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Abstract The late-Glacial/Holocene transition in the
North Atlantic-European sectors has long been known
to be a period of rapid climate change. There is, how-
ever, a continued need for acquiring and developing
paleoclimate archives spanning this interval from
continental settings. Here we report on a lacustrine
(Fayetteville Green Lake) isotope record sampled at a
10-year resolution from the NE USA over the late-
Glacial/Holocene interval (14,600-8000 cal year BP).
Based on prior isotopic and hydrologic research from
Green Lake, the 5180(ca1cne) values predominantly reflect
winter moisture source and thus winter atmospheric
patterns. Furthermore, we use historic (AD 1948-1980)
winter circulation data and 5180(calcne) values from
varved sediments to examine the relationship between
the circumpolar vortex latitude and isotopes which
results in a strong (r = —0.79; r* = 0.63) negative rela-
tionship. Using the linear regression from the isotope-
vortex relationship, we model the winter vortex latitude
for the late-Glacial/Holocene transition over the NE
USA. In addition, we identify an interval from 11,600 to
10,300 cal year BP (the post-Younger Dryas climate
interval) wherein the mean winter vortex over the NE
USA was expanded by ~6° latitude (~36.1°N; i.e.,
~630 km) from its mean historic position between AD
1948-1998 (~41.8°N). Renewal of more vigorous ther-
mohaline circulation following the Younger Dryas cold
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event may have forced the post-Younger Dryas climate
interval. Increased poleward heat transport due to an
active oceanic conveyor would have strengthened the
thermal contrast between the NE USA and the North
Atlantic thereby enhancing atmospheric pressure gradi-
ents and firmly establishing the semi-permanent winter
trough over the NE USA. Consequently, storms tracked
more frequently up the east coast of the United States
from the Gulf of Mexico and Atlantic regions delivering
precipitation with relatively high 0'*0 values to the NE
USA. Alternatively, the relative dominance of seasonal
precipitation may have changed resulting in less total
winter precipitation (low §'*0) causing lake waters to
become relatively enriched in high 4'°0 summer pre-
cipitation. Both hypotheses are good candidates for
testing by global circulation modeling (GCM). The ter-
mination of the post-YD interval at 10,300 cal year BP
and the beginning of the Holocene was likely forced by a
gradual decrease in thermohaline circulation and pole-
ward heat transport as freshwater input from melting of
high-latitude ice sheets increased.

1 Introduction

The transition from full glacial to interglacial conditions
was a period of climatic instability (Denton and Karlén
1977; O’Brien et al. 1995; Stuiver et al. 1995; Bond et al.
1997; Yu et al. 1997; Mullins 1998; Campbell et al.
1998). Although improving, there is a relative dearth of
decadal to centennial-scale, continental, late-Glacial/
Holocene paleoclimate archives. Here we present a
lacustrine sediment record of oxygen isotope variability
sampled at 10-year resolution from ~14,600 to ~8000
calendar years BP (hereafter cal yrs BP, all radiocarbon
dates converted to calendar years before present using
Calib 3.0; Stuiver and Reimer 1993). These data docu-
ment the first NE USA record of the late-Glacial/Ho-
locene climate transition at decadal resolution. Variable
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climate modes characterize the entire isotope record
highlighted by an abrupt (<60 years), long-lived
(> 1300 years) climate interval between ~11,600-10,300
cal yrs BP, hereafter, termed the post-Younger Dryas
(post-YD) climate interval. Because the isotope data
record atmospheric circulation processes, which are not
easily related to specific temperatures, we define the
post-Younger Dryas climate interval as a period char-
acterized by its anomalous 5180(calcue) values and
atmospheric circulation patterns.

