
scale of electronic relaxation and provides a 
test of the Born-Oppenheimer approxima- 
tion for short-lived electronic states. 

Many chemists are trying to control the 
rates and branching ratios of reactions by 
manipulating the quantum mechanical 
properties of the system with light (9, 10). 
Progress has recently been made with con- 
trolling gas phase reactions in this way 
( I  I), but at metal surfaces, quantum control 
remains a daunting task. because coherence v , 

is lost on an extremely short time scale. To 
date, control of branching ratios in surface 
photoreactions has been achieved only in- 
coherently by exploiting different mecha- 
nisms for energy transfer (12). Given the 
recent advances in laser technology with 
pulse durations below 10 femtoseconds, the 
study of Petek et al. may well mark the 
point at which quantum control of surface 
reactions becomes feasible. 

P E R S P E C T I V E S :  P A L E O C L I M A T E  

SCIENCE'S C O M P A S S  

The studies of Kliewer et al. and Petek 
et al. demonstrate the insights into elec- 
tron dynamics at surfaces that can be 
gained from high spatial and temporal 
resolution studies. The controlled manip- 
ulation of atoms and molecules by STM 
has been demonstrated with great success 
(13). Such manipulation processes often 
involve the formation of short-lived elec- 
tronic states localized on single 
molecules (14). However, the unique spa- 
tial resolution of the STM can also be ex- 
ploited to study the interactions of elec- 
trons with well-defined defects and struc- 
tures at the atomic level, such as single 
atom impurities (15, 16), step edges (1 3 ,  
or quantum corrals (18). Such studies 
promise new insights in the microscopic 
characteristics of the electron dynamics 
at surfaces and may open the way to their 
controlled manipulation. 

I000Years of Climate Change 
Ray Bradley 

T
he exceptional warmth of the 
1990s-the warmest decade since 
instrumental records began-has 

sharpened concern over the nature of an- 
thropogenic influences on climate. How- 
ever, the causes of 20th century climate 
variability are difficult to resolve, because 

the period of instru- 
Enhanced online a t  mental records co- 
www.xiencernag.org/cgi/ incides with the 
content/fulV288/5470/1353 time during which 

the atmosphere has 
increasingly been contaminated by green- 
house gases. What are the "natural" varia- 
tions that preceded the observed warming 
of the 20th centurv? To the casual observ- 
er, it might seem that this question has a 
simple answer-20th century warming 
was preceded by the "Little Ice Age" and 
before that by a "Medieval Warm Period." 
But to those who have looked into this 
question in depth, the answer is not so 
simple, as was apparent at a recent work- 
shop (I). Many questions remain regard- 
ing the climatic changes that occurred 
over the last millennium. 

Lamb was the first to argue for the ex- 
istence of a "Medieval Warm Epoch" from 
around A.D. 1000 to 1300, but his evi- 
dence was highly anecdotal and largely 
qualitative (2). Furthermore, his recon- 
struction of the mild winters and drv sum- 
mers that led him to characterize the 
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epoch as he did was based on records 
from western Europe only. Nevertheless, 
the concept of a Medieval Warm Period 
(MWP) has taken on a life of its own, with 
the implicit assumption that it was a glob- 
al phenomenon and that temperatures were 
warmer than in recent decades. 

There is little evidence that this was so. 
Hughes and Diaz (3) argued a few years 
ago that the available evidence allowed 
nothing more significant to be concluded 
"than the fact that in some areas of the 
globe, for some part of the year, relatively 
warm conditions may have prevailed" (p. 
28). Subsequent research has not altered 
that conclusion (4-6). But we cannot en- , , 
tirely rule out the possibility of a globally 
extensive warm episode (or episodes) for 
at least part of the period from A.D. 1000 
to 1300, because of the paucity of high- 
resolution records (especially from the 
oceans and the Southern Hemisphere) 
spanning that interval. High-precision 
borehole temperature measurements from 
Greenland ( 3 ,  and some from Antarctica, 
do point to warmer conditions around A.D. 
1000 than in recent decades, but other pa- 
leoclimate records provide a different pic- 
ture. For example, tree ring data from the 
Southern Hemisphere do not provide sup- 
port for a warmer period -1000 years ago. 
By contrast, high-latitude tree ring data 
from the Northern Hemisphere show evi- 
dence of strong warming at that time, at 
least in the summer months, and some ma- 
rine records from the North Atlantic also 
suggest warmer conditions (8). 
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Whether there really were warm 
episodes of global extent in medieval 
times (though perhaps not as warm as the 
past few decades) thus deserves further 
scrutiny. Until a more extensive set of data 
is available, the absence of evidence does 
not necessarily mean evidence of absence. 
This is unfortunate, because the MWP is 
often pointed to as "proof" that there were 
periods in the recent past when conditions 
were "naturally" warm, without anthro- 
pogenic influences. Cosmogenic isotope 
data (lOBe and 14C) point to relatively high 
levels of solar activity (and hence perhaps 
higher irradiance) around A.D. 1000; or- 
bital considerations also suggest that, at 
least in boreal summers, insolation was 
slightly higher at that time (9, 10). Solar 
activity levels were generally lower than in 
medieval times for most of the last millen- 
nium, only reaching comparable levels in 
the latter half of the 20th century, and this 
issue is therefore very important for un- 
derstanding our current climate state. 

