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Abstract Ice core-based estimates of past volcanic eruptions
are the main forcing of the last millennium climate model sim-
ulations. Understanding the timing and magnitude of eruptions
is thus critical for assessing the dynamics of the Earth’s climate
system. Uncertainty associated with a major event in the 1450s,
originally attributed to the South Pacific Kuwae eruption in
1452 and recently shifted to 1458, fundamentally alters model
simulations, their comparison with proxy-based climate recon-
structions, and any subsequent historical interpretation. Here,
we compile a Northern Hemisphere tree-ring network of 25
maximum latewood density chronologies extending back over
the past 650+ years to analyze the 1450s temperature devia-
tions. Statistically robust warm season temperature reconstruc-
tions from 20 of these records reveal a spatially coherent and
exceptional cooling in 1453. Summer cooling ranged from
—0.4 °C in the Swiss Alps to —6.9 °C in the Polar Urals
(Russia) and was generally stronger across the Eurasian high
latitudes and northwestern North America. Year 1453 also
marks the onset of a 15-year cold period during which network
mean temperatures ranged from —2.5 °C in 1453 to —0.5 °C in
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1468. In contrast, the years 1459 (1.0 °C) and 1460 (—0.4 °C)
were not exceptionally cold in the contemporary context. These
findings suggest either that the original dating pointing to a
major eruption in 1452 (and large-scale cooling in 1453) was
correct or that the eruption left no substantial climatic finger-
print in Northern Hemisphere temperature proxies. The latter
appears less likely as sulfate aerosol deposits associated with
the 1450s event are found in ice cores of both hemispheres.

Keywords Tree rings - Maximum latewood density - Ice
cores - Volcanic eruption - Paleoclimate - Kuwae

Introduction

In the early 1990s, a largely submarine caldera in the South
Pacific was identified as the source for one of the greatest erup-
tions of the past millennium (Monzier et al. 1994). The Kuwae
caldera is located at 17° S between the islands Tongoa and Epi of
the Republic of Vanuatu and covers an area of ~60 km? (F ig. 1).
Based on marine and field observations, the development of the
caldera was associated with a single eruption in the mid-fifteenth
century ejecting 30-60-km” dense rock equivalent as pyroclastic
flow and fall deposits (Claude et al. 1994). Assessments of glass
inclusions in the dacitic tephra reveal a large release of sulfur
producing an aerosol cloud with mass >100 Tg sulfuric acid
(Witter and Self 2007). An eruption of this magnitude injects
substantial quantities of sulfate aerosols into the stratosphere,
scatters incoming solar radiation, and causes widespread cooling,
notably in continental regions of the Northern Hemisphere, in the
year after the eruption (Esper et al. 2013; Legrand and
Wagenbach 1999). The aerosols are dispersed to the high lati-
tudes of both hemispheres, partly deposited in the ice cores of
Antarctica and Greenland (Delmas et al. 1992; Hammer et al.
1980), and the radiative forcing time series derived from these
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Fig. 1 Kuwae caldera and 1450s forcing and temperature deviations. a
Map showing the location of the Kuwae submarine caldera between Epi
and Tongoa islands of the Republic of Vanuatu in the South Pacific.
Yellow box indicates the area of the photograph shown in b. b
Photograph of the upper caldera wall of the largely submarine caldera. ¢

archives support the parameterization of general circulation
models to simulate the dynamics of the Earth’s climate system
and project future climatic change (Schmidt et al. 2011).

In their original description of the caldera, Monzier et al.
(1994) reported radiocarbon dates on charcoal pieces from
flow deposits and based on a non-statistical review of six
available dates concluded that the eruption occurred in the
interval 1420-1430. Delmas et al. (1992) detected a major
sulfuric acid layer in an Antarctic ice core and dated the
event to 1452 considering evidence from other Antarctic and
Greenland ice cores as well as tree rings from the Western
USA. The latter referred to pioneering dendrochronological
work by LaMarche and Hirschboeck (1984) that reported a
widespread frost ring in 1453 in subalpine bristlecone pines in
a tree-ring network stretching from the White Mountains in
California to the Front Range in Colorado. The authors of this
paper related this highly diagnostic wood anatomical feature
to an eruption of Kelud in East Java, however. A large volca-
nic signal was identified between 1450 and 1464 in bipolar ice
core records and dated to 1459 (Langway et al. 1995).
Zielinski (1995) also remarked on the strength of this anomaly
in Greenland and attributed it to the Kuwae eruption based on
the rough correspondence between the ice core chronology
and the age estimates of Monzier et al. (1994).

