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a b s t r a c t
We describe a millennial length (~1500-yr) tree-ring chronology developed from West Virginia (WVA), USA
red cedar (Juniperus virginiana) ring widths that is signiﬁcantly correlated with local to regional temperature
and precipitation for the region. Using ensemble methods of tree-ring standardization, above average ring
widths are indicated for the period between ~ 1000 and 1300 CE, the approximate time of the Medieval
Climate Anomaly (MCA), the most recent major warm episode prior to the modern era. The chronology then
transitions to more negative overall growth persisting through much of the subsequent period known as the
Little Ice Age (LIA). While WVA cedar growth levels during the MCA are broadly similar to the 20th century
mean, the most positive values during the MCA are associated with RCS-standardized chronologies, which
pseudoproxy tests reveal are likely biased artiﬁcially positive, warranting further investigation. This cedar
record is signiﬁcantly correlated with the NAO, due to the tendency for warmer, wetter conditions to occur in
the eastern-central USA during the NAO's positive phase. These types of conditions are inferred for this cedar
chronology during the MCA period, during which NAO reconstructions suggest a persistently-positive NAO
state.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The North Atlantic sector features great atmosphere–ocean variability
that signiﬁcantly impacts the climate of the basin and adjacent land areas
across a range of spatial and temporal scales (Hurrell, 2008; Paz et al.,
2008; Semenov et al., in press). Related severe drought/ﬂood and
cold/heat extremes, and persistent decadal and longer-term circulation
anomalies across the region have profound effects for human populations
and the ecosystems upon which they depend (Sutton and Hodson, 2005;
Durkee et al., 2008). Much of this variability is linked to two dominant
climatic modes: the North Atlantic Oscillation (NAO), usually deﬁned as
the sea level pressure (SLP) differential between the Icelandic Low and
Azores High (Hurrell, 2008; Hurrell and Deser, 2009); and the Atlantic
Multidecadal Oscillation (AMO), the dominant low-frequency mode of
North Atlantic sea surface temperature or SST (Delworth and Mann,
2000; Enﬁeld et al., 2001; Knight et al., 2005, 2006). Model simulations
suggest that much of this low-frequency variability is forced by the
internal dynamics of the Atlantic's thermohaline meridional overturning
circulation (AMOC), and/or by greenhouse warming or other radiative
forcing (Delworth and Mann, 2000; Knight et al., 2006; Delworth, 2009).
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Instrumental records have been employed to better understand
these phenomena (e.g. Hurrell, 2008), but their limited length makes
them inadequate for inferring information about long-term North
Atlantic variability prior to ~ the past 100–150 years. Annual,
precisely-dated tree-ring chronologies, ice cores and other proxies,
as well as documentary records, have helped augment instrumental
information on the NAO for prior centuries (e.g. Cook et al., 1998;
Appenzeller et al., 1998; Cullen et al., 2001; Cook et al., 2002;
Luterbacher et al., 2002a,b; Fortin and Lamoureux, 2008), and for the
AMO dating back to the 1500s (Gray et al., 2004). However, very few
such proxies for the North Atlantic sector date back to the Medieval
Climate Anomaly (MCA, approximate interval 800–1300 CE), a time
of noteworthy temperature and precipitation anomalies in many
areas of the globe that has potential relevance as a natural analog for
anthropogenic warming (Diaz and Barriopedro, this volume). Because
information about the climate of this episode is still so limited, many
questions remain unresolved regarding the nature, spatial extent and
causal mechanisms for climate anomalies during the MCA (Diaz and
Barriopedro, this volume, MCA Special Issue, this volume).
A recent reconstruction based on Moroccan tree rings and Scotland
speleothems (Trouet et al., 2009) purports to resolve centennial
variability in the NAO over the past millennium and is one of the few
such records that extends back to the MCA. The Trouet et al. (2009)
record demonstrates a transition from a persistently positive NAO
during the MCA to negative NAO conditions during the subsequent
Little Ice Age (LIA) around 1300–1450 CE. They argue that this
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positive NAO state may have been initiated by La Niña-like conditions
in the eastern tropical Paciﬁc as a response to a proposed increase
in radiative forcing via a thermostat mechanism, which may have
helped cause an ampliﬁed AMOC and persistently positive NAO state
during the MCA. This theory was previously put forward to account
for megadrought-type conditions in the western USA during the MCA
(Cook et al., 2004; Seager et al., 2007). Warm North Atlantic SSTs and
a positive state of the AMO have also been inferred for the MCA, with
various marine proxies indicating warmer conditions across the North
Atlantic basin at this time, which would tend to enhance drought
over the central-western USA (Oglesby et al., this volume). However,
Touchan et al. (2010) did not identify an exceptionally dry Medieval
Epoch in Morocco, using a similar network of northwestern Africa
tree ring chronologies as utilized by Trouet et al. (2009).
While distal from its centers of action, eastern-central North
America is a region that is nevertheless signiﬁcantly impacted by the
NAO. The NAO's positive phase is associated, mainly during winter
and spring, with warm anomalies (and a tendency for increased
rainfall) over the central/eastern USA, with opposite conditions for its
negative phase (Fig. 1; http://www.ldeo.columbia.edu/res/pi/NAO/;
Banﬁeld and Jacobs, 1998; Fye et al., 2006; Durkee et al., 2008).
Climatically-sensitive tree-ring records from this region have been
shown to reﬂect temperature and moisture conditions linked to the
NAO during the colder months of greatest variability of the North
Atlantic climate system (Fig. 1, Cook et al., 2002). The NAO can also
impact climate in the eastern-central USA during the summer months,
via the effects of the expanded subtropical Azores pressure cell or
Bermuda High (Folland et al., 2009). The AMO impacts conditions
over the United States via blockage of moisture from the Gulf of
Mexico, generally causing drought in the central and western USA
(Gray et al., 2004; Oglesby et al., this volume). AMO-related moisture
impacts over the eastern USA, however, are somewhat variable (e.g.
Enﬁeld et al., 2001; Gray et al., 2004; Oglesby et al. this volume). There
is a tendency for warmer temperatures in this region during its positive phase (e.g. Sutton and Hodson, 2005).
2. The West Virginia red cedar ring-width chronology
Well dated, high resolution millennial climate proxies are relatively scarce for the eastern North American region of the North
Atlantic rim. To provide additional long-term climatic information for
the past millennium for this region, we describe a tree-ring chro-
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nology for West Virginia (WVA) in the eastern USA, derived from
annual ring width measurements of samples of living and subfossil
wood. It is based on collections obtained from old growth eastern red
cedar (Juniperus virginiana L.) trees from three closely adjacent sites
(knobs, or rounded hills, elevations ~ 650–800 m) in the Appalachian
Mountain range of WVA (Fig. 2). These are relict sites where the
trees have escaped logging or other disturbance. The samples were
collected about a decade ago as part of the TRL-LDEO's EASTNET
project (http://www.ldeo.columbia.edu/tree-ring-laboratory/treering-research/sites-species), and span the period from 481–1999 CE.
These data were also utilized in the North American Drought Atlas
(NADA, Cook and Krusic, 2004). These data have been used to explore
the spatio-temporal characteristics of climate and drought across this
region, but have not been extensively utilized for evaluation of longterm signatures related to North Atlantic climate (but see Maxwell
et al., 2010).
The chronology is a composite of 173 individual core series from
three adjacent elevated areas (knobs): the Cedar (CKD, 64 cores; CKJ,
26), Moser (MKD, 22 cores) and Bible Knob (BKD, 33 cores) sites, as
well as an additional 28 samples from this location, sampled decades
earlier. The living and subfossil wood series cross-date well with each
other (overall series correlation in COFECHA, the computer-assisted
dating program (Holmes, 1983), is 0.55). The raw data were then
combined into one data set.
As outlined below, we have standardized the raw measurements
for this location in order to resolve annual to centennial scale variability (c.f. Briffa and Melvin, 2011), and apply this record to infer the
expression of regional climatic and NAO-related variability over WVA
and vicinity during the past millennium.
2.1. Tree-ring standardization
In order to preserve any multi-centennial-length variability in the
WVA cedar record, we standardized the ring-width measurements
using several different methodologies in an ensemble approach
(Fig. 3). These methods include the Friedman (1984) Super-Smoother
(9), negative exponential curve ﬁtting with and without application
of an adaptive power transform (Cook and Peters, 1997), and the
Regional Curve Standardization (RCS) method with and without a
second detrending for contemporaneous growth rate biases (Cook
and Kairiukstis, 1990; Briffa and Melvin, 2011). RCS is being
increasingly utilized to preserve low-frequency climate information

