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a  b  s  t  r  a  c  t

It has  been  suggested  that  maximum  latewood  density  (MXD)  should  be  used  instead  of  tree-ring  width
(TRW)  data  to  reconstruct  post-volcanic  cooling  effects.  A  thorough  assessment  of high  frequency  sig-
nals  and  potentially  differing  memory  effects  in  long  MXD  and  TRW  chronologies,  in  response  to  large
volcanic  eruptions,  is  still  missing,  however.  We  here  present  a compilation  of  MXD  and  TRW  chronolo-
gies  from  11  sites  in  the  Northern  Hemisphere,  covering  the  past  750+  years,  and  containing  significant
June–August temperature  signals.  Basic  assessment  of  the  data  using  Superposed  Epoch  Analysis  reveals
a temporally  extended  response  in TRW,  by  2–3 years,  to  large  volcanic  eruptions,  though  post-volcanic
cooling  patterns  vary  considerably  within  the Northern  Hemisphere  network.  Comparison  with  instru-
mental  temperature  data  demonstrates  the  TRW  chronologies  underestimate  cold  conditions  associated
with large  volcanic  eruptions,  a bias  that  is  mitigated  in  the  MXD  data.  While  species  composition  (pine,
olcanic eruption
orthern hemisphere

spruce,  larch)  has  no detectable  influence  on the cooling  patterns,  trees from  high  latitude  sites  (>60◦N)
indicate  a stronger  and  delayed  (1–2 years)  response  to large  eruptions,  compared  to  the  lower  lati-
tude  sites  (<60◦N). These  basic  findings  caution  against  using  TRW  data  for  quantitatively  estimating
post-volcanic  cooling  and for comparison  against  the  simulated  climate  effects  of  volcanic  eruptions  in
models.

©  2015  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Volcanic eruptions have been identified as a major natural
orcing of the climate system (Oppenheimer, 2011). The aerosols
eleased by large, explosive eruptions tend to cool the earth’s sur-
ace, but warm the lower stratosphere. Surface cooling results from
cattering of incoming solar radiation, i.e. less radiation reaches the
round. Stratospheric warming is triggered by increased absorption
f radiation, i.e. more radiation is transferred into sensible heat in
0+ km above ground (Robock, 2000). These processes ought to last
or about three years following a large eruption that injects aerosols
nto the stratosphere (Cole-Dai, 2010 and references therein).

Whereas the climatic effects of volcanic aerosols are assessed

ased on differing lines of evidence, estimates of the magnitude
nd persistence of post-eruption cooling are accompanied by large
ncertainties. Estimates based on the analysis of satellite and

∗ Corresponding author. Fax: +49 6131 3924735
E-mail address: esper@uni-mainz.de (J. Esper).

ttp://dx.doi.org/10.1016/j.dendro.2015.07.001
125-7865/© 2015 Elsevier GmbH. All rights reserved.
instrumental station data are constrained by the limited number
of eruptions during the period of observation (Sear et al., 1987; Self
et al., 1981). This limitation is overcome by using annually resolved
tree-ring data covering the past centuries to millennia, thereby
enabling the assessment of more eruptions and supporting the dif-
ferentiation from internal climate variability (Briffa et al., 1998;
D’Arrigo et al., 2009, 2013; Esper et al., 2013a,b; Fischer et al., 2007;
Salzer and Hughes, 2007). However, the noise inherent to proxy
data substantially increases the uncertainties of cooling estimates
derived from this line of evidence.

Noise in tree-ring data can be differentiated into (i) the
unexplained, non-climatic (non-temperature) variance typically
reducing the magnitude of reconstructed cooling events, and
(ii) biological memory effects likely biasing the persistence esti-
mates of cooling events. While the unexplained variance and
consequences thereof are widely recognized in the paleoclimatic
literature (Esper et al., 2005; Lee et al., 2008; Von Storch et al.,

2004), memory effects are much less acknowledged (Anchukaitis
et al., 2012), even if detailed in standard dendrochronological

dx.doi.org/10.1016/j.dendro.2015.07.001
http://www.sciencedirect.com/science/journal/11257865
http://www.elsevier.com/locate/dendro
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dendro.2015.07.001&domain=pdf
mailto:esper@uni-mainz.de
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Table  1
NH tree-ring sites. * indicates p < 0.05, ** p < 0.01, and *** p < 0.001 against regional JJA temperatures. Correlations between TRW and MXD  are calculated over the 1246–1978
common period using Spline detrended chronologies. Sites ordered by latitude.

