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Abstract. Past temperature variations are usually inferred The 24 variants of May-to-September temperature recon-
from proxy data or estimated using general circulation mod-structions reveal a generally coherent pattern of inter-annual
els. Comparisons between climate estimations derived fromo multi-centennial temperature variations in the Pyrenees re-
proxy records and from model simulations help to better un-gion for the last 750 yr. However, some reconstructions dis-
derstand mechanisms driving climate variations, and also ofplay a marked positive trend for the entire length of the re-
fer the possibility to identify deficiencies in both approaches.construction, pointing out that the application of the RCS
This paper presents regional temperature reconstructionsiethod to a suboptimal set of samples may lead to unreli-
based on tree-ring maximum density series in the Pyreneesble results.
and compares them with the output of global simulations for Climate model simulations agree with the tree-ring based
this region and with regional climate model simulations con-reconstructions at multi-decadal time scales, suggesting so-
ducted for the target region. An ensemble of 24 reconstruciar variability and volcanism as the main factors control-
tions of May-to-September regional mean temperature wading preindustrial mean temperature variations in the Pyre-
derived from 22 maximum density tree-ring site chronolo- nees. Nevertheless, the comparison also highlights differ-
gies distributed over the larger Pyrenees area. Four differences with the reconstructions, mainly in the amplitude of
ent tree-ring series standardization procedures were applieghast temperature variations and in the 20th century trends.
combining two detrending methods: 300-yr spline and theNeither proxy-based reconstructions nor model simulations
regional curve standardization (RCS). Additionally, differ- are able to perfectly track the temperature variations of the
ent methodological variants for the regional chronology wereinstrumental record, suggesting that both approximations
generated by using three different aggregation methods. Calistill need further improvements.
bration verification trials were performed in split periods and
using two methods: regression and a simple variance match-
ing. The resulting set of temperature reconstructions was
compared with climate simulations performed with global
(ECHO-G) and regional (MM5) climate models.
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920 I. Dorado Lifian et al.: Estimating 750 years of temperature variations and uncertainties in the Pyrenees

1 Introduction A variety of climate models of increasing complexity is
available for palaeoclimate simulation experiments: from en-
Estimations of future climate change indicate that variationsergy balance models (EBM; e.g. Hegerl et al., 2006) to three-
at regional scales may be larger than the global averag@imensional coupled ocean-atmosphere general circulation
(IPCC, 2007). However, these regional projections are hammodels (GCMs; e.g. Zorita et al., 2005). GCMs have a global
pered by the limited knowledge of the mechanisms that givecoverage, although their spatial resolution is still limited by
rise to variability at multi-decadal and longer time scales. computing power requirements. Additionally, the output of
One reason is the short length of the available instrumenciimate models is burdened by an important amount of un-
tal records. The relative abundance of proxy records duringertainty arising from limitations in the models themselves,
the last millennium (e.g. Jones et al., 2009) offers the posas well as from the prescribed external forcings used to drive
sibility to reconstruct climate parameters such as temperathe simulations, which are mostly estimated from proxy data
ture and precipitation, improving our understanding of past(Jansen et al., 2007). Thus, the validation of the models is
regional climate variability at interdecadal and longer time necessary prior to using their simulated outputs. This vali-
scales (Jansen et al., 2007). Currently, two main approachegation is based on the assessment of their skill to reproduce
are being used to advance this line of research: (1) creatinghe general circulation and main climatic features of the cur-
new or extending the existing climate reconstructions backrent observed climate, although this does not guarantee their
in time using documentary evidence or environmental prox-reliability to project future or past climate changes.
ies such as tree-ring parameters (width, density, isotopic con- The model ECHO-G was part of the Climate Model Inter-
tent), corals, speleothems (Jones et al., 2009); and (2) simzomparison Project CMIP3, which was widely used in the
lations of natural and forced climate variability using climate Fourth Assessment Report of the Intergovernmental Panel
models (eg Zoritaetal., 2005; Gaiez-Rouco et al., 2009; on Climate Change (|PCC) The ECHO-G model was iden-
Junglcaus et al., 2010). tified as one of the best performing models in the suite when
Tree-rings may contain useful information on past envi- hpenchmarked against recent temperature, precipitation and
ronmental conditions, which can be used to reconstruct pasiea level pressure data (Gleckler et al., 2008). Alternatively,
climate using statistical relationships to a target climate vari-regional climate models (RCM) simulate a limited area, thus
able (Fritts, 1976; Cook and Kairiukstis, 1990). In this re- reducing the computational requirements and allowing sim-
spect, tree-ring width and density are the most widely usedjations at higher spatial resolutions. Simulations with this
proxies for the last millennium, and their links to seasonalkind of model over the last millennium have recently become
temperatures have been extensively studied (Briffa et al.available for specific regions (e.g.6@ez-Navarro et al.,
2002, 2004; Bntgen et al., 2006, 2007, 2008; Esper et al., 2011, 2012). The development of RCM palaeoclimate simu-
2002, 2005a; Grudd, 2008). Although tree-ring measureations depends on the existence of GCM runs where bound-
ments are accurately annually dated, their abl'lty to enCOinry conditions are taken from. However, the h|gher RCM res-
centennial to multi-centennial climate variability is often ojution improves several aspects of the climate simulation
limited by the standardization technique used to remove agewith coarser GCMs, such as a better representation of the
related trends. The climate signal at these time scales may bigteractions between the large-scale circulation and the orog-
distorted by the technique used to remove non-climatic variaraphy, which plays an important role in regional climates.
tionsin tree-ring series (COOk etal., 1995; Esper etal., 2002Add|t|0na||y' the RCM emp|0yed here imp|ements a set of
2003; Briffa and Melvin, 2008). In addition to the standard- physical parameterizations of the sub-grid processes that has
ization issue, it is desirable that the climate reconstructionyeen demonstrated to reproduce realistically the heteroge-
based on proxies represent a climate signal that is not locallyeous climate over the Iberian Peninsul®(@z-Navarro et
confined. This is necessary in order to bridge the gap in they|., 2011). Thus, these model data allow in general for more
spatial scale between the coarse resolution of climate modelgalistic model-data comparisons.
and the local proxy—based climate reconstructions. ThUS, in- Validations based on Cross-comparisons between recon-
dividual or site chronologies are ideally aggregated into onestructions and model estimates are still needed, especially at
regional chronology that captures a regional climate signalyegional scales, since such comparisons offer the possibility
the same spatial resolution that climate models are intendegh identify deficiencies in both approaches and thus to im-
to represent. Furthermore, the technique applied to transformrove proxy-based reconstructions, climate models and forc-
tree-ring parameters to meteorological units also implies gng estimates (e.g. D'Arrigo et al., 1999; Collins et al., 2002;
challenge: whereas simple linear regression methods mayan et al., 2009; Gori#ez-Rouco et al., 2009; Zorita et al.,
underestimate low-frequency variability, variance matching,2010; G@mez-Navarro et al., 2011).
in the following referred to as scaling, shows better perfor- |n the climate context in the Iberian Peninsula, the Pyre-
mance in retaining large-scale variations but at the expensg@ees range constitutes an interesting area for palaeoclimate
of inflated error estimates (Esper et al., 2005b; Zorita et al. reconstruction and simulations due to its location in the tran-
2010; McCarrol et al., 2011). sition zones between the Eurosiberian and Mediterranean
ecoclimatic regions, where future climate change is expected
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to have large effects (IPCC, 2007). Furthermore, networks As described in Bntgen et al. (2008, 2010), to obtain the
of tree-ring data suitable for developing temperature reconMXD measurements from tree-rings, all cores were sanded
structions (Bintgen et al., 2010) as well as global (Galez-  and visually cross-dated following dendrochronological pro-
Rouco et al., 2009) and regional §@®ez-Navarro et al., cedures described by Stokes and Smiley (1968). The ac-
2011, 2012 ) scale climate simulations are available for thiscuracies of the visual cross-dating and measurements were
region. verified using the computer program COFECHA (Holmes,

