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Abstract. To put in perspective the recent climate chartge riecessary to extetioe instrumental climate recorddth proxy
datafrom palaeoclimate archiveérctic climate variabilityfor the last two millennia has been investigated using statistical
and signal analgs from three regiondy average recordsfrom the North Atlantic, Siberia and Alaskased omrmanytypes

of proxy data archived inthe Arctic 2k databasdn the North Atlantic and Alaska argathe major climatic trendis
characterized by lonterm cooling interrupted bthe recent warming that stad at the beginning of the 19th centufiyhis
cooling trend is notlearly visible in theSiberian region. Theooling of theLittle Ice Age (LIA) wasidentified from the
individual seriesbut itis characterized bwyide rangespatial and temporalxpressiorof climatevariability, in contrary to the
Medieval Climate AnomalyThe LIA staredat the earliest bground1200 AD andendedat the latesin the middle of the
20" century.The large spreadtemporalcoverageof LIA did not showregioral consistency or particulapatial distribution
and did not show relationship witlarchive/proxy typeeither. A focus on the last two centuries shows a recent warming
characterized by a wetharked warming trengarallelingwith increasing greenhouse gas emissidhalsoshowsa multi-
decadal variabilityikely dueto naturalprocesses actingn theinternal climatesystemat regional scaleA 16-30 yearscycle

is found in Alaskaand seems to bknked to the Pacific Decadal Oscillation (PDO) whereas-3@0and ~50 years
periodicitiescharacteize the North Atlanticclimate regime likely in relation withthe Atlantic MultidecadalOscillation
(AMO). Theseregionalfeaturesare apparently linked tthe sedce cover fluctuationghroughice-temperature positive
feedback.

1. Introduction

Sincethe beginning of the industrial era, the global average tempetasnecreasedy about 1°Cand the recent decades
have been the warmest in the last 1400 yd2#&GES 2k Consortium, 2018 CC, 2013. The warming is more pronounced
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at high latitudes oNorthern Hemisphere than in other parts of the E&@#rréze and Barry, 201lPAGES 2k Consortium,
2013, being more than twice the rate and magnitude in the Arcticttieaglobal averageCohen et al., 20)4To replacethis
warming inthe perspective fdong-term natural climate variability, thenstrumentatime series are not sufficierand it is
necessary to extertle meteorological measuremeittack in timewith proxy datarom in palaeoclimate archivege cores,
treerings, lake sediments, speleothems, marine sediments and historical series)

Over the last decadextensive effod were made t@ollect andcompilepalaeoclimate data available in order to reconstruct
past climate variability at regiah hemispheric and globatales Most temgrature reconstructions includéferent types of
archives and proxie@vorberg et al., 2005; Mann et al., 200¢ufman et al., 2009_jungqvist, 2010; Marcott et al., 2013
andsome studies focused on singldgeoclimate archive type and/or area (BlgGregor et al., 201fr oceansWeissbach

et al., 2016or ice core;Wilson et al., 2016or tree rings)In the Arctic and Subarctic ar¢80-60°N) several multiproxy
reconstructionsf temperatureencompassinthe last twamillenniawere publisheét globalscale(PAGES 2k Consortium,
2013; McKay and Kaufman, 201%Werner et al., 20)7andregionalscale (Hanhérvi et al., 2013)The annual resolution of
thesereconstructiongllows thestudy of the climate variabilityfrom low frequencies (i.emillennial and multicentennial
fluctuations) to high frequencissch as decadal variations.

Climatic reconstructions highlightealmillennial cooling trendassociated to the monotonic reductiosimmer insolation at
high northern latitudesanda reversal markelly an important warmingf more than 1°@onsistencywith the increase of
greenhouse gas since the fid" century(e.g. Kaufman et al., 2009; Pages 2k Consortium, 20T8¢ longterm cooling
trendcorrelates with the millenniadcale summer insolation reduction at high northern latitudes (Kaufman et al. b20@9)
increased frequency of volcanic events during the last millenmiagralsohave concur and contributettoe cooling episodes
that occurred after 1000 AD (PAGES 2k Consortium, 2013; Sigl et al., 2015).