Another milestone in the identification of the large mid-
fifteenth-century eruption is the work by Briffa et al. (1998)
who attributed a distinct cooling signal in 1453 in their boreal
tree-ring density network to Kuwae. By now, the link between
Kuwae and evidence for a large tropical eruption in the mid-
fifteenth century is firmly embedded in the literature.
Subsequent analyses of individual ice core records indicated
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Radiative forcing time series (in W/m?) from Arctic and Antarctic ice core
data after Gao et al. (2006) in black and Sigl et al. (2015) in red, shown
together with simulated June-August (JJA) temperatures averaged over
30-90° N Northern Hemisphere land areas from the CCSM4 climate
model (Landrum et al. 2013) over the 1440-1470 period

dates ranging from 1450 to 1464, before Gao et al. (2006)
compared a total of 33 ice cores from Greenland and
Antarctica and concluded that Kuwae was a major eruption
that took place in late 1452 or early 1453 (again referring to
the dating from the frost ring and tree-ring density networks).
This work led to the development of a volcanic forcing time
series including a distinct spike of 12.3 W/m? in 1452 (Gao
et al. 2008), which was subsequently used in general circula-
tion models producing widespread summer cooling in 1453
(—2.8 °C in the CCSM4 model, Fig. 1c). The 1452 eruption
date gained further support from documentary evidence re-
vealing severe weather conditions in China and aerosol cloud
effects in Constantinople (Pang 1993), though the explanatory
power of this evidence was recently challenged in a critical
review of the original sources (Bauch 2015).

Both the character (Németh et al. 2007) and dating
(Plummer et al. 2012; Sigl et al. 2013, 2014, 2015) of the
Kuwae eruption were recently challenged. Based on a
re-evaluation of syncaldera pyroclastic deposits, Németh
et al. (2007) argued that the Kuwae caldera likely evolved in
piecemeal fashion and suggested that another (still unknown)
eruption must be responsible for the 1450s ice core sulfate
spike and climatic aftermath. This controversy is beyond the
scope of this paper, though we hereafter refer to the “1450s
unknown eruption” instead of “Kuwae eruption”. The
re-dating from 1452 to 1458 as inferred from new analysis
of high-resolution ice cores from Greenland and Antarctica
is of importance, however. Sigl et al. (2013) concluded that
Gao et al. (2006) erroneously assumed a strong volcanic forc-
ing in 1452 and that shifting the event by 6 years would ex-
plain an apparent delayed response in tree rings. They
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demonstrated that two mid-fifteenth-century sulfate aerosol
layers were deposited in bipolar ice sheets: a comparatively
small eruption in 1453 but the globally significant event in
1458. Based on this revised ice core chronology, Sigl et al.
(2015) constructed a new index of global volcanic aerosol
forcing (—20.6 W/m? in Fig. 1c), which, when considered in
climate models, will shift the simulated cooling spike and
associated perturbation of the climate system by 6 years into
1459. This re-dating has significant consequences on model/
proxy comparisons (Anchukaitis et al. 2012; Esper et al. 2013)
and is vital to ice core dating as the sulfate layer associated
with the large 1450s eruption is used as a tie point to align
cores from Antarctica and Greenland (Hammer et al. 1980;
Gao et al. 2006, 2008; Delmas et al. 1992; Sigl et al. 2015).

When revising the ice core chronology, Plummer et al.
(2012) emphasized that tree-ring data only capture local
climate variability and concluded that not all width
minima and frost rings are the result of volcanic activity.
Sigl et al. (2013) considered a maximum latewood density
(MXD) chronology from Northern Europe (Esper et al.
2012) and a tree-ring width (TRW) chronology from the
Western USA (Salzer and Hughes 2007) to support their
re-dating of the 1450s eruption. MXD is an estimate of
the thickest cell wall within a tree-ring derived from wood
sample X-ray films (Supplementary Fig. S1;
Schweingruber et al. 1978). These comparisons are quite
selective however and at least partly contradict the evi-
dence from annually resolved, large-scale temperature re-
constructions (Briffa et al. 1998; D’Arrigo et al. 2006;
Esper et al. 2002; Schneider et al. 2015; Stoffel et al.
2015; Wilson et al. 2016; Xing et al. 2016). The latter
are derived from hemispheric tree-ring networks including
both TRW and MXD data. It is important to note that
MXD has been shown to be the superior proxy for the
detection of abrupt signals caused by large volcanic erup-
tions (Briffa et al. 1998) or punctuated disturbance events
(Esper et al. 2007). TRW chronologies, on the other hand,
tend to show prolonged responses to volcanic eruptions,
due to biological memory effects, and to underestimate
cold conditions associated with such events (Esper et al.
2015, Supplementary Fig. S1).