By using both proxy and model data, this work aims at 1983). For the density measurements, lathes perpendicular to
two main objectives: (1) to generate an improved version ofthe wood fibres were extracted from 804 cores and analysed
the tree-ring based reconstruction of past temperatures in thisllowing X-ray microdensitometric techniques developed
Pyrenees by using a larger dataset and evaluating the uncely Polge (1965). The output is a density profile of points
tainties related to the usage of several methodological varitaken at 0.01 mm intervals in the radial direction across each
ants; (2) to assess the realism of GCM and RCM simula-ring. The MXD along this direction was estimated for each
tions and their differences in reproducing available evidenceyear.
of past climate variability over the Pyrenees area by compar-
ing them to the tree-ring based climate reconstructions devel2.1  Site chronologies
oped here.

With this purpose, in the first part of the study, we test In order to construct the MXD chronologies for each of the
different methods to develop the tree-ring based climate re22 sites, density series were processed according to stan-
constructions, considering the most usual approaches fodard dendrochronological techniques (Cook and Kairiukstis,
the standardization of the individual series, for the aggre-1990). The individual series were standardized to remove
gation into a regional chronology and for the calibration- age trends in the mean by fitting a stiff function, which not
reconstruction technique applied. The resulting reconstruconly emphasizes inter-annual variations, but also preserves
tion variants are compared to a previously existing maximummulti-decadal scale variations in the final chronology (Cook
temperature reconstruction based on tree-rings developed kst al., 1995). To assess the uncertainty caused by the appli-
Buntgen et al. (2008). In the second part, we compare the clication of different standardizations, the individual series un-
mate variability of the reconstruction based on the tree-ringderwent different standardization procedures with ARSTAN
records with that simulated by a GCM and a RCM over the (Cook and Holmes, 1986). Two detrending techniques were
Pyrenees area. We focus on identifying and discussing theised to remove age trends: regional curve standardization
possible causes for the different estimations of past climat€dRCS; Esper et al., 2003) and a 300-yr cubic smoothing
changes. spline with a 50 % frequency response cut-off (300sp; e.g.

Buntgen et al., 2010). In addition to these two detrending
) techniques, a power transformation (PT) for the stabilization
2 Material and methods of the variance in the individual series was alternately con-

A dataset of 804 individual maximum density (MXD) tree- ducted (Cook and Peters, 1997). AIthoqgh raw MXD SEres
are often assumed to be homoscedastic, a conservative po-

ring series, grouped into 22 chronologies covering the Pyre_]s(ition was adopted, since the existence of long-term trends

nees area, was available for the present study. The networm the serial variance cannot be entirely rejected. Thus, a

includes the two chronologies previously used to develop theset of four different standardization procedures was applied

first tree-ring based regional reconstruction of past rT]aXimumconsiderin the possible existence of trends in the variance:
temperatures in the PyreneesifBgen et al., 2008): addi- 9 b ’

tional data published in htgen et al. (2010), and a newly (1) RCS; (2) RCS preceded by PT (RCSPT); (3) 300sp;

developed 700-yr long MXD chronology. Compared to the and (4) 300sp preceded by PT (300spPT). Finally, for each

revious reconstruction of maximum temperature, the neWSite' chronologies were constructed by using a bi-weight ro-
P P : b{JSt mean (Cook and Kairiukstis, 1990), which reduces the

dataset covers a wider area and uses a larger replication, nQ

X . . . 1possible bias caused by extreme values. The final length
only in most recent centuries, but also in the earliest part Olof the chronologies was established by truncating the final
the period (1260-1350 AD). 9 y 9

. . . . . chronologies when less than five contributing samples were
The location, elevation and tree species at each site are in=

. - . . ° available (Esper et al., 2003;UBtgen et al., 2008), leading
dicated in Fig. 1. The species sampled were Mountain PINE - maximum reliable time span of 1260-2005 AD (Fig. 2)
(Pinus uncinataRamond ex DC. in Lam. et DC.), a shade- e

intolerant and long-lived conifer that grows under temper- . .

i . o . - 2.2 Regional Pyrenees chronologies
ate subalpine climate conditions and dominates at elevations
above 1800 ma.s.l., and Silver fiklgies albaMill.) that usu-
ally grows at humid sites on north facing, shady slopes an
at elevations above 1200 m a.s.l. (Macias et al., 2006).

