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The El Niiio-Southern Oscillation (ENSO) is the most potent source of inter- 
annual climate variability. Uncertainty surrounding the impact of greenhouse 
warming on ENS0 strength and frequency has stimulated efforts to develop a 
better understanding of the sensitivity of ENS0 to climate change. Here we use 
annually banded corals from Papua New Guinea to show that ENS0 has existed 
for the past 130,000 years, operating even during "glacial" times of substan- 
tially reduced regional and global temperature and changed solar forcing. 
However, we also find that during the 20th century ENS0 has been strong 
compared with ENS0 of previous cool (glacial) and warm (interglacial) times. 
The observed pattern of change in amplitude may be due to the combined 
effects of ENS0 dampening during cool glacial conditions and ENS0 forcing by 
precessional orbital variations. 

Coupled ocean-atmosphere interactions root- 
ed in the tropical Pacific Ocean play a crucial 
role in modulating global climate on interan- 
nual(1-4), decadal(5-7), and, arguably, gla- 
cial-interglacial (lo5 year) (8, 9) time scales. 
Best known in this context is the ENS0 (lo), 
which has a variable period ranging from 2.5 
to 7 years, but usually focused in the 3- to 
5-year band. ENS0 has gained notoriety over 
the past two decades due to the unusually 
strong El Nifio ("warm") events of 1982183 
and 1997198, both of which had widespread 
ecological, social, and economic impacts. 
Despite recent advances in our understanding 
of the physics behind the ENS0 phenomenon 
(II), key aspects of the system remain poorly 
understood. These include the nature and or- 
igin of variability in the strength and frequen- 
cy of ENS0 and the sensitivity of the ENS0 
system to changes in climatic boundary con- 
ditions. This variability, forced and unforced, 
is crucial to determining the predictability 
and global impacts of ENSO, now and in a 
greenhouse-warmed future (12-15). One of 

the major obstacles to progress in this field 
has been the lack of instrumental and high- 
resolution proxy records of sufficient length 
to reveal the range of natural variability in 
ENS0 and its response to global climate 
change. 

Here we use geochemical analyses of an- 
nually banded massive Porites corals from 
Papua New Guinea to investigate variability 
in ENS0 at intervals through the last glacial- 
interglacial cycle of Earth history. As they 
grow, reef-building corals record climatic in- 
formation in the chemistry of their aragonitic 
skeletons. Retrospective analysis of cores 
collected from large living coral colonies has 
been shown to be a particularly powerful tool 
for reconstructing sea surface temperature 
(SST) and salinity (rainfall) variations asso- 
ciated with ENS0 (16, 17). Due to the pres- 
ence of annual bands in skeletal composition 
and structure, rapid growth rates (8 to 20 
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mmlyear), and longevity of coral colonies, 
these coral climate-proxy records can have a 
temporal resolution of about a month over 
several hundred years. The same species of 
massive corals are also well preserved in 
some late Quaternary exposed reef sequenc- 
es, from which they may be sampled and 
accurately dated by U-series techniques. This 
suite of attributes, allowing annually resolved 
records to be constructed, makes tropical cor- 
als possibly unique in their potential to reveal 
the nature and evolution of ENS0 dynamics 
on lo3 to lo5 year time scales. 

The record of modern ENS0 in corals 
from Papua New Guinea. The north coast of 
Papua New Guinea lies in the heart of the 
western equatorial Pacific Warm Pool, an 
area of exceptionally warm surface ocean, 
strong atmospheric convection, and high 
rainfall that plays a pivotal role in ENS0 
dynamics (Fig. 1). The climate of the regjon 
is fundamentally linked to ENS0 variability, 
with relative drought and slightly reduced 
SSTs characterizing the El Niilo phase. These 
climatic variations are recorded in the skele- 
tal geochemistry of corals living along the 
coast (18). 

In this study, we use the oxygen isotopic 
(6180) composition of the coralline aragonite 
to reconstruct past ENS0 activity. This tracer 
responds to water temperature through a tem- 
perature-dependent fractionation [--0.2%0 
6180/0C (19, 20)], as well as to changes in 
rainfall, due to the influence of isotopically 
light (more negative 6180) rainfall on surface 
ocean composition. Because SST and rainfall 
are' intimately linked in tropical areas of 
strong convective rainfall such as the western 
equatorial Pacific, the two factors combine to 
produce an enhanced climatic signal in coral 
skeletal 6180. That is, the wet and warm 
conditions during the La Nifia phase of the 
Southern Oscillation result in deposition of 
isotopically light coral skeleton, whereas the 
dry and cool conditions during the El Nifio 
phase result in isotopically heavy skeletal 
oxygen (Fig. 2A) (18). 

