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Abstract

Modelling of tree-ring δ13C and δ18O data from the Columbia Icefield area in the eastern Rocky Mountains of western Canada provides fuller
understanding of climatic and hydrologic variability over the past 1000 yr in this region, based on reconstruction of changes in growth season
atmospheric relative humidity (RHgrs), winter temperature (Twin) and the precipitation δ18O–Twin relation. The Little Ice Age (~AD 1530s–1890s)
is marked by low RHgrs and Twin and a δ18O–Twin relation offset from that of the present, reflecting enhanced meridional circulation and persistent
influence of Arctic air masses. Independent proxy hydrologic evidence suggests that snowmelt sustained relatively abundant streamflow at this
time in rivers draining the eastern Rockies. In contrast, the early millennium was marked by higher RHgrs and Twin and a δ18O–Twin relation like
that of the 20th century, consistent with pervasive influence of Pacific air masses because of strong zonal circulation. Especially mild conditions
prevailed during the “Medieval Climate Anomaly” ~AD 1100–1250, corresponding with evidence for reduced discharge in rivers draining the
eastern Rockies and extensive hydrological drought in neighbouring western USA.
© 2008 University of Washington. All rights reserved.
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Introduction

Tree-ring-based investigations have generated increasingly
detailed understanding of climatic and hydrologic variability
over the past 1000 yr in western North America. Much of this
research has focused on reconstructing changes in temperature,
precipitation, streamflow and glacier mass balance over the last
few centuries (e.g., Luckman, 2000; Watson and Luckman,
2001, 2004, 2005, 2006) and mapping variability in drought
frequency and severity over varying time-scales (e.g., Meko
et al., 2001; Cook et al., 2004, 2007; Herweijer et al., 2006;
MacDonald et al., 2007, 2008). However, the development of
more comprehensive understanding of climate history over the
past millennium has been hampered by the relative paucity of
long tree-ring chronologies, especially those spanning the early
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millennium, prior to ~AD 1500 (D'Arrigo et al., 2006), as well
as by controversy over the ability of traditional tree-ring-based
methods to reconstruct low-frequency climate signals (Mann
et al., 1999, 2005; Esper et al., 2002, 2005a,b; von Storch et al.,
2004).

Recent advances in the documentation of climatic and
hydrologic variability specific to western Canada (Fig. 1) in-
clude a ringwidth-based reconstruction of streamflow in the
North Saskatchewan River (Case andMacDonald, 2003), which
rises in the Columbia Icefield area of the eastern Rocky
Mountains and ultimately drains eastward to Hudson Bay, and a
newly revised and verified reconstruction of summer maximum
temperature at upper alpine treeline within the Columbia Icefield
area based on maximum latewood density and ringwidth
(Luckman and Wilson, 2005). Both of these records span the
full last millennium. Here we add new 1000-yr reconstructions
of changes in winter temperature, growth-season relative
humidity and the precipitation δ18O–temperature relation
ed.
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Figure 1. The Columbia Icefield area in the eastern Rocky Mountains of western Canada includes the headwaters of the Athabasca River and the Smoky River (a
tributary of the Peace River), which form the southernmost reaches of the Mackenzie River system, and the North Saskatchewan River, a major tributary of the
Saskatchewan River system. The Peace-Athabasca Delta is located at the west end of Lake Athabasca. Tree-ring isotope chronologies illustrated in Figure 2 originated
from subfossil and living material collected near the Athabasca Glacier, an outlet glacier of the Columbia Icefield, and the nearby Bennington and Robson glaciers. The
North Saskatchewan River streamflow reconstruction of Case and MacDonald (2003) shown in Figure 5 is based on trees sampled at Whirlpool Point.
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derived from modelling of tree-ring stable-isotope data from the
same area. This suite of records allows us to probe key features
of climatic and hydrologic change over the past millennium. We
focus in particular on better characterization of conditions during
medieval times and the subsequent transition into the Little Ice
Age. Intriguing new discoveries include evidence of previously
unrecognized winter warmth during the Medieval Climate
Anomaly (~AD 1100–1250) and shifts in the inferred pre-
cipitation δ18O–temperature relation that define the LIA (~AD
1530s–1890s) as a remarkably discrete local climate episode.