Ol\/IXD individual series and site chronologies were standard-
ized and aggregated into regional chronologies using three
different approaches: (1) computing a simple arithmetic av-
erage of the 22 individual MXD chronologies (RG&%ean,
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Fig. 1. Location of the 22 MXD chronologies. Red and blue circles indicate the tree species sampled at eRatusitencinateand Abies
alba, respectively. The elevations (in ma.s.l.) are indicated in brackets.

RCSPTmean, 300spnean, 300spPTean); (2) comput- mountainous regions such as the Pyrenees, temperature se-
ing a single chronology including all 804 individual se- ries have shown stronger inter-site relationships between dis-
ries in one run (RCfhrono, RCSPIchrono, 300sgchrono,  tant sites than precipitation data, which display stronger vari-
300spPTchrono); and (3) conducting principal component ability at local spatial scales (Agusti-Panareda et al., 2000).
analyses (Peters et al., 1981), computed separately for eacfemperature is known to be the dominant climate factor con-
time segment with a constant number of MXD chronologiestrolling tree-growth at high-elevation sites in the Pyrenees
to produce nested PCA regional chronologies (IRGS; (Macias et al., 2006; &ntgen et al., 2008, 2010). A regional
PCsRCSPT; PCs300sp; PCs300spPT). The combination record consisting of the data from six stations: Pamplona,
of the four different procedures for standardization and theSan Sebasin, Zaragoza, Barcelona, Burgos and Huesca
three different procedures for aggregation yields a total of(Brunet et al., 2007, 2008) was available as a representa-
12 different regional chronologies for the Pyrenees region. tive homogenized and high-quality temperature record of the
Due to the different time spans covered by the area for the last 100yr. All regional chronologies, together
22 chronologies (Fig. 2), a total number of 25 PCA runs with the leading principal component PC1 of the PCA, were
were performed for each of the four standardization meth-correlated with instrumental regional maximum, minimum
ods (RCS, RCSPT, 300sp and 300spPT) in order to obtaimnd mean temperature from Brunet et al. (2007, 2008) at
the corresponding scores of the principal components (PCsnonthly and seasonal time scales (results not shown). May-
for each of the time segments. In addition, the spatial loadto-September mean temperatu@(;as) was identified as
ings, sometimes denoted as empirical orthogonal functionghe most influencing parameter for tree growth.
(EOFs), were also analyzed to assess the similarities and dif-
ferences between their spatial patterns among the four star®.3 Pyrenees reconstructions
dardization methods. For the EOF maps we use the load-
ing that corresponds to the run5 (time span 1928-1977 AD)Pyrenees temperature reconstructions were obtained using
which includes all 22 MXD chronologies. both scaling and regression methods (Esper et al., 2005b) ap-
Simple correlations were used to assess the climatglied to the different regional chronologies developed. Thus,
information contained in the regional chronologies. In from the collection of 12 regional MXD chronologies built
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a horizontal resolution of approx. 2.8at x long, with a
finer resolution in the tropics increasing towards the Equa-
tor where it reaches a minimum meridional grid point sep-
aration of 0.8. The model is run using flux adjustments to
0 avoid climate drift. This work makes use of two existing
model simulations (Erikl and Erik2) produced by driving

1000 1200 1400 1600 1800 2000 . . . .

Year (AD) the model with estimations of the evolution of some natural

. . . . . and anthropogenic forcings during the last millennium. Both
Fig. 2. Total time span (grey line) and reliable time span (black _. . . . o
line) after truncation of the 22 MXD chronologies when less than simulations were produced starting from different nitial con-

five series were available. Blue line represents total number of Mxpditions and driven by identical forcings from year 1000 AD
series. onwards. Erikl (Erik2) started from a relatively warm (cold)

state and was integrated for 100 yr according to the forcing
levels of year 1000 AD, with the forcing values then changed

using the three different methodological approaches detailegtearly according to the prescribed estimates. Erikl presents
above, 24 regional reconstructions were developed: 12 using/armer values in the first centuries of the simulation. Goosse
scaling and 12 using regression techniques (Table 1). et al. (2005) and Osborn et al. (2006) suggest that this sim-

Each chronology and the instrumental records were higrulation is unusually warm in comparison with other model
and low-pass filtered with a 20-yr centred moving averagesimulations due to the warmer initial state. Erik2 shows sim-
and then correlated to assess the similarity at high andlar amplitudes in the temperature changes through the last
low frequencies, respectively. Calibration/verification testsmillennium in comparison to other model runs (e.g. Zorita et
against the overlappin@vjias regional instrumental tem- al., 2007).
perature record were performed in split periods (Snee, 1977). The external forcings used as boundary conditions for
The tree-ring model was calibrated against the first half of thethe simulations include estimations of changes in solar ir-
instrumental temperature record (1900-1952 AD) and val+adiance and the parameterized effect of stratospheric vol-
idated against the second half (1953—-2005 AD), and vice<anic aerosols, both adapted from Crowley (2000), as well
versa. Quality control statistics such as the coefficient of de-as the concentrations of greenhouse gases(C8l; and
termination (2), Pearson’s correlation coefficient between N20) provided by Etheridge et al. (1996, 1998) and Battle et
observed and predicted valuegyg-pred and the reduction of al. (1996). For a more in-depth description of the simulations
error (RE; Cook et al., 1994) were calculated to test the valid-and the external forcings applied as well as model details,
ity of the reconstructions, derived using both methodologiesthe reader should refer to Zorita et al. (2005) and Géewz
Usually, RE values above zero indicate reconstruction skills Rouco et al. (2006, 2009).
but since RE has no lower boundary and no test for its sta- The RCM simulations used herein were produced with a
tistical significance exists, it should be interpreted carefully. climate version of the model MM5, developed by NCAR and
Reconstruction uncertainties related to the differences of théhe Pennsylvania State University (Dudhia, 1993; Grell et
precursor chronologies and the calibration models used fofl., 1994). The model domain is double-nested with resolu-
reconstruction were assessed. tions of 90 km and 30 km, respectively. The high-resolution

Additionally, the maximum temperature reconstruction for domain covers the area of the Iberian Peninsula. Two 1000-
the Pyrenees of @ntgen et al. (2008) (PYR) was mod- Yr-long simulations were run. Each simulation (MM5-Erik1
ified to be fully comparable to the newly developed setand MM5-Erik2) was produced by driving the MM5 model
of regional mean temperature reconstructions. The originawith boundary conditions obtained from the ECHO-G Erik1
chronology used in Bntgen et al. (2008) was calibrated and Erik2 runs, respectively. The boundary conditions are
against May—September mean temperatures to build a recohtroduced into the outer domain of the MM5 model through
struction called “mPYR”. a blending area of five grid points at the boundaries. Spec-

The resulting set of temperature reconstructions was comfications for the model, simulation experiments and the
pared with climate simulations performed with global and physics configuration are also provided ifbiBez-Navarro
regional climate models, spanning the last millennium in theet al. (2011, 2012).
target region.

