns . The ozone study revealed the need to examine 
more closely the rel iabil ity of most ozone instru-.nts 
for measure .. nts at altitudes above 40 ka . The water 
vapor study indicated that str atospher ic water vapor can 
probably be .. asured with r easonable accuracy ( to with in 
±1 . 5  par ts per mill ion by volume [ ppa] ) ,  but unexpla ined 
systeaatic differences contr ibute substant ially to the 
cur rent uncer ta inty . 

Several sets of data on trace const ituents , in 
addition to ozone , obta ined from satellites ( Stratospher e 
and Mesosphere Sounder [ SANS] , Limb I nfrared Mon itor of 
the Stratosphere [LIMS] , and Solar Mesosphere Explorer 
[ SMB ] ) ,  have been rev iewed and are now ava ilable . The 
global and near ly continuous coverage obta ined with 
satellites prov ides considerable ins ight into large-scale 
chemical phenomena . The 8MB and LIMS measure .. nts have 
confirmed that the abr upt decrease of str atospher ic N02 
at about 4 5°N  in  the winter is indeed a polarwide 
phenomenon associated with the edge of the polar vor tex . 
The SANS measur ements of ca4 and H20 have confir•d the 
general features found in the altitude profiles obta ined 
with balloons and a ircr aft and , by vir tue of the extensive 
cover age , have revealed features in the global d istr ibu
t ion of these long-l ived gases . Lastly , inforaation about 
the abundance of species that ar e not d irectly measured 
by satell ite can be infer red from the data . Ratios of 
the LIMB data on N02 and nitr ic acid (HN03 ) yield 
pr el iminary estimates of the hydroxy radical (OB ) in the 
middle stratospher e that are consistent with the l imited 
number of previous direct measurements . 

A new balloon-bor ne technology promises to prov ide 
mor e rel iable determinat ion of ver tical profiles . An 
instrument platform has been suspended beneath a balloon 
float ing at its maxiaum altitude , and has been let down 
and reeled up over a d istance of 12 km. Repeated obser
vat ions with in a shor t t ime span should g ive a measur e of 
the natur al , shor t-term var iabil ity as well as resolv ing 
the d iurnal behav ior of the profiles for compar ison with 
model calculations . 
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Meteorolog ical Processe s 

Analyses of meteorolog ical data on the stratosphere from 
satellite data accumulated over more than 10 year s have 
revealed unexpectedly large year-to-year var iabil ity in 
the winds and temperatures . Substant ial inter annual 
var iabil ity also occurs in the d istr ibut ion and amount of 
stratospher ic ozone . Th is large year-to-year var iability 
makes it imposs ible to der ive def init ive ozone trends from 
short-term records , and indicates the add it ional complex
ity assoc iated with atmospher ic transpor t processes . 

The mechanics of the exchange of tr ace spec ies between 
the troposphere and the stratosphere have r eceived renewed 
attent ion in the past few years . Recent observat ions 
from a ircraft in the equator ial r eg ions suggest that 
tr adit ional ideas about the tr anspor t of water vapor and 
o ther tropospher ic species into the stratosphere may need 
modif icat ion . The exchange of water vapor between the 
troposphere and stratosphere now appear s to have strong 
longi tud inal and seasonal dependence and to be assoc iated 
with small-scale dynamical processes occurr ing in 
convective clouds . 

Meteorolog ical processes are also coupled to ozone 
per turbat ions through the radiative effects of ozone and 
other tr ace spec ies . Tropospher ic species that may 
produce significant photochemical per turbations of ozone 
( e . g . , CFCs , CB41 N20)  may , through absorpt ion of 
i nfr ared r adiation , contr ibute to the atmospher ic green
house effect . Recent estimates ind icate that if cur r ent 
trends in the concentrations of these minor gases 
cont inue , their d irect rad iative effects may produce a 
warming at the sur face compar able to that attr ibuted to 
the projected increase in carbon dioxide . Occur r ing at 
the same t ime ,  r adiative cool ing in the stratosphere 
would influence ozone photochemistry by reduc ing the 
r ates for many r eact ions that destroy ozone . Thus , the 
question of chemical per turbat ions to ozone may not be 
cons ider ed independently of the cl imatic alter ations due 
to trace gases such as carbon d ioxide . 

Compar ison of Models and Measurements 

The capabilities of theoretical models have cont inued to 
grow over the past two year s .  Most notably , the chemical 
models have kept expanding to include mor e soph ist icated 
treatments of dynamical tr anspor t and red istr ibution of 
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trace gases in more than one d imens ion . These mor e 
r eal istic models are needed for the interpretat ion of 
observed data in the proper context of the time and 
location of the observations. 

The reduct ion in the pr eviously establ ished cros s  
sect ion for molecular oxygen i n  the Her zberg continuum 
has led to a s ign i f icant revis ion in most photochemical 
models . Additionally , the k inet ic rate coefficients for 
sever al impor tant chemical r eact ions have been r ev ised 
substantially .  In most cases the r evis ions have led to 
better agreement between models and observations , wh ile 
in some cases they have led to larger dispar ities . OVer
all , our ability to model the observat ions of crcs , N20, 
ClO , N03, and OH has improved , but we still have some 
d i ff icult ies pred ict ing the distr ibut ion of CH4 , 03, and 
some odd-nitrogen species . 

Substantial new sets of observat ions of crc- 11 and 
crc-12 are now ava ilable . The measurements ind icate tha t 
the concentr ations of these gases are incr eas ing at a 
rate that may be descr ibed by a photochemical model us ing 
est imated r eleases for crcs and losses due to str ato
spher ic processes only . The scope of per turbat ions to 
the atmosphere has expanded with the confirmation of 
incr eas ing concentrat ions of atmospher ic N20 and CB4 , the 
causes of wh ich may be anthropogen ic , natural , or both . 
In  addition ,  the chemical r eactions of the atmospher e are 
af fected by the local temperature , wh ich may be per turbed 
by increases in the so-called greenhouse gases , most 
notably C0 2• 

Deta iled statist ical analyses of measur ements of total 
ozone between 1970 and 1980 have indicated no d iscer nible 
tr end in the total column abundance of ozone ( the net 
amount of ozone above a unit  area of the Ear th ' s  sur face) . 
The observations are consistent with more recent photo
chemical models that take account of s imultaneously 
chang ing concentrat ions of crcs , N2o ,  CH4 , co 2, and NOx· 

As has been the case for a number of year s ,  photo
chemical models calculate that the largest r elative local 
change in ozone for cont inued releases of crcs should 
occur at an altitude near 4 0 km . New analyses of 
observed ozone tr ends are l imited by the rel iabil ity o f  
the ground-based Umkehr data , but suggest a decrease in 
ozone concentration at th is altitude over the past decade. 
The magn itude of the observed decrease , approximately 3 
percent , is uncer ta in , bu t i t  is in agr eement with cur r ent 
theory. Models suggest that the percentage changes in 
ozone nea r 4 0 km are pr imar ily due to chlor ine , produced 
by the photolys is of crcs . 

Copyright © National Academy of Sciences. All rights reserved.

Causes and Effects of Changes in Stratospheric Ozone:  Update 1983
http://www.nap.edu/catalog.php?record_id=19330

http://www.nap.edu/catalog.php?record_id=19330


11 

Chemical Per turbat ions 

Current estimates of the steady-state reduct ion of total 
column ozone attr ibutable to releases of CFC-11 and CFC-12 
acting alone (at roughly 1980 r ates ) center around a value 
of 3 percent . Us ing s imilar r elease rates and the mos t 
r ecent photochemical par ameter s ,  descr ibed in Chapter 2 , 
several models yield r esults that range from 2 percent to 
4 percent . Th is calculated r educt ion in total ozone is 
sens itive to the phys ica l  and chemical parameter s of the 
model ; for example , the r ange would sh ift to 3 percent to 
5 percent if the older , faster rate coeffic ient for the 
chemical r eact ion of 0 and ClO wer e used in the calcula
tions . The calculated net column reduct ion is the result 
of a substantial decr ease in ozone above 30 km, amounting 
to about 6 percent of the total quantity of ozone in the 
a tmospher e ,  and a smaller increase in ozone below 30 km , 
amount ing to about 3 percent of the total ozone . Large 
local ozone r educt ions are still calculated to occur near 
40 km . These reduct ions--of up to 60 percent of the 
local ozone concentration--may be the key to detect ing 
the influence of halocarbons on ozone , and to demonstrat
ing the connection between atmospher ic observations , 
labor ator y k inetic measurements , and photochemical models . 

The increase in ozone in the lower stratospher e that 
is calculated for CFC releases suffer s from major uncer
ta inties in  our model ing of the chemical and dynamical 
processes and is more difficul t to ver ify .  In th is reg ion 
of the stratospher e ,  dynamical processes ma inta in strong 
ver tical grad ients in the concentrat ion of key trace 
gases , includ ing ozone. The effect of photochemical 
r eact ions on ozone concentrat ions may be over shadowed by 
the atmospher ic mot ions that redistr ibute these gases 
throughout the stratospher e and into the troposphere . 
OVer the past several year s ,  changes in the chemical 
k inetic data have not s ign i f icantly altered the calculated 
decrease in ozone due to crcs above 30 km . S ign i f icant 
changes have occurred in calculat ions for the lower 
stratosphere ,  however , and it is conce ivable that even 
the s ign of the cur r ently calculated incr ease below 30 km 
may be rever sed with improvements in our ab ility to model 
the coupled chemical and dynamical processes of  th is 
r eg ion . Accord ingly , we must allow for the possibility 
that mod i f icat ions in our unders tand ing of th is reg ion 
will occur in the next few year s .  

The detect ion o f  a tr end in ozone over the past decade 
has become mor e compl icated with the r ecogn it ion that 
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ozone may be pertur bed by a number of spec ies introduced 
into the stratospher e and that r esponses of stratospher ic 
ozone to additions of chlor ine and other tr ace gases aay 
be nonl inear . Ozone in the stratosphere is actually 
under the s imultaneous influence of a number of coepounda 
of known or suspected anthropogenic or ig in . �g these 
are CPC-11 , CPC-12 , H20 ( each of wh ich can act to reduce 
ozone ) , and nitrogen oxides fro. �rcial subsonic 
a ircraft , CH4 , and C02 ( each of wh ich can incr ease 
ozone) . I f  we cons ider reasonable scenar ios of the r ecent 
past and potent ial future , model calculat ions suggest 
that the net colu.n ozone change over the next few decades 
will probably be on the order of +1 percent. However , 
th is very small calculated net change in total ozone aay 
be for tu itous , and we should not infer froa it that 
ser ious env ironmental concerns can be abandoned . For 
example , i f  CPC emissions wer e to increase at a rate of 3 
percent per year , and i f  measures were taken to r educe 
C02 and/or a ircraft NOx eaissions, the current .adele 
s uggest that total ozone could decrease substantially , 
perhaps by as much as 10 percent by 2040. In  another 
example , i f  CPC emissions were to double and the methane 
concentrat ion wer e to reaain unchanged , some models would 
pred ict a decrease of about 3 percent by the middle of 
the next century . One recent model ing study suggests 
that the ozone colu.n is a nonl inear funct ion of changes 
in the stratospher ic chlor ine concentrat ion , fur ther oo.
pl icating the interpretat ion of the detection of ozone 
tr ends . 

An impor tant aspect of ozone change , wh ich must be 
ser iously addressed in the future , is the potent ial redis
tr ibution of ozone in the stratosphere .  With large ozone 
reduct ions calculated in the upper stratospher e and sub
stantial ozone incr eases calculated in the lower str ato
spher e and upper troposphere , the heat ing rates and 
dynamics of the upper atmospher e may be not iceably 
altered . Moreover , the increased concentrat ions of 
tropospher ic ozone and sever al other trace gases may 
cause s ign if icant warming at the Ear th ' s  sur face. The 
issue of climatic change assoc iated with ozone per tur
bat ions has yet to be resolved . 

DISCUSS ION 

I t  is par ticular ly impor tant to cons ider the uncer ta int ie s 
inherent in the model calculations, cur r ent and past .  
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Unfor tunately , the subject has not been addressed in the 
sc ientific literature dur ing the past two or thr ee year s ,  
although we may cons ider the h istory o f  model calculat ions 
as an empir ical example of the uncer ta inty . The best 
estimate of the steady-state r eduction in the total amount 
of ozone above the Bar th due to CPC releases alone , and 
in the absence of other per turbations , has changed from 
16.5 percent (NRC 197 9 )  to about 7 percent (between 5 and 
9 percent , NRC 1982 ) to about 3 percent (between 2 and 4 
percent , th is repor t )  for equ ivalent calculations. The 
pr incipal factor r espons ible for th is sequence of changes 
has been improved measurements of photochemical rate 
par ameter s .  These numbers for ozone r educt ion do not 
include estimates of uncerta int ies in the phys ics and 
chemistry of the model calculations , and their success ive 
changes in magn itude can be--and often ar e--mis inter
preted . 

A f ir st attempt in est imating uncer ta inties was 
car r ied out by the NRC ( 1976a) . The techn ique used was a 
combination of sens itiv ity analys is on cer tain par ameter s 
of the chemical model and subjective estimates of the 
uncer ta inties assoc iated with other parameter s ,  includ ing 
those assoc iated with tr anspor t processes . Although the 
NRC repor t car efully descr ibed the methods used to arr ive 
at the r esult , wh ich included many subjective estimates , 
the use of terminology such as •95  percent confidence 
level , •  even with all the expressed precaut ions , led to 
interpretations of the result as a well-defined stat is
t ical uncer ta inty . The next NRC repor t on the subject , 
in 1979 , aga in quoted a 95 percent confidence level and 
used more deta iled analytical techniques , a comb inat ion 
of sens itiv ity analys is and Monte-car lo analysis for most 
of the input var iables . Never theless , cer tain subject ive 
estimates of uncer ta inties were deemed necessary to 
account for incompleteness in the model ing of atmospher i c  
processes . The author s of the NRC ( 1982 ) r epor t j udged 
that th is approach was open to mis interpretat ion . 

SOme measure of uncerta inties associated with current 
under stand ing is impor tant , however , to provide a 
per spect ive for those who would use these analyses in 
dec is ion mak ing . We f ind it difficult to prov ide such a 
quantitative measure ,  both because th is issue has not 
been addressed analyt ically in the recent sc ient i f ic 
l iteratur e ,  and because any descr ipt ion of the uncer
ta inties associated with the incompleteness of 
one-dimens ional ( 1-D) models must r ema in subjective. The 
hear t of the issue , g iven the h istory of chang ing 
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estimates in the predicted ozone deplet ions , is the 
extent to wh ich we can have confidence that our 
under standing has improved . 

Fir st , the ev idence rev iewed in th is r epor t suggests 
that the theor y of humanly induced chemical change in the 
stratosphere r ema ins val id. For example , the steady 
increase in tropospher ic concentrat ions of CPCs (Chapter 
5 )  shows that these compounds are not r apidly r e.oved 
from the atmospher e .  The ir ver tical d istr ibut ions clearl y  
ind icate that the ma jor destr uct ion process for them is 
photolys is in the middle and upper stratospher e ,  lead ing 
to the injection of substantial a.ounts of chlor ine at 
those altitudes. The fast catalytic destr uct ion of ozone 
by chlor ine atoms is also fully establ ished by laborator y 
exper iments , even though some uncerta inties rema in 
r egard ing the prec ise magn itude of the cr it ical r ate 
coe fficients (Chapter 2 ) .  Field stud ies-- in par ticular , 
compar isons of measur ement techn iques--have improved our 
ability to make measurements in the stratosphere and have 
incr eased our confidence in the r esults (Chapter 3 ) . 
Improved laborator y techn iques have r esulted in better 
measurements of a number of impor tant rate parameter s 
(Chapter 2 ) .  us ing the new rate parameters ,  we have 
gener ally improved agreement between calculat ions and 
observat ions (Chapter 5 ) . I t  is impor tant to note that 
all model calculat ions suggest substant ial r eductions in 
ozone in the upper stratosphere (near 40 km) due to 
continu ing inject ions of chlor ine , a r esult that has not 
changed substantially over the past decade . 

Most of the changes in estimates of steady-state 
reduct ions in total ozone dur ing the past four or five 
year s have been the r esult of a cancellat ion effect , with 
reductions in the upper stratospher e and incr eases in the 
lower stratosphere and upper troposphere .  I n  the lower 
stratospher e ,  dynamical and chemical processes have com
parable roles in determin ing the distr ibutions of trace 
spec ies . I n  th is reg ion , cur rent models have not been 
des igned to treat both types of processes in compar able 
detail . Only three-dimens ional models , wh ich are yet to 
be developed , could addr ess th is class of questions in 
deta il . Consequently , the uncer ta inties in cur rent 
understanding are gr eatest j ust where r ecent models 
suggest a smal l  percentage incr ease in ozone that par tl y 
balances the relatively larger decr ease at h igher 
altitudes . 

The r ange of values g iven in th is r epor t for the 
steady-state r educt ion in total column ozone for CFC 
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releases in the absence of other changes reflects mor e 
the pr ecis ion of the ar t of model ing than the accuracy of 
the r esult . Some reduct ion in the uncer ta inty of model 
pred ict ions over the past four year s is demonstrated by 
the general improvement in the agr eement between cal
culated prof iles and observat ions (Chapter 5 ) .  However , 
our est imates of the cur rent uncerta inty in chemical 
models are not substantially d i f ferent from those of the 
NRC repor t of 1979 ( 16 . 5  ± 11 . 5  percent at the 95  
percent confidence level ) , wh ich have been demonstrated 
to have been over ly optimistic . Without fur ther analys is 
of the sens itiv ity of model r esults to changes in input 
parameter s or other features of the models , we will not 
be able to descr ibe the uncer ta inties object ively . 
Research in th is ar ea is impor tant . If we wer e to per form 
an analys is of uncer ta inty today of the type descr ibed in 
the NRC repor t of 1979 , we bel ieve that the result , an 
uncerta inty of the order ±10 percent of the total 
column ozone , would not d i ffer substantially . 

A major element of r ecent research has been the 
r eal ization that the evolut ion of the atmospher e is more 
complex than had ear l ier been assumed . The chemical 
compos it ion of the •background• atmosphere is chang ing 
cont inuously ( for example , concentrat ions of both N20 
and CB4 have been increasing ) , so that s imple calculat ion s 
assuming a constant atmospher e--except for one 
per turbat ion--ar e of quest ionable appl icabil ity .  Model s 
that account for the s imultaneous , t ime-dependent 
per turbat ions of  a number of spec ies have recently been 
developed (Chapter 6 ) . These models prov ide addit ional 
ins ight , but the ir appl icabil ity is also limi ted because 
of the quest ionable r el iability of assumpt ions about 
trace gases in the atmospher e over time per iods of many 
decades . 

F inally , we are encour aged by the continu ing advances 
in atmospher ic sc iences . Great str ides have been made 
r ecently in atmospher ic measurements of the concentr a
t ions of stable and unstable spec ies from balloon-borne 
platforms and from satell ites . These developments will 
allow more d irect and sens itive test ing of the models by 
prov iding simultaneous measur ements of key chemical 
species as a funct ion of time and alt itude and by 
prov iding a global picture of trace gases and the ir 
var iabil ity .  Laborator y measur ements have become mor e 
soph ist icated and rel iable , improv ing the accur acy of the 
chemical and photochemical rate parameters and mak ing 
abr upt r eevaluat ions less likely in the futur e .  
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Two-d imens ional calculat ions have been per formed 
successfully, and the results compare favorably with 
those of 1-D models , suppor t ing the usefulness of the 
latter and encourag ing fur ther development of aulti
dimens ional models . All these ach ievements contr ibute to 
enhanced confidence in the theoretical picture of changes 
in stratospher ic ozone induced by huaan act ivit ies . 
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2 
laboratory Measurements 

INTRODUCTION 

The preced ing , introductory chapter has prov ided both a 
general rev iew of the stratospher ic ozone problem and a 
summar y  of r ecent findings . Beg inn ing here we examine in 
greater deta il the bas ic phys ical problems and recent 
progress in under standing them: chemical and photo
chemical transformations (Chapter 2 ) ,  f ield measurements 
(Chapter 3 ) , transpor t (Chapter 4 ) ,  and model calculations 
and their compar isons with measurements (Chapter 5 ) . 

I t  is useful to begin the discuss ion with an outl ine 
of the magni tude of the chemical problem. The moat recent 
evaluation of k inetic and photochemical data by NASA 
( 1982 ) l isted rate constants for 192 chemical react ions 
and 4 8 photochemical processes , a total of 2 40 par ameter s  
t o  b e  suppl ied a s  a result of laborator y stud ies . Wh ile 
not all of these par ameters are needed in the most impor
tant model calculat ions , about half that number , some 100 
to 150 , are indeed used in most model calculations . Not 
all , of cour se , are equally impor tant in affecting the 
outcome of a g iven calculat ion . Although th is total 
number of 200 to 300 parameter s includes some processes 
that occur ma inly in the troposphere , a comprehens ive 
descr iption of tropospher ic chemistr y would involve a 
very much larger number of reactions . 

The chemical rate processes may be subd iv ided into 
two-body and three-body r eactions , the former being of 
the general type A + B + C + D and the latter of the 
type A + B + M + AB + M. Both types are fast processes 
involv ing reactive spec ies (atoms , rad icals , exci ted 
s ta tes ) whose r eact ions can affect the chemistr y of the 
stratosphere even a t  ver y small concentrations , such as 

17 
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par ts per billion by volume (ppb) to parts per tr ill ion 
by volume (ppt )  • 

Two-body processes may be fur ther subdiv ided into 
•direct• and •complex inter med iate •  reactions depend ing 
on whether or not the coll is ion between A and B produces 
an intermed iate , energy-r ich structur e whose l i fetime may 
be sufficiently long to allow it to be coll is ionally 
stabilized . Three-body reactions necessar ily involve 
collis ional stabil ization of the initial , energy-r ich AB 
molecule by any • third-body• molecule , M, and the ir rates 
generally depend both on the nature of M and on its 
concentration ( i . e . , on total pressure ) .  

To s imulate the large array of chemical r eactions 
affect ing stratospher ic ozone , we need to know (a) the 
identity of reactants and products , and (b )  the rate 
constant , k (T) , wh ich relates the rate of the process to 
the concentrations of reactants as a funct ion of tempera
ture . In s imple cases , the react ion rate is the product 
of the rate constant and the concentr ation of the 
r eactants , k x CA x c8, where CA and c8 are the 
concentrations of reactants A and B .  We wish to 
emphasize that laboratory measurement of such rate 
constants is a diff icul t matter for several r easonsz ( 1 ) 
the des ired reactive species must be produced under 
controlled condit ions , ( 2 ) they must be brought together 
with other reactants J ( 3 )  their concentrations and/or 
those of other reactants or products must be measured 
accurately, and ( 4 ) the des ired reaction must be isolated 
as much as poss ible so as to avoid inter ference by other 
processes . In th is sense , laborator y studies di ffer 
essent ially from the atmospher ic phenomena to whose 
understand ing they contr ibute: in the labor ator y we 
attempt to isolate ind iv idual , elementary processes , not 
to r ecreate the complex cond itions that exist in the 
stratosphere .  

The photochemical processes present very d i f ferent 
requ irements . One needs to know the absorpt ion 
coeff icient of the par ticular molecule as funct ion of 
wavelength as well as the quantum yield , i . e . , the frac
t ion of absorption events that results in a particular 
cleavage (photolys is)  of the molecule . Por polyatomic 
molecules it is also impor tant to measure the temperature 
dependence of both the absorpt ion coefficient and quantum 
yield and to determine the products that are formed . 

Direct , reasonably accurate laborator y measurements of 
r ad ical react ion rates have been made over the past 2 0 to 
2 5 years .  In the last 10 year s ,  the versat ility and 
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accuracy of laborator y methods have been greatly improved , 
largely due to the introduction of laser methods both for 
r adical gener ation and for detection . Yet ,  each exper i
menta l study br ings with i t  a host of problems resulting 
ultimately in errors that are difficult to control and 
that have often been underest imated . In s imple , well
controlled reaction systems , exper tmental precis ion 
( repea tability )  may be as good as ±3 percent for a 
g iven rate constant at a cer ta in temperature . Even then , 
a real istic est imate of all exper imental uncer ta inties 
leads to absolute accuracies in the r ange of 10 to 15 
percent . In more compl icated systems , 20 percent accuracy 
may be the best we can expect . Improvement is poss ible 
and probable , but is likely to be gradual and less than 
spectacular because of the complexi ty of the systems . 

If , for example , on the order of 20 react ions are 
impor tant for the outcome of a cer ta in model calculat ion , 
a s imple er ror analysis of the type used in NRC ( 1979 ) 1 

would predict a total uncer tainty of a factor of 2 . Yet ,  
the recent h istory o f  one-dimens ional model calculations 
of the eventual decrease in ozone due to ere releases has 
shown much more drastic changes over the past several 
year s than can be accounted for by small changes in a few 
rate constants . Why? There are mainly two r easons : ( 1 )  
for a ver y few processes , much larger er ror s had been 
incur red as a r esult of circumstances that are eas ily 
rat ional ized in h inds ight but not eas ily predicted , and 
( 2 ) as had happened before , the large reaction matr ix was 
incomplete and some newly introduced processes produced 
large effects . The fact that the last three or four such 

1The uncer tainty in the result of a model calculation ( for 
example ,  of the r educt ion R in the total ozone column) is 
a funct ion of the uncer ta int ies in all of the parameter s 
of the model . A measure of the sensitivity of the output 
R to changes in one of the parameters ( for example , the 
j th r ate constant k j ) is g iven by �lnR/�ln k j • The 
express ion for th is ratio in NRC ( 19 7 9 )  conta ined a 
typograph ical er ror . The correct express ion is 
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major changes have all resulted in lower ing the calculated 
ozone deplet ion is , of course , accidental . A similar 
change in 1977 ( the B02 + NO reaction )  r esulted in an 
increase in the calculated ozone deplet ion by a factor of 2. The lesson to be learned is not that nature is 
inherently stable and k ind to the hu.an race , but that we 
have underest imated uncer ta int ies and that the anthro
pogenic releases and per tur bations seea, at th is stage of 
our under stand ing , to r esult in partial cancellat ion of 
their  effect on the total ozone column . Deta iled ex..ples 
of some of the recent revis ions of rate parameters are 
g iven below . 

Wh ile i t  is hoped that we are in the process of con
verg ing on both the cor rect values of measured parameter s 
and the completeness of the overall reaction .atr ix,  we 
must guard aga inst excess ive opttmisa . Several general 
admon itions to exper imental ists are in order : ( 1 )  Multi
species moni tor ing schemes should be used whenever 
poss ible , especially to ver ify the identity and formation 
rates of product spec ies . ( 2) Exper imental parameter s 
such as temper ature and pressure need to be var ied widely 
in order to uncover subtle changes in r eact ion mechan isms . 
( 3 ) The evaluation of exper imental results must include 
compar ison with theor y at all levels of r igor , from semi
empir ical trans ition-state theor y to ab in itio quantua 
calculat ions . ( 4 )  Above all else , vigorous progress in 
labor ator y science must be brought to bear on exper imental 
problems , new techn iques mus t be developed , and greater 
accuracy ach ieved . 

The following sections present a few examples of 
chemical and photochemical processes where recent lab
or ator y measurements have differed from ear lier ones , 
result ing in s ignif icant changes in model calculat ions . 
The examples are broadly subdiv ided into r ad ical reaction 
k inetics and photochemical parameters .  The chapter 
concludes with sections on data evaluation and research 
recommendat ions . 

RADICAL REACTION KINETICS 

The descr ipt ion of stratospher ic ozone photochemistry in 
terms of direct and catalyt ic odd-oxygen removal processes 
rema ins unchanged . The pure oxygen , Ox , reaction , 
o + o3 + o2  + o2, and its catalytic counterpar ts , for 
example , 0 + N02 + NO + o 2  and NO + 03 + N02 + 02, 
balance the product ion of Ox from o2 by solar photolys i s  
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in the ultrav iolet at wavelengths shor ter than 242 nm .  
The pr inc ipal catalytic cycles o f  odd-oxygen species of 
nitrogen , hydrogen , and chlor ine (NOx, BOx , and ClOx) 
have been frequently descr ibed (NRC 1976a , b ,  1979 , 198 27 
WMO 1982a)  and need not be repeated her e .  The atomic and 
radical spec ies involved in these cycles are produced from 
ma jor and minor atmospher ic gases and from some long-l ived 
trace spec ies ( N2o ,  halocarbons ) .  In add i tion to tak ing 
pa r t  in the catalytic cycle r eact ions , they are trans
formed into noncatalytic reservoir species ( BNOJ , BCl ,  
ClON02) a s  wel l  a s  cross-coupled by a large number of 
fast react ions . 

Por the purpose of th is update , i t  is  instr uct ive to 
rev iew the status of six  reactions whose rate parameter s 
have been r evised as a result of new laboratory data . 
Fur thermore , the ir revis ion has had a substan t ial effect 
on the r esults of model calculations . 

The React ion of o with B02 

The effect of the react ion 

( 1 )  

wh ich is impor tant only i n  the upper stratosphere where 
o-atoms are relat ively more plentiful , is  to remove odd 
oxygen wh i le converting the less r eact ive B02 into the 
more reactive OB radical. The latter r eacts with HCl to 
release catalytic chlor ine atoms and also reacts with 
ozone . Reaction ( 1 )  thus tends to decrease ozone in the 
upper str atosphere .  

Exper imentally , such radical-radical r eactions have 
presented great diff iculties in the past , because they 
involve two di fferen t ,  h ighly r eact ive species , both of 
wh ich must be produced and moni tored accurately and 
sens itively . Th is has now been successfully accompl ished 
by three groups ( Keyser 1982 , Sr idharan et al . 1982 , and 
Br une et al . 1983 ) us ing direct exper imental methods 
rather than model ing a large set of s imultaneous steps . 
The agreement among the three results for the rate 
constant at room temperature is very satis factor! : 
( 6 . 1  ± 0 . 6 ) , ( 5 . 4 ± 0 . 9 ) , and ( 5 . 2 ± 0 . 8 ) x 10-l cmls-1 , 
respectively . Keyser has also measured the temper ature 
dependence . At a typical upper-stratospher ic temperature 
of 2 75 kelv in (K) , the recommended value has increased 
from 4 x lo-11 (NASA 1981)  to 6 . 2 x lo-11 cm3s-1 (NASA 
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1982 ) .  The new measurements r epresent very r eal progress 
in laboratory sc ience , improvement in exper imental tech
n iques , and r educt ion in uncer ta inty estimates . 

The React ion of OR with H02 

The reaction 

( 2 ) 

is  a major loss process for odd-hydrogen ( BOx> species 
in the middle and upper stratosphere .  Ita impor tance in 
the lower stratosphere was reduced when other BOx 
processes ( see below ) were found to have been under
estimated . As a catalyst removal step , it tends to 
reduce odd-oxygen loss both through the BOx and ClOx 
cycles , but i t  also increases odd-oxygen loss , s ince 
lower BOx concentrat ions remove less NOx , thereby 
i ncr eas ing NOx catalys is . 

Exper imentally , reaction ( 2 ) has been the object of a 
very large effor t over many years .  As with reaction ( 1 ) , 
d irect measurements have been successful only in the past 
two years .  Three low-pressur e results have been in good 
agreement at room temperatures ( 6 . 5  ± 2 . 5 ) , ( 7 . 2 ± 1 . 2) ,  
and ( 6 . 4 ± 1 . 5 ) x lo-ll cm3s-l ( Keyser 1981 , Sr idharan e t  
al . 1981 , Temps and Wagner 1982 , respectively) . No 
temperature-dependence stud ies have yet been repor ted , but 
prel iminary data (Sr idharan et al . 1983 ) ind icate a nega
t ive dependence . The react ion is extremely fast , yet it 
appears to exh ibit a small pr essure dependence , its r ate 
constant r is ing to 11 x lo-l l cm3s-l at one atmosphere 
(DeMore 198 2 ) .  Th is comb inat ion of extreme speed , 
negat ive temperature dependence , and pos it ive pr essure 
dependence presents great problems to a sat isfactory 
theoret ica l interpretat ion . For appl ication to 
stratospher ic model ing , the recent stud ies provide a rea l  
improvement .  They have changed the recommended value 
from 4 X lo-ll (NASA 1981)  to 7 x 10- 11 cm3s-l (NASA 
1982 ) and have reduced its est imated uncerta inty . 

The React ion of OH with HN03 

The r eaction 

( 3 )  
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is impor tant only in the lower stratosphere , below about 
25 km , because HN03 is produced in a three-body process 
that requires h igher pressure ,  i . e . , at lower altitude . 
The reaction removes BOx spec ies , reduces odd-oxygen 
r emoval pr ocesses , and thereby increases the ozone 
concentration , but as in react ion ( 2 ) ,  the lower BOx 
concentrations result in lower NOx removal and thereby 
decrease the ozone concentrat ion . 

Exper imental studies of the react ion have had a str ange 
h istory . Two ear ly stud ies (Margitan et al . 1975 , Smith 
and Zellner 197 5 )  were in very sat is factory agreement , 
and the issue seemed settled . The rate constant showed a 
cur ious temper ature dependence , being vir tually tempera
ture independent below about 400 K and thereby hav ing an 
abnormally low preexponential factor . In a more recent 
study us ing a di ffer ent laboratory techn ique , Wine et al . 
( 1981)  found the rate constant to increase with decreas
ing temperatur e .  Another e ight stud ies conf irmed th is  
result (Nelson et a l .  1981 , Jourda in et al . 1982 , Kurylo 
et al . 1982 , Margitan and Watson 1982 , Mar inell i and 
Johnston 1982 , Rav ishankara et al . 1982 , Connell and 
Howard 1983 , and Smith et al . 1983 ) . While there is 
substantial agr eement among these more recent studies , 
the agreement is  not complete , with one showing a slight 
pressure dependence (Marg itan and Watson 1982 ) ,  and 
another a weaker negat ive temperature dependence (Connell 
and Howard 1983 ) . If the rate constant seemed cur ious on 
the bas is of the 1975 results , it is mor e so now. The 
preexponential factor of the rate constant is now less 
than 1 x lo-14 cm3s- l , and the effect ive act ivation 
energy is -1 . 5 5 k i localor ies per mole ( kcal mol-l ) ,  very 
unusual values for what should be a s imple hydrogen-atom 
transfer react ion . Intermediate complex format ion is 
suggested , but a satis factory theoret ical descr ipt ion 
still eludes us . The apparent exper imental error s  of the 
ear ly studies at low temper atures can now be r ational ized .  
The consequences o f  these new results are substantial : 
a t  2 20 K ,  cor respond ing to cond it ions in the lower strato
sphere , the accepted rate constant has been increased by 
a factor of 4 , from 8 x lo-14 to 3 . 2 x lo-13 cm3s-l , 
r esult ing in much faster HOx removal and lower ozone 
loss . 

React ion ( 3 )  is a f ine example of both pitfalls and 
progress in laborator y science . It is unfor tunate tha t  
the exper imental errors of the ear ly studies were not 
recogn ized . They were subtle , hav ing to do with sur face 
effects due to absorbed or dissolved n itr ic acid . How-
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ever , it would also be unfor tunate to lose conf idence in 
a large body of other data where such specific problema 
do not occur . 

The React ion of OH with H02N02 

The reaction 

( 4 ) 

is also l ikely to be impor tant only in the lower strato
spher e where pernitr ic acid ( H02N02 ) is expected to be 
present . ( I t  has not yet been observed in the strato
spher e . ) The react ion removes HOx species , as does 
react ion ( 3 ) , and thereby both reduces catalyt ic ozone 
loss v ia BOx catalys is and increases it v ia NOx 
catalys is . 

React ion ( 3 )  has been stud ied exper imentally and 
introduced into models only recently , but ita unexpectedly 
fast rate makes it an impor tant one . There are cons ider
able exper imental diff icult ies in prepar ing mildly 
unstable per nitr ic acid at accurately known concentrat ion 
so that it can react with OB radicals , but these diffi
cult ies have now been master ed . Two ear l ier studies 
(Barnes et al . 1981 , Trevor et al . 1982 ) showed some 
scatter , but are in general agreement with the more 
accurate , recent wor k of Smith et al . ( 1983) . Reaction 
( 4 ) shows a negative temperature dependence , as does 
react ion ( 3 ) , but ( 4 ) is a factor of 30 to 50 times 
faster . Th is under scores aga in the complexity of 
stratospher ic chemistry : a seemingly unl ikely reaction 
between unstable spec ies becomes potentially interest ing 
and is then found to be fast enough to be very impor tant 
in the model ing sense wh ich , in turn , st imulates the 
search for conf irmat ion by f ield measurements . 

The React ion of 0 with C lO 

The fast react ion 

0 + ClO + Cl + 02 ( 5 )  

is  the rate-l imiting step i n  the removal o f  odd oxygen by 
ClOx catalys is . Two direct and one ind irect measurements 
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made between 1973 and 1977 had led to recommended values 
of the rate constant of ( 5 . 2 ± 1 . 4 )  x lo-ll cm3s-l at 2 98 
K and an Arrhen ius expr ess ion of 7 . 5  x lo -llexp ( -12 0/T) cm3s-l 

(Baulch et al. 1980 ) . In a r ecent study , Leu ( 1983 )  used 
several different ways of yenerat ing ClO and repor ted a 
rate constant of 3 . 5  x 10- 1 at 296 K and an Ar rhen ius 
express ion of 4 . 8  x lo-llexp ( -96/T) cm3s-l. The recent 
r esult r educes the catalyt ic r emoval of ozone in the 
upper stratosphere .  Add it ional laboratory studies of 
r eact ion (5)  are in progress . 

(After th is repor t had been prepared and reviewed , a 
paper by Margi tan [ 1984 ] came to our attention . Be 
repor ts a value for the rate coefficient of 4 . 2 ± 0 . 8  x 
lo- ll cm3s-l at 2 98 K ,  including systemat ic error s ,  with 
no s ign i ficant temperature dependence . )  

The Formation of ClON02 

The effect of the chlor ine ni trate recombination reaction 

ClO + N02 + M + ClON02 + M ( 6 )  

is  the removal of two catalyst species with the produc
t ion of a • r eservoir • spec ies in the lower stratosphere . 
Consequently , there is a reduct ion of ozone loss 
processes , but ita magn itude depends on the removal modes 
and products of chlor ine n itrate .  The question posed 
here involves only its format ion rate . 

Following ita inclus ion in computer models (Rowland 
and Mol ina 1975 , Rowland et al . 1976 ) , the r eaction was 
measured in the laboratory by three groups (Birks et al . 
1977 , Leu et al . 1977 , Zahniser et al . 197 7 ) . Although 
the r esults were in good agreement ,  they perta ined to the 
rate of ClO removal , but did not assure that the product 
was indeed ClON02 • Both exper imental ( Knauth 1978)  and 
theoretical (Chang et al . 1979a) ev idence was later cited 
that other isomers such as ClOONO, OClONO ,  and OClN02 
could also be formed and that the ir subsequent photolys is 
and reaction rates would l ikely be very different from 
that of ClON02 . Th is problem seems now to have been 
r esolved as the result of d iode laser measurements of 
Cl0N02 formation (Cox et al . 1983 ) and of compar isons 
of measurements of Cl-atoa photolys is yield from ClON02 
(Marg itan 1983a ) and from the product of the ClO + N02 
reaction (Margitan 1983b) . The exper imental ev idence now 
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favor s ClOH02 as the pr incipal reaction product . 
Reaction ( 6 )  prov ides an interesting example of the 
interplay of exper iment and theory and of the quick 
response of labor atory measurements to the needs of 
atmospher ic science . 

PHOTOQIEMICAL PROCESSES 

In the absence of solar radiat ion , stratospher ic 
reactions would long have r eached thermodynamic equ i
l ibr ium , and so it is only the input of solar energy that 
keeps the system in nonequ il ibr ium states whose compos i
t ion needs to be determined . The solar absorpt ion and 
photolys is processes are therefore the pr imary per turbing 
elements of atmospher ic chemistry . Exper imentally , both 
the absorpt ion coefficient (or cross sect ion ) and the 
quantum yields and product channels must be determined 
for each photolyzable spec ies as funct ions of wavelength 
over the r ange of wavelengths of solar radiat ion that 
r each the stratosphere . 

Three of the near ly f i fty r adiative pr ocesses will be 
br iefly discussed as examples of recent wor k :  the 
photolys is of oxygen in the Her zberg cont inuum , the 
quantum yield of H02 , and the photolys is products of 
ClOH02 • 

Photolys is of Oxygen in the Her zberg Continuum 

The photolytic dissoc iat ion of o2 in the wavelength 
interval 200 to 24 2 nm 

02 + h� + 0 + O ( A  < 242 nm) ( 7 )  

i s  due to a weak , h ighly forbidden transit ion from the 
ground state of o2 to a weak ly bound excited state 
above its d issociation limi t .  Because the trans it ion is 
so strongly forbidden ( i . e . , the absorpt ion coeffic ient 
is so small) , it takes a large concentrat ion of � to 
absor b th is rad iat ion , which consequently penetrates wel l  
into the stratosphere . Wh ile it i s  true that a l l  o f  the 
rad iat ion in th is range is ultimately absorbed in the 
str atospher e ,  how far it penetrates the stratosphere is 
impor tant for the altitude profile of ozone formed and 
the competition of other absorber s ,  such as chlorofluoro
carbons , for the rad iat ion . The latter determines the 
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alti tude dependence of  chlor ine released by photolys i s  
and the magn itude of the consequent ozone r emoval by 
ClOx catalys is . 

Exper imentally , i t  is difficult to measure very small 
absorpt ion coeffic ients , because very long absorber path 
lengths (many k ilometers)  are required at low absorber 
pressures . Measurements at h igher pressures are eas ily 
made , but they g ive larger absorpt ion due not only to the 
02 molecules themselves , but also to o2-o2 coll is ion 
pa ir s  whose contr ibution is much less impor tant at lower 
pressures in the str atospher e .  

Recent solar flux measurements from 187 to 22 5 nm 
( Berman and Mentall 1982 , Ander son and Ball 1983 ) from a 
balloon-borne gondola g ive 02 absorpt ion coeffic ients 
2 5 to SO percent smaller than ear l ier laboratory values . 
Although in nearly all cases molecular par ameter s der ived 
from atmospher ic exper iments are suspect because of the 
complexity of the atmospher ic processes , in th is case the 
f ield exper iment is a stra ightforward measur ement of the 
transmiss ion of r adiation through the atmosphere and the 
ear l ier laboratory exper iments were so difficult that the 
new , f ield-der ived values are probably more rel iable . A 
recent laboratory study (Yosh ino et al .  1983 , footnote to 
Table l )  suppor ts the f ield-der ived values . However , 
because the 02 absorpt ion coeffic ients ar e so impor tant 
to our understanding of the ozone problem , this matter 
mus t be explored fur ther . 

Quantum Yield of N02 

The photolys is of n itrogen dioxide ( N02 ) 

N02 + h v  + NO + 0 ( 8 )  

i s  a well-studied react ion o f  great impor tance in the 
troposphere ,  par t icularly under polluted condit ions , bu t 
i t  i s  also impor tant in the s tratosphere where it  affects 
the NO/N02 ratio .  The absorpt ion spectrum and cross 
s ect ion of N02 have been known with good accur acy for 
2 5 year s ,  but its quantum yield is now undergo ing 
r eexamination .  The wavelength thr eshold for photolys i s  
at 398 nm cor responds qu ite accur ately to the ON-o bond 
energy of the molecule , and at shor ter wavelengths the 
fluorescence intens ity drops sharply , because the absorbed 
energy d issoc iates the molecule rather than be ing 
r eradiated . The onset of photolys is is broadened over a 
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wavelength r ange from 390 to 4 10 nm due to contr ibutions 
of thermal internal energy of the N02 molecule , but 
several fa ir ly recent studies ( Harker et al . 1977 , 
Davenpor t 1978)  have r epor ted quantum yields of 0. 6 to 
0 . 8  in the range 375  to 395 nm ,  where the l i fetime for 
d is sociation would be expected to be very shor t and the 
quantum yield should be un ity . 

The photodissociation r ate constant jNO has now 

been measured as funct ion of solar zenith ingle at a 
Color ado f ield s i te ( Par r ish et al . 1983 ) .  The quantity 
jNO is the summat ion over all wavelengths of the 

pr�uct of incident solar radiation intens ity , the 
absorpt ion coe ffic ient , and the quantum yield . These 
measurements agree with theory only i f  the quantum yield 
of N02 is close to unity below 390 nm ,  requir ing an 
upward revis ion of about 2 0 percent . Th is cor rection is 
not a large one , and it  needs to be ver i f ied by laborator y 
exper iments , but it does affect the s tratospher ic 
concentrat ion of the active NOx catalyst spec ies , the 
most impor tant catalyst group in the s tratosphere . 

Products of Photolys is of ClON02 

As discussed in connect ion with react ion ( 5 ) , chlor ine 
n itr ate is an impor tant •reservoir • spec ies for odd 
chlor ine , formed by a recombinat ion reaction in the lower 
stratosphere and destroyed by photolys is and chemical 
reaction in several ways . I ts impact on stratospher ic 
chemistry depends on the speed and r eact ion products of 
these removal steps as well as on its formation rate . 
Thr ee ear l ier labor atory studies had given confl ict ing 
results regard ing its photolys is products . Smi th et al . 
( 19 7 7 )  and Adler-Golden and Wiesenfeld ( 19 8 1 )  had repor ted 

0 + ClONO to be the major products and Cl + N03 to be 
unimpor tant , whereas Chang et al . ( 1979b) had ident ified 
N03 to be a major product . 

Th is confl ict has now been r esolved (Margitan 1983a) 
by a laser photolys is , resonance fluorescence study of 
C lON02 in wh ich the pr imary atomic products , Cl and o, 
were measured directly . Cl + N03 was found to be the 
major ( 90 percent ) and 0 + ClONO the minor ( 10 percent ) 
product channel , and the fast r eact ion , Cl + ClON02 + 
c1 2 + N03 , whose rate had prev iously been greatly 
underest imated , was seen to have been respons ible for the 
ear l ier discr epanc ies regard ing photolys is products . The 
current revis ion has little effect on stratospher ic model 
calculat ions , but it has helped clar ify ClOx chemistry . 
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DATA EVALUATION 

The large demand for a cons isten t ,  rel iable base of data 
for use in computer model calculat ions has st imulated new 
national and international effor ts to collect and evaluate 
labor atory data .  Until the late 1970s different modeler s 
used different r ate or photochemical parameter s for the 
same phys ical processes--even though compilat ions of 
laboratory data by the National Bureau of Standards were 
ava ilable in 1974--and their results were therefore not 
s tr ictly comparable . TO r emedy th is s ituat ion , a panel 
was established by the NASA Upper Atmosphere Research 
Program Off ice in 1977 for the purpose of prov iding 
cr itical tabulat ions of k inetic and photochemical data . 
F ive evaluations have appeared s ince then (NASA 1977 , 
1979a , b ,  1981 , 1982 ) ,  and a s ixth is in progress . These 
evaluations have been extremely useful , not only to 
modeler s who use the recommended values in the ir calcula
t ions , but to research scientists who are kept up to date 
on both results and problem areas in k inet ics and 
photochemistr y .  

S ince 1 9 7 7  a n  international CODATA Task Group on 
Chemical Kinet ics baa also been active , reviewing , 
evaluating , and publ ish ing rate and photochemical data 
for atmospher ic chemistry . Two rev iew paper s have 
appeared so far (Baulch et al . 1980 , 1982 ) ,  and a th ird 
is in progress . The scope of th is effor t is be ing 
widened , as is that of the NASA panel . For example , 
wh ile the 1980 CODATA rev iew covered only 14 8 processes , 
the 1982 rev iew covered 22 8 .  In both the NASA and CODATA 
panels , updat ing is be ing ach ieved regular ly at intervals 
of from one to two year s .  These act ivities are most 
welcome and impor tant . The evaluat ions also have the 
proper mix of full coverage of the exper imental data 
base , br ief descr ipt ion of laboratory methods , and 
cr itical recommendation of prefer red values . The impor
tance of these evaluat ions cannot be overest imated , and 
it is imperat ive that they r ece ive cont inued suppor t .  

RESEARCH RECOMMENDATIONS 

I f  there is one overr iding message that emerges from 
stratospher ic research over the past several year s , it is 
that the problem is far more complex than had been thought 
ear l ier . The number of chemical and photochemical 
processes cons idered has prol ifer ated , transpor t is 
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poor ly understood ,  the natural background is chang ing , 
and the inter act ions of anthropogenic per turbations w ith 
one another and with the sh i ft ing natural background may 
be very nonl inear . 

What th is means in the context of laboratory measure
ments is that many more pr ocesses need to be measured and 
understood than had been suggested ear l ier . There are 
now many .ar e scenar ios regarding total ozone , altitude , 
and latitude dependence as funct ions of t ime and iaposed 
per turbat ions that require study . Consequently , the 
sens itivity of the modeled results to the rate parameters 
is less clear ly def ined than it was ear l ier when a s ingle , 
one-dimens ional calculation of the effects of CPC release 
on total ozone column was of pr imary concern .  

The r esearch needs in labor atory science have there
for e been greatly expanded z 

More r ate and photochemical parameters must be 
measured with h igh accuracy and w ith careful attent ion to 
the identificat ion of product channels . 

• The r apid progress in exper imental techniques 
must be ma inta ined , new methods for the detect ion of 
reactive spec ies developed , and larger ranges of 
temperature and pressure var iation invest igated . 

Exper imental wor k on a host of impor tant 
elementary processes must be accompan ied by theoretical 
analys is so that these processes are understood and 
cor related . 

