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Dated records of ice-cap growth from Arctic Canada recently
suggested that a succession of strong volcanic eruptions forced
an abrupt onset of the Little Ice Age between A.D. 1275 and 1300
[Miller GH, et al. (2012) Geophys Res Lett 39(2):L02708, 10.1029/
2011GL050168]. Although this idea is supported by simulation
experiments with general circulation models, additional support
from field data are limited. In particular, the Northern Hemisphere
network of temperature-sensitive millennial tree-ring chronolo-
gies, which principally comprises Eurasian sites, suggests that
the strongest eruptions only caused cooling episodes lasting less
than about 10 y. Here we present a new network of millennial
tree-ring chronologies from the taiga of northeastern North Amer-
ica, which fills a wide gap in the network of the Northern Hemi-
sphere’s chronologies suitable for temperature reconstructions
and supports the hypothesis that volcanoes triggered both the
onset and the coldest episode of the Little Ice Age. Following the
well-expressed Medieval Climate Anomaly (approximately A.D.
910–1257), which comprised the warmest decades of the last mil-
lennium, our tree-ring-based temperature reconstruction displays
an abrupt regime shift toward lower average summer tempera-
tures precisely coinciding with a series of 13th century eruptions
centered around the 1257 Samalas event and closely preceding
ice-cap expansion in Arctic Canada. Furthermore, the successive
1809 (unknown volcano) and 1815 (Tambora) eruptions triggered
a subsequent shift to the coldest 40-y period of the last 1100 y.
These results confirm that series of large eruptions may cause
region-specific regime shifts in the climate system and that the
climate of northeastern North America is especially sensitive to
volcanic forcing.
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Tree-ring chronologies are the type of proxy record most used
to develop climate reconstructions covering the last millen-

nium (1). These chronologies have been integrated into large-
scale networks, often with additional proxies, to document the
amplitude, duration, and forcing mechanisms of the Medieval
Climate Anomaly, the Little Ice Age, and the recent warming
trend. However, the spatial coverage of long tree-ring records
must be improved to allow a better understanding of regional
variations in past climate (1, 2). For example, in eastern North
America, millennial climate reconstructions have been constructed
from tree species and sites sensitive to drought and precipitation
(3), whereas temperatures were inferred solely from low-resolution
proxies, such as pollen data (4, 5). Furthermore, only tree-ring-
based climate reconstructions shorter than a millennium or using
chronologies poorly replicated before A.D. 1500 have been pub-
lished for the entire North American boreal forest (6, 7), whereas
several millennial, highly replicated, temperature-sensitive tree-
ring records have been developed across the Eurasian boreal zone.
This lack of data is an important issue that causes the poor rep-
resentation of North America in long-term, large-scale tempera-
ture reconstructions (1, 4).

The feasibility of reconstructing volcanic forcing from tree-
ring data has been debated, especially in regards to large and
successive eruptions. Two of the largest eruptions of the last
millennium, the A.D. 1257 Samalas and A.D. 1815 Tambora
events, were both closely followed and preceded by additional
large eruptions in 1227, 1275, 1284, 1809, and 1835 (8−11).
Whereas general circulation model experiments suggest that the
impacts of large and successive eruptions might have influenced
climate systems for periods ranging from 20 y to several decades,
or even centuries (12–16), Northern Hemisphere tree-ring-based
temperature reconstructions only display negative temperature
anomalies lasting between 2 and 10 y (17–20). Region-specific
responses of the climate system to volcanic forcing may in part
explain this discrepancy (17). For example, large and successive
eruptions may have had stronger impacts on summer temper-
atures in northeastern North America (hereafter NENA) than
elsewhere. An extensive Northern Hemisphere network of tree-
ring density chronologies supports this idea, showing that the
coldest 1816 temperature anomalies occurred over the Quebec-
Labrador Peninsula (21), where they may have persisted for
several decades (7). The idea is also supported by the abrupt
acceleration of ice-cap growth in the Eastern Canadian Arctic
during A.D. 1275–1300, at the onset of the Little Ice Age, as
a consequence of a series of eruptions (22). However, the lack of
millennial, well-replicated, and temperature-sensitive tree-ring
chronologies in the NENA sector precludes the examination of
the volcano−temperature relationship in a long-term context
with an annual resolution.

Significance

The cooling effect on the Earth’s climate system of sulfate aer-
osols injected into the stratosphere by large volcanic eruptions
remains a topic of debate. While some simulation and field data
show that these effects are short-term (less than about 10
years), other evidence suggests that large and successive erup-
tions can lead to the onset of cooling episodes that can persist
over several decades when sustained by consequent sea ice/
ocean feedbacks. Here, we present a new network of millennial
tree-ring chronologies suitable for temperature reconstructions
from northeastern North America where no similar records are
available, and we show that during the last millennium, per-
sistent shifts toward lower average temperatures in this region
coincide with series of large eruptions.
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In this study, we have built a network of six highly replicated
millennial tree-ring chronologies from large stocks of black
spruce [Picea mariana (Mill.) B.S.P.] subfossil trees preserved in
lakes of the NENA taiga from which we developed a millennial
reconstruction (A.D. 910–2011) of regional July−August tem-
peratures. For this purpose, we selected homogeneous sites with
infrequent and well-documented ecological disturbances (23),
and sampled homogeneous subfossil and living samples to maxi-
mize the robustness of our reconstruction. We then used a Bayes-
ian mixture of probability distributions with dependence (also
referred to as hidden Markov models or Markov switching models;
see refs. 24 and 25) to detect possible regime shifts in summer
temperatures triggered by series of large eruptions and to provide
new insights concerning the climate history of NENA during the
last 1,100 y.