Fig. 1. Temperature, tree rings and the NAO. Spatial correlation ﬁelds comparing Jan–Feb–Mar gridded surface air temperatures since 1948 from GHCN/CAMS t2m data set with
(left): instrumental Jan–Mar NAO (Gibraltar- Iceland index, Jones et al., 1997), and right, West Virginia red cedar ring widths. Colored areas are statistically signiﬁcant at or above the
90% level.
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Fig. 2. West Virginia red cedar and “Eastnet” network. Top, A network of long tree-ring width records for the eastern seaboard of the USA, generated using living and subfossil wood
from various tree species, and collected from relict undisturbed stands in climatically-stressed locations. This project has yielded chronologies multi-centennial to millennial in
length, as indicated here (Eastnet project, Cook and Buckley). This West Virginia red cedar chronology (with 50 year low pass ﬁlter) is a composite of three sites: Cedar Knob, Bible
Knob, and Moser Knob all in West Virginia (Bible Knob is at 38.38°N, 79.23°W, Moser Knob at 38.37°N, 79.23°W; Cedar Knob is in this same general location adjacent to the other
two) allows evaluation of tree-growth/climate relationships over the past 1500 years for the eastern USA, though only the past 1000 years are well replicated (i.e., more than 10 time
series, eps N 0.85). The series shown in this ﬁgure was standardized using RCS, followed by subtraction of the long-term mean (see text).