Here, we compile all MXD chronologies (worldwide)
extending back to the mid-fifteenth century to evaluate
the re-dating of the 1450s eruption and shift in ice core
chronology. We evaluate the climate signals in the MXD
chronologies by comparison with observational tempera-
tures and use a network of 20 summer temperature- sen-
sitive sites to analyze the 1450s cooling patterns in the
Northern Hemisphere extratropics. Results from this as-
sessment are compared with temperature deviations in a
corresponding TRW network to evaluate potentially dif-
fering conclusions that might arise when using this much
more widespread tree-ring parameter.

Material and methods

Twenty-five MXD chronologies extending back to 1450 CE
have been developed over the past several decades (Table 1).
All of these records integrate at least three MXD measurement
series in the 1450s, but many chronologies are much better
replicated and continue further back in time. N-Scan from
Northern Europe is the longest MXD chronology reaching
back to 181 BCE, and the Pyrenees record from Spain is the
best-replicated chronology integrating 92 MXD series in the
1450s (see columns 6 and 8 in Table 1). The tree-ring chro-
nologies are derived from different genera including eight
records (each) from larch, spruce, and pine species, as well
as one from Douglas fir. Ten chronologies are located in
Europe, nine in Russia, and six in North America. No long
MXD chronology is available from the Southern Hemisphere.
From all of the sites listed in Table 1, both MXD and TRW
data are available.

The MXD and TRW data were detrended using negative
exponential functions to remove geometrical and biological
age trends and emphasize common high frequency, inter-
annual to multi-decadal variations in the index chronologies
(Cook and Kairiukstis 1990). For MXD, we calculated ratios
between the original measurement series and the negative ex-
ponential curves; for TRW, we power transformed the mea-
surement series before calculating residuals to avoid end-
effect biases in the detrended data (Cook and Peters 1997).
Uncertainties were estimated by calculating 95% bootstrap
confidence intervals derived from subsampling the MXD
(and TRW) series in a Monte Carlo approach (Briffa et al.
1992). Covariance among the measurement series was further
assessed by calculating running inter-series correlations in a
30-year window shifted along the chronologies
(Supplementary Fig. S2). These procedures were applied to
only 22 of the long MXD (and TRW) datasets, as from three
sites in Northern Europe (For, Laa, Khi), only the published
mean chronologies are available (McCarroll et al. 2013).

MXD and TRW climate signals were estimated by corre-
lating the index site chronologies against monthly temperature
fields from the CRU TS3.23 gridded data using the KNMI
Explorer (Oldenborgh and Burgers 2005). Correlations were
computed since 1901 and 1950 to evaluate the influence of
limited early instrumental data on the calibration results, and
the best correlating months were averaged into seasonal
means to approximate the maximum climate signal of each
tree-ring chronology (Supplementary Table S1, Fig. S3). The
site chronologies were transferred into warm season tempera-
ture anomalies by matching the mean and variance of the local
gridded temperatures (Esper et al. 2005, Fig. S4). Note though
that higher correlations are likely achieved if regional instru-
mental station data were used instead of the gridded tempera-
tures. The temperature signals of the chronology segments
covering the mid-fifteenth century are also likely weaker, as
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Table 1 MXD chronology characteristics