Do we have any better ideas about cli- 
matic conditions after the purported 
MWP? As we move forward in time. the 
amount of information increases rapidly, 
and the temporal and geographical patterns 
of climate change come increasingly into 
focus as the 20th century is approached. 
By the mid-16th century, global tempera- 
tures were colder than in previous cen- 
turies, and alpine glaciers around the 
world-a sensitive bellwether of tempera- 
ture change-generally advanced. This pe- 
riod of more extensive glacierization, called 
the Little Ice Age (LIA), lasted until the 
mid to late 19th century in most regions. 
But even within this period, there were 
warmer episodes; for example, the 18th 
century was warmer than the preceding 
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and subsequent centuries, and in some pe- 
riods winters were markedly cool while 
summers remained relatively warm. The 
geographical patterns also varied; some ar- 
eas were warm when others were quite 
cold (11). Furthermore, there is evidence 
that the first postmedieval advance of 
glaciers occurred as early as the 13th cen- 
tury in some areas and the 14th and 15th 
centuries in others (12). But whatever date 
one selects for the "onset" of the LIA, 
there is little doubt that it was firmly at an 
end by the beginning of the 20th century. 
The reduction in ice masses accumulated 

SCIENCE'S COMPASS 

There are indications that the long-term 
variability of the oceans may also have 
played a key role in climate variations of 
the last millennium. Broecker et al. hy- 
pothesize that there may have been a re- 
duction in North Atlantic deep water for- 
mation (and a concomitant reduction in 
the Gulf StreamNorth Atlantic Drift) dur- 
ing the LIA, with opposite conditions dur- 
ing the MWP (15). This may have been the 
result of an oscillation between deep water 
production in the North Atlantic and the 
Southern Ocean, implying a period of re- 
duced Southern Ocean deep water forma- 

20th century retreat. Photographs of the Dana Glacier, Sierra Nevada, California (3660 rn, 37O 
54' N, 119" 13'W) in 1883 (left) and 1985 (right) show how the glacier has retreated since the 
late 19th century. 

over preceding centuries has continued to 
the present (in fact, the rate has accelerat- 
ed) in almost all regions of the world (13) 
(see the figure). 

How can these changes be quantified, 
and what can we learn about their causes? 
Several reconstructions of large-scale 
temperature changes have been made with 
various sets of paleoclimate data, from 
tree rings and ice cores to corals, sedi- 
ments, and historical records (4, 6, 14). 
These reconstructions point to a general 
decline in temperature from -A.D. 1000 
(or earlier) to -1900, with rapid warming 
over the last century that has no counter- 
part in the millennia1 record. Independent 
reconstructions derived from borehole 

5 temperatures suggest even colder temper- 
atures about 400 to 500 years ago andfor 
even greater warming in the 20th century. 
To what extent these differences in recon- 

g structed temperatures are related to the ef- 
2 fect of land use change on borehole tem- 
"eratures remains to be resolved, but it ' suggests that land use change may be an- % other factor, in addition to changes in at- 
2 mospheric trace gases and aerosols, that 
5 may have to be taken into account to real- 
g istically simulate past (and future) climate 

change. 

tion (with associated colder conditions in 
that region) during the MWP and en- 
hanced production (warmer conditions) in 
the LIA. There are very few records from 
the Southern Ocean to test this idea, but 
there is intriguing evidence for more open 
water, at least in the Ross Sea, during the 
LIA (16). Borehole temperatures from 
Taylor Dome (but not from other Antarctic 
ice core sites) also point to warmer condi- 
tions in the LIA (17) and lower tempera- 
tures in medieval times. How all this fits 
with mounting evidence for a periodic in- 
crease every 1400 to 1500 years in ice- 
railed debris across the North Atlantic re- 
mains to be resolved. The LIA may have 
just been one of many oscillations within 
the Holocene, driven either by internal 
ocean system dynamics or quasi-regular 
external forces not yet resolved. 

Many questions remain about the na- 
ture and causes of climate changes over 
the last millennium, and it is easy to over- 
look what we do know that is relevant to 
the present debate over global warming. 
One fact stands out as indisputable: Tem- 
peratures rose in the 20th century at a rate 
unprecedented in the last millennium. Fu- 
ture research is unlikely to shake that con- 
clusion. It is also very probable that tem- 

peratures at the end of the 20th century 
were higher than at any time in the last 
millennium; the latter half of the century 
was probably one of the warmest 50-year 
periods for several millennia (10). Howev- 
er, more research is needed to consolidate 
and verify that conclusion. Much remains 
to be learned about the climate-forcing 
mechanisms that operated over the last 
millennium, but current research clearly 
implicates anthropogenic greenhouse gas- 
es in the remarkable temperature changes 
of the last century (14). Given that the at- 
mospheric C02  concentration is now high- 
er than at any time in (at least) the last 
420,000 years (la), that it will almost cer- 
tainly double within the next century, and 
that a considerable amount of heat has al- 
ready been sequestered in the upper ocean 
during this century (19), the climatic and 
environmental changes of the last millen- 
nium may be trivial compared with those 
in the near future. 
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