Background

Holocene climate variability over millennial timescales
reflects fluctuations in the strength and pattern of global atmo-
spheric circulation (Lamb, 1977; Kreutz et al., 1997; Folland
et al., 2001), with well-documented effects on terrestrial envi-
ronments (e.g., Bryson and Wendland, 1967; Bartlein et al.,
1984; MacDonald et al., 2000; Hammarlund et al., 2004). In
some instances evidence also exists for associated fluctuations
in the relation between the isotopic composition of precipitation
and temperature (Dansgaard, 1964), which is commonly used as
a paleotemperature transfer function at mid- and high latitudes
(Fricke and O'Neil, 1999). Such circulation-dependent devia-
tions from the modern “Dansgaard” relation have been detected
rg/10.1016/j.yqres.2008.04.013 Published online by Cambridge University Press
at various times in North and South America (Yapp and Epstein,
1977; Plummer, 1993; Amundsen et al., 1996; Edwards et al.,
1996; Kirby et al., 2001; Ramirez et al., 2003; Fisher et al.,
2004), eastern Mediterranean (Lipp et al., 1996), western
Europe (McKenzie and Hollander, 1993), Greenland (Hoff-
mann et al., 2001), Scandinavia (Hammarlund et al., 2002) and
elsewhere as an intrinsic component of climate variability and
change.

Systematic climate variability over the past millennium in the
Northern Hemisphere extratropics is also known from numerous
sources, ranging from ice-core glaciochemical records in
Greenland (Kreutz et al., 1997) to a variety of high- and low-
resolution proxy climate reconstructions from pollen, sediments,
tree rings, historical data and other archives in northern Eurasia
and North America (e.g., Crowley and Lowery, 2000; Esper
et al., 2002; Moberg et al., 2005). Although the spatial pattern of
variability is less coherent than that associated with directional
change over the past ~150 yr, Northern Hemisphere climate is
believed to have fluctuated from being generally mild on
average in the early millennium (the classic Medieval Warm
Period) to being cool and variable during the subsequent Little
Ice Age, followed by recent warming (Bradley et al., 2003;
D'Arrigo et al., 2006). Kreutz et al. (1997) concluded that this
systematic oscillation reflected a characteristic mode of low-
frequency variability in the intensity of meridional atmospheric
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circulation, with Little Ice Age cooling attributable to enhanced
southward penetration of Arctic air masses in many parts of the
Northern Hemisphere. Independent tree-ring-based reconstruc-
tions showing persistently negative North Atlantic Oscillation
(NAO) index (Cook, 2004) and weakened Pacific Decadal
Oscillation (PDO) variability (MacDonald and Case, 2005)
during the LIA support this notion.

Isotope dendrochronology development and modelling

Our approach employs a coupled isotope response–surface
model to resolve multi-dimensional patterns of climate varia-
bility using carbon- and water-isotope time series developed
from tree-ring cellulose. The cellulose δ13C dendrochronology
was developed from cross-dated 10-yr increments of 16 sub-
fossil snags and living-tree ring sequences of Picea engelmannii
(Engelmann spruce) from upper alpine treeline sites near
Athabasca Glacier (~2000 m asl) and subfossil material from
the forefield of Robson Glacier (~1700 m asl) plus living and
snag material of Pinus albicaulis (whitebark pine) adjacent to
Bennington Glacier (~2000 m asl), spanning AD 951–1990
(Fig. 2). Trees in such settings are commonly well-supplied by
soil moisture derived from seasonal snowmelt, as verified by
their temperature-sensitive ringwidth response, as well as by
cellulose oxygen and hydrogen isotope evidence (Clague et al.,
1992; Treydte et al., 2006).

