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A stratigraphic record of climatic cooling equal in timing and severity to the Younger 
Dryas event of the North Atlantic region has been obtained fiom lacustrine sediments 
in the Glacier Bay area of southeastern Alaska. Fossil pollen show that a late Wisconsin ~ 1 ~ .  1. T . , ~  pleasant ~ ~ l ~ d  core site in ~ l ~ d ~ ~  
pine parkland was replaced about 10,800 years ago by shrub- and herb-dominated Bay region of southeastern Alaska. Neoglacial ice 
tundra, which lasted until about 9,800 years ago. This vegetational change is matched margins are marked by dated isohons. A& 
by geochemical evidence for loss of organic matter from catchment soils and increased Alaska; Yk Yukon; and GB* Bay. 

mineral erosion. If  this event represents the Younger Dryas, then an explanation for a 
hemisphere-wide propagation of a North Atlantic climatic perturbation must Nwglacial ice advance, which was followed 
sought. by the well-studied rapid ice retreat of the 

last 200 years (Fig. 1). The lake is located in 

T HE YOUNGER DRYAS COLD CLIMAT- circulation. The search for a Younger Dryas Late Wisconsin drift at 150 m above sea 
ic interval about 11,000 to 10,000 record in distant areas has been diligent level and is now bordered by a Sphagnum 
14C years ago has been clearly docu- (1 I), but claims have been commonly chal- bog. 

mented at glacial and paleoecological sites in lenged as being inadequately supported by The chronology of the late-glacial sedi- 
Europe (1-3), in North Atlantic sediment dates or by paleoclimatic interpretations [for ments from Pleasant Island was established 
cores (4), and from Greenland ice cores (5). example, Markgraf (12) for southern Chile]. on the basis of a series of six conventional 
A plausible explanation is that the cold A minimum in the deuterium profile of the radiocarbon dates on bulk organic sedi- 
climate is the result of the temporary retreat Vostok ice core from Antarctica is 1000 ments, four AMS (accelerator mass spec- 
of the unstable margin of the Laurentide ice years too old, if the chronology based on an trometry) dates-three on conifer needles 
sheet in western Ontario. Glacial retreat ice-flow model is correct (13). More recent- and one on an unidentified woody frag- 
would have allowed meltwater from Glacial ly, lake-level records of aridity in tropical ment-and an ash layer from the late Wis- 
Lake Agassiz to pass through the Great and North Africa (14) and a humid phase in consin eruption of Mount Edgecumbe (Ta- 
Lakes and the Gulf of Saint Lawrence into the Caribbean and Gulf of Mexico (15) that ble 1). Although the conventional 14C dates 
the North Atlantic. Such a sudden influx of are coeval with the Younger Dryas indicate are stratigraphically conformable, the bulk 
freshwater could have disrupted global ther- that varied climatic effects were felt well dates at 182 to 190 un (10,110 * 100 years 
mohaline circulation and the northward beyond the North Atlantic. ago), 244 to 252 cm (11,620 + 120 years 
transport of heat from the southern ocean We have obtained a detailed lake-sedi- ago), and 262 to 268 un (11,950 * 120 
(6, 7). Recent evidence from Maritime Can- ment climatic record from the Glacier Bay years ago) differ from the adjacent AMS 
ada (8) and a re-evaluation of late-glacial area in southeastern Alaska. Pollen and dates on conifer needles (9,080 * 105, 
pollen sites from southern New England (9) chemical stratigraphy suggest that a sigdi- 11,040 + 100, and 10,880 * 95 years ago, 
indicate that a Younger Dryas event oc- cant climatic reversal occurred in this region respectively) by 800 to 1000 years (differ- 
curred there as well, and a distinctive strati- between about 10,800 and 9,800 years ago. ences in core depths have been accounted 
graphic reversal in the pollen percentages of The site is on Pleasant Island (58"211N, for in this estimate). The error can probably 
spruce and other northern trees in Ohio 135"40fW) just beyond the limits of the be attributed to inputs of 14C-depleted car- 
indicates that the climatic effects extended 
upwind from the North Atlantic at least lo2 
to 103 km (10). In contrast, a Younger Table 1. Radiocarbon dates in years ago fiom Pleasant Island lake sediments. 

