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PREFACE

As graduate students and research scientists over the past few decades, we have
been fortunate enough to have the chance to travel to the far northern latitudes with
each other and other colleagues from our laboratories and the wider tree-ring
community. These forays to recover samples of old growth living and relict preserved
wood for paleoclimatic studies involved searching for remote, undisturbed forests at
treeline across northern North America and Eurasia. At these locations, the trees we
sampled were at the limits of their survival and have served reliably as natural ther-
mometers recording temperature conditions over the past several centuries or more.
To visit such sites, for example in the far-flung Thelon River Sanctuary or the
Coppermine River area of northern Canada, we would travel by charter plane from
scheduled airports at such hubs as Yellowknife, Northwest Territories, already far
from the beaten track. Our plane would then land on a river, dropping us with inflat-
able rafts and several weeks of camping gear, food, and full body gear for protection
from the mosquitoes. We would then paddle downriver in our boats, stopping to
sample any trees that caught our eye along the way. The possibility of a bear encounter
was always in the back of our minds, and we saw our share. By day we searched for
old trees, by night setting up camp and fishing for Arctic char and grayling for dinner.

We keep returning to some of these superb ancient sites to see how the trees
have been faring over recent decades. Are the warmer temperatures inciting more
growth? Or is warming causing drought stress and weakening the climate signal?
These trees have much to tell us about the ever-changing response of the Earth’s
climate system to greenhouse warming and related environmental change, and so
the forays will continue.

Rosanne D’Arrigo, Tree-Ring Laboratory, Lamont-Doherty Earth Observatory,
Palisades, New York, USA

Nicole Davi, Tree-Ring Laboratory, Lamont-Doherty Earth Observatory,
Palisades, New York, USA

Gordon Jacoby, Tree-Ring Laboratory, Lamont-Doherty
Earth Observatory, Palisades, New York, USA

Rob Wilson, School of Geography and Geosciences,
University of Saint Andrews, St. Andrews, Scotland, UK

Greg Wiles, Department of Geology, The College of Wooster, Wooster, Ohio, USA
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1.INTRODUCTION

1.1.Overview

This monograph provides a comprehensive synthesis of dendroclimatic
research based on northern old growth sites in the forests of North America and
Eurasia, asconducted by the scientists at the Lamont-Doherty Earth Observatory’s
Tree-Ring Laboratory (TRL-LDEO) of Columbia University over the past four
decades (Figure 1).

We focus herein mainly on the latitudinal northern treeline (see Glossary), as
well as other locations further south (such as the elevational treeline in Mongolia,
and the Russian Far East) where trees are often sensitive indicators of past
temperature variability. In keeping with the requirements of the “Opportunities
for Promoting Understanding through Synthesis” (OPUS) program of the
National Science Foundation that funded the writing of this monograph, we
emphasize the research conducted by scientists at the TRL-LDEO. However, we
place these studies in the context of the broader field of Northern Hemispheric
dendroclimatology (Glossary), conducted by numerous other researchers and
colleagues who have provided valuable and important insights into this topic over
the years.

1.2. Basic Tree-Ring Principles

The research described herein adheres to the basic principles of dendro-
chronology, as outlined in introductory and general texts by Stokes and Smiley
(1968), Fritts (1976), Schweingruber (1988), Cook and Kairiukstis (1990),
Speer (2012), and others. The main premise of dendrochronology is the estab-
lishment of precise, high-resolution (annually-resolved) tree-ring chronologies,
derived using the method known as cross-dating (references above; Glossary).
The cross-dating technique is based upon the observation that there is a
common climatic and environmental signal in the ring-width variations of
samples of wood compiled from trees (of the same species) in the same site and

Dendroclimatic Studies: Tree Growth and Climate Change in Northern Forests,
Monograph Number 67. Edited by Rosanne D’Arrigo, Nicole Davi, Gordon Jacoby,
Rob Wilson, and Greg Wiles.

© 2014 American Geophysical Union. Published 2014 by John Wiley & Sons, Inc.
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2 Dendroclimatic Studies

MONGOLIA

Figure 1. Locations of tree-ring chronologies sampled from northern forest sites over the
past few decades by TRL-LDEO scientists and colleagues. Many more have been sampled
by other scientists for these areas. For color detail, please see color plate section.

region. Relatively narrow (wide) rings are used to infer more adverse (favor-
able) environmental conditions for growth. When performed correctly, this
method ensures that there are no dating errors resulting from anomalous
growth patterns such as, for example, false rings (Glossary); in which growth is
slowed, resulting in thicker-walled cells, for a period during the growing season
due to a particular adverse event, such as drought, or missing rings (in which
radial growth is not laid down in a particular wood sample or tree due to an
adverse event; Glossary). Although it has been suggested by Mann and col-
leagues (2012), based on tree-growth model simulations, that such missing
rings can occur amongst a// trees at a given site following major volcanic events
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Infroduction 3

(e.g., in 1258, 1815), there is no actual tree-ring evidence that this is in fact the
case, as indicated in several subsequent presentations and publications
(Anchukaitis et al., 2012a; Esper et al., 2013, in press; D’Arrigo et al., 2012a;
D’Arrigo et al., 2001b; Journal of Geophysical Research, in press).

The science of dendroclimatology evolved from the need to understand past
and present climate variability as well as the factors impacting tree growth and
climate response on a range of spatial and temporal scales. Determination of how
climate has varied in the past is also critically important for evaluating the sensi-
tivity of the Earth’s climate system to both natural and anthropogenic forcing.
Yet, instrumental observations are limited in length and spatial coverage, partic-
ularly in many remote far northern regions, where station records may only span
a few decades. Overcoming these limitations requires high-resolution, precisely-
dated proxy data archives, such as tree rings, so that we may derive a long-term
perspective for conditions during the recent anthropogenic era, during which pro-
found and rapid changes are now taking place.

1.3. Polar Amplification of Global Warming
and Impacts on Forests

The far northern latitudes are uniquely sensitive to climatic change, with
warming in some regions at nearly twice the rate of many other areas of the
planet (Figure 2) (Hansen et al., 2010; ACIA, 2005).

Alaska, for instance, has experienced a winter temperature increase of ~3.5°C
over the past ~50 years (NOAA Strategic Plan, 2010; National Academy of
Sciences, 2011; Polar Frontiers Executive Summary, Grebmaier et al., 2011;
Jansen et al., Intergovernmental Panel on Climatic Change [IPCC], 2007; U.S.
Global Change Research Program—Regional Climate Impacts, Alaska Report,
2009; and ARS, www.ipcc.ch). Summer (Jun—Jul-Aug) temperatures in Arctic
Alaska increased 1.4°C between 1951 and 2000 (Hartmann and Wendler, 2005).
Along with this so-called “polar amplification” of warming (Glossary), rapid
melting of sea ice, stress on wildlife populations, increased fire frequency and
severity, and other iconic changes have taken place in the Arctic in recent decades
(see references above).

Boreal forests are undergoing substantial biome shifts as a result of these
rapid changes (Barber et al., 2009; Andreu-Hayles et al., 2011; Beck et al., 2011;
Beck et al., 2013; Juday, 2011; Xu et al., 2013). This is particularly noteworthy
because boreal forests, estimated to account for approximately 22% of the
carbon stored in forests worldwide, play an essential role in the carbon balance
of the globe (Pan et al., 2011; Milakovsky et al., 2012). They also, importantly,
represent some of the last remaining undisturbed wilderness areas on the earth
today (ACIA, 2005). There is ample evidence that such shifts in growth patterns,
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such as migration of treeline position (Esper and Schweingruber, 2004), earlier
growing season onset, and declining trends in forest productivity, are well under
way, based on both satellite vegetation monitoring and ground-based observa-
tions (Bunn and Goetz, 2006; Beck et al., 2011; Beck et al., 2013; Juday, 2011).

The response of northern forest ecosystems to change appears to be com-
plex and possibly nonlinear. This response can, in turn, cause significant feed-
backs into the climate system, including changes to the planet’s albedo and
carbon budget (Chapin et al., 2004; Jansen et al., 2007 [IPCC]; Lloyd and Bunn,
2007; Bonan, 2008). Widespread tree mortality in interior Alaska due to drought
stress, fire, and insect outbreaks has been attributed to the negative impacts of
global warming on forest growth (Juday, 2011). A related possible response is
the observed decoupling between tree growth and temperature data, commonly
now referred to as “divergence,” observed mainly in northern latitude treeline
settings (e.g., D’Arrigo et al., 2008; Glossary; see later chapter for a discussion).
It is important to note, however, that many northern forests are still responding
positively to warmer temperatures, recording this signal in the recent period as
well as back in time (e.g., D’Arrigo et al., 2001; Wilson et al., 2007b; Grudd,
2008; Esper et al. 2010; Beck et al., 2011; Biintgen et al., 2011; Melvin et al.,
2012).

The tree-ring data and chronologies described herein have been trans-
formed into climatic (temperature) reconstructions (Glossary), which are
defined as records of local, regional to larger-scale thermal histories that
extend back prior to the available instrumental record. These reconstructions
are primarily related to temperature but also reflect, and integrate, to varying
degrees, past fluctuations in hydroclimate, sea-level pressure, and synoptic
and broad-scale atmosphere-ocean circulation dynamics and teleconnections.
The tree-ring data we describe also yield valuable information and observa-
tions on forest growth productivity and how it has varied over annual to cen-
tennial time scales.

The generation of large-scale reconstructions of temperature from tree
rings and other proxy archives is an ongoing, evolving process. These records
will continue to improve as additional data coverage and new methodologies
become available. Such data archives are essential for (1) constraining the sensi-
tivity of the Earth’s climate system, (2) placing recent anthropogenically-forced
variability in a long-term context, (3) understanding the response to both
natural external radiative and other forcings (solar, volcanic, greenhouse gases,
aerosols) and internal variability (e.g., the El Nifio -Southern Oscillation or
ENSO, the North Atlantic Oscillation or NAO, Arctic Oscillation or AO; all in
Glossary), and (4) facilitating and providing input for constraining future mod-
eled scenarios derived from climate and vegetation models via proxy/model
comparisons. At the same time, this information must take into consideration
the rapid, and at times unprecedented changes in forest growth and temperature
now taking place.
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6 Dendroclimatic Studies
1.4. “Northern Archive” Synthesis

We synthesize scientific results outlined in more than 50 peer-reviewed papers
published over the past four decades by TRL-LDEO investigators on northern
forests, in addition to various proceedings volumes and reports (e.g., National
Research Council, National Academy of Sciences, Intergovernmental Panel on
Climatic Change or IPCC). A listing of these core papers on northern forests over
the past few decades is provided near the end of this monograph. Also included
is an annotated compilation of long-term tree-ring raw data measurements, meta-
data, chronologies, and reconstructions, which is being made available under the
heading “TRL-LDEO Northern Archive” on the NOAA Paleoclimatology
(http://www.ncdc.noaa.gov/paleo/paleo.html) and TRL-LDEO (http://www.ldeo.
columbia.edu/tree-ring-laboratory/) Web sites. A photographic archive of
northern tree-ring expeditions by the TRL-LDEO will also be made available on
these Web sites as part of this synthesis project.
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2. TREE-RING INVESTIGATIONS AT NORTHERN LATITUDES

2.1. Initial Studies

Initially in the development of the science of dendrochronology in the early
twentieth century (Fritts, 1976), tree-ring chronologies from the southwestern
United States were used to reconstruct indices of precipitation, temperature, and
other variables of local (individual sites) to regional (small networks of sites, cov-
ering~synoptic-scale or larger) extent, based on wood sampled from old growth
forests in relatively wild yet readily accessible regions. More recent studies have
used even larger-scale tree-ring record networks across North America to recon-
struct past drought variability for the past millennium (e.g., Cook et al., 2004,
Cook et al., 2010).