Cellulose was purified from finely milled wood samples by
sequentially eliminating non-cellulose components using sol-
vent extraction, delignification and alkaline hydrolysis (Stern-
berg, 1989). The carbon-isotope results reported here extend
preliminary data reported by Edwards and Luckman (1996)
based on off-line closed-tube combustion of individual decadal
increments from 2–5 radii of each tree followed by 13C/12C
analysis on CO2 gas by dual-inlet isotope ratio mass spectro-
Figure 2. Decadal cellulose δ13C and δ18O dendrochronologies based on subsampling
and Robson sites and subfossil snags of Pinus albicaulis collected from the Benningto
and the respective sample depths for the two isotope dendrochronologies.

oi.org/10.1016/j.yqres.2008.04.013 Published online by Cambridge University Press
metry. The composite δ13C record incorporates 698 analyses in
total (one or more per cellulose sample), developed by averaging
of decadal increments from individual trees, based on averages
of results from multiple radii of the same trees. The raw data
revealed strong common low-frequency trends among trees
from the three sites, with no apparent systematic differences
between sites or species. This coherence is consistent with
observations that δ13C data from spruce and pine are essentially
interchangeable (Leavitt et al., 2006) and suggests that the
composited time series provides a representative record for the
Columbia Icefield area. The results are reported as δ13C values
in per mil (‰) versus VPDB (Vienna Pee Dee Belemnite) such
that δ13C=1000((Rsample/RVPDB)−1), where R is the 13C/12C
ratio, following correction for the effect of fossil fuel combustion
since AD 1850 (“Suess effect”) on the 13C/12C ratio of atmo-
spheric CO2 (see Table 1 in McCarroll and Loader, 2004).
Average reproducibility of analyses on individual samples was
better than ±0.2‰.

The oxygen-isotope record is based on 935 individual analyses
(minimum of two per cellulose sample) of decadal increments
from2–4 radii each from a 12-tree subset spanningAD951–1990
using an elemental analyser interfaced to a continuous-flow
isotope ratio mass spectrometer, measuring 18O/16O ratio on CO
gas. Results are reported as δ18O values in per mil (‰) such that
δ18O=1000((Rsample/RVSMOW)−1), where R is the 18O/16O ratio
in sample and VSMOW (Vienna Standard Mean Ocean Water),
standardized to δ18OSLAP=−55.5 ‰ (Coplen, 1996). Reprodu-
cibility of analyses on individual samples was better than ±0.3‰.
The δ18O record was developed by averaging of decadal
increment data from radii and trees, as for the δ13C time series.
Although a higher level of scatter is apparent than for δ13C (in part
attributable to shallower sample depth and slightly larger
analytical uncertainties), the two species again appear to record
common δ18O information, as also concluded by Leavitt et al.
of selected living and subfossil snags of Picea engelmannii from the Athabasca
n site. The two upper panels indicate the intervals spanned by trees from each site
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(2006). Error bars in Figure 2 indicate one standard deviation for
decades spanned by multiple trees (mean±0.46 ‰ for δ13C and
±0.55 ‰ for δ18O), with ±1‰ used as a default uncertainty for
δ18O values in four intervals spanned by single trees (AD 951–
1060, 1301–1359, 1671–1720, 1881–1930).

Our modelling approach is an evolution of the method used
by Yakir et al. (1994) and Lipp et al. (1996) to probe changes in
relative humidity, temperature and the isotopic composition of
precipitation since the Roman period at the fortress of Masada,
Israel; from δ13C and δ18O of ancient and modern tamarisk
wood cellulose; and by Edwards et al. (2000) to examine
patterns of climate variability over the past millennium in the
Black Forest, Germany, from latewood cellulose δ13C and δ2H
of fir. Other studies combining terrestrial plant cellulose carbon-
and water-isotope data include use of δ13C and δ2H from piñon
pine needles for evaluating climate change in southwest USA
(Pendall et al., 1999), while δ13C and δ18O data have been
coupled in various applications, for example to reconstruct
precipitation δ18O from oak in France (Danis et al., 2006), to
explore carbon and water dynamics in subalpine plants in Italy
and Austria (Scheidegger et al., 2000) and to examine annual
cyclicity in mangrove wood (Verheyden et al., 2004).

