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spheric differences in ozone and because the 
closest Earth-sun separation occurs during 
the Southem ~emisphere  summer. ~ o d e i  
calculations of erythema1 UV radiation f o ~  
clear-sky summer conditio~ls are - 10 to 15% 
more for southern midlatitudes than for the 
north (1: 9). Measurements that directly com- 
pare UV radiation in New Zealand w ~ t h  that 
in Europe have shown ~nuch  larger differenc- 
es (10, 11). Even in the 1970s, before sub- 
stantial ozone depletion had occurred, erythe- 
~ n a l  UV radiation at 45's was probably sub- 
stantially greater than during the 1990s at 
45"N (I). In addition, in the Southern Hemi- 
sphere: ozone depletion has o c c u ~ ~ e d  all year 
round, whereas in the Northern Hemisphere, 
the depletions have been less severe in the 
summer (3). The resultant relatively intense 
UV radiation may be a factor contributing to 
the high rates of skin cancer in New Zealand 

man-made chemicals in the atmosphere, is a National Institute of Water and Atmospheric (12): although other factors such as lifestyle 
concern because it leads to increased UV Research (NIWA) at its laboratory in Lauder and skin type are also important. 
radiation at Earth's surface. Even relatively (45.04"S: 169.6g0E, 370 m), Central Otago, The changes in the UV radiation that 
small increases in UV radiation can have New Zealand. This research has co~lfinned would be expected from the changes in ozone 
serious impacts on human health, the bio- the expected downward trend in ozone asso- observed at Lauder are shown in Fig. lB,  
sphere, and materials. For example, a reduc- ciated with the buildup of ozone-depleting where the results are expressed in terms of 
tion in ozone of 1% leads to increases of up to chemicals in the atmosphere. For annually the noo~ltime UV Index, a standardized way 
3% in some forms of nonmela~lonla skin averaged ozone, the largest decreases at this of reporting UV radiation to the public (13). 
cancers (I). However, although the inverse site occurred in the mid-1980s (4). Summer- This UV Index was calculated with a sensi- 
rclation between ozone and UV radiation is time ozone shows a more monotonic decrease tivity factor (RAF) of erythema1 UV radiation 
well established (2, 3), the determination of with time (Fig. 1A). In recent years, it has to ozone change (14) and noilnalized to 
trends from UV radiation measurements has been about 10 to 15% less than in the 1970s, match measured values at the middle of the 
been more proble~natic than for ozone. First, before man-induced ozone depletion first be- period for which measurements were avail- 
UV radiation lneasurelllents generally have a came apparent. Superimposed on this down- able. The calculated UV Index increases with 
lower precision because they require an ab- ward trend are shorter tenn variabilities due time in antico~~elation with the changes in 
solute calibration rather than the simoler rel- to dvnanlical effects associated with channes ozone and in the sumlner of 1 9 9 8 9 9  was the - 
ative calibration required for ozone determi- in tropopause height: volcanic eruptions, the highest to date, about 15 to 20% higher than 
nation. Second. UV radiation is more variable Quasi-Biennial Oscillation, the El N i f i o  in tlle late 1970s. 
because it is strongly influenced by several Guthelm Oscillation, and the 11-year solar Here we de~nonstrate a close correspon- 
factors other than ozone: notably solar zenith cycle. At this site: unlike other latitudes, the dence between these calculated changes and 
angle (sza): volcanic impacts, tropospheric eluption of Mount Pinatubo (1991) had only those derived from spectral measurements of 
aerosols, cloud cover, and surface albedo. a ~ninor influence on ozone or peak global UV global irradiances obtained at Lauder 
These factors have colnpromised the ability UV i~~ad iance  (4: 5). since December 1989. The spectra were taken 
of previous studies to unequix,ocally attribute From the viewpoint of UV radiation and at 5" steps in sza and at 15-min intervals for 
increases in UV radiation to long-term de- its effects on the biosphere, changes in ozone a 90-min period centered at midday. The 
clines in ozone (2, 3). Here, we report a close during tlle summer are particularly important, accuracy of biologically weighted integrals 
correspo~lde~lce between UV radiation chang- because at midlatitudes, the annual UV radi- derived from these spectra for trend determi- 
es calculated from ozone data and measured ation dose is do~ninated by that received in nation is limited mainly by the repeatability 
UV i~~adiances  from Lauder, New Zealand, the sumlner n~onths. At Lauder, midday dos- of the calibrations, which are estimated to be 

Research into atmospheric ozone and its es of e~ythemally weighted (6, 7) (or "sun- better than 2 3 %  (15). 
buminn") UV radiation in winter are onlv To nlinimize the effects of factors other - ,  

National of Water and Atmospheric Re- 10% of those in the summer, and wintertime than ozone, we considered a subset of the UV 
search, N ~ W A  ~ ~ ~ d ~ ~ ,  p~ 50061 omakau, central daily integrals are only 6% of summer values radiation data. First, we took the mean UV 
Otago, N e w  Zealand. because of reduced daylight hours (8) .  Index each day from the five spectra mea- 
* T ~  whom correspondence should be addressed, E. The UV radiation in the south has histor- sured at 15-mi11 intervals over a l-hour period 
mail: r.mckenzie@niwa.cri.nz ically been Inore intense because of hemi- centered at local solar noon. By selecting 
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R E P O R T S  

midday values only, the effects of changes in 
sza are minimized while at the same time the 
period of greatest risk from UV radiation call 
be studied. At this site during summer, the 
effects of changing tropospheric aerosols and 
surface albedo can be neglected (16: 17).  