JJA Signal
Site  Country Latitude Longitude Species Period Number MXD  TRW Source

Pyrenees (Pyr) Spain 42.5N 2.5E Pine 1044–2005 203 *** ** Büntgen et al. 2008
Lötschental (Loe) Switzerland 47.5N 7.5E Larch 735–2004 180 *** *** Büntgen et al. 2006
Tyrol (Tyr) Austria 47.5N 12.5E Spruce 1047–2003 227 *** *** Esper et al. 2007b
Altai (Alt) Russia 50.0N 88.0E Larch 462–2007 59 *** * Myglan et al. 2012a
Athabasca (Ath) Canada 52.3N 117.3W Spruce 1072–1994 102 *** ** Luckman et al., 2005
Jaemtland (Jae) Sweden 63.5N 15.5E Pine 1107–1978 158 *** *** Schweingruber et al. 1988
Mangazeja (Man) Russia 66.7N 82.3E Larch/Spruce 1246–1990 143 *** ** Schweingruber, ITRDB
Polar Ural (Pol) Russia 66.9N 65.6E Larch 778–1990 157 *** *** Briffa et al. 1995
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N-Scan (Nsc) Finland 67.5N 22.5E Pine 

Torneträsk (Tor) Sweden 68.2N 19.7E Pine 

Camphill (Cam) Canada 68.3N 133.3W Spruce 

iterature (Cook and Kairiukstis, 1990; Fritts, 1976; Matalas, 1962;
chulman, 1956).

Previous work on memory effects in TRW and MXD  chronologies
s rare, and either focused on just one of the two tree-ring parame-
ers, or in only one region or tree species. Briffa et al. (1998) used a
orthern Hemisphere (NH) network of MXD  chronologies covering

he past 200–600 years to demonstrate the capacity of reconstruct-
ng the magnitude and geographic extent of post-volcanic cooling
vents. Frank et al. (2007a) assessed memory effects in TRW and
XD chronologies from the European Alps subsequent to the 1815

ambora eruption, revealing a temporally extended response in
RW, by about 5 years, compared to MXD. D’Arrigo et al. (2013)

howed a smeared and temporally extended (∼10 years) TRW pat-
ern in response to six major eruptions, using hemispheric scale

ean TRW and MXD  chronologies. Esper (2014) showed a post-
ruption delayed response in TRW (∼3–4 years), compared to MXD,
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ig. 1. NH MXD  and TRW chronologies. (a) The Hug detrended MXD chronologies (black)
illennium. (b) Same as in (a), but for the NegExp detrended TRW chronologies. (c) Chan

y  cambial age. (d) The age-aligned mean MXD  curves (’regional curves’) in g/cm3 over the
–181–2006 587 *** *** Esper et al. 2012b
441–2010 124 *** *** Melvin et al. 2013
1175–1992 58 *** * Schweingruber, ITRDB

for a single Pinus sylvestris dataset from northern Fennoscandia
encompassing 34 volcanic eruptions over the past 900 years. A
large-scale assessment of TRW memory effects in response to the
major eruptions of the past millennium, and differentiation from
patterns retained in MXD  data, has not been completed.

Memory effects in TRW data can arise from physiological pro-
cesses fundamental to boreal and alpine conifers. Early work by
Schulman (1956) and Matalas (1962) already suggested the stor-
age of food products from one year to the next as the main
source of non-randomness and autocorrelation in TRW timeseries.
These influences appear to have less impact on MXD, represent-
ing an estimate of tracheid cell-wall growth that is more directly

associated with ambient air temperature changes in cold environ-
ments (Schweingruber et al., 1978). For TRW, the storage of starch
and sugar in parenchyma ray tissue, the remobilization of car-
bohydrates from root structures, and the development of needle
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ver  1000–2006. (b) Same as in (a), but for TRW. (c) MXD  (top) and TRW (bottom) pa
ines  indicate the first post-volcanic years. Note there was an additional eruption o

enerations enduring several growing seasons, all likely influence
adial increment beyond the instant impact of temperature vari-
bility (Pallardy, 2010).

