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Abstract. To put recent climate change perspectiveit is necessary to exterkde instrumental climate recordsth 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 dataarchived inthe Arctic 2k databasdn the North Atlantic and Alaska argathe major climatic trendis
characterized by lonterm cooling interrupted by recent warming that s@at the beginning of the 19th centufiscooling

is visible in theSiberian regiomttwo sites warming at the other§hecooling of thelittle Ice Age (LIA) wasidentifiedfrom

the individual seriesbut itis characterized bwide rangespatial and temporalxpressiorof climatevariability, in contraryto

the Medieval Climate Anomalyrhe LIA staredat the earliest bground1200 ADandendedat the latesin the middle of the
20" century.Thewidespreademporalcoveragef the LIA did not showregioral consistency or particulapatial distribution
anddid not showa relationship witharchive/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 vaability likely dueto naturalprocesses actingn theinternal climatesystem oraregional scale A ~16-30 years
cycle is found in Alaskaand seems to bknked to the Pacific Decadal Oscillatiowhereas ~280 and ~5090 years
periodicitiescharactede the North Atlanticclimate variability, likely in relation withthe Atlantic MultidecadaDscillation

Theseregionalfeaturesareprobablylinked tothe sedce cover fluctuationthroughice-temperature positive feedback.
1. Introduction

Since the bdgning of the hdustrial era, the global average temperabasncreasedy about 1°CGand recent decades have
been the warmest in the last 1400 yeBR&GES 2k Consortium, 2018°CC, 2013. The warming is more pronounced at high
latitudesin theNorthern Hemisphere than in other parts of the E&#nréze and Barry, 201RAGES 2k Consortium, 20),3
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being more than twice the rate and magnitude in the Arctictiigaglobal averageCphen et al., 2094To place this warming
in the perspective ofong-termnatural climate variability, thenstrumentatime series are not sufficiemind it isnecessary to
extendthe meteorological measuremertack in timewith proxy datafrom in palaeoclimate archivegce cores, tregings,
lake se@ments, speleothems, marine sediments and historical series).

Over the last decadextensive effoghave beemade tacollect andcompilepalaeoclimat@vailable datéo reconstruct past
climate variabilityon regional, hemispheric and globstales 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 asingle palaeoclimate archive type and/@aafe.gMcGregor et al., 201#®r oceansWeissbach
et al., 2016for ice core;Wilson et al., 20186or tree rings).In the Arctic and Subarctic area (80°N), several multiproxy
reconstructions of temperaturescompassinghe last two millennia were publishesh aglobal (PAGES 2k Consortium,
2013; McKay and Kaufman, 201%Verner et al., 20)7andregional scale (Hanhijarvi et al., 2013). The annual resolution of
these reconstructions allows tetudy of the climate varialtity from low frequencies (i.e millennial and multicentennial
fluctuations) to high frequencissch as decadal variations.

Climatic reconstructions highlighteal millennial cooling trend associateith the monotonic reduction isummer insolation
at high northern latitudesanda reversal markelly an important warmingf more than 1°@onsistetwith the increase of
greenhouse gas since the fid" century(e.g. Kaufman et al., 2009; Pages 2k Consortium, 20T8¢ longterm cooling
trendcorrelates with the millennialscale summer insolation reduction at high northern latitudes (Kaufman et al. b20@9)
increased frequency of volcanic events during the last millenmiayalso have concued and contributd to the cooling
episodes that occurredter 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 and cooling pulses during therg@iennium, 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

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

(solar activity and large volcanic erupis) and internal seiae/ocean feedbaclvhich fostered longtanding effects of shert
lived volcanic events (Miller et al., 2012).

Arctic-subarctic multidecadal climate variability is also influenced by internal climatic system dgrrrticas the Atlaitt
Multidecadal Oscillation (AMO) or the Pacific Decadal Oscillation (PD@jich mayimpact temperatures and siea cover
fluctuations (Chylek et al., 2009yhe reconstruction adheseoscillationswith paleoclimate records offers the possibility to
expore the linkages betwedhe internal climate variability and the Arciubarctic climate over the last two millennia (e.g.
Knudsen et al., 201 Miles et al., 2014; Wei andohmann, 2012).

