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Abstract. We undertake a study in two parts, where the composite record to increase the signal-to-noise ratio. The
overall aim is to quantitatively compare results from cli- challenge of producing reliable inferred climate reconstruc-
mate proxy data with results from several climate model sim-tions for the Holocene cannot be underestimated, consider-
ulations from the Paleoclimate Modelling Intercomparison ing the fact that the estimated temperature and precipitation
Project for the mid-Holocene period and the pre-industrial,fluctuations during this period are in magnitude similar to, or
conditions for the pan-arctic region, north of°@0. In this lower than, the uncertainties the reconstructions. We advo-
first paper, we survey the available published local tempercate a more widespread practice of archiving proxy records
ature and precipitation proxy records. We also discuss anés most of the potentially available reconstructions are not
guantifiy some uncertainties in the estimated difference inpublished in digital form.

climate between the two periods as recorded in the available
data. The spatial distribution of available published local
proxies has a marked geographical bias towards land areas
surrounding the North Atlantic sector, especially Fennoscan-

dia. The majority of the reconstructions are terrestrial, andj, recent decades the northern high latitudes have experi-
there is a large over-representation towards summer tempegnced significant warming, which is larger than elsewhere
ature records. The available reconstructions indicate that thgy, e globe (e.g. Moritz et al., 2002; Brohan et al., 2006).
northern high latitudes were warmer in both summer, win-opservations since 1961 show that temperatures have risen
ter and the in annual mean temperature at the m|d—HoIocengy more than 2C in Arctic areas (IPCC, 2007) and in the
(6000 BP+500yrs) compared to the pre-industrial period nast 100 years averaged Arctic temperatures have increased
(1500 AD=500yrs). For usage in the model-data compar- 5t aimost twice the global average rate (IPCC, 2007). The
isons (in Part 1), we estimate the calibration uncertainty andypservational evidence is generally consistent with climate
also the internal variability in the proxy records, to derive a yoge| simulations that include increased greenhouse gas
combined minimum uncertainty in the reconstructed temperqncentrations and other observed external forcings (Holland
ature change between the two periods. Often, the calibration g Bjtz, 2003). However, uncertainties in Arctic regional
uncertainty alone, at a certain site, exceeds the actual recoRqimate predictions, which rely on our current understand-
structed climate change at the site level. In high-density ré{hq of climate-influencing processes in the various compo-
gions, however, neighbouring records can be merged into ents of the climate system, still exist (IPCC, 2007). Im-
proved knowledge of past climate variability and regional
climate evolution in the Arctic is crucial for a better under-
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capabilities. This necessitates quantitative information alsahe whole northern high latitude region (60=90), focusing
from data records that reach beyond the information avail-on the periods at 6000 years ago and the pre-industrial pe-
able from instrumental records (e.g. Jones et al., 2009). Suchod. By focusing on these two periods, it is possible to un-
data —i.e. climate proxy records — are further needed for valdertake a quantitative analysis where we compare the avail-
idation of climate models, to assure that the models are ablable local temperature and precipitation proxy series with all
to reproduce the observed climate change. model simulations from the PMIP projects. Such a model-

