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A more thorough understanding of regional to hemispheric hydro-
climate variability and associated climate patterns is needed in
order to validate climate models and project future conditions.
In this study, two annually laminated (varved) sediment records
spanning the last millennium were analyzed from Rhode Island
and New York. Lamination thickness time series from the two loca-
tions are significantly correlated to hydroclimate indicators over
the period of instrument overlap, demonstrating their usefulness
in reconstructing past conditions. Both records are correlated to
climate teleconnection indices, most strongly the Pacific/North
American (PNA) pattern, suggesting regional to hemispheric influ-
ences on hydroclimate. Such a linkage is interpreted to be due to
tropospheric circulation patterns in which positive PNA periods
are associated with meridional circulation, leading to the domi-
nance of southern moist air masses in the Northeast United States.
Alternatively, the zonal flow over North America associated with
negative PNA periods produces dominant dry continental air
masses over the region. A composite record from the two locations
reveals variability of hydroclimate and atmospheric circulation over
the late Holocene and shows similarities to previously published
reconstructions of the circumpolar vortex and of the Aleutian
Low-pressure system, supporting the hypothesized PNA linkage.
The record is correlated to continental-scale droughts, many of
which have been reconstructed in the American Southwest. These
results demonstrate the PNA’s influence on hydroclimate over
North America, and suggest that this teleconnected pattern may
have a significant role in continental drought dynamics.

Green Lake ∣ Pettaquamscutt River Estuary ∣ Quaternary ∣
New England ∣ paleolimnology

Hydroclimate variability affects water resources, flood fre-
quency, human health, economic activity, ecosystem func-

tions, and has a positive feedback with atmospheric warming
(1, 2). The water cycle is intensifying, however uncertainties
remain due to regional variability, gaps in spatial data coverage,
and temporal limitations (3, 4). Although modeling studies have
made progress predicting future changes to the hydrologic cycle
(5), regional anomalies, an incomplete understanding of the driv-
ing mechanisms, and a lack of high-resolution paleo-data (6)
make it difficult to validate models.

The Northeast United States (NE), which has a large popula-
tion and active agriculture, is prone to both flood hazards (7)
and soil, meteorological, and hydrological droughts (8). Over the
last century, winter precipitation in the NE has increased by
10–15%, likely due to natural variability in the climate system (9).
Simulations project that winter precipitation in the NE will likely
continue to increase by 20–30% by the end this century (10),
suggesting an acceleration of the current trend of hydroclimate
intensification in the NE.

Hydroclimate variability is influenced by atmospheric circula-
tion patterns, often described by teleconnection indices (6, 11).
A more thorough understanding of regional hydroclimate varia-

bility and the associated linkages to known hemispheric/global
patterns may assist in future predictive capabilities throughout
North America. The patterns of atmospheric pressure centers de-
scribed by these indices influence hydroclimatology by modulat-
ing midtropospheric circulation patterns and storm tracking (12).
An important reconstruction of the position and amplitude of the
vortex trough in the NE over the past millennium demonstrated
that this dominant atmospheric feature has influenced precipita-
tion variability over the late Holocene (13). A more complete
understanding of the processes that are controlling hydroclimate
variability in the NE will be applicable in other regions such as
the American Southwest (SW) that are affected by the same tele-
connection patterns.

In this study, two varved sediment records from the NE were
utilized to investigate hydroclimate variability in the region over
the past millennium. Specifically, we aim to: (i) document late
Holocene precipitation variability in the NE; (ii) assess the tele-
connection influences on such variability; (iii) generate a compo-
site record of regional variability in NE hydroclimate variability
and associated atmospheric circulation patterns; and (iv) assess
the record in light of previously constructed North American
hydroclimate (drought) records.