The approach taken in this study is to 
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analyze cores collected from fossil corals to 
produce high-resolution, multidecadal win- 
dows of past climate and to infer from these 
the status of ENS0 variability. To validate 
this approach, it is important first to demon- 
strate the regional reproducibility of coral 
6180 records from the study area and their 
reliability as ENS0 proxies. It is also neces- 
sary to produce benchmark "modem ENSO" 
coral records against which fossil coral data 
may be compared. To this end, we analyzed 
modem Porites corals from three locations 
(Huon Peninsula, Madang, and Laing Island) 
separated by up to 380 krn (Fig. 1) and 
compared the resulting geochemical records 
with local and regional climatic indices. 

Cores from the living corals were sub- 
sampled into 1- or 2-mrn growth increments to 
yield 6 to 14 samples per year, which were then 
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analyzed for 6180 and 613C (21). The chronol- 
ogies were subsequently developed on the basis 
of seasonality in skeletal 6180 and 613C, SUP- 

ported by examination of annual skeletal den- 
sity and fluorescent banding. To facilitate ex- 
amination of the ENS0 component of variabil- 
ity, we bandpass-filtered the coral and instru- 
mental records to isolate the 2.5- to 7-year band 
(22). The resulting time series (Fig. 3) are all 
strongly correlated and clearly display the well- 
known pattern of ENS0 variability since 1880. 
These results confirm that the Papua New 
Guinea coral 6180 records are robust proxies 
for ENS0 timing, frequency, and amplitude, 
and they provide the required benchmark for 
our paleo-ENS0 studies. 

Fossil corals in Papua New. Guinea. 
Parts of the north coast of Papua New Guinea 
are undergoing tectonic uplift due to rapid 

convergence of the West Pacific and Austra- 
lian plates. This has resulted in spectacular 
subaerial exposures of late Quaternary coral 
reefs. Most of the fossil corals for this study 
were collected from the well-characterized 
raised reef terraces on the Huon Peninsula, 
where long-term uplift rates range from 1 to 4 
m per thousand years (ky) (23). These terrac- 
es include reefs that grew during previous 
glacial times of low global sea level, as well 
as reefs that grew during previous interglacial 
times. This situation makes it possible to 
sample corals which grew during periods 
when climatic boundary conditions were sub- 
stantially different to those of today. 

For this study, we collected cores from in 
situ fossil massive Porites corals exposed in 
cliffs representing several phases of reef 
growth over the last glacial-interglacial cycle 
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Fig. 2 (left). (A) Comparison of coral skeletal 6180, rainfall and SST time series. 
The rainfall record is from Madang, the SST record is the IGOSS nmc blended 

1 ship and satellite data (58) for the l o  square centered on 147.5OE, 6.5'5, and 
coial H95-64 is from the ~ u o n  Peninsula (~ ig .  1). All records are interpolated to 

I I I I I I l l  , I 1 1 1 1 1 1 1 A a resolution of eight samples per year (thin lines). In addition, the coral record 
Years has been smoothed with a binomial filter (thick line) to remove seasonality. 

Historical El NiAo events are shown by shading. The double peak in weWwarm 
season (i.e., more negative 6180) values seen in some years in the coral record reflects the distinct double peak in wet season rainfall caused by the 
passage of the Inter-Tropical Convergence Zone southward over the area at the start of the wet season then back northward at the end of the wet 
season. (B) Fossil coral skeletal 6180 time series for comparison with the modern records. Inferred paleo-El NiAo events are shown by shading. Coral 
H95-16 has the weakest ENS0 signal of all the fossil corals sampled. Although close to the sampling and analytical resolution of these records, double 
peaks in weWwarm season values in some years are suggestive of similar seasonal development to that of the modern era and imply excellent 
preservation of the proxy climate signal. Fig. 3 (right). ENS0 variability since 1880. Modern coral skeletal 6180 and instrumental climate records 
have been filtered with a Gaussian bandpass filter (53) to reveal the 2.5- to 7-year (ENSO) components of variability. For all parameters, the polarity 
of they axis has been set so that the El NiAo phase of the Southern Oscillation would be expected to result in a downward anomaly in the curve. 
The "local" SST record is the reconstruction for the l o  square centered on 146.5OE. 5.53 from the GlSST2.3b data set of the UK Meteorological Office 
(59); the NIN03.4 OS SST is the optimally smoothed SST reconstruction for the NIN03.4 region in the equatorial central-western Pacific (60). Darwin 
sea level pressure and NIN03.4 SST are widely recognized indices of ENS0 activity. The pattern of relatively weak and irregular ENS0 activity in the 
middle of the 20th century (but with a major event in the early 1940s) is a well-known feature of historical ENS0 variability. 
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of Earth history. Reefs that grew during the , -120 m lower than today, are still below 
last glacial maximum (LGM), about 20,000 present-day sea level (24). However, to en-
years ago (20 ka) when global sea level was sure that we sampled reefs that grew during 