The next step was to select days for which 
cloud effects were small. One possible strat- 
egy would have been to select only clear-sky 
days. However, there is always some subjec- 
tivity in such selections, and they may not 

Fig. 1. Mean ozone 
(Dobson units, 1 DU = 
2.69 X 10" molecules 
~ m - ~ )  (A) and estimat- 
ed UV Index (B) at 
Lauder, New Zealand, 
for the summer of 
1978-79 through the 
summer of 1998-99. 
Summer is defined as 
the period from De- 
cember through Febru- 
ary. The solid line in 
(A) shows the changes 
in summertime ozone 
that have occurred 
since the 1970s. The 
solid line in (B) shows 
the deduced changes in 
clear-sky UV radiation 
expected from these 
changes in ozone (14). 
The symbols (from 
1989-90 on) show 
measured values of 
ozone and the sum- 
mertime peak UV In- 
dex (13), as discussed 
in the text, both de- 
rived from the UV 
spectroradiometer. The 
plot also shows the val- 
ues from each contrib- 
uting month, labeled 
by the month number. 

represent the maximum risk, because clear- 
sky conditions do not necessarily col-respond 
to periods of lnaximum UV radiation. We 
chose instead to select days in which the 
midday UV radiation was a maximum value. 
To obtain this "summestime peak UV Index," 
we took the mean value over the five highest 
UV radiation days each month for the 
3-month period corresponding to the New 
Zealand summer (December, January, and 
February). Thus, the sum~nertime peak UV 

9.5 I l l  S l l l l l l l l l l l l l  l  I I  

Summer Year (December - February) 

Table 1. Changes in peak summertime UV radiation deduced from a linear regression over the period 
1990-91 to 1998-99 (the first summer was omitted because of data sparsity). The RAF is the sensitivity 
to changing ozone (14), and 10, is the ozone change (percent per year). 

-- - - -- - - 

Change calculated from RAF and 10, 
RAF Refer- 

Change 
We~ght~ng measured 

ences 10, = -0 45%/year 10, = 0 86%/year 
(%Iyear) from climatology from uv spectra 

UV-A radiation 0.02 (1) -0.02 +0.01 
(31 5 to 400 nm) 

UV-B radiation 1.0 (1) +0.71 +0.45 
(290 to 315 nm) 

Sunburning UV 1.2 (1,13) +0.98 +0.54 
radiation 
(UV Index) 

Plant-damaging UV 1.6 (14, 19) + 1.31 i 0 .72  
radiation 

DNA-damaging UV 2.2 ( I ,  20) +1.78 +0.99 
radiation 

Index generally represents a mean of 5 X 5 X 
3 = 75 spectra. 

During the first summer, obsenrations 
were made only under near clear-sky condi- 
tions, whereas for later summers, observa- 
tions were available for at least 15 days per 
month. Although clouds can reduce the UV 
radiation markedly. statistical studies have 
shown that at t h ~ s  slte, cloud-~nduced changes 
are less than 10% for about half the scans. 

The measurements (Fig. 1B) show a good 
correspondence with those calculated from 
the ozone cl~matology, although the upward 
trend is larger than expected. The highest UV 
radiation recorded so far occurred during the 
summer of 1998-99. when anomalouslv low 
ozone coincided with a period of clear weath- 
er near the summer solstice. The UV Index 
then exceeded 12.5 on several occasions. 

To relate the observed changes in UV 
radiation to changes in ozone, we calculated 
corespondi~~g column ozone amounts from 
tlle same spectra (18). These ozone values are 
generally close to or below the climatological 
means: except at the start of the obsen,ation 
period (Fig. 1A). It appears that ozone on the 
smaller number of days sampled in those 
years may have been greater than the mean. 
Consequently, the nleasurements of ozone 
based on the UV radiation spectra show a 
larger (downward) trend (0.86%/year) than 
those calculated from the summertime ozone 
climatology (0,45%;year). 

We then investigated the changes for 0th- 
er biological weightings of the same spectra. 
The maximu~n values for plant-damaging UV 
rad~ation (19), DNA-damaging UV radiation 
(20). and UV-B radiation (290 to 3 15 nm) all 
occurred in the summer of 1998-99, and the 
measurements showed similar agreement 
with model calculations (21). By contrast, 
UV-A radiation (3 15 to 400 nm), which is not 
sensitive to ozone changes, was not notably 
high in the summer of 1 9 9 8 9 9 .  During that 
summer, peak levels of sunbulning UV radi- 
ation were 12 2 4% larger than in the early 
years of the decade when UV radiation mea- 
surements began. Larger increases were seen 
for DNA-damaging UV radiation and for 
plant-damaging UV radiation. 