Several abrupt climate change events have been
identified throughout the late-Glacial (defined here
beginning at 14,600 cal yr BP; Stuiver et al. 1995) and
Holocene periods. The most notable events are the
Bolling-Allerod warm period (Stuiver et al. 1995), the
Younger Dryas cold interval (Mangerud et al. 1974;
Broecker et al. 1989; Stuiver et al. 1995; Yu and Eicher
1998), the 8200 cal yr BP cold, dry event (Alley et al.
1997; Barber et al. 1999; von Grafenstein et al. 1999),
and more recently, the mid-Holocene transition (Steig
1999; Sandweiss et al. 1999; Mullins and Halfman 2001).
Several authors have previously identified a post-
Younger Dryas climate interval in the NE USA, but
low-resolution records have generally limited their
atmospheric interpretation (Fritz et al. 1975; Lewis and
Anderson 1992; Anderson et al. 1997; Hu et al. 1997).
Another critical limitation is that only a few paleocli-
mate records have calibrated their atmospheric
hypotheses with historic data (Smith and Hollander
1999; Black et al. 1999).

Our research presents a statistical method for recon-
structing regional-scale atmospheric circulation over the
NE USA for the period 14,600-8000 cal yr BP. This
model was constructed using a linear transfer function
developed from the relationship between lacustrine
5180(calcite) and circulation during historic times (i.e.,
AD 1948-1980). This function is then applied to the
prehistoric 5180(%@@ record, thus yielding a model of
atmospheric circulation during the late-Glacial/Holo-
cene transition.

2 Study site and background

Fayetteville Green Lake is an excellent study site for developing
paleoclimate proxy records (Fig. 1a). Foremost, Fayetteville Green
Lake is topographically isolated with a small drainage basin
(4.33 km?) thereby reducing complexities associated with vast,
complex hydrologic pathways. Furthermore, Green Lake is mero-
mictic (i.e., permanently stratified) produced by the inflow of sa-
line-rich (dense) groundwater at ~18 m water depth (see review by
Hilfinger and Mullins 1997). The inflow of this saline-rich
groundwater maintains a permanent chemocline at ~18 m water
depth separating the mixolimnion (upper 18 m of water that mix
seasonally) from the monimolimnion (18-52 m where waters are
permanently removed from direct atmospheric contact; Takahashi
et al. 1968). Thus, bottom waters are permanently anoxic yielding
conditions favorable for preservation of varves (i.e., annually de-
posited layers; Ludlam 1969). Seasonal precipitation of biologically
mediated calcite between the months of May and August by the
cyanobacterium Synechococcus accounts for >80% of the summer
portion of the varves (Thompson et al. 1997). The short water
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Fig. 1. a Study site map with core location. FGL, Fayetteville
Green Lake; PCGL-1, wetland piston core; GLB-1, lake box core.
Insets illustrate global and regional locations, respectively. b
Approximate mean winter circumpolar vortex position at the
5460 m 500 hPa geopotential height field (Yarnal and Leathers
1988; Burnett 1993a)

residence time (1-2 year; Takahashi et al. 1968) of the mixolimnion
in Green Lake, where the calcite precipitates, assures that oxygen
isotope values from calcite will record high-resolution (<2 year)
climate variability. Previous work by Hilfinger et al. (2001) has
shown that the 5'80(Calcim) values are influenced more by Green
Lake 5180(wa1er) values than by temperature. Furthermore, ap-
proximately 75% of annual, regional water budgets for lakes in the
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Green Lake area are contributed by winter precipitation (snow or
rain) and subsequent spring runoff (Michel and Kraemer 1995).
Consequently, we interpret the 5180(calcite) data from Green Lake as
primarily recording winter moisture source variability (Kirby et al.
2001).

The winter climate of the Fayetteville Green Lake region is
strongly influenced by the westerlies and the polar front jet stream
(Klein 1957; Zishka and Smith 1980; Burnett 1993a). Because of
the circumpolar nature of the westerlies, it is often referred to in its
entirety as the circumpolar vortex (Angell 1992). The strength of
the vortex, as measured by wind speed and vortex size, varies
seasonally with strongest conditions during the winter months
when the temperature gradient between the cold polar latitudes and
the warmer low latitudes is greatest (Harman 1991). This variation
reflects seasonally changing global energy transfer (Barry et al.
1975; Balling and Lawson 1982; Harman 1991).