In thisstudy, weexplorethe regional expressimf the Arcticsubarctic climate variability during the last two millenoiing
statistical andwaveletanalysis To do so, we define three reggmmorth Atlantic, Alaska and Sdsia, from which we

calculatedclimatic variations. Hence, the regional mean recattitaved us to determine if thEiming of thelong-termand
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secular (MCA and LIA) climatic fluctuations which occur at the global Arstibarctic scale are also characteristic of the
regional climate variabilitySpecial attention igiven to the last two centes, with the comparison between the three regional
mean records and instrumental climate indexdetermine the influence of internal climate variability alsothe ability of

paleoclimate series t@producealecadal to multideaal varigility obsenedin instrumental data

2. Paleoclimatedata

The records used in this studsere compiledy the Arctic 2k working group of the Past Global Changes (PAGE®arch
program This working group released a databeseprising56 proxy recordsfor the Arctic aregversion 1.1.1McKay and
Kaufman,2014). The database contains allailablerecords thameetdata qualitycriteria concernindpcation (from north of
60°N), time coverage (extemty back to at least 1500 A.D.jpeanresolution beter than 50 years)anddating control (at
least one age control point every 500 yedfg).(19. See Table S1 in supplementanaterial for more informatioabout each
site (cf. alsoMcKay and Kaufman2014).

Proxy recordsi@ from different archivéypes. Most areontinental archives with vergliable chronologieél6 ice cores, 13
tree rings, 19 lake sediment cores and 1 speleoti@rrecordsare from marine archives and one is a historic record (months
of ice cover) Among the 56 records, 3&be an annual resolutigfrig. 1. Hencethe hightemporalresolution of the Arctic

2k database seriedfers the possibility to studfne 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 beemublished in peereviewed journa andthe sensitivity ofeach proxy recortb temperature was
evidence eitherstatisticaly (e.g. correlation with instrumental temperature data) or mechaigtizith the description of
the processehroughwhich the proxy has showrits sensitivityto temperature changMcKay and Kaufman, 2034
Ourreview ofthe originalpublicationgpresenting the data used to develmpArctic 2kdatabase led us to raisemeconcerns
about theactualtemperature controls on proxin some casehe correlatiorbetweernproxy measurementnd instrumental
temperaturess significant but weak, with a correlation coefficient lower than 0.5 gig.r d et al . |, 20009; D¢
D6Arrigo et al ., 2 0Wi&setalS20ineSuchveegkeeratioesipssagbest that théarlahility recorded

by the proxiesare not exclusively linked tihe mean anraltemperaturdut 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@r@aibitiesn the assumetemperature control on proxwhatever the
archive type, we choose to wook the origiral proxy records directhand noton temperature reconstructiodsrived from

them
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3. Regional approach

The spatal distribution of the series highlights heterogénéFig. 1a).among the 56 series of the Arctic 2k database, 40 (71%)
arefrom theNorth Atlanticsector including Scandinavia, Iceland, Greenland and Canadiatic, while 9 (16%) represent
the Alaskaregionand5 (9%) the Siberia This high spatial disrepancy raisethe question of the influence ttie over
weightingof the North Atlanticsectoron the global Arctic signalherefore, to avoid a regional biage divide the Artic area
into three sectoréFig. 29. The Arc_9 recordlocatedin the central part of the Canadian Arctietwea the North Atlantic
and Alaskawas finally included to the North Atlantic regional mean record due to the correlation between ring width and
CanadiarNorth American temperatures highlighted by the autlbr8 Ar r i go )et al ., 2009
Calculatingregionaly averagedecords allows us to investigate the common spatial climate signal of each regji@udace
the noiseof individual records due to local effede.g.Weissbach et al., 201.@8efore calculatingachregionalmeanrecord