The l ist of r equ ired data is l ikely to grow to 300  
parameters and beyond , so that the ver satil ity of  
exper imental techn iques will have to be broadened . 
Although i t  would be poss ible to list many r eact ions 
where fur ther wor k is requ ired , such l ists would be too 
long and yet probably incomplete ,  because the quest ions 
are d iverse and chang ing . It is clear , however , that 
accur ately measured rate constants and photochemical data 
are absolutely essential to our understand ing of the 
problem . The laboratory research program ,  wh ich for
tunately is much less costly than f ield measurements , 
needs vigorous suppor t .  
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3 
Field Measurements 

INTRODUCTION 

This chapter addresses the f ield measurement of the 
atmospher ic trace spec ies and solar flux as they per ta i n  
to the stratospher ic ozone problem. These mon itor ing and 
expedit ionary measurements have been directed toward one 
or more of three goals : 

1 .  to prov ide a long-term data base of stratospher ic 
ozone concentrations from wh ich temporal trends can be 
deduced 

2 . to provide the input data that are r equired by the 
photochemical models being used to predict the response 
of str atospher ic ozone to natural and man-made 
per turbations 

3 .  to prov ide data on the chemical spec ies whose 
concentrat ions constitute sens i t ive tests of the validity 
of the models and their input data 

A var iety of exper imental techn iques and instrument 
platforms has been used with increas ing soph istication 
over the last decade to address these goals . Just as 
ground-based instr uments wer e  supplemented by balloon
borne instruments over th is  per iod ,  the recent year s have 
seen str atospher ic a ircraft and satell ites serve as 
platforms that can provide extremely valuable global 
coverage . Combinations of platforms have proven 
complementary , e . g . , h igh-accuracy , balloon-borne ozone 
instr uments can prov ide long-term cal ibrat ions of 
satellite sensors .  The last few year s have also seen the 
beg inning of a program of fundamental impor tance to 
atmospher ic f ield measurement r esearch , namely , the 

3 1 
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assessment of the rel iabil ity of instru.ents and 
techniques v ia double-bl ind intercompar isons in the f ield . 

The stratospher ic trace spec ies that is the pr t.ary 
measurement target is , of cour se , ozone i tsel f .  Hence , 
mon itor ing in one form or another has been under way for 
many decades . There is now a long t ime ser ies of total 
column ozone measurements . However , the ear ly detect ion 
of ozone changes due to man-made causes has focused on 
seek ing trends in height-profile data , s ince the total 
column is less sens itive to such per turbat ions . In  the 
last few years ,  the Umkehr and satell i te data at cr itical 
altitudes have been scr utin ized intensely . As descr ibed 
in Chapter s ,  there are some trends that may be humanly 
induced , but the interpretations are controver s ial . 

A substant ial body of data now documents the tropo
spher ic concentrations of the source gases , CPCs and 
N2o ,  of the stratospher ic chlor ine- and n itrogen
conta in ing rad icals that par ticipate in the catalytic 
destruct ion of ozone . The teaporal trends have been the 
r ecent focus of attention . Similar ly the ver tical 
prof iles of these spec ies in the stratosphere have been 
fa irly well establ ished for the last few year s and have 
prov ided a challenge to theory , as is discussed in 
Chapter s .  The emphas is i n  r ecent year s  has been on 
determin ing the stratospher ic d istr ibut ions of ( a )  other 
source gases , such as water vapor (H2o) , (b)  the 
multitude of react ive trace species that are involved in 
ozone chemistry,  and (c) the reservoir spec ies , wh ich 
represent tempor ary •storehouses • or pathways for removal 
of ozone-destroying species from the stratosphere by 
var ious processes . 

In  th is chapter , we provide br ief summar ies of the 
status of techn iques and platforms , solar flux measur e
ments , and ozone and other tr ace species measurements . 
The emphas is is  on developments and r esults that have 
augmented or are expected to augment substantially the 
exper imental aspects of potential ozone alterations . 
Last , based on the exper ience of the last decade and the 
cur rent status of atmospher ic trace spec ies measurements , 
we l ist our recommendat ions of d ir ect ions for future 
research . 
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BXPERIMBHTAL TECHNIQUES AND PLATFORMS 

Balloon and Aircraft : I n  Situ Appl icat ions 

I n  s itu sampl ing affords the most direct method of 
determining the concentrations or mixing ratios of 
stratospher ic consti tuents at a spec i f ied alt itude and 
geograph ical area . The platform that has been the 
ma instay of th is research has been the h igh-altitude 
balloon . For the last decade or so , balloon technology 
and launch techn iques have permitted researcher s to 
explore the stratosphere ( up to altitudes s l ightly h igher 
than 40 km) with payloads of hundreds of pounds , wh ich is 
a weight that can include a set of multispec ies instru
ments . Fur thermore , wh ile the vast major ity of balloon 
launches have been at midlatitudes in the Nor thern 
Hemisphere , balloons have been launched at  a number of 
s ites around the wor ld , thereby prov iding some global 
coverage , albe i t  l imi ted . Rockets have supplemented 
balloons for studies at h igher altitudes , and a ircraft 
have provided more extens ive geograph ical coverage at 
lower altitudes . 

I n  spite of the appeal of d irectness , there are 
d ist inct l imitations and difficult ies associated with 
such in s itu sampl ing . Clear ly , balloons typically allow 
measurements to be made for only a relatively shor t t ime ,  
not much longer than a day . I n  s itu sampl ing with rockets 
is , of cour se , very severely l imited in th is regard . 
Fur thermore ,  most balloon fl ights permit scans only 
dur ing one ascent and one descent . 

I n  add i tion to these spatial and tempor al l imitat ions , 
there are fundamental difficulties associated with in 
s itu sampl ing from any platform. These diff icult ies 
follow from the fact that the process of measurement can 
per turb the sample be ing taken . For example , the platform 
can alter the env ironment in its immed iate vicinity , 
wh ich is the por tion of the atmosphere be ing sampled and 
wh ich is assumed to be representative of the local 
atmosphere . Balloons and gondolas can desorb and outgas 
contaminants and can shade photochemical exper iments . I n  
addition , br inging a sample to the v icinity of a detector , 
the bas ic objective of in s itu measurements , can alter 
the consti tuents in the sample . React ive spec ies in the 
sample can be lost to the walls of the detector package , 
and weak ly bound species can be d issociated . 

A large fract ion of the effor t that goes into the 
des ign of in s itu exper iments is dir ected toward min i-
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miz ing these l imitat ions . There have been notable 
successes in th is regard . Examples of h igh-quality data 
sets gathered by in s i tu techn iques are abundant in the 
r ecent , deta iled r ev iew of stratospher ic r esearch by MMD 
( 1982a ) . Never theless , as more soph ist icated questions 
are posed regard ing stratospher ic trace constituents , 
fur ther innovat ion in the des ign of instruments and 
deployment of instr ument packages will be required .  
Pollowing are shor t summar ies of two r ecent examples of 
progress in balloon and a ircraft in s itu appl ications . 

Reel-Down Balloon Exper iment 

To c ircumvent the l imitation of most stratospher ic 
balloon fl ights to two passes through the stratosphere 
(one each on the ascent and descent ) ,  J . G .  Ander son and 
colleagues have dev ised a balloon exper iment in wh ich the 
instr ument package is lowered and r aised wh ile the balloon 
is float ing at its maximum altitude (Baum 1982 ) .  The 
instr ument package s ite on a large winch ing platform that 
can be car r ied to an altitude of about 45 km . The winch ' s  
spool contains 2 0 km of Kevlar l ine that suppor ts a 400 
pound instrument package . The exper iment can thereby 
prov ide several measurements of the altitude profile 
dur ing one fl ight , or can provide cont inuous measurements 
at  one altitude that is found to be par t icular ly iapor tant 
dur ing the course of a fl ight . The first test fl ight (on 
15 September 1982 , from Palestine , Texas ) was a success :  
an atomic oxygen instrument and d iagnostic equ ipment were 
let down over a d istance of 12 km and r eeled up aga in 
( J . G .  Ander son , Harvard Un iver s ity , per sonal communica
t ion , 1983 ) . Puture fl ights and appl ications should 
s igni ficantly enhance the role of the balloon in 
stratospher ic research . 

U-2 Aircraft : Tropical Stratospher ic/Tropospher ic 
Exchange Exper iment 

The u-2 r esearch aircraft of the National Aeronautics and 
Space Administration (NASA) prov ides a platform for in 
s itu measurements in the lower stratosphere . Repeated 
fl ights in a selected geograph ic area can probe a strato
spher ic phenomenon in depth . An example is the miss ion 
in Panama in the summer of 1980 to study the role of 
tropical cumulonimbus clouds in the transpor t of water 
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vapor from th e  troposphere to th e  stratosphere ( Page 
1982 ) . The miss ion coordinated the 0-2 a ircraft , 
car rying n ine exper iments , with a Nat ional Ocean ic and 
Atmospher ic Admin istration (NOAA) satellite that could 
provide infrared images of the area . Bleven fl ights up 
to 2 1 km were conducted in and near convect ively act ive 
reg ions . The pilots flew around and over cumulonimbus 
towers and through the extended anv ils in the strato
sphere . The measurements have demonstrated the role that 
such clouds play in transpor t ing water vapor into the 
stratosphere ,  where it is the major source of react ive 
hydroxyl (OH) r ad icals . The miss ion is a clear example 
of the util ity of the 0-2 a ircraft as a platform for 
lower-stratospher ic r esearch . 

Balloon , Satellite ,  and Space Shuttle : 
Remote Appl ications 

Remote sampl ing of stratospher ic trace consti tuents has 
the pr imary advantage of not perturbing the a tmosphere 
be ing sampled . Fur thermore , s ince moat remote techn iques 
are opt ical , they have , in varying degrees , the spec i
f icity of spectroscopy . Absorpt ion measurements have 
exploited the long a tmospher ic path lengths ava ilable at 
sunr ise and sunset to detect a var iety of stratospher ic 
consti tuents , many of wh ich are exceedingly difficult to 
sample in situ . Balloons have deployed such instr uments 
on sun-po int ing gondolas . Satell ites employing these 
techn iques can prov ide near ly cont inuous and global 
coverage . 

The ch ief l imitat ion of such methods is that the 
absorpt ion that they measure is an integral along a path 
of d ifferent constituent concentrations and altitudes . 
The he ight prof ile of the concentrat ion of a constituent 
a t  a g iven geographic location , wh ich is often the des ired 
data set , must be inferred from the long-path absorpt ion . 
Wh i le invers ion routines can in pr inciple yield these 
data , the quest ion of uniqueness must be addressed ver y  
car efully . 

I n  recent year s ,  several satell ites have used such 
remote sens ing methods to measure a dozen or so 
stratospher ic constituents . MHO (1982a)  tabulated the 
types of satell i tes and the spec ies that they measure . 
The l ist is  formidable and indicates the great promise 
that these and future satell ite systems , such as the 
Upper Atmospher ic Research Satell ite (UARS ) , have in 
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upper-stratospher ic research . Balloon instruments can 
prov ide •ground• truth over the long term and the Space 
Shuttle , with its abil ity to recover and redeploy 
satellites , has obvious appl ications . 

The global and nearly continuous coverage of the 
satellites produces data sets whose s ize is almost an 
embar rassment of r iches . Namely , in addi tion to the need 
to test and ver ify the observat ions of these remote 
instruments , the sheer quant ity of data often makes •data 
ass imilation• par t  of the challenge that satell ites 
pr esent to atmospher ic chemists . Never theless , severa l  
satellite data sets have passed through the ir per iods of 
internal scrut iny and are now ava ilable , in both arch ives 
and preliminary publ icat ions . We cite examples her e ,  and 
for each example we br iefly summar ize one aspect of the 
r ecent impact on stratospher ic research . 

Solar Mesosphere Explorer Satell i te :  Polar N02 

The Solar Mesosphere Explorer (SMB) satellite was launched 
on 6 October 1981 (Bar th et al . 1983 ) . Among the species 
measured is  n itrogen d ioxide CN02)•  A l imb-scann ing 
instrument prov ides data in the alti tude r ange from 2 8 to 
4 0 km. Mount et al . ( 1983 ) have examined the data that 
wer e  acqu ired dur ing the winter of 1981-1982 for the 
pronounced seasonal effect that stratospher ic N02 
exh ibits at nor thern lat itudes . Namely , from ground-based 
measurements , Noxon (1979)  has shown that in the w inter 
there is an abrupt drop in the stratospher ic N02 
concentrat ions at  about 4 5 ° N .  Mount et al . ( 1983 , 1984 ) 
have shown that the •cl iff• is apparent in the SMB data 
and that i t  is clear that the abr upt decrease is coinci
dent with the edge of the polar vor tex , with in wh ich low 
N02 dens i t ies preva il . Th is extens ive data set , as 
well as that from the LIMS satell ite ( see below) , is 
be ing used to test a recent theoret ical explanat ion of 
th is phenomenon ( see Chapter 5 ) . 

Limb Infrared Monitor of the Stratosphere Satell ite :  
Water Vapor 

The Limb Infr ared Monitor of the Stratosphere ( LIMS ) 
satel lite (Gille and Russell 1984 ) provided measurements 
of several trace spec ies from 2 0 October 1978 to 2 8 May 
1979 . The LIMS data have undergone a lengthy per iod of 
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internal scrut iny and val idat ion and have now been used 
to address several atmospher ic problems . One of these is 
the d istr ibut ion of stratospher ic water vapor ( Russell et 
a l .  1984 ) . Several features found ear l ier by balloon
borne instruments have been con f irmed by the LIMS data 
set . The ver tical d istr ibution in the tropics shows the 
presence of a •hygropause • ( Kley et al . 197 9 ) , where the 
m ixing r atio decreases to a min imum above the tropopause 
and then increases with altitude . The increase with 
altitude is less steep in extratropical reg ions . An 
impor tant new feature observed in these near ly cont inuous 
data is a d iurnal var iation , wh ich is the largest , 1 to 2 
ppm , at  the 1 mill ibar (mb) level . Daytime values are 
larger than those at n ighttime . Pur ther scr utiny of the 
LIMS H20 data , and of the d iurnal var iations in 
par t icular , is in progress . 

Ground-Based Remote Appl icat ions 

Remote sampl ing for str atospher ic constituents by 
ground-based instruments has the advantage of r elat ive 
s impl icity ,  oppor tun ities for repair , cal ibration , and 
adj us tment , and no l imitations on the t ime span of 
observat ions . These advantages have been used , for 
example , to explore the seasonal var iat ion of strato
spher ic const i tuents . These techn iques have been the 
ma instay of moni tor ing programs that extended for decades , 
such as the networ k of Dobson ozone spectrophotometer & .  
With in the last year , the eruption o f  the El Chichon 
volcano has focused attention on the role of inter fer
ences , such as sulfur d ioxide (S02 ) ,  on ground-based 
techn iques that r ely on measurements at only a few 
wavelengths .  

Instr ument Intercompar isons 

S ince the poss ible threat to s tratospher ic ozone by 
man-made chemicals was recogn ized about a decade ago , 
ther e has been a burst of act ivity in the measurement of 
tr ace stratospher ic consti tuents . Th is act ivity has been 
character ized by ind iv idual researcher s or groups con
ce iv ing of a techn ique wherewith a constituent could be 
.easured , developing the instrument , and applying it in a 
field measurement campa ign . In many cases , an atmospher ic 
const i tuent has been measured by different techn iques 
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appl ied at different times and places . Wh ile the 
resulting data sets , when pooled , have been extr emely 
valuable in reveal ing fundamental aspects of the 
stratosphere ,  often differences between data sets ra ise 
an impor tant quest ion a are the d i ffer ences reflecting a 
feature of the atmosphere (e .g . , seasonal or spatial 
var iability) , or are they due to unrecogn ized uncer
tainties in some or many of the measurement techniques 
being appl ied to that consti tuent? One of the most 
impor tant developments in stratospher ic science in the 
last few year s is that instruments that measure a common 
spec ies are being intercompared in the f ield as a means 
of assess ing our reliability in mak ing such measurements . 

Several federal agencies and pr ivate organ izations are 
sponsor ing several such intercompar isons for in s i tu 
measurements of ozone , remote and in s itu data on water 
vapor , remote techn iques for a var iety of const ituents , 
and in s i tu instr uments for ere and n itrous oxide . The 
intercompar isons are in varying stages . Wh ile the 
internat ional commun ity is involved , these par t icular 
programs are be ing conducted in the Un ited States . 
European campa igns of this type have also been conducted , 
and other s are be ing planned . Pollowing is a summary of 
the results from two of the compar isons . 

03 Instrument Intercompar ison 

A var iety of ozone instruments and techn iques have been 
used for atmospher ic ozone measurements for several year s 
or , in some instances , for decades . While th is extens ive 
data set has provided cons iderable ins ight into the 
temporal and spat ial behavior of th is central atmospher ic 
constituent , the exper ience ga ined wh ile mak ing these 
measurements has revealed many potential shor tcomings of 
the cur rent instruments . An example is the diff iculty of  
r el iable measurements near 4 0  km,  where the anthropogenic 
alterat ion of ozone is expected to be largest . To assess 
such measurement problems better , several f ield intercom
par isons have been conducted . 

A var iety of ozone instr uments and techn iques were 
compared dur ing the Internat ional Ozone Intercompar ison 
Campa ign held in June 1981 in Prance . The goals , 
logistics of the campaign , its par ticipants , and the 
exper imental methods that were used have been descr ibed 
by Chan in ( 1983) . The measurements of the total column 
of ozone by absorpt ion and emiss ion spectroscopy agreed 
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with in 1 0  percent (Matthews and Marche 1983 ) . Lower
altitude (0 to 2 5 km) sonde measurements exh ibited 
s imilar di ffer ences (Meg ie and Pelon 1983 ) . Much larger 
d i fferences were found between measurements made at 
h igher alti tudes (Aimedieu et al . 1983 ) . Clear ly , 
additional ozone instr ument development is r equ ired i f  
humanly induced ozone changes are to b e  sens i t ively 
detected . Much development is under way , and other ozone 
instrument intercompar isons are in progress . 

H20 Instr ument Intercompar ison 

Large d i ffer ences exist in the ear ly measurements of 
stratospher ic water vapor (NASA 1979a ) . To examine the 
rel iabil ity of cur rent water vapor instr uments so that 
future data from different instruments could be used in 
concer t  with more conf idence , a var iety of instr uments 
wer e  intercompared on 7 May 1981 , when four balloon 
payloads were launched from Palest ine , Texas , w ith in a 
per iod of several hour s (NASA/PAA 198 1 ) . With only a few 
except ions , the result ing water vapor prof iles wer e  all 
with in about 1 ppm at altitudes below 2 5 km and with in 
about 2 ppm at h igher alti tudes . Wh ile such d ifferences 
wer e on the order of the combined uncer ta int ies , many of 
the systematic features of the d iscr epancies prompted an 
intens ive reinves tigat ion of the bas ic proper t ies of each 
techn ique and method . In some but not all cases , d is
crepancies wer e  found that when r esolved r esulted in 
improved compar isons . Some refinements have been made in 
the instruments . The investigator s have plans for a 
second ser ies of intercompar ison fl ights late in 1983 to 
determine whether stratospher ic water vapor can indeed be 
measured with precis ion h igher than 1 ppm . 

OZONE MEASUREMENTS 

The existing data base on atmospher ic ozone cons ists of 
two types : the total amount of ozone above a un it area 
o f  the Ear th ' s  sur face (called the ozone column) and the 
d istr ibutions of ozone concentrat ion w ith altitude . The 
bulk of the data is for total column ozone . Only in 
recent year s have s ign i f icant e ffor ts been devoted to 
measur ing ver tical ozone d istr ibut ions . Much of the 
early data was gathered for the purpose of under stand ing 
upper-atmospher ic transpor t pr ocesses . By cur rent 
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standards , the qual ity of the data is extremely nonuni
form. Although recent effor ts by internat ional groups , 
most notably the WOrld Meteorolog ical Organizat ion (MMO) , 
have r esulted in s ign i ficant improvements in data 
quality ,  it  is st ill diff icult to use exist ing data for 
trend analys is and for the detection of poss ible man-made 
per turbat ions . 

Ozone d istr ibutions can be determined from r emote 
sens ing systems and in s i tu techn iques . Remote sens ing 
systems us ing spectroscopic instr uments can be ground- or 
satellite-based . Satellite systems obv iously are of 
r ecent or igin , prov id ing shor t tempor al records but good 
spat ial coverage . The ground-based system has much 
longer r ecord , but only at a few geograph ic locations , 
with l imited ver tical resolut ion . The in s i tu techn iques 
us ing var ious sondes on rockets or balloons g ive good 
ver t ical resolut ion , but with even more l imited geograph ic 
coverage and with very poor cal ibrat ion in  the case of  
rocketsondes . London and Angell ( 1982 ) provide a good 
descr ipt ion and summary of all the observat ion techn iques 
and the observed ozone var iat ions . Addit ional deta ils on 
satell ite instr uments and the ir data can be found in MMO 
( 1982a ) . 

Dobson ozone spectrophotometer• r ema in the s tandard 
ground-based instrument for measurement of total column 
ozone and ver t ical ozone profiles . Other types of ground
based instruments have also been used , but have not 
contr ibuted much to useful data e i ther because of poor 
data quality or because of limi ted deployment (MMD 198 1 , 
1982a , b) . S ince 1970 satellite-based backscattered 
ultrav iolet (BUV) instr uments have gathered more than 10 
years of total ozone data with good global coverage . 
Other satelli te-based instr uments have also been used , 
but not to the extent of the BUV instruments . Unfor
tunately , as was summar ized in the WMO repor ts and in the 
other publ icat ions cited in these repor ts , there ar e 
differences between the ground-based and satell ite-based 
data . Most probably these differ ences ar e due par tly to 
systemat ic dr ift in satell i te instruments . 

The d istr ibut ion of atmospher ic ozone is nonun iform 
both in space and t ime .  Local ozone concentrat ions vary 
with altitude , latitude , long i tude , and season . The 
ver t ical maxima occur in the r ange of alti tudes from 2 0 
to 2 5 km and with h igher concentrat ions toward the 
poles . Por each hemisphere ,  the annual cycle has a 
maximum in spr ing and a min imum in fall . The Nor thern 
Hemispher e has mor e ozone than does the Southern 
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FIGURE 3-1  Average global distribution of total ozone from ground-based data from 
1957 to 1975 (in Dobson units). SOURCE: Reprinted, with permission , from London 
and Angell ( 1982), The observed distribution of ozone and its variations in Strato
spheric Ozone and Man, Vol . I, Boca Raton, Fla: CRC Press, © The American Society 
for Testing and Materials. 

Hemispher e .  Figure 3- 1 shows the average d istr ibution o f  
total ozone both i n  long i tude and lat i tude der ived from 
19 years of ground-based observat ions . The newer satel
l i te observat ions (Hilsenrath and Sch les inger 198 1 ,  Tolson 
1981 , Miller et  al . 198 2 , Freder ick e t  al . 1983 ) confirm 
th is pictur e ,  wh ile adding more deta ils to the Southern 
Hemispher e  where ground observat ions are l imited .  It is 
clear that var iat ions in total ozone with long i tude ar e 
cons iderably less than the var iat ions with lat itude . 
F igure 3-2 illustrates the latitudinal var iation in 
zonal ly averaged total ozone with season . Other natur a l  
var iations i n  total ozone with d i f fer ing tempor al fre
quenc ies have also been stud ied (Guthr ie 1983 , Hasebe 
1983 ) . Although these var iations may be of s ign if icance 
in understand ing the stab i l i ty of the ozone layer , the i r  
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FIGURE 3-2 Latitudinal and seasonal variation of  the average total ozone from 
ground-based measurements between 1957 and 1 975.  SOURCE: Reprinted, with 
permission, from London and Angell ( 1 982), The observed distribution of ozone 
and its variations in Stratospheric Ozone and Man, Vol. I, Boca Raton, Aa: CRC 
Press, © The American Society for Testing and Materials. 

contr ibut ions to long-term and global var iat ions appear 
to be small . 

F igure 3-3 illustr ates the average he ight-lati tude 
cross sect ion of the ozone par tial pressure expressed in 
nanobar s  (nb) . The d istr ibut ions shown repr esent 
approximately the t ime averages of 10 year s of data from 
1966 to 197 6 .  I n  general , there i s  relatively l ittle 
ozone in the troposphere except for the polar and 
subpolar upper troposphere . Th is should not be confused 
with the oxidants (mostly ozone ) found in h igh concen
trat ions in the polluted urban env ironments . Analys is of 
the data in Figur e 3-3 shows strong latitud inal transpor t  
with resultant large fluctuat ions in the lower strato
spher e j ust below the ozone max ima ( London and Angell 
1982 ) .  I t  is distr ibutions of th is type that modern 
theory of stratospher ic chemistry attempts to expla in , 
studying how they may be per turbed by human act iv ities . 

OTHER TRACE SPECIES MEASUREMENTS 

A substantial body of data now exists for numerous 
species in the stratospher e (WMO 1982a ) . Some of it i s  
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FIGURE 3-3 Partial pressure (mb) of ozone as a function of latitude and altitude for 
(a) February through April and (b) August through October. Dashed line between 1 7  
an d  2 6  km indicates maximum partial pressure. SOURCE: Reprinted,  with permission, 
from London and Angell ( 1982), The observed distribution of ozone and its variations 
in Stratospheric Ozone and Man, Vol. I, Boca Raton, Fla: CRC Press, © The American 
Society for Testing and Materials. 
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adequate t o  test aspects of stratospher ic models ( see 
Chapter 5 ) . However , in many instances the data are 
still woefully inadequate . The measurements that have 
been made in the last year or so may be character ized as 
being mor e of suppor tive or augment ive nature than of a 
r evolut ionary nature . Here we br iefly summar ize the 
status of three classes of trace species and note the 
r ecent developments in each . 

Source Gases 

Tropospher ic Concentrat ions 

Trends in tropospher ic gases that are the ma jor source 
spec ies for stratospher ic rad icals ar e now better 
documented . Some controvers ial aspects still r ema in , 
however . 

£!£!· Several long-term mon itor ing programs have 
addressed the tr ends of these spec ies , the most extens ive 
be ing that of NOAA ' s  Geophys ical Mon itor ing for C l imatic 
Change Laboratory (GMOC) and the Atmospher ic Lifetime 
Exper iment (ALE) . The GMOC program began in 197 5 . It  
prov ides global coverage by flask sampl ing at ( presently ) 
21 s ites , followed by gas-chromatograph ic analys is at a 
central laboratory . The pr imary goal of the program is 
to determine long-term tr ends . Recent GMCC data for 
CFC-11 suggest that the well-documented annual incr ease 
in atmospher ic concentr at ions may be lessen ing (J .  
Peter son , NOAA GMCC , per sonal commun icat ion , 1983 ) , as  
expected from the decreased r elease rates . The ALE 
program has acqu ired data s ince July 1978 and has 
published the data obta ined through June 1981 . I t  
prov ided relat ively precise and accurate measurements at  
5 s ites by equ ipping each with an ons ite gas chromato
gr aph .  The emphasis  of the ALE program has been on 
determin ing l i fet ime est imates , wh ich are d iscussed in 
deta il in Chapter 5 .  The tr ends observed for other 
ch lor ine-conta in ing gases are reviewed in Chapter 5 .  

!�· Sever al data sets now suppor t the temporal 
incr�ase in the atmospher ic concentrat ions of N20 that 
was f irst  noted by We iss ( 1981) . Both GMCC (J. Peter son , 
NOAA GMCC , per sonal commun icat ion , 19 83)  and ALB ( Pr inn 
et al . 1983a , b )  show increases . Khal il and Rasmussen 
( 1983a) repor t hemispher ic and seasonal var iat ions in the 
incr ease , as noted from three years of data . Both 
natural and anthropogen ic sources have been proposed , but 
these r emain speculat ive at the pr esen t .  
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CH4 . An impor tant d iscovery in the last year or so 
is th� fact that the tropospher ic concentr ations of 
methane are increas ing at a few percent per year 
( Rasmussen and Khal il 1981) . These atmospher ic obser

vat ions have been suppor ted by ice-core measurements of 
Craig and Chou ( 1982 ) ,  who f ind that the increase exper i
enced in the per iod 1965-1980 is a dramatic one compared 
w ith the much mor e modest increase of the past hundred 
years .  Recent measurements ( Khal il and Rasmussen 1983 b )  
indicate that ther e a r e  seasonal var iations i n  CH4 
concentrat ions . Because of the impor tant role that th i s  
species plays i n  the atmospher ic •greenhouse• effect as 
well as in chemical reactions , cons iderable effor t i s  
focused on under standing i ts sources and s inks ( see , for 
example , NRC 1983 ) . 

Ver tical Profiles 

Very few measurements of the stratospher ic prof iles of 
the long-l ived source species have been made in the las t 
year or so . Th is has not proven to be a hand icap , 
however . The exist ing prof iles of the CPCs , NzD , and 
CH4 have proven suff icient to tes t the revised mode l 
pr edict ions of these prof iles ( see Chapter 5 ) . Data from 
the Stratosphere and Mesosphere Sounder ( SAMS )  satellite 
( Jones and Pyle 1984 ) suppor t the general fea tures of 

these profiles , and global and near ly cont inuous temporal 
coverage has r evealed some seasonal var ia tions . 

The stratospher ic concentrations of water vapor have 
become better def ined in the last year or so , but as a 
result several puzzl ing quest ions have been ra ised . 
Mastenbrook and Oltmans ( 1984 ) have cont inued to mon itor 
str atospher ic water vapor and have shown that the 
concentrat ions vary substant ially with t ime for r easons 
that are not understood . Pur thermor e ,  Kley et al . ( 1982 ) 
have shown that water vapor exh ib its a min imum in concen
tration a few k ilometer s above the tropical tropopause , 
wh ich calls into quest ion the bel ief that the flow of 
water vapor into the stratosphere is controlled solely by 
the tropical tropopause temperature ( see Chapter 4 ) . 
Several fundamental quest ions about the altitude and 
latitude var iations of stratospher ic water vapor are 
unanswered ( Ellsaesser 1983 ) . 
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Radical and Reservoir Spec ies 

Rad icals 

The r ecent observat ions of the stratospher ic r ad ical 
species ar e summar ized her e by the pr incipal catalytic 
cycles . 

N itrogen . The satell i te observations of N02 have 
been descr ibed above . Other stud ies have also au�nted 
the existing picture of the behavior of th is species . 
The ground-based studies by McKenz ie and Johnston ( 19 8 2 )  
made i n  the Southern Hemisphere ar e i n  good agr eement 
with the seasonal and d iurnal var iations seen in the 
Nor thern Hemisphere .  

Chlor ine . The approximate abundance and ver tical 
d istr ibut ion of dayt ime stratospher ic ClO have been 
repor ted in several ear l ier in s itu and remote s tudies , 
and these data are summar ized by MMD ( l982a ) . However , 
the measur able presence of ClO in the str atosphere has 
been called into quest ion recently . Mumma et al . ( 1983 ) 
car r ied out a ground-based search for the l ines of ClO 
us ing an infrared heterodyne spectrometer in the solar 
absorpt ion mode . None were observed , and an upper l iait 
for the integrated ver t ical column dens ity of 2 . 3  x 
10 13 molecules cm-2 was repor ted . Th is value is a factor 
of 7 less than is indicated by the pr ev ious measurements . 

An add itional ClO invest igat ion has been conducted 
s ince the study of Mumma et al . ( 1983) , and these results 
suppor t the ear l ier observations of th is r adical . 
Solomon et al . ( 1984 ) have cont inued the ir earl ier 
( Parr ish et a l .  1981)  ground-based , mill imeter-wave 
spectroscopic s tudies , th is t ime at Mauna Kea , Hawai i ,  
where atmospher ic water vapor , wh ich dominates 
tropospher ic absorpt ion of stratospher ic emiss ion l ines 
at mill imeter-wave frequencies , can be very low and 
s table . The r esults not only suppor t the ir ear l ier 
ground-based studies and the in s itu invest igations , but 
also demonstrated the expected day-to-n ight var iat ion . 
Thus , with the one except ion , the cur rent exper imental 
observat ions of ClO ar e generally cons istent with the 
pred ict ions of cur r ent models . Because of the central 
role that ClO plays in the ozone-chlor ine chemistry , i t  
i s  impor tant to resolve the differ ence between methods . 
An intercompar ison of ClO measurement techn iques seems to 
be in order . 

Hydrogen . There are relat ively few in s itu measure
ments of OH , as the rev iew by Ander son ( 1980)  demon-
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strates . Yet , th is r adical plays a cr i t ical role in 
stratospher ic chemistry.  In the last few year s ,  there 
have been add i t ional studies , but the measurement status 
for OH is still not yet as satisfactory as its role 
r equ ires . 

Heaps and McGee ( 1983)  have repor ted two measurements 
from a balloon-borne laser radar system.  The ir results 
are two to f ive t imes smaller than ear l ier r esonance
fluorescence measurements (Anderson 1976) , and the 
d iurnal var iation is not as large as expected from the 
photochemistry . Pyle et al . ( 1983)  recently have used 
LIMB satell ite data for N02 and HN03 to deduce a he ight 
prof ile for OB. S ince the method employs the ratio of 
these species , many of the measurement uncer ta int ies 
largely cancel . The resulting profile yields midday 
values from 26 to 40 km with an est imated accuracy of 4 0 
percent . These values l ie between the direct measur ements 
of Anderson ( 1976)  and those of Heaps and McGee ( 1983) . 

The in s itu measurements of stratospher ic so2 are 
even mor e l imited than those of OB . Two sets of data 
exi s t ;  one made by j matr ix-trapping , followed by 
laboratory spin-resonance analys is (Mihelcic et al . 197 8 )  
and another by resonance fluor escence (Anderson et al . 
1 9 8 0 ) . Ground-based measurements of H02 that can 
complement the ear lier in s i tu studies have recently been 
made . 

De Zafra et al . ( 19 84 ) have used a sens itive 
mill imeter-wave receiver to obta in so2 emiss ions l ine 
pro f iles . A class of no2 alt itude profiles from recent 
photochemical models were compared to the observed l ine 
shapes . The best match was an alt itude prof ile that 
appear s to be incons istent with the in s itu data , the 
latter be ing substant ially larger . The mill imeter-wave 
spectroscopic s tudy is most sens it ive at alt i tudes above 
those where the in s i tu data were gathered , but the two 
data sets do not join smoothly . 

Wh ile there is st ill considerable uncer ta inty in the 
cur rent status of stratospher ic OB and H02 , it is very 
grat i fy ing to see that these impor tant rad icals ar e now 
being addressed by a var iety of exper imental methods . 

Reservoirs 

Ar i j s  et al . ( 1982 ) have continued to deduce HN03 
concentrations between 20 and 25 km from observed ion 
concentrat ions . The data are with in the var iation 
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observed between ear l ier studies , which , unfor tunately , 
is large . Will iams et al . ( 1982 ) have extended their 
nitric acid column-dens ity measureaents to include 
Antarct ica . The general trend of increas ing colu.n 
dens i t ies with increas ing southern latitude is cons isten t 
with the observations in the Nor thern Heaisphere .  

Little has changed s ince th e  last review (NRC 1982 ) 
r egarding the status of the stratospher ic concentrations 
and roles of the shor t-l ived radical and reservoir 
species (HCl , H02N02 , ClON02 , N2o5 ) ,  which probably 
test ifies to the difficult ies of mak ing such measureaents . 
The few new measurements suppor t ear l ier data sets and we 
note those her e .  Other new studies represent promis ing 
new star ts .  Roscoe ( 1982 ) has recently repor ted a tenta
t ive observation of nitrogen pentoxide (N20s ) , wh ich is 
an impor tant reservo ir molecule , par t icular ly so s ince 
Solomon and Garc ia ( 1983a)  have identified it as the odd
nitrogen reservoir in the polar winter . The preliminar y 
estimate of the rate of increase of N2o5 after sunset 
is in good accord with the range of values predicted by 
models (Solomon and Garcia 1983a) . These measurements 
should be ref ined and extended . There are very few 
studies of these shor t-l ived reservoir species , wh ich 
pose formidable measurement difficult ies . 

RESEARCH RECOMMENDATIONS 

OVer the last decade , a great deal of data on the 
d istr ibut ions of stratospher ic trace species has been 
obtained , and has led to a substantial improvement in our 
understanding of the potential of inadver tent alterat ion 
of the stratosphere by human act ivities . The complexity 
of the coupled chemical-radiative-dynamical atmospher ic 
system has been better apprec iated ,  but the reasons for 
understanding it have only been reinforced . Hence , the 
need for a wide var iety of accurate information regard ing 
stratospher ic trace species is stronger than ever . 
Successful research tracks must cont inue to be pursued 
and new in it iatives star ted . Some of the more obv ious of 
these are the follow ing : 

• The long-term moni tor ing of the atmospher ic 
concentrat ions of the source gases must be suppor ted , 
because the wor th of such data depends strongly on the 
continuity of the record . Par ticular emphas is should be 
placed on the integr ity of standards , international 
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intercompar ison , and publication of the data , accompanied 
by documentation of the methodology . 

• Instrumentation should be developed to measure 
ozone concentrations at 4 0  km with accuracy of a few 
percent so that there can be ear ly detection of trends at  
the altitude where the percentage ozone changes due to 
anthropogenic per turbations are calculated to be the 
largest relatively. A mon itor ing program should then be 
instituted . The thrust should be toward a combination of 
balloon and satell ite sensors .  

• The development and field testing of instrumenta
t ion to measure a var iety of stratospher ic trace species 
should be suppor ted strongly s ince many of the important 
spec ies rema in unmeasured or poor ly measur ed .  The 
pr imary goals should be the rad ical and reservoir species . 

• A f ield program des igned to def ine how water 
vapor enters the stratosphere and to determine the global 
aspects of the d istr ibut ions of th is poor ly defined 
source gas should be organized. 

• The d iscrepancies between ClO measurements taken 
with different techniques should be resolved as soon as 
poss ible . 

• Rigorous , double-blind intercompar isons of 
instruments in the field should be continued to assess 
the reliabilities of current technology , s ince th is is 
the best way to assess accuracy . Suppor t is cr itical 
dur ing the difficult phase of th is endeavor , namely , 
a fter differences have been demonstrated and rational
izations are then sought .  

• Intens ive measurement campa igns should be mounted 
to deploy a group of multiple-species instruments that 
can determine the full data set requ ired to test a 
proposed hypothes is . The campa igns should include 
ground-based , balloon , a ircraft , and satellite 
configurations . 
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4 
Meteorological Processes 

IN'BODUC'l'ION 

Atmospher ic motions are among the most complex and least 
understood of the factors that control the amount and 
distr ibution of stratospher ic ozone . Transpor t by 
structured meteorolog ical systems par tly controls the 
distr ibution of the long-l ived and intermediate-l ived 
trace species that are impor tant for the photochemistry 
of ozone . Th is meteorological control , wh ich is 
especially impor tant in the lower stratosphere , impl ies 
that photochemical models of the ozone layer must take 
proper account of meteorological processes . 

The role of motion is not , however , s imply to transpor t 
and diffuse ozone and other trace substances in a pass ive 
manner . The winds in the stratosphere are in approximate 
geostrophic balance ( i . e . , the hor izontal winds blow 
parallel to the isobar s with speed propor tional to the 
cross-stream hor izontal pressure gradient ) . The mass 
distr ibution is in hydrostatic balance ( i . e . , temperature 
is inversely propor tional to the rate of decrease of 
pressure with height ) . Since both wind and temperature 
are related to the three-dimens ional distr ibution of 
pressur e ,  they are related to each other . This coupl ing 
of the wind and temperature field ( refer red to as the 
• thermal wind• relation by meteorologists )  impl ies that 
changes in the wind distr ibut ion are not independent of 
temperature changes . Thus , s ince both r adiative and 
photochemical processes are temperature dependent , there 
is a very complex coupl ing among dynamics , rad iation , and 
photochemistry in the stratosphere .  

Recent analyses o f  temperature and ozone data from 
several satell i te exper iments have revealed unexpectedly 
large var iabil ity in the w inds and temperatures in the 
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w inter stratosphere of the Nor thern Hemisphere . This 
var iabil ity ,  which occurs  on t ime scales varying from 
subseasonal to multiannual , has impor tant consequences 
for the transport of trace species , and must also be 
carefully cons idered in analyses of trends in ozone . 

Progress has recently been made in the theoretical 
understanding of the nature of transpor t and the manner 
in wh ich net transpor t is r elated to meteorological 
processes (Mahlman et al . 1983 ) . A reasonable conceptua l 
model of transpor t is beg inn ing to emerge , but diffi
culties rema in in translating the concepts into quantita
t ive parameter ization• of transpor t phenomena for use in 
photochemical models . A key par t  of the transpor t issue 
that is  not well understood is the distr ibution of 
tropospher ic source species and the phys ical mechanics 
for their transfer into the s tratosphere . The observed 
extreme ar idity of the stratosphere ,  wh ich indicates that 
tropospher ic a ir must be near ly completely dehydrated as 
it enter s the stratospher e ,  places severe constraints on 
models for exchange of trace species between the tropo
sphere and stratospher e .  No satisfactory r esolution of 
th is problem i s  yet ava ilable . 

Finally , meteorolog ical processes are also coupled to 
ozone perturbations through r adiative-dynamical coupling 
that may affect the cl imate at the ground . Th is aspect 
has r ecently received attention in l ight of concerns 
about potent ial effect on global cl imate from the observed 
trend in the atmospher ic concentration of carbon dioxide . 

VARIABILITY 

Subseasonal Var iabil ity and the Sudden Warming 

Subseasonal var iability in the Nor thern Hemisphere strato
sphere has been studied with the a id of convent ional 
radiosondes for the past 25  year s and with satellites for 
the last decade . The nature of planetary-scale d i s
turbances in the stratosphere has been well documented . 
Por the ozone per turbation problem , the most s ignificant 
aspect of the observed var iability is the occur rence of 
large fluctuations in the ampl i tude of planetary-scale 
d isturbances in the winter stratosphere . Recent research 
( e .g . ,  Mcintyre and Palmer , 1983 ) indicates that much of 
the poleward and downward tr anspor t of trace species 
occur s in the winter and spr ing seasons in associat ion 
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with episodic wave- induced mixing events rather than as a 
result of weak background turbulent d iffus ion .  

The most spectacular example o f  such episodic mixing 
is the complex phenomenon called the •sudden stratospher ic 
warming . •  Major sudden warmings , wh ich occur irregular ly 
about once every year or so , can lead to temperature 
r ises of 30 K or more over the entire polar str atosphere 
on time scales of a few days . The dynamics of such 
warmings have been elucidated recently with the a id of a 
var iety of new theoretical tools . (See Mcintyre ( 1982 ] 
for a review and extensive references to r ecent 
observational and theoretical wor k . ) It is now clear 
that warming& are initiated when the distr ibution of the 
zonal mean flow in the stratosphere is favorable for 
gu iding ver tically propagating planetary-scale waves that 
are generated in the tropospher e upward into the polar 
stratosphere .  The viscous drag that such waves exer t on 
the stratosphere causes a deceleration of the winds in 
the polar n ight vor tex , rapid poleward and downward 
transpor t of heat and mass , and a warming in the polar 
r egion . Similar processes operate dur ing the abr upt 
• final warming • that generally marks the trans ition from 
a winter to a summer circulation reg ime in the strato
sphere . There can be little doubt that such warmings 
produce enormous enhancement of the normal transpor t 
processes and thus must be impor tant for the climatology 
of ozone and other long-l ived trace species . Although 
l imited observations of ozone are ava ilable for the 1979 
sudden warming from the infrared r adiometer s on Nimbus 7 ,  
no systematic studies of tracer transpor t dur ing sudden 
warmings have yet been attempted . The well-known spr ing 
ozone maximum at h igh latitudes is cons istent with 
enhanced transpor t dur ing the winter season . Unfor
tunately , the only relatively long-term global ozone 
measurements have been made with satellite-based solar 
ultrav iolet backscatter techniques , wh ich provide no 
information in the polar nigh t .  As a consequence , the 
var iabil ity of ozone in the winter stratosphere at h igh 
lat itudes rema ins poor ly known . 

Interannual Var iabil ity of Temperature Prof iles 

Perhaps of more s ign ificance than the subseasonal var i
ability ,  a t  least for the ozone perturbat ion problem , i s  
the recently discovered large-ampl itude year-to-year 
var iability of the temperature in the winter stratosphere . 
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There are now more than 10 year s of satell ite rad iometer 
data available for analys is of the temperature structure 
of the s tratosphere . These data include low ver tical 
r esolution operational data analyzed by the u. s. National 
Meteorolog ical Center (NMC) and the Br itish Meteoro
log ical Off ice (BMO) , as well as h igher-resolution data 
from several exper iments in the Nimbus satellite ser ies . 
Analyses of var ious subsets of these data have been 
recently repor ted by Hamilton ( 1982 ) ,  Smi th ( 1983 ) , and 
Geller et a l .  ( 1983 ) . These analyses indicate that 
monthly mean temperature and zonal wind distr ibut ions in 
the winter stratosphere may differ dramatically from year 
to year . At present , the extent to wh ich th is observed 
var iabil ity is directly forced by tropospher ic motions or 
might be attr ibuted to internal instabilities of the 
str atospher ic c irculation is not known . The existence of 
such dramatic ( and unexpected) var iability in the cir
culation suggests that s imilar var iabi l i ty must exist in 
the net poleward and downward transpor t of ozone and 
other trace species . Since th is transpor t must represent 
a major s ink for stratospher ic ozone , an understanding of 
the sources , magnitude , and temporal and spatial dis
tr ibut ion of the interanpual meteorolog ical var iability 
is  required to evaluate the adequacy of the treatment of 
transpor t processes in photochemical models . It  is also 
apparent from cur rent data that 10 years is not a suffici
ently long per iod to establ ish a temperature climatology 
for the winter stratosphere . The year-to-year var iabil
ity of stratospher ic temperature prof iles is s imply too 
great.  I f , as  seems probable , the natural year-to-year 
var iabil ity is of s imilar magnitude in the ozone dis
tr ibution of the winter stratosphere , then great care 
must be exercised in evaluat ing ozone trends . Statistical 
models that take no account of the • red noise• character 
of atmospher ic mot ions ( i . e . , the tendency for the 
amplitude of the var iance to increase with per iod) must 
be used with great caution . 

The satell ite temperature climatology developed to 
date is l imited to only a few winter seasons . The large 
observed interannual var iab ility r evealed in these data 
suggests that routine observat ions of the w inter 
s tratosphere will be needed for many years  in order to 
establ ish a climatology , to understand the sources of 
interannual var iabil ity ,  and to clear ly establish the 
existence of trends . For example , the interannual 
var iability in the polar stratosphere dur ing the 1970s 
has been attr ibuted to interact ion with the quas i-biennial 
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osc illation of the equator ial stratosphere by Bolton and 
Tan ( 1982 ) and to var iations in tropospher ic forcing due 
to the so-called Southern Oscillation (Van Loon et al . 
1981 ) . Cur rently available data are not adequate to 
clear ly distinguish between these two very different 
alternatives . Similar ly Hasebe ( 1983 ) has l inked the 
interannual var iabil ity of total ozone dur ing the 1970s 
to both the equator ial quas i-bienn ial oscillation and to 
the Southern Oscillat ion . Although the quas i-biennial 
oscillation is sufficiently regular that responses to it 
may be relatively eas ily removed from the data for the 
purpose of trend analys is , the Southern Oscillation is 
quite irregular and has a sufficiently red spectrum 
( i . e . , the ampl itude increases with increas ing per iod) so 
that natural ozone fluctuations l inked to it will be 
difficult to separate from per turbations caused by human 
act ivities unt il  long-term satell ite-based measurements 
of temperature and ozone become available . 

The problem of var iabil ity is most severe in the lower 
stratospher e .  This region is , of cour se , also where 
chemical and dynamical t ime scales are s imilar , and wher e  
cur rent models suggest that very involved chemical 
processes should lead to ozone increases that approxi
mately balance the calculated decreases at h igher 
elevat ions . Thus , the current calculation of a small net 
change in the total column ozone--as in the case of the 
much larger 1979 result-- is based on the assumption that 
the one-d imens ional models provide an adequate approxima
tion for the slow chemistry in the lower stratosphere 
despite the complex meteorological processes that occur 
in that reg ion . 

MODELING THE WINTER STRATOSPHERE 

The observat ional data already exist ing , although inade
quate to define a long-term cl imatology properly ,  do 
provide impor tant constra ints for ver i f ication of three 
d imens ional models o f  the general circulation o f  the 
global atmosphere . Until  very recently general circula
t ion models of the middle atmosphere have had only a very 
l imited success in s imulat ing the winter distr ibutions of 
polar temperature and wind . Near ly all models produce 
much lower temperatures and stronger zonal velocit ies 
than are observed . The over ly strong zonal jets that 
typically are produced by middle-atmosphere c irculation 
models indicate a very ser ious deficiency in the models . 

Copyright © National Academy of Sciences. All rights reserved.

Causes and Effects of Changes in Stratospheric Ozone:  Update 1983
http://www.nap.edu/catalog.php?record_id=19330

http://www.nap.edu/catalog.php?record_id=19330


5 5  

Because o f  the coupl ing o f  large-scale wind and tempera
ture fields through the thermal wind balance , unrealistic 
winds imply unrealistic temper atures , and transpor ts 
therefore are l ikely to be in error . 