The resulting increased biological memory is imprinted upon
he TRW data is reflected by an increased autocorrelation character-
zing the chronologies of this parameter. While these general time
eries characteristics (Esper et al., 2010; Frank and Esper, 2005)
nd statistical treatment thereof (Cook, 1985) are detailed in the
endrochronological literature, the memory effects in response to
xtreme events, and underlying processes controlling this behav-
or, particularly for MXD, are not well understood (Vaganov et al.,
006). The application of methods to remove autocorrelation from
ree-ring time series limits the ability to assess the full variance
pectrum of past temperature variability (Bunde et al., 2013; Franke
t al., 2013), while reconstruction methods may  alone alter the
caling of spectral densities in derived dendrochronological and
ulti-proxy studies (Smerdon et al., 2015). The prewhitening of

ree-ring chronologies to reduce biological memory and match
he serial correlation of instrumental target data nevertheless has
roven useful when assessing long-term hydroclimate variability
Meko, 1981). Changing the spectrum from red to white might be

equired to avoid low frequency bias in reconstructions of rain-
all and associated hydrological phenomena (Cook and Kairiukstis,
990 Meko et al., 2007).
s around the 1257 (Samalas), 1452 (Kuwae), and 1815 (Tambora) eruptions. Dashed
own origin in 1809.

We  here assess high frequency signals and memory effects in
MXD  and TRW chronologies from 11 NH sites covering the past
750+ years. Consideration of these long records enables the eval-
uation of cooling events in response to a large number (n = 29) of
major volcanic eruptions. Findings from this long period are com-
pared with TRW and MXD  deviations recorded since 1850, a period
from which instrumental temperature data are also available. We
use these data to additionally address differences between higher
and lower latitude tree sites as well as the variability within the NH
network, and discuss the results from the two  tree-ring parameters
with respect to their paleoclimatic significance.

2. Material and methods

2.1. Tree-ring data

The tree-ring data used here are a sub-sample of a MXD  net-
work compiled by Schneider et al. (2015) for the reconstruction of
NH extratropical summer temperatures over the past millennium.
Four of the 15 MXD  chronologies included in the Schneider et al.

network were not considered herin, as the accompanying TRW data
from these sites did not contain a significant June-August (JJA) tem-
perature signal. The TRW and MXD  chronologies of the remaining
11 sites correlate at p < 0.05 with regional summer temperatures,
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ignificant). (b) Same as in (a), but for the Hug detrended (MXD) and NegExp detren
ean  lag 1 to lag 10 autocorrelations of 11 tree-ring and JJA temperature time serie

ark  and light blue the NegExp and RCS detrended chronologies, and black the JJA t

nd extend back to AD 1246 or earlier with a minimum replication
 5 series. The network includes data from pine, spruce, and larch

Table 1).
The spatial distribution of tree sites is uneven, with two sites

ocated in Canada, three in Russia, and six in Europe. Five sites are
ituated south of 53◦N at high-elevation, alpine environments. Six
ites are situated north of 63◦N in the boreal zone near the north-
rn treeline. Sample replication and chronology length also vary
onsiderably among the sites, with the shortest record originating
rom Mangazeja (Russia) and the longest from northern Scandi-
avia (N-Scan, Finland). The number of MXD/TRW measurement
eries ranges from 58 in Camphill (Canada) to 587 in northern Scan-
inavia, underlining the variability of the network, and indicating
hat climate signal strength might considerably change through
ime (Fig. 1).