Dryas event is not apparent in the contem- 14 

poranwus spruce forest between Nova Lab number Core depth (an) C date* Corrected datet Dated material 

Scotia and Ohio (1 I), presumably because Beta-283401ETH-4734 181 to 182 9,080 ? 105 Spruce needles 
vegetational ecotones were absent from the Beta-345821ETI-I-6076 243 11,430 ? 120 Woody Eragmenfl 
region at that time (7). Beta-37238lETH-6604 258 11,040 A 100 Pine needles 

Beta-37239lETH-6605 264 10,880 + 95 P i e  needles If the proximal cause for the Younger WIS-1947 182 to 190 10,110 ? 100 9,260 Organic sediment 
Dryas oscillation is related to North Atlantic WIS-2100 210 to 218 10,530 + 110 9,680 Organic sediment 
events, then distant effects should not be WIS-1948 244 to 252 11,620 + 120 10,770 Organic sediment 
anticipated, unless the North Atlantic per- WIS-1949 262 to 268 11,950 ? 120 11,100 Organic sediment 
turbation were propagated around the globe WIS-1950 276 to 282 12,280 A 120 11,430 Organic sediment 

WIS-1951 296 to 304 13,760 2 120 12,910 Organic sediment by changes in general atmospheric-oceanic 
*The uncertainty limits represent 1 SD from counting statistics; AMS dates ( M T H  samples) are adjusted by 13C 
for total isotope effects. +Conventional "C dates (all WIS samples) arc corrected by -850 ycars on the basis of 

Limnological Research Center, University of Minnesota, the AMS dates on conifer needles; an uncertainty of * 120 ycars is associated with this correction. The uncertainty in 
Minneapolis, MN 55455. the corrected dates is therefore increased by this amount over that of the original dates. *Unidentified. 
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bon h m  carbonate-rich tills in the catch- 
ment. We assumed that this reservoir or 
"carbonate" error was constant (850 years) 
during late-glacial tirncs and the convention- 
al dates were comcted accordingly. The 
corrected dates of 10,770 and 9,680 years 
ago delimit the timing ofthe Younger Dryas 
event. 

We the single AMS date on the 
unidentified woody fragment at 243 a 
because it is 400 to 500 years older than the 
two AMS dates on identified pine needles 
fiom deeper in the core. The date on this 
unidentified fragment (11,430 2 120 years 
ago) is indistinguishable fkom the adjacent 
conventional date on bulk organic sediment 
at 244 to 252 an (11,620 k 120 years ago), 
and thus the sample may have been contam- 
inated by aquatic carbon or may have been 
reworked from older material in the catch- 
ment. The remaining AMS dates fiom iden- 
tified macrofossils and the Edgecumbe te- 
phra at 11,100 to 11,430 years ago 
constrain our chronology such that the cor- 
rected dates for the putative Younger Dryas 
event should not be in error by more than a 
few hundred years (16). There is still a 
similar level of uncertainty in the dating of 
the European Younger Dryas; compare 
Swedish radiocarbon chronology (2) and 
recent AMS 14C dates h m  Ireland (17). 

At the base of the core, willow, grasses, 
sedges, and ericaceous shrubs, all indicative 
of tundra vegetation, dominates the pollen 
sequence. L.odgepole pine (Pinus contorta) 
increases in sediments deposited about 
12,200 years ago where it reaches 80% of 
total pollen, indicative of a well-stocked pine 
parkland or forest. Pine pollen decrrases 
upward to 15% as alder (Alnus crisps, a 
shrub species) increases, and in 10,800 year 
old strata tundra pollen with abundant Eri- 
caceae, grasses, sedges, Artemisia, T u b a o -  
rae, Apiaceae, Ranunculaceae, and San- 
guismba prevails again. Higher in the 
section, in strata dated at 10,000 years ago, 
the abundance of herbaceous pollen decreas- 
es as alder increases, and at about the 9400- 
year-old level replacement of alder by Sitka 
spruce (Picea sitchensis) and hemlock (Tsuga 
mertensiana and T. heterophylla) indicates 
that the area became fully forested. A possi- 
ble short-lived vegetational response to the 
Edgecumbe a s w  in which alder and herb 
pollen increase at the expense of pine, occurs 
at a level dated -500 years older than the 
purported Younger Dryas event on Pleasant 
Island. 

Stratigraphic changes in sediment chcm- 
isay indicate that soils are more inorganic 
where the pollen data show a return to 
tundra vegetation. Where tundra pollen arc 
replaced by pine (12,200 years ago), the 
organic content of the sediment increases 

and the dastic component (as illustrated by 
A1203) dearascs. These geochemical 
changes record the progressive accretion of 
soil organic matter and the concurrent de- 
crease in mineral-soil erosion that accompa- 
nied the succession of tundra to conifer 
parkland ( 18). Higher in the core the chem- 
ical ~ro6les show a marked reversal 
(- 10,>00 years ago) where sedimentary or- 
ganic content decreases fiom 24 to 14% and 
A1203 riscs fiom 6 to 7%. This geuchemical 
shift implies that mineral erosion increased 
substantially and that local vegetational 
changes were d c i e n t  to cause a pedogenic 
reversal during this period, which lasted 
until the time of reforestation about 9800 
Years ago. 