Superimposed to the lortgrm climate fluctuation, continentatale temperature reconstructions in the Northern Hemisphere
highlight major climatic warming ahcooling pulses during the last millennium, with relatively warm conditions during the
Medieval Climate Anomaly (MCA, 950250 AD, Mann et al., 2009) and a cold Little Ice Age (LIA, 14000 AD, Mann

et al., 2009) period. The LIA ifiowever characterized by an important spatial and temporal variability, particularly visible

at more regional scale (e.g. Pages 2k Consortium, 2013). It has been attributed to a combination of natural external forcing

(solar activity and large volcanic eruptidmsd internal seace/ocean feedbacks which fostered latgnding effects of shert
lived volcanic events (Miller et al., 2012).

Arctic-subarcticmultidecadaklimate variability is also influenced by internal climatic systelynamicsuch as thétlantic
MultidecadalOscillation (AMO) or the Pacific Decadal Oscillation (PD@)ich mayimpact temperatures and sea cover
fluctuations(Chylek et al., 200P The reconstruction adheseoscillationswith paleoclimate records offers the possibility to
explore the linkages betwedme internal climate variability arttie Arcticsubarctic climate over the last two milleniég.
Knudsen et al., 201 Miles et al., 2014; Wei et Lohmann, 2012)

In thisstudy, weexplorethe regional expressiaf the Arctic-subarcticclimatevariability during the last two millenniasing

statistical andvaveletanalysisTo do so, we define three region, North Atlantic, Alaska and Siberia, from which we calculated
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the climatic variationsHence, the regional mean recoad®wed usto determine if théiming of thelong-termand secular
(MCA and LIA) climatic fluctuatiors which occurat the global Arctiesubarctic scale are alsharacteristiof the regional
climate variability.A special attention igiven to the last two centuries, with the comparison between the three regional mean
records andnstrumentalclimate index to determine the influence of internal climate variabilityt alsothe ability of

paleoclimate series t@producealecadal to multideaal variaility observedn instrumental data

2. Paleoclimatedata

The records used in this studsere compiledy the Arctic 2k working group of the Past Global Changes (PAGE®arch
programme This working group released a databesmprising56 proxy recordsfor the Arctic aregversion 1.1.1McKay

and Kaufman2014). The database contains allailablerecordghatmeetdata qualitycriteria concerningpcation (from north

of 60°N), time coverage (extend back to at least 1500 Adeganresolution betterthan 50 years), dating control (at least
one age control point every 500 yearsS)g( 19. See Table S1 in supplementary miaefor more informations about each
site to (cf. alsoMcKay and Kaufman2014).

Proxy recordsi@ from different archive types. Most arentinental archives with vergliable chronologieél6 ice cores, 13
tree rings, 19 lake sediment cores and 1 speleoti@irrecordsare from marine archives and one is a historic record (months
of ice cover) Among the 56 records, 35 have an annual resol(fimn 1. Hencethe hightemporalresolution of therctic

2k database seriedfers the possibility to studye high frequencglimate variability of the last twmillennia, assuming that

the pioxy record climate variabilitgnd the archiving process do not induce a bias in the-anuttial to centennial frequencies
analyzed.

The database has been bfrittm palaeoclimatg@roxy serieswith demonstrated relationship temperatee variability. All the
proxy datausedhave beempublished in a peereviewed journabndthe sensitivity ofeach proxy recortb temperaturevas
evidence eitherstatisticaly (e.g. correlation with instrumental temperature data) or mechaigtigith the description of

the processethroughwhichthe proxy isshown itssensitiveiessto temperature chang®cKay and Kaufman, 2034

Ourreview ofthe originalpublicationgpresenting the data used to develmpArctic 2kdatabase led us to raisemeconcerns
about theactualtemperature controls on proxin some casehe correlatiorbetweenproxy measurementnd instrumental
temperaturess significant but weak, with a correlation coefficient lower than 0.5 gig.r d et al . |, 20009; D¢
D6Arrigo et al ., 2009, Spi)eSudwegkelatiorehipssagbest that thérlaliility reddrdede s e t
by the proxiesare not exclusively linked tithe mearannuattemperaturdut probably also relate to other parameters, climatic
or not. Insome caseghe authors clearlystate that theelationshipis not strong enough for reconstructing high resolution
variations(D 6 Ar r i g o )eAs thesielarsuchubo@rtaibitiesn the assumetemperature control on proxyhatever the
archive type, we choose to wook the originalproxy records directhandnot on temperature reconstructiodsrived from