where it is present, at periods that exceed the mean segment length of
individual tree-ring series (Cook et al., 1995; Esper et al., 2002; Briffa
and Melvin, 2011). Complicating this effort, however, is that the cedar
record is rather heterogenous in structure, as it includes both living
and subfossil wood, with samples spread over three adjacent sites in
rugged terrain. Potential end effect bias can result from such features
– for example, due to varying growth patterns in trees of the same
biological age. Termed “differential contemporaneous growth rate
bias”, this can occur if individual growth curves for older trees,
entering at the beginning of a chronology, fall below the mean
regional growth curve used in RCS (Briffa and Melvin, 2011).
The time series that comprise the ensemble (Fig. 3) demonstrate
common annual to multidecadal and longer-term variability in the
WVA cedar ring widths over time. All chronology versions generally
show elevated tree growth indices during the MCA period from ~ 1000
to 1250, transitioning to lower values in the LIA around 1250 and
with higher overall subsequent growth departures in more recent
centuries and since the onset of the 19th century. The middle (LIA)
interval, particularly from around 1300–1600, generally reveals rela-

tively reduced ring widths and less variance than either the MCA
or recent period. Interestingly, there is good agreement between
the various ensemble series and the independent NAO reconstruction
of Luterbacher et al. (2002b, Fig. 3) during their period of overlap
(1500–1658).
We selected the RCS with a second linear mean detrending in
order to compare the chronology with local to regional scale climatic
and North Atlantic indices (Figs. 2, 3). This version of the WVA
chronology has adequate sample size (as indicated by expressed
population signal or eps values exceeding 0.85 – Cook and Kairiukstis,
1990) since around 1000 CE. It is also very similar to a gridded
reconstruction of the summer PDSI for the state of WVA generated as
part of the North American drought atlas (NADA, Cook and Krusic,
2004), based on this cedar series as well as other chronologies.
3. WVA cedar chronology and climate indices
WVA cedar growth is sensitive to both moisture and temperature,
with the sign of these relationships changing with the season. For the
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4. Spectral analysis
Spectral analysis provides additional evidence for NAO and North
Atlantic signals in the WVA cedar record. Using Multi-Taper Method
or MTM analysis (Mann and Lees, 1996), we identiﬁed signiﬁcant
spectral power in the sub-decadal to decadal bands that have typically
been associated with the NAO, at ~ 8 and 11 yr (Fye et al., 2006;
Hurrell, 2008). The Fye et al. (2006) study demonstrated that there
is a strong, coherent 7–8 year mode between the NAO and the climate
of the eastern-central United States, consistent with our results. A
signiﬁcant peak at ~ 60 years is consistent with observations of
North Atlantic multi-decadal climate variability, including the AMO
(Rajagopalan et al., 1998; Delworth and Mann, 2000) (Fig. 4).
5. RCS and pseudoproxy analysis