Site Code Country  Location Species Period Twentieth century replication ~ 1450s replication
1 Alaska Ala USA 68.8°N 142.4°W  PCGL 1073-2002 66 57
2 Altai Alt Russia 50.0° N 88.0°E LASI 462-2007 22 12
3 Athabasca Ath Canada 52.3°N 117.3°* W PCEN 1072-1994 74 16
4 Campbell Cam  Canada 68.3°N 133.3°W  PCGL 1175-1992 19 24
5 Fool Creek Foo USA 39.5°N 105.5°W  PCEN 1296-1993 9 7
6 Forfjorddalen®  For Norway  68.9°N 15.7°E PISY 978-2005
7 Jamtland Jae Sweden  63.5°N 15.5°E PISY 783-2011 39 35
8 Khibiny® Khi Russia 67.7°N 33.6°E PISY 821-2005 ? ?
9 Laanila® Laa Finland 68.5°N 27.5°E PISY 800-2005 ? ?
10 Lauenen Lau Switzerl. 46.4°N 7.3°E PCAB 982-1976 11 38
11 Lotchental Loe Switzerl. 47.5°N 7.5°E LADE 735-2004 71 52
12 Majakit Maj Russia 612°N 151.6°E  LADA 1338-1994 27 6
13 Mangazeja Man  Russia 66.7° N 82.3°E LASEPCOB  1246-1990 61 49
14 N-Scan Nsc Finland 67.5°N 22.5°E PISY 181-2006 116 43
15 Nuleger Nul Russia 71.1°N 1273°E  LADA 1391-1990 27 6
16  Polar Ural Pol Russia 66.9° N 65.6° E LASIPCOB  778-2006 59 12
17  Pyrenees Pyr Spain 42.5°N2.5°E PIUN 924-2014 163 92
18  Quebec Que  Canada 57.5° N 76.0° W PCMA 1352-1989 18 18
19 Tornetrask Tor Sweden  68.2°N 19.7°E PISY 441-2010 61 16
20 Tyrol Tyr Austria 47.5°N 12.5°E PCAB 1047-2003 54 31
1 Bilibina Bil Russia 67.3°N 1674°E LADA 1432-1991 22 3
2 Gotland Got Sweden  57.4°N 183°E PISY 1127-1987 10 10
3 Seimchan Sei Russia 633°N 1514°E LADA 1362-1991 27 3
4 Spruce Canyon  Spr USA 37.1°N 108.3°W  PSME 1373-1978 15 6
5 Zhaschiviersk Zha Russia 67.5°N 142.6°E  LASI 1311-1991 28 16

Replication is the number of MXD measurement series (in the twentieth century and 1450s). Chronologies listed at the bottom lack a significant

temperature signal (see Supplementary Material)
# Only mean time series (chronology) available

the number of MXD (and TRW) measurement series is typi-
cally much lower during this early period compared to the
twentieth century (columns 7 and 8 in Table 1). Also, the
varying inter-series correlations, with low values indicating
weaker signals and high values indicating stronger signals
(Esper et al. 2016), might provide additional information on
the potential loss of signal strength back in time
(Supplementary Fig. 1).

Results and discussion

MXD reconstructions and 1450s cooling pattern

Twenty of the 25 MXD chronologies extending back to the
1450s contain significant warm season temperature signals
(Supplementary Table 1). Their p < 0.05 correlation fields

represent a large fraction of the Northern Hemisphere land-
masses with good spatial coverage north of ~30° N in Europe

@ Springer

and North America and north of ~50° N in central Asia
(Fig. 2). Regions in western and particularly in eastern Asia
are not well represented, however. The highest density of long
MXD records falls in Europe where the correlation fields of
nine chronologies (five from Scandinavia, three from the
Alps, one from the Pyrenees) pave the continent spreading
well into North Africa. Besides the local correlation fields
surrounding the tree sites, most chronologies also correlate
with instrumental temperatures in remote regions. This feature
is most obvious in the Laa chronology from northern Finland,
which correlates not only with summer temperatures in south-
ern Europe and northern Africa but also with observations in
North America and southeastern Asia. Some of these remote
correlations are likely related to larger scale circulation modes
(Jacobeit et al. 2003), while others are of random nature, trig-
gered by matching twentieth-century warming trends and the
vast spatial domain considered for correlation.

The 20 Northern Hemispheric MXD chronologies show a
coherent and strong cooling signal in 1453 CE, just 1 year
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Fig. 2 MXD sampling sites and correlation with warm season
temperatures. Tree sites are all located in areas where mean June—

August temperatures range from 7.5 to 12.5 °C (light green) and 12.5
to 17.5 °C (dark green). Color code in the small maps indicates the

after the original date of the large mid-fifteenth-century erup-
tion in 1452 (Fig. 3). Year 1453 is the only event from 1420 to
1480 in which all chronologies, except Ath in Western

Fig. 3 Reconstructed warm
season temperatures at 20 1420

correlations between MXD chronologies and gridded warm season
temperatures. Correlation fields at p < 0.05 are shown (except for Foo;
see Supplementary Table 1)

Canada, indicate cool warm season temperatures and marks a
period after which reconstructed temperatures remain for
15 years below the 1961-1990 mean (the horizontal black line
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widespread dendrochronological parameter (Briffa et al. 1998;
Esper et al. 2010, 2015; Frank and Esper 2005).