times of global coolness and large high-lati-
tude ice sheets, we collected cores from cor-
als that grew when global sea level was 70 to 
100 m lower than today, around 40 ka, and 
during the penultimate deglaciation around 
130 ka.

A 6 ~ a o  Seasonal and binomial filtered ,I% 2.5-7 year bandpassfillered 
($.PDQ coral skeletal&'@€I (8.PDB) coral skeletal6'80+ 
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Corals that are subaerially exposed for 
long periods of time (>lo3 years) are prone 
to diagenetic alteration that may compromise 
their utility for geochemically based paleo-
climatic reconstruction (25). Therefore, as an 
initial check on the quality of our sampled 
material, we screened the fossil cores geo-
chemically and petrographically (26). Four-
teen multidecadalcores that passed this qual-
ity control were subsampled, analyzed for 
6180 and 613C, and provided with an annual 
chronologywith the same techniquesused for 
the living corals. The ages of the corals were 
determined by 230Th/234Udating (27), sup-
ported by knowledge of their stratigraphic 
position within previously dated sections 
(Table 1) [Web table 1 (28)l. 

ENS0 variability in records from fossil 
corals. The skeletal 6180 time series generated 
from the fossil corals all display well-preserved 
seasonality (Figs. 2B and 4). In addition, all of 
the fossil coral records display some, but vari-
able, concentrations of variance in the typical 
ENS0 frequency band. Examination of the re-
lation between the interannual variations and 
the structure of the seasonal cycle in the fossil 
corals reveals a pattern that is very similar to 
that seen in the ENS0 cycle in modem corals. 
That is, more positive interannual excursions in 
coralline6180 (interpreted as cool and dry con-
ditions during the El N i o  phase) are generally 
a reflection of isotopically more positive (cool 
and dry) anomalies in both the wet and dry 
season values over a 12- to 18-month period 
(Fig. 2). This supports the view that the inter-
annual variations seen in the fossil records are 
indeed a reflection of a paleo-ENS0 system. 

The fossil coral records come from seven 

Interglacial) t 

-.. 
(Penunirnate 
deglaciatiin) -3 - H9525 4 . 5  - H95-6 

-3.0- '4,4 . 0 - w-
distinct time periods. Four of these are times 
of substantially lower global sea level during 
high latitude glaciation (38 to 42 ka, -85 ka, 
-1 12 ka, and during the penultimate degla-
ciation 130 + 2 ka), whereas the other three 
periods are representative of high sea-level 

-
10 years (tops of cores to right)10 years (lops of cores to righl) 

interglacial conditions. Corals within each 
group are of similar, but probably not over-
lapping age. Therefore, by grouping corals of 
similar age, we are effectively increasing the 
number of observations(number of years) for 
these time ~eriods.We note that corals from 
the same time period tend to have similar 
total variance (Fig. 4). This is especially true 
for the four corals from 38 to 42 ka, and the 
three corals from 130 + 2 ka, suggestingthat, 
for these times at least, the coral records are 
probably giving a representativeview of "av-
erage" ENS0 variability over longer (e.g., 
lo3 year) time scales. This is an important 
observation, because we have no good a pri-

216.51  85 112 118-128 
MODERN 2-3 ka ka 38 - 12 ka I ka 1 ka I La I 130 t 2 ka 

Fig. 4. Paleo-ENS0 variability from fossil corals. (A) (Left) Seasonal resolution (thin lines) and 2.25-year 
binomial-filtered (thick lines) skeletal 6180 records from all fossil corals used in this study, with the 
record from modern coral DT91-7 shown for comparison. (Right) 2.5- to 7-year (ENSO) bandpass-
filtered coral Sq80time series. (B) Standard deviation of the 2.5- to 7-year (ENSO) bandpass-filtered 
time series of all modern and fossil corals discussed in this study. Asterisk indicatesthat the time series 
is <30 years long. The horizontal dashed lines indicate maximum and minimum values of standard 
deviation for sliding 30-year increments in the modern coral records. Black bars, modern corals; gray 
ban, fossil corals. 
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on  knowledge of the nature and magnitude of exceptions (which have ENS0 variance sim- 
changes in ENS0 variability on centennial to ilar to the modern corals) are a short (18- 
millennia1 time scales. year) record (H94-2) from the last interglacial 