A mar ked improvement in s imulat ion of the thermal 
balance of the polar reg ion has been obta ined by the 
National Center for Atmospher ic Research (NCAR) Commun ity 
Cl imate Model (Pitcher et  al . 1983 ) ,  although it conta ins 
only marg inal resolution in the stratosphere .  The 
improved s imulat ion in th is model may be par tly attr i
buted to  its  novel formulation of radiative processes . 
However , mechanical damping apparently also plays a role . 
I n  any case , the NCAR model does produce an improved 
s imulat ion of the climatology for the lower strato
sphere . Similar improvements for models that adequately 
resolve the stratosphere and mesospher e will almost 
cer ta inly not be made on the bas is of improved radiative 
algor ithms alone . It has been suggested recently that 
wave drag and d iffus ion due to break ing of internal 
gravity waves may provide an essential momentum s ink for 
the stratosphere (Mahlman and omscheid 1983 ) .  Without 
such wave drag , the mean winds would almost cer ta inly be 
much stronger than observed , as is confirmed by general 
circulat ion models that omit wave drag (Mahlman et al . 
1983 ) .  Because of the sensitivity of ver tical propagation 
of stat ionary tropospher ic planetary-scale waves to the 
mean wind distr ibution , models that s imulate the mean 
wind poor ly will also s imulate planetary waves poor ly ,  
and are thus unl ikely to model the observed var iability 
properly . 

Lindzen ( 1981)  has suggested a s imple parameter ization 
for wave break ing that can be used in numer ical models . 
Holton (1982b)  has shown that th is parameter ization wor ks 
well in a s imple model . However ,  fur ther progress in 
par ameter iz ing wave drag and d iffus ion for global models 
appears to r equire a substantial observat ional effor t to 
obta in a grav ity-wave climatology . Such an effor t is 
essent ial because adequate model ing of the mot ions of the 
stratosphere r equ ires accur ate speci f ication of the 
background mean winds , which in turn r equires accurate 
model ing of the distr ibution and magn itude of the wave 
drag and diffus ion . For tunately , the development of the 
so-called MST (Mesosphere-Stratosphere-Troposphere )  r adar s  
that can prov ide wind measurements with f ine temporal and 
spatial resolut ions prov ides a power ful ground-based 
observ ing system for def in ing the phys ical character
istics and temporal and spatial distr ibution of gravity 
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waves and turbulence (Balsley and Gage 1980 ) , and increas
ing efforts to establ ish a gravity-wave and turbulence 
clima tology for the stratosphere can be expected in the 
near futur e .  

TROPOSPBERE-STRATOSPBBRB BXCIIANGB AND TRANSPORT 

The exchange of trace species between the troposphere and 
the stratosphere is one of the essential steps in the 
ozone per turbation process . Moat of the key species 
involved in the per turbation chemistry have their sources 
in the troposphere and must be transpor ted to the 
stratosphere to par ticipate in the complex chemistry of 
the ozone layer . 

The s implest qualitatively plaus ible model for 
troposphere-stratosphere exchange cons ists of bulk 
advection by a s ingle mean mer idional circulation cell in 
each hemisphere with uniform r is ing motion across the 
tropical tropopause , poleward dr ift in the stratosphere , 
and by continuity of mass , a return flow into the tropo
sphere in the extratropica . Such a circulation was 
proposed by Brewer ( 1949 ) , who argued that a ache .. in 
which the upward-moving a ir passed through the •cold 
trap• of the h igh , cold , tropical tropopause seemed to be 
required to explain the observed low mixing ratio for 
water vapor in the stratosphere . Somewhat later , Dobson 
( 1956 )  pointed out that the poleward and downward por tion 
of th is mean circulat ion was qualitatively cons istent 
with the observed high concentration of ozone in the 
lower polar stratosphere , far from the reg ion of photo
chemical production . Although the Brewer-Dobson cell 
provides a useful par tial model for troposphere
stratosphere exchange and transpor t in the stratosphere , 
it clear ly does not represent a complete physical 
descr ipt ion of exchange . 

Evidence that the Brewer-Dobson cell model is an 
overs impl i f icat ion has come from two types of observa
t ional studies . On the one hand , diagnostic studies of 
the Euler ian mean mer idional circulat ion in the winter 
stratosphere have revealed a two-cell pattern with r is ing 
motion in the tropics and polar regions and descending 
motion in midlatitudes . On the other hand , observational 
studies of the transpor t of ozone and rad ioactive tracers 
have revealed that large-scale eddy motions play an impor
tant par t in tracer transpor t .  The comparat ive roles of 
the eddies and the Euler ian mean are somewhat obscured by 
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the fact that there often tends to be almost complete 
cancellation between eddy transpor t and mean flow 
transpor t .  

When the mechan isms of exchange i n  midlati tudes are 
oonsidered ,  however , there can be l i ttle doubt that eddy 
processes dominate . Observations reveal that the trans
fer of trace constituents from the stratosphere to the 
troposphere is concentr ated in midlati tudes and is domi
nated not by the mean c irculat ion , but by mesoscale eddy 
processes associated with generation of cyclon ic and 
anticyclon ic disturbances in the troposphere .  Case 
s tudies of r ad ioact ive tracers and dynamical tracers 
(potential temperature and potential vor ticity)  in the 
v icinity of the tropospher ic jet str eam indicate that 
cons iderable stratospher ic air  is mixed into the tropo
sphere by intrus ions that occur in conjunct ion with the 
development of upper-level frontal systems ( Dan ielsen 
196 8 ,  Shapiro 1978) . These intrus ions , wh ich occur in 
th in layer s with hor izontal- and ver tical-scale lengths 
o f  100 and 1 km, respectively ,  are eventually destroyed 
by irrever s ible ver tical mixing in the troposphere 
( Shapiro 1980) . Although some tropospher ic a ir no doubt 
is aixed into the stratosphere by slow mer idional 
c irculations associated with the jet stream, the extreme 
d ryness of stratospher ic air suggests that the pr imary 
transpor t of mass from the troposphere into the strato
sphere indeed takes place in the equator ial reg ion in 
accordance with the Brewer-Dobson model .  

I n  the past few years ,  much progress has been made 
toward resolv ing the relative impor tance of eddy motions 
and mean cell motions . The major contr ibut ion to th is 
r esolution has been the wor k of Andrews and Mcintyre 
( 1976 , 1978 ) , who s tressed the fundamental difference 
between Euler ian zonal averages and Lagr ang ian averages . 
Dunker ton ( 1978)  used the Andrews and Mcintyre framewor k 
to show that the Brewer-Dobson circulation should be 
interpreted as a Lagrang ian mean mass circulat ion , and 
that to a good approximation th is circulation could be 
approximated by the •diabatic •  c irculat ion .  The latter 
c irculation is the mean mer idional circulat ion for wh ich 
the adiabatic heating/cooling due to the mean ver tical 
.ot ion j ust balances the zonal mean diabatic cool ing/ 
heating . S ince the lower stratosphere is rad iatively 
heated at low latitudes and r adiatively cooled at h igh 
latitudes , the diabat ic circulat ion ( shown schematically 
in Figure 4-1)  is cons istent with a mass c irculation in 
wh ich a i r  flow from the troposphere into the stratospher e 
is l imited to the tropics . 
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FIGURE 4- 1 Schematic diagram o f  transport in the lower stratosphere . Heavy arrows 
show Brewer-Dobson circulation . Dashed arrows indicate quasi-isentropic mixing by 
eddies. Mean tropopause is indicated by crosses , and J indicates mean jet stream. Ught 
lines labeled with mixing-ratio values ('1) show mean slope of a long-lived vertically 
stratified tracer.  

However , as Mahlman et al . ( 1983 )  has str essed , the 
combinat ion of upward advection in the tropics and 
downward advect ion at h igher latitudes impl ied by the 
diabatic circulat ion would cause the mean isopleths of 
ver tically strati f ied tracer s to slope steeply downward 
from equator to pole . Although tracers such as methane 
and ni trous oxide do have isopleths that slope in th is 
sense , the actual slopes are much less than those implied 
by a balance between the advection by the diabatic cir
culation and photochemical destr uction . The add itional 
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process requ ired to expla in the observat ions is r apid 
mer idional mixing by quas i-isentropic eddies . This 
process is demonstrated clear ly in the s imulation studies 
of  Levy e t  a l .  ( 1979) . Thus , as summar ized in Figure 4- 1 ,  
the gross character istics o f  stratosphere-troposphere 
exchange and transpor t with in the lower stratospher e can 
be modeled in terms of a combinat ion of a mean d iabatic 
c irculation and quas i-isentropic mixing by eddies . 

Although there can be l ittle doubt that the freeze
drying of a ir due to upward passage through the tropical 
cold trap is a qualitat ively reasonable explanat ion for 
the extreme dryness of the stratosphere ,  recent obser
vations have revealed a number of problems with the 
Brewer-Dobson cell hypothes is . Measurement of water 
vapor in the stratosphere is extremely difficult exper i
mentally . Attempts to summar ize measurements from a 
var iety of sources have been made by Har r ies (1976) , 
Robinson ( 1980) , and Ellsaesser et al . ( 1980) . The bulk 
of cur rent evidence suggests a mean mix ing ratio in the 
lower stratosphere of about 4 ppm .  Dehydration to such a 
low mixing rat io would requ ire tha t  a i r  enter ing the 
s tratosphere pass through a cold trap with a temperature 
less than 19 1 K at 100 mb, and that such air  not car ry 
ice crystals into the str atosphere ,  so that the total 
water content would be l imited by the saturation mix ing 
r atio at those conditions . 

C l imatolog ical data , however ,  indicate that for much 
of  the tropics , even in the act ive inter tropical converg
ence zone ( ITCZ ) , the temperatur es at the tropical tropo
pause are insufficiently cold to allow freeze-drying of 
a ir to a mixing r atio of 4 ppm . An addit ional diff iculty 
with the Brewer-Dobson hypothes is was revealed by the 
ver t ical profiles of the water vapor mixing ratio obta ined 
dur ing the 1980 Panama exper iment carr ied ou t by NASA 
( Kley et al . 1982 ) .  These prof iles reveal a d ist inct 

m in imum in the mixing ratio at 19 km (well above the 
tropopause) .  Th is min imum is s igni ficantly smaller than 
the saturation mixing ratio at the tropopause level . 
Thus , i t  seems clear that the water vapor mixing r atio 
profile in the Panama reg ion cannot be explained on the 
bas is of local ver tical transpor t processes . Rather , 
long-range quas i-hor izontal transpor t mus t be invoked to 
account for the min imum at 19 km . 

Newell and Gould-Stewar t  ( 1981)  suggested that the 
s tratospher ic water vapor observat ions are consistent 
with a model , wh ich they called the •stratospher ic 
fountain , •  in wh ich most of the flux of mass from the 

Copyright © National Academy of Sciences. All rights reserved.

Causes and Effects of Changes in Stratospheric Ozone:  Update 1983
http://www.nap.edu/catalog.php?record_id=19330

http://www.nap.edu/catalog.php?record_id=19330


60 

troposphere into the s tratosphere is concentrated in 
relatively l imited reg ions of the tropics where tropopause 
temperatures are observed to be s igni f icantly colder than 
those at Panama dur ing the summer .  They found that 100-.0 
teaperatures less than 191 K are generally l imited to the 
Indones ian •mar i t ime continent•  dur ing the Nor ther n 
Hemisphere winter , and to the Ind ian monsoon reg ion dur ing 
the Nor thern Hemisphere summer .  Att icks and Robinson 
( 1983 ) utilized the enhanced network of tropical aoundings 
developed for the Global weather Bxper t.ent in 1979 to 
examine fur ther the teaporal and spat ial d istr ibution of  
tropopause temper atures . Their  results were generally in  
accord with those of  Newell and Gould-Stewart J however , 
they argued that dur ing the Nor thern Hemisphere winter 
suffic iently cold tropopause condi t ions occur red over a 
broader r ange of long itudes than suggested by Hewel l  and 
Gould-Stewar t .  I n  any case , i t  i s  clear that the tropical 
tropopause is , on the average , h ighest and coldest in 
both hemispheres dur ing the Nor thern Heaispher e winter . 
Only in the As ian monsoon area are condi tions favorable 
for freeze-drying a ir to the observed stratospher ic 
mixing r at ios dur ing the Nor thern Hemisphere summer .  

The stratospher ic-founta in hypothes is does not itself 
prov ide a dynamical mechan isa for assur ing that a ir 
pass ing through the cold trap will have its water conten t 
r educed to the saturation mixing ratio at the tropopause . 
The occurrence of strong convect ion penetrating into the 
lower stratosphere in the Indones ian reg ion dur ing the 
Nor ther n Heaisphere winter has been amply documented in 
the Winter Monsoon exper t.ent (Johnson and Kr iete 1982 ) . 
Thus , over shooting cumulus tur rets would tend to carry 
ice crystals into the stratosphere , so that the immediate 
effect of cumulus penetrat ion should be to hydrate rather 
than to dehydrate the stratosphere . 

To understand the dehydration of the stratosphere mor e 
coapletely , i t  appears necessary to cons ider the dynamical 
and microphys ical processes that occur over the full l i fe 
cycle of tropical convect ive systems . I t  is well known 
that the s ink ing due to negat ive buoyancy that follows 
the over shooting of cumulonimbus tur rets in the tropics 
produces mass ive cirrus anvil clouds , far larger than 
those produced at aidlatitudes (Dan ielsen 1982a , Johnson 
and Kr iete 1982 ) . Such anv ils may last for 5 to 10 hour s 
or more .  Measurements of stratospher ic aerosols by 
Knollenberg et al . ( 1982)  dur ing the 1980 Panama exper i
ment ind icated that up to 4 0 percent s tratospher ic a ir 
may be entra ined into the collaps ing tur rets that form 
the anv il clouds . Thus , the mean potential temperature 
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in the anvils must exceed that of the convect ive turrets , 
and the ir levels of neutral equ il ibr ium will r ise above 
those of unmixed parcels . Consequently , the cirrus 
anv ils formed by the s ink ing and spreading of the a ir in 
tropica l convect ive plumes may have their upper sur faces 
in the stratosphere . Dan ielsen ( 1982b) proposed an 
intr igu ing hypothes is for stratospher ic dehydration wh ich 
depends on the rad iative , dynamical , and microphys ical 
processes that occur in anvil clouds . Dan ielsen po inted 
out that there will be rapid radiative cool ing to space 
from the top sur face of a cirrus anvil , wh ile if there is 
little cloud iness between the lower sur face and the 
ground , the lower sur face should be r ad iat ively heated . 
Thus , radiat ion will tend to produce a moist adiabat ic 
lapse rate with in the cloud . In th is model the r adiat ive 
cool ing at cloud top is balanced by turbulent transpor t 
of heat upward with in the cloud . Dan ielsen showed that 
the ver t ical temperature flux with in the cloud layer 
necessary to balance a 10 K/day cool ing r ate from the 
cloud top was only 5 Kcm/s . However , the large di ffer
ence in saturation vapor pressure between the bottom and 
the top of the cloud impl ies a strong upward flux of 
water vapor , wh ich would lead to super saturation and 
rapid ice crystal growth near the top of the cloud with 
subsequent fallout of prec ipitation . Thus , th is thermally 
dr iven , in-cloud circulation should produce upward heat 
and vapor fluxes and a downward flux of ice crystals . 
Dan ielsen ( 1982b) argued that the net effect should be to 
dehydrate the r adiat ively cooled a ir near the top of the 
cloud . Therefore ,  the net effect of tropical convect ion , 
when averaged over the entire l i fe cycle of a tropical 
convect ive system , should be to transfer very dry a i r  
into the stratosphere . 

Dan ielsen ' s  dehydration hypothes is can only be tested 
by a carefully des igned program of in s i tu measurements 
with research a ircraft . Plans for such exper iments are 
cur rently be ing developed at the NASA Ames Resear ch 
Center . In  the meantime it is at least poss ible to 
conf irm that cur rently ava ilable ev idence is cons istent 
with a model in which cir rus anvil clouds play a major 
role . 

RADIATION BUDGET AND CLIMATE EFFECTS 

The potential effects of per turbat ions in ozone and other 
trace spec ies on the temperature in the a tmosphere and at 
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the ground ( i . e . , on the cl imate )  has recently been 
analyzed in WMO ( 1982c) . Thus , only a br ief sua.ary of 
cur rent th ink ing is g iven here . The cl imat ic effects of 
trace spec ies occur in the fora of both direct radiative 
effects involv ing radiatively active trace gases and 
indirect effects involving very coaplex interactions 
a110ng radiative , photochemical , and meteorolog ica l  
processes . The former class of effects can be calculated 
in a rather stra ightforward manner , the latter , however , 
often depends not j ust  in magn itude , but even in s ign , on 
poor ly understood aspects of the cl imate systea such as 
cloud-rad iation feedbacks .  Thus , many of the poss ible 
cl imate per turbat ion scenar ios cur rently are somewhat 
speculative in nature . 

Several of the anthropogen ically produced minor trace 
spec ies ( e . g . , methane and the CPCs ) have s trong absorp
tion l ines in the infrared r eg ion to wh ich the a tmosphere 
is otherwise transparent.  Thus , methane and crcs in the 
a tmosphere contr ibute to the •greenhouse • effect of carbon 
d ioxide and water vapor in the troposphere . Bst imates in 
WMO ( 1982c) suggest that i f  current trends continue , these 
minor gases could by the ir d irect radiative effects pro
duce a sur face waraing comparable to that expected from 
the pred icted increase in carbon d ioxide . 

However ,  the effect on the sur face radiation budget is 
only a small aspect of the total radiat ion-cl imate prob
lem .  Models predict that sur face temperature r ises due 
to increas ing carbon d ioxide will be accompan ied by 
temperature decreases in the stratosphere . Because of 
the temperature dependence of chemical react ions in the 
ozone layer , th is cool ing should lead to a moderat ion in 
the reduct ion expected from increased concentrations of 
minor species . Thus , the ozone per tur bation problem can 
not really be decoupled from the carbon d ioxide problem . 
Th is type of r ad iative-photochemical interact ion is 
fur ther compl icated by the fact that the temperature 
structure is t ightly coupled to the dynamics , so that 
changes in circulat ion would accoapany any radiat ively 
induced temperature change , and the change in circulation 
might influence the transpor t of ozone . No models 
cur rently in existence are able to treat all of these 
interact ions properly . 

Perhaps the most challeng ing aspect of the problea of 
cl imate per turbation is the role of water vapor . As 
po inted out ear l ier , the extreme ar id ity of the strato
spher e is still not completely understood ,  although it 
seems clear that some sor t of • freeze-drying • process 
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aust occur as a ir enter s the stratospher e through the 
tropical tropopause . S iaple models suggest that increases 
in carbon d iox ide would reduce the temperature at  the 
tropical tropopause , and hence would be expected to reduce 
the mean water vapor mix ing ratio in the stratosphere .  
On the other hand , any cl imatic change that resulted in a 
warmer tropical tropopause could lead to a large incr ease 
in stratospher ic water vapor . Because water vapor is 
rad iat ively act ive and plays a sign i f icant role in the 
hydroxyl chemistry,  a s ign if icant increase in strato
spher ic water vapor could have profound effects . However , 
a better phys ical under stand ing of the processes that 
ma inta in the tropical tropopause appears to be requ ired 
before the plaus ibilty of a scenar io involv ing warming of 
the tropopause can be adequately assessed . 

RESEARCH RECOMMENDATIONS 

• var iab il ity .  The large interannual var iabil ity 
observed in the stratosphere poses a s ign if icant bar r ier 
to the analys is of tr ends in ozone and temperature . To 
deduce the nature of the spectr um of natural var iability 
and to def ine a stable cl imatology , a long-term commit
ment to routine global measurements of temperature and 
ozone is recommended . The SBUV instrument , wh ich is 
planned for operational fl ight on the NOAA satellites , 
should prov ide adequate mon itor ing of total ozone and the 
prof ile above the level of peak concentrat ion . However , 
there are no plans for routine satell ite observat ion of 
the ozone profile in the lower stratosphere where trans
por t processes are cruc ial to ma inta in ing the ozone 
budget . I nfrared l imb scann ing appear s to be the best 
ava ilable techn ique for the lower stratosphere , but there 
are no plans for long-term observat ions by th is method . 

Cur rent plans for measur ing temperatur e are totally 
i nadequate for developing a proper stratospher ic cl imatol
ogy . The only operat ional satell ite sounder with strato
spher ic channels is the ssu. However ,  the s su may not be 
f lown on operat ional satell ites after the middle of th is 
decade . In  any case the SSU prov ides very l i ttle informa
t ion near the stratopause where ozone per turbat ions might 
f ir st be infer r ed from observed temperature var iat ions if 
accurate temperature mon itor ing were ava ilable . Fur ther , 
the SSU temper atures are determined not by inver t ing the 
r ad iances , bu t by regress ion aga inst •ground tr uth •  
provided by rocket temperature prof iles . With the decl ine 
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in the frequency of meteorolog ical rocket launches , i t  
will be increas ingly difficul t  to prov ide suitable cal i
bration for the ssu . Steps should be taken aa soon aa 
poss ible to prov ide for long-term meaaureaent of teapera
ture and ozone for the global stratosphere .  

• Str atosphere-troposphere exchange . There ia a 
press ing need to understand the mechan ism and spatial and 
teaporal d istr ibution of exchange in the tropical r eg ions 
in order to account proper ly for the observed water vapor 
d istr ibut ion in the stratosphere . A solution of this 
problem will requ ire , at the very least ,  one or more 
carefully des igned a ircraft-baaed exper iments with 
instrumentation capable of defin ing the deta ils of the 
dynamical , rad iative , and microphys ical proceaaea . 

• Small-scale waves and turbulence . � improve the 
cur rent , generally unsatisfactory s imulations of the 
winter stratosphere in three-dimens ional general circula
tion modele , effor ts must be made to determine the role 
of small-scale gravity waves and turbulence in the momen
tum budget of the stratosphere . Unleaa the problem of 
the over ly cold polar winter stratosphere that is coa.on 
to moat s imulations ia solved , it will be difficult to 
use the models for ozone per turbation and other cl imate 
per turbation s tudies . � understand the per turbed 
cl imate , we must understand the natural climate first ! 

• The lower stratosphere .  Effor ts to evaluate the 
effects of transpor t and var iabil ity on the ozone budget 
of the lower stratosphere must be increased . I n  l ight of 
the impor tance of this r eg ion in compensating for calcu
lated ozone decreases in the photochemically controlled 
upper stratosphere , a quantitative understanding of the 
interaction of transpor t and chemistry in the lower 
s tratosphere should be g iven very h igh pr ior ity .  

Unfor tunately , def initive stud ies o f  th is reg ion wil l 
r equ ire very soph isticated three-d imens ional models . 
Cur rent models are only beg inn ing to be able to prov ide 
adequate s imulation of the cur rent cl imate , and several 
year s of effor t will be requ ired to develop credible 
coupled dynamical-r ad iative-photochemical s imulation 
models . However , in the inter im mor e wor k should be done 
with s impl ified models to tes t  the sens itivity of chemica l 
processes to tr anspor t .  The study of the winter polar 
d istr ibution of odd-nitrogen species by Solomon and Garcia 
( 1983a) is an excellent example of what can be done with 
s imple models . 
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5 
Comparison of Models 
and Measurements 

Chemical model ing of the atmosphere focuses both on the 
interpretation of cur rent cond itions and on the predic
t ion of r esponses to future changes in atmospher ic 
compos ition . Th is chapter compares model calculat ions 
w i th  cur r ently ava i lable atmospher ic data . A thorough 
understanding of the phys ics and chemistry of the cur rent 
atmosphere is a prerequ isite to forecast ing the state of 
the atmosphere in the face of known and potential per
turbat ions in the future .  The appl icat ion of chemical 
models includes the s imulation of observed d istr ibutions 
of trace gases , the calculat ion of chemical l i fetimes , 
the inference of source strengths , and the interpretation 
of a set of measurements in a global context . I n  the 
n ext chapter , we r ev iew model calculations of future 
tr ends in atmospher ic compos it ion , most notably , ozone 
concentr ations . Since th is r epor t is an update , it 
emphas izes the most recent advances in our understanding 
of the stratosphere ; for a complete presentat ion the 
r eader is refer red to the two recent compend ia (NRC 1982 , 
WMO 1982a) . 

CAPABILITIES OF CURRENT PHOTOCHEMICAL MODELS 

The fundamental cont inu ity equat ion in photochemical 
model ing may be expressed in terms of the time-dependent 
change in concentrat ion (n) of spec ies ( i ) , 

3n ( i ) /3 t  • P - L + FD 

whe r e  P and L are production and loss r ates by chemical 
processes , respectively , and FD stands for the d ivergence 
of the flux . In th is s impl if ied form the chemical term 
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( P - L) is generally nonl inear , depend ing on sunlight , 
temperature , pressure ,  and the concentrations of many 
other trace spec ies . The dynamical term PD involves only 
species ( i ) , but is inherently multid imens iona l .  A 
h ighly resolved •wind • f ield is requ ired to determine the 
flux of ( i ) in three d imens ions . The cur rent d ivers ity 
in chemical-dynamical models of the stratosphere reflects , 
in par t ,  the r ange of compromises made in treat ing the 
chemistry and dynamics in th is equation so that the 
computational effor t is feas ible . 

One-d imens ional Models 

Photochemical models that abbr ev iate the order of the 
dynamical term to only one d imens ion are able to s imulate 
the most complex chemical reaction schemes yet proposed 
for the stratosphere .  Such calculat ions involve the 
s imultaneous , coupled chemical interactions of more than 
30 spec ies , as well as a deta iled descr ipt ion of the 
solar r ad iation f ield from dawn to dusk . Recent rev iews 
(Baulch et al . 1982 , WMO 1982a ) have helped to promulgate 
a s tandard set of react ions , reaction r ates , solar fluxes , 
and cross sect ions for use in photochemical models . The 
treatment of solar flux in the complex Schumann-Runge 
band system of molecular oxygen has rece ived attent ion 
r ecently (Freder ick and Hudson , 1980 ) and thus has become 
one of the mor e standard components among the d i f ferent 
models . Radiat ive-tr ansfer calculat ions including 
scattered l ight ar e standard in most of these models . 
Several models now s imulate the effects of a spher ical 
atmospher e  at  dawn and dusk , as well as includ ing the 
effects of d iurnal var iations in ozone upon the local , 
ultrav iolet f ield (e . g . ,  Prather 1981) . 

A sever e l imitation of the one-d imens ional ( 1-D) 
models l ies in the ir coarse approximat ion of tr anspor t .  
The flux d ivergence term in the continu ity equation is 
effect ively averaged over lat itude and long i tude and then 
approx imated by •eddy•-d iffus ive transpor t in the ver t ical 
d irect ion . The dif fus ion coefficients are der ived from 
cal ibrat ing the 1-D model aga inst the observed s trato
spher ic prof iles of several trace gases (Mass ie and Bunten 
1981)  and are then appl ied equally to all trace gases . 
The establ ished 1-D chemical model is still popular 
because it wor ks--providing a good s imulat ion of the 
ver tical d istr ibut ion of trace gases espec ially at nor th 
ern midlat i tudes--despite the apparent problems : for 
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example ,  the latitud inal averag ing must span the wide 
r ange in photochemical activity from equator to pole , 
d irect advect ive transpor t is  not included , and the 
s tratosphere clear ly shows , at  a minimum , two-dimens ional 
structure . 

One-d imens ional models with deta iled photochemistry 
have been used in a multidimens ional mode by approximat ing 
latitudinal mixing in the stratosphere as a r apid process 
that occurs preferent ially along mixing sur faces (WOfsy 
1978) . An adj unct to one-d imens ional models is the r ecent 
s tudy by SOlomon and Garc ia ( 1983b) in wh ich the chemical 
evolution of an a ir parcel is followed as it moves through 
the winter stratosphere . These studies take advantage of 
specific geometry or atmospher ic condi t ions , but do not 
calculate the transpor t of trace spec ies in more than one 
d imens ion . 

Two-d imens ional Models 

Two-dimens ional ( 2-D) models of the stratospher e are at 
least capable of s imulating the large var iations observed 
with la titude and season . Tradit ionally these models 
aver age the continu ity equation long itudinally ,  por traying 
the stratospher ic circulation in the latitude-altitude 
plane . Transpor t processes include advection by the mean 
mer idional circulat ion , yet still reta in s ign i f icant 
d i ffus ion , wh ich is meant to account for zonal averages 
over longi tud inally asymmetr ic winds . Ear ly 2-D models 
employed s impl ified chemical schemes with reduced numbers 
of spec ies and no d iurnal var iat ions in sunlight . 
Recently these models have incorporated photochemical 
aechan isms as ooaplete and accurate as the ir 1-D counter
par ts (Miller et al . 1981 , Pab ian et al . 1982 , Ko et al . 
�983 , SOlomon and Garcia 1983a , Wh itten et al . 1983) . 
They have been used with moderate success to s imulate 
cur rent stratospher ic distr ibut ions of ozone , nitrous 
oxide , and chlorofluorocarbons (Ko and Sze 1982 , Owens et 
al . 1982b) , as wel l  as to calculate per turbat ions to 
ozone (Bor uck i et a l .  1980 , Ha igh and Pyle 1982 , Steed et 
al . 1982 , Wh itten e t  al . 1983) . The 2-D and 1-D models 
do not predict s ign i f icantly di fferent d istr ibut ions of 
�ong-l ived trace gases such as CPCs , N20 ,  and CH4 , but 
the 2-D s imulat ions are able to examine the coupled 
var iations of ozone with lat itude and season . Recent 
r esearch on Lagrang ian transpor t ( i . e . , following the 
center of mass of a parcel of a ir )  in the stratosphere 
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(Andrews and Mcintyre 1978 , Dunker ton 1978 ) has led to 
entirely new approaches to calculating effective tr acer 
transpor t in the stratosphere ( Bolton 1982a , TUng 1982) . 
Wh ile these methods have not yet been t.pleaented with 
full cheaical-react ion schemes , they should s igni ficantly 
improve the accuracy of 2-D calculat ions and clar i fy our 
understanding of transpor t mechan isms in the stratosphere . 

Three-dimens ional Models 

In  three-dimens ional ( 3-D) models of the stratosphere , 
the dynamical term in the continu ity equat ion need be 
averaged over only saall space and t ime intervals . Tr ans
por t of trace species occurs through direct advect ion by 
the three-dimens ional wind f ields , and the approxiaat ion 
of eddy d i ffus ion (necessary to the 1-D and 2-D models) 
is  no longer the doainant mechan ism of transpor t .  All of 
the cur rent 3-D models for atmospher ic transpor t of trace 
gases are l inked int imately to a parent general c ircula
t ion model (GCM) (Mahlaan et al . 1980 , Golombek 1982 , 
Pung e t  al . 1983) . I t  is difficult to imag ine der iv ing 
the necessar ily deta iled and sel f-cons istent wind f ields 
needed for a three-dimens ional tracer transpor t without a 
general circulation model .  

The complexity and scale o f  3-D models make i t  d i f f i
cult to include a real istic cheaical-reaction scheae . 
Por example , even models with the coar sest resolution 
require in excess of 10 mill ion complete photochemical 
calculations per model year ( e . g . , more than one year of 
t ime on a �  11/780 computer for the cheaistry alone ) . 
Thus , most exper iments with these models are l imited to 
l inear loss rates , often unasaociated with cheaistry . 
The pioneer ing study by Mahlman et al . ( 1980 ) examined 
the transpor t of an ozonel ike tracer with a fixed mixing 
ratio at the upper boundary and a loss due to •ra inout• 
in the troposphere . S imilar ly , the recent 3-D stud ies of 
the effects of planetary waves on chemistry (Rood and 
Schoeber l  1983 ) employed a l inear approx imat ion to strato
spher ic chemistry in wh ich chemical react ions were not 
d irectly included . The appl icat ion of chemistry to a 3-D 
model is currently l imited to losses of a trace gas that 
are l inear ly propor t ional to its concentration and that 
are f ixed , independent of the local chemistry involv ing 
these trace gases . Some examples include stud ies of 
n itrous oxide (Levy et al . 1979 , 1982)  and CPCs (Goloabek 
1982) . Three-dimens ional models are able to s imulate the 
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zonal asymmetr ies in trace gases and hence are essentia l  
to interpreting the temporal and spatial var iabil ity 
observed in global aeasurements (see Chapter 3 ) . 

Puture Developments 

Pur ther advances in the ar t of photochemical model ing of 
the stratosphere will come about only through more 
int imate coupl ing of the chemical and dynamical processes . 
The new generation of 2-0 models with fully coupled , 
nonl inear chemistry is j us t  now ava ilable , val idation and 
interoompar ison of these models seem poss ible with in the 
next several years .  Efforts to put chemistry into a GCM 
represent the most impor tant long-range goal for research . 
Such a combinat ion is necessary to make accurate predic
t ions of ozone perturbations , in wh ich a chemical change 
in ozone alter s the solar heat ing of the stratosphere , 
wh ich per turbs the stratospher ic circulation , wh ich in 
turn affects the supply of trace gases ( N20 ,  ca4 , CPCs ) 
to the chemically active reg ions . 

Despite th is great need for development of more complex 
stratospher ic models , the impor tance of the 1-o model must 
not be over looked . These models are well developed , are 
the ma instay o f  most theoret ical wor k , and prov ide d irect 
insight into the local chemical processes with in the 
stratosphere .  

TRENDS IN ATMOSPHERIC BALOCARBONS AND OTHER TRACE GASES 

I ncreases in the atmospher ic abundances of several chloro
f luorocarbons as well as other trace gases have been 
documented in the past few years .  The slow increase in 
N2o concentrations ( 0 . 2  percent per year ) (We iss 1981)  
has recently been conf irmed (Pr inn et al.  1983a) and 
seems l ikely to be associated with human act ivities in 
one way or another (We iss and Craig 1976 , McElroy et a l .  
1977) . S imilarly the concentration o f  methane i n  the 
atmosphere is ma inta ined in par t by human activi ties 
(Ehhalt and Schmidt 1978)  and has been observed to be 
increas ing at a rate between 1 and 2 percent per year 
(Blake et al . 1982 , Craig and Chou 198 2 ,  Ehhalt et al . 
1984 , Khal il and Rasmussen 1983b) . These trends would 
.oat cer ta inly perturb the stratosphere if the trends 
cont inued into the next century. Such coupled per turba
t ions are d iscussed in the next chapter . Here we focus 
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on sources of chlor ine in the stratosphere and on the 
abil ity of models to predict the rate of increase and 
global d istr ibut ion of CPC-11 (CPCl3) ,  CPC-12 (CPiC12) ,  
CPC-22 (CBPZCl ) , cc14 (carbon tetrachlor ide ) , and 1 , 1 , 1-
tr ichloroethane (CH3ccl3 , methylchlorofora) at assumed 
r elease rates . The long-range goal in these investiga
tions is the predict ion of the aaount of chlor inated 
species in the atmosphere at some t ime in the future based 
on assumptions about release rates . The stratospher ic 
concentration of a g iven trace gas will be propor t ional 
to its rate of release multipl ied by its atmospher ic 
l i fetime . Most models show that stratospher ic ozone will 
decrease as the concentrations of CPCs and methylchloro
fora increase ( see Chapter 6 ) . 

The atmospher ic abundance of crc-11 has been monitored 
on a more or less regular bas is s ince 1970 ( Lovelock 
1971) . Dur ing this per iod the average concentration in 
the Nor thern Beaisphere has increased from about 40 to 
more than 200 ppt . We may def ine the atmospher ic l i fe
time of a gas as the ratio of its global abundance to its 
globally integrated loss rate . The atmospher ic l i fetime 
of CPC-11 is s ign if icantly long compared with its rapidly 
increased use over the past two decades , so that i ts 
concentration is not yet in a steady state ( in wh ich 
releases to the atmosphere are balanced by total , globa l 
losses ) . Approximately 90 percent of all CPC-11 produced 
has been released to the atmosphere (Chemical Manufac
turers Association 1983 ) and about 90 percent of th is 
amount rema ins in the atmosphere today . The largest 
sources of this man-made gas are associated with the 
industr ial countr ies of the nor thern midlatitudes , and 
its tropospher ic d istr ibution shows the expected 
lati tud inal grad ient . Sign i ficant effor t has gone into 
compil ing statistics on its rate of release (Bauer 1979 , 
Chemical Manufacturer s Assoc iat ion 1983 ) .  See Figur e 5-l . 

Recent repor ts have examined time ser ies of self
cons istent measurements of crc-11 . Br ice et al . ( 1982 ) 
r epor t on data taken at Harwell , U. K. , dur ing the per iod 
1975-1981 and der ive a best est imate for CPC-11 l i fetime 
of 75  year s .  Fraser e t  al . (1983 ) calculate a s imilar 
l i fetime based ma inly on 1976-1980 data froa Cape Gr im ,  
Tasman ia . Singh et a l .  ( 1983 ) repor t a l i fetime o f  60 
year s with a r ange of 40 to 100 years . The Atmospher i c  
Lifetime Exper iment (ALE) ( Pr inn et al . 1983 ) set up 
stat ions in I reland , Oregon , Barbados , samoa , and Tasman ia 
for the continuous monitor ing of crc-11 , CPC-12 , CCl4 , 
ca3cc13 , and N2o.  Based on the data from July 1978 to 
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FIGURE 5-1  Estimated annual worldwide releases of CFC- l l  and CFC-12 ,  1 952-
1980. SOURCE: Chemical Manufacturers Association ( 1 983). 

June 1981 , the best ALE est imate for CFC-11 l i fetime i s  
7 8  years with a 90 percent cer ta inty r ange of about 5 0  to 
150 years . Most of the prev ious analyses , based ma inly 
on data from a s ingle station , r ely on 2-D models to 
s imulate the latitudinal distr ibution of CFC- 11 near the 
sur face . From the r elative precis ion of the ALE data and 
i ts d istr ibution of s tations , one is better able to infer 
the global content of CFC-1 1  and can make a second , inde-
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pendent est iaate of the atmospher ic l i fetime fra. the 
trends in r elease of CPC-11 and the observed trends at 
each station . These l i fetimes--based on est iaates for 
r elease and on observational data--are cons istent with 
2-D models in which photolytic deooapos i tion in the 
stratosphere is the only loss of CPC-11 (10 and Sze 1982 , 
OWens et al . 1982b) . I n  calculations assuming that the 
r elease of CPC-11 continues at the cur r ent r ate , steady
state concentrations on the order of 1 ppb ar e r eached in 
the next hundred years (OWens et al . 1982b) , and the 
concentration of stratospher ic chlor ine increases by as 
much as 3 ppb .  

The s ituation for CPC-12 i s  s imilar to that for CPC-11 
except that fewer observational data are ava ilable . 
Theoretical 2-D calculations with only stratospher ic 
losses for CPC-12 predict l i fetimes in the r ange from 120 
to 140 year s (Ko and Sze 1982 , OWens et a l .  1982b) . 
Appl ication of the newly proposed cross sections for 
molecular oxygen (see Chapter 2 )  ind icates soaewhat 
shor ter lifetimes for crc-12 , 115 years , and also for 

CPC-11 , 56 years (10 and Sze 1983 ) . The ALB data for 
CPC-12 is cons istent with l i fetimes greater than 100 
year s ,  but i t  is difficult to detect such saall losses 
over the length of observation (Cunnold et al . 1983a , b) . 
S imilar results are repor ted by Singh et al . ( 1983 ) from 
independent data . I n  calculations assuming that CPC-12 
releases r eaa in constant a t  today ' s  rate ,  a steady-state 
concentration of approximately 2 . 5  ppb is eventually 
r eached (OWens et al . l982b) , and CPC-12 then contr ibutes 
an addit ional 5 ppb of chlor ine to the stratosphere . 

Cons iderable d isagreement with r egard to the observed 
growth rate of CPCs and publ ished est iaates of their 
r elease r ates (Jesson 1980 , Chemical Manufacturers 
Assoc iation 1983) has recently ar isen . Rowland et al . 
( 1982 ) examined a ser ies of measurements aade froa 1976 
through 1980 and der ived a release pattern for CPC-12 
that indicated a substantial underestimate of the released 
gas by an ear l ier Chemical Manufacturer s  Assocat ion (CMA) 
r epor t .  The use of a larger observational data set and , 
to a lesser extent , a minor r ev is ion of the CMA release 
h istory for CPC-12 due to an expanded source from Eastern 
Europe , appear to resolve the d iscrepancy . Similar analy
s is of CPC-11 at Tasmania has led Praser et al . ( 1983 ) to 
recalculate a release scenar io from 1974 to the present . 
Cons ider able uncer ta inty must be associated with all of  
these results , wh ich r ely heav ily on the absolute cal ibra
t ion and instr umental accuracy of ear ly measurements of  
CPCs . 
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The crcs have well-resolved release patterns for 
anthropogen ic gases and thus provide an excellent test of 
atmospher ic transpor t ( e . g . , Lovelock 1971) . Two recent 
model ing effor ts have examined CPCs in three-dimens ional 
tracer models based on GCMs (Golombek 1982) . The concen
trations of CPCs , as measured near the sur face of the 
Ear th , are expected to have s ign i ficant zonal asymmetry , 
especially in the Nor ther n  Hemisphere (Figure S-2) . Model 
calculat ions and observed ALE trends are shown in Figures 
S- 3 and S-4 for two of the ALB stations , I reland and 
samoa .  The currently accepted r elease rates , the ALE 
data ,  and the theoretical models taken together produce a 
cons istent picture of the growth of CFC-11 and crc-12 
dur ing the past f ive years .  

CPC-22 , CHF2cl , i s  observed to be increas ing rapidly 
a nd may represent a s igni ficant source of chlor ine to the 
stratosphere in the future ( Fabian et al . 1981 ) . crc-2 2  
is destroyed mostly in th e  troposphere b y  reaction w i th  
hydroxyl rad ical and has a l i fetime of about 16 year s 
( based on Logan et a l .  1981) . The 1977 release r ate 
(Jesson 1980 ) would contr ibute , in steady state , only 0 . 1  
ppb chlor ine to the atmosphere .  The production and 
r elease of crc-2 2  would have to increase at least 20-fold 
i f  i t  is to be an impor tant per turbation to the strato
spher e .  

Methylchloroform (CH3ccl3 ) i s  an industr ially 
p roduced chlorocarbon with a well-documented rate of 
increase in the at.ospher e ,  9 percent per year (Pr inn et 
a l .  1983b , S ingh et al . 1983 ) . The Atmospher ic Lifetime 
Exper iment (Pr inn et al . 1983b ) infers a l i fetime of 10 
years based on ava ilable r elease data . Th is value may be 
a s  small as 6 . 5  year s ,  however , i f  the t ime delay between 
the known industr ial production and r elease is incr eased . 
Th is r ange in l i fetimes is cons istent with model calcula
t ions in wh ich the dominant loss is through r eaction with 
hydroxyl rad icals in the troposphere ( Logan et al . 1981 , 
Volz et a l .  1981) . Cur rently , methylchloroform contr i
bu tes approximately 0 . 3  ppb chlor ine to the stratosphere . 
I n  order to cause s igni f icant future per turbations to the 
s tratosphere ,  the production and release of methylchloro
form ,  as of CPC- 22 ,  would have to continue to increase . 

Carbon tetrachlor ide (CCl4 ) is cur rently an impor tant 
chlor inated species in the atmosphere ,  contr ibut ing 
approximately o . s  ppb chlor ine to the stratosphere (Br ice 
et al . 1982) . The ALE analys is (S immonds et al . 1983 ) 
i nd icates a l i fetime of about SO years , consistent with 
mos t models , and would predict a steady-state abundance 
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FIGURE 5 ·2  Calculated global distribution of  the average concentration of CFC-1 1 
at the Earth's surface in January 198 1  (ppt). Results are from Harvard/GISS 3-D 
tracer model run for this report. 

cor respond ing to about 1 ppb of atmospher ic chlor ine . 
Methyl chlor ide (CB3Cl) , with tropospher ic concentr a
t ions of about 0 . 7  ppb ( Penkett et al . 1980 ) , has not 
been discussed s ince it is probably of natural or igin and 
changes in its atmospher ic abundance have not been 
documented . Table S- 1 summar izes cur r ent understanding 
of the stratospher ic concentrat ions , trends , l ifetimes , 
and calculated steady-state contr ibut ions of chlor ine to 
the s tratosphere by the major source gases of chlor ine in 
the stratospher e .  

STRATOSPHERIC DISTRIBUTION OF LONG-LIVED TRACE GASES 

An impor tant , classical tes t of stratospher ic models has 
always been compar ison of calculated values with the 
ver tical profiles of long-l ived trace gases in the strato
sphere ( e . g . , NRC 1982 , WMO 1982a) . Observat ions of N20 ,  
CH4 , CFCs , other halocarbons , and other hydrocarbons from 
several balloon fl ights in the nor thern midlatitudes , or 
less often in the tropics , are collected and plotted as 
data points for compar ison with the continuous curves 
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TABLE S- 1  Chlorinated Gues in the Stratosphere Circa 1980 

Rate o r  lncreue Steady•tate, 
or Tropospheric Atmospheric Based on 

Concentration Abundance Ufetime Current Releues 
Source Gu (ppb total 0) (%/year) (year) (ppb total 0) 

CF03 (CFC-1 1) 0.5 6 65 2 .0 
CFzClz (CFC-1 2) 0.5 6 120 5.0 
CHF20 (CFC-22) 0.05 >6 ? 1 6  >O.osa 
CH3ca, 0.3 9 6.5 >O.JIZ 
CC4 o.s 2 so 1 .0 
CH,Cl 0.7 0 ?  < 1 0.7 

aReleue rate is uncertain. 

obta ined from theoretical models . A new , more objective 
approach to the analys is of observational data has been 
presented by Ehhal t et al . ( 1984) . The observational 
data have not changed s ign ificantly s ince the prev ious 
r eviews (see Chapter 4 ) , but the phys ics and chemistry of 
the models continue to evolve (see Chapter 2 ) . New 
theoret ical results for the long-l ived trace gases ar e 
presented in th is section , and for radicals and for ozone 
in the following two major sect ions . 

New I nterpretat ion of Stratospher ic Measurements 

A new method of interpret ing the var iability in strato
spher ic observations has been developed by Ehhalt et a l .  
( 1984 ) . They note that the spr ead i n  measured concentra
t ions of N2o ,  CH4 , CPC-11 , and CFC-12 at a par ticular 
altitude in the stratosphere is much greater than the 
expected instrumental er ror . Th is spec ies-dependent 
var iance at a given alti tude is equated with an effect ive 
d is placement in alt i tude that shows s imilar behav ior for 
all trace gases . The effect ive ver t ical displacement is 
shown to cor respond to an effect ive lat i tud inal mixing 
length across sur faces of constant mixing r atio ( e . g . , 
Reed and German 196 5 ) . These arguments are suppor ted by 
the cor r elation between effective ver tical displacements 
of N20 and CH4 in the same air  sample . Ehhal t et al . 
( 19 84 )  conclude that the observed var iances in strato
s pher ic concentration of several long-l ived gases are a 
combination of instr umental uncerta inties and atmospher ic 
var iab ility assoc iated with mer idional mixing .  A s imilar 
investigation us ing a 3-D general circulat ion model of 
the stratospher e is being sponsored jo intly by the 
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Aerono.y Laboratory and Gas Flu id Dynaaica Laboratory of 
NOAA ( J . D .  Mahlman , Pr inceton Un iver sity ,  per sonal 
communicat ion , 1983) . When compared with traditiona l 
methods of collbin ing observat ions w ith theor y ,  these 
efforts present not only a more object ive , bu t also a 
more quantitative techn ique for compar ison of 
stratospher ic data with theoretical models ( see essay on 
model ing and tracer transpor t in MMD 1982a) . 

Updated Model Calculat ions 

The recent rev is ions in k inetic rates for odd-hydrogen 
species and in cross sect ions for oxygen ( see Chapter 2 )  
have produced notable changes i n  the modeled profiles for 
some long-l ived trace gases (Froidevaux and Yung 1982 , Ko 
and Sze 1983 ) . The major effect is due to the calculated 
incr ease in solar rad iation in the ultrav iolet reg ion a t  
about 200 nm ,  and also to th e  computed increase i n  concen
trat ions of OH rad icals in the upper stratosphere .  Th is 
sect ion presents rev ised calculations from the Harvard 
1-D model , the discuss ion is baaed on the or ig inal com
par ison between models and data from the rev iew by WOfsy 
and Logan in the prev ious NRC ( 1982 ) repor t .  In the 
cur rent calculations , the cross sect ion for molecular 
oxygen between 200 and 220 nm was taken as the average o f  
values from Shardanand and Praaad-Rao ( 19 7 7 )  and from 
Herman and Mentall ( 1982 ) ,  agree ing with the laborator y 
measurements of Yosh ino et al . ( 1983 ) . 

Calculated methane prof iles changed sl ightly in the 
models , decreas ing by 10 to 2 5 percent in the strato
sphere as calculated concentrations of OB incr eased with 
use of the new k inetic r ates . The new (1983)  model result 
for methane is compared with the prev ious ( 1981 ) calcula
t ion and observational data in Figur e 5-S . Cons ider ing 
that moat of the observat ions are made near 4 5 ° N ,  the 
rev ised models show a sl ightly poorer agreement with the 
methane data . Much larger adj ustments have occur red in 
the modeled profiles for N2o ,  crc13 , and CF2c12 ( Figures 
S-6 , s- 7 ,  and s-a , respect ively) . The increased solar 
radiation near 200 nm has effect ively lowered all of these 
prof iles calculated at 3 0 °N by about 2 km. As noted by 
Ehhalt et al . ( 1984 ) , object ive evaluat ion of the accuracy 
of a photochemical model is difficult g iven the cur rently 
ava ilable observat ional data . Never theless , the recent 
rev is ions in the photochemistry appear to r epresent a 
general improvement in our capability to model the long
l ived gases in the stratosphere .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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FIGURE 5-5 Comparison of observed stratospheric concentrations of CRt with 
proftles of concentration calculated with Harvard 1 -D model. SOURCE: See NRC 
(1 982) for description of data and model . 