.1.1. Detrending and calibration
To assess uncertainty due to detrending methodology, the MXD

nd TRW data were standardized using different techniques (Fig. 2).
egional Curve Standardization (RCS; Esper et al., 2003) and 100-
ear fixed spline detrending (Spline; Cook and Peters, 1981) were
sed with both parameters to emphasize low and high frequency
ariance, respectively. The MXD  data were additionally detrended
sing Hugershoff functions (Hug), whereas for TRW negative expo-
ential curves (NegExp) were chosen, to account for the differently
haped age trends (Fig. 1d and e; Cook and Kairiukstis, 1990). All
ethods (RCS, Spline, Hug/NegExp) were applied using residu-

ls after power transforming the TRW and MXD  data (Cook and
eters, 1997). Mean (standard) site chronologies were calculated
sing the arithmetic mean, and potential variance changes adjusted

o account for temporal replication and inter-series correlation
hanges (Frank et al., 2007b).

The resulting chronologies were calibrated against instrumen-
al JJA temperatures using the nearest grid point of the 5 × 5◦
RW) chronologies. (c) Same as in (a), but for the Spline detrended chronologies. (d)
 1850-2006. Dark and light red are the Hug and RCS detrended MXD chronologies,

ratures. Asterisks indicate significant JJA temperature autocorrelations (p < 0.05).

CRUTEM4 v network as detailed in Schneider et al. (2015). We  here
considered only the tree sites at which both the MXD  and TRW
chronologies reached p < 0.05 against local grid point data, after
adjusting the degrees of freedom for autocorrelation in the proxy
and instrumental time series (Table 1). While this procedure admit-
ted tree-ring chronologies from 11 sites, it should be noted that the
summer temperature signal is overall weaker in the TRW chronolo-
gies (r− = 0.33) compared to MXD  (r− = 0.55). These estimates are
conservative, however, as they do not consider any species- or site-
specific seasonality in the climate response, and are derived from
correlations over the past 150 years, even in areas where early
temperature readings had to be infilled using remote instrumental
data (details in Schneider et al. 2015). All chronologies were trans-
ferred into estimates of past summer temperature variability by
centering and scaling them to match the mean and variance of the
instrumental target data back to 1850 (Esper et al. 2005).

2.1.2. Autocorrelation and superposed epoch analysis
Basic methods were used to assess memory effects in the TRW

and MXD  chronologies. We  calculated the autocorrelation of the
differently detrended (Hug/NegExp, Spline, RCS) chronologies over
the past millennium (shorter for the records not covering the full
millennium; see Table 1) at lags 1–20, and over 1850–2006 at lags
1–10. The latter period was  chosen as it additionally permits the
calculation of autocorrelations of instrumental temperature data
and comparison with tree-ring chronologies.

The MXD  and TRW chronologies were decomposed into shorter
segments of 15 years and re-aligned by volcanic eruptions using
Superposed Epoch Analysis (SEA, Panofsky and Brier, 1958; see
Fig. 2c for examples in 1257, 1452, 1815). For the past 1000 years,

we used 27 annually dated eruptions exceeding a volcanic explosiv-
ity index (VEI, Newhall and Self, 1982) of 4 as listed by the Global
Volcanism Project (Siebert et al., 2011; for a list of events of the
past millennium see Esper et al., 2013b), plus the eruptions in 1257
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ig. 4. Tree-ring response to volcanic eruptions. (a) SEA of the mean MXD (black) an
ingle  curves represent different detrending methods (Hug/NegExp, Spline, RCS). Sh
s  in (a), but for five sites located south of 53◦N (see Table 1). (c), As in (a), but for t

Lavigne and Source of the great, 2013) and 1452 (Briffa et al., 1998)
ngerprinted as aerosol deposition spikes in polar ice core data

Gao et al., 2008; Hammer et al., 1980), and annually dated through
ree-ring data (Briffa et al., 1998; LaMarche and Hirschboeck, 1984).

e included tropical volcanoes estimated to have released > 1 bil-
ion m3 tephra, and NH extratropical eruptions >2 billion m3 tephra
o account for the presumed increased significance of lower latitude
vents (Timmreck, 2012; Wegmann et al., 2014).

In addition to these evaluations using data of the past mil-
ennium, SEA was applied in the shorter 1850–2006 period, over

hich instrumental temperature data are available. In this second
pproach, we re-aligned the proxy and observational data only if
ocal JJA temperatures exceeded −0.5 ◦C in (i) the year of a volcanic
vent, or (ii) in one of the two following years. In so doing, we  lim-
ted this analysis to the locally cold, post-volcanic events in the 11
H sites considered herein.