The temwrarv return of tundra aftcr full 
developm&t ofiodgepole pine parkland is 
as dear a response to climatic reversal as is 
apparent in any of the Younger Dryas sites 
in northwestern Eurm.  It is not contem- 
poraneous with any known readvance of 
glaciers in the area or elsewhere in the Pacific 
Northwest, in strong contrast to Europe 
where glacial readvances are well docu- 
mented (3). The Sumas readvance of the 
Puget lobe in southern British Columbia at 
11,500 years ago is a tempting candidate fbr 
glacial response to climatic cooling, but the 
advance may have resulted fiom a reduction 
in the ran of calving as isostatic uplift 
brought the glacial terminus above sea level 
(19). Besides, the ice was already in retreat 
by 11,000 years ago (20). In s&ixastern 
Alaska a marine terrace on the Chilkat Pe- 
ninsula, cut between 13,350 k 100 and 
9,220 k 80 years ago, may represent the 

cessation of isostatic rebound related to a 
stillstand or readvance of Glacier Bay ice 
(21). 

Additional palynological evidence fbr a 
Younger Dryas correlative in the Pacific 
Northwest is equivocal. Although most pol- 
len records h m  Washington State and 
southern British Columbia do not show 
evidence of si@cant climatic changes dur- 
ing this time interval, a few show increases 
in mountain hemlock and other species (22); 
Rind et al. (1 1) suggested that these changes 
may represent evidence of a cooler or wetter 
climate. More convincing is a peat profile 
from Graham Island in the Queen Charlotte 
archipelago fiom which cooler summer tem- 
peratures between 11,000 and 10,000 years 
ago have been inferred by means of pollen- 
climate transfer functions (23). Peak values 
for mountain hemlock, a rise and sudden 
dedine in spruce, and increases in grasses 
and sedges characterize this interval. 

On the other side of the North Pacific, 
isotopic and micropaleontological records 
fiom high-resolution marine cores provide 
strong evidence for Younger Dryas type 
cooling near northern and central Japan 
(24). Here the rctum of subarctic foramin- 
Sera1 assemblages with higher '801'60 ra- 
tios than in preceding assemblages indicates 
that the polar fiont was displaced to the 
south between 11,000 and 10,000 years 
ago. However, pollen records h m  these 
marine cores and h m  the Japanese archi- 
pelago do not show the con&poraneous 
return of boreal vegetation that might be 
expccd fiom the reappearance of colder 
waters offshore (25). 

Flg. 2. Late Wisconsin pollen and geo&nucal profla from Pleasant Island lake sediments. A possible 
Younger Dryas event is marked by the shaded zone. The '*C time scale (1 ka is 1000 years before 
present) is c o r n e d  for carbonate error by the A M S  dates (e); corrected conventional data are shown 
in italics; the A M S  date of 11.4 ka is rcjectcd because of possible contamination. Core depth is measufid 
from the sediment-water interface. Other herbs include Tubuliflorae, Apiaccae, Ranunculaceae, and 
Sanguisorba; a 1 0 ~  exaggeration curve is shown for Ericaceae. Organic matter was measured by 
loss-on-ignition at 550"C, and A20? by lithium borate fusion and DC plasma spectroscopy (18). Scale 
for organic matter is percent dry we~ght; A20, is in weight percent. 
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The Pleasant Island sediment core pro- 19, 1185 (1982); R. W. Mathewes, International G. Streveler for helpful comments on the manu- 
Union for Quaternary Research, X I 1  International Con-  vides a continuous record of late Wisconsin gress Abstr, (National Research Council of Canada, 

script, and D. B. Lawrence, the National Park 
Service, and National Science Foundation Ecology 

environments in southeastern Alaska but by ottawa, 1987), pp. 22 1. and Climate Dynamics Programs (BSR-8705371, 
itselfdoes not demonstrate that the Younger 24. K. Chinzei et al., Mar. Micropal. 11,273 (1987); N. ATM-85114335, ATM-8714122) for support. 