Results and Discussion
Our summer temperature reconstruction for Eastern Canada
(hereafter STREC) closely reproduces the warming trend of

July−August temperatures over the study area during the last cen-
tury (Fig. 1A), even when the region experienced one of the stron-
gest increases in summer temperatures worldwide according to the
gridded temperature dataset Climate Research Unit (CRU)
TS3.20 (26). The correlation between STREC and the gridded
July−August temperature data (1905−2011; CRU TS3.20) is
highly significant (0.61, P < 0.001), even when the instrumental
period is split into two subsets (1905−1957 and 1958–2011; Fig.
1A). The skill of the reconstruction in reproducing temperature
data is indicated by the positive values of the reduction-of-error
statistics computed with different calibration periods and on
unsmoothed and smoothed datasets (Table S1). Cross-calibration
verification confirms that STREC is robust and better predicts
low frequencies than high frequencies (Table S1). In our study,
the ring-width series of the subfossil and living tree samples
were homogenized to remove the bias caused by varying sam-
pling heights (see Methods) and avoid divergence between tem-
peratures and standardized tree growth (Figs. S1 and S2). Spatial
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Fig. 1. STREC reconstructed values and robustness. Observed (15 cells of the CRU TS3.20 dataset covering our sampling sites) and reconstructed (STREC)
July−August temperatures in the taiga of Eastern Canada during the last century (A) and the last 1,100 y (B). Smoothed values are 20-y splines. In A, correlations
between brackets refer to smoothed values. Expressed Population Signal (EPS) and Rbar statistics computed over 31-y moving windows are also shown (C), as
well as replication among (D) and within (E) chronologies.
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correlations show that STREC is mostly valid over the central
Quebec-Labrador Peninsula within the NENA sector (Fig. 2).
Volcanism has been the primary factor forcing changes in

summer temperatures on the decadal time scale in Eastern
Canada during the last millennium. Numerous cooling episodes
in STREC are synchronous with episodes already reported in
hemispheric temperature reconstructions and simulations in re-
sponse to strong volcanic eruptions (Fig. S3). The agreement
between peaks in the global stratospheric volcanic sulfate aerosol
injections (9) and cold anomalies inferred by STREC is also
striking (Fig. 3A). A Superimposed Epoch Analysis (SI Methods)
demonstrates that the 10 strongest volcanic eruptions of the last
millennium produced highly significant cooling episodes in
Eastern Canada lasting for about two decades, while less intense
volcanic eruptions had a shorter influence (Fig. 4). The 20
postevent summers were significantly colder than the preceding
ones for 8 out of the 10 largest eruptions (P < 0.1; Table S2). For
example, temperature anomalies ranged from −1.3 °C to −3.0 °C
in response to the three strongest tropical eruptions of the last
millennium (A.D. 1257, 1452/1453, and 1815). With about two
cooling episodes per century lasting for 10–20 y with a conse-
quent reduction in tree growth, the volcanic signature in the
NENA taiga is comparable to the epidemic signal of the eastern
spruce budworm (Choristoneura fumiferana), which is the most
destructive insect in the commercial forest of Eastern Canada
south of our study area (27). Therefore, volcanic forcing during
the last millennium has clearly impacted net primary production
and the carbon balance in the NENA forests, at least over the
Quebec-Labrador taiga.
Volcanism also strongly influenced century-scale temperature

variability in NENA, as shown by our Bayesian analysis of regime
shifts in STREC (SI Methods). Two of the strongest eruptions of
the last 1,100 y, the A.D. 1257 Samalas and A.D. 1815 Tambora
events, which were followed and preceded by other eruptions,
coincide exactly with the two most persistent regime shifts
detected in STREC. According to the Schwarz criterion (28),

STREC is best modeled with a four-state normal Bayesian hid-
den Markov model, with the two warmer and the two colder
regimes largely dominating the A.D. 910–1257 and A.D. 1816–
2011 time periods, respectively (Fig. 3B and Fig. S4). Other
studies based on tree-ring data have already reported tempera-
ture reductions post-A.D. 1257 and post-A.D. 1815 in other
regions of the world (see, for example, refs. 29 and 30), but with
smaller amplitude and temporal extent than STREC. Indeed, the
strong overall cooling trend obtained by fitting a linear regression
model to STREC (−1.60 ± 0.11 °C per 1,000 y; estimate ± SE;
P < 0.001) can be mostly attributed to the A.D. 1257 and A.D.
1815 shifts. Some proxy-based evidence has also shown that
a long-term cooling trend due to orbital changes has character-
ized the climate of the last 2,000 y in many regions of the world
(4, 31, 32), including NENA (33). However, this cooling trend
has been estimated at about −0.3 °C to −0.5 °C per 1,000 y (4, 32,
33) and is much weaker than the one of STREC. These facts, in
addition to the absence of any negative trends in STREC over
the A.D. 1257–1815 time period (Fig. S5), highlight the impor-
tance of volcanic-induced temperature regime shifts in NENA.
Along with volcanism and orbital forcing, additional factors may
have contributed to the strong negative trend of STREC and the
associated transition from warm to cold regimes (Fig. 3B and
Figs. S4 and S5), including solar forcing (19), and the specific
regional domain of STREC. Because STREC is based on several
sites and because of our data management approach (see
Methods), the A.D. 1257 and A.D. 1815 shifts do not seem to be
influenced by local nonclimatic disturbances affecting our chro-
nologies (Fig. S6).
A well-expressed Medieval Climate Anomaly (A.D. 910–1257)