Up until the middle of the twentieth century, however, old growth forests at
the northern North American treeline had scarcely been investigated from a tree-
ring perspective due to the remote nature of these wilderness locations. This is in
contrast to the northern treeline of Eurasia, where such early studies were more
common due to easier access to many forest sites (e.g., Schulman, 1944).

One of the pioneers of northern North American tree-ring research was
James Louis Giddings (1909-1964), a largely self-taught dendrochronologist
and archaeologist who demonstrated the potential for Arctic dendrochro-
nology (Nash, 2000). Giddings published a number of Arctic studies describing
tree-ring dating of archaeological dwellings, structural timbers, and other
wood material, mainly of white spruce (Picea glauca [Moench] Voss), the dom-
inant western North American treeline species. His seminal work was the
generation of a tree-ring width chronology for the Kobuk-Noatak-Selawik
River drainages of northwestern Alaska, derived from wood collected over a
24,000-km? region of the Noatak and Kobuk river basins that dated back to
978 AD (e.g., Giddings, 1941). Other Arctic dendrochronologists, including
Wendell Oswalt and James Van Stone (see references in Nash, 2000), also
conducted early investigations. Efforts to collect archaeological and other
ancient wood material are still ongoing in areas of the far north, in locations

Dendroclimatic Studies: Tree Growth and Climate Change in Northern Forests,
Monograph Number 67. Edited by Rosanne D’Arrigo, Nicole Davi, Gordon Jacoby,
Rob Wilson, and Greg Wiles.

© 2014 American Geophysical Union. Published 2014 by John Wiley & Sons, Inc.
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8 Dendroclimatic Studies

where subfossil wood (i.e., wood that has been dead for several hundreds to
thousands of years, Glossary) have been well preserved.

The TRL-LDEO was first established in the 1970s (see chapters by Jacoby
and D’Arrigo, in Lippsett, 1999), founded by Jacoby and Cook. D’Arrigo came
to the TRL in the early 1980s as a graduate student and then as a research scien-
tist. Building on the original work of Giddings (1941), Jacoby, with Cook and
later with D’Arrigo and other investigators, including Davi and Wiles, helped
expand upon these early tree-ring studies of the 1970s, along the latitudinal
treeline of North America and other locations (Figure 1). More recently, Wilson
of the University of St. Andrews, UK (and Adjunct Research Scientist, LDEO),
has contributed extensive data processing, analysis, interpretation, and publica-
tions to this ongoing research (Figure 1).

Initially, TRL-LDEO-related efforts targeted remote treeline areas of Alaska
and Canada’s Yukon Territory, eventually expanding southward to the coastal
forests of the Gulf of Alaska region, and eastward to other Canadian provinces,
including the Northwest Territories, Nunavut, Quebec, Labrador-Newfoundland,
and the Canadian Maritimes (see acknowledgements for listing of other
significant contributors to and collaborators of this work). Across Alaska and
northern Canada, the tree-ring collections have yielded annually resolved paleo-
climatic time series that integrate temperature-related conditions, as well as
related aspects of climate and atmospheric circulation and teleconnections for the
region.

This began a series of research projects on tree-ring studies of northern for-
ests, largely funded by the National Science Foundation, the National Oceanic
and Atmospheric Association (NOAA), and other agencies, which have now
spanned nearly four decades. As noted, these archives have been utilized primarily
to extend the relatively short instrumental record of climate for these northern
latitude regions, but also to derive information on the response of this boreal
forest component of the terrestrial biosphere to climatic and environmental
change in the anthropogenic era and in the past.

2.2. Site Selection

In selecting northern sites for sampling, we use observational criteria that
aid identification of trees with sensitivity to past temperature variability, that
minimize complications from non-climatic factors, and that are indicative of
advanced age. Such criteria include the absence of any obvious disturbance
(e.g., due to fire, insect infestation, storm damage); selection of trees that are
widely spaced rather than closed canopy to minimize any complicating effects
of stand dynamics; presence of mesic ground cover, which indicates that
drought stress is likely to be minimal; and presence of heavy lower branches,
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Tree-Ring Investigations at Northern Latitudes 9

dead crowns, and stunted tree morphology, which are indicators of age and
sensitivity to environmental stress (Jacoby and D’Arrigo, 1989). Another
important strategy or philosophy that we advocate is to select tree sites and
chronologies that have strong common variability at a range of frequencies
(interannual up to centennial). Site location is critical in this regard, because
it is mainly the most undisturbed, open canopy treeline locations that yield
such coherent low-frequency climatic information. However, it is important to
note that not all tree-ring sites from which samples are collected will neces-
sarily be found to retain such low-frequency information, and thus be deemed
appropriate for such dendroclimatological studies.

2.3.Tree-Ring Parameters and Processing: Ring Width
and Maximum Latewood Density

Annual tree-ring data are transformed into final time series or chronologies
after being rigorously cross-dated, measured, and processed to retain as much
potential low-frequency climate information as possible (Stokes and Smiley, 1968;
Fritts, 1976; Cook, 1985; Cook and Kairiukstis, 1990; Briffa et al., 1992; Cook et
al., 1995). The resulting records of radial growth, or dimensionless tree-ring
chronologies, have been used to generate dendroclimatic reconstructions of tem-
perature (e.g., Esper et al., 2002; D’Arrigo et al., 2006; Wilson et al., 2007b) and
related variables (e.g., freeze dates for Hudson’s Bay, Jacoby and Ulan, 1982) for
individual sites and regional locations in northern forests.

Both more traditional (e.g., negative exponential, straight line curve fitting)
and more recently applied, innovative methods such as Regional Curve
Standardization (RCS, Glossary) have been employed for detrending tree-ring
time series (Melvin and Briffa, 2010). Such detrending methods of standardiza-
tion (Glossary) are used to estimate and remove age-related (biological) growth
trends and end effects (Glossary) prior to generation of tree-ring chronologies
(Cook and Kairiukstis, 1990). RCS allows the capture of low-frequency, even
centennial trends that can exceed the length of individual tree samples used in
chronology development, but this method may not be applicable to all sites (see
Cook et al., 1995 and the ‘segment length curse,” Esper et al., 2003). Alternative
techniques, such as age-band decomposition (ABD; Glossary) (Briffa et al.,
2001), and signal-free standardization methods (Melvin and Briffa, 2010) can
also be employed to minimize potential biases in RCS-related methodologies.
Such methods are under continual refinement, and such research is critically
important if we are to resolve issues in our understanding of low-frequency
variability of the climate (Fritts, 1976; Cook and Kairiukstis, 1990; Esper et al.,
2003; Esper et al., 2004; Melvin, 2004; Melvin and Briffa, 2008; Briffa and
Melvin, 2010).
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Most dendroclimatological studies utilize two tree-ring parameters:
ring-width and maximum latewood density (Glossary). Ring widths are by far
the most commonly used parameter for tree-ring analyses. Ring-width
chronologies have been shown to be sensitive to summer temperature condi-
tions at northern treeline sites, but they can also integrate temperatures
throughout the year (see discussion below on Northern Hemisphere [NH]
reconstructions) (Jacoby and D’Arrigo, 1989; Fritts, 1976; Schweingruber,
1988; Cook and Kairiukstis, 1990; Osborn and Briffa, 2006). Ring widths
from temperature-sensitive coniferous treeline sites (e.g., white spruce) typi-
cally feature strong autocorrelation (Glossary) effects that tend to also smooth
out response to some high-frequency climatic or environmental events
(Anchukaitis et al., 2012a; D’Arrigo et al., in press).

In addition to ring-width tree-ring series, the TRL-LDEOQO was one of the
first laboratories to develop the capability to generate records of maximum
latewood density (MXD), a parameter that is often an excellent indicator of
extended warm season annual to multidecadal or longer temperature vari-
ability. MXD is formed in the latter part of the growing season and is defined
as the peak density value of the last formed latewood cells measured in an
annual growth ring (Schweingruber, 1988; D’Arrigo et al., 1992). Physiological
fluctuations in wood density over time are related to the activity of the
vascular cambium (Glossary) and vary with the season, age, climate, and envi-
ronmental conditions (e.g., Schweingruber, 1988). Visually, latewood consists
of thicker-walled cells with smaller lumen, which creates a visual contrast
with the earlywood cells of the same ring (gradual transition) and those
formed in the subsequent spring season (abrupt transition). We (see also
Thetford et al., 1991) have employed the technique of X-ray densitometry
(Glossary), with image analysis software using the Dendro-2003 (Walesch)
system. This method identifies ring and intra-ring boundaries in the wood to
generate density time series, including maximum latewood density, minimum
earlywood density, and other intra-ring parameters.

The climate signal derived from MXD (and related indicators, such as early-
wood and latewood width and earlywood density) complements the summer, and
annual, multidecadal-to-centennial scale temperature information that can often
be derived from ring-width data at climatically sensitive northern sites
(Schweingruber, 1988; Jacoby and D’Arrigo, 1989; Davi et al., 2003; Wilson and
Luckman, 2003; D’Arrigo et al., 2006). Typically, MXD series from boreal
conifers correlate positively with monthly temperatures over an extended summer
season (e.g., from May through August or September), making it an excellent
proxy for warm-season temperature and extreme high-frequency events (Fritts,
1976; Schweingruber, 1988; Briffa et al., 1992; D’Arrigo et al., 1992). In some
cases, centennial or longer time-scale information can be gleaned from density
archives (e.g., Luckman and Wilson, 2005; Biintgen et al., 2006; Grudd, 2008;
Esper et al., 2012).
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Although we have used both ring-width and density series in our analyses,
our large-scale temperature reconstruction efforts to date (Jacoby and D’Arrigo,
1989; D’Arrigo et al., 2006), have mainly been based on ring widths. This is
because density processing is very labor intensive, with greater attrition of wood
samples. Thus, fewer of these records have been generated overall, although there
is much potential to develop density series for already-sampled sites processed for
ring width, given adequate resources.
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3.SELECTED LOCAL TO REGIONAL TRL-LDEO
NORTHERN TREE-RING STUDIES

One of the first northern treeline studies by TRL-LDEO investigators
published for the far north described the tree-ring width chronology named
Twisted Tree-Heartrot Hill (TTHH), from a white spruce site in the Yukon
Territory (YT), Canada (Jacoby and Cook, 1981) (Figure 3).