N S
S 3
3 3
S81I9s Jo JaquinN

)

Number of MXD
cnwomao o

chronologies

2.4 Model simulations 3 Results

The global GCM simulations used here were produced with3.1 Regional Pyrenees MXD chronologies and

the ECHO-G (Legutke and Voss, 1999) climate model, con- climate signal

sisting of the ECHAM4 atmospheric component and the

HOPE-G ocean model. ECHAM4 is used with a T30 hor- The PCA performed on the set of MXD chronologies reveals
izontal resolution (ca. 3.73at x long) and HOPE-G with  that the first principal component (PC1) is dominant and
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Table 1. Statistics of the calibration verification for the 24 regional chronologies develepedicates correlation between instrumental and
predicted May-to-September temperaturBgjag): for the entire period 1900-2005 AD)( for the entire period in series low-pass filtered
with a 20 yr moving averagerf) and for the correlations for the two periods of the calibrationgdp_1952 andri9s3_2005 respectively).
RE: reduction of error for the two split periods. (**) indicates significant correlation at 99 % level.

Regional Regional pSeF:ichJtd
chronology type  reconstruction code r Tif

r(1900-1952 (19532005 RE1  RE2
RCSchronaR 0.36** —0,19 0.75* 0.54** —0.70 —0,80
RCSPTchronaR  0.37** —0.18 0.74* 0.55* —0.82 —0.94
Chrono 300spchronaR 0.59**  0.25 0.75%* 0.72** —0.12 -0.37
300spPTchronaR  0.59** 0.25 0.72** 0.72** —-0.02 -0.43
RCSmeanR 0.70*  0.45 0.73* 0.81*  0.09  0.42
R , RCSPTmeanR 0.72*  0.49 0.73* 0.82** 021 043
egression  Mean 300spmeanR 0.60*  0.20 0.73* 0.74* —0.24  0.12
300spPTmeanR  0.61**  0.22 0.74* 0.74* —0.29  0.00
PCsRCSR 0.73* 056 0.81** 0.76* 059  0.67
PCsRCSPTR 0.80**  0.58 0.81* 0.84* 073  0.68
Nested PCs PCs300spR 0.67*  0.43 0.81** 0.70% 051  0.65
PCs300spPTR 0.68*  0.45 0.81** 0.70 051  0.66
RCSchronaS 0.36** —0.19 0.75* 0.54** —0.04 —4.20
RCSPTchronaS  0.37** —0.18 0.75* 0.55** —0.02 —3.95
Chrono 300spchronaS 0.59*  0.25 0.75* 0.72** 022  0.38
300spPTchronaS  0.59**  0.25 0.72% 0.72% 021 0.44
RCSmeanS 0.71**  0.45 0.73* 0.81*  0.36  0.69
Seali RCSPTmeanS 0.72*  0.49 0.73* 0.82** 036  0.66
caling Mean 300spmean$S 0.60*  0.20 0.73* 0.74* 036  0.40
300spPTmeanS  0.61**  0.22 0.74* 0.74* 028  0.47
PCsRCSS 0.71*  0.64 0.73* 0.83* 065  0.62
PCsRCSPTS 0.72*  0.78 0.73* 0.84** 066  0.62
Nested PCs  pcg300sps 0.66**  0.53 0.73* 0.76** 046  0.62
PCs300spPTS 0.66**  0.55 0.74* 0.77* 048  0.61
mPYR 0.62**  0.61 0.57** 0.74**  0.47 —0.85

captures on average 60 % of the variance (Fig. 3). The highused, become less spatially and seasonally coherent, with the
percentage of variance explained by PC1 shows slight varisign and magnitude of the relationship, occasionally differ-
ations across the different PCA runs, displaying higher per-ing between individual points, likely in response to local or
centages of explained variance for PCAs containing a smallesite influences.

number of MXD chronologies (runl, run2, and fromrun21to The leading mode (PC1) shows high correlations with
run25). The leading PC derived from chronologies standardthe seasonal May-to-September temperature and has posi-
ized with 300sp and 300spPT, rather than with RCS or RC+ive loadings across all the Pyrenees sites (Fig. 5). The high-
SPT, also explains slightly more common variance, althoughest correlations with climate are for the PC that includes
the difference is very small. The first empirical orthogonal the highest number of MXD chronologies (i.e. run4 and
function (EOF) describes a coherent spatial pattern of theun5) and decreasing with decreasing number of series. The
signal regardless of the standardization method used (Fig. 4small differences observed in the variance captured by PC1
The individual points (MXD chronologies) present the sameamong the different standardization methods do not have a
sign and similar magnitude in the maps of the first EOF for significant effect on the correlation between PC1 with May-
each of the four standardization methods. This suggests thab September-temperaturg(;ias)- The coefficients among
spatially coherent modes of tree-ring variation exist, whichthe different standardization methods are almost identical. In
may reflect regional-scale modes of climate parameters drivsummary, the mean correlation of PC1 dhghjas is 0.64,

ing tree growth. The second and subsequent PCA modesnd it is slightly higher for the standardization method RCS
which are similar regardless of the standardization method
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100