them
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3. Regional approach

The spatial distribution of the series highlights heterogénéig. 1a) among the 56 series of the Arctic 2k database, 40 (71%)
arefrom the North Atlanticsector including Scandinavia, Iceland, Greenland and Canadiatic, while 11 (20%) represent

the Alaskaregionand5 (9%) the Siberia Thishighspatial disrepancyaisegshe question of the influence thieover weighting

of the North Atlanticsectoron the global Arctic signalherefore, in order to avoid a regional biag, divide the Artic area
into three sectoréFig. 29). The recorch®9 locatedin the central part of the Canadian Arctietweea the North Atlantic and
Alaska was finally includel to the North Atlantic regional mean record due to the correlation between ring width and
CanadiarNorth American temperatures highlighted by the authbré Ar r i g o )eThe narhber oftink 8efie® used

for the Siberiamegional averagerecord isvery low, with only 5 series for a largeea and the statisticapresentativeness

of the data is thus questionable.

Calculatingregionaly averagedecords allows us to investigate the common spatial climate signal of each region and reduce
the noiseof individual records due to local effect (eWeissbach et al., 20L@8efore calculatingachregionalmeanrecords,

all records were standardizeder the whole recortb report the variations in terms of the standard deviation, which permits
to compae the records with each other, regardless the parameters and unit values of independerthecurager oflata
pointsused to calculate each regional mean rexisrdlso indicatedFig.2e-g). The three regional mean records based on the
spatial distibution of the series were calculated and then compared with a global Arctic mean record presented at the figure 3.
The correlation between the global Arctic record andntleanNorth Atlantic recordshows particularly strong relationship
(Figure 4b, r2 =0.81, p-value <<0.06). Correlationsare weakebetween the Arctic mean arle regionalaverage Alaska
record (Figuredb, r2 = 023, p-value<<0.05 or the regionamean Siberian record (Figure,42 = 016, p-value<<0.05. The
strong influence of the spatial distributiondztaon the globameanArctic record isalsohighlighted by the wavelet berence
analysis (see Appendix far the method descriptionjVavelet coherence spectra rewhuch stronger coherence between
theNorth Atlantic sector and the globatctic mean than for the two other regiopsarticularly at lowfrequencywith common
variabilitiesfor periods around 201 70-220 years) and 500 years (3980 yearsyvhich occur during all the last two millennia
(Fig. 4d). The coherence spectrativeen globalArctic mean record anthe Alaska regional recordshowsa significant
periodicity around 200 yeamnly for an interval mostly spanning froh830to 1900AD following (Fig. 4e) The coherence
wavelet spectrédvetweenthe global Arctic mean andhe Siberian mean recordloes nothighlighted significant periodicity
around centennial scaéxcept afted 680 AD(Fig. 4f). Thecomparison between regional mean recordstadlobal Arctic
subarctic record highlight climate variability dominated by North Atlantic sigmaich is normaldue to the much higher
number oftime series available in this aregor this reason, we decidéad studythe Arctic-subarcticclimate variability for

the last two millenniavith a regional approach

The grouping intahe three regions(i.e. North Atlantic, Alaska and Siberia) jigstified by present dayegional climag.
Theclimate of theArctic- subarctids influenced bythe Atlantic and the Pacifisceanswhich experiencanternal variability

on different timescaleswith specific regional climate impacts.In the North Atlantic sectorinstrumentalsea surface
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temperature (SSTyariationssince 1860 ADhighlight low-frequency oscillatios known as the Atlantic Multidecadal
Oscillation (AMO) Kerr, 200Q. The AMO corresponds to the alternation of warm and emalies, which have
considerable impact on thegional climatever the AtlantictheNorth America and western Europe (é&egfield et al., 2001
Sutton and Hodson, 200Bnight et al., 2006Assani et al., 201)1In theNorth Pacific the Pacific DecadaDscillation (PDO)
drives the multidecadal variabilifMantua et al., 1997)t is defined as the leading principal component of monthly SST in
the North Pacific Ocean (poleward of °R) (Mantua et al., 1997Mantua and Hare, 20Q2Positive phases of PDére
associated with precipitation deficit and positive temperature anomalies in the nortimitedt3iates (L5 )andprecipitation
increases in southern Alaska and south western M&t(la and Hare 2002; Zhang and Delworth, 30C®nditions are

reversed during negative PDO phases.