occurred in NENA before the A.D. 1257 Samalas event. The
warmest decades reconstructed by STREC occurred between
A.D. 1141 and 1170 (positive anomalies ranging from 0.89 °C to
1.80 °C with respect to the last decade) and between A.D. 1061
and 1095 (0.87–1.19 °C; Table S3). The confidence intervals of
STREC for these two periods were almost all higher than the
mean temperatures of the last decade (Fig. 1B). The amplitude
and timing of the Medieval Climate Anomaly reconstructed by
STREC also resemble the results of a pollen-based temperature
reconstruction for the North American forest tundra (5), and
closely correspond to a period of ice-cap melting in the Eastern
Canadian Arctic (22) (Fig. 3A). Collectively, these complemen-
tary data sources demonstrate that a major and prolonged climatic
shift occurred over the NENA sector after a series of 13th century
volcanic eruptions centered around the A.D. 1257 Samalas event.
This shift marked the end of the Medieval Climate Anomaly and
the beginning of the Little Ice Age in this sector.
Similarly, the series of eruptions centered around the A.D.

1815 Tambora event shifted summer temperatures to the coldest
40-y period of the last 1,100 y in NENA. The A.D. 1815–1857
episode was extremely cold in Eastern Canada, with decadal
anomalies reconstructed by STREC ranging from −2.76 °C to
−3.58 °C relative to the last decade (Table S3). Low solar activity
during this period, that started during the Dalton Minimum,
could have concurred to cause the cooling episode (34). How-
ever, the regime shift observed in STREC coincides with the
A.D. 1815 Tambora eruption (Fig. 3B and Fig. S4). The same cli-
mate shift has already been observed in a 263-y tree-ring-based
summer temperature reconstruction whose sampling sites are
400 km eastward from our study sites (7), whereas a pollen-based
temperature reconstruction suggests that this period was the
coldest of the last 2,000 y in the North American boreal forest
and forest−tundra (5). This climate shift was probably limited
to the NENA sector as STREC diverges from the ensemble of
Northern Hemisphere reconstructions and simulations after
A.D. 1816 (Fig. S3 C and D).
Although the last century reconstructed by STREC was

warmer than the early 19th century, it was colder than the
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Medieval Climate Anomaly (the difference between the average
summer temperature of the 12th century and of the last 100 y is
1.66 °C, P < 0.001, according to the one-tailed Wilcoxon rank−sum
test). In fact, STREC shows that the NENA sector experienced
relatively cold conditions until late into the 20th century. This
persistence of cold conditions over NENA is also suggested by the
strong warming trend of the last 100 y denoting a colder starting
point (Fig. 1 A and B), as well as by permafrost growth during the
mid-20th century on the southern shore of Hudson Strait (35) and by
the lack of postfire forest recovery over the last 900 y at the northern
Quebec treeline in contrast to what occurred during the Medieval
Climate Anomaly (36, 37). The warming trend in our study area has
accelerated over the last 30 y (+0.7 °C per decade according to the
dataset CRU TS3.20). If this trend continues, then summer tem-
peratures will be similar to the maximum of the last 750 y during the
next decade and to the maximum of the last 1,100 y during the
following one (based on STREC and the data of Table S3).
Several hypotheses have been suggested to explain why post-

eruption temperature anomalies reconstructed from tree-ring
data generally express higher values than expected, including
regional variations in response to volcanic events, autocorrela-
tion in ring-width series (17, 18), failure of growth rings to form
during volcano-induced cold summers (20), and increased tree
growth caused by volcano-induced diffuse radiation (38). In this
study, we observed a strong response of ring-width data to vol-
canic activity, with the amplitudes and duration of negative
anomalies (including persistent regime shifts) similar to model
predictions. Diagnostic light rings are frequent in black spruce
trees of our study area (39), thus allowing for a rigorous control

of ring dating and for identifying the occurrence of missing rings.
In addition, although autocorrelation in ring-width chronologies
of black spruce is high (Table 1), the results of a simple model
show that its effects on the amplitude and duration of recon-
structed negative temperature anomalies after volcanic events
are low (Fig. S7). Instead, our results suggest that the climatic
impacts of eruptions vary among regions of the Northern Hemi-
sphere and that the NENA sector is especially sensitive to these
impacts compared with Eurasia, where the majority of temperature-
sensitive tree-ring chronologies have been previously developed. This
idea is also supported by recent simulation experiments (12–16, 22),
which show that large and successive eruptions may trigger cold
episodes whose duration may be sustained by complex and variable
sea−ice−ocean feedbacks in the North Atlantic and that the resultant
northward heat transport would tend to be more severely attenuated
in the NENA than in the Eurasian sectors.

Methods
Our sampling area is situated in the Eastern Canadian taiga between latitudes
53.8°N and 54.6°N and longitudes 70.2°W and 72.5°W (Table 1). According
to the gridded temperature dataset CRU TS3.20 (26), this region has expe-
rienced one of the fastest temperature increases on Earth during the last
century. The mean July−August temperature, which is the object of our
reconstruction, has increased by an average of 0.68 ± 0.15 °C and 0.19 ±
0.02 °C (estimate ± SE) each 10 y during the last 30 and the last 110 y,
respectively.