RCSchronaS, RCSPTchronaS). Reconstructions based

g RCS . . . . .
5 Zg : :RCS” on “mean” regional chronologies display high correlations
T 70 : 300sp with the instrumentalljias, however, the correlations are
:g IR T N 300spPT slightly lower in the low frequency domain compared to the
§ | reconstructions based on nested PCs, similarly to the mPYR.
FEY The calibration verification test conducted against the tar-
T 0 get Timas in two periods (1900-1952 AD; 1953—2005 AD)
0 generally shows a coherent relationship between observed
— L] ~ - Ll Ty I~ = oo . .
EEEESEEEERHEEREEEg g an and predicted values for the 24 regional reconstruc-
mzzzzrzzzzégﬁ,’gS:’:3§=§3=§== . . . .
alinialaliataliniatalinlalinlolsiaie tions; however, large differences in the reduction of er-
PCA timespan] PCA timespan] PCA  timespan ror statistic (RE) appear (Table 1). Regional chronologies
et | o e o = based on nested PCs display high correlation coefficients
Run2 1749-2004| Runil 1839-1977| Runl9 1749-1977 . . . . y . .
Run3  18061995| Runmi2 18191977| Run20 17481977 in the two calibration periods: both regression-calibrated
Rund  1928-1994| Runl3 1810-1977| Run2l 1702-1977 (r1900-1952= 0.81 andrigs3 2005= 0.75 on average) and
28-1977 4 794-1977 9-2005 . .
B R \Bolll, (R a2 VG scaling-calibratedrfang 1953~ 0.73 andrioss. 2006 0.80
Run7 19081977 Runl6 17831977| Run24 14772005 on average). Similarly, REs are also high (well above 0) for
Rung | egeayey| Bemdy 7sbiony] Rdh 18302005 the two verifications. In contrast, even though correlation val-
Run9 1848-1977| Runl8 1763-1977

ues are fairly high for the two periods, RE values decline to
Fig. 3. Variance explained by the PC1 for each PCA run (1 to large negative values when the reconstructed values are ob-
25) and for each standardization method (RCS, RCSPT, 300spained by linear regression of single regional chronologies,
300spPT). Time span for each PCA is shown in the table. especially reconstructions from the group “chrono”. Single
regional chronologies computed as means display higher
RE values when the reconstruction is performed using scal-
and RCSPT (mean = 0.65) than for 300sp and 300spPT ing rather than regression (RG8eanS, RCSPTmeans,
(meanr = 0.63). 300spmeansS, 300spPImeanS), The set of reconstruc-
The regional chronologies computed as arithmetic meangions based on RC8hrono and RCSPThrono displays RE
of the 22 MXD site chronologies (“mean”) display generally values lower than zero regardless of the technique used for
higher correlations withfyjias, when the standardization the reconstructions.
methods RCS and RCSPT (R@%an and RCSPmean The set of May-to-September temperature reconstructions
respectively) were used rather than 300sp and 300spP{7mias) spans the period from 1260 to 2006 AD. While
(300spmean and 300smean respectively) (Fig. 5). In com- most of the reconstructions display no clear long-term trend,
parison to the dominant mode of PCA, only the PC1s of run4the reconstructions RCSBdhronaS, RCSchronaS and
and run5 display larger correlation coefficients (measa mPYR clearly show an increasing trend starting in 1260 and
0.78 and meam = 0.76, respectively) than the RGBean lasting until around 1850 AD (Fig. 6). Despite this differ-
and RCSPTmean ¢ =0.71 andr =0.72, respectively). ence regarding the trends, all reconstructions display simi-
In contrast, among the regional series computed as singltar intermediate to low-frequency variations (multi-decadal
chronologies (“chrono”), RCS8hrono and RCSPEhrono  to centennial time scales), which are, however, less visible in
overall display the lowest correlations witfiyjias (below  the case of RCSPThronaR and RCSchronaR due to their
0.4), while 300spchrono and 300spPEhrono show coeffi-  reduced amplitude of the variations. Periods with persistent
cients of a similar order of magnitude to those displayed byclimate anomalies such as the Medieval Climate Anomaly

the PCs. (Bradley, 2003) and the Little Ice Age (Fagan, 2000) are
not pronounced in the set of reconstructions. However, in-

3.2 May-to-September regional reconstruction: terdecadal variations clearly register the cold periods coin-
scaling and regression cident with solar grand minima, such as those of Dalton

(1800-1830 AD), Maunder (1680-1715 AD),&8pr (1480—
A total of 24 regional reconstructions for the Pyrenees werel520 AD) and Wolf (1340-1380 AD) (Bard et al., 2000). In
developed using both scaling and regression techniques agddition, a minimum in the modern age between 1950 and
plied to each of the 12 regional chronologies developed.1980 AD is shown by all 25 reconstructions including the
The correlations between the reconstructions based on nestedPYR. On the other hand, conspicuous maxima also appear
PCs and the instrumentdijjas record are high for both  during 1300-1330, 1360-1460 and 1710-1740 AD.
high (<20yr) and low-frequency=20yr) variations (Ta- The total amplitudes of the 24 reconstructions and the
ble 1). In contrast, the correlations of reconstructions frommPYR range from the largest amplitude of RCSR&anS
the group “chrono” are low and they reveal diverging low- (from —2.49 to +0.59C) to the smallest of PC300spR
frequency information when using RCS and RCSPT as(from —0.32 to +0.39C) at interdecadal time scales. Sim-
standardization methods (R@HronaR, RCSPTchronaR, ilarly, changes in the amplitude of variations do not differ
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Fig. 4. EOF maps corresponding to the first (PC1) and second (PC2) principal component for each of the standardization methods used for
building the site MXD chronologies: 300sp, 300spPT, RCS and RCSPT. The principal component analysis (PCA) was run for the common
period 1928-1977 AD.

much if only the preindustrial period is considered (1260— On the other hand, model simulations and proxy re-
1900 AD). constructions disagree to some extent on the magni-
tude of the warming trend over the 20th century (1900—
1990 AD) (Fig. 7). The reconstructions, including mPYR,
3.3 Cross-comparison of model simulation and proxy-  mostly display negative trends over the same period, rang-
based climate reconstructions ing from —1°C (RCSchronaS) to —0.1°C (PCsRCSS;
PCsRCSPTS). Some reconstructions show trends close to
zero (PCSRCSR; PCs300spR; PCs300spR), and only

For the calibration period (1900-1990 AD), the two global PCSRCSPTR displays a minor increase (+0.05).