Embedded within the circumpolar westerlies are wave features
that operate over a wide range of spatial and temporal scales. The
largest of these features are the semi-stationary upper troposphere
Rossby waves (i.e., long waves, Harman 1991). These waves, which
have strong geographic preferences, possess continental size
wavelengths, and serve a fundamental role in middle latitude cli-
mate. Some of these long waves, such as the trough over the NE
USA, are largely controlled by relatively stable boundary condi-
tions, certainly over the interval of time discussed here (Harman
1991). In the case of the NE USA trough, the position of the Rocky
mountains and the strong thermal contrast between the North
Atlantic ocean and the adjacent North American continent “an-
chor” the NE USA trough as a semi-stationary long wave (Douglas
et al. 1982; Manabe and Broccoli 1990; Harman 1991). Together,
the orographic and the land-sea thermal contrast act as geologic-
scale (i.e., millennia) climate boundary forcings on preferential
atmospheric circulation patterns (Manabe and Broccoli 1990;
Harman 1991). In fact, the combined influences of these latter
forcings are so dominant that models and observational studies of
atmospheric circulation addressing the early-Holocene transition/
glacial period indicate that a trough pattern existed over the NE
USA at all times (Delcourt and Delcourt 1984; COHMAP 1988;
Kageyama et al. 1999; Kageyama and Valdes 2000). Furthermore,
the NE USA trough pattern prevailed regardless of the influence of
the Laurentide ice sheet, although its size and shape would have
been subject to obvious modification (COHMAP 1988; Kageyama
and Valdes 2000).

As this discussion shows, the winter season vortex over north-
eastern North America is dominated by troughing (Fig. 1b). This
trough serves as a conduit through which fast moving, shorter
wavelength features flow. Short waves are important sources of
divergent air flow within the westerlies, and thus play a major role
in the development and movement of surface low pressure systems
(Harman 1991). During periods when the trough is expanded over
eastern North America, surface storms will develop at more
southerly latitudes. Several studies of circulation variability have
shown that the size and wave structure of the circumpolar vortex
change over a wide range of time scales ranging from interannual to
millennial (Namias 1978; Barry 1981; Douglas et al. 1982; COH-
MAP 1988; Burnett 1993b).
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3 Methods

3.1 Core collection and age control

An 11.2 m-long, hand-driven, square-rod piston core (PCGL-1)
composed of marl and peat layers was collected from the wetland
between Fayetteville Green Lake and Round Lake, New York
(W75°58’, N43°02’; Fig. 1a). Also collected was a 0.65 m-long box
core (GLB-1) from 22 m water depth in the neck region of Green
Lake (Fig. 1a).

Age control for core PCGL-1 is based on six radiocarbon dates
of peat layers and/or wood fragments (Table 1, Fig. 2a) plus a
spliced date from the Younger Dryas termination (11,640 + 250
cal yr BP), taken from the GISP 2 ice core record (Alley et al. 1993;
Fig. 2b). An age model was constructed assuming a linear sediment
accumulation rate between the respective '*C dates and the GISP 2
splice. We note that the termination of the Younger Dryas cold
event is a well-documented, well-dated boundary in the Northern
Hemisphere, thus making the spliced age of 11,640 cal yr BP used
in our age model a reliable age marker (O’Brien et al. 1995; Yu and
Eicher 1998; von Grafenstein et al. 1999; Wang et al. 1999; Wil-
lemse and Tornqvist 1999). The historic portion (AD 1906-1980) of
core GLB-1 was dated using varve count chronology (n=74;
standard error = %3 years using 4 total varve counts), index
varves (Ludlam 1969), and a distinctive flood unit deposited in AD
1922 (Kirby et al. 2001).