Fig. 3. Ensemble results using various detrending methods of tree-ring standardization
of the West Virginia red cedar ring-width composite chronology for the past millennium
used to infer past NAO variability, with 30-year smoothing. The black line is the NAO
reconstruction of Luterbacher et al. (2002a,b).

colder months, ring width correlates positively with both temperature
and precipitation, while in the warmer spring and summer months
of the growing season it correlates negatively with temperature and
positively with precipitation, based on Charleston, WVA Historical
Climate Network (HCN, Vose et al., 1998) station data and the gridded
Palmer Drought Severity Index or PDSI (Dai et al., 2004, Table 1).
The positive relationships with climate in the colder months are
consistent with positive NAO-type conditions, while those during or
just prior to the growing season indicate a tendency for drought stress
at this time.
The WVA chronology also correlates signiﬁcantly with various
North Atlantic indices (Table 1). These correlations are positive, consistent with a possible link between favorable WVA cedar growth and
the positive phase of the NAO. Instrumental temperature, precipitation and PDSI data for Charleston, West Virginia also compare
positively and signiﬁcantly with instrumental indices of the NAO
(Table 1). However, it is important to note that these correlations are
generally stronger after around the middle 20th century, indicating
some there may be some time instability in the NAO-cedar tree
growth relationship (most likely due to changing NAO teleconnections: see also Cook et al., 2002).

We performed a pseudoproxy analysis to test for the possibility
that the RCS method can cause low-frequency artifacts due to trend
distortion or contemporaneous growth rate bias in the cedar chronology, which could account for some component of the positive
growth trends observed during the MCA (Fig. 5, Melvin and Briffa,
2008). For this purpose, pseudoproxy ring width series were generated using a synthetic random climatic data intended to mimic the
long term behavior of the NAO index, computed using winter season
SLP output from the coupled millennium simulation of the NCAR
CSM 1.4 general circulation model (GCM) (Ammann et al., 2007).
Growth curves were ﬁt to the actual raw cedar tree-ring width series
and these curves were combined with their respective pseudoclimate
series to generate the pseudoproxies. The synthetic series were then
used to develop a master site chronology using RCS as if they were
actual tree ring data. The results indicate that the RCS procedure
applied to the actual cedar chronology may have some positive bias,
as it diverges notably from the target NAO climate ﬁeld in the early
part of the record (Fig. 5). This ﬁnding suggests that some component
of the observed low-frequency variability in the cedar record may be
an artifact of standardization bias alone, caused by the contemporaneous growth rate bias identiﬁed by Briffa and Melvin (2011). This
possibility warrants further investigation.

Table 1
Correlations between WVA red cedar chronology and local and regional North Atlantic
climate indices. Seasons indicated are those for which the correlation is strongest for
a particular dataset or comparison.
Local climate indices Charleston, WVA, 38.4°N, 81.6°E
Rainfall: May–Jun n 107, r 0.52, n 44, 0.0000
Temperature: Dec–Mar n 50, r 0.65, n 44, 0.0000
NAO indices
NAO-Azores index: Dec–Mar, n 134, r 0.36, 0.0000
Climate Prediction Center's Dec–Mar NAO: n 50, r 0.58, 0.0000
AO SLP index: Jan–Mar, n 50, r 0.54, 0.0001
Bermuda temperatures: Feb–Jun, n 49, r 0.50, 0.001
Northern Scotland precipitation (a particularly sensitive NAO indicator - Hadley
Centre, 1931-now, Jan–Mar, n 69, r 0.50, 0.0000)
N Scotland precipitation and CRU Jan NAO, n 78, r 0.85, 0.0000
Local WVA Instrumental Data and NAO
Charleston WVA tmp and north Scotl precip: Dec–Feb, n 74, r 0.55, 0.0000
Charleston WVA ppt and north Scotl precip: Dec–Feb, n 74, r 0.37, 0.002
Charleston, WVA ppt vs CRU Icel-Gibr NAO Dec–Feb, n 113, r 0.27, 0.004;
detrended n 113, r 0.26, 0.01
Charleston, WVA ppt vs Casablanca, Morocco precip Dec–Feb, n 92, r − 0.21,
0.050 (detrended n 92, –0.25, 0.020)

Fig. 4. Multi-taper method (Mann and Lees, 1996) spectral analysis of WVA cedar ring
width chronology from 1020–1999. Signiﬁcant spectral peaks at 8.3, 11 and 60 yr have
been identiﬁed in indices of North Atlantic climate variability.
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Fig. 5. Pseudoclimate model run compared to ensemble time series using different
methods of standardization of West Virginia cedar chronology (top panel) and model
error (bottom panel). Positive bias/error in the RCS version during the early part of the
record is indicated.