all recordswere standardizedver the whole recortb report the variations in terms of the standard deviation,hnypgemits
comparison ofhe records with each other, regardletthe parameters and unit values of independent recbhésnumber
of datapointsused to calculate each regional mean retoalso indicatedFig. 2 e-g). Thenumber oftime series used for the
Siberianregionalaveragedecord is very low, with only 5 series for a la@®a and the statisticedpresentativeness tife
data is thus questionablEhe0-750 AD periodof the Alaskaregional averaged recoiglalso tle result of low number dfime
series.This periodshouldbe interpret with cautiomhe three regional mean records based on the spatial distribution of the
series were calculated and then compared with a global Arctic mean record prasEigec: 3.

The correlation between the global Arctic record andhteanNorth Atlanticrecordshowsa particularly strong relationship
(Figure 4b, r2 = 081, p-value <0.06). Correlationsare weaker between the Arctic mean #mel regionalaverage Alaska
record (Figure B, r2 = 023, p-value <0.05 or the regionamean Siberian record (Figure,42= 0.16, 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 rewehuch stronger coherence between
theNorth Atlantic sector and the globatctic mean than for the two other regiopsarticularly at lowfrequencywith common
variabilitiesfor periods around 2070220 years) and 500 years (3980 years)which occurduring the last two millennia
(Fig. 4d). The coherence spectrativeen globalrctic mean record anthe Alaska regional recordhowsa significant
periodicity around 200 yearfor an interval mostly spanning froh830 to 190AD (Fig. 4e) The coherenceavelet spectra
betweertheglobal Arctic mean andhe Siberian mean recordoes notighlight significant periodicity arounthecentennial
scaleexcept afterl680 AD (Fig. 4f). The comparison between regional mean recordsthedlobal Arctic subarcticrecord
highlights climate variability dominated bthe North Atlantic signalwhich is normabecause athe much highenumber of
time series available in this areeor this reason, we decidéal studythe Arctic-subarcticclimate variability for the last two
millenniawith a regional approach

The grouping intahethree regions (i.e. North Atlantic, Alaska and Siberigystified by present dayegional climag. The

climate of theArctic-subarcticis influenced bythe Atantic and the Pacifioceanswhich experiencenternal variability on
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different timescalewith specificregional climate impacts$n the North Atlantic sectoinstrumentakea surface temperature
(SST)variationssince 1860 AChighlight low-frequency scillatiors known as the Atlantic Multidecadal Oscillation (AMO)
(Kerr, 200Q. The AMO corresponds to the alternation of warm and anomalies, which have considerable impact on the
regional climate over the Atlantic, North America anastern Europe (e.gnfield et al., 2001Sutton and Hodson, 2005
Knight et al., 2006Assani et al., 2001 In the North Pacific the Pacific Decadal Oscillation (PD@lyives the multidecadal
variability (Mantua et al., 1997)t is defined as the leadjrprincipal component of monthly SST in the North Pacific Ocean
(poleward of 20N) (Mantua et al., 199Mantua and Hare, 20Q2Positive phases of PDO are associated with precipitation
deficit and positive temperature anomalies in the northweied) Stées (US) andprecipitation increases in southern Alaska
and south western U.SMiantua and Hare 2002; Zhang and Delworth, 20C®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 corresponeyrgra0OESS filtering are presentedrigures2 and 3