The trees at the TTHH site exhibit morphological features and microsite
conditions that were deemed consistent with a tendency for a strong tempera-
ture response. This site is the last stand of trees, found at elevational treeline,
along a mountain pass of the Dempster Highway, YT. The ring-width chro-
nology is significantly correlated with summer temperatures at the nearby
Dawson, YT meteorological station, and this relationship was used to infer
information on summer temperatures over the past 400 years (Jacoby and
Cook, 1981). Notably, in addition to temperature sensitivity, there was some
evidence, even at the time of this study several decades ago, of late summer
drought stress (see below).

Growth trends at this treeline site demonstrated cooling (as inferred by
narrow ring widths) during the very late 1600s, followed by warming in the
1700s. There was pronounced cold inferred during the early 1800s, one of the
peak cold periods of the so-called Little Ice Age (LIA, Glossary) interval, fol-
lowed by a recovery and inferred warming in the later 1800s. Even greater
warmth is inferred for the subsequent anthropogenic era of increasing
greenhouse gases (but with declining trends in recent decades, see below). These
trends are broadly evident at other circumpolar northern treeline sites, as well
as some elevational treeline sites at lower northern latitudes (e.g., D’Arrigo et
al., 2001, Mongolia; Biintgen et al., 2011, Europe), and generally reflect
large-scale, low-frequency temperature fluctuations over the past millennium.
Generation of such site chronologies as TTHH, and development of local to
regional temperature reconstructions, helped set the stage for the larger-scale
reconstruction efforts outlined below.

Dendroclimatic Studies: Tree Growth and Climate Change in Northern Forests,
Monograph Number 67. Edited by Rosanne D’Arrigo, Nicole Davi, Gordon Jacoby,
Rob Wilson, and Greg Wiles.

© 2014 American Geophysical Union. Published 2014 by John Wiley & Sons, Inc.
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Figure 3. Original (top) and updated Twisted Tree-Heartrot Hill (TTHH) tree-ring width
chronologies from elevational treeline, Yukon Territory, Canada. Units are in dimension-
less indices. Adapted from Jacoby and Cook (1981). For color detail, please see color
plate section.

Several millennial to submillennial-length tree-ring chronologies have
recently been generated (2010-2011) for northern Alaska, representing some
of the few such records of this length for northwestern North America. These
include latitudinal treeline ring-width and MXD records for the Firth
River area, in the Arctic National Wildlife Refuge (ANWR) of northeastern
Alaska (Anchukaitis et al., 2012b). Anchukaitis and colleagues (2012b)
developed a reconstruction based on a stable relationship between Firth River
MXD and regional summer temperatures. The warmest epoch during the past
900years occurred during the twentieth century, with multidecadal trends
prior to that time co-varying with changes in radiative forcing due to solar
and volcanic activity (Anchukaitis et al., 2012b). Another millennial-length
chronology at Mount Sukakpak, near the Dalton Highway, is based on
living and subfossil wood, which was first sampled in the 1970s. The response
of the trees to climate at this location is complex. In addition to temperature,
they are also sensitive to drought, due to relatively dry microsite conditions
at this site.

In northwestern Alaska, the archaeological wood samples collected by
Giddings (1941) from old dwellings and other sources (see also Graumlich and
King, 1997) were obtained by TRL-LDEO scientists and combined with additional
samples from the Seward Peninsula, Alaska, to develop long composite ring-width
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and density chronologies, which were linked to features of large-scale North Pacific
climate variability (e.g., coastal land and ocean temperatures, and circulation
indices such as the Pacific Decadal Oscillation or PDO) (Mantua et al., 1997,
D’Arrigo et al., 2005a; D’Arrigo et al., 2005b).

Signatures of North Pacific climate variability, such as the PDO, and the
notable warming associated with the Pacific regime shift of 1976-1977 (Mantua
et al., 1997) are most strongly reflected in millennial and submillennial records that
we have developed from the Gulf of Alaska region (Barclay et al., 1999; Wiles
et al., 2004; Wilson et al., 2007a), based on coastal species of spruce, hemlock, and
other long-lived conifers. These records, dating back to the first millennium AD,
have also yielded important information about past glacial advance and retreat
(Figure 4) (Wiles et al., 2004; Wiles et al., 2008; Wiles et al., 2011).

In another regional-scale Alaskan study, Jacoby and colleagues (1999)
compiled a small network of maximum latewood density chronologies to
reconstruct summer temperatures for interior Alaska. The lowest reconstructed
temperature value over this 400-year record was found to occur in the summer
of 1783, following the eruption of Laki, Iceland that began in June of that year
(Figure 5).

Inuit legends describe widespread winter-like conditions and loss of life due
to famine during that fateful summer (Oquilluk, 1973). Maximum latewood
density, due to its strong response to summer temperatures, low autocorrelation
relative to ring width, and apparent sensitivity to fluctuations in solar radiation
(e.g., Esper et al., 2012), is a particularly powerful parameter for studying extreme
cold years that coincide with volcanic events (Briffa et al., 1998a; Anchukaitis
et al., 2012a; D’Arrigo et al., in press).

In central Canada, we have described additional tree-ring records for
wilderness areas at latitudinal treeline near the Coppermine (now called
Kugluktuk) River, Nunavut and Northwest territories, and the Thelon River
sanctuary, Nunavut (see core TRL-LDEO papers, e.g., D’Arrigo et al., 2009;
Andreu-Hayles et al., 2011). The Coppermine ring-width chronology dates back
to 1046 and is one of the very few such long series for Canada. For both the
Coppermine and Thelon sites, the ring-width data show a greater decoupling
from recent temperature trends than does the corresponding latewood density
data. The latter also shows an increased sensitivity to drought over recent decades,
supporting the observation that temperature-induced drought stress may be a
contributing factor to divergence at these particular locations.

Tree-ring records generated by the TRL-LDEO have also been developed for
a number of sites along the Eurasian boreal forest treeline and adjacent tempera-
ture-sensitive locations. One such location is the Taymir Peninsula, Siberia, where
several chronologies were generated from the northernmost forests on earth
(Jacoby et al., 2000). These records were used to reconstruct May to September
temperatures for the region, but were shown to lose their thermal response with
local station temperature records after around 1970.
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Figure 5. Tree-ring reconstruction of May-August temperatures for Alaska based on
maximum latewood density data. Note anomalously low reconstructed temperatures
during 1783, the year of the major Laki volcanic eruption in Iceland. Adapted from
Jacoby et al. (1999). For color detail, please see color plate section.

Other intensive TRL-LDEO efforts in Eurasia include a long-term project in
Mongolia (termed “MATRIP”), which has been ongoing since 1995 (Jacoby
et al., 1996; D’Arrigo et al., 2001; Pederson et al., 2001; Davi et al., 2010). There
now exists fair coverage of centennial to millennial length tree-ring records for
Mongolia, which have been used to reconstruct indices of temperature (Jacoby
et al., 1996; D’Arrigo et al., 2000; D’Arrigo et al., 2001a) as well as precipitation
and related variables (Pederson et al., 2001; Davi et al., 2006; Davi et al., 2010).

For example, a temperature-sensitive elevational treeline record from Sol
Dav, Mongolia dates back two millennia and revealed a positive response to
warming observed over central Asia in recent decades (Jacoby et al., 1996;
D’Arrigoetal.,2001). Notably, a narrow growth ring with frost damage (Glossary)
in 536 AD was attributed to a major, unknown volcanic event at that time. This
volcanic event has also been synchronously described in several other long tree-
ring chronologies from sites around the globe (Baillee, 1999; D’Arrigo et al.,
2001b and references cited therein; Larsen et al., 2008).

A long-term TRL-LDEO research project in the western North Pacific has
yielded tree-ring records for the Kurile Islands, Kamchatka, and the Russian Far
East, and Japan (D’Arrigo et al., 1997; Davi et al., 2002; Jacoby et al., 2004;
Solomina et al., 2006). Jacoby and colleagues (2004) describe the development of
a 400-year reconstruction of temperature based on oak (Quercus crispula) trees
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18 Dendroclimatic Studies

that has a strong relationship with the Pacific Decadal Oscillation (PDO) index,
a large-scale indicator of temperature and atmosphere-ocean climate variability
for the North Pacific sector. This finding indicates the potential for tree-ring
records from this region to be useful in improving reconstructions of the PDO
and related indices, to expand upon prior versions based solely on western North
American tree-ring data (e.g., Biondi et al., 2001; D’Arrigo et al., 2001; Villalba
etal., 2011). There is, in fact, increasing evidence that the climate of northeastern
Asia plays a critical role in the northern Pacific climate and its teleconnections to
North America and other locations, although the typical response to the PDO is
stronger over North America (D’Arrigo and Wilson, 2006; Shen et al., 20006).
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4.THE BROADER CONTEXT OF NORTHERN
DENDROCLIMATIC STUDIES

In this section, we briefly outline the broader scope of dendroclimatic
research that has been published to date for far northern areas. This overview
is not meant to be at all comprehensive, and only aims to provide a glimpse
into the broader context for the TRL-LDEO research described herein. A
true synthesis that will bring these various datasets generated by various
laboratories and researchers together has not yet been done and could be a
useful focus for future research on the boreal regions of North America
and Eurasia.

4.1.North America

Tree-ring research in Alaska and adjacent northwestern Canada by Juday
(2011) and colleagues (e.g., Barber et al., 2000; Wilmking et al., 2005) using ring-
width, MXD, and isotopic records has focused on the relatively closed canopy
interior boreal forests, including those in the Bonanza Creek watershed near
Fairbanks. Their analyses have clearly demonstrated that the unprecedented,
rapid warming in Alaska over recent decades (ACIA, 2005), along with coinci-
dent temperature-induced drought stress and intensified insect activity, have
resulted in large-scale tree mortality and growth declines across the region. In
broader transects across much of Alaska, Wilmking and colleagues (2005) dem-
onstrated that drier sites show a higher percentage of trees that are responding
negatively to temperature in recent decades, due to greater drought stress and
increased evapotranspiration. This work is consistent with evidence of diver-
gence effects elsewhere in Alaska and the far north (e.g., Jacoby and D’Arrigo,
1995; see below).