Study Locations
The Pettaquamscutt River Estuary (PR), Rhode Island (RI), and
Green Lake (GL), New York (NY) were selected for this study
based on the following: (i) both locations contain varved sedi-
ments that afford robust age models (chronologic error <1%);
(ii) neither location appears to have a major anthropogenic over-
print on the sedimentary record (SI Text, Table S1); (iii) both
locations are sensitive to climate variability; and (iv) the two
locations represent east and west endmembers of a transect
across the NE region (Fig. 1). The PR’s Lower Basin is an ice
block depression that has been inundated by marine waters, lead-
ing to stable density stratification (14), anoxic bottom waters,
and preservation of varved sediments (15). Each varve is com-
posed of a biogenic layer deposited after the annual phytoplank-
ton bloom and a siliciclastic layer that is deposited during the
remainder of the year, likely as a result of sediment transport
via runoff from the watershed (16). Additional transport mechan-
isms are likely (i.e., eolian, wave, and current transport), however
the relative importance of each is difficult to quantify due to a
lack of historic data of these variables. Fossil pigments associated
with the biogenic portion of the varved sediments have previously
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been shown to correlate with North Atlantic climatic parameters
through a temperature control on bacterial autotrophs (15).

GL has been extensively studied over the last few decades
due to its unique physical and chemical conditions. Permanent
stratification and varve preservation (17) is observed due to the
small surface area to depth ratio as well as the influx of saline
groundwater at depth (18). The influx of calcium ions from
groundwater leads to episodes of supersaturation and precipita-
tion of calcite in the water column (19) where Synechococcus
serve as nucleation sites (20). Each varve contains a calcite layer
and a darker detrital layer consisting of clastic and terrigenous
organic material. Massive and graded laminations and beds have
been identified as turbidites throughout the lake (21).

Results and Discussion
Core Lithologies and Age Models. Pettaquamscutt River. The strati-
graphy of the upper ca. 2 m from the PR’s Lower Basin consists of
an upper finely laminated, organic-rich mud facies and a lower
massive, organic-rich mud facies below ca. 1.9 m. Laminations
have been demonstrated to form annually through independently
determined age constraints (15, 22) (ftp://rock.geosociety.org/
pub/reposit/2006/2006109.pdf). The average sedimentation rate
for this varved section of sediment was 1.8 mm∕y (Fig. 2). Both
high- and low-frequency signals are observed in the time series,
likely reflecting past variability of sedimentation associated with
atmospheric as well as oceanic influences (15).

Green Lake. Sediment cores from GL contain finely laminated,
carbonate-rich mud. Laminations alternate between light (carbo-
nate) and dark (detrital) materials, with intermittent turbidites
up to 3 cm thick. Previous studies have demonstrated that the
laminations in GL are formed annually, and are therefore varves
(17, 21, 23). The annual nature of the laminations is supported by
an observed increased sedimentation rate for sediments depos-
ited since ca. 1800 A.D., consistent with previous studies using
radiometric age controls (24). The average sedimentation rate
of the varved sediments is 0.4 mm∕y, with rates of 0.2 and
1.0 mm∕y before and after 1800 A.D., respectively (Fig. 2). An
increase in the thickness of detrital laminations was observed
at ca. 1600 A.D., however the cause of this shift remains unclear.

Varve Preservation of Hydroclimate Variability. Pettaquamscutt River.
Significant relationships are noted between PR lamination thick-

nesses and RI hydroclimate data (Table 1). First, correlations
between PR clastic lamination thicknesses (PRCL) and both
precipitation and Palmer Drought Severity Index (PDSI) were
very strong for both the annual and decadally smoothed time
series (p < 0.001), suggesting that the thicknesses of clastic lami-
nations from the PR have preserved hydrologically forced varia-
bility for the region. Additionally, surface air temperatures are
statistically correlated to PRCL thicknesses, albeit with lesser
confidence (p ¼ 0.017). The organic lamination thicknesses
correlate significantly with precipitation, but not PDSI, and the
correlations are weaker than those found for the clastic lami-
nations. Higher significance values are observed between the
organic laminations and surface air temperature, which is consis-
tent with previous interpretations that organic laminations are
composed of amorphous biogenic material deposited after seaso-
nal water column blooms, and that the productivity that this
lamination represents is partially forced by thermal controls on
the autotrophs in the water column (15, 16).