The North Atlantic and Alaska regional records show we#rked and significant decressefore the beginning dhe 19
century:U ©.28(p<<0.0Z; Fig.5b)  a RO#2 (x=<0.01; Fig.5c), respectivy. In the Siberian region, niecreasés recorded
(z=-0.02, p=0.D; Fig. 5d). These trends aralsoshown fromthe analysis of all individual records from that reg{big. 5a
andtableS2). All the regions are characterized by significant warming after the beginning ofiticerifary:U = 0 (p<<0.01)

for the Nort ifp<s@0lfaonrt iAcl,a slk=gp<<@4bdifor Sibela. 4 5

The Subarctic North Atlantic gional record is characterized two different trends. The first millenniudoes not show long

term fluctuationsHowever, it is marked by a cold event pulse at ~675 AD, which is depicted in thepnoxlgireconstruction

of Hanhijarvi et al. (2013) fronthe Arctic Atlantic region and coincided with the occurrence of volcanic events (Sigl et al.,
2015). The secondnillenniumis characterized by a wetharked decreas particularlyclear after ~1250 AD, and endiag
~1810 AD withthe onsetof therecentwarming phaseHig. 5b).

Thefirst millennium in the Alaska region is characterizedalpronouncediecreas intemperatures until ~660 AD followed

by an increase until the beginning of the second millennkign 6c). The cold minimumat ~ 660 AD is recaded in three

time seriesover the five availableDuring theinterval between ~1000 and ~1530 ABemperatures decreased markedly,
followed bya period of slight increase, before the recent warming startind8#0 AD in the Alaska area.

Contraryto thesubarctic North Atlantic and the Alaska regional mean records, the Siberian regional mean record does not
show apparent differencestimperature trenbletween the first and the second millennidfig(5d). The ecent warming is
well-marked in theSiberian area and stadat ~1820 AD.Notablewarm eventsoccurredat ~250 AD, ~990 AD and ~1020
AD.
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In the subarctic North Atlantiché analysis oihdividualtime seriegeveaédinconsistenesbetweerthedata fromthemarine
Arc_38record which is based on diatom8€rner et al., 20)landthatof Arc_39record whichis based orakenones Calvo

et al., 2002) The two data sewrefrom the same marineore (MD 95-2011) butsuggesbpposite trends before 1810 AD
(Table ). Data from recora®°38 shows a significardecreas (z=-0.18, p<0.01) whereabose from recor@9 presents a
slight, but nonsignificant increas¢z=0.14, p=0.14)Different sensitivity toseasonatemperature possibly explais the
difference between thevo recordsas previously reportefiom the Nordic Seas (van Nieuwenhove et al., 2016). In the Arctic
subarctic areas, diatoms often relate to spring bjoumereasalkenonesre produced by coccolithophorjdshich develop
during the warmest part of theramer (e.g. Andruleit, 1997Divergence between Alkenone and Diatom records was also
observed during the Holocene and related to sensitivityffierentdepths Jansen et al., 28; Hessle etal., 2014).

Except for somdime seriesthat recordwarming tends which can be explained by locaffectsor differential seasonal
responsesmost individual series and regional mean records show decreasing trends before the beginnind otitary9
Themillennialscale cooling trend is consistent with previously publigieednstructions frorthe North Atlantic Hanhijarvi

et al., 2013 Arctic (Kaufman et al.2009; PAGES 2k Consortiun2013; McKay and Kaufman, 20)4andthe Northern
Hemispherge.g.Morberg et al2005;Mann et al., 2008 A robust global cooling trend endirag aboutl800 AD was also
observed in regiongbaleoceanographiceconstructions NlcGregor et al., 2015 The millennial cooling trend has been
attributed to the reduction in sureminsolation at high northern latitudes since the beginning of the HoloKemér{an et
al., 2009, and associatedith volcanic and solar forcingsiotablyduring the last millenniaRAGES 2k Consortium, 2013
Stoffel et al., 201p Whereas previous stigbdatethe transition betweethelong-term cooling andherecent warming at the
beginning of the 2Dcentury (e.gMann et al., 2008PAGES 2k Consortium, 20)3weidentified here that theooling trend
encedbetween 1810 and 1840 ADhe evidence of ndustriaterawarmingstarting earlier at the beginningthie 19" century
was proposetly Abram et al. (2016jor the entire Arctic areaHowever, the intenseolcanicactivity of 19" century(1809,
1815, and around 1848igl et al., 201bmayalsoexplain the apparent early warming trendjgesting that it may have been
recovery from a exceptionally coophase At the scale of the Holocenimternal fluctuations occurringt a millennial scale
have been idenidd in the subarctic North Atlantic area angretentativelyrelatedto ocean dynamicéDebret et al., 20Q7
Mijell et al., 2019. Therefore, tdbetter understanthe cooling trend of the last two millennia arlarger temporal context
taking into accounthe role ofoceanic variability on the lontgrm temperature variationslonger time series encompassing

the entire Holocene would be useful.