4. Regional climate variability during the last two millennia
4.1. Long-term tendencies

Regional mean records for the three sectors and their corresponéye@rsOLOESS filtering are presentedrigures2 and

3. The North Atlantic and Alaska regional records show welirked and significant decreasing trends before the beginning
of the 19" century: U .28 (p<<0.01; Fig. 5b) a n@42 {#=<0.01 Fig. 5¢c), respectivly. In the Siberian region, no
decreasing trend iecordedz=-0.02, p=0.B; Fig. 5d). These trends ar@soshown fronthe analysis of all individual records
from that region(Fig. 5a andtableS2). All the regions are characterized by significant warming after the beginning of'the 19
century:U =0 (p40.01)f or t he Nor t8p<<@.0l)faonrt itch e UA Oa(pdk0a0l)tomttek Sibkrad . 4 5
The Subarctic North Atlantic regional record is characterizeavbyifferent trends. The first millenniudoes not show long
term fluctuationsHowever, it is marked by a cold event pulse at ~675 AD, which is depicted in thepnoulyireconstrudbn

of Hanhijarvi et al. (2013) from the Arctic Atlantic region and coincided with the occurrence of volcanic events (Sigl et al.
2015). The secondnillenniumis characterized by a wetharked decreasing trend, particulachgar after ~1250 AD, and
endingat~1810 AD withthe onsetof therecent warming phas€&ig. 5b).

Thefirst millennium in the Alaska region is characterizedapronouncedrend ofdecreasingemperatures until ~660 AD
followed by an increase until the beginning of the second millen(i#ig 5¢). The cold minimumat~ 660 AD s recorded

in three time seriesver the five availableDuring theinterval between ~1000 and ~1530 ABemperatures decreased

markedly, followed bya period of slight increase, before the recent warmintjrejeat~1840 AD in the Alaska area.

In contraryto the subarctic North Atlantic and the Alaska regional mean records, the Siberian regional mean record does not

show apparent differencestiendbetween the first and the second millennidiig(5d). The recent warming is welnarked
in the Siberian area and sttt ~1820 AD Notablewarmeventsoccurredat ~250 AD, ~990 AD and ~1020 AD.

In the subarctic North Atlantiché analysis oindividual time seriesreveaédinconsistency betweeahe data fromthe marine
recordn®38, whichis based on diatom®eérner et al., 20)1andthat of recordn°39, whichis based oralkenones Calvo et
al., 2002) The two data se&refrom the same marinsore(MD 95-2011) butsuggesbpposite trends before 1810 ADgble

5
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S2). Data from recordah°38 shows a significant decreasing tregd-0.18, p<0.01) whereabose from recor@9 presents a
slightly increasing but negignificant trend Z=0.14, p=0.14)Different sensitivity toseasonalemperaturg possibly explain
difference between the two recomspreviously reportefiom the Nordic Seas (van Nieuwenhove et al., 2016). In the Arctic
subarctic areas, diatoms often relate to spring bloom whetkasonesare produced by coccolithophorids which develop
during the warmest part of the summer (e.g. Andruleit, 1997).

Except for somdime seriesthat recordwarming trendswhich can be explained by locaffectsor differential seasonal
responsesmostindividual series and regional mean records show decreasing trends before the beginningtodeheuiy@
Themillennialscale cooling trend is consistent with previously publisteednstructiongrom North Atlantic Hanhijarvi et
al., 2013, Arctic (Kaufman et al.2009; PAGES 2k Consortium2013; McKay and Kaufman, 2034and the Northern
Hemispherge.g.Morberg et al2005;Mann et al., 2008 A robust global cooling trend endirag aboutl800 AD was also
observed in regiongbaleoceanographiceconstructions MicGregor et al., 2005 The millennial cooling trend has been
attributed to the reduction in summer insolation at high northern latitudes since the beginning of the Hilmafnan( et
al., 2009, and associated to volcanic and solar forcimggably during the last millenniaRAGES 2k Consortium, 2013
Stoffel et al., 201p Whereas previous studidatesthe transition betweethe long-term cooling andhe recent warming at
the begining of the 26" century (e.gMann et al., 2008PAGES 2k Consortium, 20)3we identified here that theooling
trend ened between 1810 and 1840 ADhe evidence of an industrisérawarmingstarting earlier at the beginning off19
centurywas proposetly Abram et al. (2016for the entire Arctic aresdHowever, the intenseolcanicactivity of 19" century
(1809, 1815, and around 184%igl et al., 201b mayalsoexplain the apparent early warming treswhgesting that it may
have been recovery from a exceptionally cool pi#dgbe scale of the Holocenimternal fluctuations occurringt millennial
scalehave been identéd in the subarctic North Atlantic area amgéretentativelyrelatedto the ocan dynamicgDebret et
al., 2007 Mijell et al., 2015. Therefore, tdbetter understanthe cooling trend of the last two millenniaanarger temporal
context taking into accounthe role ofoceanic variability on the lontgrm temperature variationgonger time series