More information was obtained regarding the mechanism of
PRCL formation by regressing the clastic lamination thickness
time series to seasonal precipitation totals (25). The strongest
correlations were observed in the winter and spring months (dec-
adally smoothed: r ¼ 0.71 and 0.76, respectively), suggesting that
the underlying mechanism controlling much of the precipitation
variability in RI is occurring during these months. This result
was consistent with the varve formation model documented by
Lincoln, et al. (16), in which the dark biogenic layer is deposited
as organic matter settles through the water column during and
after the annual primary-producer bloom.

Green Lake. GL carbonate lamination (GLCL) thicknesses corre-
late significantly and positively with both precipitation and PDSI
at both annual and decadal time scales (Table 1). Examination of
seasonal correlations reveals that the strongest correlation with
precipitation occurs during the summer season (r ¼ 0.27) (25).
Summer corresponds with the timing of Synechococcus blooms,
which trigger carbonate precipitation in the water column (20).
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Fig. 1. Locus map of the Northeast US showing GL (A) and the PR (B). Sedi-
ment cores were taken from the deepest region of each water body.
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Additionally, correlation analyses with decadally smoothed PDSI
data exhibit significant correlations with fall, winter, and spring
seasons (r ¼ 0.59, 0.55,. and 0.55, respectively). These seasons
predate the annual summer Synechococcus bloom, which is likely
a result of the delayed transport of water to the lake due to annual
snow pack.

The positive relationship between GLCL deposition and
hydroclimate is likely a result of variability in groundwater input
to the lake. Calcium ions are introduced to GL via groundwater
(18). During negative precipitation/PDSI anomalies, ground-
water recharge will decrease with a concurrent decline in Ca2þ
supply. Carbonate precipitation will then be limited by the avail-
ability of Ca2þ, and total precipitation of carbonate is reduced.
This mechanism has been observed in other groundwater-domi-
nated lakes (26).

Surface air temperatures are also significantly correlated to
carbonate accumulation on decadal time scales (Table 1). The
correlation could be due to either the temperature control on
carbonate solubility, or its influence on metabolic activity, which
would increase the efficiency of carbonate precipitation in GL.

Results of correlation analyses reveal that both PRCL and
GLCL time series statistically correlate to regional hydroclimate
variables. The most statistically significant correlations are asso-
ciated with PDSI/precipitation vs. PRCL thicknesses and vs. GLCL
thicknesses. In the subsequent sections, these two time series will
be utilized to examine variability in hydroclimate conditions.

Linkages to Northern Hemisphere Teleconnection Patterns. Because
regional climate is often associated with regional to global tele-
connection patterns, it is likely that the variability observed in
lamination thickness and hydroclimate are linked to such patterns.
Here, the PRCL and GLCL, which are statistically representative
of hydroclimate in RI and NY, respectively, were compared to
climate teleconnection patterns with hypothesized influence in the
NE (Table 2). Specifically, correlations were tested between lami-
nation thicknesses and the Pacific/North American (PNA) pattern,
the NorthernAnnularMode (NAM), and the SouthernOscillation
Index (SOI), all indices associated with winter circulation patterns
in the Northern Hemisphere (6, 11).

The PNA index (December–May) exhibited the strongest
correlations to PRCL and GLCL time series (Table 2). Correla-
tions to the NAM (previous November–December) were statisti-
cally significant at interannual and decadal time scales for PRCL,
and at decadal time scales for GLCL. Correlations with the SOI
were significant (negative) at decadal time scales for both loca-
tions. The SOI correlationsmay be related to the PNA correlations
due to their common Pacific linkage.

In order to put these correlations in context, it is necessary
to discuss the mechanisms by which teleconnection patterns can
influence precipitation in the NE. The dominant air masses that
enter the NE are dry continental air, moist Gulf of Mexico air,
and moist Atlantic coastal air masses (27). The most straight-
forward mechanism for altering the dominant air mass is by shift-

ing from zonal to meridional tropospheric flow, thereby moving
from dry continental dominance to moist Gulf of Mexico and/or
moist Atlantic coastal air masses. The PNA has a strong influence
on the nature of tropospheric circulation, with positive index
years associated with meridional flow, and negative index years
associated with zonal flow (28).