The MXD versus TRW comparison also indicates that the
approach considered in Sigl et al. (2013), in which only two
tree-ring site chronologies (one MXD and one TRW) were
used to backup their re-dating of the large mid-fifteenth-
century event from 1452 to 1458, is rather selective. The
two sites include a MXD-based temperature reconstruction
from Northern Europe (Esper et al. 2012) that actually shows
maximum cooling in 1453 and a TRW-based reconstruction
from the Western USA (Salzer and Hughes 2007) indicating
maximum cooling in 1459. Based on these two chronologies,
the re-dating of one of the largest volcanic eruptions of the
past millennium appears not well supported from a dendro-
chronological point of view. Our comprehensive approach of
composing a network of all MXD site chronologies extending
back to the mid-fifteenth century instead demonstrates that
there was a severe temperature drop in 1453 and that this
signal is unique in the context of the 14201480 period. The
TRW chronologies, on the other hand, do not cohere at large
spatial scales, and selecting only one of these records to sup-
port a shift of a major eruption of the past millennium seems
not well justified.

Conclusions

A hemispheric network of MXD chronologies extending back
to the fifteenth century was composed to evaluate the climatic
fingerprint and dating of the large 1450s volcanic eruption that
was formerly attributed to the Kuwae caldera in the tropical

Year A.D.

South Pacific. The network revealed a distinct warm season
temperature cooling of —2.5 °C in 1453 supporting the origi-
nal dating of a strong climate forcing eruption in 1452 (Briffa
etal. 1998; Delmas et al. 1992; Gao et al. 2006; LaMarche and
Hirschboek 1984; Pang 1993). The recently publicized re-
dating to 1458, based on new evidence from high-resolution
bipolar ice cores (Plummer et al. 2012; Sigl et al. 2013, 2014,
2015), is not supported by the MXD network as neither in
1459 nor in any other year in the mid-fifteenth century distinct
cooling is recorded.

In 1453, reconstructed summer temperatures were below
average in 19 of 20 Northern Hemisphere MXD sites. Cooling
was particularly pronounced in high-latitude regions in
Europe, central Siberia, and northwestern North America
and less severe in central Europe and central Asia. The only
region not indicating below average summer temperatures in
1453 is British Columbia in western Canada, where the Ath
MXD site chronology recorded a +0.6 °C June—-August tem-
perature deviation. This regional anomaly is likely not related
to the quality of the site chronology, as the calibration against
instrumental temperatures demonstrated a strong temperature
signal (» = 0.69 since 1950) and the mid-fifteenth-century
chronology section is reasonably replicated (16 MXD series).
Further research and the development of new MXD chronol-
ogies are needed to assess this irregularity and study the po-
tential influence of regional circulation modes (e.g., the
Pacific Decadal Oscillation; Mantua et al. 1997) or other mod-
ifying factors on the spatial temperature patterns associated
with large volcanic eruptions (Anchukaitis et al. 2017).

An additional comparison of TRW and MXD data from
the same sampling sites showed that the hemispheric
TRW network contained no spatially coherent cooling
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spike in the fifteenth century, but a gradual decrease of
reconstructed temperatures after 1446 lasting for
~30 years. This temporally smeared cooling pattern does
not enable the detection of a single eruption year, and
TRW deviations in single site chronologies can mistaken-
ly be interpreted as support for volcanic evidence in other
proxy records (Sigl et al. 2013). The inconsistent TRW
signals likely result from overall weaker climate controls
as evidenced from the calibration against instrumental
temperature data, and biological memory effects caused
by the storage and remobilization of starch and sugar,
and the development of needle generations enduring sev-
eral growing seasons (Matalas 1962; Pallardy 2015;
Schulman 1956).

The potential consequences of the re-dating of the large
mid-fifteenth-century eruption according to new bipolar
ice core evidence (Sigl et al. 2013, 2014, 2015) remain
unclear. The shift from 1452 to 1458 will likely impact
large-scale cooling patterns in climate model simulations
and thereby affect subsequent attribution studies as well
as studies on the impact of abrupt climate deviations on
historical societies (Biintgen et al. 2013, 2016;
DeMenocal 2001). Scientists comparing climate model
simulations with proxy reconstructions should thus not
be surprised when discovering a mismatch between these
apparent sources of evidence during the fifteenth century.
Such a mismatch should also not be considered as evi-
dence for chronological errors in tree-ring-based climate
reconstructions, and smoothed TRW deviations should not
be confused with temporally extended temperature devia-
tions following large volcanic eruptions (Anchukaitis
et al. 2012 and references therein). The development of
MXD chronologies in currently uncovered regions, pri-
marily in western and eastern Asia but also the coastal
USA, is of prime importance to improve the spatial rep-
resentation of the Northern Hemisphere extratropics back
to the fifteenth century and support the evaluation of
pulse-like climate disturbances over longer timescales
and assessment of post-volcanic cooling patterns in cli-
mate model simulations.
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