(Erik1l and Erik2) and the regional MM5-Erik2 simulations When comparing the full length of global and regional

display a marked positive trend in agreement with the in-_. . .
) . ; . . simulations and the collection of May-to-September temper-
strumental series (Fig. 7). The global simulations display a, . . .
s . ) s . ature reconstructions, the large interdecadal changes are in
mean increase of about +C in this period, while for the

regional models this increase is less pronounced, i.e.*€0.4 agreement (Fig. 7b). A high synchrony is found among the

for MM5-Erik1 and +0.7C for MM5-Erik2. The instrumen- S|mula_t|ons and the 'Free-rlng based reconstr_uctlons in peri-
: . . ods with large negative temperature anomalies observed at
tal record displays an increase of approximately +Q. Tor

the same period. However, a pronounced negative temperawe end of the 18th century, during the Dalton an@rep

ture anomaly is exhibited in the later part of the 20th century,sOlar grand minima, and during periods of positive anoma-

S ' . : lies as well, e.g. during the middle of the 15th century, the
\IIEVHLclh is only reproduced by the regional simulation MMS- middle to end of the 16th century and during the middle of
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g L 4 Discussion
E 09 - .| ®WRG
Z 08 .| =RcspT o . .

07 il ] m300sp How the individual chronologies should be standardized
g2 06 et ' THHHY | w300spPT while preserving as much climate information as possi-
el LT | ble and how they should be aggregated into regional com-
s 044 - t - -~k . . .
& 03 i 1L posites to reduce local influences are key challenges in

02 ff ' i dendroclimatology. In the context of low frequency preser-

ox LTI -0 A - - : "

5 vation, the RCS has been suggested as an alternative to the
FEEUEEEECEUTEEEREIegYgYY §¢ more traditional standardization procedures such as 300-yr
dicaccad2J 339553333335 €2 - - : i

T — splines or negative exponential functions (Esper et al., 2003).
s s RCS does not preserve decadal or annual frequencies with
R o> ROFT 3(;’_‘;5;’ 3"3;‘;” = o gg: RCSTL spen 3“3_5;’5” bettgr_efficiency than othgr techniques (Bunn et aI.,. 2QQ4),
Rums | 06 06 00 061 |Rume| 06 06 0 o6 but it is assumed to retain more low frequency variability
mak | 0 o pr ma 1 0f i3 o (Esper et al., 2002, 2004).
Run6 | 075 075 074 [Runl9| 0.66 0.66 0.64 0.63 .
Rav | 074 075 075 074 |Rum0| o6t O6L 061 060 On the other hand, the development of regional recon-
Run8 | 070 071 0.68 069 |Run21| 064 065 062 0.63 . R . .
Rund | 070 071 067 068 Rum2| 060 060 053 054 structions from a set of several individual chronologies (from
Runl0 | 0.69 0.70 0.67 0.67 Run23 [ 0.51 0.50 049 0.50 R R R
X .69 g .67 L 4 .52 .52
R | 068 5% Ve b |Ress| om on om0 the same and/or different varlablgs) has so far begn achieved
Runly Cof  def ved e by PCA (Peters et al., 1981; Enright, 1984; D’Arrigo et al.,
droe] 037 037 059 0% 1999), arithmetic means (Briffa et al., 2004; Tang et al.,

Fig. 5. Pearson’s correlation coefficient of the PC1 of each PCA run2009) or regional chronologies compiled into a single dataset
(]_ to 25) and the regiona] Chron0|ogies “mean” and “chrono” and inCIUding all the individual measurements (ESper et al., 2007,
May-to-September mean temperatufg{jag) for each standard-  Blintgen et al., 2008).
ization method (RCS, RCSPT, 300sp, 300spPT). The standardization techniques used in the present study
have contributed to visible differences among various re-
constructions, as reported by other authors (Esper et al.,
the 18th century. Some simulations lack pronounced negagp02; Helama et al., 2004). However, our results suggest
tive periOdS such as the Late Maunder solar minimum, Wthhthat these differences may be enhanced when deriving are-
are present in the reconstructions. The simulations Erik1 an@ionaj chronology from the individual series rather than by
MM5-Erik1 display identical periods of negative anomalies aggregation of the individual site chronologies. Hence, we
corresponding to the Maunder solar minimum, in agreementould not find large differences among regional reconstruc-
with the negative anomalies displayed by the set of recontions when they were calculated as an average of the 22 MXD
structions. In the simulations Erik2 and MM5-EI’|k2, this site Chrono|ogies (“mean”) or when using nested PCs (PCS),
negative period is delayed. regardless of the standardization procedures (300-yr spline or
The largest amplitude of the past temperature variations aRCsS, with or without PT) applied to the individual chronolo-
interdecadal time scales during the total study period 1260yjes. Differences due to the standardization arose in the re-
1990 AD (Fig. 7c) is identified for MM5-Erik2 (from-1.8t0  gjonal reconstructions, which were derived from regional
+0.5°C), among the simulations, and for RCSEfironaS  chronologies computed as a single chronology including all
(from —2.49 to +0.6'C), among the reconstructions. How- 804 individual series in one run (the group named “chrono”).
ever, the amplitude of the model simulations is generallywjithin this group, regional chronologies standardized using
larger (mean ranging from1.59 to +0.55C) than the am- RCS (RCSPTchrono and RCShrono) display the largest
plitude of the reconstructions (mean ranging fref@.83 to  differences, whereas chronologies standardized with a 300-
+0.43°C). yr spline (300spPXhrono and 300sphrono) produced re-
If only pre-industrial interdecadal temperature variations sults more similar to the results of the “mean” and “PCs”
(1260-1900 AD) are considered, the model simulations disyegional chronologies.
play a mean range of amplitudes froal.6 to —0.07°C, Correlations betweeffiyyjas and RCSchrono and RC-
while for the set of temperature reconstructions the amp"tUd%Ptchrono are Consistenﬂy lower Compared to the corre-
ranges from-0.81t0 +0.38C. In this case, MM5-Erik1 now  |ations displayed by other regional chronologies, pointing
displays the largest amplitude among the model simulationgo a less well-preserved climate signal. Furthermore, the re-
(from —1.7 to +0.2°C), while for the set of reconstructions sulting reconstructions based on these regional chronologies
RCSPTchronasS still displays the largest amplitude (from display either a pronounced positive trend spanning the en-
—2.491t0 +0.6C). tire series lengths (RCSPdhronaS and RCSchronaS) or
an extremely reduced amplitude of past climate variations
(RCSPTchronaR and RCSchronaR). Similarly, PYR and
mPYR are also based on a regional chronology computed
using RCS and display similar but less pronounced positive
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Fig. 6. May-to-September mean temperatufg {jas) reconstructions(a) Calibration-verification for the 24 different regional reconstruc-

tions performed by regression (grey lines) and scaling (blue lines), the mPYR (black line) and the instrdipejtglrecord (red line).