To implement our network of tree-ring chronologies, 1782 black spruce
[Picea mariana (Mill.) B.S.P.] subfossil trees were sampled from six lakes
of the study area and cross-dated to the calendar year. Particular care was
taken in selecting and replicating sites and trees to construct a dataset
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suitable for Regional Curve Standardization (RCS). The RCS method pre-
serves long-term climate trends in tree-ring chronologies built with short-
lived species, but requires high replication of trees belonging to a homoge-
neous population not disturbed by external factors (40). The selected sites
were all characterized by an old-growth riparian forest on the side of the
lake protected from dominant winds, an abrupt forest−lake transition, large
stocks of subfossil trees in the littoral zone, and a well-documented low fire
recurrence (23, 41). This allowed the development of an exceptional net-
work of climate-sensitive tree-ring data comprising six local chronologies in
the same region (one per lake), each including from 75 to 586 subfossil trees
and spanning from 1,238 to 1,440 y (Table 1). The living trees extending the
chronologies to the present day (25 trees per site) were sampled at the same
sites as the subfossil samples, and issues related to tree selection and sam-
pling height were also considered (see below).

To produce the six local chronologies (Fig. S3), two radii were measured
at a precision of 1/100 mm and then averaged for each tree. A spline with
a 50% frequency cutoff and a time-varying response [starting at 10 y and
increasing by one each year (42)] was used as a smoothing algorithm
to generate the local growth curves needed for RCS standardization. All

specimens had well-preserved piths, and pith offset could easily be
accounted for in the chronology development.

To guarantee homogeneity between subfossil and living samples, 25 living
trees at each site were selected from among those growing near the lake-
shore, as they would be themost likely to have generated subfossil stems (32).
Furthermore, we considered that the growth trends of subfossil and living
samples can diverge depending on the sampling height of the living trees
(43), thus generating biases in the RCS chronologies. To reduce these biases,
we sampled all living trees at four meters above the soil surface (i.e., the
sampling height that minimized the differences between the growth trends
of living and subfossil trees) and we corrected all ring-width series before
standardization by subtracting the difference between the local growth
curves of the living and subfossil trees (see Figs. S1 and S2).

All of the nonrobust time intervals of the local RCS chronologies were
discarded, with the resulting gaps being reconstructed using the analog
method (44). Most of these intervals were asynchronous among the lakes
and were caused by wildfires that temporarily reduced the input of tree
remains into the littoral zone (23, 41). We identified the nonrobust time
intervals using the Rbar statistic (mean correlation between pairs of in-
dividual series) over 31-y moving windows and discarded all intervals with
negative or noncomputable Rbar values due to low replication. At lake L16,
the 1978–2011 period was also discarded, as the construction of a road
raised the lake water level and disturbed the riparian trees. Over the 1,102 y
retained for STREC (see below), we discarded 114, 70, 52, 19, 0, and 31 y for
lakes L1, L12, L16, L18, L20, and L22, respectively. The analog method used
to reconstruct these gaps is commonly used in paleoclimatology to estimate
missing values in proxy-climate matrices. For years where missing values are
present, the procedure identifies the most similar years in the calibration
period, i.e., all other years without missing values, which are then weighted
according to their similarity and used to reconstruct the gaps (44). The
measure of similarity is based on the Euclidian distance.

We used the CRU TS3.20 climate dataset (26) to calibrate our re-
construction. The first four years (1901−1904) were excluded because of a
poor fit with the tree-ring indexes due to the lack of operating weather
stations at the beginning of the last century near the study area. The climate
reconstruction method was based on a linear scaling procedure. Each local
RCS chronology was rescaled so that its mean and SD matched those of the
July−August mean temperature in the calibration period (1905−2011). The
final STREC was then obtained by computing the median of the six local
reconstructions. This approach attenuated the influence of local nonclimatic
disturbances, as the median of the six reconstructions is not sensitive to outliers.
It also obtained better cross-calibration verification results (1905−1957 vs. 1958–
2011) than a reconstruction based on a partial least squares regression, espe-
cially when considering low frequencies (i.e., smoothed datasets; Table S1). Only
reconstructed values subsequent to A.D. 910 were retained to limit the analyzed
period to the statistically reliable interval (overall replication >53 individual se-
ries and Expressed Population Signal >0.85; Fig. 1 C and E). Due to the fast
temperature increase in the study area during the 20th century, the recon-
structed values in the calibration encompassed a range of 4.3 °C (from 9.6 °C to
14.0 °C), and 86% of the total STREC reconstructed values are inside this range.

We generated realistic time-varying confidence intervals considering two kinds
of errors (Fig. 1 A and B). The first one depends on the nonperfect fit between
observed and reconstructed values over the verification periods and was com-
puted as the mean root-mean-square error between the two datasets. The sec-
ond one is due to the variation over time of the strength of the common climate
signal for each of the six local chronologies and was computed each year as the
interval among the four central reconstructed values from the six chronologies.
The consideration of this error produces a time-varying 60% confidence interval.

Table 1. Sampling sites and tree-ring chronologies used for STREC

Site
Latitude,
degrees

Longitude,
degrees

Number of trees,
subfossil/living

Length,
A.D.