3.2 Isotopes

Using our age model, isotope samples were obtained at ~10-year
intervals of core sediment (< 1.5 cm) for the period 14,600 to 8000
cal yr BP. Time-averaged samples were used to eliminate the impact
of high frequency atmospheric variability (i.e., anomalous 6'%0
spikes). All isotopic analyses were conducted on the <63 p-size
fraction which consists predominantly of biologically mediated
calcite precipitate (Thompson et al. 1997). 5180(Calcite) values for the
historic period were determined on the summer portion of indi-
vidual varves (AD 1906-1980; n="74) from box core GLB-1. Pre-
historic samples were collected from the wetland piston core
PCGL-1. All isotope analyses were performed on a Finnigan MAT
252 gas ratio mass spectrometer directly coupled to a Kiel III
carbonate preparation device. All samples were reacted with 103%
phosphoric acid and, prior to analysis, roasted in vacuo at 200 °C
to remove volatile organic components and water. All samples were
also corrected for acid-water fractionation effects, 'O contribu-
tion, and temperature fractionation. Samples were analyzed at
50 °C and reacted for 15s to eliminate potential interference
caused by small percentages (<5%) of detrital dolomite. This
procedure proved highly effective in eliminating dolomite interfer-
ence. Samples are reported in standard delta notation relative to
VPDB using standards NBS-18 and NBS-19 as well as an in-house
standard for calibration. Precision is better than £0.19, for both
carbon and oxygen isotope values.

Table 1. Radiocarbon data

Core Depth (cm) Material Laboratory '*C age Calibrated 513C(0rganic)
reference reference age

PCGL-1 21-29 Peat TX-9133 2157 £ 50 2140 -28.8
PCGL-1 137-142 Peat TX-9134 4433 + 58 5030 -31.3
PCGL-1 498 Wood AA-32433 5470 + 55 6300 -27.9
PCGL-1 723-728 Peat TX-9136 7567 + 74 8340 -27.6
PCGL-1 895 Wood AA-28864 8560 + 65 9490 -30.5
PCGL-1 1074 Wood AA-32434 11,480 + 130 13530 -28.5
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Fig. 2. a Age model used for
core PCGL-1 based on
calibrated '*C dates (Table 1).
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3.3 Atmospheric circulation and oxygen isotopes

The statistical relatlonshlp between winter circulation over the Green
Lakes region and o' O(m]mc) was determmed through a comparison
of historical circulation data and o' O(Ldlme) data. For this study, the
average latitude of the westerly vortex over the region between 60°W
and 85°W was used to characterize circulation over the study region
(Fig. 1b). The vortex latitude calculation followed the technique
described by Burnett (1993a) and involved the use of 500 hPa geo-
potential height data over northeastern North America. These data
were obtained from the National Center for Environmental Predic-
tion/National Center for Atmospheric Research (NCEP/NCAR)
Reanalysis data set for winter during the period AD 1948-1998
(Kalnay et al. 1996). We focused on a 32-year interval between AD
1948 1980 because it represents the interval over which varved
! O(Ldlclte) and 500 hPa data co-exist. The vortex measurement
technique required the identification of a 500 hPa geopotential
height that best represents the core of the westerlies. The 5460 m
height was chosen for this analysis after reviewing several winter
500 hPa maps for North America. A linear regression was used to
determine the degree to which the isotope data are influenced by
vortex position. Prior to analysis, both data sets were smoothed using
a 5-point moving average to remove interannual noise. An inherent
assumption for this research is that the historic record of annual
vortex variability can be transferred to decadal-scale variability over
the record of study (i.e., late-Glacial/Holocene). Using historical
climate data, Douglas and others (1982) showed that transference of
seasonal-to-annual climate changes to decadal-scale change is not
unreasonable due to the teleconnected nature of the atmospheric
system. To further evaluate the magnitude of contraction or expan-
sion of the winter vortex over time, we examined the smallest (most
contracted) circumpolar vortex winter year (1998) versus the largest
(most expanded) circumpolar vortex winter year (AD 1977) between
AD 1948-1998.

4 Results
4.1 Isotopes

Figure 3 shows the isotope data for the period 14,600 to
8000 cal yr BP. From these data, we divide the record
into three parts: (1) the late-Glacial from 14,600 to
11,600 cal yr BP including the Younger Dryas cold event
(12,600 to 11,600 cal yr BP); (2) the post-Younger Dryas
climate interval between 11,600 £ 250 (error based on

Oxygen Isotope
Values (VPDB)

Alley et al. 1993 from GISP 2 ice core record) and
10,300+ 160 cal yr (average error calculated from post-
YD termination date and date at 895 cm; see Table 1);
and (3) the Holocene beginning at 10,300 cal yr BP.

