
ticipants, even though such awareness is not 
necessary for delay conditioning to occur. 
Interestingly, a similar pattern has been ob- 
served during eyeblink conditioning in the 
rabbit where, as noted by the authors, delay 
conditioning is accompanied by hippocam- 
pal cell activity-even though hippocampal 
lesions do not abolish delay conditioning. 
Might such activity indicate some form of 
incidental awareness in the conditioned 
animals? In view of the fact that trace con- 
ditioning in the rabbit is impaired after hip- 
pocampal lesions, and the observed depen- 
dence of trace conditioning on awareness in " 

humans, Clark and Squire's results raise the 
intriguing possibility that delay and trace 
conditioning could be used to study aspects 
of awareness in nonhuman animals. 

Data from conditioning experiments in 
humans in some respects parallel earlier find- 
ings from priming experiments and a differ- 
ent type of awareness. After studying a list of 
common words (for example, garden), amne- 
sic patients show intact priming of the stud- 
ied items when asked to comnlete three-let- 
ter word stems (gar-) with the first word 
that comes to mind ( 5 ) .  The magnitude of 
this word-priming effect in healthy partici- 
pants who become aware during the test that 
they are producing words from the study list 
and those who do not (6). In contrast, in a 
variation of this test amnesic patients exhibit 
impaired priming of new associations be- 
tween unrelated words (3, 6). For example, 
after studying an unrelated word pair (for ex- 
ample, shirt-garden), healthy volunteers-but 
not severely amnesic patients-are more 
likely to complete the word stem "gar-" 
with "garden" when the stem is paired with 
"shirt" than when it is  aired with another 
unrelated word from the study list. However, 
healthv volunteers tested under similar con- 
ditions' exhibit priming of new associations 
on the test onlv when thev are aware that 
they are produci'ng words frbm the study list 
(6). Thus, just as awareness of the relation 
between tone and air puff appears necessary 
for trace conditioning, awareness of the rela- 
tion between study and test appears necessary 
for associative priming of stem completion. 
Both ~henomena de~end  on the medial tem- 
poral lobe system that is damaged in amnesia. 

During word priming, neural activity is 
reduced in regions of extrastriate visual cor- 
tex involved in ~ e r c e ~ t u a l  analvsis and in 

& & 

regions of left inferior frontal cortex in- 
volved in concentual analvsis ( 3 ,  7 ) .  Sur- 
prisingly, one s;udy that 'used the stem 
completion task also reported a small in- 
crease in medial temporal lobe activity dur- 
ing word priming (8). However, this activa- 
tion likely occurred because participants 
spontaneously became aware that they were 
completing stems with words they had stud- 
ied earlier (9). 

Awareness has also emerged as a central 
issue in sequence learning, in which people 
respond rapidly to a series of visual stimuli 
that appear in various locations on a screen. 
Participants are unaware that the series con- 
tains a recurring sequential pattern, but 
both healthy volunteers and amnesic pa- 
tients learn the pattern (1 0). Neuroimaging 
studies reveal consistent activations of mo- 
tor cortex and basal ganglia during sequence 
learning ( 10). Several brain regions (left 
premotor area, left anterior cingulate, and 
right ventral striatum) showed increased ac- 
tiGity when the sequence was changed 
across trials-even though participants were 
unaware of the change (1 1). Thus, neuro- 
imaging data are consistent with the idea 
that sequence learning without awareness 
relies on brain regions outside the medial - 
temporal region ( 10). 

Evidence from the three types of learn- 
ing-classical conditioning, priming, and 
sequence learning-converges on the con- 
clusion that several phenomena of memory 
and learning that do not require the medial 
temporal region also do not require particu- 
lar types of awareness (see figure). Defining 
and measuring awareness presents a formi- 
dable challenge (1 2 ) .  Nonetheless, by con- 
trasting "unaware" expressions of memory 
with situations in which awareness does 

play a vital role, and by combining data 
from brain-injured patients, neuroimaging 
studies, and even nonhuman animals, it 
should be possible to gain even greater in- 
sight into the neural processes that support 
memory, learning, and awareness (see figure). 
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Photochemistry of Ozone: 
Surprises and Recent Lessons 

A. R. Ravishankara, G. Hancock, M. Kawasaki, Y. Matsumi 

T h e  highly reactive hydroxyl radical OH 
is nature's atmospheric detergent; among 
other things, it initiates the oxidation of 
pollutants, cleansing them from the atmo- 
sphere. Hydroxyl formation in the lower at- 
mosphere begins with the solar photolysis of 
ozone, which produces the electronically 
excited oxygen atom O('D). In general, the 
reactions of electronically excited species 
are of negligible importance in the chemis- 
tq7 of the lower atmosphere, but the case of 
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O(lD) is a notable exception: Its role is piv- 
otal. Even though most of the O(lD) is de- 
activated to the ground state, O(jP), the 
small fraction that survives to react with 
HZO and CH,, turns out to be the major 
source of OH. Knowledge of how O('D) is 
formed in the atmosphere is therefore criti- 
cal in understanding the creation of OH. 
Recent surprising findings from several 
laboratories, including our own, are begin- 
ning to reveal the importance of the longer 
wavelength "tail" in the chemistry of O('D) 
formation. The longer wavelengths are im- 
Dortant because stratosnheric ozone screens 
most of the shortwave ultraviolet from the 
lower atmosphere. 

