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suggest a relation between mid-Holocene 

M idm Holocene Cli Change climate change and the modem El Niiio- 
Southern Oscillation periodicity. This may 
have implications for the frequency of El 

Eric J. Steig Niiio-type events under possible future 

L arge-magnitude, rapid climate change In addition to these changes in land air global warming scenarios. 
events-some taking place within just a temperatures and precipitation, the mid- The mid-Holocene changes in tempera- 
few decades, less than the span of a sin- Holocene also saw substantial change in at- ture and circulation patterns were accompa- 

gle human lifetime (I)-characterized the mospheric and ocean circulation patterns. nied by increasing greenhouse gas concen- 
last glacial period, between about 50,000 and In the North Atlantic, a prominent increase trations. Atmospheric C02 increased by just 
10,000 years ago (2). Such events result in a in abundances of warm-water planktonic over 10 parts per million (ppm) between 
big signal in the geologic record through the foraminifera in some marine sediment 7000 and 5000 years ago, a rate of -0.5 ppm 
modification of the landscape by glaciers, cores suggests that sea surface temperatures per century (10). This pales in comparison 
changes in atmospheric and ocean chem- warmed between 8000 and 5000 years ago with modem anthropogenic C02 increases 
istry, and altered distributions of marine and (3). This warming trend is significant, com- (which amount to more than 60 ppm in the 
terrestrial biota. By comparison, the "signal" parable in amplitude to the periodic -1500- last century), but it does not differ greatly 
of climate change in our current interglacial year cycles, which are documented in the from the rate of C02 change during the last 
period, the Holocene, is relatively muted. same cores and attributed to major changes deglaciation and implies a major redistribu- 
Nevertheless, many paleoclimatologists, in the North Atlantic thermohaline circula- tion among the terrestrial, marine, and atmo- 
armed with techniques that permit the exam- tion (3). Other studies show cooling of spheric carbon pools. According to one plau- 
ination of past climate at unprecedented tropical Pacific (7) and Antarctic (4) sur- sible scenario (I]), total terrestrial biomass 
temporal and spatial resolution, are now face waters between 7000 and 5000 years decreased at low latitudes as aridity in- 
turning their attention to the Holocene. ago, weakening of the Australian monsoon creased and temperatures cooled, resulting in 

The new focus on the Holocene is moti- (8), and an increase in the frequency of a net release of carbon into the atmosphere. 
vated in part by the recognition that sub- storms events in the tropical Andes (9). The Limited carbon isotopic evidence (10) does 
stantial and possibly global climate oscilla- storm-frequency data-although controver- indeed suggest that the observed C02 in- 
tions have occurred during the past 10,000 crease can be attributed to terrestrial 
years, with pacing similar to the larger sources, rather than the oceans, but 
magnitude glacial events (3). Because these the details remain to be investigated 
oscillations occurred under conditions simi- with higher resolution data. 
lar to those of today-that is, in a time of Understanding mid-Holocene cli- 
overall warmth and in the absence of large mate change will not be straightfor- 
Northern Hemisphere ice sheets-they bear ward. As in the case of glacial-age 
more directly on our understanding of con- climate, changes in Earth's orbital 
temporary climate change than do the parameters and in the ocean thermo- 
events of the last glacial period. Moreover, haline circulation are probably im- 
the relatively subtle changes of the portant. Northern Hemisphere inso- 
Holocene provide a challenging benchmark lation has been decreasing since the 
against which to test the numerical climate early Holocene, with the steepest de- 
models that guide our understanding of cline about 6000 years ago, while 
how the climate system functions. deep ocean nutrient and isotope data 

Several recent studies highlight the mid- suggest a concomitant decline in 
Holocene (7000 to 5000 years ago) as a period North Atlantic deep water formation 
of particularly profound change. During this (12). But whereas conventional wis- 
interval, land air temperatures appear to have dom holds that Atlantic thermohaline 
declined across much of the globe. This can be variations tend to promote opposing 
seen most clearly in the polar regions, as d m -  climate changes at high northern and 
mented by data from Antarctica, Greenland, southern latitudes (13), the evidence 
and the eastern Canadian Arctic (4,s). The ev- from ice cores suggests that both 
idence at lower latitudes is more ambiguous, hemispheres cooled during the mid- 
but paleobotanical data show that most tmpi- 8: Holocene. A possible solution is sug- 
cal and subtropical land areas either cooled or # gested by numerical modeling ef- 
became more arid, or both, at temperate lati- forts. In one set of simulations (14), a 
tudes, some areas experienced a mid- reasonable match with the available 
Holocene dry period followed by increasingly l o  Q 7 6 6 4 2 1 01 data is obtained only when ocean 
cool and wet conditions (6). In some cases, the 4 B b W - W  thermohaline changes and insolation 
mid-Holocene shift in climate appears to have changes are combined with the influ- 
been quite abrupt (see the figure). Records of Holocene climate change. Global atmo- ence of the terrestrial biosphere, 

spheric C 0 2  concentrations (70) and stable isotope (6D) 
ratios (4) are from the Taylor Dome ice core, Antarctica. which produces strong feedbacks on 

The author is in of Earth and Stable isotopes are a proxy for local temperature. Pollen temperature and precipitation pat- 

~ ~ ~ i ~ ~ ~ ~ ~ ~ ~ ~ l  science, university of pennsyl- percentage data are from Rio Rubens Bog, southern terns. Evidently, the terrestrial bio- 
vania, Philadelphia, PA 19104. USA. E-mail: Patagonia, and show an abrupt change attributed to in- sphere, which is often ignored in cli- 
esteig@sas.upenn:edu creasing moisture (6). mate models, plays a more active 

www.sciencemag.org SCIENCE VOL 286 1 9  NOVEMBER 1999 



role in the climate system when large, 
Northern Hemisphere ice sheets are absent. 