Tree-ring records for the Seward Peninsula and Alaska, and elsewhere in the
circumpolar north, were generated by Lloyd and Fastie (2002 and 2003), and

Dendroclimatic Studies: Tree Growth and Climate Change in Northern Forests,
Monograph Number 67. Edited by Rosanne D’Arrigo, Nicole Davi, Gordon Jacoby,
Rob Wilson, and Greg Wiles.
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20 Dendroclimatic Studies

Lloyd and Bunn (2007), which complement the TRL-LDEO research in the
Seward Peninsula and northwestern Alaska, as noted above. These authors inves-
tigated the role of shifting seasonality of warm-season precipitation as a key
driver of forest growth patterns and fire regimes in the modern anthropogenic era
relative to the past.

In the Canadian Rockies and other locations, Brian Luckman (University of
Western Ontario) and colleagues have generated long tree-ring chronologies for use
in climatic reconstructions (e.g., Youngblut and Luckman, 2008; Luckman 2010).
Luckman, along with R. Wilson, produced millennial-length ring-width and
density series for the Icefields region of Alberta (extending back to AD 950), which
were combined to reconstruct summer (May to August) maximum temperatures
(Luckman and Wilson, 2005). Linkages were identified between this reconstruction
and periods of glacial advance as well as impacts of solar and volcanic activity
(Luckman and Wilson, 2005). This Icefields record was included in the D’Arrigo
and colleagues (2006) NH temperature reconstruction, and shows coherent trends
with other series used in this compilation for the past millennium.

Also in western Canada, Michael Pisaric and Trevor Porter of Carleton
University, Ottawa, have developed isotopic and other tree-ring parameter
records for the Mackenzie River Delta, Northwest Territories (NWT) in order
to study long-term changes in precipitation patterns, and have reconstructed
early-season precipitation and landscape conditions for the Yellowknife,
NWT area using jack pine and other species (Pisaric et al., 2007; Porter et al.,
2009; Porter and Pisaric, 2011; Porter et al., 2013). They also employed a
23-site network of white spruce ring-width chronologies from near treeline in
the Yukon Territory that shows evidence of warming-induced drought stress,
as well as growth declines that depend upon site-level factors (see divergence
section below).

S. Payette and L. Filion of the University of Laval, Quebec, have long
studied the ecology (fire, wind, and snow activity) and past climate of old
growth forests in eastern Canada (Payette and Filion, 2011). Their research
included the study of so-called “light density rings” (Glossary) that were
associated with past volcanic events such as that of Tambora’s eruption in
1815, and the subsequent 1816 “year without a summer”. Their research
group has developed millennial ring-width and density records based on living
and subfossil black spruce (Picea mariana [Mill]), a common tree species in
eastern Canada (Wang et al., 2001).

The Labrador Highlands Research Group of Memorial University,
Newfoundland, Canada (http://www.mun.ca/geog/lhrg/) has used tree rings to
reconstruct regional patterns of climate and forest treeline ecology and migration for
northeastern Canada, including Labrador and Newfoundland, and relationships
with local populations and culture (e.g., Banfield and Jacobs, 1998; Labrador
Highlands Research Group, 2004).
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4.2 Eurasia

Across Eurasia, dendroclimatic research in temperature-sensitive locations
has included numerous studies, for example, in Scandinavia (Briffa et al., 1992;
Timonen, 2007; Melvin et al., 2012; Esper et al., 2012), the Alps (Frank and
Esper, 2005; Biintgen et al., 2006), the United Kingdom (Wilson et al., 2011, and
Russia, including summer temperature-sensitive records in the Polar Urals (Esper
et al., 2002), Yamal (Hantemirov and Shiyatov, 2002), Taymir (Naurzbaev and
Vaganov, 1999), the Altai Mountains (Panyushkina et al., 2005), and Yakutia
(Hughes et al., 1999). See also Solomina and Alverson’s (2004) review and refer-
ences therein.

4.3.Tree-Ring Chronology Networks

In the 1980s, several major field expeditions were conducted along large-scale
transects across the northern forests to collect samples of wood for dendrocli-
matic analyses. The Schweingruber transect (http://lwf.ncdc.noaa.gov/paleo/
treering-wsl.html with G. Jacoby) was one of these, a joint project between WSL,
Switzerland, and the TRL-LDEQ. Samples were collected in the summer of 1982
from boreal forest sites at or near elevational or latitudinal treeline, and processed
for both ring-width and density chronologies. Another latitudinal tree-ring tran-
sect covered western North America and also yielded a multiple ring-width and
density network (Briffa et al., 2001). These networks, along with similar networks
and datasets from across the Eurasian Boreal region, have been used in a number
of studies to investigate large-scale patterns and trends of forest growth and
climatic change (e.g., Briffa et al., 1998a; Briffa et al., 1998b; Briffa et al., 2001).

The chronologies developed by TRL-LDEO scientists and colleagues for
northern locations have also been compiled into a circumpolar network, based on
data from latitudinal treeline sites that have been used to generate larger-scale
temperature reconstructions.
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5. TEMPERATURE RECONSTRUCTIONS
FOR THE NORTHERN HEMISPHERE

5.1.Initial Atempts

The science of generating large-scale dendroclimatic reconstructions has
continued to evolve as spatial coverage of sites and availability of reconstruction
methodologies have improved over the past several decades. High-resolution,
near-hemispheric-scale temperature reconstructions only became possible once
proxy coverage had expanded across the northern treeline, allowing the
development of reconstructions beyond local to regional scales that could be used
to infer large-scale climatic information with an emphasis on lower frequencies.

Groveman and Landsberg (1979; and see review in Frank et al., 2010) were the
first to publish a quantitative, multiproxy reconstruction of annual Northern
Hemisphere (NH) temperatures. Their record was based just partly on tree rings—
only 2 series out of 20—the rest being long instrumental records or other proxy
time series. Their reconstruction was developed using simple nested multiple regres-
sion models (specifying time-varying estimates of uncertainty) dating back to 1579.
Their study was the first to demonstrate that a few carefully selected series could
provide a reasonable estimation of temperatures for the Northern Hemisphere.

Another pioneering study in this regard was the publication of a reconstruc-
tion of Northern Hemisphere annual temperatures for 1671-1973, by Jacoby and
D’Arrigo of the TRL-LDEO (1989, in the journal Climatic Change). It was based
on a network of just 11 climatically sensitive tree-ring-width chronologies from
northern North America, and was the first to reconstruct temperature variability
for the Northern Hemisphere solely from tree rings. Although the number of sites
was not large, and the sites were biased to North America, their coverage
represented a substantial expanse of the northern forest landscape, from Alaska
to easternmost Canada. Jacoby and D’Arrigo (1989) argued that this spatial
representation was adequate for this initial study, particularly given the
representativeness of higher latitude North American temperature patterns to the
hemisphere as a whole.

Dendroclimatic Studies: Tree Growth and Climate Change in Northern Forests,
Monograph Number 67. Edited by Rosanne D’Arrigo, Nicole Davi, Gordon Jacoby,
Rob Wilson, and Greg Wiles.
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This record was used to assess past temperature variability and the degree to
which recent anthropogenic warming had been unusual relative to past centuries
(Jacoby and D’Arrigo, 1989). The initial dataset was substantially expanded and
updated to encompass sites in Eurasia as well (D’Arrigo et al., 2006), and to
derive temperature estimates for the full millennium.

The Jacoby and D’Arrigo (1989) reconstruction used principal components
analysis and linear regression techniques, and provided statistical calibration
and verification analyses of regression modeling results. One key finding of this
study was that the warmth of the twentieth century was unusual relative to the
previous several hundred years. This early work on reconstructing Northern
Hemisphere temperatures, and our observations of treeline forest growth in
response to warming, were presented at one of the first-ever hearings of the U.S.
Senate on global warming and climatic change in 1992, chaired by then Senator
Albert Gore.

From a historical standpoint, it is worth noting that there was consider-
able resistance at the time of the 1989 study from the dendrochronological
and climate communities to the idea of reconstructing hemispheric-scale
temperatures from a select small number of northern treeline sites, and dis-
agreement as to what level of site coverage could be considered adequate for
reflecting such large-scale variability. Another topic, still controversial, has
been whether or not ring-width data, composited at large hemispheric scales,
are accurate indicators solely of summer temperatures, or whether ring widths
might also, under certain conditions, integrate annual, large-scale, low-
frequency climate variability. All of these issues are still topics of discussion
and debate today.

We have long interpreted the response of northern treeline forests to the
thermal regime to occur integratively, with response to air temperature, solar
radiation, and soil temperatures all playing roles (Jacoby and D’Arrigo, 1989).
Although cambial cell division in the far north can be limited to only about six
weeks, other growth aspects (e.g., photosynthesis, root extension) can occur over
a much longer period. For example, northern trees can respond positively to prior
fall temperatures, when production and storage of carbohydrates takes place for
the following year’s growth (e.g., Tranquillini, 1979; Havranek and Tranquillini,
1995). Also, milder winters can reduce the amount of heat needed to thaw root
zones and active layers in areas of continuous and discontinuous permafrost
(Jacoby and D’Arrigo, 1989, and references cited therein, e.g., Kozlowski, 1971;
Tranquillini, 1979; Goldstein, 1981). These northern trees have the potential to
store nutrients in the fall for the next year’s growing season, and can benefit from
warmer early spring conditions provided that adequate moisture is available.
There are thus a number of reasons to support the argument that trees can inte-
grate conditions beyond the actual summer growing season, although summer is
still considered the optimal target for many paleotemperature studies (e.g., Wilson
et al., 2007b).
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5.2. Evolution of NH Temperature Reconstructions

Jacoby and D’Arrigo (1989 and subsequent updates: D’Arrigo et al., 1993;
D’Arrigo et al., 1999; D’Arrigo et al., 2006) described their study as a first
iteration in an ongoing process by which such large-scale climate paleoestimates
would continue to improve over time. This has since proven to be the case, with a
considerable number of additional reconstructions published in the past two
decades, spurred on by the emergence of climate change science, and improved
proxy and instrumental data coverage and techniques. The TRL-LDEO’s
northern tree-ring data archive has served as a baseline for more detailed and
complex reconstructions of NH temperature series, mainly since the late 1990s,
some extending back to the past millennium (e.g., Mann et al., 1998; Mann et al.,
1999 [the so-called “hockey stick™ reconstructions], Jones et al., 1998; Esper et al.,
2002; Moberg et al., 2005; Hegerl et al., 2006; Osborn and Briffa, 2006; Hegerl et
al., 2007; Mann et al., 2008; Christiansen et al., 2009). The last few decades have
seen a gradual transition in the field of dendroclimatology from single and
regional site studies to multi-network analyses that are actively being used to
improve estimates of large-scale climatic processes of the Earth’s climate system
for the past millennium. There has thus been considerable evolution and progress
since the “Eurocentric” cartoon depicted in the 1990 TPCC report, believed to
represent temperature changes over central England, and on a larger scale over
the past 1,000 years (Frank et al., 2010).