Reconstructions of past climate changes can be obtainedata comparison is the goal in Part 2 of our study (Zhang et
by analyzing different types of proxy data from natural al., 2010).
archives, like biological proxies preserved in lake and marine In the first part (this paper) the aim is to undertake a sur-
sediments, the width of tree-rings or the oxygen isotope comvey of available calibrated local temperature and precipita-
position in ice, trees, speleothems and lake sediments. Thetéon proxy records extending 6000 years back. We analyze
is evidence that climate in the northern high-latitude regionsthe geographical coverage of data, we calculate the change
were warmer than today during the mid-Holocene. Davies efn climate between 6000 years ago and the pre-industrial pe-
al. (2003) suggested, based on evidence from pollen datajod in each record, we compare what we find in different
that the so called Holocene Thermal Maximum occurredproxy types and regions, we discuss sources for uncertainties
across a wide area of northern Europe at around 6000 yeaiia the data and we attempt to quantify some important uncer-
ago. While the insolation in boreal summer was maximaltainties of relevance when comparing the climate change de-
at around 11 000 years ago (Berger and Loutre, 1991) dueluced from proxy data with results from model simulations.
to orbital factors (tilt and precession), the temperature max-The estimated local climate changes and the associated quan-
ima in the proxy records are in some places delayed up taified uncertainties found here are then used in the model-
4000 years as a result of the cooling effects of melting of thedata comparison in Part 2, where we implement a simple cost
big continental ice sheets (Kaufmann et al., 2004; Renssefunction approach of a type that has previously been used in
et al., 2009). The long-term temperature trend since thenproxy-data vs. model comparisons (Goosse et al., 2006), in
caused by the change in orbital forcing, appears to have beesin attempt to identify the models that most closely agree with
amplified by several positive feedbacks, for example the icethe proxy data. These “best-fit" models are then subject to
albedo feedback (Deser et al., 2000), the sea-ice albedo feednalyses of the models’ response to the (mainly) orbital forc-
back (Harvey, 1988), and the tundra-taiga feedback (Ottering change and the processes and feedback mechanisms that
man et al., 1984). A further mechanism of importance is theare involved.
slow release of the excess heat stored in the oceans due to
their large heat capacity (Renssen et al., 2006). The exis-
tence of such feedback mechanisms imply that high-latitude2  Proxy data and methods
climate variability is a complex process, which demands the
analysis of simulations with numerical climate models of a2.1 Screening of proxy data
considerably degree of complexity in order to be understood.

The Paleoclimate Modelling Intercomparison Project There exists no public database that contains all published
(PMIP, http://pmip.Isce.ipsl.frandhttp://pmip2.Isce.ipsl.fy/  temperature and precipitation proxy records covering the re-
was launched to study the role of climate feedbacks arisinggion and period of interest here, which is the area north of
for the different climate subsystems and to evaluate the ca=~60° N and the time period from the mid-Holocene to the
pability of state of the art climate models to reproduce cli- pre-industrial. Therefore, to obtain an overview of the avail-
mate states that are different from those of today. Two ofable data it was necessary to start with a systematic screening
that project’s focus periods are the mid-Holocene (6000 yearof the peer-reviewed literature. We only searched for pub-
ago) and the pre-industrial period (ca. AD 1750). In a num-lished records that were already calibrated and we were not
ber of studies, several models’ response to primarily orbitallooking for regional compilations from multiple records, in-
forcing has been compared with evidence from proxy datastead we focused on local site-by-site reconstructions. By
for different regions (e.g. Prentice et al., 1998; Gladstone etloing so, we found a total number of 129 reconstructions
al., 2005; Brewer et al., 2007). Nevertheless, for the Arc-from 71 different sites (Fig. 1, Table 1). We obtained the ma-
tic region there are more proxy records available than hithjority of the data series directly from the respective author by
erto used in the model-data comparisons and furthermore, thpersonal contact (72), while only a few were obtained from
various types of uncertainties that always exist in proxy datathe NOAA data base (6\Mww.ncdc.noaa.gov/paleo/recons.
(e.g. Wanner et al., 2008; Jones et al., 2009) have usually nditml) or from the respective author's home page (6). When-
been explicitly accounted for. ever we could not obtain data digitally in any of those ways

We undertake a study, in two companion papers, where weé45), we digitized figures in the original articles, using the
first address questions concerning temperature and precipitg@grogram GetData.
tion proxy data availability and proxy data uncertainty, and There does, however, exist more potential data than those
then perform climate model vs. proxy data comparisons forincluded in our survey. For example, for North America
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Table 1a. Temperature reconstructions from proxy data discussed in this paper.
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Site LatN LonE Prox§7 Variablé  6ka—0ka oc ov 201t Reference