Although the mid-Holocene represents a 
period of change in the climate system under 
conditions not all that different from today, 
two temptations must be resisted. The first is 
to use the mid-Holocene as a direct analog 
for contemporary climate change. Although, 
like today, C02 concentrations increased dur- 
ing this time, it must be reiterated that the 
rate of C02 increase was more than two or- 
ders of magnitude smaller and was very like- 
ly a response to, rather than a forcing of, cli- 
mate change. The second is to assume that 

we have sufficient data to confidentlv chamc- 
terize mid-Holocene climate. Because the 
signal of Holocene climate change is small, 
the noise is correspondingly large, and in 
consequence Holocene climate is effectively 
more complex than glacial climate (IS). The 
"complexity" in this case is spatial variability, 
which can be addressed only by obtaining 
high-quality, high-resolution paleoclimate da- 
ta from many, widely distributed locations. 
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On the Edge of the Solar System 
Rodney Comes 

eyond the orbit of Neptune, the solar 50 AU boundary during their entire orbit, and 
system does not contain any large ob- this aspect of the theory cannot be confirmed 
jects. According to solar system mod- or disproved without further data. 

els (I ,  2), a large number of smaller objects Three different groups of EKBOs are 
should orbit the sun in these distant regions, currently known. Most members of the reso- 
but with the exception of Pluto, these ob- nant group are located in the 2:3 resonance 
jects were long beyond the limits of de- 
tectability. New imaging has overcome this 
problem. Since the discovery of the first 
member of the Edgeworth-Kuiper Belt 
(EKB) in 1992 (3) confirmed the early pre- 
dictions, nearly 200 objects have been ob- 
served at distances between 30 and 50 as- 
tronomical units (AU) from the sun (4). The 
wealth of new data has led to consensus on 
some and controversy on other central is- 
sues regarding the evolution and structure 
of the outer regions of the solar system. 

According to Edgeworth (I) and Kuiper 
(2), the region now referred to as the Edge- 
worth-Kuiper Belt should be inhabited by a 
large number of small objects. The most 
probable scenario is that the primordial EKE3 
was much more massive-a total mass of 
about 30 Earth masses is necessary to form 
its biggest members known today, including 
Pluto, two orders of magnitude larger than 
the mass indicated by observations. Subse- 
quently, mass was lost, because the proximity 
to Neptune and Uranus created a dynamic or- 
bital environment and led to collision of ob- 
jects with these large planets, ejection from 
the solar system, or the breakup of larger ob- 
jects (5, 6). Beyond 50 AU, the planets are 
too distant to perturb orbits, and thus a larger 
amount of mass is theoretically expected to 
be found there. Unfortunately, there are no 
observations yet of any Edgeworth-Kuiper 

with Neptune; that is, they complete two or- 
bits around the sun in the time it takes Nep- 
tune to complete three orbits. The 2:3 reso- 
nance probably stabilizes these "plutinos" 
(see the figure) against disruptive gravita- 
tional perturbations by Neptune. A few reso- 
nant objects are in the 3:4, 5:7, and 3:5 reso- 
nances, and two are in the 1 :2 resonance. Ec- 
centricities and inclinations for plutinos can 
reach 0.34 and 40 symbol 176", respectively. 
Members of the nonresonant group (see the 
figure) have been found mostly between the 

2:3 and 1:2 resonances. They have average 
eccentricities and inclinations around 0.07 
and 9.5 symbol 176 ", respectively. The scat- 
tered group consists of objects with very ec- 
centric orbits. So far, only five members of 
this group have been identified, but their ori- 
gin is the least controversial of all the ob- 
jects. They are believed to be remnants of a 
collection of barely stable orbits with a peri- 
helion (closest approach to the sun) a little 
beyond that of Neptune. These orbits were 
attained after close encounters with Neptune, 
either from a region of slow diffusion in the 
Kuiper Belt (7) at distances between 35 and 
42 AU or from a more unstable region be- 
tween the orbit of Uranus and just beyond 
that of Neptune in a primordial EKB (8) .  
They are believed to be the source of the 
Jupiter family of comets (8). 

There are two main theories regarding 
the origin of the first two groups: the plane- 
tary migration theory (9) and the large scat- 
tered planetesimals theory (10). Both theo- 

ries assume a primordial configu- 
ration in which Neptune orbits in a 
planetesimal-rich environment. If 
the planetesimals are numerous 
and small, angular momentum and 
energy exchange of the swarm of 
objects with the precursors to the 
four major (or protoplan- 
ets) induce the planets to migrate 
radially. Neptune suffers an out- 
ward migration of about 7 to 8 AU 
and traps many planetesimals in 
resonance. whose eccentricities 
and inclinations are thus excited. 
This theory can explain the EKBOs 
at the 2:3 resonance with Neptune, 
including Pluto (9). However, the 
1 :2 resonance region seems far less 
populated than would be expected 
from numerical simulations. The 

Belt objects (EKBOS) that remain outside the ~0,ition of Edgeworth-Kuiper Beit objects on 1 January theory also cannot explain the 
1998. The orbits of the giant planets (outward from the moderately high eccentricities and 
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sun: Jupiter, Saturn, Uranus, and Neptune) are also shown. inclinations for the nonresonant 

Observatorio National, Rua lose Crist ino,  Blue circles, plutinos; red triangles, other Edgeworth Kuiper group. The second theory assumes 
77, 20921-400 ~i~ de Janeiro, Brazil, ~ - ~ ~ i l :  rod- Belt objects; filled symbols, relatively reliable orbits, open a few large (order of an Earth 
ney@on.br symbols, less reliable orbits. Data from (76). mass) planetesimals orbiting near 
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