In the case of ENSO, El Niño years (SOI < −1) result in above
normal sea surface temperatures (SSTs) in the eastern tropical
Pacific Ocean. A warm tropical and cool midlatitude Pacific
Ocean is associated with positive PNA index years (29, Fig. S1),
and because SSTs in the Pacific partially drive the PNA (29), it is
possible that strongly negative SOI states (and warm SSTs in
the eastern tropical Pacific Ocean) are related to the initiation
of positive PNA conditions.

The NAM has a positive correlation with winter temperatures
in the NE (30). Because the correlation to the NAM is found
with the previous November and December to the year of deposi-
tion, it appears that a thermal set up in winters with high NAM
index (warmer) lead to a lower percentage of ice-covered days.
In the case of the PR, this allows more days with active surface
runoff. Warmer fall and winter temperatures in GL likely increase
the precipitation of carbonate through temperature solubility
controls.

Composite Record of Regional Variability. Verification. The PRCL
and GLCL time series both correlate well with the PNA tele-
connection climate pattern (Table 2). The series are also signifi-
cantly correlated to each other (r ¼ 0.42, p < 0.001; r ¼ 0.62,
p < 0.001, annual and decadally smoothed series, respectively).
By combining the two time series into a composite record (see
Methods), we can examine regional hydroclimate variability for
the NE region and teleconnected variability in North America
by amplifying regional signals and suppressing local climate
and watershed variables influences.

The composite PRGL (PRGL) Varve Index exhibits significant
temporal correlations to teleconnection patterns over the period
of instrumental overlap (Table 2). The PRGL Index is especially
well correlated to the PNA pattern (r ¼ 0.65, p < 0.001; r ¼ 0.96,

Table 1. Correlation tests between PR andGL compaction-corrected varve/lamination thicknesses versus regional climate variables from
RI and NY, respectively

Climate variable
PR

varve
PR clastic
lamination

PR biogenic
lamination

GL
varve

GL carbonate
lamination

GL detrital
lamination

Precipitation (annual) 0.36* 0.45* 0.20‡ 0.28† 0.37* 0.08
Precipitation (decadal) 0.69* 0.84* 0.48‡ 0.42‡ 0.53† 0.12
Palmer Drought Severity Index (annual) 0.30† 0.43* 0.07 0.30† 0.37* 0.10
Palmer Drought Severity Index (decadal) 0.61† 0.83* 0.37 0.54† 0.58† 0.27
Surface air temperature (annual) 0.43* 0.23‡ 0.40* 0.07 0.11 0.00
Surface air temperature (decadal) 0.53† 0.48‡ 0.49‡ 0.39 0.40‡ 0.11

*p < 0.0001;
†p < 0.01;
‡p < 0.05

Table 2. Correlation tests between climate teleconnection patterns
versus PR lamination thicknesses, GL lamination thicknesses, and
the PRGL Composite Varve Index

Teleconnection Index
PR clastic
lamination

GL carbonate
lamination

PRGL
composite

PNA (DJFMAM)(annual) 0.54* 0.50* 0.65*
PNA (DJFMAM)(decadal) 0.86* 0.88* 0.96*
NAM (previous ND) (annual) 0.28† 0.13 0.24
NAM (previous ND) (decadal) 0.82* 0.81* 0.89*
SOI (annual) −0.14 0.00 −0.08
SOI (decadal) −0.51†

−0.45†
−0.54†

*p < 0.001;
†p < 0.01;
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p < 0.001, annual and decadally smoothed series, respectively),
demonstrating the significant influence of this hemispheric
teleconnection pattern over the period of instrumental overlap
(Table 2 and Fig. 3A).

The geo-spatial pattern of atmospheric mass is also correlated
between the PRGL Index and the PNA pattern. Fig. 3B displays
correlation analyses between gridded 500 mbar height anomalies
in the Northern Hemisphere and the PNA pattern. Note the
strong correlations between the Aleutian Low-pressure system
and the North American high-pressure system and the PNA

pattern, which are strong during positive PNA index years and
weak during negative PNA index years. Conducting the same
analysis with the PRGL time series results in a similar pattern
of spatial correlation between the reconstruction and the domi-
nant pressure systems associated with the PNA pattern (Fig. 3C).
Finally, a frequency domain connection is clear through the re-
sults of spectral analysis of the PRGL Index (SI Text). A dominant
periodic component centered at 3.4 y is consistent with spectral
analyses of PNA instrumental records (Fig. S2).