The Younger Dryas cold event is not a high ampli-
tude event in our isotope data as it is in much of the NE
USA (Fig. 3) (Fritz et al. 1975; Lewis and Anderson
1992; Anderson et al. 1997; Hu et al. 1997). The tran-
sition from the end of the late-Glacial (termination of
the Younger Dryas cold event), a period of relatively low
5180(ca1cite) values, to the post-Younger Dryas climate
interval occurs in less than 60 years (according to our
age model) and is characterized by an isotopic shift of
~19%, (Fig. 3). The post-YD climate interval is charac-
terized by a ~1,300-year period of anomalously high
5180(ca1cnc) values (Fig. 3). Two notable isotopic excur-
sions occur within the post-YD interval: the first
between ~11,500 and ~11,300 cal yr BP, perhaps coeval
to global meltwater pulse IB at 11,300 cal yr BP (Fair-
banks 1989; Bard et al. 1996), and the second at ~10,500
cal yr BP (origin unknown) (Fig. 3). The transition out
of the post-YD climate interval, which begins at ~10,300
cal yr BP, is less rapid, occurring over approximately 250
years with an isotopic shift of ~1.59, (Fig. 3).

4.2 The prehistoric vortex record

The relationship between the historical winter season
vortex and 5180(Calcite), as captured through linear re-
gression analysis, is shown graphically in Fig. 4a and is
described mathematically by Eq. (1).

5'80(Calcite) = (—0.20)(vortex latitude) — 1.57 (1)
Figure 4b shows the raw 5180(mlcite) values and vortex
data plotted on a double-Y axis graph. The Pearson’s
correlation coefficient that is derived from Eq. (1) is —
0.79 and indicates a strong, statistically significant in-
verse relationship between vortex variability and oxygen
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isotopes. Overall, this equation suggests that 63% of the
Green Lake 5180(Calcite) variability can be explained by
changes in the size of the winter vortex over the study
region. Periods of vortex expansion are characterized by
relatively high 5180(ca1cite) values, whereas a contracted
vortex is associated with relatively low 5180(ca1cite) val-
ues. We use this strong relationship to reconstruct winter
vortex size throughout the extent of the prehistoric
5180(calcile) record under the standing assumption that
the historic annual vortex record captures a fair repre-
sentation of vortex natural variability. Equation (2) is
the transfer function used to model vortex latitudes from
prehistoric isotope data over the Green Lakes region
(Fig. 5).

Vortex latitude = (—3.12)(8"* O catcite) ) + 10.60 (2)

The standard error of the predicted vortex latitude using
this transfer function (2) is +0.54°.

Over the extent of the pre-historic isotope record, we
use the historic relationship to model the circumpolar
vortex (Fig. 5). The location of the circumpolar vortex
between 11,600-10,300 cal yr BP averaged 36.1°N lati-
tude whereas the circumpolar vortex from the preceding
interval (14,600-11,600 cal yr BP) averaged 39.3°N lat-
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Fig. 3. Raw 5180(calcile) isotope data for the entire core record.
Section discussed (post-Younger Dryas Climate Interval) in text is
highlighted by dashed line-box including ages and errors. Also note
that the Younger Dryas cold event is shown at its approximate
location as per our age model by the solid line-box. Black circles,
calibrated “C dates (Stuiver and Reimer 1993); gray square GISP 2
splice date
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itude. The circumpolar vortex average latitude from the
succeeding interval (8000-10,300 cal yr BP) was 37.4°N.
For comparison, the mean vortex latitude during his-
toric time (AD 1948 to 1998) has been ~41.8°N. The
difference between the mean vortex latitude from
11,600-10,300 cal yr BP and AD 1948 to 1998 is ap-
proximately 630 km, or the modern distance between
Norfolk, Virginia and Binghamton, New York (both at
76°W longitude; Fig. 6a).