MSL,
years ± SD

Mean ring width,
1/100 mm ± SD

Mean correlation,
mean ± SD

Lag1
AC AR order

L1 +53.86 −72.41 190/25 642–2011 106 ± 32 39 ± 24 0.43 ± 0.25 0.84 4
L12 +54.46 −70.39 220/25 572–2011 101 ± 32 42 ± 23 0.45 ± 0.23 0.78 9
L16 +54.10 −71.63 75/25 774–2011 112 ± 36 37 ± 20 0.46 ± 0.25 0.75 10
L18 +54.25 −72.38 419/25 596–2011 105 ± 38 38 ± 26 0.40 ± 0.27 0.76 4
L20 +54.56 −71.24 586/25 653–2011 102 ± 36 40 ± 24 0.41 ± 0.23 0.72 9
L22 +54.15 −70.29 292/25 650–2011 104 ± 38 39 ± 25 0.42 ± 0.25 0.73 6

Lag1 AC and AR order are computed over the time period retained for STREC (A.D. 910–2011). AR order, the order selected by the Akaike Information
Criterion of the autoregressive model fitted to the RCS chronology; Lag1 AC, lag 1 autocorrelation of the RCS chronology; mean correlation, average
correlation between standardized individual series and their respective local RCS chronology; MSL, mean segment length.
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The volcanic signature in STREC was analyzed using Superimposed Epoch
Analysis (SEA) and Bayesian hidden Markov models. We used SEA to test the
agreement between the strongest volcanic eruptions of the last millennium
and corresponding cooling episodes in STREC. Our SEA was performed in the
R environment as described in SI Methods. We used Bayesian hidden Markov
models to identify sudden changes in the STREC time series. Such models
provide an explicit mechanism to represent transitions between differ-
ent states and allowed the data to be classified into distinct regimes. The
Schwarz criterion is used to identify the number of states and the prob-
ability distribution that best fits the data. This approach is briefly described
in SI Methods.

All tree-ring and temperature data are included in the Dataset S1 and will
also be available from the World Data Center for Paleoclimatology (http://
www.ncdc.noaa.gov/paleo/paleo.html).
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SI Methods
Superimposed Epoch Analysis. The Superimposed Epoch Analysis
(SEA) is a statistical method that can be used to verify the presence
and the significance of systematic responses in a dataset related to
particular events occurring during key dates. We used SEA to test
the striking agreement between the occurrence of the major vol-
canic eruptions of the last millennium and some cooling episodes
inferred by STREC (summer temperature reconstruction for
Eastern Canada). Our analysis was implemented as proposed by ref.
1, which used SEA to study connections between explosive volcanic
eruptions and subsequent El Niño climate episodes. Our SEA was
performed in the R environment according to the following steps:
First, two subsets of key volcanic dates from the last millennium

were selected using the reconstruction of the global stratospheric
volcanic sulfate aerosol injections of ref. 2. The 10 y with the
highest sulfate aerosol loadings and the 10 y with loading values
just below the preceding ones were considered as key dates
corresponding to the 10 strongest and the 10 next strongest
volcanic eruptions, respectively.
Second, the key volcanic dates were then used to generate

two “eruption matrices” with the number of rows equal to the
number of eruptions. In each row, we stacked the 30 STREC
reconstructed values before and after each eruption date. In this
way, two matrices were created with each composed of 10 rows
and 61 columns. The values in the matrices were then normal-
ized to attenuate the influence of large anomalies that could
have occurred before or after a particular key volcanic date. To
do so, the values in each row were divided by the maximum value
of the row and, subsequently, the overall mean of the values in
each matrix was subtracted from all values.
Third, dimensionless normalized composites, which represent

the mean response of summer temperatures in Eastern Canada to
each subset of volcanic eruptions, were obtained by averaging the
values of each column for each matrix. To evaluate the signifi-
cance of the obtained composites, we used a Monte Carlo ran-
domization procedure that reshuffles blocks of two values in each
row of an eruption matrix, thus creating 10,000 randomly gen-
erated eruption matrices. These matrices can then be used to
generate 10,000 sets of composites and, subsequently, a random
composite distribution for any specific year from a volcanic
eruption (in our case, 61 distributions). We used these dis-
tributions to test the significance of the obtained composites at
the 90%, 95%, and 99% confidence levels. The Monte Carlo
randomization procedure is based on reshuffling blocks of two
values rather than individual values because this allows randomly
generated eruption matrices to be obtained with first-order
autocorrelations similar to the original ones.
Fourth, to smooth out annual variations in the results of the

SEA, we generated 3-y mean composites from the obtained
composites and random 3-y mean composite distributions from
the 10,000 randomly generated sets of composites. The final
results are illustrated in Fig. 4 and show that the 10 major volcanic
eruptions of the last millennium have produced highly significant
cooling episodes in Eastern Canada that lasted for about two
decades, while less intense volcanic eruptions had a shorter in-
fluence. For this reason, we decided also to test whether the 20
or 10 postevent summers were significantly colder than the pre-
ceding ones, for each of the 10 strongest and each of the 10 next
strongest volcanic eruptions, respectively. The statistical test used
was a one-tailed Wilcoxon rank−sum test (Table S2).

Bayesian Analysis of Regime Shifts. Regime shifts in the STREC
time series were analyzed using a mixture of probability dis-
tributions to which a persistence structure was added. Such
probabilistic models are often called hidden Markov models
(HMM). Here, they provided an explicit and formal mechanism
to detect shifts in the STREC time series and the length of
“warm” and “cold” sequences (i.e., the regimes).
HMM are useful when it is suspected that observations in time

exhibit persistence in several regimes with occasional transitions
between them. While the observations come from distinct pop-
ulations, it is not possible to identify exactly when the changes
took place. HMM are typically specified through a hierarchical
structure. In the first level, the way in which the transitions from
one state to another occur is formalized. This is done by assuming
that the “hidden” states follow a Markov process. The shifts and
the persistence of each regime are governed by state transition
probabilities. The second level represents the process that gen-
erates the data, given the current regime. For a given year, the
data are generated from a statistical distribution whose param-
eters depend upon the current regime. In this study, two statis-
tical probability distributions have been considered: a normal
distribution and a lognormal distribution.
The parameters of the models (means, SDs, transition prob-