Here we couple the carbon-isotope response surface cali-
brated for fir by Edwards et al. (2000) with a simplified oxygen-
isotope response surface (e.g., see Edwards and Fritz, 1986;
Buhay and Edwards, 1995) modified to incorporate tempera-
ture-dependent variability in the δ18O of source water. The
carbon-isotope response surface is described by

D13Ccell ¼ �0:17ð ÞDRHgrs þ �0:15ð ÞDTgrs; ð1Þ
where Δ13Ccell is the δ

13C record normalized to the mean of the
AD 1941–1990 period (youngest five decadal samples) and
ΔRHgrs and ΔTgrs represent changing daytime atmospheric
relative humidity (%) and temperature (K) during the growing
season. Equation (1) is consistent with the first-order effect that
changing relative humidity exerts on carbon-isotope labelling of
plant tissues through variations in stomatal conductance
(Farquhar et al., 1982) in company with second-order
temperature-dependent influence on photosynthetic activity
(Scheidegger et al., 2000; Verheyden et al., 2004). Indeed, as
apparent from inspection and consistent with the observations
of Lipp et al. (1996) and the analyses of Edwards et al. (2000)
and Mayr et al. (2004), Eq. (1) indicates that ΔRHgrs should
normally exert strongly predominant control on cellulose δ13C
under natural environmental conditions, since variations in
relative humidity (in %) are commonly an order of magnitude
greater than variations in temperature (in K).

The analogous oxygen-isotope response surface is described
by

D18Ocell ¼ �0:28ð ÞDRHgrs þ 0:65ð ÞDTwin; ð2Þ
whereΔ18Ocell is also normalized to the AD 1941–1990 period.
The term (−0.28)ΔRHgrs accounts for signals from humidity-
dependent 18O-enrichment of leaf waters during transpiration
and is strongly analogous to RH-sensitive Δ13C dependence on
stomatal conductance, as suggested by Verheyden et al. (2004),
rg/10.1016/j.yqres.2008.04.013 Published online by Cambridge University Press
while the term (0.65)ΔTwin accounts for “Dansgaard” signals in
the δ18O of snowmelt water used by the trees. Eq. (2) is
consistent with evidence that relative humidity and temperature
both exert first-order influence on the water-isotope labelling of
cellulose under natural conditions (Burk and Stuiver, 1981;
Yapp and Epstein, 1982; Edwards et al., 1985; Buhay and
Edwards, 1995; Roden et al., 2000; Anderson et al., 2002;
Sternberg et al., 2007).

Eqs. (1) and (2) can be solved to estimate past changes in
relative humidity and temperature from pairs of cellulose Δ13C
and Δ18O values in two ways, either by accounting only for
first-order effects (i.e., ignoring the minor influence of ΔTgrs on
Δ13C analogous to the approach of Lipp et al., 1996) or by
assuming that winter and growth season temperatures are likely
to have varied in concert as climate evolved over the past
millennium, i.e., ΔTwin≈ΔTgrs. Although the resulting differ-
ences in reconstructed ΔRHgrs are very small (see below), we
employed the latter approach, which is supported by general
covariance between decadal-average winter and growth season
temperatures in the Columbia Icefield area over the past century,
including identical rising trends of +0.1 K/decade in grid-cell
rehabilitated temperature data (CANGRID, 2000).