Water vapor is a spec ial problem in model ing the 
s tratosphere .  Its concentration r eflects directly on the 
act ive chemistry7  i t  is a pr imary source of hydroxyl 
r ad icals . The photochemical production of water by the 
conver s ion of methane into carbon monoxide is readily 
modeled , but the processes that ma inta in the concen
tration of water in the lower stratosphere cannot be 
eas ily descr ibed in cur rent photochemical models . A 
ma jor measurement program has recently examined the 
t r anspor t of water across the tropical  tropopause 
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FIGURE S-6 Comparison of observed stratospheric concentrations of N2 0 with 
proftles of concentrations calculated with Harvard l ·D model. Broken curve is 1 98 1  
model result for 30° north latitude, an d  solid curves are current ( 1 983) results. 
SOURCE: See NRC ( 1 982) for description of data and model. 

( Dan ielsen 1982b ,  Kley et al . 1982 , Knollenberg et al . 
1982 ) .  The overall results are inconclus ive or contra
d ictory ( Ellsaesser 1983 ) , but they point to the impor 
tance o f  small-scale , perhaps cloud-related heterogeneous 
s inks for water vapor in the lower stratosphere. Onder
standing these •microphys ica l •  processes controll ing the 
abundance of water in the stratosphere is essential . 
Changes in water associated poss ibly with volcan ic 
act iv ity or with altered stratospher ic temperatures would 
have a direct and s ign ificant impact on stratospher ic 
ozone . 
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FIGURE 5-7 Comparison of observed stratospheric concentrations of CFCh with 
profiles calculated with Harvard 1 -D model. Brolc.en curve is 1981  result for 30° north 
latitude, and solid curves are current ( 1 983) results . SOURCE: See NRC ( 1 982) for 
description of data and model. 

CHEMICALLY ACTIVE SPECIES IN 
STRATOSPHERIC MODELS AND MEASUREMENTS 

Highly react ive chemical spec ies , such as o, 08 , 802 , 
NO ,  N02 , Cl , and ClO ,  play a direct role in the 
chemistry of ozone in the stratosphere ,  partic ipating in 
rapid , catalyt ic sequences of react ions that destroy ozone 
( see NRC 1982 , MMO 1982a ,  Bower and Ward 1982 , for a com

plete rev iew) . Since these rev iews , new observat ions have 
become ava ilable and new theor et ical interpretations have 
come to light . We focus first on NOx in the stratosphere 
an d  then on the overall effects of the r ev ised chemistr y  
(Chapter 2 ) on calculated distr ibut ions o f  rad icals . 

New Data and Theoretica l Interpretat ions 

An impor tant example of innovative coupl ing of theoretical 
research and observat ions in the past two year s  has been 
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profiles calculated with Harvard 1 -D model. Broken curve is 1981  result for 30° north 
latitude, and solid curves are current ( 1 983) results. SOURCE: See NRC ( 1 982) for 
description of data and model . 

the study of NOx chemistry in the stratosphere . Or ig
inal observations by Noxon ( 1975 ) showed unusual behav ior 
for N02 near the winter pole . The Noxon •cliff , • in 
wh ich � almost disappear s from the polar air , has 
spawned intens ive research into the par tition ing among 
member s  of the NOx family .  Tentative observat ions now 
available for N2o5 (Roscoe 1982 ) agree reasonably 
w ith theoretical models ( see Figure 18 of Solomon and 
Garc ia 1983a) . More deta i led measurements of N03 
(Rigaud et al . 1983 )  s imilar ly show qual itative agreement 
w i th models (Figure S-9) . An extens ive new data set for 
N02 from the SME satell i te ( see Chapter 3 )  has confirmed 
Noxon ' s  ground-based measurements . It shows that air with 
low N02 is int imately assoc iated with a closed flow 
about the pole and that most of the a ir with in th is polar 
vor tex , which exper iences a long winter night , is 
defic ient in N02 • 
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FIGURE 5-9 Comparison of observed concentrations of N03 with proflles calculated 
with Harvard 1 -D model. SOURCE: Data from Rigaud et al. ( 1 983). 

Recent theoret ical answer s to the quest ion of the 
missing N02 do not r epresent completely satisfactory 
solutions . The coexistence of multiple solutions to 
atmospher ic chemistry has been examined in greater detail , 
including d iurnal chemistry (Pox et a l .  1982 ) ,  but the 
t ime for conver s ion of N02 into ClN03 appears to be too 
1ong . Solomon and Gar cia ( 1983b) have followed the h is
tory of a ir parcels travel ing isobar ically in the polar 
vor tex and conclude that most of the N02 is conver ted 
into N2o5 • The choice of N2o5 as the miss ing NOx 
r eservoir is not ent irely sa tisfactory (Noxon et al . 
1983) J the model of Solomon and Garcia produces an N02 
cl iff of proper magn itude , but predicts much larger 
d ifferences in N02 between morning and even ing than are 
observed ( see Figur e 4 of Solomon and Garcia 1983b) . The 
r esolut ion of the winter NOx problem awa its measurement 
of several other spec ies such as N2o5 , N03 , HN03 , and 
ClN03 with in the polar vor tex . 
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Rev ised Chemical Models 

Rev is ions in  photochemica l  models over the past two year s 
have resulted in a 20 to 30 percent reduct ion in the cal
culated abundance of all str atospher ic odd nitrogen , 
includ ing the noted lower concentrat ions of RN03 
(Froidevaux and Yung 1982 ) .  The decrease in NOx is due 
to the reduced source from N201  more of the ni trous 
oxide is photolyz ing rather than react ing with O ( ' D) to 
produce two NO .alecules ( i . e . , react ion C-3 1  of NRC 
[ 1982 ) ) .  Calculat ions with the rev ised Harvard 1-D model 
produce concentration profiles of NO, N02 , and BN03 
that are almost un iformly smaller by 20 percent than 
those f igures of Wofsy and Logan in NRC ( 19 82 ) .  The 
catalyt ic destruct ion of ozone by NOx is reduced , and 
ozone dens ities would incr ease by up to 10 percent i f  
th is was the only effect on ozone ( see next section ) . 
Given the large spread in observat ional data for NOx 
spec ies , th is rev is ion--although substantial in terms o f  
NOx--cannot b e  said to produce better o r  wor se models 
of the NOx chemical family. However ,  a generally 
improved agreement with &NO) above 2 5 km is apparent 
( see Appendix c of NRC 1982 ) .  A clear ly mandated 
r equ irement of the chemical model is the observationally 
def ined d istr ibu t ion of total NOx in the middle 
stratosphere . 

The hydroxyl r adical is the keystone to stratospher ic 
chemistry : many catalytic cycles rely on OH r eact ions , 
some long-l ived gases are destroyed by r eact ions with OH, 
and par tit ion ing between act ive and inact ive members of 
the NOx and chlor ine famil ies is directly controlled by 
OH ( see NRC 1982 ) .  Calculated concentrations of OH have 
increased in the upper s tratosphere with the relative 
sh ift in r ate coefficients for the react ions 0 + OH and 
0 + H02 ( Ko and Sze 1983) . Th is effect on the prof ile 
of OH is shown in Figure 5-10 . Observations of OH lack 
both the necessary accur acy and suff ic ient spatial and 
temporal cover age to test the models adequately ( see 
Chapter 3 ) . A sufficient number of measurements of OH 
are v itally necessary to def ine the ver tical profile and 
range of OH concentrat ions accurately throughout the 
str atosphere . Such a progr am is presently in progress 
and will measure OH with a copper vapor laser ( J . G .  
Ander son , Harvard un iver sity ,  per sonal commun ication , 
1983 ) . Wi th in a year these new observat ions may provide 
one of the most str ingent tests of photochemical models . 
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FIGURE 5·1 0 Comparison of proftles of stratospheric concentrations of OH at 
middle latitudes in fall using Harvard l ·D model. SOURCE: See NRC ( 1982) for 
description of model. 

Measurements of the total column of OH provide useful 
constra ints on the chemical models for the upper 
s tratosphere and lower mesosphere where most of the OH 
res ides . Recent observat ions (Burnett and Burnett 198 2 ) 
indicate a substantial increase in OH column with solar 
act ivity .  The incr ease cannot be attr ibuted directly to 
changes in solar flux by current theoret ical models . 
Never theless , the most recent measurements show a well-
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S ECANT (SOLAR ZEN ITH ANGLE ) 
FIGURE S-1 1 Comparison of calculated (Harvard 1 -D model) and measured values 
of the total-column density of OH as a function of solar zenith angle.  SOURCE: 
Data from Burnett and Burnett ( 1 982). 

def ined and asymmetr ical behavior of the OH column with 
solar zen ith angle , wh ich is reproduced by mode ls (Figu r e  
5-11) . When the mos t r ecent k inetic data a r e  used in 
these models ( e . g . , Prather 1981) , the result is an 
absolute value for the noont ime OH column tha t is ver y 
close to the 1980-1981 values of 9 . 5  x 10 13 cm-2 

repor ted by Burnett and Burnett (1982 ) .  
The radical ClO has gener ally rece ived the mos t 

attention of all chlor ine spec ies . It is the pr imary 
r eactant in the chlor ine catalytic cycle that destroys 
ozone ( see NRC 1982 , WMO 1982a) . The bas ic observational 
data have not changed s ince the las t repor t ( Ander son et 
a l .  1980 , Par r ish et  al . 1981 , Waters et al . 19 8 1 ,  
Weinstock e t  al .  198 1 ) , bu t a new measurement (Mumma e t  
al . 1983 ) has quest ioned the exis tence o f  ClO i n  the 
stratosphere below 35 km . Because mor e r ecent microwave 

4 
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observat ions ( Solomon et al . 1984 ) cor roborate the 
measurements of Ander son et a l . , and the techn ique of 
Mumma et al . lacked d irect cal ibration ,  we assume the 
values from the tr adit ional measur ements in our analys is . 
Th is discrepancy mus t  still  be resolved , however , before 
we may place ClO in the category of • fully under stood• 
trace species . 

The effects of the r evised chemistry on computed 
concentrat ions of ClO are shown in Figure 5- 12 along with 
the observat ional data . The calculations are based on 
the updated Harvard 1-D model and include a separate 
profile that cons ider s add i t ionally the rev ised rate for 
0 + ClO ( see Chapter 2 ) .  The increased concentrat ion o f  
O H  ( F igur e 5-10 ) increases the r at io of ClO to HCl . 
Likewise , the reduced rate for the react ion 0 + ClO 
r esults in h igher concen trations of ClO in the upper 
stratosphere .  The cumulat ive ef fect of these rev is ion s 
in the chemical models clear ly improves the agr eement of 
models with observat ions . 

The r evis ions to the chemistry discussed her e and in 
Chapter 2 will have substant ial consequences for the 
calculated per tur bations to ozone for different scenar ios 
of the futur e ( see Chapter 6 ) . For example , the reaf
f irmation of the rate for format ion of Cl� (Margitan 
l983a ) makes th is spec ies extremely impor tant in th e 
lower stratosphere for scenar ios w i th h igh chlor ine 
content . The reduced rate for 0 + ClO will reduce th e 
effects of a chlor ine per tur bat ion in the upper strato
sphere , but increased OH concentrat ions produce a higher 
propor t ion of total chlor ine in the active-phase C lO.  

OZONE IN THE STRATOSPHERE 

O zone and its r esponse to stratospher ic per turbat ions are 
the focus of th is repor t .  I n  th is  sect ion we descr ibe 
the rapidly expand ing set of data on the global d istr ibu
t ion of ozone (cl imatology) . The ava ilable data are 
g rowing r apidly with the arr ival and recent analys is of 
(ma inly pre-1980 ) data from satell i tes (Hilsenrath and 
Schles inger 1981 , Re insel et al . 1982 , Freder ick et al . 
1983 , McPeter s e t  al . 1984 ; see also the papers on the 
Solar Mesosphere Explor er in Geophys ical Research Letter s 
10 , Apr i l  1983 ) . Her e we focus on the effor ts to d iscer n 
tr ends in ozone over the past sever al decades , and on the 
ab ility of the revised photochemical models to calculate 
the distr ibution of ozone . 
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FIGURE 5- 1 2  Comparison of observed concentrations of ClO with profiles calcu· 
lated with versions of Harvard l ·D model. Calculated values are denoted by year of 
photochemistry used and refer to a local solar time of about 3 :00 P.M. Wlder equin· 
octial conditions. Dotted curve labeled 83 L is  result of current model using revised 
rate for reaction 0 + ClO + Cl + 02 • Curve labeled 83 indicates chemical model dis· 
cussed in this report without new 0 + ClO rate . SOURCE: See NRC ( 1 982) for 
description of data and model. 

Trend Analys is 

Clear ly there is no better technique for demonstrating 
the validity of a theory than the direct observat ion of 
the pred icted effect . �els including only CPC releases 
have consistently pred icted that over the past decade 
there should have been a decrease in total ozone . Komhyr 
et al . ( 1971)  were the f irst to suggest the existence of 
a decadal increase in the record of total ozone for the 
Nor thern Hemisphere dur ing the 1960s . Their  f indings 
were conf irmed and expanded by other s .  The ear ly 
analyses (Johnston et al . 1973 , Angell and Kor shover 
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1973 , 1976 , 1978 J Birrer  1974 J London and Kelley 1974 ) 
were more descr ipt ive than statistica l ,  intending to 
explore and d iscover fluctuat ions in the data . The power 
of modern s tatistical techniques for trend detect ion and 
hypothes is test ing wer e  first introduced by Bill and 
Sheldon ( 19 7 5 )  and Bill et a l .  ( 19 7 7 ) , and the ensu ing 
d iscuss ions in the scient i f ic commun ity have led to 
s ign ificant advances in analys is of ozone trends and in 
understand ing of the inherent uncertainties or noise 
associated with the ozone record . 

The fundamental concepts for descr ipt ive analys is and 
statistical t ime ser ies analys is are summar ized in WMO 
( 1982a) . Find ings based on the ear l ier techn iques are 
also summar ized there .  Cur rent advances in ozone trend 
analys is are based on t ime ser ies analys is (St . John et 
a l . 1981 , 1982 J Penner et al. 1982 , Re insel et al. 1982 , 
1983a , b) J or the related frequency-domain techn ique 
(Bloomfield et a l .  1981 , 1982 ) .  In general , the 

analytical model assumes that the monthly averages o f  
total ozone collected at a par t icular locat ion a r e  made 
up of four components--the long-term mean value , the 
annual seasonal var iation , the unknown deterministic 
trend ( to be tested ) , and the noise or the er ror par t .  A 
trend estimate can then be decomposed into global trend , 
reg ional tr end effect , ind ividual effects for a stat ion 
with in the region , and er ror s associated with a stat ion . 

At least three independent groups have used equ ivalent 
techniques on a set of 36 Dobson stations with the longest 
continuous record cover ing the per iod 1960-1979 or 
1970-1979 . Re insel et al . ( 1981)  and Bloomfield et al . 
( 1981 ) tested for a l inear trend for the 10-year per iod 
1970-197 9 ,  wh ile St . John et al . ( 1981)  tested for a 
smooth curve s imilar to the theoret ically estimated 
changes in total ozone due to increases in CFCs only . 
Respect ively , they found the 95  percent conf idence 
intervals for global total ozone trend to be +0 . 8  ± 1 . 3  
percent , +1 . 7  ± 2 . 0  percent , and +1 . 1  ± 1 . 2 percent . 

More recent analyses have attempted to remove the 
e f fects of nuclear test ing and poss ible intervent ions 
w i th the data such as the recal ibrat ion sh i fts at four 
par ticular stations . The resulting trends , +0 . 23 ± 
1 . 24 percent per decade ( G .  Re insel and G . C .  Tiao , 
Un iver s ity of Wiscons in , per sonal communicat ion , 1983 ) 
and +0 . 5  ± 0 . 4 percent per decade (G.  Oehler t ,  
Pr inceton Un iver sity ,  per sonal commun icat ion , 1983 ) , 
contradict ear l ier f ind ings that cons idered only CFC 
per tur bations , but are cons istent with theoret ical models 
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that include the s imultaneous increases in several 
impor tant trace gases over the decade of the 1970 s .  The 
multipollutant scenar ios predict an incr ease in total 
ozone r anging from 0 . 1  to 0 . 4 percent between 1970 and 
1980 ( see Chapter 6 ,  Sze et al . 1983 , WUebbles et al . 
1983 , A . J .  OWens , Du Pont , per sonal commun ication , 1983 ) . 

I t  is now clear that studies of trends in total ozone 
will fail to prov ide definitive evaluat ion of the CPC
ozone deplet ion hypothes is . We are led naturally to the 
analys is of the ver tical d istr ibution of ozone , s ince the 
photochemical theory pred icts a more readily detectable 
change in ozone in the upper stratospher e .  

Photochemical model calculat ions ind icate a local 
ozone decrease in the upper stratosphere dur ing the 1970 s 
that is largely due to CPCs , with a contr ibut ion from 
methane-induced product ion of a2o .  The maximum local 
ozone change from 1970 through 1980 , calculated us ing 
mult iple-per turbation scenar ios , is about -5 percent and 
is centered at 40 km (MMO 1982a ,  D . J .  WUebbles , Lawrence 
Livermore Nat ional Laboratory ,  per sonal commun icat ion , 
1983 ) . Statist ical trend analyses s imilar to those for 
total ozone have been appl ied to ground-based oakehr 
measurements of the ver t ical ozone profile .  The Umkehr 
observat ions are obta ined with the same Dobson instr u
ments that measure total ozone , although only 13 of the 
3 6 stations in the Dobson networ k have a suff ic iently 
complete data base to be useful for tr end analys is . 

The first s tat ist ical trend analyses of the global 
Umkehr data base indicated an ozone increase ( roughly +8 
percent)  in the upper stratospher e ,  with large statistical 
uncer ta int ies ( ±8 percent) (Bloomf ield et al . 1982 , 
D . S .  St . John , Petrochemical Depar tment , Exper imental 
Stat ion , Wilmington , Delaware ,  per sonal commun icat ion , 
1983 ) . Re insel et al . ( 19 83a)  identified the existence 
of several •step changes • in the data at three stations 
wh ich were pr imar ily respons ible for the large pos itive 
trends . When these step changes are removed , the upper 
stratospher ic trends and statistical uncer ta inty range 
are substant ially reduced to around 0 ± 3 percent . 
Because the ver tical ozone profiles determined us ing the 
omkehr method are sens it ive to stratospher ic aerosols , 
Re insel and co-wor kers (per sonal commun ication , 1983 ) 
used the atmospher ic tr ansmiss ion observed at Mauna Loa 
as a proxy var iable for the global aerosol effect . They 
found that with th is •aerosol cor rect ion • the computed 
s tatistical trend for Umkehr layers 6 to 9 ( 35 to 50 ka) 
is -3 ± 3 percent . Oehler t ( 1983) , us ing s imi lar 
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methods , obta ined s imilar results . ( See also Angell and 
Kor shover 1983 . )  These analyses show that the Umkehr 
networ k is approach ing the abil ity to detect trends in 
the upper stratosphere of the magnitude calculated by 
atmospher ic models . However , s igni f icant quest ions 
r egarding the global representation of the networ k 
(heav ily concentrated in the Nor thern Hemisphere) and the 
accuracy of bas ing the aerosol cor rection on transmiss ion 
observations from a s ingle stat ion need to be resolved . 

A search for trends in the ava ilable data from two 
satell i tes from 1970 to 1979 (NIMBOS-4 and NIMBOS-7 )  
(D .  Heath , Goddard Space Fl ight Center , per sonal commun i

cat ion , 1983 ) has yielded inconclus ive results , because 
the analys is is subject to grea ter uncer ta inty due to the 
lack of intercal ibrat ion between the two satellite 
instr uments , the observed--but not well-quantified-
instrumental dr i ft , and the necessary cor rect ions for 
a tmospher ic aerosols . 

Confirmat ion of a trend of decreas ing ozone concen
trations in the upper stratosphere on a global scale 
would help to substantiate the theory of ozone changes 
assoc iated pr imar ily with releases of CFCs and would 
present evidence of a substantial alteration of the 
a tmosphere over the ent ire planet as a r esult of human 
act ivity .  

Tropospher ic Ozone 

Current theory suggests that ozone below the s tratosphere , 
in the upper troposphere ,  may have been increas ing dur ing 
the past decade or more . Such predictions ar e based on 
the photochemical formation of ozone associated with NOx 
emitted from h igh-flying subsonic a ircraft . Increases in 
me thane also contr ibute to the product ion of ozone through 
r eactions involv ing tropospher ic NOx• 

Angell ( in NMO [ 1982a] ) was the f irst  to have repor ted 
increas ing ozone concentrations in the low-level Umkehr 
data and from selected ozonesondes ,  repor ting a tr end of 
approximately +0 . 7  percent per year in the nor thern 
midlati tude reg ion around 2 to 8 km in altitude . Reinsel 
and Tiao (Un iversity of Wiscons in , per sonal commun icat ion , 
1983 ) have extended their Umkehr t ime ser ies analys is and 
found a +0 . 95 t 0 . 81 percent per year increase for the 
past decade at altitudes between 5 and 10 km. S imilar 
results ar e repor ted in Angell and Kor shover ( 1983 ) . 
These r esults are also appl icable to nor thern midlatitude 
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regions where data exist , and are cons istent with soae 
model calculations of +7 percent froa 1970 to 1980 
(WUebbles et al . 1983 ) . Not all models predict the saae 
tr end , s ince results depend sensit ively on the chemical 
schemes used in the tropospher ic model ( see MMO 1982a) . 

The increas ing concentr ations of ozone in the lower 
atmosphere over the Nor thern Hemisphere pose potential 
r isks to air  quality over the sur face of the globe . The 
source of the addit ional ozone may be photochemical 
production with in the troposphere ,  or may result from 
increased transpor t from a per turbed stratosphere .  

Revised Chemical Models for Ozone 

The moat s ignif icant recent change in modeled concen
trations of ozone has been caused by the new values for 
02 absorption cross sect ions . The change in ozone is 
double-edged s less d issoc iation of o2 in the upper 
stratospher e reduces ozone concentrat ions around 40 km , 
and the increase in ultrav iolet solar r ad iation below 25 
km ra ises odd-oxygen product ion in the lower stratosphere 
by a substantial percentage ( Froidevaux and Yung 1982 , 
crutzen and Schma ilzl 1983 , Ko and Sze 1983 ) . Th is effect 
can be seen in Figure 5-13 . The decr ease in ozone above 
40 km introduces another d iscrepancy from radiative
convect ive models in wh ich ozone and temper ature are 
coupled . Reduced ozone heat ing results in a calculated 
temperature for the stratopause that is about 10 degrees 
lower than the observed value ( A . J .  Owens , Du Pont , 
per sonal commun icat ion , 1983 ) . It is poss ible that the 
problem with ozone above 40 km is related to the absolute 
cal ibration of the instruments and that the excess ozone 
below 25 km can be expla ined in terms of the poor 
par ameter izat ion of downward transpor t by 1-D and 2-D 
models in the lower stratosphere . The adoption of the 
new � cross sect ions makes the agreement between 
cur r ent models and observations poorer . 

Overall the new photochemical models--wh ich still show 
that NOx is the dominant catalyt ic agent for ozone 
destruction--seem to have r esolved some of the dis
crepancies noted in prev ious repor ts (NRC 1982 , NMO 
1982a) . However , they introduce a new problem in the 
calculated prof iles of ozone . Effor t must be made to 
test the chemical models-- in at least two dimens ions-
aga inst the improved cl imatolog ie& now ava ilable for 
ozone . 
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FIGURE 5- 1 3  Effect of change in absorption cross section of 03 on calculated 
(Harvard 1 -D model) ozone proflle. Solid curve is new proflle; dashed curve is calcu
lated with 1 98 1  chemistry. SOURCE: See NRC ( 1 982) for description of data and 
model. 

RESEARCH RECCHIENDATIONS 

• We should continue to develop the capabil ities of 
mul t id imens ional models of the atmosphere .  These models 
ar e essential for the interpretat ion of some of the 
observational data in a three-d imens ional context . The 
goal of coupl ing chemistry with a general c ircula t ion 
model is impor tant , though as yet unatta inable . A 
coupled , 3-D model represents the only means by which we 
may rel iably s imulate the chemistry of a s ign i ficantly 
per turbed stratosphere in wh ich the c irculation patterns 
are chang ing due to the red istr ibution of ozone . 

• I t  is impor tant to val idate and cal ibrate mor e 
accurately the exist ing 2-D models , s ince they should be 
able to s imulate the seasonal and latitudinal behav ior of 
ozone and other trace species in the cur rent atmosphere .  

• The detect ion and pred ict ion o f  tr ends in ozone 
a r e  a focus of this r epor t .  It is now clear that effor ts 
at ver i fying per turbat ions to the atmospher e should be 
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d irected toward the detection of changes in ozone in the 
upper stratosphere . The impor tance of tropospher ic 
ozone , however , should not be ignored ; we must also 
continue to model and observe s ign ificant changes in the 
lower atmospher e .  

• The overall effor t at compar ison of theory with 
observation mus t  continue . Especially proais ing are 
those studies that attempt to r emove the noise in 
observational data that is associated with spatial 
var iat ions . A mor e accurate cal ibration of local ozone 
concentrations of models with observations is impor tant , 
espec ially as an a id to understand ing the chemistry and 
dynamics of the lower stratospher e ,  an area of great 
uncer ta inty in the cur rent models . 

• A pr ime focus of the validation of photochemical 
models must cont inue to be the systematic collect ion of 
observat ional data that can define the local chemical 
systems with in the stratosphere .  In th is framewor k we 
regard as essential the s imultaneous observation of 
several long- and shor t-l ived species , for example , OJ ,  
0,  08 , 820, HN03 , NO, N02 , Cl , and ClO. 
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6 
Chemical Perturbations 

INTRODUCTION 

Our under standing of chemical processes in the strato
sphere has improved in the past two year s .  When appl ied 
in theoretical models of the atmospher e ,  the current set 
of chemical k inetic and photolyt ic rate coeffic ients 
( Chapter 2 ) has led to revis ions in our est imates of 
ozone per turbat ions caused by human act ivit ies . The 
r evis ions have resulted in better agreement between model 
calculat ions and observat ions in some cases wh ile in 
other cases , the agreement remains poor (Chapter 5 ) . 

A number of atmospher ic trace spec ies that can affec t 
o zone-- including NQx ,  N2o ,  CPCs , CB4 , and co2--may 
be expected to vary and often are observed to be chang ing . 
Many , i f  not all , of these substances are s imultaneously 
under human influence . The combined effect of these 
agents on ozone is compl icated by chemical and phys ica l 
interact ions . For example , the compos ition , temperature , 
and dynamics of the atmospher e are interrelated through 
the absorpt ion of sunl ight ( pa r t icular ly by ozone in the 
stratosphere)  and the red istr ibut ion of th is energy by 
the circulation of a ir and by transfer of infrared radia
t ion .  Accord ingly , atmospher ic sc ientists have only 
r ecently begun to cons ider interactive phys ical/chemical 
systems and the effects on ozone of combinat ions of 
r eleases of several trace gases . In th is repor t ,  we can 
only h ighl ight the cur rent status of the latest ach ieve
ments and note that future attempts to model stratospher ic 
ozone and its changes are l ikely to be mor e accurate than 
exist ing assessments . 

I n  the following sections , we f irst rev iew the status 
of  model calculat ions for the per turbation of ozone 
a s soc iated with releases of indiv idual pollutants , such 
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TABLE 6-1 Sensitivity of Total Column Ozone to Perturbing Influences 

Trace Gu and 
Mapitude of 
Perturbation 

CFC-1 1 and -12  
( 1 980 releue rates) 

Other haloearbons 
(2 ppbv Ctx increue) 

Subsonic aircraft 
(2 X 1 09 q 
N02/Yr @ 1 2  km) 

Cf4 (doubUn&) 

C02 (doubling) 

Typical Estimate 
of Ozone Column 
Olanae# <%> 

-2 to -4 

--} 

-+3 

+3 to +6 

NOTE: Estimated using 1-D photochemical models. 

crsteady-state chanae. 

Atmospheric 
Ufetime 
(yean) 

SO-ISO 

1·1S 

< 1  

100 

1 0  

? 

Principal 
Mode of 
Pollutant Removal 

Photolysis of CFCs 
in middle stratosphere 

Decomposition of 
tropospheric chloro
earbon reservoir by 
reaction with OH 

Conversion to nitric 
acid and removal to 
surface 

Photolysis in 
stratosphere 

Reaction with 
tropospheric OH 

Uptake by oceans, sedi
ment, and biosphere 

as those shown in Table 6-1 . Then we turn to mor e 
r ealistic and more compl icated cases of the calculated 
tr ends in ozone caused by simultaneous changes in severa l  
per turb ing agents .  We conclude the chapter with a br ief 
discuss ion of uncer taint ies and a list of r ecommendat ions 
for research . 

PERTURBATIONS DUE TO INDIVIDUAL AGBNTS 

The results of 1-D model calculat ions of the steady
s tate r elease of indiv idual gases and the ir eventual 
effect on total column ozone are l isted in Table 6-1 . 
The calculat ions employed the most r ecent chemical r ate 
parameter s (Chapter 2 ) and assumed that only the 
ind icated per turbing agent was act ing . The effects of 
some comb inat ions of t ime-dependent per turbat ions ar e 
d iscussed later in the chapter . The range of values 
g iven in the table encompasses the results of differen t 
r esearch groups . The di ffer ences are due pr imar ily to 
techn iques of calculat ion and spec ificat ion of boundar y  
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condi t ions , not to  differences in the sets of photo
chemical react ions used . The ranges indicate only the 
prec is ion of the art  of model ing rather than the uncer
ta inty associated with the results . 

The estimates of ozone per turbat ions g iven in th e 
table reflect the fact that recent calculat ions have 
yielded substantially smaller ozone reduct ions due to CFC 
releases and larger reduct ions from releases of N20 (or 
equ ivalently from inject ion of NOx at altitudes greate r 
than 17 km) . The effects of s imultaneous increases in  
CFCs , N20 ,  NOx, and CB4 may not be  eas ily deduced 
from the table . The photochemical react ions controll ing 
ozone in the stratosphere involve closely coupled , non
l inear interact ions among the chlor ine spec ies , the 
odd-n itrogen spec ies , methane , and water vapor . I n  
addition , these r eact ions a r e  also affected by the 
temperature and thus respond to incr eases in concentra
t ions of the •greenhouse• gases , such as c� , wh ich 
lower stratospher ic temperatures . Inject ion of NOx by 
subson ic a ircraft at altitudes below 13 km leads to an 
incr ease in ozone concentrat ions in the lower atmospher e 
and poss ibly near the sur face . 

Halocarbons 

Accord ing to the best current theoret ical est imates , 
continu ing production of CFCs at r ates of 3 10 , 000 metr ic 
tons of CFC-11 and 4 30 , 00 0  metr ic tons of CFC-12 annually 
( roughly the 1980 product ion rates)  cons ider ed in isola
t ion would lead to a steady-state reduct ion in total 
column ozone of 2 to 4 percent (M. K . W .  Ko , Atmospher ic 
and Env ironmental Research 1 A . J .  Owens , Du Pont � D . J .  
Wuebbles , Lawrence Livermore National Laboratory �  and 
J . A .  Logan , Harvard Un iver s i ty J  per sonal commun ications , 
1983 ) . We note that this set of calculat ions was 
per formed for a h ighly restr ict ive set of phys ical and 
chem ical parameters that represent recent , publ ished data 
bu t are not unan imously accepted by all research groups . 
These calculations do not include temperature feedback 
effects �  if they did , the calculated per turbat ions would 
incr ease , perhaps yielding reduct ions between 3 and 5 
per cent . A s imilar range in ozone reduct ion would be 
calculated if we were not to adopt the recently reported 
rate for the react ion of 0 and ClO ( see Chapter 2 ) .  I f  
w e  wer e  to poll the var ious research groups to determine 
what each bel ieves to be the ir •best• or •preferred •  
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model results , we  would probably find var iat ions in  
opin ion about the best values for the photochemical rate 
parameter s and cor respond ingly a larger range in the 
calculated ozone r eductions associated with CPCs . A auch 
wider range would apply to the estimates i f  all the 
uncer ta inties in the predictions were taken into account .  

Steady-state ozone reduct ions due to releases o f  CPC s  
are shown as a function o f  altitude for both •old • and 
•new• photochemical reaction schemes in Figures 6-1 and 
6-2 . I n  the upper stratosphere ( above 30 km) , the ozone 
reductions are very s imilar , and both sets of chemical 
reactions exh ibit the well-known maximum in the relative 
ozone depletion prof ile near 40 km. 

Below 30 km, however , the calculated changes in the 
ozone prof ile are dramatically different . The •new• 
chemistry scheme in fact y ields substantial ozone 
increases , rather than the small increases or decreases 
found with older chemical r eaction schemes . The major 
differences between the cur rent  and ear l ier chemical 
schemes are reflected in r educed concentrations of OR 
below 30 km with a consequent increased impor tance of 
NOx (NRC 1982 ) , the reduced rate coefficient for the 0 
+ ClO reaction , and the reduced absorpt ion cross section 
for 02 (Chapter 2 ) .  Us ing the lower cross sect ion in 
r ecent models resulted in s ign ificantly greater rad iative 
self-heal ing of the ozone column . In th is effect , the 
r educt ion of ozone in the upper stratosphere allows 
greater penetration of sunl ight in the Her zberg cont inuum 
into the lower stratosphere ,  thereby incr eas ing 
product ion of ozone . 

The h istory of model calculations of steady-state 
changes in the total ozone column due to ere releases i s  
summar ized i n  Figure 6-3 . There have been wide var iations 
in the magn itude of the calculated ozone change and in 
the perception of the uncer ta inty in the predictions ( such 
as 95  percent confidence interval of 5 to 26 percent 
g iven in NRC [ 1979) ) .  

Reductions in total ozone caused by r elease of other 
chlorocarbons of industr ial or ig in such as CCl4 and 
CHJCC13 may amount to about 1 percent at steady state 
( WMO  198 1 ,  Wuebbles 1983 , see Table 6-1) . 

In  many ozone per turbat ion estimates , releases of CFC s  
a r e  assumed to rema in essentially constant for 100 to 2 00 
years  so that a steady-state is eventually ach ieved . 
Clear ly , th is assumption may not apply in the long term . 
Figure 5- l illustrates the recent h istory of estimated 
wor ldwide releases of CPCs . The est imated wor ld produc-
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AGURE 6- 1  Calculated values of the absolute steady-state reduction in ozone con· 
centration as a function of altitude for continuous releases of CFCs alone at 1 980 
rates. SOURCE: Adapted from Turco ( 1 984). 

t ion of CFC- 11 and CFC-12 was roughly cons tant between 

1 9 7 7  and 1982 ( Chemical Manufacturers Assoc iat ion 19 83) . 
The est imate cons ists of two par ts :  repor ts of actua l 
product ion from companies in Nor th Amer ica , wester n 
Europe , and Japan , and project ions of product ion for 
Eastern Europe and the Sov iet Un ion . In the absence of 
product ion data , the latter contr ibu t ion has been assumed 
to r ise at a rate of 18 percent per year .  Wester n 
pr oduct ion accounted for more than 80 percent of the 
total wor ldw ide product ion in 1982 . 

Wuebbles ( 1983 ) has calculated t ime-dependent ozone 
d eplet ions for 18 halocarbon release scenar ios us ing a 
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FIGURE 6·2 Calculated values of the relative change in steady�tate ozone concen· 
tration as a function of altitude for continuous releases of CFCs alone at 1 980 rates. 
SOURCE: Adapted from Turco ( 1 984). 

chemical model appropr iate to the 1982 chemistry , as 
shown in Pigure 6-4 . (Thus , Wuebbles • s  calculations 
pred ict larger ozone deplet ions than do models us ing the 
most recent chemistry . )  In scenar ios project ing 
var iat ions in CPC release rates of as much as 3 percen t 
per year , the accr ued (not steady-state) column ozone 
reduct ions by the year 2030 range from 1 to 9 percent . 
I n  each scenar io the des ignat ion CLC includes cc 14 , 
ca 3cc13 , and several CPCs (-11 , - 12 , -22 , -113 , -114 , 
and -115) . The results emphas ize that the bu ildup and 
decay of halocarbon effects occur over long t ime scales 
( Table 6-1)  and that ozone deplet ion is very sens it ive to 

growth in the rate of chlor ine emiss ions . 
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FIGURE 64 Tune dependence of total column ozone calculated for several scenarios 
of CFC releases using 1 982 chemistry. Calculations using more recent chemical models 
would yield smaller reductions in total ozone. See text of this chapter for explanatioa 
of the scenarios. SOURCE: Wuebbles ( 1983). 

Accord ing to C icerone et al . ( 1983) , the response of 
total column ozone to chlor ine inject ions is nonl inear , 
wh ich , i f  true , would af fect our ab il ity to forecast 
changes in the total ozone column over the next decade . 
The extent of the nonl inear ity is sens i t ive to the 
deta ils of the model , par ticularly to the tr anspor t rate 
in the lower stratosphere (A. J .  Owens , Du Pont , per sonal 
commun icat ion , 1983) . 

Var iations in a future ozone deplet ion as a funct ion 
of season and lat i tude would a f fec t the magni tude and 
impact of the cor respond ing changes in exposure to UV-8 .  
Unfor tunately , we a r e  only beg inn ing t o  obta in rel iable 
2-D model predict ions with the most r ecent photochemical 
model . Ex ist ing calculat ions suggest that larger reduc
t ions in tota l ozone will occur at h igh lat itudes and 
tha t large seasonal var iat ions in the ozone deplet ion ar e 
also poss ible at h igh lat itudes (e .g . , Steed et al . 1982 , 
Wh i t ten et al . 1983 ) . The var ia t ions appear to be smaller 
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with the 1982 chemical model than with the prev iou s 
chemical models (Wh itten et al .  1983 ) . It  is essential 
to develop and val idate models that will be able to 
descr ibe future changes in UV-B exposure with lat itude 
and season . 

Ox ides of Nitrogen 

Crutzen ( 1970)  and Johnston ( 1971 )  discussed the con
nect ion between injections of NOx into the stratospher e 
and ozone per turbat ions , br ing ing the sc ient i f ic com
mun ity to focus on the ozone problem. The n itrogen 
oxides NO and N02 , taken together , are generally 
refer red to as NOx . The •odd-n itrogen •  family , wh ich 
i s  often denoted by HOy ,  �ns ists of a much larger 
g roup of species inclua ing NO ,  N02 , N03 , N205 , BN02 r  
HN03 , B02No2 and ClON02 • Nitrogen oxides are emitted 
into the lower stratosphere and upper troposphere (roughly 
below 13 km) by subson ic commerc ial a ircraft . The emis
s ions of NOx have been thoroughly invest igated and 
quantified ( e . g . , CIAP 1975 , NRC 1975 , Bauer 1979) . At 
the relat ively low alti tudes of inject ion , photochemical 
r eact ions of NOx in the pr esence of hydrocarbons 
gener ate small amounts of ozone in processes s imilar to 
those occur r ing in urban smog (WMO 1982c ) . 

Cur rent and projected levels of commerc ial aviat ion 
might incr ease the total column ozone burden by perhaps 1 
percent (WMO 1982a ,  Wuebbles et al . 1983 ) . Inasmuch as 
these est imates involve model calculat ions in the v ic inity 
of the tropopause , where photochemistry is poor ly under
s tood and dynamics is poor ly repr esented , such projections  
mus t  be v iewed with extreme caut ion . 

More than a decade ago project ions of large fleets of  
s uper son ic a ircraft (SSTs ) flying at 20 km  ra ised the 
deep concern  of atmospher ic sc ient ists (Johnston 197 1) . 
Large stratospher ic ozone depletions were forecast (CIAP 
1975) . However , an economical supersonic air  transpor t 
system has not mater ialized and apparently will not be 
developed in th is century . The SST problem is not 
cons idered fur ther in th is update , but it  must be 
r emembered that large inject ions of NOx at alt i tudes 
above about 17 km could result in s ign i ficant reduct ions 
in stratospher ic ozone . 
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Nitrous Oxide 

N i trous oxide <NlO) is a long-l ived at.ospher ic 
const ituent that enters the stratosphere and is 
photochemically decomposed . One pathway for the 
decompos ition leads to the foraation of NOx ·  The 
sources and s inks of NzD--and the huaan role in the 
N20 cycle--are controvers ial (We iss and Craig 1976 , 
McElroy et a l .  1977 , Weiss 198 1 ,  Keller et al . 1983 ) .  
The stratospher ic decompos it ion of N20 into NOx 
occur s pr imar ily in the middle stratosphere (between 2 0 
and 4 0 km) . In  th is reg ion , catalytic destr uction of 
ozone by NOx is .ost efficient , and increases in N20 
will result in decreases in stratospher ic ozone . The 
effect of N2o on stratospher ic ozone can be illustrated 
by increas ing the background N20 concentr ation by 20 
percent , from about 300  ppbv to 360 ppbv . Such an 
occurrence is expected i f  the cur r ently observed rate of 
increase of N20 concentrat ion (We iss 1981 , Pr inn et al . 
1983a , b) were to cont inue over the next 100 years .  
Typical , recent estimates (MMO 1982c ,  Wh itten e t  al . 
1983 , Wuebbles et al . 1983 ) place the resulting ozone 
reduct ion at about 4 percent of the total coluan (Table 
6-1) . Future at.ospher ic N20 levels cannot be forecast 
with confidence , but i t  is apparent that potentially 
large ozone depletions could r esult i f  the cur rent trend 
accelerates (Crutzen 1976 ; Liu et al . 1976 ; McBlroy et 
a l .  1976 , 1977) . 

Methane 

Methane concentrat ions in the atmosphere currently appear 
to be increas ing at a r ate of as much as 2 percent per 
year ( Rasmussen and Khal il  198la , Blake et al . 1982 , 
Se iler 1982 , Bhhalt et al . 1983 ) .  Methane affects 
stratospher ic ozone by interacting in a complex manner 
with the chlor ine and hydrogen cycles . Por example , 
methane acts to conver t  ozone-react ive chlor ine atoms 
into BCl ,  wh ich does not affect 0) directly . Bence , 
an increase in CB4 leads to a decrease in free chlor ine 
(Cl and ClO) . The r esult is that the chlor ine-induced 
reduct ions of ozone (associated with CPCs ) are lessened . 
Methane photodecompos ition products also inter act w i th 
NOx to produce ozone . I n  add i t ion , BOx and B2o ar e 
generated from CB4 , implying fur ther coupl ing of methane 
w i th all of the major chemical cycles of the stratosphere .  
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I f  CB4 wer e  eventually to double from cur r ent values , 
the total ozone column could increase by roughly 3 percent 
(Owens et al . l982a ,  Nicol i and Visconti 1983 , A . J .  Owen , 
Du Pont , per sonal commun icat ion , 1983 ) . 

Carbon Dioxide 

C arbon d ioxide (002 ) prov ides the dominant heat s ink 
for the middle atmospher e through emiss ion of infr ared 
rad iat ion to apace (NRC 1983 ) . Thus , changes in C02 
concentrat ions alter the heat balance and temperature o f  
the str atosphere and thereby the rates o f  bas ic chemical 
r eact ions . Through these react ions , wh ich control the 
s teady-state abundance of ozone , the ozone concentration 
is sens itive to temperature , generally decreas ing as 
temperature incr eases . Ozone in turn prov ides the pr imary 
heat source for the stratosphere through the absorpt ion 
of near-ultr av iolet solar rad iat ion . As a r esul t ,  03 
and C02 are coupled : a C02 increase lowers the 
s tr atospher ic temper ature and leads to incr eas ing ozone 
concentrat ions , heat ing , and thus a par t ial compensat ion 
o f  the reduct ion in temperatur e .  Increas ing at.ospher ic 
co2 along with other trace gases such as CPCa ,  ca4 , 
and N20 (MMD 1982b)  also produces a greenhouse warming 
in the tropospher e ,  wh ich may alter the exchange of a ir 
between stratospher e and tropospher e ,  and incr ease 
t r opospher ic water vapor concentrat ions , ult imately 
affect ing the chemistry of global ozone per turbat ions 
(WMO 1982c ,  Call is et a l .  1983) . Estimates of the net 

per turbat ion of stratospher ic ozone result ing from a 
doubl ing of at.oapher ic � are g iven in Table 6- l J  an 
increase of several percent appear s to be poss ibl e 
(Callis et al . 1983 , Wuebblea et a l .  1983 ) . 

SCENARIOS INVOLVING COUPLING OF SEVERAL TRACE GASES 

Based on the pr eced ing discuss ion , it is ev ident that 
when the concentrat ions of a number of trace gases change 
s imu ltaneously in the atmosphere , the net effect on ozone 
may be qu ite compl icated . The effec ts of ind ividual 
gases di ffer , some caus ing reductions in the total ozone 
column (CPCs , s tratospher ic NOx, N20) and other s 
l eading to net incr eases ( tropospher ic NOx, CH4 , C02) .  
The altitude reg ion in wh ich ozone is mos t per turbed 
d epends on the individual spec ies . These spec ies are 
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currently observed to be accumulat ing in the atmospher e 
a t  d i fferent r ates . Several r ecent model stud ies have 
repor ted effects on ozone of the comb ined releases of 
several compounds (WMO 1982a ,  Callis  et a l .  1983 , Nicoli 
and Viscont i 1983 , Sze et al . 1983 , wuebbles et al . 
1983 ) . Thus , we should cons ider the projections of 
multiple-species scenar ios in assess ing poss ible changes 
in stratospher ic ozone in the future .  

Figure 6-5 i s  illustrative o f  calculations o f  ozone 
column changes cor responding to a combination of emiss ions 
(Wuebbles 1983 ) .  The scenar ios assume that ( 1 )  releases 
of CFCs , ca3cc13 , and cc14 (des ignated CLC) are  
constant at 1980  levels 1 ( 2 ) N2o increases at 0 . 2 
percent per year r ( 3 ) co2 increases at 0 . 6  percent per 
year r  and ( 4 ) a ircraft emiss ions of NOx below about 13 
km increase by a factor between 5 and 6 from 1975 to 1990 
and reaa in constant thereafter . The calculations employed 
1982 chemistry and assumed a constant flux of methane 
from the sur face . (The examples that follow cons ider 
only NOx released by subsonic commerc ial aircraft below 
about 13 kmr that released at h igher alti tudes--for 
example , from superson ic a ircraft--would have a quite 
d i fferent effect , act ing to decrease ozone 
concentrat ions . )  

According to Figure 6-5 , a relat ively comprehens ive 
multiple-species emiss ion scenar io (e . g . , labeled CLC + 
NOx + N20 + C� ) leads to a fract ion of 1 percent i ncrease 
in the total column ozone by the year 2050 . When pro
jected increases in the methane concentrat ion are 
included and the latest photochemical rate coefficients 
are used , the increase in total ozone is roughly 2 to 3 
percent ( D . J .  Wuebblea , Lawrence Livermor e National 
Laboratory , and A . J .  Owens , Du Pont , per sonal communica
t ion , 1983 ) . 

Two impor tant facta emerge : ( 1 )  future ozone changes 
assoc iated with CFCa may be drastically altered when 
other per turbing effects are included , and ( 2 ) net ozone 
changes may be extremely difficult to detect , as counter
acting effects tend to reduce the perturbation s ignal in 
total ozone . Detect ion of ozone changes at th is leve l 
will be espec ially d i ff icult over and above natural 
var iat ions . However , the future scenar ios for the 
comb inat ion of trace gases must be r egarded with great 
caution . The sources of some of the gases may be 
anthropogen ic as well as biogen ic , and are not clear ly 
def ined or pred ictable . 
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FIGURE 6-5 Time dependence of total column ozone calculated for several scenarios 
of combinations of species variations with constant methane and temperature coupling 
using 1982 chemistry. Calculations using more recent chemical models would yield 
smaller reductions in total ozone. See text of this chapter for an explanation of the 
scenarios. SOURCE: Adapted from Wuebbles ( 1 983). 

The change in the ver tical d istr ibut ion of ozone for 
the CLC + NOx + N20 + C02 scenar io of Figure 6- 5 is 
s hown in Figure 6-6 .  I t  is  appar ent that the large ozone 
deplet ion above about 25 km (due ma inly to CFCs )  is offset 
by an equ ivalent ozone increase at  lower alti tudes . A 
caut ionary note is in order , however . Wuebbles et al . 
( 1983)  argue that the large uncer ta inty in the pred icted 

C02 effect may cause an overest imate of the ozone 
i ncrease with C02 emiss ion . Callis et al . ( 1983 ) 
p r esent s imilar results for steady-state s imulations of 
CPC inject ions both with and without a doubl ing of co2 • 
The ir model attempts to s imulate the r esponse of tropo
spher ic compos ition to temperature changes ( notably , 
through changes in wa ter vapor concentrat ions ) .  