PNA/Atmospheric circulation record. The PRGL Index is plotted in
Fig. 4. Based on the verification of the record, high values are
associated with positive PNA index values, and hence dominantly
meridional tropospheric circulation over North America. Alter-
natively, low values are associated with negative PNA index
values, and dominantly zonal tropospheric circulation. Variability
is noted at low and high frequencies (Fig. 4, Fig. S2), suggesting
that tropospheric circulation during the last millennium has been
dynamic.

Because the PRGL record is indicative of regional to hemi-
spheric atmospheric circulation patterns, the record should cor-
relate with lower resolution records of atmospheric circulation.
Kirby, et al. (13) reconstructed the winter vortex over the NE
based on oxygen isotope data from GL, where an expanded vor-
tex is related to a positive PNA pattern, and vice versa. A com-
parison of this record to the PRGL index, exhibits many common
peaks and troughs between the records (Fig. 4). It is interesting to
note, however, a lack of lower-frequency strength in the Kirby
reconstruction as compared to the PRGL record.

The PRGL record should also show common patterns of varia-
bility to those of the Aleutian Low, because this low-pressure
system is fundamental to the PNA atmospheric pattern (Fig. 3B).
A reconstruction of the Aleutian Low (31) reveals variability in
the strength of the Aleutian Low that correlates well with low-
frequency PRGL variability (Fig. 4).

An increasing trend is noted in the PRGL index values over the
past 1.5 centuries. This observation is similar to an increased
trend in snow accumulation at Mt. Logan, AK, which has been
attributed to changes in the PNA pattern (32). Both records show
that the recent high values are anomalous in comparison to the
respective periods of data coverage.

Continental drought teleconnections. Due to known teleconnected
climate variability associated with the PNA (11, 28, 33), the
PRGL record likely has relevance for hydrologically sensitive
regions outside of the NE. We tested the hypothesis that shifts
from meridional to zonal flow across North America, as indicated
by the PRGL Index, have been associated with continental-scale
hydroclimate variability. We have compiled records of North
American paleodroughts from the literature (SI Text, Fig. S3,
and Table S2) and have identified nine continental-scale droughts
that have occurred over the last millennium (Fig. 4). Each of the
continental-scale droughts has a particularly strong signature in
the Western (W) and SWUS. Two large droughts (D13 and D11)
have only been observed in Chesapeake Bay and are interpreted
here as being East Coast events.

Each of the continental-scale droughts that have occurred
over the past millennium is coincident with extreme low years in
the PRGL Index, indicating negative PNA years and zonal tropo-
spheric circulation (Fig. 4). With the exception of the 14th century
drought, negative PRGL Index values associated with pre-1898
continental droughts vary from −0.91 to −1.29. Similar negative
values in 1536 and 1627 are associated with the Chesapeake Bay
droughts. The central year for each drought reconstructed by
Cook, et al. (34) corresponds well with extreme negative values
in the PRGL Index (Fig. 4). For instance, the most negative PRGL
Index value occurred in 1152 A.D. This date is consistent with
reported dates for the Medieval drought at 1150 A.D. (34) and
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Fig. 3. (A), Composite PRGL lamination thickness record (top) and PNA
Winter/Spring Index (bottom) plotted over the record of overlap. Black curves
are annual data, and gray curves are decadally smoothed series. Note the
high significance between the annual (r ¼ 0.65; p < 0.001) and smoothed
(r ¼ 0.96; p < 0.001) records. Geo-spatial similarities with gridded hemi-
spheric 500 mbar height anomalies are apparent between (B). Correlation
analyses between the PNA index (EOF2) and gridded 500 mbar height
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the significant correlations calculated for both series in relation to the
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1144–1158 A.D. (35), which has been interpreted as the most se-
vere drought in the SWover the past 1,200 y (35). The coincidence
between continental droughts and the PRGL Index extreme nega-
tive values supports the hypothesis that there is a hydrologic/PNA
teleconnection between the NE and other regions of the continent,
including the SW.