As shown in Figure 2, the derived ΔRHgrs and ΔTwin
anomalies are subsequently expressed as z-scores to allow direct
comparison of reconstructed patterns of variability with other
proxy records. Because of the straightforward geometry of the
response surfaces described by Eqs. (1) and (2), these patterns
are strongly conservative over broad ranges of plausible
variation in the four coefficients, providing the individual
signs are conserved, although potential clearly exists to under-
take more detailed calibration to support numerical estimation of
ΔRHgrs andΔTwin (see Buhay and Edwards, 1995; Roden et al.,
2000; Anderson et al., 2002; McCarroll and Loader, 2004).

Results

The raw composite decadal δ13C and δ18O dendrochronolo-
gies exhibit notably different patterns of variability over the past
millennium (Fig. 2). The δ13C time series is marked by a
progressive multicentennial oscillation of ~3‰ amplitude about
the “modern” AD 1941–90 mean, with generally low values in
the early millennium, reaching a minimum around AD 1150 and
high values in the late millennium, attaining a maximum around
AD 1700, before declining to intermediate values in the 20th
century. The companion δ18O record also fluctuates within a
range of ~3‰, albeit with substantially greater high-frequency
variability, exhibiting three centennial-scale excursions above the
1941–90 mean in the 12th–14th, 16th and 18th–19th centuries.

We have developed two alternative scenarios from coupled
modelling of the δ13C and δ18O dendrochronologies (Fig. 3). The
“base-case” scenario (shown by dotted lines where it diverges
from our favoured reconstruction) is derived from the configura-
tion of the model indicated above, thus partitioning the isotope
records into signals of changing source-water oxygen-isotope
composition, transformed into equivalent winter temperature
change (ΔTwin), and growth-season relative humidity (ΔRHgrs).
As expected, reconstructed ΔRHgrs is essentially an inversion of

https://doi.org/10.1016/j.yqres.2008.04.013


Figure 3. Reconstructed patterns of change in ΔRH and ΔT and the “Dansgaard offset” (ΔF), based on response–surface modelling of the δ13C and δ18O
dendrochronologies in Figure 2. The isotope records (in grey) are shown for reference, expressed as Δ13C and Δ18O values normalized to the mean values of the AD
1941–1990 period, and with the Δ13C record inverted to simplify comparison. The dotted and solid black lines indicate alternative reconstructions of ΔRHgrs

^
and

ΔTwin anomalies and prescribedΔF, as explained in the text. The solid black lines indicate our favoured reconstructions, incorporating a shift inΔF scaled to conserve
low-frequency ΔRHgrs–ΔTwin stationarity, as shown in the crossplot at lower right and explained in the text. Note that the scale for ΔF has also been inverted to
enhance visual comparison with the other records.

Figure 4. Schematic diagram showing the inferred offset (ΔF) in the “Dansgaard”
precipitation Δ18O–T relation in western Canada during the AD 1530s–1890s of
+1.1‰ for the response–surfacemodel as configured here. The offset is analogous
to that associated with positive shifts in the Pacific-North American (PNA) index
(Birks et al., 1998; Birks, 2003), which results in higher winter precipitation δ18O
for a given temperature. Compare with Fricke and O'Neil (1999; Fig. 5) and
Edwards et al. (1996; Fig. 3).
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the Δ13C record, reflecting the predominating influence of sto-
matal conductance on carbon-isotope discrimination, while re-
constructed ΔTwin reflects separation of the Δ18O record into
ΔT- and ΔRH-dependent signals of similar magnitude.

Both reconstructions clearly display similar low-frequency
oscillations, suggesting that early-millennium climate was
marked by relatively warm winters and high growth season
relative humidity, especially ~AD 1100–1250, followed by the
onset of cooler and drier conditions in the early 1500s. Winter
temperatures apparently attained 20th century levels by about AD
1800, while relatively low growth season humidity persisted until
about AD 1900. TheΔRHgrs–ΔTwin crossplot shown at the lower
left in Figure 3 reveals further intriguing details about this
potential climate history. This includes a striking discontinuity in
the pattern of inferred moisture–temperature variability over the
period of record, with data grouped into two discrete linear
clusters, such that the decades between the 1530s and 1890s are
distinctly offset from the decades prior to and following this time
interval. We can rule out the possibility that this feature is an
artifact of analysis or compositing, since the transitions at the
beginning and end of this episode occur within the lifespans of
individual trees (and in multiple trees at two sites, in the early
1500s), although the apparent abruptness of the transitions is
oi.org/10.1016/j.yqres.2008.04.013 Published online by Cambridge University Press
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almost certainly exaggerated by the coarse temporal resolution of
our data series.