abilities) are estimated using a Bayesian approach, as presented in
detail in ref. 3. The estimation process involves Monte Carlo
Markov Chain simulations, since no explicit algebraic solutions
are available for the parameter estimates of such models. More
specifically, we used Gibbs sampling.
Twelve configurations were considered to model the STREC

time series. Bayesian HMM with one to six regimes and two
probability distributions were applied (normal and lognormal). In
this paper, we chose to compute the Schwarz information cri-
terion (4) to select the best representation of the STREC time
series between the competing models. The Schwarz criterion was
calculated for each of the 12 configurations and allowed us to
formally identify both the number of regimes and which proba-
bility distribution best fits the STREC time series. It is im-
portant to mention that this criterion takes into account both
the statistical goodness of fit and the number of parameters
that have to be estimated to achieve this particular degree of
fit by imposing a penalty for increasing the number of pa-
rameters. We gave preference to the model that maximized the
Schwarz criterion.
The estimation of the twelve HMM and the computation

of their respective Schwarz criterion were performed in the
MATLAB environment using codes developed by Évin et al. (3).
The first step in Bayesian analysis is to set up a full probability
model. That is, in addition to modeling the observable quantities
(i.e., the STREC data) using a HMM, we must represent the
prior degree of belief concerning all of the unknowns (i.e., the
parameters of the model: means, SDs, and transition probabili-
ties). Here we considered noninformative prior distributions for
each parameter and let the data talk for itself. In our case, the
Schwarz criterion reported evidence in favor of a four-state
Bayesian HMM with normal distributions. This result, which
states that a normal distribution is more suitable than a lognor-
mal distribution for our data, is not surprising. In fact, in most
meteorological and climatological studies, temperatures are as-
sumed to be normally distributed.
In the Bayesian framework, all statistical inferences about the

unknown parameters are based on the posterior distribution. Just
as the prior distribution reflects beliefs about the parameters
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of the HMM before experimentation, the posterior distribution
reflects the updated beliefs after observing the sample data. Fig. 3C
represents the posterior distributions of the mean temperature of
each regime. These distributions do not superimpose, which in-
dicates significant differences between the average temperatures of
the four regimes. Furthermore, Fig. S4 (Lower) show the posterior
distributions of the transition probability pkk of each regime and

indicate a strong persistence with a probability to stay in a given
regime k greater than 0.8 for all regimes.
Finally, the posterior probabilities that each observation belongs

to a given regime can be evaluated. These are presented in Fig. S4
for each regime. These graphs can be used to locate sudden
changes from one regime to another and to identify historical
sequences of warm or cold temperatures that may have occurred.

1. Brad Adams J, Mann ME, Ammann CM (2003) Proxy evidence for an El Niño-like
response to volcanic forcing. Nature 426(6964):274–278.
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Fig. S2. Effects of removing the sampling height bias from the tree-ring series of living trees. (A) The Regional Curve Standardization (RCS) chronologies of L1
(site chosen as example) derived from only living trees over the last century. The local RCS chronology from uncorrected ring-width series of living trees is in
black, while the same chronology from corrected series (i.e., the bias due to sampling height is removed from all ring-width series and the local growth curve of
subfossil trees is used for standardization) is in gray. A shows that the correction of the sampling height bias is not affecting the RCS standardization results
(i.e., sampling height bias can be removed and the local RCS chronology remains unchanged). The corrected ring-width series of living trees can subsequently
be used together with those of subfossil samples to develop an unbiased RCS chronology (black line in B). The local RCS chronologies of L1 without correction
of sampling height bias on the tree-ring series of living trees is shown for comparison (red line in B). In B, 20-y splines were used to smooth the values.
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Fig. S3. The network of millennial-long tree-ring chronologies and comparison between STREC and other Northern Hemisphere records. (A and B) The six
local RCS chronologies (one per lake and composed of living and subfossil trees) over the 1,102 y retained for STREC before (A) and after (B) the reconstruction
of the nonrobust time intervals (i.e., intervals for each local chronology where the Rbar statistic calculated over the 31-y moving windows is lower or equal to
zero or noncomputable because of low replication) using the analog method. (C and D) The comparison between STREC and seven Northern Hemisphere
temperature reconstructions [refs. 1–7 (C)] and six Northern Hemisphere temperature simulations [three models, refs. 8–10, running twice with weak and
strong solar irradiance variations and smoothed as plotted in figure 6.14 in ref. 11 (D)]. All records in C and D are expressed as anomalies from their 1500–1899
means. STREC has a larger variability than all other records due to its regional domain, so it is scaled on the y axis to improve the comparison (see blue labels).
Vertical dashed lines highlight the beginning of synchronous cooling episodes in most records.
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Fig. S4. Regime likelihood. Probability of STREC reconstructed temperature values to belong to any given regime of the four-component Bayesian hidden
Markov model with normal distributions. (Upper) Regimes are ordered from the coldest to the warmest (A–D). (Lower) The posterior probability density
functions of the transition probability pkk of each regime. Regimes are ordered from the coldest (Left) to the warmest (Right).
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Fig. S5. Trends in STREC. In A, linear regression coefficients are obtained considering time periods starting from A.D. 910 (black) or A.D. 1257 (green) and
increased by successive 25-y time steps (e.g., 910–950 with dot in 950, 910–975 with dot in 975...). In B, linear regression coefficients are obtained considering
time periods starting from A.D. 2011 (red) or A.D. 1809 (blue) and lengthened backward by 25-y time steps (e.g., 1975–2011 with dot in 1975, 1950–2011 with
dot in 1950...). The vertical dashed lines show the dates of the A.D. 1257 Samalas and A.D. 1809 (the event preceding the Tambora) eruptions, while the
horizontal dashed line shows the trend over the entire time period covered by STREC (A.D. 910–2011; −1.6 °C per 1,000 y).