Examining both the most contracted and the most
expanded winter circumpolar vortices during historic
time (AD 1948-1998) indicates that a trough overlies the
study region in the winter during both extremes (Kalnay
et al. 1996). The difference, however, in the mean winter
position of the circumpolar vortex over Green Lake
between the two extremes (1977 = most expanded; 1998
= most contracted) during the historic period is nearly
720 km (Fig. 4b). These results clearly demonstrate that
the winter circumpolar vortex has a very large range of
variability from contracted to expanded geometries on
an annual as well as multi-decadal basis. Furthermore,
the historic data indicate that our model estimate of
630 km difference during the post-YD climate interval is
not without short-term historic precedent.

5 Discussion

5.1 Late-Glacial/Holocene atmospheric circulation,
isotopes, and the post-YD climate interval

As shown by Hilfinger and others (2001), "0 cqicite)
values from Green Lake predominantly record moisture
source variability, in particular, winter season moisture
(Kirby et al. 2001). Our analysis of 5180(%101@ values
from across the late-Glacial/Holocene transition indi-
cates significant isotopic variability and thus a high
degree of moisture source change.

Knappenberger and Michaels (1993) have shown that
variations in winter storm tracks over the northeastern
United States can have significant impacts on winter
precipitation. Areas of high winter storm frequency
include an east coast track from Florida into New
England, a central track extending from Colorado
through Michigan (Ohio Valley), and a cross-continen-
tal track across the north-central United States (Fig. 6a).
Cyclones along this latter track are often referred to as
“Alberta Clipper” storms (Eichenlaub 1979). The east
coast storm track, which is associated with a deep trough
and an expanded vortex over the NE USA, can produce
large quantities of precipitation through its access to
Atlantic water vapor (Fig. 6a) (Namias 1978; Knap-
penberger and Michaels 1993). Given this water vapor
source, such storms would advect precipitation with
relatively high 'O values throughout the NE USA.
The ““latitude effect” is largely responsible for the gra-
dational depletion in 5180(W.‘uer vapor) With increasing
latitude, thus low-latitude sources are relatively enriched
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Fig. 4. a Regression analysis between oxygen isotope values and

winter circumpolar vortex. Both the Pearson correlation coefficient
(r) and the coefficient of determination (+?) are shown. This
correlation is statistically significant to the 99.99% confidence level
(cl). b Left graph shows raw and smoothed (5-point moving
average) 6'80(ca1cite) data for core GLB-1. Right graph shows raw
and smoothed (5-point moving average) vortex latitude data
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in 'O compared to high-latitude moisture sources
(Dansgaard 1964; Rozanski et al. 1993). A slightly less
expanded vortex, with storms moving northeastward
through the midwest, would also yield relatively high
5180(precipitation) values, for the same reasons above,
through their ability to tap into the relatively high 6'%0
moisture sources from the Gulf of Mexico (Fig. 6a).
Conversely, Alberta Clipper type storms, which are
associated with a contracted circumpolar vortex, do not
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between the historic winter circumpolar vortex and the post-YD
climate interval is approximately 630 km. Standard error for
modeled circumpolar vortex is £ 0.54° latitude

have access to Atlantic moisture and are characterized
by precipitation with relatively low 6'30 values due to
progressive Rayleigh distillation (“rain-out” of '®0)
across the continental interior and the orographic affect
on eastward migrating storm systems (Fig. 6a) (Dansg-
aard 1964; Manabe and Broccoli 1990; Rozanski et al.
1993).