The reports of the IPCC (e.g., Jansen et al., 2007) outline how the science of
large-scale temperature reconstructions has evolved from the simpler early
models (e.g., Groveman and Landsberg, 1979; Jacoby and D’Arrigo, 1989) to
the relatively more complex reconstructions of the past decade or so (e.g., Mann
et al., 1998; Mann et al., 1999; Mann et al., 2008;Mann et al., 2009; Rutherford
et al., 2005; Frank et al., 2010; Christiansen and Ljungqvist, 2012). The most
recent [PCC report (2007) illustrates how the increase in uncertainties back in
time among the various reconstructions precludes identification and consensus
of the precise amplitude of past temperature changes (Esper et al., 2005; Frank
et al., 2010).

An update on our original 1989 Northern Hemisphere temperature
reconstruction, published in 2006 (Tables 1 and 2, Figures 6-9) used original
and recently sampled tree-ring records from North America and Eurasia to
reconstruct annual extratropical Northern Hemisphere temperatures for the
past millennium (D’Arrigo et al., 20006). Tree-ring records were only included
if they passed an initial criterion of demonstrating a statistically significant,
positive correlation with local to regional station temperatures. We excluded
tree-ring records from lower latitude, elevational treeline sites (e.g., bristle-
cone pine series from the southwestern USA) that have been thought to
demonstrate a possible CO, fertilization effect (see below; Glossary; e.g., Wahl
and Ammann, 2007).
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28 Dendroclimatic Studies

Table 2. Coldest and warmest decades (anomaly values in parentheses, degrees C)
calculated over 1000-1979 for each Northern Hemisphere temperature reconstruction
after they have been scaled (w.r.t. 1856-1978) to NH land only (20-90°N) mean
annual temperatures. The difference between these two values is defined as the
amplitude. Adapted from D’Arrigo et al. (2006).

Coldest Warmest Amplitude
This Study STD 1813-1822 (—0.74) 1938-1947 (0.20) 0.94
This Study RCS 1600-1609 (—0.97) 1937-1946 (0.17) 1.14
Esper, 2002 1345-1354 (—1.18) 1950-1959 (0.15) 1.34
Briffa, 2000 1813-1822 (—0.80) 1951-1960 (0.10) 0.90
Mann, 1999 1458-1467 (—0.68) 1957-1966 (0.10) 0.79
Jones, 1998 1693-1702 (—0.77) 1929-1938 (0.06) 0.83
Moberg, 2005 1576-1585 (—1.33) 1104-1113(0.23) 1.56

0002080668.INDD 28 @

This work was presented before the National Research Council in the year of
its publication, with the results appearing in a subsequent set of recommenda-
tions and follow-up reports (NRC, 2006, and a report by the Pew Center for
Climate Change, unpublished). These results also appeared in the subsequent
IPCC report (Jansen et al., 2007) as well as other publications of potential interest
to the general public and media outlets (e.g., featured in New Scientist March 18,
2006 and online in 2009: http://www.newscientist.com/article/dn11646-climate-
myths-the-hockey-stick-graph-has-been-proven-wrong.html).

Figure 6 shows the individual 66 tree-ring sites that were used in this compi-
lation, and Table 1 lists the regional chronologies that were generated based on
individual site data that were then averaged to yield the extratropical Northern
Hemisphere composite. Figures 7-9 illustrate the temperature reconstructions
and related analyses and comparisons.

These raw measurements and tree-ring chronologies have been used by
researchers in the fields of dendrochronology and climate modeling, helping to form
the baseline for reconstructions and modeling of climate. Progressing beyond the
initial development of relatively simple reconstructions using linear regression tech-
niques, several studies have incorporated such data into analyses using relatively
complex methods, such as climate field reconstructions (CFR; Glossary) of past
spatial patterns and climate fields, data-model comparisons of past large-scale tem-
perature and climate variability, comparison of regression and scaling methods, and
assessment of non-linear responses to environmental change (Christiansen et al.,
2009; Christiansen and Lunjqvist, 2012; Esper et al., 2005; Mann et al., 2005; Mann
et al., 2007a; Mann et al., 2007b; Rutherford et al., 2005; Smerdon and Kaplan,
2007; Smerdon et al., 2010; Von Storch et al., 2004; Von Storch et al., 2009).

Notably, a newly integrated compilation of the various large-scale proxy
temperature reconstructions, spanning the past one to two millennia, has been
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180°

006~
206

Figure 6. Location map of individual tree-ring sites (red) and regional composites (yellow
boxes) used to reconstruct Northern Hemisphere temperatures over the past millennium.
See Table 1 for more details. Note that there are many tree-ring records generated for North
America and Eurasia by the dendroclimatic community that are not included in this
figure. Adapted from D’Arrigo et al., 2006. For color detail, please see color plate section.

recalibrated into a single product. It is now available online at the NOAA National
Climatic Data Center, and is known as the Paleoclimatology Reconstruction
Network or PCN (Wahl et al., 2010; http://www.ncdc.noaa.gov/paleo/pubs/pcn/
pen.html). This compilation includes metadata and recalibration of data to a
common standard, spanning local to global scales. Wahl and colleagues (2010)
also estimate the amplitude and rate of change of the globe’s response to anthro-
pogenic greenhouse gases, and provide an analysis of the inherent uncertainties in
such estimates and their spectral properties.
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Figure 8. A. Comparison of STD and RCS NH reconstructions with previous reconstruc-
tions. B. Model based estimates of NH temperatures for the last millennium (Jones and
Mann, 2004). C. Comparison of mean series of the previously developed reconstructions
and models with the STD and RCS series. The reconstruction and model time-series were
normalized to the common period and averaged. All smoothed series in this figure were
scaled to the smoothed instrumental NH temperature series over the period 1859-1976.
Adapted from D’Arrigo et al., 2006. For color detail, please see color plate section.

5.3.Reconstructed NH Temperature Trends

Notable time periods seen to varying degrees in these large-scale temperature
reconstructions include the broadly defined intervals known as the so-called
Medieval Climate Anomaly or MCA (Glossary), early in the past millennium
(mid tenth to thirteenth centuries: Diaz et al., 2010), the Little Ice Age (LIA,

0002080668.INDD 31 @ 12/23/2013 3:52:31 PM



32 Dendroclimatic Studies

800 1000 1200 1400 1600 1800 2000
4 1 1 1 L 1 1 1
, | This study STD
0 -
2
-4

| This study RCS

3 6 8 13 17 19 12
12 2/4 4/4 6/7 10/7 12/7 8/4

| Esper, 2002

©
~
(2]
&
o
e
p 10 14 2
£ 2/4 3/7 5/9 5/9 5/9 0/2
& | riffa, 2000
o 4
[}
N
s 3 3 5 7 7 2
3 0/3 03 1/4 25 2/5 0/2
S Mann, 1999 \

Jones, 1998

d 3(1) 4(1) 5(2)
1/2 2/2 2/3 5/4 5/5 0/0
800 1000 1200 1400 1600 1800 2000

Calendar years

Figure 9. Smoothed (20-year spline) NH temperature reconstructions. Y axis values in
degrees C. The time series have been normalized to their common period. The values
denote replication (number of chronologies/regional composite series) at the beginning
of each 200-year window. The most recent values are for the year 1995 to highlight the
updated data-sets used for this study. The upper bold values show the full number of
series. Value in parentheses denote those series used that were not tree-ring data. The
lower values detail the number of records from North America/Eurasia, respectively. We
have not included equivalent information for the Mann et al. (1999) study because it used
principal component regression, which resulted in an unequal weighting of the initial
records in the final reconstructions. Mann et al. (1999) used 112 records in the most rep-
licated period. This decreased to 7 records by T000AD (6 of which were tree-ring data).
The numbers for 1500 and 1000 include principal components derived from 21 western
and 6 southern U.S. tree-ring sites that are counted as 2 regional records. Adapted from
D’Arrigo et al., 2006. For color detail, please see color plate section.
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~1450 to 1850, Grove, 1988), and the transition between the MCA and the LIA
(Trouet et al., 2009; Frank et al., 2010). Although these terms can be descriptive
and are still in common usage, some researchers have called for their abandon-
ment or caution in their usage, as the particular warm or cold anomalies of
interest can vary considerably in space and in time (Jones et al., 1998; Jones and
Mann, 2004; D’Arrigo et al., 2006).

Virtually all of the published large-scale temperature reconstruction studies,
despite using different methodologies and having only partially overlapping data
sets, have reached broad consensus that recent warming in the Northern
Hemisphere appears to have been unprecedented over the past millennium and
that this warming is most likely a result of the anthropogenic release of greenhouse
gases into the atmosphere (Figures 7-9; IPCC, 2007; see Frank et al., 2010 for a
review). The unusual nature of reconstructed late twentieth century temperatures
is a typically robust feature even when individual series are systematically
excluded, and the hemispheric reconstructions generated thus far largely fall
within each other’s respective uncertainty limits (IPCC, 2007). The overall trends
of a warm MCA early in the past millennium, transitioning to the colder LIA,
followed by a recovery and recent warming are generally observed in all of these
reconstructions whether they be based solely on tree-ring data (Esper et al., 2002;
D’Arrigo et al., 2006) or are multi-proxy in approach (Moberg et al., 2005; Mann
et al., 2008; Ljungqvist, 2010; Christiansen and Ljungqvist, 2012).

There are nevertheless uncertainties and disagreements in published efforts to
depict past large-scale temperature variability, especially related to amplitude
change, due to differences in site coverage, proxy type, methodology, and other
factors. A considerable range in reconstructed amplitudes is observed among the
existing Northern Hemisphere temperature reconstructions, particularly with
regard to the transition from the MCA into the LIA (Table 2, Figures 7-9,
D’Arrigo et al., 2006; IPCC, 2007). This is largely due to the fact that data cov-
erage is typically low during this interval in virtually all existing reconstructions.