The bottom panel displays low-pass filtered series (20 yr moving average). Mean correlgtiofts the two split periods (1900-1952 and
1953-2005 AD) are also show(h) comparison between the instrumental series, the 24 Pyrenees regional reconstructions and mPYR for
the entire reliable periodr) 20 yr low-pass filtered reconstructions and instrumental record. The dashed black line represents the original
May-to-September maximum temperature reconstruction framtden et al. (2008) (PYR)p—e) solar and volcanic forcing derived from
Crowley (2000) and used to drive the climate models. Shaded areas indicate periods with solar grand minima: Dalton minimum (DM),
Maunder minimum (MM) and Sirer minimum (SP).

trend. These trends are in disagreement with all other newlywell as the set used for PYR and mPYR, does not seem to
developed reconstructions, including the reconstructions deadequately fulfil the RCS requirements: the sample depth di-
rived from 300spchrono and 300spPg&hrono. agram shows an extremely high number of samples concen-
Therefore, it becomes obvious that the differences stentrated in the most recent period (from 1800 to 2005 AD, ap-
from the computation of the regional chronology, not only by proximately), whereas the replication in the rest of the period
using a single file merging all the individual measurements(from 1260 to 1800 AD) is much lower. Such anomalously
together, but also from the application of the RCS as the stanhigh and low replications can introduce a bias into the fi-
dardization method. nal chronology (Cook and Peters, 1997; Esper et al., 2003,
RCS requires sampling loads structured in age classes withlelama et al., 2004) and therefore in the resulting reconstruc-
similar replication (Esper et al., 2002), which limits its appli- tion. Thus, it seems likely that the trend of RCSEfironaS
cation in practice. The set of samples from the Pyrenees, aand RCSchronaS may be an artefact due to a suboptimal
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both reconstruction techniques are reduced, as the proxy bet-
ter records the climate signal.

Despite showing high correlations with the instrumental
record at low frequencies, the 24 regional reconstructions
and the mPYR graphically display general overestimations
2000 of past temperatures until 1940 and underestimations from
1980 AD onwards. This systematic misfit between instru-
mental measurements and proxy estimates has been previ-
ously described and the possible causes discussed (Frank et
al., 2007). The tree-ring data from the Pyrenees display a
5 strong and stable relationship with temperature, and there-
fore, a loss of tree sensitivity to climate seems unlikely (“the
<) divergence problem”; Briffa et al., 1998; D’Arrigo et al.,
2008). Thus, this mismatch may be due to the effect of the
standardization methods on the low-frequency climate infor-
mation encoded in tree-ring series (Cook et al., 1995; Esper
et al., 2002) or alternatively related to the instrumental data

! ! ! ! ! ! ! | used for calibration (Frank et al., 2007; Esper et al., 2005b,
1300 1400 1500 1800 1700 1800 1900 2000 2010). The selected instrumental data for the Pyrenees and
Year AD the homogenization and adjustments applied to these data
also have a determinant effect on the resulting proxy-based
Fig. 7. Comparison of reconstructed and simulated May-to- reconstructions (Frank et al., 2007). In our case, no clear con-
September mean temperatutigag) for the last 750yr. Grey  ¢ysion can be drawn without further specific work directed
lines/shade correspond to the range of the 24 MXD-based temtO answer this particular question.

perature reconstructions developed at the Pyrenees. Coloured lines The comparison between the outout of the model simula-
correspond to the different model outputs: Erikl (blue), Erik2 P P

(green), MM5-Erik1 (dashed blue) and MM5-Erik2 (dashed green)_tions and the range established by the different reconstruc-

(a) Comparison of the simulated and the instrumerfiglas ~ UONS Shows synchronized variability at the multi-decadal
record (red ||ne)(b) Series scaled to mean 0 and standard de_t|me scales. This Synchr0n|sm indicates that the external

viation 1. (c) Series in anomalies (differences from reference pe-forcings applied to the model efficiently reproduce the timing
riod 1900-2005 AD). Black series correspond to the reconstructionf the main periods of anomalous past temperature variations

Instrumental
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------ MM5-Erik2 0.8 L
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NON-h
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___PCs -0.8
reconstructions

o
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PCsRCSS, PCsRCSPTS, PCs300spS and PCs300spPTS. All in the Pyrenees region. Indeed, the spread among the four
series smoothed with a 20 yr centred moving average (except for thgimulated temperatures is mostly within the range estimated
upper half of paneh). from the different standardization and reconstruction meth-

ods applied over the last 750yr. These results confirm that

past multi-decadal temperature variations in this region are
dataset used for the regional chronology constructed usdriven to a great extent by solar activity and volcanic erup-
ing RCS. Such a trend was removed in the case of RC{ions.
SPT.chronaR and RCSchronaR due to their poor calibra- Model simulations, however, also show some clear dis-
tion, which led to a subsequent underestimation of the vari-crepancies in comparison to the tree-ring based reconstruc-
ability imparted by the regression technique, and to recon+tions, such as the duration and magnitude of warming or
structions with reduced amplitude (Cook et al., 1994). cooling events of particular climatic episodes (e.g. in the 15th