The weakness of the chemical bond in 
ozone and the existence of low-lving elec- , - 
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most important channel is the reaction nm, there are important contributions to processes, exotic as they may 
O('D) production from internally excited sound, are occurring in something 

O3 + hv -t O(lD) + 02(1A) ( I )  ozone as well as the spin-forbidden pathway as globally and socially important as the at- 
which has a photon energy threshold at 310 (reaction 3), both processes that were previ- mosphere. The figure shows the rate of pro- 
nm and forms two excited products, an un- ously thought to be negligible (3). Now, to duction of O('D) (and hence OH) as a func- 
usual result in any chemical reaction. The complete the picture, even the reaction tion of wavelength, and it is clear that in 
other known process is the reaction many situations, its formation at wave- O3 + hv + O(") + (4) lengths above the 310-nm threshold is 

O3 + hv O(") + 02(3x) ( 2 )  has been observed. Internally excited ozone highly significant. We find that it could en- 
which results in ground-state products. If molecules strongly absorb radiation at hance the balance of OH formation, par- 
dissociation to form O('D) is to take place longer wavelengths to reach the excited ticularly at high latitudes in the troposphere 
at longer wavelengths [where the solar flux state responsible for dissociation in reaction from late autumn to early spring. This 
is much higher (see figure)], it can only oc- 1 and efficiently channel their internal en- change will affect the lifetime of short-lived 
cur by the formation of an unexcited oxygen ergy toward breaking the ozone bond. This species such as CO, a common pollutant, 
molecular partner, as in the reaction mechanism explains the marked tempera- and also control the cleansing power of the 

0, + hv + O(lD) + 02(3C) (3) 
ture dependence seen in the data: At low lower atmosphere at a level that was previ- 

ously underestimated. 
or by photolysis of inter- 

4 
By applying chemical phys- 

nally excited ozone molecules. = ics techniques to ozone dissocia- 
Both such processes have in $ 0.8 f! A tion, we have not only unrav- 
the past been considered to E ,o c 2  = eled an atmospheric problem 
be of negligible importance. 0.6 ti a but have learned more details 
Reaction 3 to form O(lD) and % about the nature of the photo- 
ground state 0, is "spin for- m 0.4 dissociation process. Quantita- 
bidden," a quantum mechani- _6 tive separation of spin-allowed 
cal concept in which pro- 5 0.2 - 

and spin-forbidden processes 
cesses that do not conserve has been possible, and the role 
electron spin are deemed un- o 

300 320 340 
of internally excited species in 

likely, particularly in mol- controlling the reaction dynam- 
ecules such as ozone, which Wavelength (nmj Wavelength (nm) ics has been measured directly. 
contain only light atoms. A wag of the tail. (Left) The variation of the quantum y~eld for the produc- One needs to remember these 
~ ~ ~ h ~ ~ ~ ~ ~ ,  at room tion of O('D) in the photodissociation of 0, with wavelength at -200 K (red) for future studies in at- and -250 K (green), derived from recent studies (4). The black line is that perature a fraction recommended previously by data evaluation panels (3). The increase in mospheric chemistry. are 

Ozone possess photon flux (photons per square centimeter per nanometer of wavelength many other species weak 
enough internal energy to al- per second) is shown by the blue curve. Note that the photon flux is plot- absorptions in the visible or 
low them to be dissociated in ted on a logarithmic scale. (Right) The impact of O('D) formation by way near-ultraviolet determine their 
the ''spin allowe&' process of the spin-forbidden channel and vibrationally excited ozone is shown as ,leS in the atmosphere, and 
(react,on I), and in the past, 0('D) production rate with wavelength for an altitude of 20 km, solar zenith we could expect similar wave- angle of 85O with 250 Dobson units of overhead ozone. The purple curve 
its to the '(ID) includes the contribution of these two processes, and the black one (from tempraturedepen- 
yield was be previous recoqmendations) does not, showing the importance of these dent dissociation pathways to be 
negligible. On the basis of two orocesses. sienificant. We give as ~ t e n t i a l  
these-arguments, the yield of 
O('D) at wavelengths greater than the 3 10- 
nm threshold was neglected. 

In the 1990s, ozone photodissociation 
experiments were started, in which the frag- 
ments of dissociation were observed di- 
rectly, by techniques adapted from chemical 
physics studies (1 ). These studies showed a 
definite, nonnegligible yield at longer wave- 
lengths, an effect that had already been ob- 
served and considered (2), but had been dis- 
carded as being untenable (3). In a number 
of experiments carried out in our ( I ,  4) and 
other laboratories (S), all of the energeti- 
cally allowed fragments of importance were 
observed [the results for O('D) are shown in 
the figure]. There is a marked "tail" in the 
O('D) quantum yields [the fraction of ozone 
molecules that dissociate to give O(lD) upon 
absorption of one photon] that extends to at 
least 330 nm and is highly temperature-de- 
pendent. These detailed studies have pro- 
duced a picture that is nearly complete, at 
least for atmospheric purposes. Above 310 

temperatures, there are simply not enough 
ozone molecules present in the internally 
excited levels. This effect should become 
less important as the wavelength is in- 
creased, precisely as seen in the data. How- 
ever, this is not the full story: As the figure 
shows, there is a persistent contribution 
even at the lowest temperatures (red curve 
in the left panel), which appears to be ap- 
proximately invariant with wavelength. 
Measurements in which the kinetic energies 
of the products have been directly deter- 
mined have shown this effect to be the re- 
sult of the spin-forbidden step (reaction 3).  

Researchers in chemical physics have de- 
veloped methodologies for studying photo- 
dissociation processes, and these have 
turned out to be very useful in problems of 
atmospheric importance. The ability of 
these techniques to unravel complex photo- 
dissociation dynamics has been crucial: A 
key point is that the dissociation of inter- 
nally excited species and spin-forbidden 

Gibilities the pho~olysis of 
chlorine and bromine nitrates, die NO, radi- 
cal. and formaldehvde. Atmos~heric chemists 
and chemical physicists still have a lot to learn 
from each other. 
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