encompassing the entire Holocene would be useful.

4.2. Secular variability

Longtermchanges not the only variability mode that defines the last two millenhcianate which wasalso characterized

by long standing climatic events suchths Little Ice Age (LIA)and the Medieval Climate Anomaly (MCAere, wantent

to summarizehe expression of the LIAnd the MCAIn Arctic-subarctic area based on the Arctic 2k records. The timing of
these twoperiods, which we identified in most seriesised in this studyut not all of themjs talken from the original
publications The fables that list the beginning and ending of the LIA and the MCA are available in supplementary material.
The MCA corresponds to a relatively warm period occurbietyveen 96 and 250 AD (Mannet al., 2009)The starting year
of this relativelywarm period in the Arctisubarctic areaanges between 96850 AD in the Siberia and 960000AD in
Alaska,whichis consistency with theverall records of the Northern Hemisphéfgg. 63). In the North Atlantic sectoithe
MCA beganbetween 800 and 1050 AD, expectedwo lake sediments recorttscated in theCanadian Arctién which the

6
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MCA staredat the end of the 2century (Arc 25, Moore et al.2001;Arc_54, Rolland et al., 2009The end of the MCA
rangebetween 1100 and 1550 AD (Figb). The majority of the records highlighastransition between warmer and colder
periods around the T4entury Two records are characterizeddoy ending poinafter the 1% century (Arc_49, Linge et al.,
2009 Arc_38,Berner et al., 2011) he time coverage of the ®A is about~200-250yearsin most recordgFig. 6c¢).

The duration and timing of the LIA in the Arctgubarctic arearemorevariable from site to sitthan the MCA particularly
for the starting yeaffFig. 7a) The earlist starting point is dateround 1200 AD Esper, 2002Melvin et al., 2013Larsen et
al., 201} andthe youngestndingpoint is reported to bas late as 1900 AD (e.Gunnarson et al., 201aksson et al., 2005
Linge et al, 2009Massa et al., 20)ZFigs. 7a andrb). Thetime coverage of the LIAangesetween ~100 yearKirchhefer,
200)) and ~700 yeardMelvin et al., 2013 It does noseems talependupon thelocationof the data set in space nor to the
type of archive oproxy (Fig. 7c). The large rangef possible timing for the LIA is consistentith the results oprevious
study in this areaWanner et al., 20]1It points todifficulty to distinguisting the LIA coolingin subarctic settings. Actually,
individual palaeoclimate series from the northern Greenlanddidesot clearly record the LIA but a stack othese series
highlighteda cold pulse betweedhe 17" and 18 century(Weissbach et al2016) Althoughthe LIA correspons tonegative
temperature anomaly,ig difficult to identify the Arctic areaolely based on temperature proxiese Bvidence of LIAnight
alsobefound inpalaetydrdogical time seriegNesjeandDahl, 2003) For examplel.amoureux et al. (2001ighlightedthe
evidence of rainfall in@ase during the LIA in a varved lake sedimearefrom the Canadian Arcticl herefore, it would be
relevant tostudy the LIA fromtime seriessensitive to hydrogical variability (Linderholm et al., thisssug. This would
contribute toa better understaiag of secular climatevariability in the Arctic area anthe role of internatlimatic system

fluctuationson seculawrariationduring the last millennia

4.3. Recent warming andinternal climate oscillation

Studying theclimate of tke last centuries i means to examine tlmportant issue of distinguishingthe anthropogenic
influences from natural variability and the response of ocean/atmosphere coupled system. The last two werdguries
characterized in all region by a weflarked warming trend (North Atlantic sectdr0.40, p<0.01; Alaskat=0.48, p<0.01;
Siberia:1t=0.45, p<0.01)Kig. 8). Thetemperature increasecorded ovethe last two centuries tonsistentith theincrease

of greenhouse gasmissions$hindell and Faluvegi, 20pHowever, theecent warmingvasnot linearas itincludeddifferent
phases of increase highlighted by theyg@rsLOESSfiltering. This isparticularlythe casén the subarctic North Atlantic
sector wheredifferent periods are distinguished wittpronounced warming transition phase between 1920 and 1930 AD
(Fig. 83). Theseesultssuggesthe occurrence ahulti-decadal variabilituperimposed on the increasing anthropogeerd
during the last centuries amhich canbe linked with natural internal climate variability mode