Based on the calibration verification tests, regional recon-and 16th century). A likely reason for such differences is that

structions derived from nested PCs performed better thamt higher frequencies, i.e. decadal time scales, the agreement
others, regardless of the standardization procedure appliebdetween model simulations and reconstructions is lower, be-
to the individual chronologies, or irrespective of the recon-cause the climate variability at these time scales is mostly
struction technigue used, which indicates that this approaclinternal and not driven by the external forcing (Zorita et al.,
emphasizes the leading mode of co-variation between th@007; Gmez-Navarro et al., 2012).
tree-ring series (Peters et al., 1981). The amplitudes of our However, the most relevant differences between the model
reconstructions are also larger when performed with scalingsimulations and proxy-based reconstructions are the positive
than with regression; however, the RE values become lowtrends from 1850 AD—present displayed by the simulations
or negative due to inflated error estimates, as previously rebut not reproduced by the reconstructions, and the differ-
ported by Esper et al. (2005b) and McCarrol et al. (2011).ences in reproducing temperature variability within the 20th
However, for series with generally good calibration, the RE century.
values were similar for the reconstructions based on scaling On the one hand, the positive trend shown by the simula-
as well as on regression. Thus, differences in RE betweetions is likely due to the external forcings prescribed. The
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increasing trends in regional and global temperatures de- Based on the differences in trend and magnitude of the
scribed by the simulations may be ascribed to the increase i20th century warming described above, it is not surpris-
solar irradiance and greenhouse gas forcing. However, sincing that, if we consider the whole common period (1260—
the model runs incorporate both natural and anthropogenid990 AD), the amplitudes of the temperature variations are
forcings, it is difficult to distinguish the effect of the indi- considerably larger in the model simulations than in the most
vidual forcings in the resulting simulation and especially in reliable reconstructions. If the 20th century is not considered,
the resulting trend. Thus, it is not possible to know whetherthe amplitude of the annual temperature variations is still
the observed difference between these simulations and recomvider for the model simulations, but the differences with the
structions is due to an underestimation by the proxy-basedree-ring based reconstructions are reduced. It is worth men-
reconstructions or to an overestimation by the models. tioning that, among the model simulations, the finer resolu-
On the other hand, instrumental series and proxy-basedion of regional models seems to enhance the interdecadal
reconstructions show a pronounced cooling from 1950 un-amplitude of the temperature variations.
til approximately 1980 AD, which does not agree with the
increasing warming trend replicated by simulations for the ,
second part of the 20th century. It is important to note that> Conclusions

cooling factors, such as aerosols and land-use or vegetatio\we provide a set of newly developed May-to-September

changes (Hansen et al,, 2002; Betts et al,, 2007), are not Inr:nean temperature reconstructions for the Pyrenees that rep-

cluded as external forcing in the simulations. The Pyrenees ) : . .

. . re[sent an improvement in comparison to the reconstruction
range has experienced an increase of forest coverage of abog Biintgen et al. (2008), although our reconstructions still
15 % since the 1950s until present due to land-use change&y : '

(Garcia-Ruiz and Lasanta, 1990) and because of reforesta® not perfectly match the low-frequency variations of the in-

tion politics (Ortigosa et al., 1990). Deforestation inCreasesstrumental record. Similarities between the interdecadal tem-

surface albedo, which may result in a cooling effect (Bettsperature variations obtained for reconstruction variants indi-

et al., 2007). After the minimum, the progressive increasecate the good performance of all standardization procedures

) g or retaining inter-annual to interdecadal climate informa-
in forest coverage may produce a reduction in albedo, an

. . . ion. However, when the regionally representative tree-ring
thus may have contributed to the increase in temperatures_ . . ; ;
. Series are constructed as a single chronology (including all
observed from mid-1970s onwards. : . . . . .
. single measurements into a single file) and standardized with
Aerosols in the troposphere also tend to produce surfac . : ;
. . . . . . e RCS method, unreliable results may be obtained if the re-
cooling since they intercept incoming sunlight and reduce_ : .
o quirements of the RCS method regarding sample replication
the energy flux arriving to the surface (Charlson et al., 1992). o 4
. o « o 7"and age categorization are not fulfilled. Overall, nested PCs
In addition to this direct effect, there are several “indirect”, .
. : . have demonstrated to be the most appropriate approach to
cloud-mediated effects of aerosols, which all result in cool-, . )
) : . S build a regional chronology based on a set of local chronolo-
ing (Andreae et al., 2005), although its magnitude is still very ". o
. ies, regardless of the standardization procedure used for the
uncertain. Whether land-use changes or aerosols or a comhbi= .. . . . X
. ; individual site chronologies. Additionally, no large differ-
nation of both can produce the observed negative tempera-

ture anomaly in the second half of the 20th century remain<ECeS were found between reconstruction techniques (scal-

. . ; : . Ing and regression) when using chronologies based on nested
open to discussion, since their role in surface temperature'lgcS Thus, the quality of the final reconstruction seems to de-
in this region is not well-known. Further simulations, com- ) ' -

- ; . ) L pend more on the standardization performed and the method
bining different kinds of forcings and taking into account ex- aoplied t truct th ional ch | ther th

- . . i ._applied to construct the regional chronology, rather than on
plicitly the increase in aerosols and land-use changes durin

the industrial era (i.e. Jungclaus et al., 2010), which are no?rle reconstruction method employed. .
. : . ; On the other hand, the good agreements on interdecadal
considered here, could elucidate this uncertainty.

Finally, although internal variability can be claimed to scales between tree-ring based reconstructions and global

be responsible for part of these differences, the analysis o?nd regional model simulations point to the combination of

. . ) . . “solar variability and volcanic activity as the main factors
two regional simulations, both driven by the same forcing ~, . L :
L i R driving summer temperature variations over the last millen-
used here, indicates that the role of internal variability in the

. nium in the Pyrenees. As we have developed regional recon-
long-term trends of the simulated surface temperature over . . ;

: . : structions, it is difficult to conclude whether the more realis-
the Iberian Peninsula is small §Bez-Navarro et al., 2012).

However, this does not rule out that the real internal vari-tIC topography and land-use categories of the regional model

ability, which is part of the observed record, may indeed ex_would yield a more accurate replication of temperature vari-

plain part of the mismatch. Thus, it may also be possible thata.tIons atlocal scales. However, the regional model seems to

the described regional cooling is just due to internal variabil-yleld larger amplitudes of temperature variations compared

o : . fo the global models. This is expected because variability is
ity without the need to involve vegetation changes or aeroso : o :
forcing. subdued when larger spatial averaging is applied.
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