The three continental-scale droughts that have occurred since
1889 (second period of 19th century drought, Dust Bowl, and
1960s drought) have PRGL Index values that are not as negative
as with earlier drought periods (Fig. 4). The reason for this shift
over the past century is unclear, however the observation is
consistent with recent studies that have demonstrated that 20th
Century droughts have been less extreme as compared with
droughts earlier in the millennium (34, 35). Based on the results
of this study, it is possible that the change in drought severity may
be associated with the recent increasing trend observed in the
PNA index (29, 32) (Fig. 4).

The mechanism responsible for the teleconnected hydrocli-
mate signal between the NE and SW is likely complex and related
to atmospheric and oceanic processes. Drought conditions in the
Wand SWUS have been correlated to La Niña-like conditions in
which cool SSTs are present in the eastern tropical Pacific Ocean
(34–36). Modeling studies have suggested that the most severe
droughts in North America can be explained by cool SSTs in
the eastern tropical Pacific Ocean coupled with warm SSTs in the
North Atlantic Ocean (37). Both the PNA instrumental record
and the PRGL Index reconstruction are significantly correlated
with SSTs in the eastern tropical Pacific Ocean (positive) and the
North Atlantic Ocean (negative) (SI Text, Fig. S1). Therefore,
during negative PNA years (low PRGL Index values), SSTs
assume a pattern consistent with continental drought conditions
in the W and SW US.

Conclusions
This study has: (i) demonstrated that modern varved sediments in
the NE preserve hydroclimate conditions; (ii) provided evidence
that the PNA teleconnection pattern has exhibited a significant
control on hydroclimate variability in the region over the late
Holocene; (iii) produced a high-resolution composite proxy re-
cord of the PNA pattern that is consistent with lower-resolution
reconstructions of the NE winter vortex and Aleutian Low-
pressure system; (iv) provided evidence of a recent trend toward
enhanced meridional tropospheric circulation that may result in
more frequent flooding and less frequent droughts in the NE;
and (v) demonstrated a teleconnected linkage between NE and
W/SW US hydroclimate through a common PNA linkage.

Methods
Sediment freeze cores (n ¼ 8) were analyzed from the Lower Basin of the
PR within 20 m of 41°30.11’N × 071°27.04’W in 19.5 m water depth (Fig. 1).
Sediment freeze cores (n ¼ 2) and surface piston cores (n ¼ 3) were analyzed
from GL within 40 m of 43°3.02’N × 075°58.01’W in 54.6–54.9 m water
depth (Fig. 1).

Continuous and overlapping thin sections were produced and analyzed
down each core in order to produce composite varve chronologies from each
site (38, 39). Recounts from individual sections yielded counting/chronologic
errors of <1%. The PR varve age model has been confirmed using radiometric
age constraints (15, 22, 25). The laminated sediments of GL have been con-
firmed as varved in previous studies (17, 21, 23)

Lamination thickness time series were extracted from the composite varve
chronologies and were corrected for differential sediment compaction (25).
Turbidites were removed to diminish the effects of episodic physical distur-
bances. The log transform of each of the PR clastic lamination thicknesses
and the GL carbonate lamination thicknesses were converted to standard
deviation units, and the mean for each year was computed as the PRGL record.

Lamination thickness time series were compared to instrumental climate
records and teleconnection indices using Pearson correlation tests at both
annual and decadal (nine-year running average) scales. Precipitation, PDSI,
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and temperature values for each state were obtained from the National
Oceanic and Atmospheric Administration's National Climate Data Center
(40). The PNA was defined here as the EOF2 (December–May) and the
NAM as the EOF1 (previous November–December) from the National Centers
for Environmental Prediction/ National Center for Atmospheric Research
(NCEP/NCAR) reanalysis of sea level pressure from 20°–90 °N (41). The SOI in-
dex was defined as the annual average value of the index (42). Correlations
were deemed to be significant for p < 0.05.
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