Gennaretti et al. www.pnas.org/cgi/content/short/1324220111 6 of 9

www.pnas.org/cgi/content/short/1324220111


1000 1200 1400 1600 1800 2000
A.D. year

STREC
STREC excluding L18, L20

10

12

14

16

18

Ju
ly

−A
ug

us
t

te
m

pe
ra

tu
re

 (°
C

)

1000 1200 1400 1600 1800 2000
A.D. year

STREC
STREC excluding L1, L18, L22

L22

mean
median

L20

C
am

bi
al

 a
ge

mean
median0

40

80

120

20

60

100

140

L18

mean
median

L16

C
am

bi
al

 a
ge

mean
median0

40

80

120

20

60

100

140

L12

mean
median

L1
C

am
bi

al
 a

ge

mean
median0

40

80

120

20

60

100

140

Fig. S6. (Upper) Time course of the mean and median cambial age for each local chronology (L1, L12, L16, L18, L20, and L22). Gray shadows show the time
periods discarded for each chronology and reconstructed with the analog method. The dashed areas after A.D. 1900 show the time periods strongly influenced
by living trees. The corrections applied on the ring-width series of living trees reduce possible biases in the RCS chronologies during these periods. The vertical
dashed lines show the A.D. 1257 Samalas and A.D. 1815 Tambora eruptions. We tested if the most important regime shifts in STREC (i.e., post-A.D. 1257 and
post-A.D. 1815) are artifacts due to local disturbances (mostly wildfires; see ref. 1) that changed the sample age structure through time in our chronologies [see
Lower (July−August temperature)]. First, we compared STREC with an alternative reconstruction obtained by excluding those sites with unstable mean cambial
age around A.D. 1257 (i.e., L1, L18, and L22). Second, we did the same exercise, but we excluded those sites with unstable mean cambial age around A.D. 1815
(i.e., L18 and L20). Smoothed values are 20-y splines. These alternative reconstructions show similar or even larger shifts at A.D. 1257 and A.D. 1815 compared
with STREC suggesting that the regime shifts in STREC are robust.

1. Gennaretti F, Arseneault D, Bégin Y (2014) Millennial stocks and fluxes of large woody debris in lakes of the North American taiga. J Ecol 102(2):367–380.
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Fig. S7. Effect of autocorrelation on temperature anomalies after volcanic eruptions. (A and B) The estimates of the partial autocorrelation functions (partial
ACF) fitted to STREC (A) and fitted to the July−August temperature data over the study area (B; 15 cells of the CRU TS3.20 dataset). The orders of the au-
toregressive model (AR order) selected by the Akaike Information Criterion are 9 and 5 for STREC and the temperature data, respectively. (C) The real mean
(red) and median (black) responses of STREC to the 10 strongest volcanic eruptions of the last 1,100 y deduced by ref. 2, along with simulated temperature data
(green) and simulated STREC (dark blue) after applying three different climate inputs (light blue) chosen to reduce the mean squared error between observed
(red) and simulated (dark blue) STREC. Simulated temperature data were obtained with the formula SimTi = ðPn

k=0Inputði−kÞACkÞ=ð
Pn

k=0ACkÞ, where SimTi is the
simulated temperature in the year i, n is the order of the autoregressive model fitted to the July−August temperature data over the study area, k is the lag of
the partial autocorrelation function, Input(i−k) is the climate input in the year (i−k), and ACk is the estimate of lag k for the partial autocorrelation function
fitted to the July−August temperature data over the study area (note that ACo = 1). Here, we chose a two-step climate input composed of a constant
reduction over 10 y starting from year 2 from eruptions (constant values were −1.1 °C, −1.2 °C, and −1.3 °C) followed by another constant reduction
over 10 y (40% of the first reduction). Once the simulated temperatures were obtained, simulated STREC data were obtained with the formula SimSTRECi =
ðPn_STREC

k=0 SimTði−kÞAC_STRECkÞ=ð
Pn STREC

k=0 AC_STRECkÞ. The effect of autocorrelation of tree-ring data on STREC can be considered as the difference between the
simulated temperatures (green) and the simulated STREC (dark blue).

Table S1. Summary of the cross-calibration verification results for the reconstruction of July−August temperatures using two different
reconstruction methods

Statistics
Calibration over 1905–1957

(STREC/PLS-R)
Calibration over 1958–2011

(STREC/PLS-R)
Calibration over 1905–2011

(STREC/PLS-R)

Mean temperature of the 1905–2011
period, °C ± SD

11.9 ± 0.8/11.7 ± 0.5 11.8 ± 1.0/11.7 ± 0.8 11.9 ± 0.8/11.9 ± 0.7

Correlation over verification period 0.55/0.51 0.50/0.40
Correlation over calibration period 0.44/0.53 0.55/0.68
Correlation over total period 0.60/0.60 0.61/0.65 0.61/0.68
RMSE over verification period, °C 0.88/0.93 0.81/0.79
RMSE over calibration period, °C 0.77/0.66 0.92/0.77
RMSE over total period, °C 0.83/0.81 0.87/0.78 0.81/0.73
Significance of FDST over verification 1.00/1.00 0.76/0.99
Significance of FDST over calibration 0.96/0.96 0.99/1.00
Significance of FDST over total 1.00/1.00 0.98/1.00 1.00/1.00
RE 0.52/0.47 0.44/0.46 0.34/0.46*
CE 0.28/0.19 −0.07/-0.02
RE on smoothed datasets (20-y spline) 0.85/0.73 0.90/0.70 0.83/0.90*
CE on smoothed datasets (20-y spline) 0.66/0.40 0.58/-0.17