On the other hand, we cannot preclude the possibility that this
apparent non-stationarity in multicentennial moisture–tempera-
ture variability may instead be an artifact of the configuration of
our response–surface model, which prescribes a constant
“Dansgaard” isotope-temperature relation over the full span of
our record, in spite of changes in climate. Hence, Figure 3 also
shows a modified reconstruction that incorporates a small step-
shift in this relation between the AD 1530s and 1890s that has the
effect of conserving stationarity in moisture–temperature varia-
bility, while introducing (at a rudimentary level) an equivalent
stationary oscillation in the “Dansgaard” relation. Notably, this
fitted offset (ΔF; see Fig. 4) is consistent in both sense and
magnitude with observed interannual variations in the precipita-
tion isotope–temperature relation at stations in western Canada
related to changes in the intensity of meridional circulation, as
signified by variations in the Pacific-North American (PNA)
index (Birks et al., 1998; Birks, 2003; see also data in Table 1 of
Peng et al., 2004), as well as with circulation-dependent shifts in
precipitation δ18O in the 19th century inferred from ice-core and
lake-sediment records in southwesternYukon (Fisher et al., 2004).
Figure 5. Compilation of isotope-based decadal ΔRHgrs and ΔTwin reconstructions wi
western Canada and drought area index in the western USA. The dotted vertical lines in
temperature relation prescribed to conserve stationarity in ΔRHgrs–ΔTwin variability (
expansion in the eastern Rockies, based on glaciologic and dendroglaciologic evidence
Osborn et al., 2001; Luckman and Villalba, 2001; see discussion in Luckman andWilson
Luckman and Wilson (2005), smoothed by a 20-yr moving cubic spline. North Sask
MacDonald (2003) smoothedwith a 20-yrmoving average filter.WesternUSAdrought a
moving window. Data from Cook et al. (2004) were obtained from the World Data Ce

rg/10.1016/j.yqres.2008.04.013 Published online by Cambridge University Press
Although this simple adjustment of ΔF certainly provides
only a first-order approximation of the likely full pattern of
variation in the local precipitation δ18O-temperature relation,
conservation of stationarity in low-frequency moisture–tem-
perature variability has the effect of very slightly reducing the
inferred ΔRHgrs anomaly (reflecting relatively weak tempera-
ture-dependence of cellulose Δ13C) and more substantially
deepening the ΔTwin anomaly (reflecting relatively strong
temperature-dependence of cellulose Δ18O). While having little
influence on the individual patterns of low-frequency moisture
and temperature variability, this resolves the cool/dry conditions
of the AD 1530s–1890s Little Ice Age interval into a singular
climate episode, with both ΔRHgrs and ΔTwin returning to early
16th century levels by ~AD 1900.

Discussion

These isotope-based records combine with other paleodata to
flesh out the chronicle of climatic and hydrologic changes over
the past millennium in the eastern Rockies and neighbouring
regions, compiled in Figure 5. The main components include
characterization of variability in alpine climate, reflected in the
th proxy climate and hydrologic time series from the eastern Rocky Mountains of
dicate the timing of the step-shifts in the “Dansgaard” temporal precipitation δ18O–
see Figs. 3 and 4). The shaded vertical bars depict approximate times of glacier
and inferrence from suppression of summer temperature (Luckman, 1996, 2000;
, 2005).Maximum summer temperature (ΔTmax) is the RCS2004 reconstruction of
atchewan River streamflow (ΔQNSR) is the Model 1 reconstruction of Case and
rea index (ΔDAI) reconstruction is fromCook et al. (2004), smoothed using a 60-yr
nter for Paleoclimatology (www.ncdc.noaa.gov/paleo/paleo.html).