5.4. Standardization of NH Tree-Ring Temperature
Reconstructions

D’Arrigo and colleagues (2006) quantified differences between more tradi-
tional (STD) and Regional Curve Standardization (RCS) methodologies. It was
concluded that RCS was generally superior for retention of low-frequency trends
in this data set, based on our own visual observations and comparisons with
instrumental data and model simulations of temperature. This reconstruction
(Figures 7-9) indicates clear MCA (warm), LIA (cool), and recent (warm)
episodes. Direct interpretation of the RCS reconstruction suggests that MCA
temperatures were nearly 0.7°C cooler than the late twentieth century, with
an amplitude difference of 1.14°C from the coldest (1600-1609) to warmest
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34 Dendroclimatic Studies

(1937-1946) decades (Table 2). Note that the more recent decades are warmer but
are not directly included in this estimate, because the common period of the tree-
ring data ends sooner, and because there are some divergence issues in the most
recent period of the reconstruction (Wilson et al., 2007b). The recent warming
appears to be quite substantial relative to natural fluctuations of the past millen-
nium. However, as described by D’Arrigo and colleagues (2006), the spatially-
heterogeneous nature of the MCA, and its different timing within the different
regional composites, results in a ‘flattening out’ of the large-scale estimates for
this period relative to twentieth century warming, with the latter expressing a
more homogenous global ‘fingerprint.” The spatial coverage and sample depth of
the tree-ring records also decreases during the MCA period, limiting robust
comparison and interpretation at this time.

In another large-scale temperature reconstruction for the Northern
Hemisphere, Esper and colleagues (2002, updated in Frank et al., 2007) also used
the Regional Curve Standardization (RCS) method to retain multicentennial
temperature variability. Esper and colleagues (2002) averaged ring-width chronol-
ogies from North American and Eurasia, which supported the large-scale occur-
rence of the MCA over the northern land-only extratropics. Although persistently
above-average temperatures in the AD 960-1050 interval suggested an MCA,
declining site availability, and low within-chronology replication prior to AD
1200 were found to weaken this interpretation considerably (Cook et al., 2004).

We have concluded that currently available paleoclimatic reconstructions
may be inadequate to make specific inferences, at hemispheric scales, about MCA
warmth relative to the present anthropogenic period. More studies and data are
needed to better understand the lower-frequency variability in such reconstruc-
tions and the climate signatures reflected in these data.

The scientific process of generating dendroclimatic reconstructions based on
tree-ring width, density, isotopic, and other parameters is still evolving, and is
becoming more complex. One reason is that data coverage has now improved to
the point that large-scale networks of tree-ring data are available for use in spatial
climate field reconstructions, providing opportunities to model atmosphere-
ocean-land climate variability and dynamics (e.g., Rutherford et al., 2005; Mann
et al., 2008; Mann et al., 2009). Another concern is the ongoing debate on how
best to standardize tree-ring series to optimize retention of low-frequency trends
(e.g., Briffa and Melvin, 2010). Another aspect of this continued evolution has
been the generation of forward modeling techniques (Glossary) to better under-
stand the mechanisms of tree growth response to climate and environmental forc-
ing (Vaganov et al., 2006; Anchukaitis et al., 2006; Evans et al., 2006). Forward
modeling employs a mechanistic model of tree-ring formation to simulate pat-
terns of climate-tree growth relationships and test for biological or ecological
mechanisms that may cause divergence or other anomalous or nonlinear patterns
to occur. These models can simulate tree growth over a range of climatic regimes
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in order to aid in understanding the critical physiological processes of forest
growth response to climate and other environmental influences (Anchukaitis
et al., 2000).

Studies are also under way to integrate climate proxies and modeling using
data-model comparison and data assimilation techniques (e.g., Goose, 2010;
Graham et al., 2010). These latter efforts include evaluation of real and synthetic
model-generated proxies, comparison of proxies to transient climate model runs,
optimal ensemble simulations, Bayesian hierarchical models (Tingley et al.,
2010a; Tingley et al., 2010b), and time-dependent methodologies such as Kalman
filter ensembles (Visser and Molenaar, 1990; Visser et al., 2010).

Model comparisons, based on General Circulation Model (GCM) simula-
tions, show reasonable coherence over the last 600 years with the NH temperature
reconstruction shown in D’Arrigo and colleagues (2006, Figure 8; Mann et al.,
2012). Proxy reconstructions, however, generally show an earlier peak in MCA
warmth compared to models (see Jones and Mann, 2004; D’Arrigo et al., 2006),
possibly reflecting that this was a spatially-complex, highly-variable period, and
that not enough proxy records yet exist for this time. It is also possible that the
models themselves may be biased in various ways. For example, although they
incorporate external (solar, volcanic, anthropogenic) forcings, they may not
capture internal atmosphere-ocean dynamics that well.
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6.TREE GROWTH ISSUES IN
THE ANTHROPOGENIC ERA: CO, FERTILIZATION
AND THE "DIVERGENCE PROBLEM”

In addition to our paleoclimatic studies, TRL-LDEO scientists, along with
other investigators, have analyzed the response of northern forest growth, physi-
ology, and ecology to climatic and environmental change. When developing tem-
perature reconstructions from tree rings, for example, routine examination and
testing of residual estimates from regression models have been used to reveal
whether unexplained trends, possibly due to CO, fertilization (Jacoby and
D’Arrigo, 1997, LaMarche et al., 1984) or divergence effects (D’Arrigo et al.,
2008) may exist.

6.1.CO, Fertilization

The hypothesis that increasing atmospheric CO, levels since the middle
nineteenth century may have directly contributed to increased radial growth of
bristlecone and limber pine trees at elevational treeline in the southwestern
United States that is unexplained by climate was first put forward by LaMarche
and colleagues (1984). It was later suggested that only those trees that featured a
so-called “strip-bark” morphology would be expected to show such unexplained
growth enhancement (Graybill and Idso, 1993; Ababneh, 2006). This topic
remains controversial, in part because long instrumental climate station records
that can be used for direct comparison to the tree growth variations are relatively
scarce in remote elevational or latitudinal treeline regions where many tempera-
ture sensitive tree-ring chronologies have been developed. It is also difficult to
separate out the climate and CO, influences on tree growth, as both show
increasing trends over the last 150 years. Further, field experiments indicating
fertilization-type effects are not necessarily representative of the response of the
old growth boreal forests (e.g., Hickler et al., 2008). Thus far, we have found no
such evidence for CO, fertilization at the northern sites we have studied, perhaps

Dendroclimatic Studies: Tree Growth and Climate Change in Northern Forests,
Monograph Number 67. Edited by Rosanne D’Arrigo, Nicole Davi, Gordon Jacoby,
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38 Dendroclimatic Studies

due to the substantial nutrient limitations that can occur at far northern lati-
tudes that preclude the trees’ ability to respond to increasing CO, concentrations
(Jacoby and D’Arrigo, 1997).

6.2.The Divergence Problem

Over the recent decades of rapid warming and significant environmental
change, we have observed evidence for a decoupling between tree growth and tem-
perature trends at many northern sites (e.g., Figure 10).

Initially described by Jacoby and D’Arrigo (1995), divergence has potentially
important implications for the interpretation of paleoclimatic reconstructions
and their inferred temperature sensitivity, although its scope and severity still
remain uncertain. This phenomenon is generally described for the low-frequency
time scale, and may or may not be present in year-to-year comparisons with tem-
perature (Esper and Frank, 2009).

Divergence effects appear to be concentrated in the northern boreal forests
(Briffa et al., 1998a; Briffa et al., 1998b; Vaganov et al., 1999; D’Arrigo et al.,
2008). A key theory is that large-scale warming is causing temperature-induced
drought stress, even at previously temperature—limited northern sites, although
other factors may also play a role (see discussion below). Divergence-type effects
seem particularly prevalent for central to northern Alaska and vicinity, a region
that as noted is warming faster than most of the globe (e.g., Jacoby and D’Arrigo,
1995; Barber et al., 2000; Juday, 2011).

An apparent decrease in recent temperature sensitivity is evident in virtu-
ally all tree-ring based Northern Hemisphere reconstructions, with a concom-
itant decrease/flattening in post-1970 trends (Figure 10; see also Wilson et al.,
2007b). There is also a general weakening in recent decades in calibration
results and verification statistics typically employed in dendroclimatology,
such as in the level of explained common variance when calibrating with
climate data, and when verifying using the Reduction of Error (RE) and the
Coefficient of Efficiency (CE) (Cook and Kairiukstis, 1990). Comparison
between northern treeline reconstructions of temperature based on tree rings
and those for middle northern latitudes suggests that the divergence is
restricted to the most recent decades, when these two time series begin to
diverge (Cook et al., 2004).

Despite the previous observations, there are many northern sites where
there is no apparent divergence (see also Wilson et al., 2007b; Esper et al. 2010),
for example, for the MXD record from the Firth River area of northeastern
Alaska, which shows a positive response to temperature over the past century
(Anchukaitis et al., 2012b). A millennial-length tree-ring reconstruction for the
Gulf of Alaska region (Wiles et al., in review) has revealed an absence of diver-
gence with temperature for trees growing at moderate elevations, whereas those
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40 Dendroclimatic Studies

at lower and higher elevations do show this effect. This is one potential strategy
for avoiding this phenomenon so long as the sub-fossil tree-ring data are also
sampled from similar elevations.

Such series can be combined to derive near “divergence-free” large-scale tree-
ring based reconstructions of large-scale temperature (Figure 10) (Wilson et al.,
2007b). The Wilson and colleagues (2007b) reconstruction was derived using an
independent network of temperature-sensitive tree-ring data that had not been
utilized in previous large-scale composite studies. Although this paper provided
strong independent verification of previous hemispheric-scale temperature recon-
struction efforts since 1750 (Figure 10), it also highlighted that the divergence
issue needed to be addressed at local/regional scales, as there can be individual
variations and contributing factors particular to specific sites and their local
conditions.

The divergence problem has potentially significant implications for the study
of large-scale patterns of forest growth, the development of paleoclimatic recon-
structions based on tree rings from northern forests, and understanding the
global carbon cycle. The causes of this phenomenon, however, are not well
understood and are difficult to test due to the existence of co-varying environ-
mental factors that may potentially impact recent tree growth. Possible causes
include the previously mentioned temperature-induced drought stress (Porter
and Pisaric, 2011), nonlinear thresholds or time-dependent responses to recent
warming, delayed snowmelt and related changes in seasonality, decreased snow-
pack and increased damaging spring frosts, and differential growth/climate
relationships inferred for maximum, minimum, and mean temperatures (e.g.,
Wilson and Luckman, 2003; D’Arrigo et al., 2004; Wilmking et al., 2005; Juday,
2011; Wiles et al., 2012). Other possible explanations include local scale pollution
(e.g., Wilson and Elling, 2004; Lloyd and Bunn, 2007; Rydval and Wilson, 2012),
the solar dimming phenomenon, that can decrease the amount of solar radiation
available for photosynthesis (A. Stine, Harvard University, pers. comm. 2012;
D’Arrigo et al., 2008), and declines in stratospheric ozone levels that can increase
incidence of ultraviolet radiation at the ground level (Briffa et al., 1998b; Briffa
et al., 2004).