We  finally used SEA over 1850–2006, considering the 15 cold-
st and warmest summers recorded in the local temperature data,
nd aligned the proxy data by these events instead of the volcanic
ruptions. In all SEA runs, the displayed MXD, TRW, and JJA data
re expressed as anomalies with respect to the five years (−5 to
1) preceding a volcanic (or other) event. Statistical uncertainty
as estimated considering the two sigma error range derived from

he variance of the mean MXD  (TRW) deviations over the five pre-
olcanic years (−5 to −1) using the data of the past millennium.

. Results and discussion

.1. TRW and Mxd  autocorrelation

The NH TRW chronologies contain substantially more auto-

orrelation over the past 1000 years than the MXD  chronologies,
ndependent of the method used for age-trend removal (Fig. 3).
ll differently detrended chronologies show the typical sequence
f largest autocorrelation at lag 1 (= AC1) and subsequently
 (grey) data from 11 NH sites aligned by 29 volcanic events over the past 900 years.
s indicate the two-sigma uncertainties of the MXD  (dark) and TRW data (light). (b)

 sites located north of 63◦N.

decreasing values. In the RCS detrended data, the mean autocorrela-
tion in both TRW and MXD  remains positive throughout AC1–AC20,
though the TRW chronologies indicate much larger temporal mem-
ory ranging from 0.79 to 0.52 (0.39 to 0.21 in MXD). In comparison,
the Hug/NegExp and Spline detrended chronologies contain much
less memory. Autocorrelations are lower at AC1 and approach zero
much quicker, turning negative at AC6 (MXD) and AC7 (TRW) in the
Spline detrended data, for example. In the individual detrendings
(Hug/NegExp, Spline), the initial autocorrelations, AC1–AC5, are
notably larger in TRW (0.31 on average) compared to MXD  (0.11),
revealing increased memory also in these chronology types that
are typically used to reconstruct higher frequency climatic changes
(Cook and Kairiukstis, 1990).

Comparison of the autocorrelation structure of the RCS and
Hug/NegExp chronologies with regional JJA temperatures since
1850 reveals a closer match with MXD  (Fig. 3d). AC1–AC10 of the
local summer temperatures range from 0.23 to 0.13, whereas par-
ticularly the RCS detrended MXD  data contain similar memory,
ranging from 0.22 to 0.09. In contrast, the TRW autocorrelations
(0.56-0.22 for RCS and 0.51-0.13 for NegExp) exceed the values
of the observations, indicating that reconstructions based on this
parameter might overestimate the memory retained in local tem-
perature readings.

The TRW/observational mismatch is particularly striking over
the first several lags suggesting potential limitations in retain-
ing high frequency climatic variance and recovery from externally
forced extreme deviations in the first ∼5 years. Testing this asser-
tion, however, requires the application of SEA with such extremes.
Statistical treatment to remove autocorrelation and pre-whitening
the data is not suitable when assessing temperature, as it disables
the reconstruction of any lower frequency variance inherent to this

climate element (Franke et al., 2013). Modern tree-ring based cli-
mate reconstructions thus consider RCS for tree-ring detrending
intending to recover the full frequency spectrum of past tempera-
ture variability (e.g., Briffa et al., 1992; Büntgen et al., 2011; Cook
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◦

J. Esper et al. / Dendroc

nd D’Arrigo, 2000; Cook et al., 2002; D’Arrigo et al., 2006; Esper
t al., 2002, 2014; Gennaretti et al., 2014; Luckman and Wilson,
005; Myglan et al., 2012b; Schneider et al., 2015; Wiles et al.,
014).