http://www.ncdc.noaa.gov/paleo/paleo.html
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combination of varying summer relative humidity (ΔRHgrs),
winter temperature (ΔTwin), and summer maximum temperature
(ΔTmax); variability in runoff generation in rivers draining the
eastern Rockies, represented by reconstructed North Saskatch-
ewan River streamflow (ΔQNSR); and variability in regional
glacial activity, shown by shaded bars depicting known or
inferred times of glacier advance. Also included for comparison
is the reconstruction of drought area index (ΔDAI) of Cook
et al. (2004), which expresses contemporaneous hydrologic
variability integrated over the neighbouring area of western
USA.

The ~AD 1530s–1890s interval is marked by clear coherence
among the ΔRHgrs, ΔTwin and ΔTmax reconstructions. All three
records indicate the occurrence of cold and dry conditions in
association with known advances of glaciers in the decades
around AD 1700 and in the mid-1800s, plus a possible earlier
episode ~AD 1600. Higher-frequency fluctuations also occur in
ΔQNSR at these times, perhaps reflecting corresponding shifts in
icefield and glacier mass balance, superimposed upon generally
higher streamflow than during preceding centuries, especially
prior to ~AD 1350. The latter is in harmony with modern
evidence that delayed snowmelt at times of colder temperatures
tends to sustain higher streamflow in rivers draining the eastern
slopes of the Rockies (Nkemdirim and Purves, 1994; Yulianti
and Burn, 1998). This mechanism is additionally supported by
results from paleoenvironmental studies in the Peace-Athabasca
Delta, which lies downstream hydrologically and climatologi-
cally from the Columbia Icefield area, including paleolimnolo-
gical evidence for elevated LakeAthabasca water levels between
the mid-1500s and early 1900s attributable to elevated discharge
at this time in the Athabasca River (Hall et al., 2004) and
suppressed Peace River ice-jam flooding in the 18th and 19th
centuries (Wolfe et al., 2006) likely linked to more prolonged
seasonal snowmelt in the headwaters of the Smoky River
(Prowse and Conly, 1998; Beltaos et al., 2006). Paleorecords
from the Peace-Athabasca Delta also suggest the existence of dry
atmospheric conditions in spite of higher river discharge, as
indicated by intense desiccation in the early 1700s of perched
lakes and wetlands isolated from the network of delta
distributary channels (Wolfe et al., 2005).

Figure 5 also reveals that the ~AD 1530s–1890s interval
corresponds closely in time with an extended period of
persistently low reconstructed ΔDAI in the adjoining western
USA. An association with intensified meridional circulation and
hence reduced influence from warm Pacific air masses in
relation to cool Arctic air masses is suggested additionally by
reconstructions of suppressed PDO variability at this time
(MacDonald and Case, 2005) and negative NAO index (Cook,
2004), as well as by the large-scale spatial coherence, char-
acteristic of positive PNA index under modern conditions
(Jin et al., 2006). Positive PNA index, in turn, is strongly asso-
ciated with a less vigorous circumpolar vortex, as manifested
by negative Arctic Oscillation (≈NAO) index (Quadrelli and
Wallace, 2004).