Kallel et al. ,  Oceanol. Acta 11, 369 (1988). Limological Research Center contribution No. in region. If a similar 25. L. E. Heusser and J. J. Motley, Quat .  Re i .  34, 101 403. 
climatic signal can be found in lacustrine (1990). 

from other sites in the area, then 26. We thank B. Coffin, M. Noble, J. Janssens, and R. 
Carstenson for assistance in the field, D. Mann and 16 August 1990; accepted 19 September 1990 

the existence of the Younger Drvas event 
will be established for the Pycific ~brthwest ,  
and a mechanism will be required for trans- 
mitting this well-established North Atlantic 
climatic perturbation around the Northern 
Hemisphere, if not the globe. 
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El NSo-Southern Oscillation Displacements of the 
Western Equatorial Pacific Warm Pool 

The western equatorial Pacific warm pool (sea-surface temperatures >29"C) was 
observed to migrate eastward across the date line during the 1986-1987 El Niiio- 
Southern Oscillation event. Direct velocity measurements made in the upper ocean 
from 1986 to 1988 indicate that this migration was associated with a prolonged 
reversal in the South Equatorial Current forced by a large-scale relaxation of the trade 
winds. The data suggest that wind-forced zonal advection plays an important role in 
the thermodynamics of the western Pacific warm pool on interannual time scales. 

T HE SOUTHERN OSCILLATION IS A 

large-scale seesaw in atmospheric 
pressure between the eastern sub- 

tropical Pacific and the maritime land mass- 
es of Australia and Indonesia { 1. 2 ) .  Pressure \ .  , 

Ifferences between these two regions drive 
easterly trade winds, which are the principal 
forcing function of tropical ocean circula- 
tion. The trade winds converge in the west- 
ern Pacific in regions of deep atmospheric 
convection and high rainfall rates. A drier air 
mass then returns eastward aloft before de- 
scending in the subtropical high region of 
the eastern Pacific. Periods when the pres- 
sure is unusually high in the west and I& in 
the east are associated with El Nifio, an 
oceanic phenomenon characterized by 
weakened trade winds in the central and 
western Pacific and sea-surface temperatures 
(SSTs) that are warmer than usual from the 
coast of South America to west of the date 
line (3). El Niiio-Southern Oscillation 
(ENSO) episodes occur on an irregular cy- 
cle of about 2 to 10 years, the most recent of 
which occurred in 1986 to 1987 (4, 5). 
Although the origins of ENS0 may be 
traced to the tropics, its manifestations are 
felt worldwide through disruptions in the 
atmospheric general circulation and associ- 
ated weather patterns (1, 6) .  

The western Pacific warm pool, defined 
by SSTs > 29"C, has recently taken on a 

special significance in ENS0  studies (7, 8). 
The SSTs in the western equatorial Pacific 
are the highest in the world ocean. Such 
high temperatures lead to tremendous vari- 
ability in deep convection because the ability 
of the atmosphere to hold water vapor 
increases nonlinearly with temperature (9).  
During ENSO, the warm pool and deep 
convection associated with converging east- 
erlies are observed to migrate eastward 
across the date line. This migration of the 
warm pool has generally been attributed to 
wind-driven zonal current advection, on the 
basis of model studies (7, 10, 11) and em- 
pirical mass-balance studies (12-14). How- 
ever, until recently there have been no direct 
current measurements west of the date line 
suitable for testing this hypothesis. In this 
report, we present moored and shipboard 
velocity measurements for 1986 to 1988 
and show that the western Pacific warm 
pool is responding to current variations in a 
manner consistent with inferences drawn 
from models, theory, and earlier empirical 
studies. 

To place these measurements in perspec- 
tive, we review the broad outlines of air-sea 
interaction on ENS0 time scales as dis- 
cussed in the context of several simple cou- 
pled ocean-atmosphere models (15). In 
these models, warm tropical SST anomalies 
generate anomalous deep atmospheric con- 
vection fed by convergence of surface winds. 

u 

This surface convergence leads to a signifi- 
M. J. McPhaden, Pacific Marine Environmental Labora- 
tory, National Oceanic and Atmospheric Administration, cant "'eakening the trade winds of 
7600 Sand Point Way Northeast, Seattle, WA 98115. the warm SST anomalies. The ocean re- 
J. Picaut, Groupe SURTROPAC, Institut Frangais de 
Recherche Scientifiaue mur le DiveloDDement en Co- 'ponds to this weakening: surface 

-. - ~ ~- 

optration ( O R S T O M ) , ' N O ~ ~ ~ ,  ~ew'kaledonia. currents locally accelerate eastward, and 
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