4.2. Secular variability

Long-termchangeis not the only variability mode that defines the last two milldnclimate which wasalso characterized
by long-standing climatic events suchtag LIA and theMCA. Here, wantendto summarizeéhe expression of the LlAnd
the MCAIn the Arctic-subarctic area based on the Arctic 2k records. The timitlgest tweriods, whichwe identified in
mostbut not all of theseriesused in this studyis takenfrom the original publicationsThe &bles that list the beginning and

end of the LIA and the MCA are availabletire supplementary material.
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The MCA correspond® a relatively warm period occurringetween 96 and 250 AD (Mannet al., 2009)The starting year
of this relativelywarm period in the Arctisubarctic area ranges between-830 ADin Siberia and 90A000AD in Alaska,
whichis consistetwith theoverall records of the Northern Hemisphéfgy. 6a). In the North Atlantic sector, the MCA laeg
between 800 and 1050 AD, expéttwo lake sediments recorttscated in the Canadian Arctilc which the MCA staed at
the end of the ™century (Arc 25, Maore et al.2001;Arc_54, Rolland et al., 2009). The end of the M@hges between
1100 and 1550 AD (Fig. 6b). The josty of the records highligha transition between warmer and colder periods around the
14" century Two records are characterized &y ending poingfter the 1% century (Arc_49, Linge et al2009;Arc_38,
Berner et al., 2011 he time coverage of the @A is about~200-250yearsin most recordg¢Fig. 6c).

The duration and timing of the LIA in the Arctsubarctic arearemorevariable from site to sitthan the MCA particularly
for the starting year (Fig. 7a)he earlist starting point is dattaround 1200 AD Esper, 2002Melvin et al., 2013Larsen et
al., 201} andthe earliestendingpoint is reported to bas late as 19002 (e.g.Gunnarson et al., 201lIsaksson et al., 2005
Linge et al, 2009Massa et al., 20)ZFigs. 7a and7b). Thetime coverage of the LIAangesetween ~100 yearKifchhefer,
200) and ~700 yeardMelvin et al., 2013 It does noseem tadependupon thelocationof the data set in space nor the type
of archive or proxyFig. 7c). The large rangef possible timing for the LIA is consistewith the results oprevious study in
this area\\Vanner et al., 2091lt points todifficulty in distinguisting the LIA coolingin subarctic settings. Actually, individual
palaeoclimate series from the northern Greenlanddidazot clearlyrecord the LIA but a stack othese seriekighlighteda
cold pulse betweethe 17" and 18 century(Weissbach et al2016) Althoughthe LIA correspons toanegative temperature
anomaly, itis difficult to identify the Arctic areaolely based on temperature proxiegidenceof the LIA mightalsobefound

in palaedydrdogical time series(Nes andDahl, 2003) For examplel.amoureux et al. (2001)ighlightedthe evidence of
rainfall increase during the LIA in a varved lake sedinenefrom the Canadian Arcticlherefore, it would be relevant to
study the LIAby usingpalaeoclimateseriessensitive to hydrdogical variability (Linderholm et al., thisssug. This would
contribute to aetter understariolg of secular climatevariability in the Arctic area anthe role of internatlimatic system

fluctuationson seculawvariationduring thelast millennia

4.3. Recent warming andinternal climate oscillations

Studying theclimate of thdast centuries ia means to examine timportantissueof distinguishinganthropogenic influences
from natural variability and the responseasfocean/atmosphere coupled system. The last two centueiesharacterized