An additional consideration is that “end effects” and other methodolog-
ical issues can emerge in standardization and chronology development, cre-
ating artifacts that may be misconstrued as divergence-type influences (e.g.,
Melvin and Briffa, 2010). Esper and Frank (2009) outline some of the pitfalls
that can result in inadvertent detection of a divergence-type effect. These can
occur during the detrending process, due to incomplete retention of low-fre-
quency trends, sensitivity to the calibration period with temperature, or failure
to account for the full season of tree growth response to climate. Further,
divergence can only be reasonably identified in trees that have had a strong
relationship to temperature at some point in the recent past. Although limited
evidence suggests that the divergence may be anthropogenic in nature and
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restricted to the recent decades of the twentieth century (see Cook et al.,
2004), more research, particularly regional studies, is needed to confirm these
observations. In particular, a better understanding of the physiological
ecology of tree growth at treeline could contribute significantly to resolving
whether or not this phenomenon is taking place on a large scale, and aid
identification of possible causes.
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7. CONCLUSIONS AND FUTURE CHALLENGES

The northern tree-ring archive and related studies provide a long-term
context with which to gauge the impacts of recent anthropogenic change relative
to past natural variations. In this monograph, we have briefly reviewed four
decades worth of TRL-LDEO northern tree-ring studies by the authors and
colleagues (Figure 11) and the use of these tree-ring data to generate large-scale
temperature reconstructions for the past millennium. Future challenges and out-
standing issues remain, with important considerations and areas for improvement
in the development of large-scale climatic reconstructions.

One key challenge is that temporal and spatial coverage of tree-ring data
needs to be further improved in order to decrease uncertainty and enhance repli-
cation of chronologies and reconstructions, and to fill geographic gaps, not only
in the tropics and Southern Hemisphere, but at the higher northern latitudes as
well (e.g., in Scotland, central northern North America, Labrador).

Another consideration is the need to continue to refine our ability to capture low-
frequency climate variability on multidecadal to centennial scales through tree-ring
standardization, and via in-depth analyses of the use of RCS and similar detrending
methods. These efforts require sampling of multiple age classes and strong replication
(of trees per site and number of sites), particularly for millennial sites, if we are to
decrease uncertainty during the MCA and other major climatic episodes.

As coverage improves, we will be better able to quantify the amplitude of
trends back in time, notably the MCA and MCA-LIA transition as well as the tim-
ing of these periods. Improved coverage is also essential if we are to more precisely
discern relative levels of natural and anthropogenic climatic changes, and to con-
strain climate sensitivity to anticipate anthropogenic impacts and future trends.
Additional site sampling and continual updating of existing sites, as well as finding
increased opportunities for the discovery of subfossil wood in northern settings
(e.g., Wilson et al., 2011), so that ideally we would have millennial length chronol-
ogies every ~300km or so across the northern latitudes, would substantially
decrease the uncertainties in existing chronologies and reconstructions and provide
better constrained spatial climate information.

Dendroclimatic Studies: Tree Growth and Climate Change in Northern Forests,
Monograph Number 67. Edited by Rosanne D’Arrigo, Nicole Davi, Gordon Jacoby,
Rob Wilson, and Greg Wiles.
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44 Dendroclimatic Studies

A

Figure 11. Photographs of northern tree-ring field investigations and the authors (see
Figures file). A. The very first tree (Siberian pine) cored in Mongolia (1475-1999) in 1995.
The data from this tree and others at this site resulted in a publication on large-scale
warming in Mongolia (Jacoby et al., 1996, Science). (Photo Credit: R. D’Arrigo) B. A cross
section from a wood sample found in the Tarvagatay Mountains of Mongolia. The inner
pith dates to 262 CE. (Photo Credit: N. Pederson) C. A Piper Cub plane getting ready to
land in a makeshift runway of willow scrub in Wrangell St. Elias National Park and
Preserve, Alaska. Other than trekking, a Piper Cub is the only way into the park. (Photo
Credit: N. Davi)
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Figure 11.(Contd) D. A tree core from Alaska showing a light latewood band at the year
1783. The Laki volcanic eruption occurred in Iceland during that year (in June) and cooled
global temperatures, causing this tree to stop growing abruptly in the fall of that year (Jacoby
et al., 1999). (Photo Credit: G. Jacoby) E. Dr. Jacoby stands on top of ancient White River
Ash, a layer of ash from Mt. Churchill that blanketed more than 340,000 sq km of eastern
Alaska and NW Canada in 800AD. Tree stumps buried by the event were exposed as the
bank eroded. These samples, along with living white spruce, were used to extend our
understanding of climate back by thousands of years. (Photo Credit: N. Davi) F. More than
400-year-old Siberian larch trees growing in the Mongolian steppe. These trees are growing
in very arid conditions and are sensitive to changes in moisture. (Photo Credit: B. Buckley)
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Figure 11.(Contd) G. Davi in a white spruce forest overlooking Mendenhall Glacier in
Juneau, AK. These trees were used to learn about climate change and glacier dynamics over
the past 400-500 years. (Photo Credit: G. Jacoby) H. Drs. Gordon Jacoby and Rosanne
D’Arrigo sampling native trees in Massachusetts in the early 1980s. (Photo Credit: Unknown)
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Figure 11.(Contd) 1. Dr. Greg Wiles sampling trees near tree line in Glacier Bay National
Park and Preserve, Alaska. (Photo Credit: Unknown) J. Rob Wilson beside relict root stocks
(preserved in peat) of ancient Scots pine trees in Glen Affric (Scottish highlands) at about
550 m above current treeline. As yet, this location is not radiocarbon dated, but a similar
site in the Cairngorms (90 km to east) has been dated to ~6000 years BP. (Photo Credit: A.
Wilson). For color detail, please see color plate section.
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48 Dendroclimatic Studies

Selecting sites using criteria that tend to maximize the occurrence of temperature-
sensitive trees and screening for chronology quality are also essential in order to
optimize the climate signal in the northern tree-ring data, something that requires
informed discernment by skilled dendrochronologists (Frank et al., 2010). Such an
approach is emphatically not “cherry picking,” but rather an informed strategy
aimed at maximizing the skill of resulting reconstructions. Such screening is
essential in order to select only those sites and chronologies that reflect the climate
variable of interest.

Beyond the large-scale reconstructions, focus on regional climatic changes and
projections, a key focus of the IPCC, may be of equal or greater relevance to
policymakers (e.g., Lenton, 2011). It is important to be aware that uncertainties in
instrumental data also exist and must be minimized or corrected wherever possible
(e.g., Brohan et al., 2006; Frank et al., 2007; Thompson et al., 2008). This is partic-
ularly the case in remote northern areas where sparse and short station records
typically limit calibration and verification testing of reconstruction models. This
inevitable fact results in an underestimation, in many cases, of the strength of the
climate signal in the tree-ring data. On the positive side, recent efforts on the recon-
struction and compilation of historical observations (e.g., ACRE, led by Rob Allan,
Project Manager, http://www.met-acre.org/Home/manager) have much potential to
provide longer records for reconstruction model testing and development.

Refinement of new methodologies (e.g., tree growth modeling and proxy
data-model comparisons, pseudoproxy analyses [Glossary], climatic field recon-
structions [CFR], Bayesian techniques, ensemble reconstructions, and challenge-
type experiments) (e.g., Frank et al., 2010; Graham et al., 2011) allows us to
quantitatively compare proxies with climate models to help decrease inherent
noise in these data sets and help constrain climate sensitivity to doubled CO,
concentrations (e.g., Hegerl et al., 2006), and is a key area for future research.
Ensemble/probabilistic assessments of reconstructions can be highly useful in
estimating uncertainties in temperature amplitudes. The radiative forcing time
series used in climate models needs further refinement in this regard to improve
model hindcasts and predictions, as does the understanding of internal atmo-
sphere-ocean climate dynamics. CFRs are a key element in the shift to the “ideal”
of spatial reconstructions and the successful application of tree rings and other
proxies to increase understanding of atmosphere-ocean climate variability, and
allow comparison with climate models that provide dynamical and physical
context. Forward modeling methods should considerably improve efforts to
understand causes of divergence-type effects.

Aforementioned efforts to compare recent and MCA warming suggest how
extreme recent warming has been relative to the natural fluctuations of the past mil-
lennium. This conclusion, however, must be taken cautiously. Firstly, there is
significant divergence between reconstructed and actual temperatures since the
mid-1980s. Secondly, there are presently only very few millennial-length records
available for direct comparison between the recent period and the MCA, and these
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records show trends that are not necessarily coherent over the latter interval.
Ultimately, many long records from new locations across the northern latitudes and
updating of existing records to the present are required. It is particularly important
to increase the development of millennial and submillennial length MXD records,
which can be processed from already-collected wood samples as well as new
investigations.

Successful modeling of paleoclimate data with the high temperatures of the late
1990s is essential if we are to make robust, definitive conclusions about past temper-
ature amplitudes and variability. Refined data-model comparisons (e.g., NOAA
Paleoclimatology Challenge, Wahl et al., 2010) will allow us to better predict future
conditions in the earth’s climate system. Process modeling methods that combine
tree rings or other proxies with simulated physical conditions and climate model
output (e.g., so-called Proxy Surrogate Reconstructions or PSR) are providing new
understanding of climate variability (e.g., Graham et al., 2010; Trouet et al., 2009).

Finally, assumptions of linearity, stationarity, and uniformitarianism are overly
simplistic in a world of rapid anthropogenic change. We must thus be increasingly
aware of such issues as divergence, possible CO, or nutrient fertilization, changing
water use efficiency, extreme climatic events, pollution effects, logging and
development, and increasing disturbance due to rapid warming (insects, fire, and
disease), and their possible effects on forest growth. Rapid warming and other
factors are also modifying tree growth seasonality and the climatic response of tree-
ring proxies. Multiproxy data comparisons (e.g., Moberg et al., 2005; Ljungqvist,
2010) can yield a greater range of resolution to climate but require caution due to
the inherent differences and incompatibilities among proxies. Independent use of
proxies for validation purposes is likely more effective in testing for consensus
among such archives. Finally, improvements in communication between the paleo-
climatic, observational, and modeling communities are still very much needed.

The findings of the nearly four decades of research by the investigators at the
TRL-LDEO have been integrated herein into a single synthesis product of their
northern forest temperature-related tree-ring studies. The resulting compilation
has yielded a valuable long-term perspective on this research, and will provide
insights into future studies by the investigators and others, as the process of
dendroclimatic applications in the earth sciences continues to evolve. We antici-
pate that this research and dataset will be of considerable value for educational
purposes as part of the ongoing process of research and scholarship within the
scientific community.
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APPENDIX: PRODUCTS OF THIS PROPOSED
RESEARCH AND BROADER IMPACTS

A.1.Monograph

This monograph, published by AGU and Wiley, provides a synthesis, or inte-
grative perspective, on this body of work over the past four or more decades. It
will be made widely accessible to scientists and students, as well as the scientifi-
cally interested public. It provides illustrative examples of the tree-ring work as
well as, eventually, photographic archives from the various northern collecting
expeditions of the investigators (examples in Figure 11). We have emphasized the
importance of such synthesis efforts, and expect that these data and information
will aid young students and researchers by demonstrating the scientific process.