In order b determine the origin of thaulti-decadal variability in each region, wemparedhe three regional mean records
with two instrumentaklimate indices: thé\MO (Enfield et al., 200Landthe PDO (Mantua et al., 1997 using the wavelet
coherenceRigs. 9 and 10, Appendix A. Because e of themain objectivef the paper is to determiribe ability of the

Arctic 2k database series toimic the climate variabilityrecorded in theobservations data, weiddnot used the nen
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instrumental AMO and PDO records to go father back in tifhe. analysesverethusperformedon the time intervalsised

to definethe AMO and PDO indices, which at8562000 AD and 1902000 AD, respectively.

Persistent multdecadalariability with period 0f50-90 years are consistent between the subarctic North Atlantic mean record
and the AMOoverthe las two centuries (1852000 AD;Fig. 9c). However, this scale of variability is locatedthe cone of
influence. Comparison of the reconstruction of thedB0/ears oscillation with the original data for each seriesvatiauisto

verify if this fluctuation truly characterizes the original sigfig. 9a and B). It also revealethat fluctuations are in phase
and continuous throughout the last two centutieghe subarctic North Atlantic sector, the 197880 AD transition also
coincides with the occurrence of multecadal variabilitywith a 2630 yearsperiodsimilar to the MO index. Comparison

with the instrumental PDO indexeveaéd a 1630 years oscillation common to the Alaska area and the instrumental index
during the 1902000 AD interval (Fig. 10b). Wavelet reconstruction of the 13® years oscillatiorfor the Alaska
palaeoclimate mean record and instrumental PDO index exithal these scales of fluctuation are in phakmvever while
theywerecontinuous throughout the last century for the instrumental illgxi(b), the 16-30 years oscillations only appears
after~1940 ADin the Alaska recor@Fig. 1(a).

Internal climate fluctuationare also linked with sei@e cover fluctuations whicks an important component of the climate
sydem at high latitudéMiles et al., 2014Sha et al., 201%creeret al., 201%. The relationship betweg¢he AMO, theseice

extentfluctuations and climate variability recorded in the North Atlantiwédl-il lustratefrom 1979 to 2000 (lgure 1. The

decline inthe seaice cowsas markedbydecr ease i n the sea ice extendavlié per

and Parkinson, 20)2but also ice thickness (50% since 1980 in central Atk and Rothrock, 20Q%nd the length of
the ice season (thremonth longer summer ieleee seasonStammerjohn et al., 20).2It was accompanied blyeat and
moisture transfer to the atmosphere due to the increase of open water Strizeee(et al., 20)2This is associated with an

increase of wrface air temperature, especially in coastal and archipelago areas surrounding the Arcti€Glgakov(et al.,

2012. Therefore, while the climate warming in the Arctic accelerates sea ice decline, the sea ice decline simultaneously

amplifies and accelates the recent warming (itmperature positive feedback).
Comparisorbetween our three regional mean records and climate siteas the ability of regional proxpased records to
reproducevariability that occurring at multidecadal scales in instrumental, dathalsothe importance of the role of the

internalvariability on theclimatein the Arctic Area during the last centuries.

5. Conclusion

With the publicatiorof the PAGESArctic 2k databaseyhich contain proxyime serieghatrespond to several quality criteria
it was possible to describe tisgématein the Arcticsubarctic region over the last 2000 yefsn low to high frequency
variabilities Long-term tendency, secular variability, but alsmltidecadal fluctuationsvith a focus on the last 200 years,

weredescribe using statistical and signal analysis methods.
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We presented three new regional mean records for the North Atlantic, the Alaska and the SiberiaDagidosthe
uncertaintiesconcerning therelationship betweerseveral proxy measuremestand nstrumental temperatisge climate
variability has been studied based on prtme seriegather thariemperature reconstructions largenumber of proxyime

series in the PAGES Arctic 2k database from the North Atlantic regioibut the Siberia region, and to a lesser extent the
Alaska region, are underrepresentBdereforethe global Arctiesubarctic records probably biased towattie North Atlantic
climate variability. Increasimthe number of series in the Pacific Arcti@stern North America and Sibevimuld be relevant

to gain a better understanding of the global Arstibarctic climate variability over the last two millennia.