The trends in UV radiation for each 
weighting were then related to the changes in 
ozone (Table 1). The trend in UV-A radia- 
tion, which is insensitive to ozone change, is 
not significantly different from zero, showing 
that cloud effects were unimportant. For the 
ozone-sensitive weightings. the observed 
changes increase as expected from their 
RAFs. They are somewhat larger than those 
calculated from the ozone cl~matology but 
agree with those calculated from the simulta- 
neous ozone measurements within the limits 
of experimental uncertainty (20.3%/year). 

These conclusions do not depend on the 
definition of the summer period (22), nor are 
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they substantially cha~lged a.hen the ~lu~l lber  
of days included per month in the analysis is 
increased from 1 to 10. When this nuiliber of 
days is increased above 15, the ozone trends 
systematically revert to the expected clima- 
tological mean (O.S%.'year). The trend in U\.: 
radiation decreases more rapidly because in 
the early years, when data were not talcen 
during inclement weather conditions, the 
measurements were systematically biased to- 
ward higher values. These sa~npling differ- 
ences would also bias ally atte~llpts to infer 
long-tenn changes in mean values froill the 
current data set. For the purpose of assessing 
risks to humans, a consideratioil of peak mid- 
day values is perhaps inore relevant, because 
the populatio~l is less liltely to be exposed to 
UV radiat~on dur~ng ~ncleilieilt n eather 

Because the d o ~ r ~ l w a r d  trends in ozone 
had already been occurring for several years 
before the UV radiation lneasurelnents be- 
came available. one could infer that even 
larger i~lcreases in UV radiation may hale  
accrued at this site since 1979. The filttlre 
outlook is more u ~ ~ c e ~ t a i n .  Although the 
stratospheric loading of ozone-depleting sub- 
stances is now close to the maximum expect- 
ed under the present control regime ( 3 )  there 
is concern about possible interactions be- 
tween ozone deplet~on and global n aiming. 

which could delay the recovery of ozone by 
decades (23). 

8. R. L. McKenzie, G. E. Bodeker, D. J. Keep, M. Kotkamp, 
J. H. Evans, Vv'eather Clim. 16, 17 (1996). 

9. J. L. Relethford and R. L. McKenzie, Am. 1. Phys. 
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(1996). 
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Seismic wave reflections from Earth's core recorded at seismic arrays in North 
America from events in the Caribbean Islands, Venezuela, and the Mid-Atlantic 
Ridge have observed slownesses more than 64 percent greater than predicted 
by the IASPE191 standard Earth model. P waves turning in the lowermost mantle 
beneath the same region also have anomalous slowness. The slowness anom- 
alies are not accompanied by significant travel time residuals and appear to be 
caused by lateral inhomogeneities in the velocity structure of the lower mantle. 

On 1 January 1996, unusual signals (Fig. 1) here as the standard Earth model. Slow~less 
fi.0111 an earthqualte in the \I.-indxard Islands magnitude. refelTed to subsequently as slow- 
[32.S-degree ( 1 )  epicentral distance] were re- ness. is measured as the reciprocal of the 
corded at the TXAR (Texas array) seismic horizoatal phase velocity and is directly re- 
arra). ( 2 ,  3)  in the Big Bend area of west lated to the angle of i~lcidence of the arriv~ng 
Texas (Fig. 2) .  Conlpressional waves reflect- ray. It is a measure of the travel time of an 
ed from Earth's core (PCP) had a much high- arrival across an array. 
er amplitude than the direct. first-a~riving 
compressioaal \Val es (P) .  Large-amplitude 
PCP xaves nrere also recorded at stations 111 

California. IVyoming. and Canada ( 2 )  The 
earthqualte was anomalous because the PCP 
slon-aess magnitude \ d u e s  measured at the 
TXAR and YICA (Yellomrlsnife. aorthern 
Canada) se~smic arrays were much larger 
thaa predicted by the IASPE19 1 seismo1og1- 
cal tables ( 4 ) .  These tables are referred to 

Department o f  Ceologicai Sciences, Southern Meth-  
odist University, Dallas, TX 75275-0395, USA. E-mail: 
(for I.M.T.) ileana@passion.isem.smu.edu; ( for  E.H.) 
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Here \T-e estimate the slo~vness of PCP and 
teleseismic P wave arrivals using the small- 
aperture TXAR and Y K 4  arrays. Previous 
studies at large arrays (aperture > l o 0  kin) 
(5-7) and at the YKA array (8) did not report 
large slo\vness residuals (9) for P phases, but 
nlislocatioas xvere found for ray paths travel- 
ing in the deep mantle beneath the no~ them 
edge of South America, the Caribbean Sea, 
and the Gulf of Mexico. Although deep man- 
tle heterogeneities n ere considered (3, 8) to 
explain the mislocatioas, these studies con- 
cluded (6-8) that source region, array site, or 
upper mantle structure near the arrays were 
more liltely causes. The averaging effect in 

www.sciencemag.org SCIENCE VOL 285 10 SEPTEMBER 1999 1711 