The early millennium, in contrast, is characterized by a some-
what more complex history of climatic and hydrologic changes,
as suggested by the differing patterns of variability among the
oi.org/10.1016/j.yqres.2008.04.013 Published online by Cambridge University Press
proxies illustrated in Figure 5. General correspondence is evident
between mild climate at alpine treeline, indicated by elevated
ΔRHgrs and ΔTwin, and hydrological drought downstream,
indicated by low ΔQNSR. This correspondence is especially
clear prior to the early 1300s, which was marked by persistently
high ΔDAI in the western USA (Cook et al., 2004), suggesting
that the annual snowpack commonly melted too quickly to
adequately sustain streamflow and replenish soil moisture
throughout a large area of western North America. High inferred
winter temperatures ~AD 1100–1250 stand out in particular,
corresponding with the Medieval Climate Anomaly and asso-
ciated 12th century megadrought in western USA (MacDonald
et al., 2008) and elevated temperatures in the Sierra Nevada
(Millar et al., 2006). Substantial influence from the Pacific at this
time is clearly signified by evidence for strong PDO variability
(MacDonald and Case, 2005), while the large-scale spatial
coherence is consistent with persistence of relatively weak merid-
ional circulation, like that associatedwith negative PNA (Jin et al.,
2006) and positive AO/NAO indices (Quadrelli and Wallace,
2004).

Other intriguing details are also apparent upon closer
examination of the reconstructions. This includes divergence
of the ΔTmax record from the patterns of variability in ΔRHgrs

and ΔTwin over two intervals, between the late 11th and late
14th centuries and in the 15th century, which contrasts with
their general covariance during the later part of the record.
Suppression of ΔTmax over the earlier interval occurred in
concert with glacier advances that began to override trees at
Mount Robson beginning in the early 1100s (summarized by
Luckman and Wilson, 2005), yet isotope-inferred ΔRHgrs and
ΔTwin values suggest the onset of milder growing conditions
around this time. Indeed, independent of model uncertainties,
the lowest δ13C values of the entire millennial chronology,
signifying especially strong discrimination against 13C and
hence markedly favourable conditions for growth, occur in this
interval in trees growing in the vicinities of both Athabasca and
Bennington glaciers (and Robson Glacier pre-1150). This is
consistent with the greater snowfall and cloudiness (and thus
lower daytime temperatures and higher relative humidity) that
are associated with negative PNA index under modern
conditions in the mountains of western USA (Jin et al., 2006).
The same mechanism can be invoked to explain low ΔTmax in
company with intermediate ΔTwin and a slight rise in ΔRHgrs

during the possible subsequent advance of glaciers in the late
1400s indicated by evidence from minimum lichenometric ages
on moraine fragments in Jasper National Park (Luckman, 2000).
Changing icefield and glacier mass balance during the early
millennium may also have contributed to higher-frequency
fluctuations in the ΔQNSR record suggested by the distinctive
saw-tooth pattern of variability during the possible glacial
advance of the late 1400s, reminiscent of variability during
subsequent late-millennium episodes of glacier activity.

Summary and implications

Climate shifted broadly in western Canada from warm in
winter and atmospherically moist during the growth season
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during medieval times to being cool in winter and atmo-
spherically dry during the growth season in the subsequent
Little Ice Age, prior to the 20th century. This low-frequency
climate oscillation was driven by systematic changes in the
intensity of meridional circulation, manifested by variations in
the relative influence of warm/moist Pacific and cold/dry Arctic
air masses in the region and attendant changes in the precipita-
tion δ18O–temperature relation, analogous to climate dynamics
associated with fluctuations in the PNA index at interannual
time-scales. Glacier advances occurred under both regimes,
driven by increased snowfall at high elevations at times of
intensified zonal circulation during the early millennium and by
decreased temperature at times of intensified meridional
circulation during the LIA. Streamflow variability in rivers
draining the eastern Rockies responded strongly to changes in
the timing of annual snowmelt.

Hydrological drought during medieval times evidently
influenced a vast area of western North America, propagating
across the northern Great Plains of western Canada into the
upper reaches of both the Saskatchewan and Mackenzie river
systems, two major sources of freshwater runoff to the arctic.
Declining streamflow in rivers draining the eastern Rockies over
the past century (Rood et al., 2005) may indicate that conditions
are in the process of returning to a similar state, with potentially
serious consequences given escalating industrial, agricultural
and municipal demands on water resources in this region
(Schindler and Donahue, 2006; Schindler and Smol, 2006).
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