Reconstruction methods: a linear scaling procedure as in STREC and a reconstruction based on a partial least squares regression (PLS-R). Fifteen cells of the
CRU TS3.20 dataset (1) covering our sampling sites are used as climate reference. FDST, first difference sign test (2); RE, reduction of error (3); CE, coefficient of
efficiency (4).
*Computed over the total period and using the corresponding mean temperature as a reference.

1. Mitchell TD, Jones PD (2005) An improved method of constructing a database of monthly climate observations and associated high-resolution grids. Int J Climatol 25(6):693–712.
2. Cook ER, Kairiukstis LA (1990) Methods of Dendrochronology: Applications in the Environmental Sciences (Kluwer, Dordrecht, The Netherlands).
3. Fritts HC (1976) Tree Rings and Climate (Academic, London).
4. Briffa KR, Jones PD, Pilcher JR, Hughes MK (1988) Reconstructing summer temperatures in northern Fennoscandinavia back to AD 1700 using tree-ring data from Scots pine. Arct Alp

Res 20(4):385–394.
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Table S2. Results of the Wilcoxon rank−sum test (one-tailed)

Year of sulfate peak Sulfate aerosol, Tg
10 or 20 y preevent

mean (A), °C
10 or 20 y postevent

mean (B), °C B − A, °C P value

10 strongest volcanic eruptions
1167* 52.11 14.89 14.07 −0.83 0.02
1227* 67.52 13.06 13.18 0.12 0.54
1258* 257.91 13.70 12.43 −1.26 0.00
1275* 63.72 12.69 12.16 −0.53 0.06
1284* 54.70 12.47 11.90 −0.57 0.03
1452* 137.50 13.03 11.32 −1.71 0.00
1600* 56.59 11.97 11.44 −0.52 0.09
1783* 92.96 11.77 12.61 0.84 0.98
1809* 53.74 13.11 11.06 −2.05 0.00
1815* 109.72 13.55 10.58 −2.98 0.00
Composite* NA 0.03† −0.03† −0.06† 0.00

10 next strongest volcanic eruptions
1001‡ 21.01 12.93 13.07 0.15 0.60
1176‡ 45.76 14.84 13.49 −1.35 0.02
1341‡ 31.14 12.46 12.46 0.00 0.43
1459‡ 21.92 12.56 10.80 −1.76 0.00
1584‡ 24.23 12.32 12.47 0.15 0.63
1641‡ 51.59 12.47 11.37 −1.09 0.02
1693‡ 27.10 12.85 11.07 −1.78 0.00
1719‡ 31.48 12.99 13.08 0.09 0.76
1835‡ 40.16 10.91 9.90 −1.01 0.01
1883‡ 21.86 12.92 12.35 −0.57 0.02
Composite‡ NA 0.02† −0.03† −0.05† 0.00

The test was used to verify if the 20 or 10 postevent summers inferred by STREC were significantly colder than the preceding ones
for each of the 10 strongest and each of the 10 next strongest volcanic eruptions of the last millennium (deduced by ref. 2), re-
spectively. Composite, the average result of 10 eruptions as obtained by the SEA.
*Twenty years before and after the volcanic eruption are considered.
†Dimensionless normalized units.
‡Ten years before and after the volcanic eruption are considered.

Table S3. Extreme decades and temperature increases reconstructed by STREC

10 warmest decades 10 coldest decades
10 strongest temperature
increases on a 30-y period

Rank Decade
Anomaly relative
to 2002–2011, °C Rank Decade

Anomaly relative
to 2002–2011, °C Rank Period Increase, °C/10 y ± SE

1/90 1161–1170 1.80 1/90 1835–1844 −3.58 1/26 1128–1157 1.48 ± 0.20
2/90 1151–1160 1.68 2/90 1818–1827 −3.21 2/26 1600–1629 1.25 ± 0.21
3/90 1086–1095 1.19 3/90 1465–1474 −2.94 3/26 1462–1491 1.15 ± 0.23
4/90 1072–1081 1.00 4/90 1848–1857 −2.76 4/26 1778–1807 1.06 ± 0.20
5/90 1141–1150 0.89 5/90 1602–1611 −2.69 5/26 1852–1881 1.06 ± 0.15
6/90 1798–1807 0.87 6/90 1920–1929 −2.52 6/26 1697–1726 0.84 ± 0.20
7/90 1061–1070 0.87 7/90 1695–1704 −2.41 7/26 1293–1322 0.83 ± 0.15
8/90 1243–1252 0.83 8/90 1384–1393 −2.17 8/26 1982–2011 0.78 ± 0.11
9/90 1184–1193 0.73 9/90 1905–1914 −2.14 9/26 1414–1443 0.74 ± 0.15
10/90 910–919 0.61 10/90 1644–1653 −2.12 10/26 1229–1258 0.69 ± 0.20
19/90 2002–2011 0.00 78/90 2002–2011 0.00

Overlapping decades or periods are excluded from the analysis. Intervals ending in 2011 are in bold.
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