Despite of the spatial heterogeneity of the databasdpundregional longterm tendenciesimilar to the millennial cooling
trendrecorded at the global Arcteubarcticspatialscale exceptedn the Siberia regioriNeverthelessthe three regions are
characterized by recent warmingtartingat thebeginning of the 19century.

Synthesis of the expression of secfilactuationshas showithe spatial and temponadriability of the cold LIA The definition

of the LIA as a major climate event is therefore equivocal, unlike the warm MCA, which seems more evenly represented.
Thefocus on the last two centuriésdd to highlight that the recent warmingasmarked by a global increasingmperature

trend linked to the anthropogenic forcingwas also punctuatday climaticfluctuationsrelated to regional internal climate
oscillationsthat occurring at multidecadal scales, especially the AMO in the North Atlantic region and the PDO in the Alaska
region.The identification othisvariability in the proxybased recordsise theamportant issuef the needo better understand
regional past climate variability in the Arctiubarctic areaComparison between regional prebgsed record and
instrumental climate index aldeadto propose linkagbetween paleoclimate series on one side and instrumental data on the
other side.

Acknowledgments

This is a contribution to the PAGES 2k Network [through the Arctic 2k working group]. Past Global Changes (PAGES) is
supported by the US and Swiss National Science Fation$.M.N. was supported by therenchMinistry. MD, MN, NM,

AD are financed by France Canada research fund and MD, MN anub6 /@ceived funding from the HAMOC project (Grant
ANR-13-BS060003).Wealso thanks the FED CNRS 3738CALE. We acknowledgall the reviewers for theonstructive
suggestions and comments.

Data availability

The PAGES Arctic 2k database used is this study (v1.1.1) is archived at the National Oceanic and Atmospheric
Admini strationds Wor |l d Dat a C e n tPaleo) dnab r availdbla | eab c | i
https://www.ncdc.noaa.gov/paleo/study/16973. The database Isis archived on Figureshare and available at
https://figshare.com/articles/Arctic 2k v1_ 1/1054736/5



https://figshare.com/articles/Arctic_2k_v1_1/1054736/5

10

15

20

25

Appendix A. Wavelet analysis

The Wavelet Transform (WA) is particularly adaptedthe study of noistationary processes, i.e. discontinuities and changes
in frequency or magnitude (Torrence and Compo, 1998). Wavelet analysis corresponds tpasbdittér, which decompose
the signal on the base of scaled and translated versi@eefdrence wave function. Each wavelet has a finite length and is
highly localized in time. The reference waveletomprises two parameters for tisfrequency exploration, i.e. scale

parameten and timelocalization parametdy so that:

p 0 w
a ==l — (7)
4[] @
The parametea can be interpreted as a dilatica>{) or contractiond<1) factor of the reference wavelet corresponding to
the different scales of observation. The parantetamn be interpreted as a temporal translation or phase shift.

The continuous wavelet transforms of a signal producing the wavelet spectrum is define as:

Y, i os%sr ° “mo (8)
Nw w

The sacalled local wavelet spectrum allows description and visualization of power distribua@isfaccording to frequency
(y-axis) and time (>axis).

In this study, the Morlet wavelet was chosen as wavelet reference. Several type of wavelets are available but the Morlet wave
one offers a good frequency resolution and is most of the time used wakemumber of 6 for which wavelet scale and
Fourier period are approximately equal.
All series were zerpadded to twice the data length to prevent spectral leakages produced by the finite length of the time
series. Zergpadding produces edge effects aralltdwest frequencies and near the edges of the series are underestimated. This
area is known as the cone of influence. For this reason, fluctuations that occurs in this area have to be interpretémhwith ca
Detectedfluctuations are statistically test atU= 0.05significancelevel against an appropriate background spectrum, i.e. a

red noise (autoregressive process for ARQ))or a white noise (autoregressive process for AR(1)=0) background (Torrence
and Compo, 1998)Autoregressive modelling is used to determine the AR(1) stochastic process for each timé lseries.
detected components can be extracted and reconstradtedtime domain by either inverseurier or wavelet transform of
selected energy bands in theespum.