6. Discussion and conclusions
We have described a red cedar ring width chronology for WVA,
eastern USA that demonstrates substantial multi-decadal to centennial variability that we suggest is at least partly related to North
Atlantic climate variability over the past millennium (Figs. 1–4,
Table 1). These results are consistent with a recent study that
reconstructed May precipitation using WVA red cedar tree-ring data,
ﬁnding wetter (drier) than median conditions during the MCA and
LIA, respectively, and a positive correlation with the winter NAO
(Maxwell et al., 2010). The variability in the cedar chronology at ﬁrst
appears consistent with the previous study of Trouet et al. (2009),
who suggested the existence of a positive NAO state during the
MCA, followed by transition to negative NAO-type conditions during
the LIA and a subsequent return to a more positive NAO state. Our
results are inconsistent, however, with Trouet et al. (2009) in that the
apparent transition in the mean NAO condition occurs perhaps a
century earlier, near AD 1300.
Additionally, we caution that there are several caveats with this
analysis. One is that the red cedar record is not situated within one of the
two main centers of action of the NAO, and that other factors can impact
climate and tree growth at this location to varying degrees and at
different times (e.g. the El Niño-Southern Oscillation or ENSO, Paciﬁc
Decadal Oscillation or PDO; although these circulation features have
relatively weak impacts over the eastern USA). Non-stationarities in the
impact of the NAO on eastern USA climate could thus confound its signal
at times over the past millennium. Another signiﬁcant caveat is the
evidence for some positive RCS-induced bias during the MCA (Fig. 5).
We have shown that the WVA cedar record is signiﬁcantly correlated with relevant North Atlantic climate indices, indicating an
NAO-type signal in this record. Additionally, its spectral features are
broadly consistent with other time series of NAO-type variability.
In particular, similar oscillatory modes have been observed for the
NAO in instrumental and proxy records at around 7–8 years
(~7–10 yr: e.g. Moron et al., 1998; Cook et al., 2002; Fye et al.,
2006), bi-decadal and multi-decadal time scales (at ~ 20–68 yr;
Luterbacher et al., 1999, 2002a,b). The Cook et al. (2002) cold season
NAO reconstruction was based in part on tree-ring records from the
eastern half of the USA, with signiﬁcant spectra at 2–3, 3.97, and
7.75 years. A sub-decadal mode at ~7–8 years was also identiﬁed as
being a coherent feature between central USA tree rings and the NAO
(Fye et al., 2006), and at ~65–80 years for the AMO, in broad
agreement with the cedar record (Delworth and Mann, 2000; Enﬁeld
et al., 2001; Hubeny et al., 2009).

A number of marine proxies from both the tropical Paciﬁc and
Atlantic Oceans provide supportive evidence for cooler (La Niña-like;
e.g. Cobb et al., this volume) and warmer (positive AMO-type; Oglesby
et al., this volume) SSTs, respectively, during the MCA. Confounding
this issue, however, several of the western Paciﬁc tropical proxies
are inconsistent with this claim, showing evidence of more agreement with El Niño like conditions (Oppo et al., 2009; Tierney et al.,
2010) or more frequent El Niño events (Moy et al., 2002; Conroy
et al., 2009).
Of more direct relevance to the present study is an isotopic (O18)
speleothem record from a cave in WVA, not far from the WVA cedar
site (Hardt et al., 2010). It is sensitive to hydroclimate variability
associated with the summer NAO and Bermuda High pressure cell,
and shows wetter conditions during the MCA and drier anomalies in
the LIA, consistent with our cedar chronology results. A 2400-year
reconstruction based on isotopic data from benthic foraminifera in
Chesapeake Bay shows alternating warm and cold periods around
the MCA (Cronin et al., 2010). While more paleoclimatic records are
necessary in order to conﬁrm or deny the theory of persistent La Niñalike conditions during the MCA, a persistently positive NAO may have
occurred as a result of a direct increase in radiative forcing of the
North Atlantic's atmosphere-ocean climate system, without the need
to invoke the tropical Paciﬁc La Niña teleconnection.
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