Because the modern ENS0 is a broad- and the late Holocene M93TBFC time series 
band and nonstationary feature in the fre- that contains an exceptional (-6-year dura-
quency domain (i.e., its periodicity ranges tion) El Nifio-like event, which has increased 
from 2.5 to 7 years) and because our fossil the total variance of the 40-year-long record. 
records are short, we have limited ability to Therefore, we have no evidence from fossil 
detect any subtle changes in dominant ENS0 corals of sustained ENS0 activity equal to or 
frequency through time. However, on the ba- greater than that which occurred over the past 
sis of inspection of the filtered and unfiltered 120 years. ENS0 variance is lowest in the 
time series (Fig. 4) and supported by results records from -6.5 and -1 12 ka and at inter- 
(29) of spectral analysis, we see no evidence mediate levels for all other periods. Although 
for any major change in ENS0 frequency or total variance in the 2.5- to 7-year band pro- 
regularity. vides one measure of ENS0 strength, a po- 

One of the striking features of the results tentially more sensitive discriminator be-
is that variance in the ENS0 band is greater tween ENS0 activity of different periods 
in the modem coral records than it is in 12 of may be the occurrence of "extreme" high-
14 of the fossil corals (Fig. 4). The two amplitude events. Corals from the modem, 2 

Table 1. Location, age, paleo-sea level, and paleo-SST for fossil corals. Roman numerals relate t o  
previously described Huon Peninsula raised reefs (23. 62). Ages reported here are 230Th/234U ages. Values 
in bold indicate direct 230Th age determinations from the corals that are in good agreement with the 
previously dated (220, or the mean of ages i f  more than one determination was made from a single coral; 
220); other ages are based on location within previously dated stratigraphy (40. 62-64). See Web table 
1 (28) for full details of 230Th age determinations. Estimate of sea level at time of growth determined on 
the basis of age, present-day elevation, and previously determined uplift rate of section (40, 62, 64). 
These sea-level ranges include uncertainties in uplift rate, age, and the water depth in which the coral 
lived. A6180 values are the values determined for fossil corals compared with modern corals from the 
same locality on the Pee Dee Belemnite scale, ASST estimates were based on coral skeletal chemistry 
(38). The 6180-based estimates include uncertainty in sea level. Values in parentheses indicate the source 
of the analyses from which the estimates are derived. n, number of analyses of successive monthly t o  
two-monthly growth estimates. The presence of well-defined seasonality in each of the proxy records 
suggests minimal diagenetic disturbance. Nonetheless, each of the proxies for SST has some uncertainty 
associated wi th it, especially when applied t o  ancient corals. We conservatively assess these uncertainties 
t o  be up t o  ?Z°C. 

Coral and location; 
Huon Reef Age (ka) 

Estimated sea 
level (m) 

A6180 coral 
(%OPDB) 

Apparent ASST (source) 
PC) 

M93TBFC; Madang 
Laing FC2 
H95-16; 1 

H96-27; Ila 
H96-18; Ila 

H96-36; Ila 
H96-6; lllb 
H97-10; V 
H95-14; Vla 
H94-2; Vlla 
(last interglacial) 
H95-58; Vlla 
(last interglacial) 
H95-6; VII 
H95-18; VII, 

Aladdin's Cave 
H95-25; VII, 

Aladdin's Cave 

*Coral H95-6 was collected from 12-m higher than Aladdin's Cave in the same section. Although this coral yielded 230Th 
ages o f  -125 t o  126 ka [Web table 1 (28)], the 66180 o f  this coral (implying much cooler SST and/or lower sea level), 
leads us t o  conclude that it also grew during the penultimate deglaciation, 1% i 2 ka, possibly slightly after the corals 
in Aladdin's Cave. tCoral H95-18 was dated previously along w i th  other corals from a location known as Aladdin's 
Cave. Although marginally acceptable [on the basis of 6234U(T)] 230Th ages for this coral ranged from -126 t o  128 ka 
[Web table 1 (28)], dating of faviid corals from the same location, combined wi th stratigraphic, paleo-sea level, and 
paleo-SST considerations, indicate that this coral must have grown during the penultimate deglaciation, some time in the 
interval 128 t o  132 ka (54, 64). Coral H95-25 came from the same location, and has a similar A6180. On these grounds, it 
is also assigned an age of 130 i 2 ka. $Sr/Ca-based values which may overestimate cooling by lot o  3°C due t o  proposed 
glacial-interglacial changes in oceanic SrICa (42, 43). $Previously reported Sr/Ca determinations (54). 