According to our transfer function, the average winter
vortex latitude over the NE USA during the post-
Younger Dryas climate interval was, at maximum,
~630 km further south than its mean historic position
(AD 1948-1998). On average, 5180(calcite) values were
0.5%, to 1.0%, higher during the post-YD climate interval
than during the periods before and after (Fig. 3). One
explanation for the relatively high 5180(ca1cite) values
during the post-YD climate interval is an increase in the
contribution of winter precipitation from moisture
sources with relatively high 6'®0 values such as the low-
latitude Atlantic Ocean and the Gulf of Mexico (Fig. 6a).
Alternatively, a change in the relative ratio of winter to
summer precipitation may have occurred during the post-
YD interval. A greater contribution of summer precipi-
tation characterized by relatively higher 6'30 values as
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Fig. 6. a Map showing mod-
ern winter circumpolar vortex
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compared to “‘high” winter 5180(precipitaﬁon) may have
out-weighed the winter precipitation isotope signal
thereby imprinting a relatively high 5180(ca1citc) signature
during the post-YD climate interval during the months of
calcite formation. Modern oxygen isotope measurements
of seasonal precipitation from the Green Lake region
clearly show that summer precipitation is characterized
by higher 6'%0 values than winter precipitation (Syra-
cuse, New York data from Syracuse University Isotope
Laboratory: winter average = —-14.2%, £ 5 VSMOW,
n = 24; summer average = —6.99, + 3.7 VSMOW, n =
43).

post-Younger Dryas:
11,600 -10,300 cal yr BP

5.2 Possible driving mechanism
5.2.1 Thermohaline circulation

What caused the post-Younger Dryas climate interval in
the NE USA? We hypothesize that the post-YD climate
interval may have been caused by the abrupt renewal of
thermohaline circulation in the North Atlantic following
the Younger Dryas (Fig. 6b, c, Boyle and Keigwin 1987;
Broecker et al. 1989; Alley et al. 1993; Fawcett et al.
1997). The relatively cold, NE USA continental interior
(just south of the still-extant Laurentide ice sheet) jux-
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taposed with newly warmed North Atlantic waters via
renewed thermohaline circulation and increased pole-
ward heat transport, may have acted as the impetus for
strengthening the semi-permanent winter trough (vortex
expansion) over the NE USA (Fig. 6¢). The strong land-
sea thermal contrast in the northwest Atlantic region
would have increased longitudinal atmospheric pressure
gradients over the NE USA producing relatively strong
atmospheric circulation coincident with an expanded
vortex. As a result, large cyclones would have traveled
up the east coast and/or through the Ohio Valley de-
positing relatively high 5180(precipita[,~on) across the NE
USA (Fig. 6¢). It has been shown, both empirically
(Namias 1978; Barry 1981; Balling and Lawson 1982)
and theoretically (Barry et al. 1975; Hartmann and
Short 1979; Crowley 1984; Timmerman et al. 1998;
Kageyama and Valdes 2000), that poleward heat trans-
port, particularly within the mid-latitudes, significantly
effects atmospheric circulation and, thus, the underlying
region’s climate.

To test the hypothesis that an increase in poleward
heat transport and subsequent changes in atmospheric
circulation occurred during the post-YD interval, high-
resolution paleoclimate data which record atmospheric
processes (preferably winter season) should be examined
both regionally and hemispherically. If, in fact, a large
trough existed over the NE USA during the post-YD
interval, it should be expected that a similarly large ridge
existed “down-wind” (to the east) of the NE USA as a
result of increased poleward heat transport (e.g.,
northeast Atlantic Ocean and northwestern Europe).
Research by von Grafenstein and others (1999) on ox-
ygen isotope ratios of calculated paleo-precipitation
shows an interval essentially coeval (~11,400 to ~10,400
cal yr BP) to our post-YD climate interval wherein
European temperatures were relatively high and ‘““out-
of-phase” with Greenland temperatures (von Grafen-
stein et al. 1999). In other words, an expanded trough
over the NE USA extending into Greenland was bal-
anced downwind by a large ridge which advected warm,
moisture-rich precipitation over northwestern Europe,
thus creating the out-of-phase relationship between
Greenland and Europe during the post-YD interval as
observed by von Grafenstein and others (1999). This
finding provides support that the post-YD climate in-
terval in NE USA may have had a down-wind signal and
thus a hemispheric climatic impact. We note that paly-
nological research by Delcourt and Delcourt (1984)
similarly propose extensive vortex meridionality (ex-
pansion) over the NE USA during this time.