Figure 6-7 fur ther illustrates the sensitiv i ty of  
calculated values for the future change in  the ozone 
column to assumpt ions about the scenar ios . The figure 
shows recent results of groups at Atmospher ic and 
Env ironmental Research (AER) and Du Pont (N. D.  Sze , AER, 
and A. J .  OWens , Du Pont � personal commun icat ions , 198 3 ) , 
u s ing scenar ios for CLCs , C02 , N20 ,  and NOx s imilar to 
those of Wuebbles (Figure 6-5 ) , but with the more recen t 
chemistr y .  Wh ile Wuebbles assumed a constant flux of 
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FIGURE 6-6 Tune dependence of the vertical distribution of ozone concentration for 
one of the combination scenarios of Figure 6-5 . See text of this chapter for an explana· 
tion of the scenario. SOURCE: Adapted from Wuebbles ( 1 983). 

methane at ground level , AER and Du Pont assu.ed that the 
flux increases at 1 . 2  and 1 . 5  percent per year , respec
t ively . The sensitivity of the calculations to 
assumpt ions about the release rate of methane is clear ly 
illustr ated in the f igur e .  

c aut ion should b e  exerc ised i n  assess ing the appro
pr iateness of scenar ios for changes in the concentrations 
of tr ace gases . For example , the increases in N20 ,  
CH4 , and C02 may vary independently . I t  is con
ce ivable that improved technology or chang ing econa.ic 
cond it ions migh t lead to renewed inter est in coaaercial 
super son ic transpor t .  S imilar ly the assumpt ion of 
constant production and release of CPCs and other halo
carbons may be unreal istic in v iew of the ir increas ing 
industr ial use in a growing wor ld economy . 

Seasonal and lati tudinal changes in ozone for mult iple
spec ies per turbat ions are not ava ilable from the most 
r ecent chemical models . Latitud inal and seasonal modula
tions in total column ozone will affect the biologica l 
impact of the associated UV-8 changes . 
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FIGURE 6-7 Tune dependence of total column ozone in multiple-perturbation 
scenarios using 1 983 chemistry. SOURCE: A. J. Owens, Du Pont, personal com· 
munication, 1 983 . 

The Greenhouse Effec t  

Chemical compounds that affect stratospher ic ozone may 
also produce a greenhouse effect that can alter tropo
spher ic temper atures and consequently the other chemical 
and phys ical propert ies of the troposphere (MMO 1982c ,  
C al l is et al . 1983 , NRC 1983 ) . Wh ile such tropospher ic 
alter at ions are impor tant in the ir own r ight , through 
coupl ing processes , they may lead to add it ional modi f ica
t ions in the ozone column . The relative impor tance of 
var ious tropospher ic gases to the greenhouse effect can 
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be estimated us ing rad iat ive-convect ive and general 
c irculat ion models.  However , accurate calculations of 
the tropospher ic response to the rad iat ive changes , 
includ ing the effects on temper ature and wind patter ns , 
are not yet ava ilable . 

UNCERTAIH'l'IBS 

Uncerta int ies in assessments of ozone per turbat ions ar e 
d i fficult to discuss quantitatively . In the ir treatment 
of uncer tainties , ear lier assessments have var ied widely-
from the deta iled (NRC 1975 , 1979 r NASA 19 7 7 , 1979a) to 
the casual (NRC 1976a , b ,  1982 r MMO 1982a ) . The deta iled 
tr eatments often leave the wrong impress ion that the 
actual sources of uncerta inty are well def ined . For 
example , it is not clear how one determines the •uncer
ta inty• assoc iated wi th the use of 1-D models , as compared 
with that for 2-D or 3-D models (NRC 19 7 9 ) . In accordance 
with these limitat ions , only a qualita t ive statement of 
uncer ta inty is made her e .  

I n  the cur rent pr edict ions of ozone change , the major 
areas of uncer ta inty are ( a )  release-rate scenar ios , 
( b )  photochemical processes and rate coeffic ients , (c )  
radiat ive-dynamical effects and interact ions . Forecasts 
of future concentrations of trace gases can be made with 
a reasonable degree of confidence from the histor ica l 
r ecord only over relatively shor t time spans . Never the
less , we must make the best estimates of future conditions 
and the atmospher ic consequences ,  r ecogn iz ing that uncer
ta inty grows as we project into the future . 

The uncerta inties in chemical rate constants can be 
analyzed quantitatively and have been reduced from those 
c i ted in  NRC ( 1979) . No analyses of the sensitiv i ties of 
model results to changes in the rate coefficients have 
been per formed recently . The uncer ta inties due to pos
s ible systematic error s  assoc iated with major over s ights 
in cur rent photochemical schemes cont inue to exist , but 
the l ikel ihood of major omiss ions decreases as r esearch 
continues . 

Add it ional uncer tainty ,  not eas ily quantified , is 
assoc iated with def ic ienc ies in the models used to 
pred ict ozone change . For example , most pr ed ictions are 
based on 1-D or 2-D models , wh ich attempt to s imulate the 
aver age effects of transpor t ,  but do not cor rectly 
repr esent the deta iled mechan isms of atmospher ic 
disper s ion and removal of pollutants . Moreover , these 
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models are unable to take into account all the r ad iat ive
dynamical feedback and coupl ing mechan isms that apply 
when the a tmosphere is per tur bed . Per haps for tu itously , 
cur rently calculated ozone changes in the lower strato
spher e  (below 30 km) tend to cancel ere- induced 
reduct ions in the upper stratosphere ,  but th is par tial 
cancellation does not reduce the uncer ta inties of the 
models and theory . 

IMPLICATIONS FOR UV-8 INSOLATION 

The intens ity of solar ultraviolet l igh t at the Ear th ' s  
sur face may be estimated us ing a radiat ive transpor t 
model that takes into account absorpt ion by o3 (and 
other gases ) , molecular Rayleigh scatter ing by N2 and 
02 , aerosol scatter ing and absorpt ion , and cloud 
opac ity (CIAP 1975) . The results are sens itive to a 
number of parameter s ,  includ ing the solar zenith angle , 
and hence lati tude and season . To determine the 
•effective • b iological UV-8 dose , the UV-8 flux at the 
g r ound must be weighted by an •act ion spectr um• for a 
par ticular organ ism and biophys ical effect , and 
integr ated over wavelength and over the appropr iate time 
interval , 

D = /D dt =f t I(X, t, z = O)S(X)dX l dt 

where D is the dose in appropr iate units , D is the dose 
rate , I is the total flux of sunl ight at the ground , and 
S i s  the action spectrum as a function of wavelength 
A .  Typically , it is found that the average fract iona l 
i ncr ease in UV-8 dose r ate is approximately one to three 
t imes the fract ional decr ease in the total ozone column 
( C IAP 19 75 , Ger stl et a l .  19 8 1 ,  Steed et a l . 1982) . That 
i s , a 1 percent decr ease in ozone causes a 1 percent to 3 
percent increase in UV-8 dose rate . For example , the 
dosage factor for the Setlow DNA absorpt ion spectrum i s  
a bout 2 . 6  averaged over lati tude and season according to 
Gerstl et al . ( 198 1 ) . The biolog ical impl icat ions of 
i ncr eased UV-8 irradiation are d iscussed in Par t I I , 
wh ich a lso conta ins more deta iled d iscuss ion of the 
act ion spectr a .  
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RESEARCH RBC<HmNDATIONS 

• Emiss ions , inventor ies , and l ifet i  .. s should be 
def ined for the key spec ies that affect ozone , d i r ectly 
or indirectly , such as halocarbons , N�, NOx , CR4 , 
and C02 • 

• Models that couple r ad iation ,  dynamics , and 
photochemistry in coapar able deta il should cont inue to be 
developed . Both the dynamical and the chemical 
mechan isms that couple the tr ace gases of the 
stratospher e and troposphere need to be examined . 

• The observational ev idence for changes in 
stratospher ic ozone over the past decade need to be 
evaluated and attempts to define s tmilar tr ends in 
impor tant background gases , such as N20 ,  NOx• CB4 , and 
other hydrocarbons , co ,  and stratospher ic H20 should be  
cont inued . 

• Techn iques need to be developed for the 
quantitative analys is of uncer ta inties in theoretical 
models , par ticular ly the ir sens itivity with regard to the 
chemical k inet ic sche.e and the parameter ization of 
dynamical transpor t . 
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7 
Introduction and Summary 

Th is par t of the repor t examinee the effects of an 
increase in the amount of solar r adiation of wavelengths 
in the ultraviolet-a (UV-B ) band that would reach the 
Bar th ' s  sur face as the result of a reduction in the total 
a.ount of ozone in the atmosphere .  Wh ile in Part I we 
concluded that the long-ter• change calculated for the 
total ..aunt of ozone above the Ear th ' s  sur face could be 
e ither negative or pos itive , research on b iolog ical 
effects of changes in exposures to uv-B has focused 
e xclus ively on effects of increases in the flux of uv-a 
due to reductions in total ozone . Consequently , in th is 
par t of the r epor t we examine only the potential effects 
of increas ing the UV-B flux . Th is focus is the result of 
the fact that only r ecently has the poss ib ility been 
r a ised that per turbations of the stratosphere •ight lead 
to net increases in total ozone . 

The effects cons idered include thoae on humane , other 
a nimals , mar ine l ife , and plants . Changes in the spatial 
d istr ibution of ozone in the stratosphere could also lead 
to changes in the Ear th ' s  cl imate , but the nature and 
effects of these changes are cur rently unknown and are 
not cons idered here . 

A broad spectr um of electromagnetic radiation ( l ight) 
from the sun impinges on the Earth ' s  upper atmosphere . 
The fraction of th is radiation that reaches the biosphere 
on the Earth ' s  sur face depends on ita wavelength (or 
energy) , the season , cloud cover , and other factor s ,  such 
as the amount of ozone , one of the more t.por tant 
uv-absorbing substances in the atmosphere . Humane sense , 
or are affected by ,  electromagnetic energy in di fferent 
r eg ions of the spectrum in distinctly different ways . 
For th is  reason and others , i t  is conven ient to descr ibe 
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TABLE 7 - 1  Spectrum o f  Solar Radiation Reaching 
the Earth's Surface 

Electromqnelic 
Enefl)' 

lnfrued 
Yulble Ji&ht 
Ultraviolet 

Ranp of 
Wawllenat)u 
(run) 
�20,000 4()().800 200-400 

Approximate Peroeatqe 
of Total Solar Radiation 
ReadliJia Sllrface 

S0-60 
30-40 

2-3 

the sunl ight spectrum as coapr is ing three reg ions a 
ultr av iolet , v is ible , and infrared (Table 7-1) . 

Ozone molecules absorb radiation in the ultraviolet 
(UV) band , wh ich �nly is d iv ided into three r eg ions : 

UV-A, wavelengths in the range of 320 to 400 n. , UV-B , 
the 2 80 to 3 20-n. r ange , and uv-c , the 200- to 280-n. 
range .  I n  general teras , osone absorbs rad iat ion strongly 
in the uv-c band and l ittle , i f at all , in the UV-A range . 
In  the uv-B band , absorption by ozone is a sens it ive 
function of wavelength , increas ing as wavelength 
decreases . 

Life on Ear th is directly and indirectly dependent on 
solar radiation as its source of energy . All l iv ing 
organisms require energy in a usable cheaical fora for 
metabol ic act ivities assoc iated with growth , develop.ent , 
and reproduction . The process of photosynthes is in green 
plants conver ts solar energy , carbon dioxide , and water 
into carbohydrates r ich in energy . Organ isms that cannot 
produce the i r  own energy through photosynthes is must 
par ticipate in a food cha in that includes plants that can. 

Wavelengths of l ight in the 400- to 800-na r ange are 
absorbed by the rods and cones of the human r etina and 
are perceived as vis ible l ight . Rad iat ion of longer 
wavelengths is sensed as hea t .  Wavelengths in the UV-B 
range are absorbed by the human sk in and are used in part 
to dr ive the synthes is of vitamin D, wh ich is necessary 
for normal bone aetabol iaa .  Negl ig ible ultrav iolet 
energy in the range of 200 na to 280 na reaches the 
Ear th ' s  sur face . 

Not all the effects of solar radiation , however , are 
benefic ial to humans , other animals , or plants . Light in 
the UV-B band has been found to be absorbed by cells and 
to be assoc iated with d iver se and often deleter ious 
b iological effects . In humans these effects r ange froa 
mild sunbur n to ak in cancer ( see Chapter s  8 through 10) . 
In other organ isms , such as cer ta in plants and mar ine 
l i fe ,  exposure to uv-B rad iation may adversely affect 
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development and reproduct ive success ( see Chapter s 1 3  and 
14 ) . In an imals , numerous sk in d iseases are caused or 
aggravated by exposure to the sun . 

A wor k ing class if ication of d iseases of the sk in of 
humans induced or aggr avated by ultr av iolet l igh t is 
shown in Table 7-2 . The table ind icates those diseases 
known to be assoc iated in some way with ov-B rad iat ion 
and those assoc iated with either vis ible l ight or OV-A 
r ad iat ion , the reg ion of the spectrum affect ing the other 
l isted diseases is not known . 

I n  th is part of the repor t we are concerned not with 
the causes of changes in UV-B energy r each ing the Ear th , 
bu t with est imat ing the biolog ical response to changes 
should they occur . Exposure to ov-B r adiat ion may also 
change for reasons unrelated to changes in stratospher ic 
ozone . Por example , changes in human life-styles or 
fash ions can r esult in more exposure of the sk in to ov-B , 
and sh ifts in populations to areas with sunn ier cl imates 
may have consequences for the over all exposur e of the 
population to ov-B . 

Whatever the causes of increased exposure ,  its 
b iolog ical consequences beg in with absorpt ion of UV-B by 
specific molecules , such as DNA or cellular prote ins . 
Absorpt ion of ov energy increases the internal energy of 
the molecule . The added energy is sometimes harmlessly 
emitted as heat , fluorescence , or phosphorescence , but in 
other cases cheaical changes can occur that permanently 
alter the nucleus , cytoplasm , or aembrane of the l iv ing 
cell . 

NRC ( 1982 ) identified four under lying b iolog ical 
quest ions that bear d irectly on our ab il ity to predict 
r esponses of l iv ing systems to changes in the ir exposure 
to ultrav iolet radiat ion : 

1 .  What is the r elationsh ip between the dose of 
electromagnetic rad iat ion in a specific reg ion of the 
spectrum and the resulting b iolog ical effect? The 
r elat ionsh ip def ines the dose-response curve . 

2 .  Por a g iven response , is there a rec iprocal 
r elat ionsh ip between the intens ity of the radiat ion and 
the duration of exposure that together def ine the dose? 

3 .  How does biolog ical sens itivity depend on 
wavelength , i . e . , what is the weighting function , or 
action spectrum ,  that descr ibes a g iven biolog ical effect? 

4 .  Are there interact ing effects at d ifferent 
wavelengths? 
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TABLE 7·2 Cluaification of Dbeues of Human Skin Involving SunJiabt 

Type 

Genetic and metaboUc 

Phototoxic and photoimmunologic 

Depneratlw and neoplutic 

Idiopathic 

Photoagravated 

Xerodenna pilznentOIUml' 
Erythropoietic protoporpbyriab 
Erythropoietic propbynab 
Erythropoietic coproporpbynab 
Porphyria cutanea tardab 
Albinid 

Photo toxic 
Internal (drup)l' 
External (drup, plants, frultf•b 
Photoallerpc 
Solar urtlcarii' 

(immediate hypenenlitivity) 
"Dr111" photoallerl)'b 

(delayed hypenensitlvity) 

Squamous cell c:artinomi' 
MaJianant melanoma 
Actinic keratolii' 
Basal cell carcinoma 

Polymorphous lilbt eruptiod' 
Hydroa aeativaJeG 
Hydroa vaccinjformeb 
Actinic reticuloi� 
Actinic pruri&o 

Dbcold lupus etythematosus 
Syatemlc lupus erythematoaus 
Dermatomyolitil 
Herpea simplex 
Darier'a diaeaae 
Bloom 'a dlaeaae 
Acne vulpriJ 
Atopic dermatitil 
Dluemlnated auperfidal actinic porokeratOiia (DSA.P) 
Ucben planus actinicus 
Pemphi&us foliaceus 
Transient acantholytic: dermatolil (TAD) 
Metabolic (protein and/or vitamin) 
Pellqra 
Kwuhiorkor 
Hartnup diseaae 

11 Anoclated in aome way with UV ·B radiation either by Inference from animal studiea or from 
direc:t evidence in humans. 
bAaaoctated with UV·A or visible Ji&ht. 

SOURCE: Adapted from Harber and Bickers ( 1 98 1 ). 
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The NRC ( 1982 ) repor t provided a comprehens ive rev iew 
o f  the state of knowledge of the causes and effects of 
stratospher ic ozone reduct ion as of the fall of 1981 . As 
already indicated th is repor t updates rather than 
r eplaces the mater ial presented in that repor t .  Because 
of data r ecently obta ined and because of the major 
impor tance of the two rapidly advancing cl in ical f ields 
of aal ignant melanoma and photo immunology , these topics 
are g iven major emphas is her e .  Soae b iolog ical effects 
( e .g . , d iseases of the eye and tumors of the ak in in 

domestic animals ) ar e not treated in th is repor t because 
l ittle new knowledge about them has been ga ined in the 
past few years .  

The major f indings of Par t I I  are su.aar ized below , 
wh ile deta ils are provided in the respective chapter s  
that follow . As i n  Par t I ,  each chapter also conta ins 
our recoaaendationa for fur ther research . 

SUMMARY 

I .. unolog ical Changes Caused by Ultrav iolet Rad iat ion 

S tudies with laboratory an iaals have demonstrated that 
several immunolog ical changes take place following 
exposure to UV-B r ad iation ( see Chapter 8 ) . Por the moat 
part , these changes decr ease the effect iveness of the 
an imal ' s  immune response system . The suppress ion of the 
t.mune r esponse is systemic . Exposur e of the akin to 
UV-B rad iation not only inh ibits local allergic reactions 
in the ir rad iated ak in , it also reduces or prevents 
certa in immune reactions at d istant , unexposed s ites . 
Recent studies have demonstrated unequ ivocally that 
systemic immunological changes produced as a r esult of 
uv-B irrad iat ion are an impor tant factor in the 
development of pr imary sk in cancer s induced in mice by UV 
rad iation . 

I t  has now been demonstrated that at least some of 
these t.munolog ical changes also occur in humans exposed 
to natural or artific ial UV radiation . Thus , the concerns 
expressed in the NRC ( 1982 ) repor t that the immunosuppres
s ion observed in UV- irrad iated an imals aight also occur 
in humans wer e  well-founded . The extent of the immuno
log ical per turbat ions caused by exposure of humans to 
sunl ight--and par ticular ly to uv-B radiation--ar e  not yet 
known ,  and their impl icat ions for human health are not 
clear . A pr imary concern is the poss ib il ity that these 
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t.munolog ical changes may contr ibute to the devel�t 
and pathogenes is of huaan akin cancer , includ ing 
aalignant .. lano.a . 

Non-.lanoma Sk in Cancers in Humans 

Bpideaiolog ical stud ies cont inue to support the concept 
that increases in UV-B dose will increase the incidence 
of aqu.-ous cell carc inoaa and basal cell carcinoaa 
(Chapter 9 ) . Add itional factors ,  not prev iously con
sidered in .adela , may also affect pred ict ions of futur e 
changes in the incidence of nonaelana.a cancer s  of the 
ak in .  such factors include the trend toward increased 
longev ity of the population , sh ifts in population to 
areas of h igher UV-B insolation , and increases in leisur e 
activ ities that involve exposure to ov-B . I f  continued , 
each of these trends suggests an increas ing incidence of 
basal cell and aqu.-oua cell carcinomas independent of 
any changes in exposure to ov-B because of changes in 
stratospher ic ozone . 

Therefore ,  .adele used to predict future inc idence of 
basal cell and aqu.-oua cell carc inoaaa should take these 
trends into cons ideration , along w ith changes in UV-B 
attr ibutable to changes in stratospher ic ozone . Taken 
together , all these factor s may r esult in a greater 
increase in the incidence of nonmelanoma ak in cancer in 
the population in the future than cur rent .odela pred ict . 

Mal ignant Melanoma in Ruaana 

Mal ignant melanoma in huaana has becolle a aajor public 
health problem ( see Chapter 10 ) . The incidence and 
mor tality r ates of aal ignant melanoaa have r isen con
s istently in the United States dur ing the past f ive 
decades . The rate of increase in mor tality is now h igher 
than that for any mal ignancy except cancer of the lung . 
New data suppor t the hypothes is that tbe r isk of the 
development of 8011e types of mal ignant Mlano.a is related 
to exposure to sunl ight . Evidence that UV radiation (or 
UV-B ) is related to aal ignant .. lanoaa is only c ircua
stantial . That other factor s are also t.por tant is 
illustrated by the identification of a subset of the 
population manifesting •dysplastic• nev i that faces 
increased r isk of development of aal ignant .. lana.a . The 
studies strongly suggest that genetic factor s ,  aa.e of 
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wh ich ma y  be expressed by suscept ibility to damage from 
sunlight , aust be cons idered in cer ta in types of aal ignant 
aelanoaa in huaana . Thus , curr ent data do not perait us 
to conclude that exposure to the sun is the only r isk 
factor for all mal ignant aelanomas . 

An imal Studies of Photocarcinogenes is 

Ant.al studies make it poss ible to teat specified 
var iables wh ile holding other factor s constant ( see 
Chapter 11 ) . Although aniaal sk in differs from human 
sk in in a var iety of ways , the success of us ing an iaal 
data to predict aany other photobiolog ical responses in 
huaan ak in supports their value as predictor s of car
c inogenic responses as well.  

Recent f indings from exper imental studies of photo
carc inogenesis in an imals have t.proved our understanding 
of the four questions posed above . Evidence is accuau
lating that dose-response data in laboratory an imals are 
relevant to effects in huaana ,  and , in addit ion , two 
recently repor ted matheaatical models have been used to 
predict effects of increased ov-a . The predict ions of 
these aodela are s imilar over the range of doses for 
wh ich data exist , but d iffer markedly at h igher and lower 
doses . Methods to resolve these differences are cur
r ently ava ilable . Not enough information is currently 
ava ilable , however , to determine an equat ion that will 
accurately predict the response to more than a few of the 
poss ible conditions of uv-rad iat ion exposure .  

I n  the absence of a measured act ion spectrum for a 
g iven biolog ical effect , several spectra for acute 
processes have been used as approximations . All of these 
spectr a are qual itat ively s imilar , but the fact that they 
span the shor test and most var iable part of the UV-B 
spectrua magni f ies the impor tance of even minor d iffer 
ences . Methods are ava ilable , however , for reducing 
uncer ta inties . Pinally , wh ile most data on photo
carcinogenes is suggest that effects at di fferent wave
lengths are independent and add i t ive , a few stud ies 
s uggest interactive effects . The s ign ificance of the 
interactions is not known , but the ir poss ible relevance 
cannot be ignor ed .  Methods are available to settle th is 
issue also . 
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Molecular and Cellular Studies 

Research at the molecular and cellular levels hae 
provided continuous t.petue and direct ion to stud ies of 
effects of UV-B rad iation on b iological organie .. , 
includ ing huaane ( see Chapte 12) . Such studies have , for 
example , revealed that UV radiation produces a coaplex 
spectrum of damage in DNA .aleculee and that cella 
poeeeee intr icate ..chan ie .. for repair ing th is daaage . 

Recent substant ial advances in .alecular biology and 
DNA cheaietry can be appl ied to the elucidation of ov-a
induced damage and ita repair . These advances can detect 
DNA alterat ions at specific sites with in specific genes 
and can constr uct conven ient assays for .anitor ing 
cr itical steps in the response of cella to UV radiation .  

The recent d iscovery o f  the natural occurrence of 
left-handed DNA, or I-DNA, in cella suggests new ways to 
understand how genes are controlled and why control 
breaks down in tu.ar cella . Photocheaical alterations 
induced by UV irrad iation of 1-DMA are l ikely not only to 
be di fferent froa those found in the .are abundant B-DRA 
(normal r ight-handed DNA structure ) ,  but also to be 
poeeeeeed of special consequences . Pur ther.ar e ,  the 
absorpt ion epectrua of I-DNA predicts a greater 
propensity for daaage induced by UV-B than does that of 
B-DtfA . 

Effects of UV-B Radiation on Plante 
and Vegetat ion As Bcoayatea Coaponente 

Cons iderable exper imentation in controlled-growth 
chamber s shows that moat plants , includ ing crop plants , 
are adver sely affected by UV-B radiation . Such 
irradiance stunts growth , cute down total leaf area , 
reduces product ion of dry matter , and inh ibits photo
synthesis  in several ways . Plante di ffer in the ir 
sensitivity to UV-B radiat ion , the .ast sens itive 
observed to date are the cucumber and ita relat ives in 
the squash family .  All soybeans are sensitive , but the 
r ange of sens itivity among its var ieties is wide . 
Res istance or sensitivity to UV-B is genetically based . 
Some species show ab il ity to accl imate to increased UV 
dosages ,  others do not . Evolution of uv-res istant 
populat ions has occur red with in cer ta in spec ies of wild 
plants . The mechanisms affect ing sensitivity and 
res istance of species , as well as competitive inter-
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act ions in ecosysteaa under UV-B stress , need cont inu ing 
s tudy . S ince most research so far has been under 
laboratory condit ions , it is imperat ive that f ield 
exper iments be done under UV-B stress . 

There is a strong natural grad ient in UV-B from the 
polar r eg ions to the equator . With in the arct ic-alpine 
zone itself , the maximum integrated effect ive UV-B 
irrad iance increases by a factor of .or e than 7 froa 
nor thern Alaska to the equator ial Andes . Maxiaua da ily 
total v is ible radiat ion along th is aaae grad ient , on the 
other hand , increases only by a factor of 1 . 6 .  Plants 
a long this grad ient have evolved protect ive adaptations 
aga inst UV-B ma inly by producing screen ing coapounds such 
as  flavonoida in the epideraia . 

Effects of uv-B Rad iat ion on Mar ine Organ isms 

Recent measurements of the amount of ultrav iolet l ight 
penetrating ocean water s show that the major factor s in 
the absorpt ion of these wavelengths ar e both biogen ic and 
nonb iogen ic substances , whose concentrat ions are 
gener ally larger in coastal water s than in the open 
ocean . (See Chapter 14 . )  

Exper iments have demonstrated that small changes in 
uv-B affect mar ine photosynthetic organ isms , herb ivores , 
and carn ivores , suggest ing that such changes could affect 
the entire mar ine food web . Exper iments show that growth 
and associated metabol ic processes are reduced and that 
r eproduction , surv ival , and behav ior are adversely 
a ffected with increased UV-B . Species di ffer mar kedly in 
the ir sens itivity to uv-B , but the reasons for the 
d i fferences r ema in unclear . 
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Immunological Changes Caused 
by Ultraviolet Radiation 

IRTRODOC'1'ION 

I n  recent year s it has beoo8e increas ingly apparent that 
exposure to sunl ight is l ikely to produce immunolog ical 
changes in humans . The idea that exposure to sunl ight 
could tr igger cer ta in allergic reactions (reviewed in 
Par r ish et a l .  1983 )  had its or igin in observations ude 
in humans in the 1940s . Many year s later , stud ies on 
laboratory animals exposed to artificial sources of OV 
radiation demonstrated that cer ta in i .. unolog ical changes 
can be produced by OV-B r ad iation . More recently studies 
with human subjects have conf ir-.d the prediction fro• 
studies in an imals that the human imaune systea is acces
s ible to modificat ion by natural and ar tific ial sunl ight . 
Because the immune system plays such a pivotal role in 
ma intain ing the integr ity of the body , protect inq it fro• 
infect ious aicroorgan isma , toxic chemicals , and even 
cer tain cancers , the f ind ing that imaune responses can be 
per turbed by environmental r ad iat ion constitutes a 
ser ious concer n .  

Although a br ief summary o f  the pert inent stud ies on 
exper imental animals was included in NRC ( 1982) , it is 
only very r ecently that the relevance of these stud ies to 
human health has been f iraly establ ished . Por th is 
r eason , a rev iew of th is topic is presented here also, 
along with sum.ar ies of the most recent f ind ings in 
humans and an imals . The amount of informat ion that has 
been generated just in the past two years is cons ider
able , reflect ing the intense interest in the newly 
emerg ing field of photoimmunology , wh ich is the study of 
the interact ions between l ight and the immune systems 
( for reviews see Kr ipke 1981 , Par r ish 1983 , Par r ish et 
al. 1983) . 

144 
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STUDIES ON BXPERIMBN'l'AL ANIMALS 

Because uv rad iation is almost completely absorbed in the 
sk in of an imals and little penetrates beyond , ita ability 
to mod ify the immune system was surpr is ing . The f inding 
that uv rad iat ion can suppress some immune response 
or ig inated from stud ies on the ant igen ic properties of 
sk in cancers induced in mice by uv rad iat ion . These 
cancers were found to be unusually ant igenic in that they 
can st imulate a vigorous immune response . Upon trans
plantat ion to genet ically ident ical mice , the major ity of 
these tumor s were so ant igen ic that they were rejected 
immunolog ically . Th is response ra ised the quest ion of 
how such ant igen ic cancers wer e  able to surv ive ! .. uno
log ical destruct ion in the host of or ig in ( Kr ipke 1974 ) . 
Stud ies address ing th is quest ion produced the unexpected 
f ind ing that repeated exposure of mice to uv rad iation 
produced a systemic alterat ion that inter fered with the 
reject ion of these ant igen ic sk in cancers ( Kr ipke and 
F isher 1976) . The alterat ion was systemic in that 
exposure of dorsal sk in to uv radiat ion rendered the mice 
suscept ible to tumor s implanted at distant , nonexposed 
s ites . Subsequent r esearch demonstrated that the failure 
of tumor reject ion was due to the induct ion in uv
i r rad iated mice of suppressor cells that prevented the 
reject ion of uv-radiat ion- induced sk in cancer s  (Fisher 
and Kr ipke 1977 , Spellman and Daynes 1977) . These 
suppressor cells are T lymphocytes that serve as part of 
a regulatory network of cells that control the magn itude 
and durat ion of immune responses .  

These find ings prompted add it ional invest igations of 
the ialllunolog ical competence of mice exposed to UV 
r ad iation and led to the discovery of other immunolog ical 
aber rat ions in uv- irrad iated an imals ( Kr ipke et al . 1977 , 
Jessup et al . 1978 , Greene et a l .  1979 ) . The alter at ion 
that has been stud ied in most deta il is the systemic 
suppress ion of a par t icular type of allerg ic react ion 
cal led contact hypersens itiv ity (CBS ) , wh ich is moa t 
famil iar in humans in the form of poison ivy . In th is 
immune react ion a react ive chemical is placed on the 
s k i n ,  and an immune response involv ing T lymphocytes 
develops aga inst the chemical , wh ich is oomplexed with 
host cells and prote ins . A second appl icat ion of the 
sens itiz ing chemical at any site results in a severe 
inflammatory react ion at the s ite of appl icat ion . Th is 
r eact ion is suppressed in uv- ir rad iated mice . The 
suppress ion is systemic in that ne ither the immun iz ing 
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nor the el iciting doee of cheaical is applied to akin 
that ia exposed d irectly to UV r ad iation . In addition ,  
the suppress ion i s  associated with the appearance of 
suppressor T cella that inh ibit specifically the CBS 
response to the cheaical applied (Hoonan et al . 198la) . 

A totally unrelated l ine of invest igation revealed 
that cer ta in cells resid ing in the akin are actually 
co.ponenta of the �ne ayatea. Langerbana cella , wh ich 
fora a networ k throughout the epideraia , are der ived fr011 
the bone aarrow and are close relatives of the aacropbage 
( Stingl et al . 1978 ) . I t  was found that these cella are 
h ighly susceptible to d ... ge by UV radiation , and that 
such daaage can lead to depressed CBS reactions toward 
cheaicala that are appl ied directly onto irrad iated akin 
(TOews et al . 1980 ) . 

Thus , at least three types of interactions between UV 
rad iation and the immune ayatea have been identified to 
date a ( 1) the d irect interact ion between UV radiation 
and ele .. nta of the immune system that reside in the skin 
( i . e . , Langerhans cella) J ( 2 )  the d irect interaction 
between uv radiat ion and akin that leads to the induction 
of new or altered ant igens ( i . e . , tu.or ant igens) that 
can be recognized by the ta.une syatea 1  and ( 3 )  the 
ind irect interaction between UV rad iation and the t.aune 
aystea that leads to systemic suppress ion of certain 
i .. une responses ( i . e . , tu.or rejection , CBS) . 

Direct Bffecta of uv Radiat ion on 
Cutaneous Co.ponenta of the Immune Syatea 

Update of Research Results 

In 1980 Toews , Bergstresser , and Stre ilein aade the 
seainal observation that exposure of aouae ak in to very 
saall doses of UV r adiat ion caused morphological and 
enzyaatic changes in cutaneous Langerhana cella . Applica
t ion of a contact sens itiz ing cheaical ,  in this case 
d initrotluorobenzene ( DNPB) , at the s ite of such altered 
s k in induced not the expected CBS reaction but specific 
t.munolog ical unrespons iveness . Th is spec ific unrespon
s iveness is demonstrated by the fa ilure of an iaals to 
respond to a subsequent , immun iz ing dose of DNFB that is 
appl ied to unexposed skin , although they can respond 
noraally to a d ifferent cheaical ,  e . g . , tr initrochloro
benzene (THCB) , placed on unirrad iated sk in .  This 
d iscovery directed attention toward the potential of OV 
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r ad iation to interact d irectly with components of sk in in 
a manner that produced systematic perturbat ions of the 
t.mune system . It also ra ised the quest ion of whether 
these t.munolog ical effects of uv irrad iat ion might play 
an t.portant role in the pathogenesis of cancer s that 
develop locally in sk in exposed to OV radiat ion or cancer s  
that metastas ize t o  cutaneous s ites . 

Because of these impor tant impl icat ions , cons iderable 
effor t has been d irected toward unravel ing the mechan isas 
under lying the ability of uv rad iat ion to produce immuno
log ical unrespons iveness . Recent progress has occurred 
on several aspects of th is problea . Blmets et al . ( 1982 ) 
have demonstrated that the suppress ion of CBS is asso
c iated with the product ion of ant igen-spec ific suppressor 
T lymphocytes . S imilarly Semma and Sagami ( 1981)  showed 
that appl icat ion of DNPB to mouse ta il sk in ,  wh ich is 
def icient in Langerhans cells , also induces ant igen
specific suppressor T cella . The observations suggest 
that when antigen bypasses Langerhans cells , the 
s uppressor cell pathway is activated instead of the 
effector cell pathway . Normally Langerhans cells take up 
the ant igen , process it in some way , and present it in an 
t.munolog ically active form to lymphoctyes , thereby 
initiating the CBS ( effector ) response (Bergstresser and 
Stre ilein 1983 ) . After being damaged by uv radiat ion , 
Langerhans cells can no longer function in this way , and , 
as a consequence , the introduct ion of antigen tr iggers an 
alternate t.aunological pathway that results in 
suppress ion .  

Suppor t for th is hypothesis has been prov ided by 
stud ies in wh ich suspens ions of epidermal cells conta in ing 
Langerhans cells are exposed to uv r adiat ion in vitro . 
Sauder et al . ( 1981)  demonstrated that immun izat ion of 
a lee with epidermal cells that were coupled with ant igen 
and exposed to ov radiat ion in vitro induced ant igen
specific suppressor T cells , whereas epidermal cells that 
were un irrad iated induced CBS .  S imilar ly , wor k by other 
groups with antigen-present ing cells froa the spleen and 
per itoneal cavity ,  as well as from sk in , exposed in v itro 
to sublethal doses of UV rad iation , were unable to tr igger 
t.mune react ions in v itro ( Pox et al . 1981 , St ingl et al . 
1981 , Aberer et al . 1982 ) . Recent studies suggest that 
th is deficiency may be due to the fa ilure of ov- ir rad iated 
cells to aake inter leuk in-1 ( IL-l) , a chemical mediator 
that is required for the activation of lymphocytes (Sauder 
et al . 1983a , Stingl et a l .  1983 ) . 
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A new f ind ing that aay be relevant for studies in 
humans is that the abil ity of uv radiation to .ed i fy the 
imaune response in th is way is under genetic control . 
Bergstresser et al . ( 1983)  have found that in some stra ins 
of aice , uv radiat ion causes aorpholog ical alterat ions in 
Langerhana cella , but appl ication of the contact sens itiz
ing agent produces a noraal CBS react ion . Cross ing a 
uv-aenaitive aouae stra in with a uv- inaenait ive stra in 
produces offspr ing that have an intermed iate level of 
sens itivity to UV-induced imaunoauppreaa ion . One inter
pretat ion of th is resul t is that alee of the insens itive 
stra ins have an alternative pathway for ant igen presenta
t ion that bypasses the requireaent for Langerhana cella 
( Stre ilein and Bergstresser 1983) . Thus , inact ivat ion of 
Langerhana cella by uv rad iat ion would not inter fere with 
ant igen presentation by the alternate pathway , and hence 
would not lead to the induct ion of suppressor cella . 
Regardless of the underlying causes , th is f inding deaon
atratea that sens itivity to th is part icular effect of uv 
rad iation is under str ict genetic control . I f  th is is a 
general f ind ing for other spec ies , it t.pl ies that 
cer ta in human populations may have a genet ically deter
ained susceptibil ity to th is t ... unoauppreas ive effect of 
UV rad iation , and hence may be at greater r isk from the 
deleter ious effects of uv radiation .  

I n  the course of studies on the role o f  Langerhana 
cells in cutaneous immune responses , Katz and his asso
c iates ( Sauder et al . 1982)  discovered that keratinocytes , 
wh ich are the most prevalent cells in the epiderais , 
produce a substance that helps to act ivate T lymphocytes . 
Th is substance , termed ETAF--for epidermal-cell-der ived T 
lymphocyte act ivating factor-- is now thought to be 
ident ical to the IL-l produced by ant igen-present ing 
cells (Sauder et al . 1983b) . The f ind ing that exposure 
of sk in in vivo to UV radiat ion can inh ibit the produc
t ion of th is substance (Sauder et a l .  1983a) ra ises the 
intr igu ing poss ib ility that uv radiat ion also may affect 
local immunolog ical react ions indirectly through th is 
effect on kerat inocytes . Th is poss ibility is unproven , 
however , because there is as yet no direct ev idence for 
the par t ic ipat ion of ETAP in immune react ions in sk in . 

Another man ifestat ion of the effects of UV rad iation 
on immune react ions mediated by T lyaphocytes is the 
observat ion that it is sometimes d i ff icult to e l icit 
cutaneous immune ( allerg ic ) react ions in uv- ir rad iated 
sk in .  Th is phenomenon d iffers from the suppress ion 
descr ibed above in wh ich the sens itiz ing dose of ant igen 
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is appl ied to irrad iated sk in and the el iciting dose is 
appl ied at an unexposed s ite .  I n  the second phenomenon 
an imals are f i rst sens it ized ,  then exposed to UV radia
t ion ,  and the eliciting dose of ant igen is appl ied at  an 
irrad iated s i te .  The effect , in gu inea pigs , was first  
descr ibed in an  isolated observat ion by Han izko and 
Susk ind ( 19 6 3 )  and recently Mor ison et al . ( 1981)  and 
Austad and Mork ( 1982 ) have reopened the invest igation of 
th is topic . The mechan ism by wh ich UV rad iat ion 
decreases the inflammatory react ion is not known , but 
alterat ions of Langerhans cells and/or inh ibit ion of ETAF 
product ion by kerat inocytes are l ikely poss ibilit ies . 
Another ,  perhaps related , observation made in a rat model 
i s  that the cutaneous man ifestat ions of graft-versus-host 
disease can be el iminated by treat ing the skin d i rectly 
with UV rad iation (Glaz ier et al . 1983) . Aga in , these 
author s suggest that Langerhans cells may be the target 
for this effect of uv rad iat ion , based on h istolog ical 
ev idence . Cur rently , no informat ion is ava ilable con
cern ing the consequences of these •local , uv-radiat ion
induced alterat ions for skin infect ions or wound healing , 
wh ich are obv iously impor tant cons iderat ions in assess ing 
the effects of UV rad iat ion on human health . 

Wavelength and Dose Cons iderat ions 

The wavelengths of UV rad iat ion that have been used to 
alter Langerhans cells and to prevent the induction of 
CBS to sens itiz ing agents appl ied to irradiated sk in ar e 
ma inly in the UV-B r ange ( 280 to 320 nm) . The sources of 
UV radiat ion used most frequently in these stud ies are 
f luorescent sunlamps , wh ich emit approx imately 80 percent 
of their  energy in the UV-B reg ion of the spectrum . 
Preliminary s tud ies by Elmets et al . ( 1983)  suggest that 
the mos t effect ive wavelengths for induc ing th is form of 
immunosuppress ion are between 2 90 and 300  nm and that the 
act ion spectrum for th is effect may be s imilar to that 
for produc ing erythema . Th is result concurs with a 
prel iminary repor t by Noonan et al . ( 1982 ) on the wave
lengths of UV rad iat ion that can produce morpholog ical 
a l terat ions in Langerhans cells . 

The doses of UV-B rad iat ion requ ired to produce th is 
form of immunosuppress ion are qu ite min imal compared with 
those required to produce s k in cancer 1 only between 200 
and 800 joules per squar e meter (J/m2 ) are needed . In 
terms of human responses to uv rad iat ion , this dose of 
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rad iat ion represents between 1 and 4 ainiaal erytheaa l 
doses (MBD) , where 1 MBD equals the aaount of energy 
requ ired to produce distinct redden ing of Caucas ian ak in 
at a body s ite normally protected by cloth ing . Thus , in 
terms of both dose and wavelength , the effects of ov 
r ad iation on immune responses are h ighly relevant to the 
exposure of humans to natural sunl ight . Bxpoaure of alee 
to even lower doses of ov rad iat ion can inter fere with 
the ability of the ir keratinocytea to produce BTAP (Sauder 
et al . 1983a) . An impor tant quest ion that r eaa ina to be 
addressed is the long-tera consequences of ault iple 
exposures to uv rad iation . No inforaation is available 
on whether the effects of aultiple doses of UV rad iat ion 
are cuaulative over t iae ,  whether repair processes can 
r everse some or all of these effects , or what happens to 
Langerhans cella and imaunolog ical funct ion over long 
per iods of repeated exposure to UV rad iation .  

Systemic Effect o f  ov Rad iation on 
the Imaune Response to Skin Cancers 

Update of Research Results 

Kr ipke and Fisher repor ted in 1976 that aice exposed 
repeatedly to UV rad iation wer e  systemically altered in 
that these animals were unable to reject uv-rad iation
induced skin cancer s  transplanted to an unir rad iated 
subcutaneous s ite .  I n  contrast , these h ighly antigenic 
sk in cancer s  were r ead ily rej ected by the immune systea 
of unir rad iated animals . Th is f inding demonstrated that 
uv rad iation had systemic , imaunolog ical consequences 
that previously were unsuspected , and it stimulated 
effor ts to determine the nature and mechan iaaa of th is 
phenomenon . Shor tly thereafter it was found that the 
fa ilure of uv- irradiated aniaals to reject these trans
planted sk in cancer s  was due to the foraat ion of 
suppressor T lymphocytes that pr evented the rejection 
response ( Fisher and Kr ipke 1977 , 1978 1 Spellman and 
Daynes 1977 , 1978) . Subsequent effor ts have been 
d ir ected ma inly toward stud ies of the character istics and 
mode of act ion of these suppressor cells (Thorn 1978 , 
Daynes et a l .  1979) . An important recent advance in this 
area , however , was the direct demonstration that these 
suppressor T lymphocytes prevent not only the reject ion 
of transplanted skin cancers , but also the destruct ion of 
pr imary s k in cancers ar is ing in uv- ir radiated sk in ( Fisher 
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and Kr ipke 1982) . Purther.ore , studies by De Gruijl  and 
van Der Leun ( 1982c) in ha ir less mice de.onatrated that 
the systemic effect of ov r ad iat ion induced by irrad iation 
of one s ite aarkedly accelerates the induct ion of akin 
cancers by subsequent irrad iation of a second s ite . 

A question of broader s ignif icance ra ised by these 
s tudies is whether th is systemic effect of ov rad iat ion 
can potentiate the growth or the induction of other types 
o f  cancer . Studies compar ing the growth of cancer s  
transplanted subcutaneously to ov-ir rad iated or untreated 
aniaala showed that growth of cancers generally is not 
accelerated in ov-irradiated aice unless the cancer s  are 
induced by OV rad iation ( Kr ipke 1981 ) . Preauaably , th is 
is due to the fact that the ov-radiat ion-induced 
s uppressor cella are spec i f ic for ov- induced tumor s .  An 
impor tant except ion to this generalization is the f inding 
that a .ouse melanoma that arose spontaneously grows .ore 
readily in ov-irradiated mice than in untreated animals 
( Kr ipke et al . 1979 , Bowen and Brody 1983 ) . It is  not 
known whether th is phenomenon is due to suppressor cella 
induced by ov radiat ion and thus depends on antigenic 
a iailar i t iea between the melanoma cells and ov-radiat ion
induced ak in cancers , or whether it r epresents some other 
systemic alterat ion by OV r adiation ( e . g . , a hormonal ,  
b iocheaical , or nutr itional change) that i s  favorable for 
the prol iferat ion of aelanoma cells . In either case , 
however , the observat ion suggests a poss ible indirect 
role for OV radiat ion in the induct ion of melanomas . 

In addition to the stud ies with transplanted cancer s ,  
a few exper iments have been carr ied out to investigate 
the possible influence of the aysteaic effects of OV 
radiat ion on the occurrence of pr imary cancer s of internal 
organa and on the induction of pr imary skin cancer s at 
unir rad iated s i tes by agents other than OV rad iation . 
One study by Kr ipke and her co-wor kers ( Kr ipke et al . 
1979)  showed that the incidence of virus-assoc iated 
leukemias and mammary cancers in h igh- incidence str a ins 
of aice and chemical carcinogen- induced aar�s is 
unaffected by exposure of mice to OV r ad iation .  On the 
other hand , Bbbeaen ( 1981)  r epor ted an increase in the 
inc idence of spontaneous leukemias from 3 to 12 percent 
in aice exposed to low doses of OV rad iation over a long 
per iod of t ime ,  and Rober ts and Daynea ( 1980 ) repor ted 
that exposure of mice to OV rad iation at one site 
accelerated the foraat ion of epidermal cancer s  after 
repeated appl ication of benao (a) pyrene at a distant , 
nonexpoaed s ite . Clear ly , add itional inforaation is 
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needed in orde r to asaeaa the potent ial of UV rad iat ion 
to .adify other forms of carc inogenes is . 

Another quest ion of cons iderable interest in th is area 
is  how exposure of the ak in to UV r ad iation ia translated 
into an i .. unolog ical alterat ion involv ing the foraation 
of suppressor cella that are specific for the ant igens 
expressed on uv-radiat ion- induced skin cancer s .  One 
poss ibil ity ia suggested by the stud ies on Langerhana 
cells and contact sens itiz ing ant igens . New ant igens 
that occur on UV- ir rad iated sk in or on the tumor cells 
theaaelves aight behave l ike the contact sensitiz ing 
antigens appl ied to uv- irradiated sk in and induce sup
pressor cella because of a fault in ant igen presentation 
by Langerhans cells . Another poss ibility is suggested by 
the f ind ing descr ibed below that higher doses of UV 
rad iat ion also can induce suppressor cella to contact 
sens it izers that are appl ied on unexposed ak in ,  by an 
indirect aechan ism that is not fully understood ( see 
Figure 8-1) . Because of techn ical cons iderat ions , it i s  
much easier to analyze imaunolog ical pathways us ing 
contact sens it izers than it is us ing sk in cancer ant igens . 
Por th is reason all recent stud ies on the .echan isma of 
syateaic suppress ion by UV radiat ion have focused on the 
systemic suppress ion of CBS , rather than on the induct ion 
of the sk in-cancer-assoc iated suppressor cells . 

Wavelength and Dose Cons iderations 

wavelengths in the UV-B reg ion also are iapl icated in 
this i .. unolog ical alterat ion . The aost effect ive 
wavelengths for impair ing tumor reject ion l ie with in the 
range of 275  to 315 na . Th is result was determined using 
plastic filter s  to attenuate var ious wavebands of radia
t ion from fluorescent sunlamps ( DePabo and Kr ipke 1980 ) . 
Deta iled informat ion on the act ion spectrum for th is 
effect is not ava ilable , but based on a s ingle observation 
( Lill 1983) , it appear s  that 2 54-nm (UV-c) radiat ion also 
is  capable of producing th is effect , although with lesser 
efficiency . 

A seemingly contrad ictory result was reported by 
Gur ish et al . ( 1981) in stud ies employing a commerc ial 
sunscreen preparation .  Topical treatment o f  mice with 
the sunscreen pr ior to each irrad iation with a fluorescent 
sunlamp el iminated all evidence of sk in damage , but d id 
not preven t the induction of immunosuppress ion by uv 
r ad iat ion . Th is result was interpreted as ind icating 
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FIGURE 8-1 Model for the multiple effects of UV radiation on skin, leading to 
formation of suppressor lymphocytes. SOURCE: Reprinted, with permission, from 
Kripke ( 1 983) lmmunobiology of photocarcinogenesis in The Effect of Ultraviolet 
Radiation on the lmmune System, Albuquerque, N.M., © 1 983 Johnson & Johnson 
Baby Products Co. 

that longer UV wavelengths in the range between 320 and 
4 00 nm (OV-A) were respons ible for the induction of tumor 
suscept ibil ity .  However , in view o f  the stud ies with 
optical filter s ,  it  is more l ikely that suff icient OV-B 
r ad iat ion penetrated the sunscreen to produce the immuno
suppress ion . These observat ioQs suggest that the act ion 
spectra for erythema and systemic immunosuppress ion are 
d i f ferent , and that us ing a sunscreen to prevent sunburn 
aay not protect aga ins t U8munolog ical changes . 