to 3 ka and last interglacial periods contain 
the highest amplitude events, whereas the 
-6.5 and -112 ka corals show the least 
tendency for extreme events (Fig. 5A) [Web 
fig. 1 (28)l. Therefore, high total variance is 
usually accompanied by, and is at least par- 
tially a hnction of, the occurrence of high- 
amplitude events. 

Our results suggest that ENS0 has been a 
persistent component of the climate system 
over the past 130 ka but that there have been 
substantial changes in its strength through 
time. It is difficult to assess rigorously the 
statistical significance of these apparent dif- 
ferences in ENS0 strength due to the relative 
shortness of the continuous records. Howev- 
er, as an initial step, we used the nonparamet- 
ric Conover test for equal variances (30) to 
assess the significance of differences in total 
variance in the 2.5- to 7-year ENS0 band 
between the eight time periods (including the 
modem) represented by our corals (31). Al-
though the shortness of the pooled data in 
some of the time periods means that these 
results must be interpreted with caution, we 
find evidence for some statistically signifi- 
cant (P < 0.01) differences in ENS0 vari- 
ance [Web table 2 (28)l. In particular, the 
amplitude of ENS0 during the modern period 
appears to have been significantly greater 
than during most other periods, and ENS0 at 
6.5 ka was significantly less vigorous than 
during most other times. 

Before discussing the broader climatic im- 
plications of these results, it is important to 
assess the possibility that some factor other 
than ENS0 variability has contributed to the 
different interannual variances shown by the 
fossil corals. Diagenetic alteration is a candi- 
date. However, the fact that even subtle de- 
tails of the annual cycle in skeletal S180 are 
preserved in our fossil corals (Fig. 2) argues 
strongly against any significant diagenetic 
ovemrint on the coralline S1'O record. There- 
fore, we believe that the interannual isotopic 
signal is a primary, climatic one. Further-
more, because our records come from a re- 
gion at the centre of ENS0 dynamics, our 
proxy does not depend on potentially tenuous 
teleconnections, and, consequently, is likely 
to be robust. 

Changes in mean climate in the western 
equatorial Pacific. It is pertinent to consider 
how mean climate conditions might have 
changed over the periods represented by our 
coral records. Proxy evidence from analysis 
of deep sea sediment cores now suggests that 
the surface equatorial Pacific was-probably 
-3°C cooler at the LGM (-20 ka), 2" to 3OC 
cooler throughout much of the interval from 
70 to 30 ka and similar to or slightly warmer 
than present during the last interglacial 
(- 11 8 to 128 ka) (32). In addition, during 
glacial times the mean zonal SST gradient 
was probably slightly stronger than present, 
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with attendant increases in trade wind 
strength and thermocline slope (32-34). 
Tropic-equator (meridional) SST gradients 
may have been reduced at the LGM (35) [but 
see (36)], which would probably have been 
accompanied by weakened Hadley circula-
tion (37). 

The trace element and stable isotopic 
composition of the corals themselves can be 
used to infer mean climate conditions at the 
time of growth. Although each of the proxies 
for absolute SST estimation has uncertainties 
associated with it when applied to fossil cor-
als, they can provide useful constraints. Our 
results (Table 1) (38) suggest that SST was 
similar to present around 2 to 3 ka, was 2 to 
3OC cooler at 38 to 42 ka and -85 ka, 3 to 
4OC cooler at -1 12 ka, similar to present at 
the last interglacial, and 2 to 6OC cooler 
during the penultimate deglaciation at 130 + 
2 ka. For the period around 6.5 ka, the 6180 
suggests similar or slightly cooler SST, 
whereas SrICa suggest slightly warmer SST. 
This apparent discrepancy could reflect un-
certainties in one or both proxy, or it may 
indicatethat conditionswere warmerbut with 
decreased precipitation minus evaporation 
(i.e., drier) (39). These coral-based estimates 
of glacial SST are broadly in agreement with 
previous findings based on 6180 of Tridacna 
clams from the Huon Peninsula (40) and 
with the deep-sea sediment data (32). The 
main exception is the extreme cooling (4" 
to 6OC) implied at -130 ka by two corals 
(H95-18 and H95-25). However, if the sa-
linity around Papua New Guinea were 
higher at this time [leading to less negative 
seawater 6180, for example, due to de-
creased rainfall; but see (41, 32)] and if 
oceanic SrICa was increased (42, 43) then 
the coral records could be interpreted as 
representing less extreme cooling. . 