A.2.Data

The second product is an online archive, which will contain the TRL’s extensive
data sets of raw tree-ring measurements of ring width and density, as well as the key
chronologies and reconstructions that were derived from this data into one conve-
nient source. There is available annotated metadata and other relevant information,
as well as copies of the core papers that resulted from this work. It will be available
on the Internet for scientists, teachers, students, and the public to allow them to
pose their own questions about the research and to use the data for their own efforts.

TRL-LDEO: (http://www.ldeo.columbia.edu/res/fac/trl/)

NOAA Paleoclimatology: (http://www.ncdc.noaa.gov/paleo/paleo.html).

A.3. Educational Outreach

We engaged a high school science teacher, Chris Chopp, through Lamont-
Doherty’s Secondary School Field Research Program (SSFRP, Program Director

Dendroclimatic Studies: Tree Growth and Climate Change in Northern Forests,
Monograph Number 67. Edited by Rosanne D’Arrigo, Nicole Davi, Gordon Jacoby,
Rob Wilson, and Greg Wiles.

© 2014 American Geophysical Union. Published 2014 by John Wiley & Sons, Inc.

51

0002080676.INDD 51 @ 12/23/2013 4:22:32 PM


http://www.ldeo.columbia.edu/res/fac/trl/
http://www.ncdc.noaa.gov/paleo/paleo.html
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Robert Newton) as part of this OPUS grant. This teacher worked full-time for
seven weeks each during the summers of 2010 and 2011 at the TRL-LDEO.
During the school year, the project team maintained a collaborative relationship
with this teacher, supporting the development and implementation of paleo-
ecology and paleoclimate curriculum for the New York City high school class-
rooms. The TRL-LDEOinvestigatorsmentored the teacherin dendrochronological
techniques and worked with him to create curriculum elements appropriate to the
scope and sequence of the following NYC high school courses: Earth Science and
The Living Environment. The teacher also participated in Columbia Summer
Research Program’s professional development seminars. These daylong sessions
are highly interactive workshops in which science teachers share the learning from
their summer internships and work with mentors on curriculum development.
Involvement of this program in this proposed project pertains directly to NSF’s
goals to integrate research, education, and diversity into NSF-funded projects,
and to bring cutting edge scientific research to public school classrooms. We have
also worked with numerous other teachers and educational groups over the past
four decades, including most recently the Arctic Climate Summer School program
of the Bolin Centre for Climate Research, Abisko, Sweden (organized by Paul
Krusic), which is affiliated with Stockholm University.

A.4.Post-Doctoral Research Mentoring

As a post-doctoral research scientist, Nicole Davi was an investigator on this
OPUS project and co-author. She contributed to the synthesis of the tree-ring
data network described herein and is also developing a photographic archive for
the TRL-LDEO’s northern tree-ring studies as part of this project.
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GLOSSARY

Age-Band Decomposition (ABD): A method of standardization that helps pre-
serve low-frequency variability in tree rings (Briffa et al. 2001). The rationale is
that this method avoids the need to detrend individual tree core time series to
remove effects of tree age, allowing stronger variance on longer time scales. This
approach, an extension of the Regional Curve Standardization method, includes
dividing the dataset into different age classes prior to processing.

Arctic Oscillation (AO): The dominant pattern of non-seasonal sea-level pressure
variations north of 20°N latitude, characterized by pressure anomalies of one sign
in the Arctic with the opposite anomalies centered about 37-45°N (Thompson and
Wallace, 1998). The AO is a close relative of the North Atlantic Oscillation (NAO),
although there is some discussion regarding which of these is more physically mean-
ingful with regard to atmospheric dynamics. The AO impacts climate over large
areas of the Northern Hemisphere, include Europe and North America.

Autocorrelation: The tendency for memory in observations as a function of the
time between them. For example, ring-widths in treeline conifers are often auto-
correlated due to cambial processes, which can cause a more ambiguous temper-
ature signal at higher frequencies, as can occur following volcanism (see text;
Fritts, 1976; Cook and Kairiukstis, 1990; D’Arrigo et al., 2009).

Climate Field Reconstructions (CFR): A multivariate technique of paleoclimatic
reconstruction in which spatial patterns of climate are reconstructed using proxy
and instrumental data, providing an added dimension to point reconstructions of
single time series (e.g., Zhang et al., 2004).

CO, Fertilization: The theory, currently being debated, that trees will respond
directly to increasing concentrations of carbon dioxide in the atmosphere by
enhancing their radial growth (LaMarche et al., 1984).

Cross Dating: The basic principle of dendrochronology, i.e., the matching of pat-
terns of narrow and wide rings between tree core samples of trees of the same
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species at the same site, which ensures precise annual dating of a tree-ring series
or chronology (Fritts, 1976). The cross dating of site chronologies can be verified
against neighboring site chronologies of the same species that have been indepen-
dently dated.

Dendroclimatology: The application of the science of tree-ring analysis, or den-
drochronology, to the understanding and reconstruction of past climate vari-
ability over the past several centuries to millennia.

Divergence Problem: The observed decoupling of tree growth and temperature
observed at some northern latitude tree-ring sites over recent decades, in such a
way that tree growth estimates of climate appear to underestimate temperature
(D’Arrigo et al., 2008).

End Effects: Biases that can occur at the beginning and end of tree-ring time-
series that are related to an artifact of the tree-ring standardization process (Briffa
and Cook, 2008; Melvin and Briffa, 2008; Cook and Kairiukstis, 1990).

ENSO: The El Nifio-Southern Oscillation: A quasi-periodic pattern of tropical
Pacific atmosphere-ocean climate, which influences weather and climate
throughout the world through teleconnections (Trenberth et al., 2007).

False Rings: False rings are bands of what appear to be latewood cells, followed
by earlywood and then by true latewood in annual growth rings (Fritts, 1976;
Cook and Kairiukstis, 1990). Such false rings tend to occur due to environ-
mental stress (e.g., drought) during the growing season, and are potentially
problematic in cross dating of tree-ring series at sites where they occur, although,
for most species, they are typically readily identifiable via the cross-dating
process.

Forward Modeling: Mechanistic models of tree-ring formation used to simulate
tree growth response to critical climate variables such as temperature and/or pre-
cipitation (e.g., Anchukaitis et al., 2006).

Frost Rings: Anatomical cellular damage in annual growth rings in wood that
can occur during adverse climatic conditions, such as cold associated with major
volcanic events (LaMarche and Hirschboeck, 1984).

ITRDB: International Tree-Ring Data Bank, part of the NOAA National
Climatic Data Center http://www.ncdc.noaa.gov/paleo/treering.html.

Light Rings: Tree rings with very thin and pale latewood. Such low-density rings
are often associated with volcanic or other adverse events (Filion et al., 1986).

Little Ice Age: A time period from approximately 1450-1850 CE, during which
colder conditions were observed in many areas of the globe, particularly the
North Atlantic region (Grove, 1988).
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Maximum Latewood Density (MXD): A parameter that measures peak density
of the latewood cells in a given tree ring (Schweingruber, 1988). MXD is sensitive
to warm season temperatures and is complementary to ring width.

Medieval Climate Anomaly: A time period early in the past millennium (ca. 950—
1250 AD) during which many regions of the globe had warmer temperatures
based on proxy data (Diaz et al., 2011).

Missing Rings: Annual growth that is missing for some, but not all, trees and
wood samples from a given site. Such missing rings (also sometime referred to as
locally absent rings) are accounted for in the process of cross dating (Stokes and
Smiley, 1968). The phenomenon of a stand-wide missing ring in a given year has
never been correctly documented to occur in actual tree-ring data (RW/MXD)
among all trees at a given northern treeline location.

North Atlantic Oscillation (NAO): An alternation in atmospheric mass (sea-level
pressure difference between the Arctic and the subtropical Atlantic) that is the
most prominent and recurrent pattern of atmospheric variability in the middle to
higher latitudes of the Northern Hemisphere, and which is associated in its
positive and negative phases with climate anomalies in the circum-North Atlantic
region (Hurrell et al., 2003).

Northern Treeline: The high latitudinal extent of trees in northern regions where
low summer temperatures limit growth, which makes these trees very sensitive
recorders of past temperature variability.

Polar Amplification: The theory that the higher northern latitudes are warming
faster than other regions of the globe due to positive feedback factors (e.g.,
increased ice melt), which decreases the albedo, causing further warming.

Pseudoproxy Reconstructions: Synthetic data sets can be generated by adding
artificial noise to either actual instrumental climate records or model simulations.
These pseudo-data sets are used to develop pseudoproxy reconstructions, which
can then be compared to the original record or simulation (Smerdon, 2012). This
approach is an invaluable approach to testing the robustness of different recon-
struction methodologies.

Regional Curve Standardization (RCS): A method of standardization of raw tree-
ring measurements (Briffa and Melvin, 2010) that can enhance the potential
retention of low-frequency climatic information in tree-ring data at time scales
greater than the mean length of the tree-ring series (Cook et al., 1995).

Signal-Free Standardization: A method of tree-ring standardization that aims to
prevent trend distortion, a type of end-effect bias, resulting from the external
influence of the actual climate signal, which biases the biological growth trend
(Melvin and Briffa, 2008).
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Standardization: The processing of raw ring-width or density measurements
from wood samples that removes the effect of biological age trend on the resul-
tant tree-ring chronology (Cook, 1985). Standardization is also often referred to
as detrending.

Subfossil Wood: Preserved dead wood material that can be used, through overlap
with the wood from living trees and historical structures, to extend living tree-ring
records back in time (Fritts, 1976).

Tree-Ring Reconstructions: Tree-ring-based time series that extends the available
instrumental record of climate into the past through the generation of a transfer
function that calibrates the tree-ring data with the instrumental record.

X-Ray Densitometry: The process of generating density time series from conifer
tree rings (e.g., Schweingruber, 1988; Thetford et al., 1991). This typically involves
a scanning method coupled to an image analysis system. Recently, the blue inten-
sity (BI) parameter has been shown to portray similar properties to MXD
(Campbell et al., 2007; Wilson et al., 2011).

Vascular Cambium: A layer of meristematic cells found in plants that undergo
secondary growth, which divides to produce secondary xylem to the inside of the
plant and secondary phloem to the outside.
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