The crossvavelet spectrund  GH'Y between two signalgt) andy(t) is calculated according to Eq.(9), whére ¢fiY and

z

6* GhY are the wavelet coefficient of the sigmél) and the conjugate of the coefficient of the wavelst(tf respectively:
® Gy & dfivs® afiy 9)

The wavelet coherends a method that evaluates the correlation between two signals according to the different scales

(frequencies) over time. torresponds to a bivariate extension of wavelet analysis that describes the common variabilities
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between two series. The wavelet coherence is analogous to the correlation coefficient between two series in the frequenc

domain. For two signabs(t) andy(t) se wavelet coherence is calculate as follows:

R sY® afivYs
w6 Gy — — (10)
sY®w Y8Yw hYs

where"Yis a smoothing operator.

The wavelet coherence spectrum allows description and visualization of wavelet cohetaxisg dzcording tdrequency

(y-axis) and time (»axis). Wavelet coherence ranges between 0 and 1, indicating no relationship and a linear relationship
betweerx(t) andy(t), respectivly.

Wavelet analysis were performed with the software R (Team, 2008) using the packayedati(Gouhier et al., 2012).

Appendix B.

The locally weighted regressio@léveland and Delvin, 1988; Cleveland and Loader, 1886 used to investigate systematic
features and patterns in the data. It is a method used for smoothing a scatterplot. Contrary to the moving average filterin
method, LOESSiltering allows a~welkconservation of the analysed signal variance. The poljedoadjustment is locally
performed on the whole series of data: a pwiistadjusted by the neighbouring points, and weighted by the distarad in

these points. The relative weight of each point depends on its distanadasfer thex, the more irportant is its influence on

the shape of the regression, and conversely. For this study, we chose a 50 years windows analysis which allows wdo investig

long-term fluctuations but also muitiecadal to centennial variability.

For each individuatecords a ManiKendall test flann, 1945andKendall, 197% was used to detect trends in prérferred

climate data. It is a neparametric test commonly employed to detect monotonic trend in climatologic data because it does
not require the data to be meally distributed and has low sensitivity to abrupt breaks due to inhomogeneous timeTberies.

null hypothesis Hdis that the data are independent and randomly ordered. The alternative hypatlietimtihe data follow

a monotonic trendover time Foreé p 7 the statistic'Yis approximately normally distributed anagitive values of

@ indicate increasing trends while negatdsevalues show decreasing trends. Testing sdaddone at thespecific U
significance level. Whegid s> @& 7 , the null hypothesis is rejected and a significant trend exist in the time series. In this
study, significance |l evels U=0. 1withwhigridcloSely relataddi 8 Keh.d@l |
tau. It will take value betweerl and+1. Positive values indicaéhat the ranks of both variables increase together, so an
increasing trend, while a negative correlation indicates a decreasing trend. The closertb +1tohe val ue of K

the more significant the trend in thme series.
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Figure 1. Palaeoclimate series used for this study. (a) Polar projectithre oroxy records location contained in the PAGES Arctic 2k
database (from McKay and Kaufman, 2014). (b) Temporal coverage and resolution (A: annual, SD: Subdecadal, D: Decadal, MD:
Multidecadal) of the records from 0 to 2000 AD. Letters with an astexdséate a mean temporal resolution. Colours corresponds to archive

5 type and refers to the map legend and numiretke Arctic 2k database index.
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Figure 2. (a) Map of record location (modified from McKay and Kaufman, 2014). Dashed lines show selected area used for calculated the
three regional mean records (NA: North Atlantic, A: Alaska and S: Siberia) presented at the (b), (c) and (c) curveslyespectesponds
to the number of records available in each area. Each regional mean record is associated to it corresponding numbexvafledgertbr

each year.
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Figure 5. (a) Individual trends for each records before recent warming. White dot highlighted inconsistency betweerddnaes for the
same archive. North Atlantic (b), Alaska (c) and Siberia (d) regionge&fs LOESS. Blue colors indicate decreasing tendency whereas red
colors indicate increasing trends. Dashed black lines correspond to the 95% confidence interval.
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