Possible causes of changes in ENS0 
strength. Which aspects of the changes in 
climatic boundary conditions were responsi-
ble for the inferred changes in ENS0 ampli-
tude? It would appear that ENS0 amplitude 
was not a simple function of the changing 
global temperatures (or sea levels) through 
the glacial-interglacial cycle (Fig. 5). Our 
records indicate that ENS0 may have been 
weak around 6.5 ka, which is in agreement 
with inferences of subdued ENS0 in the ear-
ly- to mid-Holocene drawn from lake sedi-
ments in Ecuador (44), geoarchaeologicalev-
idence from Peru (45), and pollen data fiom 
Australia (46). However, ENS0 was clearly 
operating during previous much colder "gla-
cial" times around 38 to 42 ka and 130 ka 
and, possibly, during the early stages of the 
last deglaciation, 17.5 to 13.5 ka (47). 

Changes in the seasonal distribution of 
solar radiation consequent on the preces-
sion cycle of orbital forcing are known to 
exert a strong influence over tropical cli-

mates, and recent modeling studies have 
suggested that precession may play an im-
portant role in determining ENS0 variabil-
ity. This effect on ENS0 could be either 
internal to the Pacific (9, 48) or related to 
the impacts on tropical atmospheric circu-
lation of changes in the strength of the 
Asian Monsoon system (49, 50). Using the 
Zebiak-Cane-coupled ocean-atmosphere 
climate model, which was developed spe-
cifically for ENS0 studies, and forcing it 
with variations in heating due to orbital 
variations (51), Clement and co-workers (9, 
48) found major, precessionally contiolled 
changes in ENS0 variability through the 
last glacial-interglacial cycle (Fig. 5, D and 
E). The proposed mechanism is related to 
the timing of perihelion. When perihelion is 
in the boreal late summer-early autumn, 
zonally asymmetric heating of the equato-
rial Pacific results in an increase in trade 
wind strength, which in turn mitigdtes 

against the development of El Niiio events. 
This results in a reduction in the ENS0 
variance and mean climatic conditions that 
are La Niiia-like. Partial support for the 
precessional forcing hypothesis comes 
from the weak or absent ENS0 during the 
early- to mid-Holocene and the possible 
occurrence of ENS0 in the early stages of 
the deglaciation (47). However, our coral 
results indicate a relatively weak ENS0 
during at least two periods, around 38 to 42 
ka and 130 ka, when the model predictions 
indicated the likelihood of ENS0 stronger 
than the present day (Fig. 5). 

We suggest that it is possible to reconcile 
our results with the model predictions by 
including the potential effects of the broader 
glacial-interglacial time scale changes in cli-
mate. The Zebiak-Cane model considers only 
the tropical Pacific Ocean, and the orbitally 
forced model runs do not include any changes 
in atmospheric CO, or changes in climate 

Fig. 5. (A) "Strength' of ENS0 0 I/X G-- - - - - - - - - - - - - - - - - - - - - - - - - - - -
variabilitv in coral 6180 A.. 
records for eight time periods ENSO . . . . . . . . . . . . . . . . . . . . . . .  
over the past 150 ka. Solid ,,,,,, ,
black bars show the standard (from 

deviation (%o units, on the 0 Coral) 
0 m=J n . = ~  m = j  m=4 ..;7 177;1 F;2 ",;3to 0.1 y axis scale) of the n=230 n=135 n.49 "=I% "=la n.26 n=37 n=ll9 