Compared with the doses of UV-B rad iation used to 
a f fect Langerhans cells , the doses requ ired to suppres s 
t umor rejection are quite h igh and a�roach a carcino
gen ic dose . Roughly 1 to 2 x loS J/m of uv-B 
r ad iation are needed to produce th is effect . Although 
th i s  dose is qu ite h igh compared with a s ingle ordinary 
human exposure to uv radiation from sunl ight , the effect 
has been shown in mice to be cumulative over long per iods 
o f  t ime (DePabo and Kr ipke 1979) . For example , 12 
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exposures of 18 kJ/a2 each , g iven over a 4-week per iod , 
produce the .... effect as a s ingle exposure of 216 
kJ /a2 of ov-a . The changes produced in a ice by ov 
radiat ion therefore apparently are long lasting and are 
not read ily repaired . Pur thermor e ,  only the total doae 
of OV r adiat ion is t.por tant J the rate of del ivery and 
the ttae interval over wh ich the doee is g iven have 
little influence on the induct ion of i.munoauppreaaion . 
The !.pl ication of this finding for huaana is that abor t , 
repeated exposures to ov rad iation over a long per iod of 
t ime aay be just as effective for producing ayateaic 
iaaunolog ical alterat ions as a s ingle , long exposure . 

Syateaic Bffecta of ov Radiation 
on Other I•une Responses 

Update of Research Results 

The f inding that ov- irrad iated alee were unable to r eject 
ov-rad iation- induced ak in cancers led to studies on the 
abil ity of these an imals to car ry out other imaune 
responses ( r eviewed in Kr ipke 1981) . These early studies 
deaonatrated that aany imaune r esponses , such as antibody 
foraat ion , allograft rejection , and infl .... tion at 
unexposed s ites are unaffected by ov ir rad iation of the 
boat . However , aa illustrated in Figure 8-2 , the CBS 
response to cheaicala appl ied to unirrad iated ak in is 
t.pa ired (Jessup et al . 1978) . In noraal aice , appl ica
t ion of the contact sens itiz ing agent tr initrochloro
benzene to shaved abdoainal ak in induces a cell-aediated 
immune r esponse . A second exposure to THCB on the ears 
severa l  days later el icits an allergic reaction charac
ter i zed by swelling of the ear 24 hours later (contact 
hyper sensitivity reaction) . However , if the aice are 
f irst exposed to ov-a radiation on shaved dorsal ak in 
several days before appl icat ion of TNCa to unirrad iated 
abdominal a k in ,  no allerg ic reaction can be elicited ,  and 
suppressor cella can be found in the spleen of the 
aniaala . 

The aain d i fference between this pheno.enon and the 
suppress ion of CBS by appl ication of the cheaical to 
irrad iated a k in is the dose of radiation required• 
approxiaately 100  times aore ov radiation is  requ ired to 
induce ayateaic suppress ion of CBS than is needed to 
produce local suppress ion .  The ayateaic suppress ion of 
CBS also is associated with the production of antigen-
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FIGURE 8-2 Systemic suppression of  contact hypersensitivity by  exposure of  mice 
to W-8 radiation. 

spec i f ic suppressor T lymphocytes (Noonan et a l .  198la) , 
wh ich aga in are thought to result from an alterat ion in 
antigen presentation , in th is case by macrophage& of the 
spleen (Greene et al . 1979 , Noonan et al . 198lb) . 

Bow UV ir radiation of the s k in affects antigen 
presentat ion by cells in the spleen rema ins one of the 
unsolved myster ies in th is area . Recent data on the 
wavelength dependence of th is immunosuppress ion sugges t 
that it is not due to d irect ir radiation of blood-borne 
aacrophages (monocyte& ) circulat ing through capillar ies 
in the sk in ( DeFabo and Noonan 1983) . In add ition ,  th is 
systemic immunosuppress ion appear s not to be related to 
the effects of UV rad iation on Langerhans cells , based on 
d ifferences in the wavelengths of UV rad iation that 
med iate the two effects (Noonan et a l .  1982) . There are 
two rema in ing hypotheses . One is that a soluble med iator 
is formed in the sk in following UV irrad iation and that 
this photoproduct alter s antigen presentat ion in the 
spleen . Based on the action spectrum for th is effect , 
DeFabo and Noonan ( 198 3 )  suggest that urocanic acid , a 
compound present in skin ,  is a poss ible candidate for 
such a med iator . The other hypothesis  is that cellula r 
injury in the a k in following UV ir radiation serves as a 
s t imulus for macrophage& to leave the spleen and accumu
late at the s ite of damage , thereby be ing unava ilable to 
car ry out the i r  antigen-presentation funct ion . C ircum
s tantial evidence suppor ting th is hypothes is is that 
cells with antigen-presenting activ ity can be recovered 
f ro• lymph nodes draining the ir radiated sk in at a t ime 
when they are absent from the spleen (Gur ish et al . 1982 ) 
and that changes in the homing pattern of lymphocytes 
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occur after uv irrad iation of the sk in (Spangr ude et al . 
1983 ) . Fur thermore , an agent that causes cellular inj ury 
by a d i fferent mechan is• than UV-B rad iation also was 
found to produce ayste•ic suppress ion of CBS and to induce 
suppressor cells (Kr ipke et a l .  1983 ) . 

I n  addition to stud ies of the .. chan ia• of ayste•ic 
suppress ion by UV rad iat ion , two recent observations have 
been made relat ing to the generality of th is phe�non . 
One is that the systemic suppress ion of CBS and the 
induct ion of suppressor cells occur in the gu inea pig as 
well as in the mouse (Mor ison 1983) . Th is finding is 
t.por tant because gu inea pig sk in has aany .ore a i•ilar i
t ies to human sk in than does .ouse skin in terms of 
opt ical and t.aunolog ical proper ties . Thus , the l ikel i 
hood that s imilar effects of uv r adiat ion can occur in 
hu .. ns is increased by th is result . Second , a prel i•inary 
r epor t indicates that th is for• of imaunoauppress ion is 
produced in •ice following exposure to natural sunl ight , 
as well as to artificial sources of uv radiation (Mor ison 
1983 ) . 

Wavelength and Dose Cons iderations 

The wavelength dependence for th is phenomenon has been 
s tudied in deta il ,  us ing very nar row wavebands of 
rad iat ion throughout the uv-c and UV-B r eg ions ( 2 50 to 
3 20 nm) . An act ion spectrum has been determined for the 
effect , wh ich shows tha t  wavelengths throughout th is r ange 
can cause imaunosuppress ion . The most efficient wave
lengths are in the range from 260 to 270 na, but 290-nm 
rad iat ion is also h ighly effect ive ( DeFabo and Noonan 
1983) . The action spectrum clearly di ffer s from that for 
erythema , because the wavelengths that are .oat effective 
in produc ing t.aunosuppresa ion are not the same as those 
that are most effective in produc ing sunburn and gross 
injury of the sk in .  I t  also appears to differ from the 
action spectr ua for alter ing Langerhans cells (Noonan et 
al . 1982)  and local suppress ion of CBS ( El .. ts et al . 
1983) . However , it should be emphas ized that all of 
these effects are med iated by wavelengths in the UV-B 
reg ion . The fact that sunl ight can suppress CBS in mice 
suggests that suffic ient environmental UV-B is present 
under current cond it ions to produce systemic immuno
suppress ion . 

As ment ioned earl ier , approximately 100 t imes more uv 
rad ia t ion is requ ired to produce systemic suppress ion of 
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CBS than to produce local suppress ion . Between 2 and 4 x 
1 04 J/m2 are needed , but th is dose still is cons ider ably 
less than tha t requ i red to suppress tumor rejection ( 1  to 
2 x 105 J/m2 ) .  The d ifference in dose requ irement between 
suppress ion of tumor reject ion and systemic suppress ion 
of CBS is most likely due to the fact that both the sup
pressor pathway must be act ivated and antigen ic changes 
must be produced in sk in in order to suppress tumor rejec
t ion (Noonan et al . 198la) . Thus , the greater dose of uv 
r ad iation r equ ired to suppress tumor reject ion may be due 
to th is additional product ion of antigen ic changes . 

As in the case of suppress ion of tumor rejection , the 
systemic suppress ion of CBS by uv rad iation is cumulat ive . 
That is , mult iple exposures to small doses ( 9  kJ/m2 ) 
appear to be j ust as effect ive as a s ingle exposure to a 
large dose ( 54 kJ/m2 ) (Noonan et a l .  198la ) . 

There are several quest ions that remain to be answered . 
What,  for example , is the exact sequence of events leading 
to systemic immunosuppress ion? A second concerns the 
extent of th is effect : that is , are there other immuno
log ical responses that are impa ired following UV rad ia
t ion? Perhaps most impor tan t is  the quest ion of the 
r elat ionsh ip between th is form of immunosuppress ion and 
the suppress ion of tumor rejection . Although there are 
s imilar ities between the two phenomena in terms of wave
length dependence , lack of repair , and the product ion of 
antigen-speci f ic suppr essor T lymphocytes (Noonan et al . 
198la) , there is as yet no d irect ev idence that they are 
related . Thus , i t  is poss ible tha t suppress ion of tumor 
reject ion is due to a combinat ion of the two mechan isms 
descr ibed for suppress ion of CHS , or to another ,  st ill
un ident i f ied pathway . 

Ant igenic Changes Induced by UV Rad iat ion 

The fac t that most skin cancer s induced in mice by UV 
r adiation are immunolog ica lly rejected by unirradiated 
syngene ic (genet ically ident ica l )  mice ind icates that 
these cancer s are h ighly antigen ic . Although many sk in 
cancer s induced in mice by other carc inogens also are 
ant igen ic , they rarely have suff ic ient ant igen ic ity to 
induce immunolog ical reject ion . Thus , the uv-radiat ion
induced sk in cancer s represent a un ique class of exper i
mental cancer s  from an immunolog ical point of view. 
Another inter est ing feature of these cancers is that they 
appear to have mor e than one type of ant igen . Th is 
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conclus ion is based on the f ind ing that ov-induced 
cancer s ,  l ike those induced by cheaical carcinogens , have 
ind ividually spec ific tumor rejection antigens (Kr ipke 
1981) . This character istic d ictates that the i .. une 
response that develops dur ing the rejection of one sk in 
cancer is spec ific only for that cancer , and does not 
recogn ize other ov-induced tumors .  On the other hand , 
the suppressor cells present in ov- irradiated aice 
prevent the rejection of all ov- induced skin cancers , 
implying that a co..on ,  ov-associated antigen is also 
present . 

The r elationsh ips aaong these types of ant igens , ov 
ir radiation , and the transforaing event are cur rently 
unknown . It is thought that at least soee of the 
antigen ic changes exh ibited by these sk in cancer cells 
are induced by the ov radiation itself and are not aerely 
a pecul iar feature of the cells in wh ich these cancers 
ar ise . Th is idea is based on two l ines of ev idence . 
First , sk in cancer s induced in aice by psoralen , a 
cheaical photosens itizer , plus OV-A rad iation ( 320 to 
400 nm) appear to ar ise in the s ... types of cells as 
those induced by OV-B radiation , but they are not h ighly 
ant igen ic (Kr ipke et al . 1983 ) . Second , in vitro trans
format ion of aouse epidermal cells with ov-a radiation 
also produces cancers that are h ighly antigenic 
(Ananthaswa.y and Kr ipke 1981) . These stud ies are 
interpreted as indicat ing that uv rad iation causes 
ant igen ic changes in cells that are exposed d irectly to 
the rad iation . I t  is not clear whether these changes are 
r elated to the neoplastic transformation of these cells 
into cancer cells , or whether they are independent of 
transformation . 

L ittle else is known about the or igin and nature of 
these antigens . A recent study suggested that they .. y 
be present in UV- irrad iated sk in pr ior to the appearance 
of recogn izable cancers (Palaszynsk i and Kr ipke 1983) . 
Grafting uv- irradiated , but not nor .. l sk in to un ir radi
ated an imals decreased the abil ity of the recipients to 
reject transplants of UV- induced sk in cancers . Th is 
result suggests that uv- induced antigens aay be present 
on irradiated sk in and that these ant igens can induce 
suppress ion of tumor reject ion , however , other poss ible 
interpretat ions of this result have not yet been r uled 
ou t .  

There i s  also l ittle inforaat ion ava ilable on the dose 
and wavelengths of ov radiat ion that lead to the antigenic 
changes . A recent study by Lill ( 1983)  deaonstrated that 
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s k in cancer• induced in aice by uv-c r ad iat ion (at 254 nm) 
have antigenic propert iea aiailar to thoae induced by 
wavelength• in the UV-B region . No inforaation ia avail
able on the doaea of rad iation requ ired to produce 
antigenic changea due to the fact that there ia no direct 
way of detecting or aeaaur ing the ant igenic changea dur ing 
the courae of irrad iation . Currently , the ant igen• can 
be detected only by tranaplantat ion teata , after neo
plaatic tranaforaat ion baa occurred and a vis ible tumor 
la preaent . The lack of an in v itro aaaay for uv
aaaoc iated antigenic change• ia a aajor obatacle to 
progreaa in thia area and preclude• a aearch for 
ca.parable antigenic changea in huaan ak in . 

S'l'ODIBS ON IIUIWIS 

I n  recent yeara intereat in the poaa ible immunolog ical 
conaequencea of expoaure of huaana to UV rad iat ion baa 
been atiaulated by two factora .  One ie the d iacovery of 
the extena ive interaction• between UV-B rad iat ion and the 
i..une ayatea in exper laantal aniaala r the other ia the 
aucceaa of UV rad iation in the treatment of certain ak in 
d iaeaeea thought to have an i..unolog ical baa ia . OVer 
the laat decade there have been isolated obaervat iona 
indicating that aun-daaaged ak in ia deficient in t..uno
log ical reactivity , but the aechan iaa of theae aber ra
t ion• waa not clear (reviewed in Mor iaon 1983 ) . More 
r ecent atudiea have focuaed on apec ific queat iona raiaed 
froa the exper t.enta on aniaala . Theae queat iona include 
whether Langerhana cella in huaan ak in are affected by 
expoaure to UV rad iation and/or natural aunlight , and 
whether ayateaic auppreaaion of immune reaponaea can 
occur in huaana exposed to environaental aourcea of UV 
r ad iat ion .  

Direct Bffecta o f  UV Radiation 
on Langerhana Cella in Human Sk in 

There are aeveral atudiea demonatrat ing that huaan 
Langerhana cella are quite aena it ive to daaage by UV 
r ad iation . Aberer et al . ( 1981) repor ted that aoderate 
doaea of UV-B or UV-A rad iat ion froa aunlaapa could alter 
the .orphology and aur face aarkera of Langerhana cella in 
huaan ak in . Sche ibner et al . ( 1983)  have recently sur
veyed the nu.ber and body d iatr ibution of Langerhana 
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cella in the ak in of human aubjecte at the tiae of 
autopsy . They found that ak in fro. aun-expoeed parte of 
the body had eubatantially fewer Langerhana cella than 
skin froa protected areaa . In addition ,  the cells that 
were present wer e unevenly distr ibuted in the irrad iated 
sk in .  Th is study concurs w i th  those o f  Zel ickeon and 
Mottaz ( 1970 ) and Gilchrest et al . ( 1982) , wh ich showed 
that the number of Langerhans cells was reduced following 
exper imental exposure of humans to aun l ight . More �r
tantly , it demonstrates that long-term natural exposure 
to sunl ight s ignificantly alter s these t..unolog ical 
cells . The functional s ign if icance of theae changes in 
Langerhans cells currently can only be suraised , but it 
is l ikely that they play a role in the t.aunolog ical 
alterat ions descr ibed below. 

Effects of uv Rad iation on Other Lymphoid Cells 
and on Iaaune Responses 

The f irst suggestion that there might be systemic iaauno
log ical changes in humans expoaed to uv-a rad iation caae 
from the wor k of Mor ison et al . ( 1979) . Th is study showed 
that a s ingle dose of ov-a rad iat ion suff icient to cause 
a mild sunburn in noraal subjects decreased the viabil ity 
of their  c irculating lymphocytes and altered the act ivity 
of these cells in an in v itro test . These changes per
s isted up to 24 hours after the exposure to UV-8 rad ia
t ion . Recently , more extens ive studies car r ied out in 
Austral ia by Her sey and colleagues demonstrate that there 
are funct ional alterations in cer tain immune responses 
after exposure to uv radiation or sunl ight , in add ition 
to changes in the number and propor t ions of var ious 
lymphocyte subpopulations . In these studies , healthy 
human volunteer s  were g iven a 2-week course of exposures 
to solar ium radiat ion , conta in ing both UV-A and UV-B 
wavelengths , in a commercial tann ing salon (Hersey et al. 
1983b) , or 12 1-hour exposures to sunl ight over a 2-week 
per iod (Hersey et a l .  1983a) . When d initrochlorobenzene 
was appl ied to sk in that had been exposed to solar ium 
rad iation ,  the CBS response was impaired .  Th is test was 
not per formed in the study with sunlight , but in both 
studies the number and act iv ity of suppressor lymphocytes 
was increased , and the number of helper lymphocytes was 
reduced after irrad iation . Some of these changes 
pers isted in the subjects for at least 2 weeks after the 
end of the treatment per iod .  
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Many quest ions remain to be resolved in th is area . 
For example ,  i t  has not been proven formally that these 
e ffects of radiat ion on the immune system of human 
subjects are due to wavelengths in the UV-8 reg ion , 
although th is is almost cer tainly the case . Also , the 
extent of these immunolog ical per turbations is still 
unknown . Most impor tantly , the signif icance of these 
changes in infect ious diseases , wound heal ing , and the 
pa thogenes is of sk in cancer s  and cutaneous metastases is 
not yet known . Nonetheless , it is clear that uv r ad ia
t ion can alter immune funct ion in humans , and thus far 
these alterations parallel those descr ibed more fully in 
exper imental animals . 

IMPLICATIONS OF INCREASING UV-8 RADIATION 

Based on the preceding review ,  i t  is qui te l i kely that 
increas ing the exposure to solar UV-8 radiation will 
increase the magnitude and perhaps the duration of the 
immunological alterations that have been identif ied in 
human subjects . Stud ies with animals show that ther e is 
a d irect and pred ictable relationsh ip between the dose of 
UV-8 rad iat ion and the magnitude of certa in immunolog ical 
e ffects , including morpholog ical alterat ions in Langerhans 
cells , systemic suppress ion of contact hypersens it ivity 
r eact ions , and inh ibition of the reject ion of sk in 
cancers . Although the dose-response relat ionsh ips may 
not be identical in humans and in rodents because of 
differences in DNA repair , skin optics , etc . ,  i t  is  
a lmost cer ta in that any increase in the dose of UV 
r ad iation within th is b iolog ically act ive range of 
wavelengths will increase immunolog ical perturbat ions . 

The repor t that a commercial sunscreen preparat ion can 
pr event sunburn in mice without preventing suppress ion of 
skin cancer rej ect ion is qu ite provocative . If the same 
s ituation occurs in humans , it may s ignify that increases 
in the use of sunscreens may not compensate for all of 
the immunological effects of increases in UV-8 radiation . 
Clear ly , add it ional information on th is topic is  requ ired , 
both in animals and in hu.an subjects . 

The most s ign i f icant impl icat ion of these immunolog ical 
c h anges is the poss ibil ity that certa in sk in d iseases , 
includ ing sk in cancers , may increase as a result of 
increas ing exposure to UV-8 r ad iat ion . Th is is not to 
say that the calculated r isk of developing sunl ight
assoc iated sk in cancers will increase because of the 
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diecovery that t..une euppreee ion ie induced by UV-8 
rad iation . The relationeh ipe between UV-8 expoeure an4 
the incidence of non.elanoaa ek in cancer on eun-expoeed 
par u of the boCly are b .. ed on epideaiological data and 
thue include the effect• of all -.chan i.. . The f inding 
of UV-8-induced i..une euppreee ion doee not alter tbe .. 
epidHiolog ical data , but rather aay help to expla in 
th• . On the other hand , the d iecovery of UV-8-inducecS 
t..unolog ical alteration• rai  .. • the poeeibility that 
there are adveree effect• of UV-8 r adiation on hu.an 
health in addition to the induction of ek in cancer . ror 
exaaple , it hae been euggeeted that i.-unoeuppreeeion 
induced by UV rad iation might be a factor in the ability 
of eunl ight to activate herpee e t.plex virue infection . 
Stud iee in aniaale aleo euggeet that t.auno.uppreeeion 
m ight contr ibute to the pathogeneeie of aal ignant 
•lanOIIa and to ek in cancer • that occur on parte of the 
boCly not expoeed to the eun . Although there ie no direct 
evidence in humane to euppor t theee conjectures , i t  ie 
clear that there ie a etrong interrelationeh ip between 
the t.aune eyetem and ree ietance to viral infection , and 
between the iaaune eyet• and ek in cancer in hu.ane . A 
etr ik ing exaaple of the latter aesoc iat ion ie found in 
the very h igh incidence of ek in cancer , ae well ae 
lymphoid cancere , in pat ient• r eceiv ing t..uno.uppreee ive 
therapy following organ traneplantat ion (Koranda et al . 
1974 , Marehall 1974 , Boxtell et al . 1977) . Th ie 
obeervation euggeete that iaaunoeuppreee ive agente aay 
weaken an �rtant defenee •chani .. that helpe to 
el iainate cancer cell• in the ek in .  Obviouely , in thie 
area of inveetigat ion it ie too ear ly to be able to aake 
quantitative prediction• about the effect• of increa .. • 
in UV-8 rad iat ion on tm.une reeponeee or pred iction• 
about the s ign if icance of theee i .. unolog ical alteration• 
for human health . Theee a••••••nte require .ore 
inforaation than ie currently ava ilable . However , it 
seeae clear that concern• about the poee ible t..uno
log ical coneequences of expoeure to eunl ight are 
well-founded and worthy of add it ional inveetigation , 
par ticularly with r egard to their poee ible effect• on 
sk in d ieeases , aal ignant •lanOIIa , and wound heal ing . 

RBSBUCB RBCOMMBNDATIOMS 

• Inveetigatione of the aechanie.. in aniaale by 
wh ich UV rad iation affect• i..unolog ical proceeeee auet 
be continued . 
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• Tbe extent of the immunolog ical changes that 
occur in huaans exposed to •unl ight should be deterained . 

• Tbe wavelength dependence of the immunolog ical 
alterations produced in humans by sunlight exposure needs 
to be e•tabl i•hed and the do•e-response relat ionsh ip• for 
the•e effects need to be defined . 

• The relevance of the iaaunolog ical alterat ions 
induced by UV rad iation for human sk in cancers and other 
d i•eases in humans aust be determined . 
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9 
Nonmelanorna Skin Cancers 
in Humans 

NRC ( 1982 ) summar ized the abundant evidence that ozone 
deplet ion will increase UV-8 flux reach ing the Bar th ' s  
sur face , and that th is  increase will result i n  an 
increased incidence of basal cell carcinoma and squa.ous 
cell carc inoma . The percentage increase in nonaelanoaa 
sk in cancer occur r ing as a result of a 1 percent increase 
in UV-8 flux is commonly refer red to as the b iolog ic 
ampl i f icat ion factor (BAP) . Accurately establish ing the 
magnitude of the 8AP is central to predicting the changes 
in inc idence of basal cell and squamous cell cancer s  
expected a s  a consequence of changes i n  UV-8 insolat ion 
accompanying reduct ions in stratospher ic ozone or 
resulting from changes in exposure due to other factors . 

As reviewed in ear l ier reports , a number of d i fferent 
models have been used to relate chron ic UV exposure to 
s k in cancer r isk and to estimate the ampl i f icat ion factor . 
Us ing data from the Thi rd Cancer Survey and R-8 meter 
r eadings , Pears and Scotto ( 1983 ) pred icted the ampl ifica
tion factor us ing two mathematical models , one a s imple 
power funct ion and the other a s imple exponent ial func
t ion . Accord ing to the powe r model , a 30 percent 
i ncrease in UV-8 exposure would increase the inc idence of 
skin cancer by 60 percent in males and 45 percent in 
females . According to the ir exponent ial model , the 
ampli f icat ion factor for increased UV-8 var ies substan
t ially between geograph ic areas , with the ampl i f icat ion 
factor for nonmelanoma skin cancer be ing greater in areas 
of h igher UV-8 insolation (Pear s and Scotto 1983) . 

These author s have also ref ined the i r  s imple powe r 
f unct ion model to cons ider separately the effect of 
increased UV-8 on basal cel l and squamous cell carcinomas .  
The ir model pred icts that a 1 percent increase i n  UV-B 
will have a greater effect on the r isk of squamous cel l  

16 4 

Copyright © National Academy of Sciences. All rights reserved.

Causes and Effects of Changes in Stratospheric Ozone:  Update 1983
http://www.nap.edu/catalog.php?record_id=19330

http://www.nap.edu/catalog.php?record_id=19330


165 

carc inoma than on that for basal cell carcinoma , with the 
ampl if icat ion factor for squamous cell equal to 2 in mor e 
nor thern latitudes and 4 in areas of the Un ited States 
rece iving higher OV dose . The ir estimates for the ampli 
f icat ion factor for basal cell carc inoma a r e  approximately 
half those for squamous cell carc inoma , and they predict 
that the ampl i f ication is s l ightly h igher for men than 
for women (Scotto et al . 1983 ) . 

Rundel ( l983b) appl ied a different mathemat ical 
approach ( the nonl inear least-squares techn ique) to the 
same data that Scotto , Fears , and Fraumen i ( 1983 ) used , 
and predicted that a 1 percent ozone layer deplet ion 
would eventually lead to a 1 . 7  percent increase in basal 
cel l  carc inoma incidence and a 2 . 3  percent increase in 
squamous cell carcinoma inc idence . Be also predicted a 
greater incidence among males and among populat ions 
l iv ing in areas of h igher ov radiat ion ,  and suggested 
that the sun-seek ing behavior and the ethn ic ity of a 
population may , in par t ,  account for dev iat ions from the 
model .  

Rundel and Nachtwey ( 1983)  projected the increase in 
nonmelanoma skin cancer incidence due to ozone deplet ion 
under five d i fferent depletion circumstances rang ing from 
a 2 . 5  percent decrease to an eventual 30 percent ozone 
depletion . Us ing Rundel ' s  model , wh ich employs relatively 
modest ampl ificat ion factors ,  the author s show that an 
eventual 30 percent ozone deplet ion would result in a 
doubl ing of sk in cancer by the year 2300 . The author s do 
not present a sens it ivity analys is for thei r  ampl i f ication 
factor , or incorporate changes in l i fe expectancy , geo
g r aph ic res idence , and exposure hab its into the ir models . 

De Gru i j l  and Van Der Leun ( 1980 )  developed a model 
based on animal exper iments , wh ich tr ies to take into 
account exposure hab its and ind iv idual susceptibil ities 
in a populat ion . The ir model suggests an ampl if icat ion 
factor of 4 , wh ich is sl ightly h igher than that advanced 
by Fears or Rundel .  However , in v iew of the uncertainties 
assoc iated with the several assumpt ions that under l ie 
these models , the ampl if icat ion factors predicted by the 
three models are in all l ikel ihood stat istically 
indistinguishable . 

These models do not adequately account for three 
poss ibly impor tant factor s :  ( 1 )  the ag ing of the u. s. 
population , ( 2 )  the shift of populat ions to the South and 
Southwest , and ( 3 )  the incr eased leisure t ime projected 
for the coming decades .  I ndependent of any increases in 
ov-B insolat ion , each of these social-demograph ic factor s 
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is l ikely to increaae the total dose of ov-B to which 
individuals are exposed in the ir lifett.ea and the oon
aequent incidence of nonaelano.a sk in cancer in the 
United States . Since the percentage increase in aqu.-oua 
cell carcinoma incidence for each percentage increase in 
total OV-B exposure is cons idered to be greater than that 
for basal cel l  carc inoma , each of these tr ends suggeats 
that independent of changes in OV-B insolat ion , squ.-ous 
cell carcinoma incidence is l ikely to increaae at a h igher 
r ate than basal cell carcinoma inc idence . Therefore ,  the 
s imultaneous occur rence of increased ov-B inaolation and 
the above-noted social and deaograph ic changes aay lead 
in the coaing decades to a substantially greater increase 
in the incidence of squamous cell carcinoma , the clin i
cally mor e ser ious nonmelanoma sk in cancer than is 
pred icted froa models used in the past . Aa noted above , 
all .adele seea to agree that the ampl if ication factor is 
h igher in areas of h igher UV flux . 

In mice , De Gru i j l  and his  co-worker s ( 1983)  have 
demonstrated that both dose per day and latency aay be 
t.por tant in determin ing the cancer r isk for a g iven 
cumulative UV dose . Obviously people spending more 
leisure time outdoors in southern areas of h igh UV-B flux 
w ill rece ive a greater cumulat ive dose , and the ag ing 
( i . e . , increas ing l i fe expectancy) of th is populat ion aay 
well prov ide a latency per iod suffic ient for pra.otion of 
the or ig inal UV- initiated nonaelanoma sk in cancer . 

De Gru i j l  and van Dar Leun ( 1982a) also demonstrated 
that soae of the var iat ions in r isk as a funct ion of flux 
may be the result of adapt ive phenoaena , wh ich ,  in the 
mouse , includes epiderma l  th ickening . Such may not be 
the case for huaans in whom older , sun-exposed sk in tends 
to be thinner than young exposed skin and may not undergo 
the same hyperphas ia in response to UV-B . I f  this is 
tr ue , then for a g iven increase in UV-B insolation , we 
can expect that the effect ive dose of UV-B reach ing the 
sk in ' s  basal cell layer will increase relatively more in 
older than in younger persons . These factor s suggest 
that the eventual increase in the lifetime r isk of non
melanoma sk in cancer will be greater than that predicted 
by the cur rent models for the ampl if ication factor . 

Another impor tant research area that has bear ing on 
the effect of ozone depletion is the character izat ion of 
per sons at h igher r isk for nonmelanoma sk in cancer . 
Previous wor k by Tannenbaum et al . ( 1976)  and Jung et al . 
( 1979) ind icated that patients exhibiting prolonged ov-a
induced erytheaa were at h igher r isk of nonmelanoma sk in 

Copyright © National Academy of Sciences. All rights reserved.

Causes and Effects of Changes in Stratospheric Ozone:  Update 1983
http://www.nap.edu/catalog.php?record_id=19330

http://www.nap.edu/catalog.php?record_id=19330


16 7 

cancer , independent of other attr ibutes such as fa i r  
ak in ,  poor tanning , o r  Celtic ancestry . More recent work 
by Gregg and Manabr idge ( 1982 ) showed that nonmelanoma 
ak in cancer patient• had near ly twice the level of basal 
cel l  tr itiated thyaid ine label ing than the ir own family 
aeabers or aembers of famil ies without a h istory of skin 
cancer . These author s were unable to demonstrate a 
d i fference in DNA repa ir in UV-8 responae between persons 
with and without sk in cancer , and the ir data await con
f iraation from other invest igators .  Nevertheless , the 
ava ilability of a s t.ple means to different iate high-r isk 
pereons would be a useful tool for the analys is of 
increased cancer incidence due to ozone depletion . 

RESEARCH Rl!lCOMMBNDATIONS 

• Predictions of basal cell carc inoma and squamous 
cell carcinoma incidence based on epidemiolog ical data 
auat take into account social and deaograph ic factors as 
well as changes in UV-8 insolation . 

• Prospect ive stud ies of pat ients undergoing 
var ious forma of phototherapy could be helpful in 
identifying patient character istics assoc iated with 
nonmelanoma ak in cancer r isk and in determining the 
relative t.por tance of different wavebands to hu .. n sk in 
cancer . 

• Per iodic determination of aqua.ous cell carcinoma 
and basal cell carcinoma incidence at a var iety of 
geographic sites should be per formed . 

• Measurement of annual UV-8 insolation at those 
geograph ic sites should be cont inued . 
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Malignant Melanoma in Humans 

Mal ignant melanoaa of the sk in ( Figure 10- 1 [color plate] ) 
is caused by cancerous prol iferat ion of melanocytes . 
Melanocyte& are those cells (Figure 10- 2 )  that produce 
the brown pigment , melan in ,  wh ich is respons ible for the 
pr incipal d i fferences in the color s of the var ious races 
of man . Also , aelan in is the pigment that results in 
protect ive tanning after exposure to UV radiat ion . Since 
mal ignant melanomas ar ise from these melanin-producing 
cells , they are usually deeply pigmented with charac
ter istic tan , brown , black , and blue colors .  

Most mal ignant aelanomes beg in as a prol i feration o f  
neoplast ic melanocyte& a t  the junct ion o f  the epiderais 
and the dermis . Often the prol i ferating cells spread 
parallel to the sur face of the sk in for some years before 
they invade the dermis or subcutis to var ious depths . 
The deeper the level of penetration or the th icker the 
mal ignant melanoma , the poorer the prognos is (Clar k et 
a l .  1969 , Breslow 1970 ) . 

Mal ignant melanoma can take several d i fferent foras .  
Although these cancers are relat ively uncommon ,  most are 
quite ser ious d iseases . Ev idence exists both to support 
and to refute the hypothes is that incidence of mal ignant 
melanoma is related to exposure to sunlight . In some 
types , such as lentigo maligna melanoma and in aelanoma 
a r i s ing in pat ients with xeroderma p igmentosum , the 
relat ionsh ip to sunl ight is relat ively clear . In othe r 
cases the ev idence is circumstantial or is incons istent 
with an et iology involv ing sunl ight . I t  appears l ikely 
that as we learn more about the different types of 
mal ignant melanoma ( see , for example , Chapter s 8 and 12 ) , 
we shall come to understand wh ich ones involve a 
relat ionsh ip wi th sunl ight and wh ich do not . 
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FIGURE 1 0-2 Relation of a basal melanocyte, "high.Jevel" Langerhans cell, and 
keratinocytes in mammalian epidermis. Melanocytes produce melanin (the small 
dark granules), which is injected into keratinocytes where the pigment serves as a 
sunscreen. SOURCE: Adapted from Quevedo ( 1 969). 

In th is chapter we first descr ibe data on inc idence 
and mor tal ity in humans that , for the most par t ,  do not 
d i s t ingu ish among the types of mal ignant melanoma . We 
then descr ibe the ev idence both for and aga inst a rela
t ionsh ip with sunl ight . Following a br ief sect ion on 
mal ignant melanoma in animals , we d iscuss the impl ica
t ions of cur rent understand ing in the context of 
protecting stratospher ic ozone . Finally ,  several 
r ecommendations for fur ther research are presented . 

INCIDENCE AND MORTALITY DATA 

The Amer ican Cancer Soc iety has pred icted that 17 , 4 0 0  
people i n  the Un ited States will develop mal ignant 
melanoma in 1983 , and that approx imately 5 , 200 people 
will d ie of th is d isease in that year (Silverberg and 
Lubera 1983 ) . 
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FIGURE 1 0-3 Incidence of maUpant melanoma In the United States, 1935·1980. 
SOURCE: Kopf et al. ( 1 982a). 

'l'he incidence of ��al ignant Mlanoaa in the Onited 
State• baa been r iaing conaiatently dur ing the laat 50 
yeara .  Pigure 10-3 ahowa that the incidence of th ia 
cancer waa approxi��ately 1 per 100 , 000 population in the 
aid-1930a but by 1980 had r iaen to 6 per 100 , 000 
population . In 1930 the probabil ity that an indiv idual 
would develop JDal ignant aelanoaa dur ing an average l ife 
apan waa 1 in 1 , 500 . By 1950 the probabil ity increaaed 
to 1 in 600 J by 1980 , 1 in 250 J and , if the current rate 
of increaae continuea , 1 in 150 ind ividual• born in the 
year 2000 and l iving a full l ife apan will develop JDalig
nant Mlano��a of the ak in . In Mew South walea , Auatralia, 
the inc idence in 1974 waa auch that approxiaately 1 in 66 
people rea iding there will develop aal ignant aelanoaa by 
age 74 (Ar .. trong et al . 1982) . In aany countr iea the 
incidence of aal ignant Mlanoaa ia doubling every 10 to 
14 yeara (Mu ir and Mectoux 1982) . I n  SCand inav ia the 
incidence of JDal ignant Mlanoaa doubled in j uat 7 year• 
(Magnua 1977) . If th ia trend obta in• into the future , by 
the end of th ia century aal ignant Mlanoaa in NOrway will 
be .ore co.aon than ��al ignanc iea of the breaat and lung 
(MacKie 1982 ) . The fact that the inc idence of non

melanoma cancer • of the ak in ia r iaing aa faat or faater 
than that of aal ignant aelanoaa ia another obaervation 
that l ink• the two typea of cutaneoua cancer• ( Lee 1982) , 
but i t  doea not neceaaar ily iaply a c�n etiology . Aa 
deta iled in the NRC ( 1982)  repor t and elaewhere in thia 
r eport ,  aubatantial clinical , epideaiolog ic , and labora
tory data iapl icate expoaure to ultraviolet l ight 
( espec ially UV-B) aa causal for nonmelanoaa cancer• of 
the akin . 
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The death rate from melanoma per 100 , 000 population in 
the Uni ted States has also been increas ing steadily (Lee 
et al . 1979) . Dur ing the past 30 year s the mean annual 
percentage increase for women is 1 . 9 percent and for men 
is 3 percent . Thus , mal ignant melanoma of the sk in has 
shown a larger increase in mortal ity rate in the United 
States s ince 1960 than cancer of any other s ite except 
lung . In many other countr ies , mortal ity from mal ignant 
melanoma is r is ing at a rate o f  3 percent per year or 
more (Jensen and Bolander 1980)  (Figure 10-4) . These 
mortal i ty data imply that the increas ing incidence of  
mal ignant melanoma in humans is not merely the result of 
better d iagnos is and repor ting . 

F igure 10-5 illustrates that in cohor t  analyses from 
Austral ia , each group of ind ividuals born in a later 
decade had a h igher death rate than cohor ts born ear l ier 
(Holman et al . 1980a) . Us ing cohor t analyses , Day and 
Charnay ( 1982)  and Teppo et al . ( 1978)  reported s imilar 
data showing an inexorable increase in the incidence 
rates of mal ignant melanoaa in Finland , and Magnus ( 1982b) 
found the same trend in Norway . Lee et al . ( 1979)  have 
documented the r ise in age-adjusted death rates in the 
Un ited States in cohor t stud ies . The un iversality of the 
coho r t  e ffect suggests an environmental factor as the 
cause of the constantly increas ing inc idence and mortal ity 
r ates of mal ignant melanoaa (Muir and Nectoux 1982 ) .  

EVIDENCE FOR TBE ROLE OF SUNLIGHT 

Exposure to Sunl ight 

Cer ta in mal ignant melanomas are clearly related to sun 
exposure . Thus , lentigo maligna melanoaa occurs almost 
exclus ively on heavily sun-exposed areas of the face in 
e lde r ly per sons , and is the type of mal ignant melanoma 
most clearly related to cumulat ive sunl ight exposure . 
H i s tologically , solar elastos is (an alterat ion of the 
connect ive tissue of the dermis caused by sun damage)  i s  
a lways found in th is t ype  of mal ignant melanoma . Also , 
mal ignant melanomas are frequently seen in people with 
xeroderma pigmentosum , in wh ich there is a genet ically 
det ermined defect in the repa ir  of DNA damaged by UV 
r ad iation and a h igh r isk of nonmelanoma cancers of the 
sk in ( Takebe et al . 1977 ,  Kraemer 1980) . 

One of the most important observations that impl icate 
sunl igh t in the pathogenesis of mal ignant melanoma of the 
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FIGURE 1 04 Trends in mortality from malignant melanoma of the skin, 1960- 1973 . 
Age-standardized truncated death rates per 1 00,000 for (a) men and (b) women. 
SOURCE: Jensen and Bolander (1 980). 
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FIGURE 1 0-5 Annual mortality from malignant melanoma of the skin by age and 
year of birth in (a) Australian men and (b) Australian women. Mortality rate at any 
attained age increases for each later cohort (i .e., people bom the same year). For 
example, persons when they attain the age of 55 to 59, if born in 1 920, have a 
much higher death rate than those born in 1 885 when they reach the age of 55 to 59. 
SOURCE: Holman et al. ( 1 980a). 
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akin is epidemiolog ic data that demonstrate an inverse 
relationsh ip between latitude and the incidence and 

· 

.or tality rates of aal ignant .. lanoma in Caucas ians 
(Pigure 10-6) . That is , the closer to the equator (and 
therefore the greater the amount of sunl ight) , the greater 
are the incidence and .or tal ity rates of mal ignant mela
noaa . In contrast , the incidence of mal ignant melanoma 
of the eye , wh ich occurs pr iaar ily in the choroidal 
tissues near the retina , does not appear to be cor related 
with latitude (Scotto et al.  1976 , Swerdlow 1983 ) . One 
explanat ion for th is is that the cornea absorbs uv 
rad iation and therefore protects the choroid of the eye . 

The highest incidence of mal ignant .. lanoaa in the 
wor ld is in sunny Queensland , Australia , where in 1977 
the rate was 33 per 100 , 000 population (Little et al . 
1980 ) • The incidence of mal ignant melanoma in Tucson , 
Ar izona , is almost as high--27 per 100 , 000 population 
( SChre iber et al . 1981) . SOuthern Ar izona has the unique 
�ination of high average annual temperature , low 
average annual humidity , moderate altitude ( 2 , 400 ft) , 
low at:Jioapher ic ozone , and 110re clear days , 110re 
sunl ight , and leas daytime cloudiness than other c ities 
in the United States . The incidence of mal ignant mela
no.a in southern Ar izona has quadrupled from 1969 to 1978 
( from 6 to 27 per 100 , 000 populat ion , age-standard ized) . 
The increased incidence of aalignant melanoma in Ar izona 
is seen only in Caucas ians of Nor thern European descent 
but not in Latina of Spanish descent , blacks ,  or I ndians . 
The inc idence of aal ignant melanoma per 100 , 000 indivi
duals has shown a progress ive increase with increas ing 
age (Young et al . 1981) . Thus , with the increas ing 
elderly population and tendency for Caucas ians to migrate 
to the aunbelt areas such as Ar izona , one can pred ict an 
even h igher incidence and mor tal ity rate for aal ignant 
aelanoma in years to come even if there is no increase in 
insolation due to reductions in stratospher ic ozone . 

The length of res idence of Caucas ians in areas of high 
insolation such as Austral ia is directly cor related with 
the incidence of mal ignant melanoaa (Araatrong et al . 
1982 , Dobson and Leeder 1982) . Pur ther.ore ,  a study of 
t.aigranta to Australia suggests that high sunl ight 
exposure in childhood and adolescence contr ibutes to the 
subsequent r isk of aal ignant .. lano.a (Holman 198 3 ) . 
Al so ,  the longer European U.igranta l ive in I srael , the 
h igher is the ir r isk of developing aal ignant melanoaa 
(Ana iae et al . 1978 , Katz et al . 1982) . 
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FIGURE 1 0-6 Annual age-adjusted rates for skin cancer by latitude . SOURCE: 
NRC ( 1975). 

The mortality rate for mal ignant melanoma in the 
Un ited States is also inversely proport ional to latitude 
( Figure 10-6 ) . A s imilar observation has been made in 
Australia (Holman et al.  1980a) . 

Some ev idence suggests a relationsh ip between inter 
mittent , h igh- intens ity bouts of exposure to sunl ight and 
the induct ion of cutaneous mal ignant melanomas in humans 
( Fears et al . 1977 , Wigle 1978 , Swerdlow 1979 , Holman et 
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a l .  1 980b , Scotto and Ham 1980 , Binda e t  al . 1981 , Lew et 
al . ,  1983 ) . Th is theory of bursts of sunburn rad iation 
has been invoked to expla in the repeated observat ion that 
wh i te collar urban workers are more suscept ible to devel
oping mal ignant melanoma than are blue collar wor kers 
(who tend to have chron ic ,  rather than intermittent , 
solar exposure ) .  Urbanites travel with greater frequency 
to s unny cl imates where they rece ive intense exposure to 
solar radiat ion episod ically (Bk lund and Malec 197 8 ) . 

UV rad iat ion from an ar t i ficial l ight i s  also involved 
with hyperplas ia of melanocytes . For example ,  PUVA 
treatment ( systemic administrat ion of paoralen followed 
by exposure to UV-A) induces pigmented macules caused by 
prol i feration of large , somet imes atypical , melanocyte& 
( Rhodes et al . 1983b) . Several cases of mal ignant 

melanomas appear ing in patients treated with PUVA have 
recently been repor ted (Marx et a l .  1983 ) . Typically , 
the uv-A lamps also emit in the UV-B band ,  so it is not 
poss ible to dist inguish between effects of OV-A and UV-B 
from these data . 

Type of S k in 

Mal ignant melanoma is predominantly a cutaneous cancer o f  
Caucas ians (Re intgen et a l .  1982 ) .  The inc idence o f  
ma l ignant melanoma is approximately 10 t imes greater for 
both whi te men and wh ite women than for blacks (Young et 
al . 1981) . S imilar ly , the mor tality rate of mal ignant 
melanoma among wh ites is 5 t imes greater for both wh ite 
men and wh ite women than for blacks . Ther e i s  in general 
an inverse cor relat ion between inc idence and the a k in 
p igmentat ion of people in var ious countr ies in the wor ld 
(Crombie 1979 , Armstrong et al. 1982 ) .  Thus , the darker 
the race the lower is the inc idence of mal ignant melanoma . 
These tendencies suggest that melan in , wh ich decr eases 
the transmiss ion of a broad spectrum of electromagnetic 
r ad iation , may protect ak in from sunl ight- induced changes 
that lead to malignant trans format ion of melanocyte& or 
contr ibutes to their outgrowth . Indeed , i t has been 
shown that transmittance of uv rad iat ion through the ak in  
i s  s ign if icantly less in blacks than in Caucas ians (Figure 
1 0- 7 ) . Having black ak in is equ ivalent to wear ing a 
s unscreen all the time (Ka idbey et a l .  1979 , Pathak and 
Fanaelow 1983 ) . 

Gellin et a l .  ( 1969)  have shown that , compared to an 
age- and sex-matched control populat ion , ind iv iduals who 
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FIGURE 10-7 Transmittance of ultraviolet light by human epidermis. SOURCE: 

Parrish ( 1982). 

develop mal ignant melanoma tend to have l ighter complex
ions , l ighter eye color s ,  l ighter hair color a ,  and tan 
less read ily but spend more time outdoor s per day . 

Caucas ians can also be d ivided into • s k in types • based 
on the ir sunburn ing and tann ing abil i t ies (Amblard et al.  
1982 ) .  A greater percentage of melanoma patients have 

sk in types I and I I  ( i . e . , those that tend to sunburn but 
not to tan ) than control groups (Be i tner et al . 1981) . 
Ind ividuals who develop mal ignant melanoma also sunburn 
more eas ily and have poorer delayed tann ing abi l i ty than 
controls (Beitner et al . 1981) . Furthermore , melanoma 
patients of all sk in types have lower minimal erythema 
doses than controls have . Finally , Be i tner et al . also 
found that the mean age of d iagnos is increases with 
incr eas ingly darker sk in types . Jung et al . ( 1981)  
repor ted a s igni f icant prolongat ion of erythema following 
exposure of melanoma pat ients to uv rad iat ion .  In  
add it ion , these authors repor ted that the spontaneous and 
uv-c- induced s ister-chromatid exchanges in per ipheral 
blood leukocytes were more numerous in melanoma patients 
than in normal controls . Thus , there are data that sug-
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ges t  that mal ignant melanoma is cor related with increased 
susceptibility to ov-radiation- induced inj ury . 

Anatomical Distr ibut ion 

Wh ile basal cell and squamous cell carcinomas appear 
predominantly on exposed areas of the head and neck 
(Brodk in et al . 196 9 ) , ma l ignant melanomas in Caucas ians 
appear frequently on the back in both men and women and 
on the legs in women (Figure 10-8 ) . A compar ison of the 
distr ibution of nonmelanoma cancer s  of the sk in with 
ma l ignant melanomas in men and women is shown in Table 
10- 1 . In the past few decades the pr inc ipal s i tes o f 
increase of mal ignant melanoma have been on the trunk of 
men and legs of women (Teppo et al . 1978 , Teppo 1982 ) .  
Th is  distr ibution is cons istent with the concept that 
these areas , as a result of changes in dress , are s i tes 
of increased exposure to sunligh t .  Interest ingly the 
h igh prevalence of mal ignant melanomas of the legs in 
women is not seen in non-Caucas ians ( Binds and Kolonel 
1980) . Several factor s may combine to lead to an 
increased amount of sun exposure in these anatomical 
s i tes . Bath ing su i t  styles have changed s ign if icantly 
s ince the turn of the century . In  the ear ly 1900s most 
of the body sur face of women was covered by bath ing 
su its , stock ings , and bath ing hats . Parasols were 
frequently carr ied at the beaches . OVer the year s both 
men ' s  and women ' s  swimsuits have progress ively decreased 
in area so that less and less of the skin is protected . 
I ndeed , Holman ( 1983)  has shown that the more sk impy the 
bath ing su it  style worn , the h igher is the r isk of mal ig
nant melanoma . Also , synthetic fabr ics , wh ich are not 
woven as tightly as cottons and therefore have less 
sun-protective value , have largely replaced cottons (Welsh 
and Diffey 1981) . These observations are cons istent wi th 
the hypothes is that sunl ight might have a d i rect trans
forming effect on melanocyte& that are in the sun-exposed 
ar eas of the body . Alternat ively the effect of sunl ight 
may be to increase the number of target melanocyte& 
( e . g . , dysplastic nevi ) , wh ich in turn are transformed by 
some unident if ied carc inogen . 