.2. TRW and MXD  signals and memory since AD 1000

The comparison of TRW and MXD  variability following 29 major
olcanic eruptions of the past millennium reveals substantial dif-
erences between the two estimates of response and recovery
Fig. 4a). While MXD  shows a significant post-volcanic cooling
f −0.40 ◦C in year 1 after the eruptions, the mean TRW devia-
ion at 11 NH sites is less distinct. The TRW based estimates are
airly similar throughout years +1 to +5, ranging from −0.13 ◦C to
0.17 ◦C, and characterized by a larger spread among the differently
etrended chronologies (the thin grey curves in Fig. 4a). This some-
hat smeared appearance differs from the MXD  pattern, which is

ominated by a significantly deviating spike in year +1 and reduced
ut still noticeable cooling in years +2 and +3. The MXD  deviation is
uite similar among the different detrendings, and relaxes back to
re-eruption levels in year +4, though does not exceed 0 ◦C before
ear +7. The MXD  signal also remains distinct in year +1 when
ividing the NH network into high and mid  latitude sites, though
he amplitude of temperature deviation differs between the sub-
amples (Fig. 4b and c). For TRW, the signal appears to be limited
o the high latitude sites, with the trees from lower latitude, alpine
nvironments showing no significant post-volcanic deviation.

The differing patterns in MXD  and TRW likely resulted from
hanging fractions of climatically explained variance, as well as
emory effects arising from varying physiological processes con-

rolling radial increment and cell-wall growth. The overall reduced
orrelation between the TRW chronologies and local JJA tempera-
ures translates into a reduced post-volcanic deviation in the SEA
−0.17 ◦C in year +1, compared to −0.40 ◦C from the MXD  data).
his initially reduced deviation then remains at a relatively con-
tant level over the next 4-5 years, perhaps due to carbohydrate
torage and remobilization effects controlling TRW (Tranquillini,
964). The MXD  volcanic pattern, on the other hand, is overall more
ransient and appears to be less affected by physiological and struc-
ural influences beyond the immediate impact of air temperature
ariability. It is further noted, however, that the rather large uncer-
ainties displayed in Fig. 4 not only reflect the noise inherent to the
roxy data, but also account for the geographically varying temper-
ture response following large volcanic eruptions (D’Arrigo et al.,
013), as has been demonstrated by Briffa et al. (1998) using a dense
etwork of shorter MXD  chronologies from the NH extratropics.
hese interpretations are further examined in the next section in
hich the proxy deviations are compared with local temperature

ata over the shorter post-1850 time interval.

.3. Tree-ring and temperature signals since AD 1850

The assessment of recent volcanic eruptions triggering cooling
n local temperature data reveals a better fit of MXD  compared
o TRW (Fig. 5). Both the observational and MXD-based summer
emperatures reflect cooling in years 0 to +2 ranging from −0.35
o −0.61 ◦C, though maximum deviations are recorded in differ-
nt years (+2 in MXD, 0 in observations). In contrast, the TRW
ased estimates do not cohere with the observational data in these
ears, and do not deviate substantially from climatology (−0.21
o −0.31 ◦C in years 0 and +1), indicating the limited skill of this
ree-ring parameter to reflect distinct inter-annual temperature

ariations. For MXD, it appears somewhat surprising how well the
stimates compare with the instrumental cooling magnitude, as
he volcanic events aligned in the SEA are limited to yearly anoma-
ies that are colder than −0.5 ◦C in the local observational data
i.e.  51 cases did not exceed −0.5 C at a particular grid point. Single black and grey
curves represent different detrendings (Hug/NegExp, Spline, RCS). (b) As in (a), but
for the sites located north of 63◦N. (c), As in (a), but for the sites locate south of 53◦N.

(Methods). This selection procedure involved a reduction of the
SEA aligned volcanic events by 37% unrelated to local cooling in the
gridded temperature data.

The differing responses in years 0 and +2 in the proxy and instru-
mental data is further explored by dividing the network into sites
north of 63◦N and south of 53◦N (Fig. 5b and c). When applying this
separation an instantaneous response (year 0) to volcanic activ-
ity is recorded at the mid  latitude sites, and a delayed response
(year +2) at the high latitude sites. While the mid  latitude observa-
tional temperature response is closely reflected in both the regional
TRW and MXD  data, the high latitude cooling is only retained in the
MXD  data. The high latitude TRW chronologies do not indicate any
post-volcanic variance differing from other, un-forced years, under-
scoring the limited skill of this parameter to reconstruct externally
forced extremes in boreal environments. This conclusion is, how-
ever, constrained by the limited number of volcanic events leaving
a cooling signature in the local instrumental data since 1850. Fur-
ther explaining the spatially differing post-volcanic patterns in the
observational and MXD  data requires a spatially resolved analysis
of NH temperature fields (Schneider et al., 2015), which is beyond
the scope of this current analysis focusing on parameter-specific

memory effects.