We find additional support for thermohaline forcing
of the post-YD interval in a modeling paper by Fawcett
and others (1997). Their research demostrates that a
strong shift in winter season storm tracks occurred at the
end of the Younger Dryas. This shift in winter season
storm tracks resulted in the preferential advection of
cyclones along the east coast of North America and into
Greenland. These results suggest a mechanism to explain
both the dramatic shift in isotope values observed at
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Green Lake and the rapid increase in snow accumula-
tion rates in Greenland at the YD termination (Alley
et al. 1993). In light of Fawcett and others’ (1997) model
results, and those by Manabe and Stouffer (1999), both
of which demonstrate the profound climate effect linked
to changes in thermohaline circulation, we suspect that
future modeling efforts using isotope tracers in precipi-
tation will provide additional support for our proposed
thermohaline-forced, post-YD interval.

Our alternative explanation is that a relative increase
in the contribution of summer to winter precipitation
may have occurred in response to this change in pole-
ward heat transport. There exist, however, no records of
seasonality of precipitation during this interval in the
NE USA, thus, this hypothesis is, as yet, difficult to test.
We note that several modeling efforts aimed at under-
standing isotopic development over time using GCMs
have been quite intriguing (Cole et al. 1993; Charles et al.
1994, 2001). Although outside the realm of our research,
GCM testing would provide valuable insight into our
seasonality of precipitation hypothesis.

Finally, we propose that the post-YD interval ter-
minated as increasing freshwater flux into the North
Atlantic via polar warming slowed thermohaline circu-
lation to “Holocene” levels. A general plateau in Cd/Ca
ratios, a proxy for rate of thermohaline circulation, after
10,400 cal yr BP, corroborate our hypothesis that ther-
mohaline circulation reached a point of equilibration as
the post-YD climate interval concluded (Boyle and
Keigwin 1987; Keigwin et al. 1991). Continued devel-
opment of high-resolution paleoclimate data that record
atmospheric processes from the both the NE USA and
northwestern Europe will help to further characterize
this interval.

6 Conclusion

Analysis of a well-dated, high-resolution 5180(ca1cne)
record from the NE USA reveals significant isotopic
variability during the late-Glacial/Holocene transition
as well as an interval of anomalously high 5180(Calcite)
values between 11,600 and 10,300 cal yr BP. Because
5180(Caldte) is predominantly a winter moisture source
signal, we analyzed the historic record of winter vortex
latitude and lacustrine stable oxygen isotope data to
examine the potential relationship between winter
atmospheric circulation and oxygen isotope values.
From the derived relationship, we modeled the winter
vortex latitude for the late-Glacial/Holocene transition.
Our results reveal a high degree of vortex variability
during this period reflecting a highly dynamic atmo-
sphere and associated changes in moisture sources.
Moreover, a period of 1300 years between 11,600 and
10,300 cal yr BP was revealed wherein oxygen isotope
values were anomalously high compared to the values
before and after the interval. We refer to this period as
the post-Younger Dryas climate interval, defined by a
greatly expanded trough system over the NE USA and
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the resultant advection of precipitation with relatively
high 6'%0 values from the Atlantic and Gulf of Mexi-
co. We hypothesize that the proposed post-Younger
Dryas climate interval was forced by the abrupt re-
newal of relatively vigorous thermohaline circulation
following the Younger Dryas cooling event that in-
creased poleward heat transport and created an en-
hanced land-sea (longitudinal) thermal contrast.
Greater land-ocean thermal contrasts forced changes in
atmospheric circulation patterns by increasing atmo-
spheric pressure gradients and thus expanding the semi-
permanent winter trough system over the NE USA.
The position of the expanded trough over the NE USA
increased the frequency of storms advected across the
NE USA from the Atlantic and Gulf regions delivering
winter precipitation with relatively high 6'*0 values
during the post-YD climate interval. Alternatively, a
change (increase) in the relative contribution of sum-
mer to winter precipitation may have also occurred,
accounting for at least part of this observation. Both of
these hypotheses would benefit from testing with global
circulation models. Termination of this interval may be
related to a reduction in thermohaline circulation as-
sociated with an increase in the flux of freshwater into
the North Atlantic from the preceding interval of en-
hanced poleward heat transport.
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