ENS0 (2.5 to 7 year band-' Jpass-filtered coral 6' 0 rec-
ords from each time period. 
Shaded ban provide a measure 
of the occurrence of high-am-
plitude events for each period. 
The darker bars indicate the 
percentage of the data in the 
ENS0 bandpass-filtered data 
that exceeds 0.15%0absolute 
amplitude; lighter bars indicate 
the percentage of data that 
exceeds 0.10%0 amplitude 
(both plotted relative to the 0 D 300 

to 25 scale on they axis). m, 
number of corals combined for 
each group;n, total number of 

mate of global sea leiei(plot-
ted as meters below present sea level) derived from benthic foraminifera1 6180 (67). Ban indicate 
paleo-sea level estimated from the elevation, age,and uplift rate of coralsanalyzed in this study.These 
ban include uncertainty in the water depth in which the corals grew. Estimates of uplift rate are based 
on an assumed sea level of +5 m at 123ka (circle and bar). (C) Sea surface temperature record for the 
western equatorial Pacific (ODP Hole 8068, 15g022'E,0°19'N, 2520-m water depth) based on MgICa 
composition of planktonic forarniniferans (32).The horizontal line indicates modern SST. (D) ENS0 
variability estimated from application of the Zebiak-Cane-coupled ocean-atmospheye model forced 
only by changing orbital parameters (9).Shown here is power in the 2- to 7-year (ENSO) band from 
multitaper spectral analysis of nonoverlapping 512-year segments of model NIN03 SST index. Power 
is approximately equal to 100X variance. Although there is considerable variation at sub-orbital 
wavelengths (2u of power estimates -?71 based on a control run with no change in orbital 
parameters),the main precessionally related features, includingthe trend of increasing ENS0 amplitude 
and frequency through the Holocene, were found to be statistically significant (9, 48). (E) The 
precessional component of orbital forcing (57). For one cycle, the timing of perihelion is indicated as 
follows: a, boreal autumn; b, boreal winter; c, boreal spring;d, boreal summer. 

yeanrepresented by corals in o -
each group. The horizontal E 0.05-
dashed lines indicate the max-

0.00-imum and minimum standard 
deviation for sliding 30-year 0.05 -
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forced from outside the tropics. As a result, 
there is little change in the modeled mean 
temperature of the equatorial Pacific during 
glacial times, a scenario that now seems un- 
likely (32). We suggest that some aspect of 
the glacial climatic state may have had the 
effect of reducing the amplitude of ENSO. 
There are several possible candidates for this 
role. Significantly decreased equatorial Pacif- 
ic temperatures may have resulted in gener- 
ally weaker coupled ocean-atmosphere inter- 
actions, thereby subduing the ENS0 system. 
Alternatively, or in addition to this, the in- 
ferred increase in zonal SST gradient in the 
equatorial Pacific may have subdued ENS0 
through strengthening of the trade winds. Al- 
though these are perhaps the most probable 
controlling factors, changed meridional SST 
gradients, tropical-extra-tropical interac-
tions, and changes in thermocline structure 
(possibly related to any or all of the above) 
may also be implicated. 

A dual control for ENS0 consisting of a 
"glacial dampening" component and an orbit- 
al precession component would explain all 
the major features of our, and previously 
reported, paleo-ENS0 data. The evolution 
from weak ENS0 in the early- to mid-Holo- 
cene to strong and variable ENS0 today was 
related to precessional effects (9, 48). Mod-
erate ENS0 strength around 38 to 42 ka, 85 
ka, and 130 ka was the net result of the 
competing effects of glacial dampening and 
precessional enhancement. Although we have 
only two short records from the last intergla- 
cial, they suggest similar or possibly slightly 
weaker ENS0 than at present, in agreement 
with conclusions based on a coral record 
from Indonesia (52) and again consistent with 
our hypothesis. Lastly, our short record from 
112 ka indicates relatively weak ENS0 as 
might be expected with neutral precession 
effects (compared with present) and strong 
glacial dampening. 

Our results, and our conclusions concem- 
ing a likely dual "orbital precession-glacial 
dampening" control mechanism over ENS0 
strength, lead us to suggest that ENS0 may 
be stronger now than at any other time over 
the past 150,000 years. However, these data 
are sparse and need to be supplemented by 
adding high-resolution proxy records of 
ENS0 from other locations and time periods 
before it will be possible to attribute the 
sensitivity of ENS0 to specific aspects of 
global change. Such attribution is a prerequi- 
site for successfully predicting the conse-
quences of future greenhouse gas-induced 
warming on ENSO. 
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Observation of d 2 2-Like 
x 	-Y 

Superconducting Gap in an 

Electron-Doped High- 


Temperature Superconductor 

T. Sato,' T. Kamiyama,' T. Takahashi,'* K. Kurahashi,' 

K. YamadaZ 

High-resolution angle-resolved photoemission spectroscopy of the electron- 
doped high-temperature superconductor Nd,.,Ce,CuO, (x = 0.15, transition 
temperature T, = 22 K) has found the quasiparticle signature as well as the 
anisotropic d,z-,>-like superconducting gap. The spectral line shape at the 
superconduct~ngstate shows a strong anisotropic nature of the many-body 
interaction. The result suggests that the electron-hole symmetry is present in 
the high-temperature superconductors. 