in all regiors by a wellmarked warming trend (North Atlantic sectd¢r0.40, p<0.01; Alaskat=0.48, p<0.01; Siberia
1=0.45, p<0.01) Kig. 8). Thetemperature increasecorda& overthe last two centuries isonsistentwith the increag of
greenhouse gaamissions $hindell and Faluvegi, 2009However, theecent warmingvasnot lineay as itincludeddifferent
phases of increase highlighted by theyg@r LOESSfiltering. This is particularlythe casen the subarctic North Atlantic
sector wheredifferent periods are distinguished withpeonounced warming transition phase between 1920 and 1930 AD
(Fig. 89). Theseesultssuggesthe occurrence ahulti-decadal variabilitguperimposed on the increasing anthropogeeaia

during the last centuries améhich canbe linked witha natural internal climate variability mode

7
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To determine the origin of the mudtiecadal variability in each region, wemparedhe three regional ean records with two
instrumentaklimate indices: the AMOEnfield et al., 200Landthe PDO (Mantua et al., 1997 using the wavelet coherence
(Figs. 9 and 10, Appendix A. Because pe of themain objectivef the paper is to determirike ability of the Arctic 2k
database series timic theclimate variabilityrecorded in the observation data, we dot usethe noninstrumental AMO
and PDO records to gorther back in timeThe analysewserethusperformedon the time intervalsised to definéghe AMO

and PDO indices, which afs856:2000 AD and 190@000 AD, respectively.

Persistent mulidecadal/ariability with period 0of50-90 years are consistent between the subarctic North Atlantic mean record
and the AMOoverthe las two centuries (185@000 AD;Fig. 9c). However, this scale of variability is located in the cone of
influence. Comparison of the reconstruction of the9B0/ears oscillation with the original data for each seriesvaliausto
verify if this fluctuation truly characterizes the onigl signal(Fig. 9a and B). It also revealethat fluctuations are in phase
and continuous throughout the last two centudiegshe subarctic North Atlantic sector, the 192880 AD transition also
coincides with the occurrence of mudtecadal variabity with a 2030 yeargperiodsimilar to the AMO indexComparison
with the instrumental PDO indereveaéd a 1630 years oscillation common to the Alaska area and the instrumental index
during the 190€000 AD interval (Fig. 10b). Wavelet reconstruction othe 1630 years oscillation for the Alaska
palaeoclimate mean record and instrumental PDO index exitsalt these scales of fluctuation are in phakmvever while
theywerecontinuous throughout the last century for the instrumental ifdlgx1 ), the 16-30 years oscillations only appear
after~1940 ADin the Alaska recor@Fig. 1(v).

Internal climate fluctuationare also linked with sei@e cover fluctuationswhich areimportant component of the climate
system at high latitudéMiles et al, 2014 Sha et al., 2015creenret al., 2018 The relationship betwedghe AMO, thesea-

ice extenfluctuations and climate variability recorded in the North Atlantiwédl-il lustratel from 1979 to 2000 (igure 1J.

The decline irsea ice cover was marked byecrease iseaiceextdr( 4 % per decade si nCagalietihe
and Parkinson, 20)2but also ice thickness (50% since 198€himcentral Arctic,Kwok and Rothrock, 20Q%and the length

of the ice seasofathreemonth longer summer ieleee seasorStammerjohn et al., 2012t was accompanied tyeat and
moisture transfer to the atmosphemgingto the increase of open water surfaS&deve et al., 2032This is associated with

an increase of surfa@ar temperature, especially in coastal and archipelago areas surrounding the ArcticRobgsoy et

al., 2013. Therefore, while the climate warming in the Arctic accelerates sea ice decline, the sea ice decline simultaneously

amplifies and acceleratéise recent warming (ieeemperature positive feedback).
Comparison between our three regional mean records and climatesimolascthe ability of regional proxpased records to
reproducevariability thatoccursat multidecadal scales in instrumental ddat alsothe importance of the role of internal

variability on theclimatein the Arctic Area during the last centuries.
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5. Conclusion

With the publication of the PAGES Arctic 2k database, which compaioxytime serieshat respond to several qualdsiteria,

it was possible to describe the climatethe Arcticsubarctic region over the last 2000 yefiosn low to high frequency
variabilities Longterm tendency, secular variabilitgnd multidecadal fluctuations wita focus on the last 200 yeavere
describe using statistical and signal analysis methods.