We  finally show the SEA results, based on aligning the tree-ring
data by the locally coldest and warmest summers since 1850, to
reinforce the (i) reduced temperature amplitude retained in the
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ig. 6. Tree-ring deviations in extremely cold and warm years. (a) SEA of the me
ummers at the local grid points since 1850. (b) Same as in (a), but for the 15 warm

RW network, and (ii) large variability of TRW and MXD  patterns
mong NH sites (Fig. 6). While the reduced climatically explained
ariance in the TRW chronologies (r−2 = 0.11 with JJA tempera-
ures) easily explains the severe underestimation of extreme JJA
emperature deviations (�T = 0.84 ◦C in cold and 1.03 ◦C warm
ears; Fig. 6a and b), the spatially variable response patterns cannot
e related to a single controlling factor, such as species composition
r site location. If anything, site variability remains as an unex-
lained characteristic of the proxy network: Tor (Sweden, pine)
nd Pol (Russia, larch) show good coherence in MXD, but mem-
ry effects in TRW (Fig. 6c and d); Ath (Canada, spruce) and Loe
Switzerland, larch) show good coherence in MXD, but no signal in

RW (Fig. 6e and f); and Pyr (Spain, pine) and Ath (Canada, spruce)
how weak signals in both MXD  and TRW (Fig. 6g and h). It is impor-
ant to keep these differences in mind when aggregating larger
D  (black), TRW (grey), and JJA temperature (red) data aligned by the 15 coldest
mmers in each region. (c-h) MXD  and TRW deviations in selected NH sites.

proxy networks and interpreting their common response (Esper
et al., 2012a).

4. Conclusion

Comparison of long MXD  and TRW chronologies from 11 sites
in the NH give insight into parameter-specific responses and mem-
ory effects. We found a temporally extended response (up to 6
years) in TRW subsequent to 29 volcanic eruptions of the past mil-
lennium. In contrast, the MXD  response is strongest in the first
post-volcanic year (−0.40 ◦C on average) and does not substantially
and remobilization likely control the parameter-specific memory
effects, increasing the autocorrelation in TRW chronologies beyond
the memory inherent to target summer temperature data. While
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he autocorrelation structure of tree-ring chronologies is highly
ependent on the detrending method, memory in TRW is generally

arger than in MXD  over the first 10 to 20 lags.
Besides the memory effects, the TRW extremes also appear to

e reduced in comparison to the MXD  deviations over the past
000 years. TRW-based cooling estimates only reach −0.17 ◦C in
he first post-volcanic year, compared to −0.40 ◦C using MXD.
omparisons with instrumental summer temperature data over
he post-1850 period support this conclusion, with the MXD  esti-

ates being in line with the observations, and the TRW estimates
ndicating smaller cooling effects. There is no sign that MXD  sys-
ematically over or underestimates the cooling response to volcanic
ruptions (Tingley et al., 2014). The assessments over this much
horter time interval also indicate a better correlation between
RW and observational data in mid  latitude locations south of
3◦N, but a diminished signal in high latitude locations north of
3◦N. This conclusion, however, rests on fewer data points includ-

ng only 13 volcanic events since 1850, and is not supported by
he findings based on data over the past millennium. The latter
ndicates the high (not mid) latitude TRW data contain a stronger
ost-volcanic signal, though contaminated by memory effects in
ubsequent years.

Both characteristics of TRW – the increased memory (∼6 years)
nd reduced variability (∼ half of the MXD  variance) – likely
ias post-volcanic cooling estimates, and perhaps other distur-
ance signals (Esper et al., 2007a). While our study also indicates a

arge variability among tree sites, it demonstrates the strength of
XD  data for assessing pulse-like disturbance events beyond the

eriod covered by observational data. The application of individual
etrending methods that emphasize higher frequency variance in
esulting chronologies probably does not resolve the limitation of
RW to retain unbiased estimates of extreme events.
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