The symmetry of the superconducting gap is 
directly related to the origin of superconduc- 
tivity (1). For the hole-doped high-tem-
perature superconductors (HTSCs), such as 
La2-xSrxCu04 (LSCO), YBa2Cu,0, 
(YBCO), and Bi2Sr2CaCu20, (BSCCO), the 
general consensus is that they have an aniso- 
tropic d,~-~2-like superconducting gap. But 
measurements from tunneling spectroscopy 
and magnetic penetration depth (2-4) exper- 
iments suggest that the electron-doped 
HTSCs such as Pr2.xCe,Cu04 (PCCO) and 
Nd2.xCexCu04 (NCCO) may have a different 
superconducting order parameter, possibly s-
wave. The electron-doped HTSCs also ap- 
pear different from their hole-doped counter- 
parts in many physical properties such as 
displaying a narrower doping range of the 
superconducting phase (5). The relatively 
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low maximum T, (-25 K) and the electrical 
and thermal properties, interpreted by the 
Fermi liquid-like T2 dependence, favor an 
s-wave symmetry. Thus, it has been believed 
that the superconducting order parameter 
and, therefore, the origin of superconductiv- 
ity mechanism may be different for the hole- 
and the electron-doped HTSCs. However, 
recent tunneling ( 6 ) ,  scanning SQUID (su- 
perconducting quantum interference device) 
microscope (7), and magnetic-penetration-
depth (8, 9) experiments have raised a ques- 
tion on this scenario, suggesting a d-wave 
symmetry for both types, whereas some other 
experiments (10, 11) support the distinct dif- 
ference in the superconducting order param- 
eter between the two "different" HTSCs. An- 
gle-resolved photoemission spectroscopy 
(AWES) is powerful experimental technique 
to study the momentum-resolved (k-resolved) 
electronic structure of a material and has 
made an in 
ing the superconducting order parameter in 
the hole-doped HTSCs (12, 13). In com~ari-  
son to the hole-doped HTSCs, the application 
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of AWES to study electron-doped HTSCs 
has not been so advanced. This has been due 
to the insufficient energy resolution to re-
solve the superconducting gap, which is 
much smaller than those of the hole-doped 
HTSCs, and due to the difficulty in growing 
high-quality single crystals of electron-doped 
samples. 

We report high-resolution ARPES data on 
a high quality Nd2~,Ce,CuO, (x = 0.15, T, = 

22 K) single crystal and show that the NCCO 
has an anisotropic superconducting gap well 
described by the dX2.,2-wave (14). The result 
suggests that electron-hole symmetry holds in 
the HTSCs and that the basic framework of 
the superconducting mechanism is similar be- 
tween the electron- and the hole-doped 
HTSCs. 

Single crystals of N~.,Ce,CuO, (x = 0.15, 
TC= 22 K) were grown by the traveling-solvent 
floating-zone method and annealed in flowing 

gas at 950°C for 10 hours. The magnetic 
susceptibility measurement shows that T, is 22 
K with a width of 2 K. AWES measurements 
were performed using a SCIENTA SES-200 
spectrometer with a high-flux discharge lamp 
and a toroidal grating monochromator. The en- 
ergy and angular (momentum) resolutions were 
set at 12 meV (full width at half maximum) and 
20.1° (?0.01 k'),respectively. A clean, flat 
surface of samples was obtained by in situ 
cleaving under ultrahigh vacuum of 5 x lo-" 
Torr. Samples were cooled down by using a 
liquid He flow cryostat, and the temperature of 
the sample was monitored by a silicon diode 
thermocouple embedded in the sample sub- 
strate. Because surface degradation was found 
to occur relatively quickly, all spectra were 
recorded at 10 K within 2 hours after cleaving 
(15), during which any sign of degradation or 
contamination of the sample surface was not 
observed. We have confmed the reproducibil- 
ity of data with several different cleaves and 
samples. The Fermi level (E,) of sample was 
referenced to that of a gold film evaporated 
onto the sample substrate. 

The representative valence-band ARPES 
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