We presented three new regional mean records for the North Atlantic, Alaska and Siberia @gilogto the uncertainties
concerning the relationship between several proxy measurearghirstrumental temperatures, climatriability has been
studied based on proxiyne seriesrather thartemperature reconstructiomslargenumber of proxyime series in the PAGES
Arctic 2k databasare from the North Atlantic regigrbut the Siberia regigrand to a lesser extent the Alaska region, are
underrepresentedlherefore the global Arctiesubarctic records probably biased towarthe North Atlantic climate
variability. This study clearly nderline the necessity to increase the number of sespecilly in Alaska and Siberian area
Increasiiy the number of series in the Pacific Arctic, western North AmeridaSiberia wold be relevant to gain a better
understanding of the global Arctgubarctic climate variability over the last two millennia.

Despite the spatial heterogeneity of the database, we found regionaétongendenciesimilar to the millenniatooling
trendrecorded at the global Arctgubarctic spatial scalexceptin the Siberia regionNevertheless,he three regions are
characterized by a recent warming starting at the beginning of theehury.However, it is important to notice thagcause
regional records corresponds to mix of climate variables and seasonal sensitivitiesnth@ye consider aannual mean
temperature reconstructiorutureeffort should be made to study the impact of mix pre@gsonalityandtransferfunction
biases ompaleoclimatesignal reconstructedvhatever the studied climate parameter (e.g. temperature, precipitation).
Synthesis of the expression of secular fluctuati@sshownhe spatial and temporal variability of the cold LIhe 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 centuriéedd to highlight that the recent warmingasmarked by a global increasingmperature
trend linked to ie anthropogenic forcindt was also punctuatday climatic fluctuations related to regional internal climate
oscillationsthat occurat multidecadal scales, especially the AMO in the North Atlantic region and the PDO in the Alaska
region.It would be inereging to extendhe studythroughout the last 2000 years atetermindf these scale ofariability are
persistent oongertimescales, especially during the warm MCA and cold hi&jor climatic periodd he identification of
this variability in the poxy-based recordgraises the important issuef the needo better understand regional past climate
variability in the Arctiesubarctic areaComparison between regional prelsgsed recosiand instrumental climate index also

leadto propog linkagebetween paleoclimate series on one side and instrumental data on the other.
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Appendix A. Wavelet analysis

The Wavelet Transform (WA) is particularly adapted for the study ofstationary processes, i.e. discontinuities and changes

in frequency or magnitude (Torrence and Compo, 1998). Weanealysis corresponds to a bagyasks filter, which decompose
the signal on the base of scaled and translated versions of a reference wave function. Each wavelet has a finite gength and
highly localized in time. The reference waveletomprises two parameters for tisfrequency exploration, i.e. scale
parametern and timelocalization parametds, so that:

P 0

[k [ — 7
- )
The parametea can be interpreted as a dilatiaa{) or contractiond<1) factor of the reference wavelet corresponding to
the different scales of observation. The parametam be interpreted as a temporal translation or phase shift.

The continuous wavelet transform of a sigihal producing the wavelet spectrum is defiras:

. L P o B .
Y i 08—=8 —— &0 8)
Mo w
The soecalled local wavelet spectrum allows description and visualization of power distribu@is{according to frequency
(y-axis) and time (axis).
In this study, the Morlet wavelet was chosenwavelet reference. Several typé wavelets are availahl®éut the Morlet
wavelet offers a good frequency resolution and is widshused with a wavenumber offér which wavelet scale and Fourier

period are approximately equal.
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All series werezerapadded to twice the data length to prevent spectral leakages produced by the finite length of the time
series. Zergpadding produces edge effects and the lowest frequeranelsthe areanear the edges of the seriss
underestimated. This area is kvmoas the cone of influence. For theason, fluctuations that occur this area have to be
interpreted with caution.