There is an impor tant relationsh ip between mal ignant 
melanoma and nevocytic nev i (common pigmented moles ) . 
Ackerman found remnants of nevus cells with in the dermis 
in 35 to SO percent of all mal ignant melanomas that ar ise 
on the trunk and extremities ( Roses et al . 1983 ) . Thus , 
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FIGURE 1 ().8 Distribution of superficial spreading malignant melanoma of the slcin 
in (a) men and (b) women. SOURCE: New York University Melanoma Cooperative 
Group. 
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TABLE 10-1  Comparison of Anatomical Distribution of 
Nonmelanoma and Melanoma Cancen of the Skin 

Nonmelanoma (%) Melanoma (%) 
Site Men Women Men Women 
Head and neck 80 8 1  27 1 7  
Upper limb 1 1  9 22 26 
Trunk 7 6 38 22 
Lower limb 2 .. 1 3  35 

SOURCE: Scotto and Fraumeni ( 1 982). 

nevocytic nev i are often present at s i tes wher e ma l ignant 
melanomas occur . Of great impor tance is the fact that , 
mor e recently , cer ta in types of nevocyt ic nev i have been 
identif ied clin ically and h istolog ically as •dysplastic• 
nevi ( Elder et al . 1981 ) . These are cons idered to be 
•precur sor • les ions that por tend an increased r isk for 
mal ignant melanoma . They occur both sporad ically and in 
famil ies in wh ich multiple members have numerous nevi 
that are h istolog ically •dysplastic •  ( Lynch et al . 1983) . 
•Dysplastic• nevi  may be one of several types of aber rant 
prol i ferations of melanocyte& that are assoc iated with a 
broad spectrum of h istolog ic and b iochemical changes that 
range from hyperplas ia of relat ively normal-appear ing 
melanocytes , through development of •dysplastic• melano
cyte& , and , f inally , to the emergence of cancerous melano
cyte& , i . e . , mal ignant melanoma ( Holman 1983 , Sagebiel 
1983 ) . The fact that •dysplastic •  nev i occur with much 
less frequency on doubly clothed areas (buttocks in both 
men and women and breasts in women ) is consistent with 
the concept that these precursor les ions are induced by 
exposure to sunl ight . A few prel iminary observations 
concerning the effect of uv rad iat ion and other carc ino
gens on cells from patients who have dysplastic nevi 
suggest that there may be some aber rant r esponses of 
these cells to these DNA-damag ing agents ( Ramsay e t  al . 
1982 ) .  Recent publ ications have suggested that as many 
as one-f i fth to one-th ird of mal ignant melanomas in man 
have h istolog ic contigu ity with •dysplastic• nev i ( Elder 
et al . 1981 , Rhodes et al . 1983a) . Should these prel i•i
nary data be conf irmed , a major effort is mandated to 
identi fy these precursor les ions before they g ive r ise to 
mal ignant melanomas . Also , in the context of this report, 
the role of UV-B in the induct ion of such •dysplastic• 
nev i is a most impor tant area of needed research . 
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Nevocytic nev i of the nondysplastic type also occu r 
more frequently on sun-exposed than on sun-protected 
areas ( Kopf et al . 1978) . Por example , the lateral 
(outs ide ) aspects of the arms have more nevocytic nevi 
than the med ial ( ins ide ) aspects have • Doubly clothed 
areas such as the breasts of women and the buttocks of 
both men and women have fewer nevocytic nev i than have 
more sun-exposed s i tes . Por per sons of  a g iven sk in 
type , the number of nevocytic nev i on exposed areas 
increases with total cumulative exposure to sunl ight 
dur ing ch ildhood and adolescence (Holman 1983 ) . Sun
induced nevocytic nevi may be precur sor s of mal ignant 
aelanoma . Holman ( 1983 ) demonstrated that the r isk of 
super ficial spreading mal ignant melanomas in western 
Australia was h igher in persons with more nevi . 

A recent report by Beral et al . ( 1 9 82 ) concludes that 
an increased r isk for developing malignant melanoma is 
associated with exposure to fluorescent l ight at wor k .  
such lamps emi t  small quantities of UV-B as well as UV-A 
(Maxwell and Elwood 1983 ) . Other s have repor ted confirm

atory (Pasternack et al . 19 8 3 )  as we ll as discrepant 
( Rigel et al . 1983 ) results concer ning the observat ion of 

Beral and cowor ker s . Much more wor k is needed in th is 
newly identif ied controversy .  

EVIDENCE AGAINST TBB ROLB OP SUNLIGHT 

Exposure to Sunl ight 

Although lat itude grad ients in the inc idence of mal ignan t 
melanoma are seen in the United States , Norway , Sweden , 
and Great Br itain , much less str ik ing , or even reverse 
gr ad ients , are seen in western Australia , New Zealand , 
and central Europe . A par tial gradient is noted in 
eastern Australia , where in Queensland the inc idence is 
actually less in the tropics and in the subtropics ( Lee 
1982 , Green and Sisk ind 1983 , Urbach 1983 ) .  The expected 
t r end of increased inc idence with decreas ing latitude is 
not seen in Pinland when adjustments are made for place 
of residence ( urban versus rural)  (Teppo et al . 19 7 8 ) . 
The latitude grad ient can also be confounded by s k in 
t�s , genetic types , and occupation , such as in wh ite 
co1lar ver sus blue collar wor ker s (Beral and Robinson 
1 9 8 1 ) . 

I n  contrast to nonmelanoma cancer s  of the s k in , wh ich 
occur with much greater frequency in outdoor blue collar 
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wor ker s , mal ignant .. lana.. affects aa inly the white 
collar , educated urbanite ( Lee 1975 , Bolaan et al . 
1980a , b ,  Lee and Str ickland 1980 ) . Moat cancer s  of the 
a k in in huaana that are induced by ultrav iolet r ad iation 
occur in the later decades of l ife . In contrast , aalig
nant .alana.a tends to occur with h ighest frequency in 
the middle decades of l i fe (Young et al . 1981 ) .  

In Hawa i i ,  an area of h igh insolation , aa l ignant 
melanoma in Caucas ians occur s � frequently in t.ai
grants than in the native (Binda and Kolonel 1980) . 
Presumably nat ive Hawai ian Caucas ians should be exposed 
to cons iderably .ore sunl ight than should i._igran t  
Caucasians . I n  Norway n o  s igni f icant d i fference was 
found between .. lanoma pat ients and controls as regards 
ha ir and eye color , t ime spent outdoor s  dur ing leisure , 
and degree of solar exposure ( Klepp and Magnus 1979) . 

Mal ignant .. lanomaa ar ising in young ch ildren who have 
g iant congenital nevocytic nevi are unrelated to sunl ight 
exposure ( Rhodes et al . 1982 ) .  Histolog ically there is 
relatively l ittle solar elastos is in the ak in in the 
vicinity of mal ignant melanomas in compar ison with that 
frequently seen near basal cell carcinomas or squaaoua 
cell carcinoaaa (Brodk in et al . 1969 , Larsen and Grude 
1979) . 

Anatomical Distr ibut ion 

The anatomical distr ibution of mal ignant melanomas in 
humans does not closely ma tch the areas of h ighest 
accumulated ov-radiation exposure to the ak in (Pigure 
10-8) . About 7 5  percent of mal ignant .alana.aa occur on 
relat ively unexposed anatomical sites (Crombie 1981) . 
The match between the anatomical areas of h ighest exposure 
to the sun and areas of h ighest tu.or concentration is 
much more conv incing for basal cell and squamous cell 
carcinomas of the skin than it  is for mal ignant melanomas . 
Some expla in the h igh prevalence of mal ignant melanoma on 
the legs of women by the fact that they wear dresses , thus 
expos ing th is par t  of the ir anatomy .ore to sun .  Others 
d isagree , surmis ing that the aaount of sunl ight that is 
absorbed by the legs wh ile stand ing erect is  relatively 
small (Urbach 198 3 ) . Clear ly., mal ignant melanoaa can 
occur , albe it rarely , in areas that never are exposed to 
sunl ight (e . g . , anogeni tal areas ) . A recent repor t 
ind icates that nonmelanoma cancer s  of the sk in are seen 
more frequently in patients who have multiple pr iaary 
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mal ignant melanomas than in those who have a s ingle 
pr imary mal ignant melanoma ( SCheibner et al . 1981) . 

Genetic Or igins 

Some fraction of mal ignant melanoaas , rang ing from 1 
percent (Duggleby et al . 1981 ) to 6 to 11 percent ( Urbach 
1983 ) , appear s to be of genetic or igin . 

Thus , ev idence exists that some mal ignant melanomas 
are clear ly not associated with exposure to sunligh t J  
therefore , any perturbat ion of stratospher ic ozone would 
not affect the inc idence of such les ions . Th is evidence , 
however , does not r ule out the par t ic ipat ion of solar 
r adiation in other types of mal ignant melanoma . 

Although d irect effects of sunl ight on melanocyte& may 
p lay a role in the development of mal ignant melanoma , 
sunl ight exposure may also influence melanoma r isk 
i nd i rectly by affecting host factor s that contr ibute to 
the outgrowth of transformed cells . For example , UV 
r ad iat ion abets the growth of nonmelanoma cancers of the 
sk in in mice by alter ing the host immune response directed 
aga inst those cancer s  ( Kr ipke 1981) . It is possible that 
such an ind irect effect of UV radiat ion contr ibutes to 
the induct ion of mal ignant melanoma as well .  In fact , 
s tudies us ing a transplantable mal ignant melanoma of mice 
h ave shown that exposure of animals to uv radiation can 
po tent iate the growth of a tr ansplantable malignant 
melanoma that or iginally arose spontaneously ( Kr ipke et 
al . 1979 ) . 

MALIGNANT MELANOMA IN ANIMALS 

One obstacle to defin ing the contr ibut ion of ultraviole t 
radiation to the induction of mal ignant melanoma has been 
the lack of an appropr iate an imal model for th is neoplasm . 
Tha t  is , mal ignant melanoma has not been induced in repro
duc ible laboratory exper iments by expos ing any spec ies of 
an ima l  to l ight alone , includ ing to UV-B by itself . 
unt i l  recently , deta iled exper imental stud ies on the 
development of pr imary malignant melanomas have been 
l imited to analys is  of the genetic factor s determining 
i ts occur rence . Two models have been used : the 
swordta il/platyfish system , in wh ich a tumor-producing 
gene and i ts regulatory genes have been identified 
(Vielk ind 1976 , Anders 1983 ) and the Sincla ir  miniswine 
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system , in wh ich the develo�nt of .. lanoaa also is 
determined genetically (Mill ikan et al.  1973 , 1974 1 
Manning et al . 1974 J Book et al . 1979) . However , neither 
system is  par ticularly well suited for studying the 
poss ible contr ibutions of UV radiat ion to aaliqnant 
melanoma induction . 

S ince 194 9 , repor ts on the induct ion of aal ignant 
melanomas and .. lanocytic les ions with chemical car
cinogens in laboratory rodents have appeared sporad ical ly 
in the cancer l i terature ( Shubik et al . 1956 , Ghandially 
and Bar ker 1960 , Edgcomb and Mi tchel ich 1963 , Rappaport 
et al . 1963 , Klaus and Winkelman 1965 , Vessel inovitch et 
a l .  1970 , Berenblum 1976 , Clark et al . 1976) . Moat of 
these involved the induction of .. lanoaas by topical 
appl icat ion of the polycycl ic hydrocarbon carcinogen , 
d imethylbenzanthracene (DMBA) , although neonatal exposure 
of hamsters to urethan also was repor ted to be effective 
(Vessel inovi tch et al . 1970) . None of these aodels has 
been extended to include an analys is of the poss ible 
contr ibut ion of uv radiation as a cocarc inogenic agent , 
perhaps because of the low frequency of occurrence of 
mal ignant cancer s in these aniaals .  

There are two repor ted instances o f  the occurrence o f  
mal ignant melanoaa in mice exposed to UV-B rad iation in 
conjunction with a second agent . Epste in et al . ( 1967)  
repor ted the induction of a small number of mal ignant 
melanomas in pigmented hairless mice treated with a 
s ingle dose of DMBA to produce ben ign nevi , followed by 
chron ic irrad iation with uv-B . Kr ipke et al . ( 1979)  
descr ibed a s ingle melanoma that arose in a ha ired , 
inbred C3B mouse treated with UV-B radiation , followed by 
chron ic paint ing with croton oil . I t  is not poss ible to 
determine from these i solated repor ts whether the UV 
rad iat ion was an essent ial or even a contr ibuting factor 
to the induction of the melanomas . However , the occur 
rence of these mal ignant melanomas suggests that a rodent 
model might be developed for analyz ing the contr ibution 
of uv-B rad iat ion to their  induction . 

Two animal models for inducing mal ignant melanomas by 
chemical carc inogens have been identif ied recently . 
Pawlowsk i  et al . ( 1976)  repor ted that treatment of young 
albino gu inea pigs twice weekly with DMBA resulted in the 
induction of metastas iz ing melanomas in 4 0  percent o f  6 5  
an imals by 1 8  months . Berkelhammer e t  al . ( 19 82 ) repor ted 
the induction of mal ignant melanomas in 2 of 2 0 inbred 
C57BL/6 mice , treated as neonates with a s ingle dose o f  
DMBA , followed by twice-week ly appl ications of croton 
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oil . Thus , i t cur rently should be feas ible to use these 
systems to explore the poss ible role of UV rad iation as a 
potentiating factor in the induction of these mal ignant 
melanomas . 

A second poss ible role for UV rad iation in the 
development of malignant melanoma is one in which the 
rad iat ion affects the growth , rather than the induction 
of these neoplasms . Recent studies on the immunolog ical 
effects of UV irradiation (Chapter 8) demonstr ate that 
the rejection of cer ta in tumors is impa ired by repeated 
exposure of mice to UV-B radiation . Th is impa irment is 
systemic and is not restr icted to the site of irrad iation . 
Although UV-radiation- induced fibrosarcomas and squamous 
cell carc inomas of the skin are the main cancers whose 
growth is accelerated in uv- irrad iated hosts ( Kr ipke 
1981) , two melanomas have also been found to exh ibit th is 
behavior . The Bl6 melanoma , wh ich arose spontaneously in 
a C57BL/6 mouse in 1953 , grows more read ily in uv
irrad iated than in un ir rad iated syngene ic hosts (Kr ipke 
197 7 ,  Kr ipke et al . 1979 , Bowen and Brody 1983 ) . Th is is  
also the case with the Kl7 3 5  melanoma (Kr ipke 1979 ) that 
was produced in a C3B mouse with UV-B rad iat ion plus 
croton oil (Kr ipke and Pidler , unpublished data) . In  
these instances UV radiation produces a systemic altera
tion that is conduc ive to tumor growth . Th is systemic 
alterat ion could be immunolog ical , l ike the one respon
s ible for enhanced growth of uv- induced sk in cancer s 7  
alternat ively , i t  could represent a b iochemical change i n  
wh ich skin photoproducts have nutr itive o r  growth
st imulatory effects on the prol iferating tumor cells . 

Such an indi rect role for UV radiation in the patho
genesis  of malignant melanoma is an attract ive hypothes is 
to cons ider in assess ing its role in huaan melanomas . In 
fact , on the bas is of epidemiolog ical data , Lee and 
Mer r ill ( 1970)  postulated the existence of a • solar 
circulat ing factor . •  Th is factor , wh ich is assumed to 
resul t  from sunl ight exposur e ,  was evoked to explain the 
occur r ence of melanomas on parts of the body that are not 
regular ly exposed to d irect sunl ight . Studies with the 
transplantable mal ignant melanomas in mice exposed to uv 
r adia t ion may offer some new ins ights into th is 
poss i b i l ity . 

F inally , UV radiation has been shown to increase the 
capaci ty for metastases of cells ir rad iated in v i tro 
(Pisher and C i fone 1981) . 
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IMPLICATIONS 

Because of the lack of laboratory .adele with wh ich to 
study the effect of uv rad iation on the induct ion of 
mal ignant melanomas , the precise ..chania .. by wh ich 
sunlight might cause or contr ibute to aal ignant melanoaa 
is unknown . I t  is not even known which wavelengths in 
sunl ight , i f  any , might be t.pl icated . However , based on 
the cons iderations discussed ear l ier , i t  is probable that 
sunl ight is a factor that contr ibutes to the induct ion of 
cer ta in huaan mal ignant melanomas . Nonetheless , cur rent 
data do not permit us to conclude that sun exposure is 
the only r isk factor for all aal ignant .. lana.as . Other 
poss ible factors such as hor.anal influences (Bolly et 
a l .  1983 ) , genetic factors ,  oncogenic viruses ( Parson et 
al . 1974 , Balda et al . 1975) , and chemical carc inogens 
must be taken into cons ideration in the pathogenesis of 
mal ignant melanoma in humans ( Lee 1982 , Bolly et al . 
1983 ) . Pur thermore , current data do not permit us to 
project increases in inc idence of and mor tal ity from 
mal ignant melanoma due to decreases in stratospher ic 
ozone . 

The b iochemical events that lead to the mal ignant 
prol i ferat ion of melanocytes are unknown . Pur tbermore , 
the prec ise role , i f  any , of UV-B in the mal ignant 
transformation of melanocytes is totally obscur e at this 
time ,  although the systemic effects of UV r ad iation on 
the immune system strongly suggest impor tant avenues for 
r esearch (Mor ison et al . 197 9 , Her sey et al . 19 83b) . 

On balance , the evidence presented in this  section 
favor s the hypothes is that sunl ight is at least par tially 
respons ible for the induct ion of some mal ignan t .. lanoaas 
in humans . The prec ise wavelengths of electromagnetic 
rad iation in sunl ight that might cause the mal ignant 
prol iferation of melanocytes are not known .  Thus , an 
increase in UV-B rad iat ion at the Bar th ' s  sur face result
ing from a decrease in stratospher ic ozone will have 
impor tant consequences for mal ignant melanoma only if the 
wavelengths of sunl ight involved in photocarcinogenesis 
are in the UV-B range . 

Clear ly , i f  the amount of UV-B is  increased by a 
reduction in stratospher ic ozone , i t  i s  h ighly probable 
that this will result in an increase in nonmelanoma 
cancer s of the sk in . The data to t.pl icate sunl ight as a 
major factor in the pathogenesis of mal ignant melanoma in 
humans are much less convinc ing . Into the formula that 
will eventually be cr eated and that will allow much .are 
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prec ise prediction of the inc idence and mor tal ity rates 
of mal ignant melanoma should be added a number of factors 
both unrelated and related to sun exposure that may 
decrease as well as increase mal ignant melanomas . Thus , 
chemical carcinogens and oncogenic vir uses in the environ
men t ,  more widespread use of effect ive sunscr eens , 
chang ing l i fe-styles and cloth ing styles , and influence 
of migration of Caucas ians to geogr aph ic areas of h igh or 
low insolation are among the many factors that will have 
to be taken into account in the ult imate pred ictions of 
the incidence and mor tality rates of malignant melanoma . 

In conclus ion , we have only circumstantial evidence 
that uv radiat ion (or uv-B ) is related to mal ignant 
melanoma . I t  is clear that i f  there is a relationsh ip 
between exposur e to sunl ight and inc idence of mal ignant 
melanoma , the relat ionsh ip d i ffer s from that observed for 
nonmelanoma cancer s of the sk in . An increase in UV 
r ad iation could , however , r esult in a relat ively large 
number of per sons who get intermi ttent , h igh-intens ity 
sun exposure (MacKie and Aitch ison 1982 ) .  Especially in 
those who tan poor ly or have •dysplast ic •  nev i , th is 
increased amount of uv rad iat ion may exceed the carcino
gen ic threshold on melanocytes or induce immunosuppres
s ion that would result in a larger increase in the 
incidence of mal ignant melanomas . 

RESEAIICH RECOMMENDATIONS 

� determine the effect of an increase of UV-B rad iation 
on the incidence and mor tality r ates of mal ignant 
.. lanomas in humans , the following pr inc ipal areas of 
r esearch are recommended . 

• Animal models should be developed to investigate 
the role of UV-B rad iation in the induction and growth of 
mal ignant melanoma . 

• The r ecently developed technology of cultur ing 
norma l  human melanocytes should be employed to study the 
effects of uv-B on the process of neoplastic 
transformation in v i tro . 

• Monoclonal ant ibodies directed aga inst malignant 
melanoma antigens should be used to identify subclasses 
of ma l ignant melanomas resulting from var ious etiolog ies . 

• Add itional epidemiolog ic stud ies are needed to 
ident i fy fur ther the r isk factor s for mal ignant melanoma 
and to create models that could be used to pred ict the 
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effect of increased ov-a radiat ion on the inc idence and 
mor tality rates of aalignant .. lanoma . 

• The role of precursor les ions of aalignant 
aelanoaa should be deterained in both exper t.ental 
ant.als and huaans with spec ial eaphas is on so-called 
dysplastic nev i .  
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1 1  
Animal Studies of 
Photocarcinogenesis 

I n foraat ion from stud ies on exper imental photocarc ino
g enes is in an imals has been accumulated for nearly a half 
century (Blum 1959 , Urbach et al . 197 9 ) . The NRC ( 198 2 )  
r epor t and its predecessor s dealt with the ava ilable 
b iolog ical data and made recommendat ions on acqu ir ing 
needed information . In this chapter we present some 
background and a summary of relevent f ind ings from 
labor atory stud ies r epor ted s ince the 1982 monogr aph . 

DOSB-RBSPONSB RBLATIONSHIPS 

S everal reports of stud ies on laboratory animals have 
d i scussed the relat ionsh ip between st imulus ( increased 
amount of a specif ied uv-rad iat ion qual ity )  and response 
( de f ined tumor endpoint ) .  For example , Forbes et al . 
( 19 8 1 )  found that in albino hair less ( Skh : HR)  mice the 

.. d ian latent per iod for the product ion of sk in tumor s 
( med ian t ime to reach SO percent inc idence) is inver sely 

proport ional to the s ize of the da ily uv-rad iat ion dose . 
Add i t ional exper iments by De Gr u i j l  and van Der Leun 
( 19 8 0 ) extend the range of doses in th is type of exper i
ment . These author s conclude that the dose-response 
relat ionsh ip can be represented by a cumulat ive log 
normal distr ibut ion . The i r  descr ipt ive model of r esponse 
t ime is the sum of two time intervals , one be ing dependent 
and the other independent of daily UV dose.  They relate 
these intervals to tumor in it iat ion and growth , respec
t ively . According to De Gr u i j l  and van Der Leun , the 
t t.e interval to accompl ish tumor init iat ion is dose
r elated , but the interval for tumor growth is independent 
of the intens ity of continued exposure . Th is would mean 
that once the neoplast ic changes were put into act ion , 
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the t iae requ ired for development of tumor s to a recog
n i zable s ize would not be influenced by the a.aunt of ov 
rad iat ion in subsequent exposures . 

Rundel has analyzed yet another set of laboratory 
aniaal data ( 1983a)  as well as epidemiolog ical data on 
human sk in cancer ( 1983b) . Be presents the interpretation 
that uv rad iat ion has a br ief effect on tu.ar in it iation 
and then becomes an effect ive dose-related pro.ator of 
tumor growth . Th is interpretat ion means that the prob
abil ity of the growth of a tumor to a r ecogn izable s ize 
(and thus to biolog ical s ign i f icance ) is related to the 
amount of uv r ad iat ion rece ived dur ing tumor growth . By 
analogy other s have de.anstrated a change in r elat ion of  
tu.or response to in itiat ing-UV-rad iat ion dose , dependent 
on chemical promot ion (Fry and Ley 1984 ) . The contrast
ing interpretat ions of De Gru i j l  and van Der Leun ( 1980) 
and Rundel ( 1983a , b )  have qu ite d ifferent impl icat ions 
for assess ing the consequences of changes in stratospher ic 
ozone 1 at th is t ime the preponderance of ev idence would 
suggest that UV r ad iat ion enhances the growth of tumors.  

A factor that is widely r ecogn ized , but seldoa stated 
e xpl icitly , is uncer ta inty about appropr iateness and 
relevance of ava ilable laboratory models . Based on 
exped ienc ies of exper imental des ign , animal data tend to 
be drawn from studies measur ing influences on tumor 
latent per iod , and on numbers of tumor s produced , whereas 
clinical concerns tend to center on propor t ions of popu
lations ult imately affected . It is for future studies to 
determine whether the laboratory and clinical observations 
r elate to d ifferent par ts of the same dose-response 
relat ionship . 

TIME-DOSE RECIPROCITY 

The development of erythema ( sunburn ) in human sk in is a n  
example of a photobiolog ical r esponse that is  a d ir ect 
funct ion of dose , unaffected by the length of t ime 
r equired to del iver the dose ( at least up to several 
hours ) . Par r ish ( 1983 ) has repor ted a constant r esponse 
per un it dose over uv-r ad iat ion del ivery t imes r ang ing 
from nanoseconds to hour s ( approx imately 12 order s of 
magn itude) . Time-dose r ec iprocity in the carc inogenic 
response is evident over a much nar rower r ange accord ing 
to a number of stud ies described below . 

One of the assumpt ions inherent in some of the predic
t ions of human r esponse to sunl ight involves the concept 
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o f l ifeti  .. dose . The assuaption is that the probabil ity 
of developing sk in cancer is directly related to accuau
lated l i feti .. dose of UV rad iat ion , with the recogn ition ,  
o f  course , that the contr ibut ions to th e  l i fet ime dose 
a r e  aade under var ious circu.stances ( e .g . , for d i f ferent 
sunl ight intens it ies , durat ions of exposure ,  and env iron
.. ntal factor s) . However , the inherent var iables can be 
too nu.erous for interpretation of the l i fet iae dose . 
Soae of these var iables have been tested in aice . 

I n  repeated-exposure , long-term stud ies , the coeplexity 
o f  def in ing t iae , dose , and intens ity is greater than is 
usually apprec iated . In  typical long-term carcinogenes is 
s tud ies , t i  .. is impl icit in the response para.eter , 
whether it is measured as cumulative l i fet ime events , as  
prevalence at an arbitrary endpoint , or  as average time 
to response . Such stud ies often involve chron ic treataen t 
w i th the test aater ial , and the dose that produces an 
observed effect is obv iously related to the t ime over 
wh ich it was administered . When the nuaber of deaths and 
responses is saall at the ( arbitrary) time-of-response 
aeasure .. nt , the integral dose ( amount per appl ication 
t iaes the nuaber of appl icat ions ) can be useful . However , 
when most aniaals respond , or if the measure of response 
is a t ime var iable ( average t ime to tumor development ) ,  
the dose integral is par tially defined by the response 
and acqu ires undes irable stat istical proper t ies . The 
usual solut ion to th is problea is to express the dose 
ax is in teras of del ivery rate , e . g . , amount per day . 
Th is , however , is a measure of intens ity rather than of 
dose , and the r esulting relat ionsh ip is that of response 
to intens ity with the prov iso that treatment is chron ic .  

Although sk in tumor s have appeared i n  an imals after 
s ingle exposures to uv r adiation , most stud ies on photo
carc inogenes is involve repeated exposures over extended 
t ime per iods . In stud ies where dose del ivery has been a 
.. asured var iable , the data ind icate an increased carcino
genic effectiveness per un it dose for cond it ions involv ing 
a ttenuation of the dose ( i . e . , lower intens ity or frac
t ionation) . For example , a spec i f ied total dose per week 
is more effect ive when g iven either in three or f ive 
f r actions , than when g iven on one day ( Forbes et a l .  
1981) . The conclus ion is suppor ted by several other 
s tudies ( Porbes 1982 ) . 

Over a nar row range of t ime intervals ( 4 5  min to 2 h ) , 
de l ivery of specific integral doses can be ach ieved by 
varying either the durat ion or intens ity of irrad iation , 
wi thout alter ing the carc inogen ic effect iveness of the 
dose ( Porbes et al . 1982a) . 
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Taken together , the conte�rary l ines of exper t.ental 
data suggest that ( 1 )  over a fa irly narrow range of 
dose-del ivery schedules , effectiveness is proport ional to 
dose , whether dose is  var ied by intens ity or durat ion r 
( 2 ) over a wider range of dos ing schedules , effect iveness 

becomes inver sely propor t ional to intens ity and d i r ectly 
propor tional to per iodic dose durat ion r and ( 3 )  too little 
informat ion is cur rently ava ilable to permit translating 
conclus ions ( 1 ) and ( 2 )  into an equat ion that will accur
ately pred ict r esponse to more than a few of the poss ible 
uv-radiat ion exposure cond it ions . 

ACTION SPECTRA 

B lum ' s  class ic wor k ( 1959)  showed that the por t ion of the 
uv spectrum assoc iated with human erythe .. is effect ive 
in produc ing sk in cancer in ani .. ls . Us ing nar rower bands 
of r ad iat ion , Free .. n ( 19 7 5 )  suggested that the act ion 
spectrum for photocarcinogenes is in mice parallels the 
human erythema act ion spectrua at least at the wave
lengths tested . The vascular responses of var ious 
mammal ian spec ies exposed to UV rad iat ion exh ibi t  
qual itat ive d i ffer ences , and so it is i�r tant to make 
as many compar isons within one spec ies as poss ible . 

A r ecent development was the demonstrat ion (Porbes et 
al . 1982a , Cole et al . 1983 ) that the act ion spectrum for 
m inimal erythema in humans cor responds closely to acute 
r esponse act ion spectra in ha ir less mice (pr inc ipally for 
the edema r esponse ) ( Pigure 11-1) . These monochroaatic
ally der ived we ighting functions accurately pred ict the 
e ffect iveness of polychromatic sources for produc ing the 
same response (over the fa i r ly l imited ser ies of spectral 
qual ities tested) . The weighting funct ions also r eason
ably pred icted the effect iveness of a ser ies of poly
chro .. t ic spectra for produc ing carc inogenes is in hair less 
mice . Thus , in the aouse , the rather long extrapolation 
from a monochromatic , acute-effects act ion spectrum to a 
polychro .. t ic ,  chronic-effect act ion spectrum has been 
par t ially ver if ied , lending greater cred ibil ity to the 
use of th is extrapolat ion in humans . Moreover , the 
demonstrat ion of qual itat ively and quantitat ively s imilar 
acute response spectr a between the two species str engthens 
the extr apolat ion of carc inogenes is studies in mice to 
those in humans . 

Th is is one method of ident ifying an act ion spectrum, 
namely , by selecting we ight ing funct ions and test ing 
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FIGURE 1 1 ·1  Semilogarithmic plot comparing the mouse edema action spectra 
{observed at 24 h and 48 h postirradiation) with the BUD action spectrum for 
minimal perceptible erythema in humans observed at 24 h. The spectra have been 
normalized at 297 nm. SOURCE: Reprinted, with permission, from Cole et al. { 1 983), 
Photochemistry and Photobiology, Vol. 37, C> 1 983 Pergamon Press, Ltd. 

the ir abil ity to descr ibe response data . Rundel ( 1983a ) 
had developed another approach in wh ich a we ight ing 
funct ion is der ived directly from the data . Difference s 
in polychromatic source spectra are treated as if  they 
wer e  discrete wavebands , and the contr ibut ion of each 
waveband to the total effect iveness is calculated . With 
th is method , g iven enough data , an act ion spectrum can be 
descr ibed completely from the b iolog ical response . One 
distinct advantage of th is approach is that it bypasses 
the technical and interpret ive problema inherent in 
monochromatic sources , includ ing quest ions of waveband 
additivity .  Rundel ( 1983a)  has uaed the data repor ted by 
Por bes et al . ( 1982a ) to develop an act ion spectrum for 
carc inogenesis in hair less mice . Th is we ighting function 
is similar to one descr ibing damage to DNA . 

Both approaches suffer from the small number of spectra 
ava ilable for analys is and from the lack of informat ion 
at wavelengths much leaa than 300 nm, wher e  spectral 
changes related to stratospher ic ozone modif icat ion would 
be moat pronounced ( see Chapter 12) . Consequently , until  
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addit ional studies are �iss ioned , the projections can 
be aade only by extrapolat ing the we ighting functions 
beyond the areas suppor ted by exist ing data . In add ition, 
both approaches aake the s t.pl i fying assuapt ion that the 
act ion spectrua reaa ins constant throughout the dos ing 
per iod .  In  fact , the relative effect iveness of par ts of 
the spectrum could change with age or with the effects 
( e .g . , hyperplas ia) of ini t ial UV-radiat ion exposures (De 
Gruijl  and van Der Leun 1982b) . 

Effect iveness of UV-A 

• 8lack l ight • (8L) fluorescent laaps are a convenient 
source of UV-A . Although sk in tuaor s have been produced 
in animals exposed to 8L laaps ( Z igaan et al . 1976) , the 
induc ing agent was not pos it ively identified .  These 
laaps do have a measurable output in the UV-8 range of 
the spectrum (Porbes et al . 1976) . When these laaps ar e 
f iltered w ith window glass , an imals can be exposed 8 h/day 
for several aonths and reaain vir tually free of neoplasia r 
however , when the same da ily dose is del ivered at reduced 
intens ity over a 24-h per iod and the aniaals are exposed 
continuously for 10 weeks , the sk in of hair less mice 
exh ibits acute and chron ic changes (Porbes 1974 ) including 
the development of carcinomas (Porbes et a l .  1982b) . 
S imilarly ,  Van Weelden et al . ( 1983 ) have reported 
product ion of tumor s ,  us ing 12-h/day exposure to UV-A 
alone . Thus , although UV-A rad iation is cons idered an 
ineffic ient producer of b iolog ical damage , under sa.e 
circuaetances it will produce aany of the changes 
assoc iated with exposure to UV-8 r adiation . We do not 
know whether the same biolog ical target is affected by 
the ent ire uv spectr ua ,  whether damage is r epa ired 
s imilar ly , nor whether the effects are entirely .ediated 
by changes with in the sk in . There is some reason to 
bel ieve that ind irect effects are very s ign i f icant with 
some types of r esponses . 

WAVELENGTH INTERACTIONS 

I t  is poss ible that var ious par ts of the spectrum may act 
in other than an add i t ive fashion . With erythema as an 
endpoint , for example ,  evidence has been presented to 
ind icate that the wavelengths longer than 320 na either 
enhance or inh ibit the effect iveness of UV-8 radiation a 
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van Weelden ( 1980 ) repor ted that effectiveness of an 
exposure to uv-B radiat ion can be decreased by subse
quently re-expos ing the area to UV-A and vis ible 
r ad iation , in contrast , Will is et al . ( 1977)  repor ted 
that exposur e  to UV-A radiat ion enhances the effect ive
ness of UV-B r ad iation , part icular ly when the exposure to 
ov-A rad iat ion precedes the exposure to uv-B radiat ion . 
Y ing et a l .  ( 1974 ) have r epor ted that the effect is no 
greater than what can be attr ibuted to add itivity of 
e ffect iveness by var ious port ions of the spectrua. 
Will is et al . ( 1981 ) also repor ted that the r esponse to 
r epeated UV-A and ov-a-r ad iat ion exposures ( epidermal 
hyperplasia and solar keratos is)  has an interactive 
effect greater than an add it ive one . Recent data from a 
carcinogenes is study by Willis and Menter ( 1983 ) us ing 
s iaulated solar uv radiat ion are d if f icult to interpret , 
and the author s postulate a coaplex interact ion by the 
wavelengths involved . 

Van Weelden et al . ( 1983 ) have r eported that pr e
exposure to UV-A can enhance slightly the carcinogen ic 
effect iveness of da ily uv-B (PS sunla.p) exposures . 
Whether th is des ign s iaulates preexposure to morn ing 
sunl ight (wh ich is relat ively poorer in UV-B)  is not 
known . 

Cur r ently there appears to be l ittle evidence that 
wavelengths greater than 320 na produce interact ive 
e ffects in mammal ian carc inogenesis compar able to the ir 
influence in other (cellular , microbiolog ical , plant)  
systeu . 

RESEARCH RECOMMENDATIONS 

• Dose-response data for UV-B- induced tumor s ar e 
needed both below and above the cur rently ava ilable r ange 
in order to d istingu ish between alternat ive mathemat ical 
models . 

• Mor e  data are needed relat ing both the total dose 
and the del ivery r ate to tumor induct ion and development .  

• B iolog ical act ion spectra need to be extended to 
the cr itical r eg ion in the r ange of 295 to 300 nm .  

• Data are needed for effects produced by UV-B in 
the presence of several d ifferent levels and te�r al 
sequences of UV-A to explore the poss ibil ity of 
interact ions among effects at d ifferent wavelengths . 
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Molecular and Cellular Studies 

NRC ( 1982)  conta ined an extens ive review of the results 
of stud ies of the effects of UV radiat ion upon bio
molecules and cells . The ability of molecular and 
cellular stud ies to provide a sol id scient ific foundation 
for connect ing photomolecular events with consequent ial 
photobiolog ical responses in h igher organisms was 
del ineated . We would suggest that , in fact , rapid 
progress in understand ing the responses of h igher 
organisms to uv radiat ion occurred only after the 
e luc idat ion of some of the molecular and cellular 
alterat ions caused by UV radiation . Certainly any 
estimation of the poss ible biolog ical consequences of 
increased UV-B radiat ion in ter restr ial sunl ight would 
benefit from knowledge der ived from molecular and 
cellular stud ies . 

Key f ind ings d iscussed in NRC ( 1982)  are summar ized 
br iefly as follows a absorpt ion of l ight by DNA in the 
r ange of wavelengths between 240 and 3 20 nm leads to 
mod i f icat ions of var ious k inds in its chemical structur e 
and can cause k illing ,  autat ion , or transforaat ion of a 
large var iety of bacter ial and mammal ian cells . Wh ile 
more than a dozen types of photoproducts have been 
detected in DNA exposed to uv rad iation ,  the biocheaical 
and b iolog ical sequelae of only one class , the so-called 
pyr imid ine dimer s ,  have been elucidated in soae deta il .  
Pr imar ily because o f  the employment o f  enzyaes that 
funct ion to repa ir or reverse pyr imid ine diaer daaage in 
DNA, it has been poss ible to demonstrate that these 
les ions can be respons ible for k ill ing ,  autat ion , and 
transformat ion . Pyr imidine dimers and their r epa i r  have 
been observed in human skin exposed to uv rad iat ion . The 
extremely h igh prevalance of sk in cancer in the sun
exposed areas of patients with the disease xeroderaa 
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pigmentosua haa been assoc iated with defects in one or 
aore mechanisms for repair of DNA photoproducts in the i r  
cells . 

MECHANISMS OF UV-B-INDUCED DAMAGE 

A reduct ion in stratospher ic ozone is  pred icted to have 
maximum impact in the ter restr ial solar spectrua in the 
UV-B reg ion ( from 280 nm to 320 nm) . While a great deal 
is  known about the effects of l ight of shor ter wave
lengths , relat ively l ittle is known about the effects of 
UV-B on DNA in cells . There are many ind icat ions that 
the damage caused by rad iat ion in th is wavelength reg ion 
occur s  by d ifferent mechan isms from damage caused by 
rad iat ion of longer or shor ter wavelengths . There is  
general agreement that in bacter ia the init ial steps in 
uv-�iated damage by wavelengths above 320 nm are 
d ifferent from those at wavelengths below 300 nm .  Above 
320 nm ,  pathways involv ing oxygen-med iated damage appea r 
to be dominant (Peters and Jagger 1981) , although some 
format ion of cyclobutane pyr imid ine d imer s is also 
observed (Webb and Brown 1982) . The oxygen-med iated 
damage occur s through creat ion of act ivated oxygen spec ies 
by the interact ion of molecular oxygen with photoexc ited 
b iological chroaophores , wh ich , by and large , have not 
yet been identified .  Below 300 nm ,  damage occurs pr e
dominantly through d irect absorpt ion of UV rad iat ion by 
DNA and subsequent DNA photochemistry . But the boundar ies 
between the two types of effects are ill-defined and fal l  
into the wavelength region that is strongly affected by 
ozone changes . 

In the r eg ion from 240 to 3 20 nm ,  the act ion spectrum 
for a var iety of responses in bacter ial and mammal ian 
cella assoc iated with DNA matches the DNA absorpt ion 
spectrum qu ite well , except at the longer wavelengths . 
The latter are less eff ic ient than expected from absorp
t ion alone (NRC 1982) . It is not clear whether th is 
effect occur s because these wavelengths are lees effic ient 
at caus ing par t icular types of damage or because the 
damage caused by these wavelengths is more eas ily 
r epa ired . 

Recently , comparat ive stud ies of d ifferent wavelengths 
have been extended to human cella in culture . It  was 
found that a xeroderma pigmentosum ( XP) cell l ine shows a 
nor.al response to wavelengths longer than 3 13 nm .  Thus , 
the repair of DNA damaged by these wavelengths does not 
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r equ ire the DNA repair enzyme systea ( s )  that i s def icient 
in cells froa XP pat ients (Keyse et al . 1983 ) . Alter
natively daaage caused by these wavelengths aay s t.ply be 
irreparable . 

More needs to be known about the molecular aechaniD8 
respons ible for lethal and autagenic DNA daaage befor e 
the effecta of different wavelengths can be understood 
fully . I f  absorption of radiat ion directly by the DRA ia 
an i�r tant deterainant , ov-B would be pred icted to 
cause enhanced daaage in reg ion• r ich in guanine-cytos ine . 
The absorption spectrum of guan ine (G) and cytosine (C) 
is  sh ifted to the red s ignif icantly coapared with that of 
adenine (A) and thymine (T) . Moat of the excitation 
generated by photoabsorpt ion reaa ins localized reaaonably 
near the absorbing chra.ophore .  ror exaaple , as longer 
wavelength• are used , the relative yield observed for 
photodiaers conta ining cytoa ine increaaea �red with 
d imer a  conta in ing thyaine (Ch ilds et al . 1983) . The DHA 
of h igher organisaa haa roughly equ ivalent contents of AT 
and GC pa irs . However , in several casea , nontranscr ibed 
spacers have been shown to be r ich in AT, whi le coding 
reg ions were r ich in GC .  Bence , damage at the long
wavelength absorption edge of DNA would occur preferen
t ially in the cod ing reg ions in soae genes . I n  view of 
the fragaentary nature of the ava ilable data , however ,  it 
is premature to conclude that such effects would be 
suff iciently general to have broad b iolog ical 
s ign i f icance . 

I f  s inglet-tr iplet abaorpt ion or photosens itization 
are impor tant damage aechan isaa , the effect of wavelength 
on the d iatr ibution of photoproducts at par ticular s ites 
could be very d ifferent from that seen in direct s inglet 
absorpt ion . Por exaaple , tr iplet exc itat ion in general 
can migr ate , and in noraal ,  r ight-handed double-hel ical 
DNA it locates on thymine baaes . The aigrat ion rates will 
be very sens itive to local var iations in DNA structure . 
Hence , the spectrum of daaage might be expected to be 
sena it ive to atructural var iat iona . 

I t  is clear that cur rently we are h ighly uncertain 
about wh ich factor s are most impor tant . However , recent 
advances in the ability to manipulate specific DNA 
sequences now make it feas ible to anawer some of the 
per tinent questions . I t  ia poss ible to irradiate pur ified 
DNA sequences with any combinat ion of monochromat ic 
wavelength• des ired ,  and then to detect the spec i f ic 
res idues that have been photodamaged ,  us ing modern ladder 
sequenc ing techniques . Appl ication of these techn iques 
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should allow a systematic exploration of the effects of 
uv-rad iation on DNA. 

Z-DNA PBOTOCHBMISTRY 

I t  has recently become clear that sections of DNA in 
eukaryotic cells may adopt a left-handed helical 
structure ( Z-DNA) rather than the normal , r ight-handed 
hel ical structure . The evidence for th is is pr inc ipally 
the observation that antibod ies specific for z-DNA react 
with a var iety of chromosome and nuclear preparations 
( Jov in et a l .  1982 , Leng et a l .  1982 , Pardue et a l .  1982) . 

There is also aa.e evidence that this unusual DNA struc
ture may be prominent in control regions of ....al lan 
genes . Por example , sequences capable of switch ing to 
the z form are present in the enhancer sequences near the 
repl ication or ig in of the tu.or virus SV40 (Nordheim and 
Rich 1983 ) . Bnhancer sequences are power ful transcr ip
t ional activator s that may play critical roles in t issue
specific and develo�ntally regulated gene expression . 
Bnhancer s  act ivate genes located on the sa.e DNA molecule , 
but the enhancer may be some distance froa the gene 
itself . The cur rently accepted .adel is that enhancer s 
are RNA polywerase entry s ites s the polymerase binds to 
DNA at the enhancer and then searches for nearby pro
.oters ,  wh ich are a second level of regulation that will 
determine whether the gene will ultimately be transcr ibed 
to produce a messenger RNA . 

z-DRA has approximately four times the absorption 
c ross section at 295 na that B-DNA has (van de Sande and 
Jovin 1982 ) . The 260-na absorption peak of DNA sh ifts to 
longer wavelength upon conver s ion to the z form in poly 
d (G-C )  and poly d (A-c ) • d (G-T) (MCintosh et al . 
1983 ) . Thus it is conceivable that Z-DNA could be an 
�r tant target for radiation in the wavelength range 
.oat affected by ozone reduction . Virtually nothing is 
known about the photochemistry of Z-DNA except for a 
recent repor t suggest ing that it is surpr is ingly less 
susceptible to s inglet oxygen-mediated photodaaage 
( Peldberg et a l .  1983) . 

CBBMICAL STRUCTORB OP DNA PBOTOPRODOCTS 

Despite decades of work on the products of DNA produced 
by UV r ad iation , we still have an incomplete understanding 
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of wh ich products are r eally impor tant for lethal , auta
genic , and other biolog ical effects . Particular DNA 
sequences are hotspots for uv mutagenesis , and th is may 
be related not just to the actual sequence but also to 
par t icular DNA secondary or ter tiary structures (Poster 
et al . 1982 , Todd and Gl ickman 1982 ) . Systemat ic study 
is needed to explore whether spec ific sequences act at 
the level of in itial photoexcitat ion , particular photo
chemical product , or r epa i r  pathway . As ind icated 
earl ier , techn iques are now ava ilable that will greatly 
facilitate stud ies of the photochemistry and photobiology 
of part icular DNA sequences . 

Recently it has been suggested that certa in products , 
such as pyr iaid ine 6 : 4  d iaers , may be part icular ly 
mutagenic (Haselt ine 1983 ) . In these products a bond is 
formed between the 6 pos ition of a 5 '  pyr imid ine and the 
4 pos ition of the ne ighbor ing 3 '  pyr imid ine after loss of 
the 4 exocycl ic amino or keto group . The 6 : 4 d iaer s  occur 
predominantly at T-c and c-c sequences . Th is reaction 
pattern matches the sequence bias seen for some •utational 
hotspots (Brash and Haselt ine 1982) . There is also new 
evidence that pur ine-pyr imid ine products form in DNA after 
uv ir rad iation (Bose and Dav ies 1982 ) . Such damage in a 
self-compleaentary sequence such as T-A could potent ially 
occur on both strands , lead ing to an ir revers ible 
alterat ion in genetic inforaat ion . 

NONTARGBTED MUTAGBNESIS 

A new level of complex ity in the aechan is• of rad iation 
damage of DNA has been introduced by recent studies on 
the nature of nontargeted mutagenes is . New recomb inant
DNA technology can be used to produce DNA molecules with 
part icular types of damage local ized at spec ific s ites or 
r eg ions and then to reintroduce these molecules into 
l iv ing bacter ial cells . Clones of these cel ls ampl ify 
the r esult of r epair of ind ividual DNA molecules and thus 
allow events involv ing s ingle molecules to be stud ied .  
Such techn iques have been used to show that damage of DNA 
at a specific s i te may lead to mutants at other s i tes far 
r emoved from the s ite of damage ( Livneh 1983) . The 
gener al nature of th is phenomenon , termed nontargeted 
mutagenes is , needs to be explored . The general not ion is 
that certa in types of damage stop DNA repl icat ion , 
thr eaten ing the survival of the organ is•. Th is type of 
damage leads to induct ion of a set of drastic repa ir 
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funct ions , collectively termed the SOS repa i r  system . 
One of the functions involved is an er ror-prone DNA 
poly.eraae . In Bacher ich ia � the induced enzyme may 
be an a ltered form of DNA poly.eraae I ,  wh ich repairs DNA 
daaage at the coat of introduc ing mutations at the 
daaaged site and elsewhere (Lackey et al . 1982 ) . 

Other than for bacter ia , l ittle ia known about eithe r 
the damage required to induce the SOS r epair systems or 
the full extent of the biolog ical consequences once they 
are induced . At least aoae curr ent data suggest that 
nontargeted mutagenesis is not a aajor factor in the 
overall r ate of bacter ial mutagenes is (Poster et a l .  
1982 ) , but i t  ma y  b e  qu ite �r tant i n  yeast (Br idges 
1983 ) . 

SBNSITIVB ASSAYS POR DNA DAMAGB 

Once the genes that respond to the init ial events afte r 
DNA damage are identi f ied ,  i t  becomes poss ible to devise 
extreaely effic ient and sens itive testa to monitor damage . 
These testa can involve either fus ions of genes that 
respond to damage to other genes that are more easy to 
assay d ir ectly or immunolog ical detect ion of the products 
of the damage-respons ive genes . The teats are well 
developed for bacter ia , and could greatly s impl ify such 
tasks as obta ining rat ional biolog ical act ion spectra .  

I n  B .  col i the recA gene plays a key role in the 
reapon;; �he ce'i'lto OV damage by controll ing the 
production of a nWiber of r epa ir enzymes . Treatments 
that inh ibit DNA synthesis or damage DNA cause a rapid 
r ise in the synthesis of the r ecA prote in .  This 
phenoeenon can be monitored conveniently by quantitat ive 
i .. unoaaaaya (Karu and Belk 1982 , Salles and Paoletti 
1983 ) us ing specific antibodies aga inst recA prote in . 
Bven more general are assays baaed on fus ing the control 
reg ion of the recA gene to the structural reg ions of 
genes with eas ily aaaayable products (Casar egola et al . 
1982 , Saith 1983 , Smith et al . 1984 ) . 