Detectedfluctuations are statistically testeddst 0.05significancelevel against an appropriate background spectrum, i.e. a
red nase (autoregressive process for AR{Q) 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 tim@lseries.
detected componentam be extracted and reconstructethie time domain by either invergeurier or wavelet transform of
selected energy bands in the spectrum.

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

7 Z

6° @'Y are the wavelet coefficient of the signé) and the conjugate of the coefficient of the wavelst(f respectively:
© Y 6 afivys” Y (9)

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

(frequencies) over time. ttorresponds to a bivariate extension of wavelet analysis that describes the common variabilities

between two series. The wavelehecence is analogous to the correlation coefficient between two series in the frequency

domain. For two signats(t) andy(t) the wavelet coherence is calculate as follows:
sY® dfiYs

sYw dhY8Yw hYs

®wo Y

(10)

where™Yis a smoothingperator.

The wavelet coherence spectrum allows description and visualization of wavelet coheraxisg dzcording to frequency
(y-axis) and time (>axis). Wavelet coherence ranges between 0 and 1, indicating no relationship and a linear relationship
betweenx(t) andy(t), respectivly.

Wavelet analysis were performed with the software R (Team, 2008) using the packages biwavelet (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 filtering
method, LOESSiltering allows a-wellconservation of the analgd signal variance. The polymial adjustment is locally
performed on the whole series of data: a pwiist adjusted by the neighting points, and weighted by the distancexiof

these points. The relative weight of eadinp depends on its distance frooithecloser thex, the maee important its influence

on the shape of the regression, atfek versaFor this study, we chose a 50 years window analygiich allows us to

investigate longerm fluctuationandmulti-decadal to centennial variability.
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For each individual record MannKendall test fann, 1945andKendall, 197% was used to detect trends in prearferred

climate data. It is a neparametric test commonly employed to detect monotonic $ranclimatologic data because it does

not require the data to be normaligtdibuted and has low sensitivity to abrupt breaks due to inhomogeneous timeTlderies.

null hypothesisHo, is that the data are independent and randomly ordered. The alternative hypatietistthe data follow

a monotonic trencbver time Fore p 11 the statistic'Yis approximately normally distributed angositive values of

@ indicate increasing trends while negatidevalues show decreasing trends. Testing sdaddone at thespeeific U
significance level. Whegd s> &  , the nullhypothesis is rejected and a significant trend skisthe time series. In this
study, significance |l evels U=0. 1atisdbselyre@tdd tdinsd Kl n=d a0l .| 0d1s
will take a value betweenl and +1. Podite values indicate that the ranks of both variables increase togeinjngan
increasing trend, while a negative correlation indicates a decreasing trend. The closertb +1tohe val ue of K

the more significant the trend in the timeies.
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Figure 1. Palaeoclimate series used for this study. (a) Polar projection of the proxy 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 asterisk indicate a mean temporal resolution. Colours corresplones to

5 type and refers to the map legend and numiretke Arctic 2k database index.
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Figure 4. Left. Correlation between the global mean based on proxy data and the three regional mean records for (a) North Atlantic (b)
Alaska and (c) Siberia areas. Correlations is significant at the 95% confidencRigkiele) Wavelet coherendeetween global and North

Atlantic mean records, (f) global and Alaska mean records, (g) global and Siberia mean records. Colors represent thetim|gighal

at given time and spectral period (red equals highest power, blue lowest). Whiter@spands to cone of influence on wavelet coherence
spectrum. Confidence |l evel of 95% (U=0.05) is indicated on wa
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Figure 5. (a) Individual trends for each records before recent warming. White dot highlighted inmonsisétween two tendencies 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 958¢momiinterval.
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