S imilar assays can be constructed to mon itor DNA 
daaage in h igher cella . The first step in constructing 
such testa in h igher organisms is to identify prote ins in 
these organisms that are made in response to OV damage of 
cella . Yeast is cur rently the only eukaryote for wh ich 
the genetics of r esponse to ov damage is extens ively 
character ized . Compared to .!!_ col i ,  the repa i r  of DNA 
daaage in yeast appears to be incred ibly complex , s ince 
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.are than 95  mutations affecting DRA repair have been 
identified ,  i�lying that a large nu.ber of d ifferent 
gene products are involved (Baynes and Kunz 1981) . 
However , i t  i s  probably unfa ir to generalize th is r esult 
to pred ict a at.ilar complexity for ....ala . Yeast has 
evolved to l ive on sur faces exposed to h igh l ight 
intens ities . ( I t  is remarkable that � col i  has any 
photorepa ir capability ,  cons ider ing ita .oat frequent 
habitat) . The situation in huaana reaa ina to be 
clar ified . The gene fus ion vector approach (Casadaban 
and Cohen 1979 ) is a power ful tool for the identification 
of genes that have altered express ion in response to OV 
radiation . I t  has been used to identify aany UV 
r espons ive genes in � col i (Kenyon and Walker 1980 , 
Blledge and Walker 1983) , and a at.ilar approach could 
well be applied to plants and animals to locate genes 
involved in repair . NOte , however , that th is approach 
failed to identi fy d irectly the cr itical recA prote in in 
B .  col i ,  and thus might also miss cr itical prote ins in 
oth�rgan iaaa . 

ROLB OP MEMBRANB PBOTOOXIDATION 

Kochevar and Yoon ( 1983 ) have demonstrated that UV-B 
l ight can affect oxidation of l ipid co.ponents of 
prote in-containing bio.embranea , apparently v ia the 
sens itiz ing effects of tryptophanyl r es idues . Bar lier 
Muka i and Goldstein ( 1976)  showed that malond ialydehyde , 
a product of the oxidation of polyunsaturated fatty acid 
a ide cha ins , is able to cause mutations in the Aaea 
salmonella teat system. Generally ,  cella cannot sustain 
extens ive membrane damage , and so membrane photooxidation 
is  expected to produce tox ic responses rather than 
surv iv ing mutants .  

RBSBARCB RBCOMMBNDATIOHS 

A nuaber of recommendat ions for research on ao.e 
unclar if ied issues in the area of the effects of UV 
radiat ion on cella in culture wer e  made in NRC ( 1982) . 
The ir a im was to provide impor tant gu idance for research 
on the effects of uv radiation on plants , animals , and 
humans . NOne of these recommendat ions has been car r ied 
to complet ion . In addit ion , current results suggest a 
number of additional research needs . 
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• More extens ive atud iea in an imal and bacter ia l  
cells on the act ion spectra for lethal and mutagenic 
events in the wavelength reg ion from 280 to 320 nm are 
needed . Stud ies are a lso needed to ident ify any repa ir 
pathways or products of DNA damage that may be specifi
cally favored or espec ially impor tant in th is wavelength 
range . 

• Systematic stud ies of the photophya ica , photo
chemistry , and photobiology of z-DNA are needed . There 
are really two bas ic iasues that should be explored in 
these stud ies . The first ia  the nature and susceptibil ity 
of z-DNA to photodamage . The aecond is the nature and 
efficiency of processes that repair damaged z-DNA. 

• New recombinant-DNA techn iques should be used to 
character ize the particular photoproducts and DNA 
sequences most sens it ive to uv-B rad iat ion . 

• Nontargeted mutagenesis should be studied in both 
bacter ia and h igher plant and animal cells . 

• Exist ing sens itive aaaaya for DNA damage , using 
modern recombinant-DNA and imaunolog ical methods , should 
be appl ied to examine uv-B effects on bacter ia . Genes in 
h igher cella comparable to the � gene of � � 
should be identif ied so that st.ilar teats can be 
constructed in h igher cella . 

• The role of membrane photooxidat ion in the 
oxygen-dependent toxic effects of l ight in the wavelength 
range above 280 nm should be assessed . The oxygen 
dependence of mutational events in mammalian cells in 
culture induced by l ight needs to be stud ied . 
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1 3 
Effects of UV-B Radiation on 
Plants and Vegetation 
as Ecosystem Components 

IMTBODUCTIOR 

Wh ile there has been a casual interest in the relation
sh ips between solar ultraviolet rad iation and productivity 
of terrestr ial plants for .ore than a century , it has 
only been with in the last 20 years or ao that much of a 
definitive and quantitative nature baa been learned . The 
advances began in the 1950s and 1960 s aa.ewhat before the 
impl ications of poss ible stratospher ic ozone depletion 
were apprec iated . The movement into th is f ield of 
botanical photobiology was a ided in several ways . There 
was , of cour se , cons iderable i�roveaent in biophysical 
techniques and instru.entation in those year s  r ight after 
WOr ld War I I  and with the initiation of the space age . 
Moreover , there waa in those same years r apid develop.ent 
of understanding in the fields of plant phys iology , 
photobiology , and plant phys iolog ical ecology . 

we still know relat ively l i ttle of the effects of 
solar and aky ultrav iolet-a rad iation on the growth and 
phys iolog ical processes in the seed plants that cover the 
Earth ' s  continents and are the pr imary producer s of food 
for all other organisms includ ing mank ind . We know even 
less about the impl icat ions of these effects on natural 
and crop ecosystems and the interactions with in these 
systems . S ince it waa suspected , r ather ear ly , that UV 
ir rad iance waa greater on h igh mounta ins in spite of its 
absorpt ion by stratospher ic ozone , there was cons iderable 
speculat ion about the effects of such ir radiance on the 
growth and structure of a lpine plants . However , a lpine 
ecolog ists did not have the instrumentat ion or knowledge 
to invest igate th is under natural and a i•ulated conditions 
unt il the wor k of Caldwell ( 1967 , 1968 ) . Ria results gave 
badly needed impetus to research on the uv-B relat ionsh ips 
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not only of h igh-mounta in plants and their environments , 
but also of crop plants . 

So much research on uv and plants baa taken place 
since 1950 that there was great need for synthesis  and 
reviews of what was known .  Klein ( 1978)  d id a thorough 
job of th is for the phys iology of near-ultraviolet , wh ile 
Caldwel l  ( 1981)  was equally thorough in reviewing the 
ecolog ical effects of solar ultraviolet ir rad iance on 
plants and their env ironments with spec ial reference to 
ultrav iolet-B . Both of these paper s  should be consulted 
for basic inforaation on uv-plant problema . In addition , 
a workshop on the effects of ultraviolet rad iat ion on 
plants was held in New Delh i ,  Ind ia ,  in November 1982 J 
the workshop proceed ings have now been publ ished ( see 
BjOrn and Bornman 1983 ) . 

NATURAL UV-B ENVIRONMENT 
AND ADAPTATIONS TO IT BY PLANTS 

Grad ients in Ultrav iolet I r rad iance 

Based on the th icker stratospher ic ozone layer in the 
polar reg ions , lower sun angles in such reg ions , and 
scattered measurements of UV-B irradiance at d ifferent 
latitudes , it  was known that a latitud inal grad ient o f  
UV-B irrad iance must exist a t  the sur face of the Ear th . 
An altitud inal grad ient was also known . These data wer e  
generalized and soaewhat qualitative unt i l  measured 
quantitat ively from the equator ial mounta ins to the 
Arctic with in the arct ic-alpine l ife zone in the late 
1970s (Caldwell et al . 1980 ) . Along th is lat itud inal
a ltitudinal grad ient , da ily total vis ible irrad iance at 
the solar rad iat ion max imum var ies only by a factor of 
1 . 6  from Arctic to tropics . In contrast , max imum 
integrated biolog ically effect ive UV-B irradiance can 
vary by a lmost a full order of magn itude ( a factor of 7 ) 
a long the same grad ient (Table 13-1) . In  add it ion to the 
natural lat itud inal gradients in ozone th ickness , solar 
angles , and elevat ion above sea level , th is steep UV-B 
grad ient is par tly the result of an opt ical ampl i f icat ion 
e ffect that is due to a comb inat ion of select ive atmo
spher ic wavelength attenuat ion and the pronounced 
wavelength dependence of biolog ical act ion spectra . Th e 
• b iolog ical ly effect ive • rad iation is based on the 
general ized plant damage act ion spectrum (Caldwell 1971)  , 
wh ile the •oNA-effect ive • rad iation is based on the DNA 
damage act ion spectrum of Setlow ( 1974 ) . 
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TABLE 1 3- 1  Integrated Effective Daily lN-8 Radiation at Different Latitudes and Elevations During 
Seasonal Solar Radiation Maximum (in l/m1 ) 

Daily UV-B Dole Calc:ulated Daily UV -B Irradiation" Calc:ulated Daily UV -B lrradiationb 

North Elention Biologically DNA- Biologically DNA-
Latitude (m) Effectivec Effectived Effectivec Effectived 

o• 3,000-4,400 2,8 1 0  1 7 5  2,744 193 
2ft 3,000 2,597 145 2,563 168 
40° 3,350 1 ,927 102 1,876 107 
4ft 1 ,5 00  1 ,462 72 1 ,6 1 8  9 3  

70° 15  568 24 5 91 28 

"From the: theoretical model of Green c:t al. ( 1 980). 
bfrom average mc:aauremc:nu of Klc:in and Goldbera ( 1 978) duriaa month of maximum solar radiation. 
cBuc:d on the: action spectrum for generalized plant damage (Caldwell 1971) .  
d&ued on the: action spectrum for DNA damage (Setlow 1 974). 

SOURCE: Adapted from Caldwell c:t a1. ( 1980). 

Location (Near DNA-
Sea Level) Effectived 
Balboa, Panama (9" N) 121  

Rockville, Maryland, 42 
USA (39" N) 

Barrow, Alaaka, USA 1 7  
(71" N) 

N 
0 
CD 
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so.e Adaptations by Plants to Latitud inal uv Grad ien t 

Pield measurements of opt ical proper t ies of leaf 
epidermis in relation to uv-B have been made with a 
number of k inds of plants along the latitudinal grad ient 
(Robberecht et al . 1980 ) . Mean epidermal transmittance 
of UV-B to the mesophyll of plant leaves in s itu on 
equator ial and tropical h igh mounta ins was leas than 2 
percent . At h igher lat itudes , auch transmittance exceeded 
5 percent . Although the latitud ina l solar UV-B grad ient 
r epresents .ore than a seven-fold difference (Arctic to 
tropics )  in da ily integrated UV-B irrad iance , the cal
culated mean effect ive UV-B ir radiance at the top of the 
leaf .. sophyl l  of tropical h igh-mounta in spec ies is not 
substantially d ifferent from that of leaves at h igher 
lat itudes . Th is is due 111a inly to absorpt ion of uv-B in  
the epidermis of  tropical plant leaves , probably by 
flavonoida and related phenolic compounds . Soae l ight
colored glaucous or pubescent leaves alao reflect ov-a , 
although such leaf sur faces , wh ile reflect ing vis ible 
l ight , do not necessar i ly reflect ultraviolet . Silver
sword (Argyroxiphium sandwicenae )  on the upper slopes of 
Raleakala in Hawa i i  had the h ighest UV-B r eflectance of 
any plant measured (around 40 percent) . 

Many plants on tropical h igh mounta ins have ver tical 
or steeply incl ined leaves . Th is habit NY a id in 
reduc ing the uv exposure ,  but s ince 40  to 70 percent of 
the solar uv-B flux in those places ia in the fora of 
scattered rad iation from sky and clouds , auch leaves 
st ill rece ive a s izable fract ion of the global UV-B 
i r radiance at the upper sur face of the epidermis . 
Reflectance of UV-B from nearby snowbanks can also add 
cons iderably to the uv-radiation load of ver tical fol iage . 

BPPECTS OP INCREASED UV-B IRRADIANCE 
ON PLANT GROMTR AND STRUCTURB 

S ince 1980 cons iderable evidence has accumulated tha t 
UV-B rad iation is detr imental to the growth of crop 
plants . I t  is also known that there is an interact ion 
between UV-B and photosynthetically act ive solar rad iat ion 
expressed as photosynthetic photon flux dens ity (PPPD) . 
I n  full sunlight,  the effects of UV-B on total dry-matter 
product ion in soybean was relatively unaffected , as 
co.pared with reduced product ion at l ight levels with 
lower PPPD (Teramura 1980 ) . I n  contrast , maximum UV-B 
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ir radiance ( 70 ailliwatts per square meter [ .. /•2) ) ,  
wh ich is that in full sunl ight in June at Ga inesv ille , 
Plor ida ( 29°36 ' N) , resulted in a 35  percent reduction in 
g rowth of wheat .  Teramura al.o found that both wheat and 
soybean are affected even by low irrad iance of UV-B ( 17 . 5  
mW/m2 ) in regard to leaf number s ,  total leaf area , dry
matter product ion , dry weights , and plant height . Wh i le 
wheat and soybean reacted slightly differently to UV-B , 
the effects of ultraviolet irradiance were of leas 
magnitude at h igher PPPDa . 

Adverse effects of OV-B vary with genet ic types with in 
a spec ies . Por example , 19 genetic var ieties of soybeans 
were grown in controlled-environaent chambers under com
binat ions of PPPD and f ive levels of UV-B ir rad iance (DNA 
we ighted mW/m2 ) (Biggs et a l .  1981) . Plants of all of 
these cult ivar a  showed some stunting , leaf chloros is , and 
loss of apical dominance under ov-B , but differed 
mar kedly in the genetically baaed effects of ultraviole t 
stress . Leaf area was reduced under increas ing OV-B 4 3  
to 7 8  percent depending on the cultivar , total dry weigh t 
was reduced 2 7  to 60 percent , and plant height was reduced 
42 to 63 percent . Since these aeaaurements were made in 
controlled-environaent chamber s ,  extrapolat ion to f ield 
cond itions is di fficult . 

Crop plants of the family cucurbitaceae ( squash , 
pumpk in , cucumbers ,  melons , etc . ) seem to be par t icularly 
sens itive to OV-B irradiance J the reasons are not known. 
Seeds of Cucurbita 2!22_(pumpk in ) wer e  allowed to ger
m inate and grow in a Piberglas greenhouse under two 
levels of UV-B irrad iation and also under controlled 
cond it ions without UV-B (Sis.on 1981) . Absorbance of 
uv-B by extracted flavonoid pigments and other compounds 
increased with t ime and level of UV-B rad iat ion imping ing 
on leaf sur faces . Th is indicates that ther e  can be 
accl imat ion or adj ustment to UV-B with in the l i fe spans 
of some k inds of plants . In spi te of th is increase in 
absorbance of UV-B ,  it was insufficient to protect the 
photosynthetic apparatus or leaf growth processes com
pletely . Leaf expans ion was repressed by da ily exposure 
to 1 , 365  joules per squar e meter per day (J/m2d )  (close 
to that in clear sunl ight) of b iolog ically e ffective OV-B 
but not by exposure to 660 J/a2d .  

S ince germination and ear ly seedl ing growth are very 
�r tant in the establ ishment of a crop , some fur ther 
attention has been paid to this . Tevini et a l .  ( 1983a) 
planted seeds of cucumber (Cucumis ) ,  bean (Phaseolus) , 
and rad ish (Raphanus) under radiation at several levels 
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of ov-a in a te�rature-controlled growth chamber . The 
rate of geraination decreased under the h ighest levels of 
UV ir radiance to about 60 percent of that of seeds in the 
control . Bypocotyls wer e  increas ingly inh ibited in growth 
under increased levels of ov-a . In cucuaber , even the 
lowest level of uv-a rad iation prevented elongation of 
hypocotyla . Presh weight , dry weight , and leaf area were 
all saaller in plants exposed to ov-a . The greatest 
effect was on leaf area , and also on photosynthetic pig
.. nts (chlorophylls) . Leaf sur face structure ,  as examined 
with the scann ing electron aicroscope , was progress ively 
�ged with increas ing dose rate of uv-a . In  cucumber , 
stoaatal nu.ber on both s ides of the cotyledons was 
markedly lower under uv-a radiat ion . uv-a at enhanced 
levels of irradiation caused reduced seedl ing growth in 
all three spec ies of these crop plants . As has been 
found in other exper iaents (Tevini et a l .  1983b) , cucuaber 
was the .oat sens itive and was strongly affected even at 
.aderate dose levels . 

Recently , Teramura ( 1983 ) rev iewed the cur rent knowl
edge of the effects of uv-a on the growth and yield of 
crop plants . The following phys iolog ical character istics 
are sens itive to uv-a radiat ion : 

• 
• 
• 
• 
• 
• 
• 
• 

Photosysteaa I and I I  
carboxylating enzymes 
stoaatal resistance 
chlorophyll concentration 
soluble leaf proteins 
l ipid pools 
carbohydrate pool s  
epidermal transmiss ion 

The sens itivity of these para.etera apparently leads to 
the pronounced inh ibition of growth observed at the level 
of the whole plant . Moat of the effects have been shown , 
so far , only under controlled-growth-chamber cond itions . 
The exception is epidermal transmiss ion , wh ich has been 
aeaaured in the f ield (Robberecht et a l .  1980 ) . One of 
the probleas with growth-chamber results is that ov-a 
e ffects are accentuated by the low levels of PPFD in moat 
growth chambers .  About 30 percent of crop spec ies tested 
show soae , but not co.plete , resistance to ov-a , about 20 
percent are extremely sensitive . 
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J5lPPBCT8 OP UV-a IRRADIANCB ON WA'l'BR 
aALANCB AND PIIO'l'OSYH'l'BBSIS 

There is , of course , a strong interaction between 
carbon d ioxide uptake through leaf a ta.ata and water loea 
by transpiration through the .... aper tures as they open 
and close . Ultraviolet-a radiation causes a decrease in 
ata.atal resistance in the very sensit ive crop plant , 
cucumber (Teraaura at a l .  1983a ) . This increases loss of 
water by transpiration and probably results in wilt ing 
and water stress , thus i�ir ing photosynthes is . Also , 
Teramura at al . ( 1983b) recently have found that a coa
b ination of uv-a rad iation and aild drought stress pro
duces a greater reduct ion in photosynthesis dur ing the 
early growth of soybean plants than is produced by either 
of these environmental stresses independently . When 
intregrated through t t.e ,  this results in lese produc
t ivity of the soybean plants . Older plants of soybean , 
however , are lese sensitive to ultraviolet-a stress than 
they are to drought stres s .  

However ,  it  is now known that the photosynthetic 
processes are even .ore d irectly affected by uv-a 
irradiance . Por example , Sisson found in puapk in 
(Cucurbita � ' which is related to cucumber , tha t 
photosynthes is in seedlings was depressed by uv-a 
ir radiance . This depression was especially evident 
dur ing the ontogenetic per iod when normally photo
synthetic act ivity reaches ita maximum. 

I nh ibition of photosynthesis by uv-a is  more pro
nounced in species and eootypes from the higher latitudes 
of the Arctic than from ecotypes or closely related 
spec ies from the h igh .ounta ins of the aiddle latitudes 
in western North Amer ica or those from the h igh tropical 
mounta ins (Caldwell at al . 1982 ) . The difference in 
photosynthetic inh ibition caused by UV irrad iation of 
arctic (Alaska ) and alpine ecotypes ( the latte� from the 
Rocky Mounta ins of Colorado and the Sierra Nevada of 
Cal ifornia )  of Qxyr ia digyna ( L . ) Rill could not be 
attr ibuted solely to differences in UV flux penetrating 
to mesophyll tissues . Also , arctic ecotypes of this 
species exhibited short-tera fluorescent transients 
indicat ing damage to the oxidiz ing s ide of Photoaystea 
I I ,  which is part of the photosynthetic l ight reaction 
where chlorophyll releases oxygen from water . There was 
no indicat ion of th is in the alpine ecotypee . Thus , 
there is a genetic d ifference within oxxr ia in regard to 
the sensitivity of its photosynthetic systems to uv-
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r ad iation that is related to the pos ition of the popula
tion on the latitudinal UV-B gradient . Iwanz ik et al . 
( 1983 )  also found that Photosystea I I  in spinach chloro
plasts was inh ibited by UV-B . However , their results 
suggest that the targets aay be the Photosystem I I 
reaction centers themselves . 

There are two aa in photosynthetic pathways in the 
higher plants a they are denoted c3 and c4 • The c3 
pathway is so designated because the first photosynthetic 
product der ived froa carbon d ioxide is 3-phosphoglycerate , 
a sugar phosphate conta ining three carbon atoms in each 
aolecule . In sugarcane , corn ,  and other C4 plants , the 
first photosynthetic products , such as oxaloacetic ac id , 
contain four carbon atoas in each aolecule . The end 
products in each pathway are the saae a sugar s  and starch . 
The pr incipal enzyme in the c3 mode is r ibulose 
biphosphate carboxylase (RuBP carboxylase ) ,  wh ile that in 
the C4 pathway is phosphoenolpyruvate carboxylase ( PEP 
carboxylase ) .  Plante with the c3 pathway grow from 
equator ial reg ions to the Arctic , but c4 plants see• to 
be restr icted to reg ions with vara summer s ,  no aatter how 
cold the winters .  �ng crop plants , soybeans , peas , and 
toaatoes (C3) and corn (C4 ) were grown in greenhouses 
at OV-B levels to be expected if stratospher ic ozone were 
reduced by 6 ,  21, and 36  percent (Vu et al . 1982 ) . Leaves 
of all three of the c3 crop species were generally low 
in RuBP carboxylase activity when exposed to any UV-B 
level . Th is vas statistically s ignificant at all three 
UV levels for soybeans and peas , it was s ignificant only 
at the two higher UV levels for tomato . Leaves of cor n 
(C4 ) had lower PEP carboxylase activity at the two h igher 

UV dosages as compared with the •no uv• control . Some 
st iaulation of PEP carboxylase activity ,  however , vas 
noted in corn at the lowest UV-B dosage , equivalent to 6 
percent ozone reduction . The reduction of PEP carboxylase 
act ivity at the two h igher UV dosages , however , was quite 
pronounced . So ,  it aay be concluded that the pr incipal 
car boxylating enzymes in � photosynthetic models are , 
in the aa in ,  inhibited by UV or reduced in concentration 
in these four iapor tant crop plants . 

The effects of vis ible l ight dur ing UV-B irrad iation 
of soybeans resulted in greater depression of photosyn
thes i s  by UV-B ir radiat ion .  However , i f  the vis ible 
r ad iation at h igh PPPD was g iven as a pretreatment , the 
results were thicker leaves , higher ratios of chlorophyll 
A to chlorophyll �, aore uv-absorbing pigaents , and 
reduced sens itivity in regard to photosynthes is by 
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subsequent ov-a ir rad iance (Warner and Caldwell 1983) . 
Warner and Caldwell conclude that this effect is indirect 
due to changes in morpholog ical and phys iolog ical 
propert ies of the leaves , and not a d irect concoaitant 
and ait igating or repair process dur ing ov-a irrad iation . 
I n  a s imilar study , Mireck i and Teruura ( 1984 ) concluded 
that h igh levels of vis ible radiat ion a .. l iorated ov-a
induced injury in plants both by .arpholog ical changes 
and b iochemical changes .  

Photosynthesis rates under ov-a irradiation have been 
measured in at least one weedy or advent ive species , 
oenothera str icta ( Robberecht and Caldwell 1983 ) . This 
spec ies is ind igenous to the temperate latitudes of 
southern South Aaer ica . However , it is adventive in the 
h igh equator ial Andes and also in the h igh mountains of 
Hawai i  where ov-a radiation is unusually h igh (Caldwell 
et al . 1980 ) . Photosynthet ic rates of leaves exposed in 
growth chambers to ov-a rad iation were not s igni ficantly 
reduced at dose rates representative of the radiation 
flux occur r ing in the habitats of th is spec ies . However , 
there was a s ignif icant photosynthet ic depress ion 
observed at dose rates that exceed the f ield ov-a flux. 
The epidermis of the leaves of th is species is a h ighly 
select ive radiat ion filter that can attenuate up to 95 
percent of the incident ov-a radiat ion and yet transait 
between 70 percent and 80 percent of the vis ible r adia
tion . Exposure to ov-a rad iat ion s ignif icantly reduced 
the degree of epideraal ov-a transmittance by as auch aa 
33 percent . The UV irradiation d id not reduce the trans
mittance of visible l ight . This plasticity in regard to 
ov-a results froa product ion of flavonoid& and related 
phenolic coapounds in tbe epidermis . This appears to be 
a good example of the ability of soae k inds of plants to 
accl imate or adj ust to some levels of ov-a irrad iance . 

BFJ'BCTS OP ov-a RADIATION 
ON PLOWBRS , POLLINATION, AND PRODUCTION OP SBBDS 

Relatively l ittle is known of the poss ible effects of UV 
irradiation on flower ing , poll ination , and seed production 
in plants . There has been some very r ecent wor k on the 
u ltrav iolet environment of pollen with in unopened and 
opened flowers ( Pl int and Caldwell 1983a , b) . The i r  
exper iments and measurements show that pollen grains in 
unopened flowers of most spec ies are almost totally 
screened from solar ultraviolet-a r ad iation by the 
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�r icated corollas in the unopened state . Also , th e 
anther walls add to this protection froa uv-B rad iation . 
Once the pollen is freed , in vitro exper iments showed 
that ultrav iolet-a r ad iat ion typical of maximum levels 
occurr ing in middle lat itudes did not s ignif icantly 
inh ibit the germinat ion of pollen gra ins . However , at 
uv-B levels character istic of tropical mounta ins ther e 
was soae inh ibition of pollen germinat ion . At th is time ,  
then , there appears to be l i ttle evidence that ultra
v iolet rad iation , unless considerably increased , is 
detr imental to pollen and thus to the format ion of seeds . 
However , because of the pioneer nature of the wor k so far 
and the number of processes between pollen format ion and 
the production of v iable seeds , it is premature to coae 
to any definite conclus ions in th is regard . Clear ly , 
more research is needed . 

EPPBCTS OP ULTRAVIOLET RADIATION ON COMPETITION 
AND INTERACTIONS WITHIN ECOSYSTEMS 

Plants , e ither cultivated or wild , do not grow in isola
tion froa other plants and an imals . They must compete 
for space , l ight , nutr ients , or water with other member s  
o f  the ir spec ies close by , o r  with populat ions o f  other 
species . Using wheat , wild oats , and goatgrass 
(Aegilops ) ,  Gold and Caldwell ( 198 3 )  found that doses of 
UV-B can suppress competitive ability of some species in 
vegetat ional commun it ies . Surpr is ingly , the weedy goat
grass was more repressed by UV-B than was wheat when the 
two were grown together . On the other hand , wild oats 
waa more favored by UV-B than was wheat when the two wer e  
g r own  i n  SO s SO mixture i n  f ield plots with UV-B enhance
ment . Gold and Caldwell r ecommend long-term exper iments 
on competitive interactions among populations in plant 
ca..unities in the f ield under such enhanced UV-B 
irradiation . Based on h is exper ience , Caldwel l  bel ieve s 
that s ignif icant changes in the competitive balance among 
species can be expected from changes in the solar UV 
radiation climate , and that th is phenomenon may be more 
sens it ive to changes in UV than effects on photosynthes is  
and alteration of monoculture yields . 

One common and necessary interact ion in most eco
systems , be it apple orchard or tropical rain forest , is 
the necess ity of poll inating insects for product ion of 
fru its and seeds . Almost no inforaation on the effects 
of UV-B irrad iance on any common poll inat ing insect , even 
the honeybee , seems to be ava ilable . 
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SOLAR UV-B RADIATIOII AND BVOLUTION 

Certa inly throughout long , or even abor t ,  per iods of 
ti .. , solar ultrav iolet radiation auat be having effects 
on natural selection and evolution of plants and ant..ls . 
The differences found in the photosynthetic rates of 
arctic and alpine ecotypea of O!yr ia d igyna wben sub
jected to different levels of UV-B are an indication 
that , even within a s ingle species , local populations 
have evolved tolerance or intolerance to UV-B in regard 
to this basic process (caldwell et a l .  1982 ) . Caldwell 
and his co-workers found the s... response in wbat are 
d istinct but closely related species of dandelions 
(Taraxacum) and lupines (Lupinua) in arctic and tropica l 
h igh-�unta in environ.ants that d iffer greatly in UV-B 
radiation flux dens ities . 

Lee and Lowry ( 1980 ) , in an i .. g inative paper , suggest 
that UV-B aay be �rtant as a poss ible factor in the 
upward aigration and evolution of plant taxa . This 
hypothesis certa inly ia ... nable to exper iaent . TWO 
poss ible plant species aight be examined in th is regard s 
the arctic-alpine O!yr ia digyna (Bill ings et al . 197 1 )  
and the weedy Andean oenothera str icta (Robberecht and 
Caldwell 1983 ) . 

I t  also has been suggested that crop species or igi
nating in the tropics could be �re res istant to uv-B 
than those or iginat ing in the teaperate zone (Teraaura 
and Caldwell 1983 ) . Th is is a auch �re co.plex probl• , 
s ince the basic f ield .. aaur ... nts would have to be aade . 
There are also very likely to be a number of exceptions 
to the general hypothes i s .  Since ao aany o f  th e  crop 
spec ies c ... into existence thousands of years ago , one 
should know the h istory of the UV-B cl iaate in each region 
through tt.. , cer ta inly not an easy task . 

RBSBARCB RBCOMMBNDATIONS 

Whether or not changes in stratospher ic ozone proceed a t 
a fast or s low pace , such changes would lead to sa.. 
changes in UV-B radiation at the sur face of the Barth and 
shifts in the latitudinal and elevational grad ients of 
such radiation . Even i f  changes in stratospher ic ozone 
are relatively saall , spatial gradients in total ozone 
and UV-B exist now and have the possibil ity of l imiting 
crop production in the lower latitudes . This seems 
important enough to continue research in progress on seed 
plants and UV-B and to start new research now on aa.e of 
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the points that are already obvious . The following l ist 
concer ns soae of the more urgent approaches .  

• S ince most of the work so far has been done in 
controlled and s imulated environ.ents , i t  is absolutely 
necessary to increase the smal l  amount of exper imentation 
be ing done under actual field conditions . Th is is where 
the real-life effects will be found , it will not be easy . 
Phytotron studies suggest the k inds of effects to expect 
in crop plants in the f ield even though such studies 
cannot be exactly extrapolated to f ield conditions . 
Growth-chamber studies are valuable guides to what needs 
to be done quantitatively in the f ield . In par ticular , 
�re work is needed on action spectra in natural 
s ituations . 

• Pield studies should be initiated on the effects 
of UV-B on the competitive balance between plant popula
t ions . Crop plants and weeds are the moat impor tant i n  
tb is regar d .  Such interactions may be qu ite sens itive to 
even saall changes in UV cliaate . 

• The inh ibition of photosynthes is by UV-B 
irradiance is star tling . Progress is being made in 
understand ing th is phenoaenon at the whole plant leve l 
and at the biocheaical level , but more wor k is needed . 
Such research should be encouraged , particularly to 
e l icit the act ion spectra and dose responses . 

• There appears to be some indication of an abi lity 
of plants to accl imate physiolog ically to different UV-B 
doses . Thi s  needs to be invest igated as do poss ible 
effects on flower ing and seed production . 

• S ince insect pollination is so impor tant to fru i t  
and seed production , there is  a great need for some 
knowledge about the effects , i f  any , of uv-B on injury or 
aortality in poll inating insects such as bees . 

• We need to know �re about the synerg isms at the 
b iological level between UV-B and other stress factors 
such as drought , h igh temperatures , plant d iseases , 
predatory insects such as the Japanese beetle , gypsy 
�th , and uny others that eat plant par ts . Also , wha t 
are the poss ible interactions between stratospher ic 
ozone , UV-B and the current increases in atmospher ic 
concentrations of carbon d ioxide , metbane , NOx1 and 
sulfur d ioxide in relation to plant growth? 

• What is the effect of uv-B irrad iance as a 
selective force in evolution? Th is question is amenable 
to fa irly stra ightforward exper iaentation .  Such selection 
and evolut ion aay be more rapid than is generally thought .  
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1 4  
Effects of UV-B Radiation 
on Marine Organisms 

INTRODUCTION 

Because of the enormity of the ocean and the phys ical/ 
cheaical character istics of the fluid we call seawater , 
the oceans are a aajor candidate for rece iv ing large 
amounts of solar radiat ion . Therefore ,  we might expec t 
that tbe photochemical and photobiolog ical effects 
result ing froa rad iat ing ocean waters would be wel l  
understood . They are not . 

Th is is not to say that oceanographers and mar ine 
biolog ists have let the effects of ov l ight go unnoticed . 
The impor tance of OV l ight had been cons idered by ear lier 
practit ioner s in the atteapt to measure pr iaary produc
t ivity .  Moreover , mar ine b iolog ists observing the ver
t ical distr ibution of inver tebrates and fishes qu ickly 
not iced d ifferences in pigmentat ion of organ isms in 
sur face layer s as opposed to those in deep water . They 
attr ibuted these differences to • solar ization , •  and 
speculated on the impact of OV in forcing a protect ive 
colorat ion . 

we are vir tually at the beg inning of understanding the 
effects of shor t wavelengths of l ight on organ isms and 
b iochemical processes in the sea . Much of the iapetus 
for research on th is topic has come from concerns about 
potential changes in stratospher ic ozone result ing from 
human activities . Only within the las t decade has th is 
subject been addressed , and almost all of the research 
that has been conducted has been suppor ted by the u . s .  

Environmental Protect ion Agency ( EPA) . 
The strategy and structure of the research program 

sponsored by EPA can be character ized as one that 
features a • troph ic approach . •  Th is approach select s 
r epresentat ives from var ious troph ic levels for exper i-
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aental testing . In abbreviated terminology , the members 
of  the troph ic structure are the pr imary producers (photo
synthetic algae) , pr iaary herbivores ( zooplankton and 
thei r  larvae) , and f ish larvae that inhabi t  the sur face 
waters of the oceans . In  add ition , the EPA sponsored 
research concern ing the factor s affect ing the penetration 
of UV l ight in tbe sea and the aodel ing of the effects 
that UV l ight would have on organisms resid ing in the 
upper layers . 

I n  cooperation with the Nor th Atlantic Treaty Organiza
t ion (NATO) , EPA sponsored a sympos ium, held in Copen
hagen , Denmark ,  on the effects of UV l ight in the mar ine 
environment . Tb is resulted in a publ icat ion that 
featured , for the most par t ,  reviews of current knowledge 
on the effects of UV radiat ion in the mar ine env ironment 
(Calk ins 1982 ) . we summar ize the impor tant aspects of 
paper s  presented in tbat volume . (The reader sbould 
consult Calk ins for the or ig inal references . )  

PENETRATION OP UV RADIATION IN THE OCEAN 

The amount of uv l ight rece ived at the sea sur face is a 
funct ion of lat itude , the transparency of the atmosphere , 
and the character istics of the sea sur face . Thus , in 
attempt ing to make an estimate for any one area of the 
amounts of radiat ion received at the sea sur face , one 
must take into account these features--as wel l  as the 
th ickness of tbe ozone layer . At the moment this type of 
est imate for a specific area is very difficult to make . 
However , in a general sense i t  is r easonable to assume 
that the lower lat itudes , that is , tropics with clear 
seawater , are the areas rece iv ing the greatest amounts of 
solar uv .  

Once UV radiat ion has penetrated the ocean sur face , 
the indiv idual wavelengths are subject to scatter ing and 
absorpt ion by .olecular and par t iculate matter in the 
water , but very little is backscattered out of the water . 
The ulti .. te fate of these wavelengths is to be absorbed 
by d issolved colored pigments , colored par t iculate sub
stances such as phytoplankton algae , and other nonbio
genetic substances capable of uv absorpt ion (Figure 14-1) . 
The amounts of these absorbing substances are h ighly 
var iable , and it is very difficult to general ize abou t 
the effect iveness of UV penetration for any one g iven 
area of the ocean based on the ir spat ial d istr ibut ion . 
We can say ,  speak ing very generally , that ov-absorbing , 
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FIGURE 14-1 Beam attenuation coefficient of artificial seawater as a function of 
wavelength. SOURCE: Adapted from Smith and Tyler (1 976). 

d issolved yellow mater ial enters the ocean pr iaar ily by 
way of fresh water . Bence , the concentrations of these 
substances is h ighest in most coastal reg ions of the 
wor ld (Jerlov 1976 , Bojeralev 1982 ) . Also , pr imary 
productivity--and hence the abundance of phytoplankton-
occurs in the coastal reg ions of the oceana . Therefore , 
as a general r ule of thumb , the UV wavelengths penetrate 
deepest in the clear , deep ocean waters of lower produc
t ivity and are attenuated more effect ively in turbid 
coastal waters of h igher product ivity .  

The d issolved yellow substances that absorb UV radia
t ion are complexes of organ ic coapounds that are largely 
of plant or ig in . Discharges of these substances from 
large r iver systems , such aa the Amazon , cover large 
areas of the ocean and can be seen many mi les at sea froa 
the ir or ig in . Phytoplankton and algae and attached 
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floating seaweed are also sources of yellow aater ial , but 
in compar ison with the freshwater input , these are minor . 
The fate of these yellow , ov-absorbing compounds after 
they are once d ischarged in the ocean is not well under
stood , but there is soae indication that th i s  dissolved 
aater ial is absorbed onto particulate matter that eventu
ally settles out of the water column reaching the bottom 
floor . Photooxidation and enzyaatic bacter ial decoapos i
tion are also d istinct poss ibil ities . Tbe •protective 
action• by the presence of dissolved yellow pigments has 
yet to be demonstrated . The hypothesized protect ion i s  
baaed wholly on thei r  characteristics o f  abor t-wavelength 
absorption and thei r  abundance and persistence in the 
coastal water s of the ocean . 

BPPBCT8 ON PBYTOPLANltTON AND PRIMARY PRODUCTION 

Some of tbe ear ly research on photosynthetic processes 
featured the effects of ov. These interests car r ied over 
into the f ield of aeasur ing pr iaary productivity of the 
oceans , that is , the measurement of photosynthetic carbon 
f ixation by mar ine phytoplankton . The ear ly aeasurements 
compared carbon fixation rates in glass and quartz 
bottles . More recent exper iaentation has focused on 
supplement ing solar radiation with ar tificial ov-B . All 
studies have shown that the abor t wavelengths of solar 
radiation inhibit photosynthes is , and in general are 
respons ible for photoinh ibition by h igh l ight intens ities 
(WOr rest et al . 1980 ) . 

Bxper iaents show that the effects of OV l ight can 
occur to an average depth of about 5 m in coastal water s 
and in clear water to approximately 30 m .  The effect on 
photosynthetic carbon f ixation is  h ighest in the sur face 
waters ,  where as much as SO percent reduct ion of carbon 
fixation can occur compared with the controls . However , 
when the OV effects are integrated over the entire water 
column ther e is only approximately 2 percent reduction in 
carbon f ixation by ov inh ibition .  

Moat o f  the research has shown that OV affects carbon 
f ixation in a matter of minutes , and that phytoplankton 
taken from depths where l ight intens it ies are low ( those 
organisas resid ing at the base of tbe euphotic zone) are 
auch more sens itive to tbe ov effects than are organ isms 
from the sur face . 

The problem in mak ing these estimates from exper iments 
with augmented OV-B radiat ion ar ises because of the 
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d istr ibut ion of organisaa in the water coluan and aixing 
in the sur face layers . TO esti .. te aixing is a difficult 
phys ical problea . Por exaaple , the energy for aixing 
coaes from t ides or wind , which co.plicates the predic
t ion . What can be said is that the effects of ver tical 
m ixing will greatly influence the average amount of UV 
rad iat ion that a s ingle cell receives . Mix ing reduces 
the total amount of uv l ight reaching the cell . Aquar iua 
stud ies cannot practically take account of these types of 
influences on effects of ov-a on organiaaa in the ir 
natural habitats . 

With studies in photosynthes is , aany workers have 
shown changes in chlorophyll content as a function of 
depth as well as d iurnal changes in chlorophyll content . 
These are suspected to be due to effects of change in 
amounts of shor t-wavelength rad iat ion (WOr rest 1982) . 

The act ion spectra for ov-a effects appear s  to be a 
m ixture of the monochroaatic action spectra for photo
synthes is and that for DNA (Saith et al . 1980 ) . Por 
those spec ies that have been tested in the laboratory ,  
photosynthet ic rate falls rapidly a s  a function of 
wavelength , coinc ident with a decl ine in the absorbing 
capac ity of the photosynthetic pigment system at shorter 
wavelengths . Below 300 na the photosynthetic rate ia 
low. Prolonged exposure to ov-a and/or OV-A wavelength s 
g ives r ise to rapid photoinh ibition of oxygen evolution 
and photoox idation . 

Because of the h igh species diversity of natural 
populat ions , research has coapared the effects of ultra
v iolet l ight on photosynthetic rate , g rowth , bioaass , an4 
pigment content . These studies have shown that some 
species are .ore sens itive than other s to ov-a , and the 
di fference appears to be due to either presence of pigaen t 
protect ive screens or cellular reflective aechaniaaa 
and/or •protective sequences • due to DNA organizat ion 
( Yentach and Yentsch 1982 ) . 

I t  is speculated that the largest problem for pr t.ary 
producer s  exposed to increased ov-a aight be changes in 
the spec ies d iversity of phytoplank ton coaaunitiea . It 
is argued that due to the difference in sens itivity of 
spec ies , a general trans ition from eukaryote& to 
procaryotes could alter the quality and perhaps the 
quantity of organic product ion , and th is in turn could 
affect the character ization of food stocks and the 
character of troph ic levels of the aar ine food web . 

Mar ine microb iolog ists have long noted that the 
bacter ia in the sur face waters of the oceana are h ighly 
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pigmented , and most of these pigments appear to be 
caratenoids . In laboratory exper iments in wh ich mar ine 
bacter ia were exposed to visible radiat ion supplemented 
with uv, increases in total numbers of pigmented cells 
and decreases in the nuaber of organ isms capable of 
growing on cellulose were recorded (WOr rest 1982) . In 
al l species tested there is an overall increase in 
bacter ial respiration . Researcher s agree that bacter ial 
plankton asseablages ar e altered by UV-B radiat ion ,  
however , there i s  some ind ication that the alterations 
might be secondary effects assoc iated with interact ions 
between other troph ic levels that supply bacter ial 
substrate . 

EFFECTS ON INVERTEBRATES 

Some of the very ear ly l i terature on the effects of 
ultrav iolet concerns the rear ing of larval inver tebrates 
in l ight and darkness . In all cases repor ted , full 
sunl ight appears to be detr imental a fewer organisms 
survived in strong sunl ight than in darkness . Us ing 
dominant copepod species of plank ton commun it ies , exper i
menter s have compared the effects of sunl ight with and 
wi thout ultrav iolet components , and shown that the uv 
component stresses the general phys iology of these 
organ isms (Damkaer et al.  1980 ) . 

An imals that l ive in the upper layer s of the ocean 
appear to be more resistant to UV stresses than those 
living at depth . To date , the effects of UV-B on 
copepods , euphaus ids , and the planktonic larvae of shr imp 
and crabs have been stud ied us ing augmented UV-B . In  the 
copepods tested , the effects of ultraviolet l ight appear 
to increase mor tal ity of the adult and the survival of 
the ear ly stages of larvae and to decrease the fecundi ty 
of the survivors .  Male adults appear to be mor e sensi
t ive than females , and the young larval stages are more 
sens it ive than the old . There also appear s to be a long
term effect caused by ov l ight on the capability of larvae 
to survive . Th is effect is transfer red by the parents to 
the larvae a exper iments have shown that the number s of 
eggs and larvae produced are reduced s ignificantly by the 
parents exposed to OV-B , and the capability of survival 
of these eggs and larvae is reduced s ignificantly if they 
are produced by parents exposed to OV-B . 

Investigation of biological effects of OV-B on mar ine 
plank ton have included a var iety of approaches r anging 
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from histolog ical sectioning to s i�le survival studies . 
Most of the .odern wor k has been concerned with the 
d irect effect of natural or enhanced UV-B on the survival 
of mar ine zooplankton . The aas�tion t.pl icit to the 
conclus ions of th is work is that the organ! ... that l ive 
in the near sur face layer will be exposed to a.bient UV-B 
r ad iation regardless of its intensity .  Most of these 
wor kers feel that the organ isaa are l iv ing near their UV 
tolerance l imite ,  and in the cour se of t t.e  have evolved 
aechani... to protect against natural fluctuat ions in 
UV-B r ad iation . In addition to the ass�t ion of photo
repair , these worker s point out that phytoplankton 
possess the ability to avoid harmful levels of UV-B by 
•defens ive behavior s . • I�licit in that aasuaption is 
that the organ! ... can • sense• UV-B and avoid it by 
awimaing or s ink ing below the sur face . Th is suggests 
that the swt.aing aechanism would be tied to vertical 
aigrat ion , wh ich would presuaably be the result of the 
organ! ... • detection of changes in the .-aunt of a.bient 
l ight as sensed through v isual pi�ntation . The eyes of 
aany planktonic crustaceans contain carotenoid pigaenta 
that have the capability of absorpt ion in the near UV-B . 
As yet there is no evidence that photoreactivation or 
repair occurs in these organ ! ... . 

A number of wor ker s have called attention to the 
protective act ion of blue uv-abaorbing pigaents that 
occur in a nuaber of organisaa that r es ide in the surface 
water s of the oceans (Wor rest 1982 ) . These pigaents are 
found in plankton ic crustaceans , such as copepods and 
mar ine insecta .  

Many of the .otile benthic inver tebrates avoid br ight 
sunl ight by burrowing or moving into deeper water . Aaong 
the attached species , it baa been observed that uv radia
tion causes retraction of tentacles of sea ane.onea . Por 
ex�le , eo called shade-loving sponges and tunicatea die 
in one or two days when exposed to uv solar radiation . 
Some s imilar species are capable of being res istant to uv 
by heavy protective colorat ion . 

EPPBCTS ON PISB LARVAB 

Most of the early data on the impact of uv radiation in 
f ish came from hatchery studies . Also , a nu.ber of 
researcher s have pointed out that solar uv radiation can 
be s tressful to fish eggs which float at the sur face . 
These exper iments demonstrate that the effects of uv 
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radiat ion increase the mor tal ity of eggs . Por example , 
laboratory testa , wh ich .edify the solar spectr um to fit 
the DNA act ion spectr ua ,  have shown that ov-B rad iat ion 
will markedly reduce the survival of larval anchovy 
(Bunter et al . 1979) . Cytolog ical and morphological 
s tudies have shown that ov exposure results in damage to 
both the bra in and the eye of the anchovies . S imilar 
tests have produced les ions in mackerel larvae . The 
e ffects appear to be manifested through the pigments in 
these larvae ( Bunter et al.  1979) . 

Researcher s bel ieve that three factor s--seasonal ity 
for spawning , the ver tical d istr ibution , and photorepair 
.echanisma--could offset the effects that would be caused 
by changes in the ozone layer . The research on anchovy 
larvae bas shown that the effects of UV ar e seasonal . 
The larvae suffer s ignificantly more mor tal ity froa 
Pebr uary to October than at other per iods . The sens itiv
i ty of anchovy to UV l ight depends on its stage of 
development . The eggs are least sens it ive to UV rad ia
t ion . Yolk sac larvae are twice as sensitive as eggs . 
Swimaing larvae apparently can avoid potential UV stres s 
by ver tical migration . The seasonal ity ,  coupled with 
other environmental factor s ,  tends to minimize the ov 
e ffect . 

Exper iments have de.onatrated that photorepair 
processes are sufficient to repair all of the ov-B damage 
in  laboratory wor k on anchovy . The repair influence 
needed to stimulate complete repair was about 10 percent 
of that available from the sun dur ing a clear day at 
3 3 ° N .  Est imates of the amount of photorepa ir influence 
enter ing the sea sur face indicate that photorepair in 
ancbovettes would operate maximally at any depth even 
under the added stress of increased UV-B due to ozone 
deplet ion . 

One of the pr inc ipal reasons that one might minimize 
the r elative effects of increased ov-B rad iat ion from 
even a large (of order 25 percent) decr ease in ozone is 
the fact that anchovy larvae are abundant at depths well 
below the upper few meter s .  The est imates o f  increased 
ov-B with even a 25 percent r educt ion in ozone ind icates 
that there would be approximately a 1-m increase in the 
depth of penetrat ion of shor t-wavelength radiat ion . I t  
can be argued that th is would not have a major effect on 
the populat ion of anchovy larvae , wh ich is d istr ibuted 
over 60 • ·  
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RBSBARCB RBCCIIIIBRDA'l'IONS 

The objectives of research on the effects of UV radiation 
on mar ine organi ... have been and continue to be to access 
the role of change in character istics of short-wavelength 
radiation ae a potential factor in biocheaical evolution 
of ocean ecosysteu . Moat r esearchers bel ieve that 
surface-l iving aar ine organi ... are currently at the 
upper level of tolerance to OV radiation . The research 
�un ity should be encouraged 

• to per fora �rative studies of organ i ... 
currently known to cope with h igh intensities of uv ,  and 

• to elucidate the aechani ... of survival . 

It ie anticipated that such studies will provide insight 
into the aechani... that have favored evolutionary 
develo�nt in d ifferent habitats of the world ' s  oceana . 
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