Fennoscandia

Dalmutladdo 69.17 20.72 P Tiul 13 08 03 18 Bjune et al., 2004
Barheivatn 69.70 1985 P T3ul 1.7 12 02 25 Bjune et al., 2004
Toskaljavri 69.20 2147 P Tyl 04 07 01 14 Seppand Birks, 2002
Toskaljavri 69.20 2147 C Tyul 07 01 02 05 Sepdpet al., 2002

KP-2 68.80 3532 P Tyul 05 01 03 07 Sepdpet al., 2008
Tsuolbmajavri 68.68 22.08 P Tul 14 0.1 0.3 0.6 Seg@pand Birks, 2001
Tsuolbmajavri 68.68 22.08 D Tiul 05 01 0.2 04 Korhola et al., 2000
Tsuolbmajavri 68.68 22.08 C (bummer) Ty -01 01 02 05 Korhola et al., 2002
Tsuolbmajavri 68.68 22.08 C(WRLS) Ty -01 01 0.3 0.7 Korhola et al., 2002
Tornetiask 68.50 19.00 T Tyia -03 01 02 03 Grudd et al., 2002
Vuoskkujavri 68.33 19.10 P Tyl 1.0 08 03 23 Bigler et al., 2002
Vuoskkujavri 68.33 19.10 D Tyul 18 09 02 17 Bigler et al., 2002
Vuoskkujavri 68.33 19.10 C Tyul 04 161 02 1.9 Bigler et al., 2002
Vuoskkujavri 68.33 19.10 P T3an -04 23 05 47 Bigler et al., 2002

Lake 850 68.37 19.12 D T3ul 0.0 0.6 02 13 Larocque and Bigler, 2004
Lake 850 68.37 19.12 C Tyl 02 06 02 13 Bigler et al., 2003

Lake Njulla 68.37 18.70 D Tyul 09 09 04 19 Bigler et al., 2003

Lake Njulla 68.37 1870 C T3ul 1.1 0.8 01 17 Bigler et al., 2003
Vuolep Njakajaure 68.33 18.78 D T3l 11 09 04 19 Bigler et al., 2006

Lake Tibetanus 68.33 1870 P T3ul 31 11 04 22 Hammarlund et al., 2002
Chuna Lake 6795 3248 P Tyul 10 11 04 24 Solovieva et al., 2005
Sjuodjijaure 67.37 18.07 P T3l 09 10 03 21 Rdm et al., 2001
Sjuodijijaure 67.37 18.07 D Tyul 15 07 01 15 Rdm et al., 2001
Sjuodjijaure 67.37 18.07 C Tyl 1.0 08 02 17 Rdm et al., 2001
Jeknajaure 67.22 1780 D Tyul 26 09 06 21 Rdm et al., 2003

Niak 67.50 18.07 D Tyul 11 08 02 17 Rdm et al., 2003
Seukokjaure 67.77 1752 P Tyl 07 17 03 34 Rdm et al., 2003
Seukokjaure 67.77 1752 D Tyul 00 12 03 25 Rdm et al., 2003
Seukokjaure 67.77 1752 C Tyul 00 14 02 29 Rad et al., 2003
Svaravatnet 66.42 1405 P Tyul 21 0.8 02 17 Bjune and Birks, 2008
Svaravatnet 66.42 1405 P T3an 1.1 19 0.8 4.2 Bjune and Birks, 2008
Saylegrotta 66.62 13.68 S Tann -050 02 08 16 Lauritzen and Lundberg, 1999
Lake Berkut 66.35 36.67 C Tyul 00 13 03 27 lllashuk et al., 2005
Lake Sgime 63.12 1232 C Tyul 12 12 04 25 Hammarlund et al., 2004
Ratasjgen 62.27 983 C Tul 0.7 0.8 04 19 Velle et al., 2005
Brurskardstjarni 61.42 8.67 C T3ul 1.4 0.7 02 16 Velle et al., 2005

Finse stationsdamm 60.60 750 C Tyl 21 12 07 29 Velle et al., 2005
Holebudalen 59.83 698 C Tul 05 1.2 0.3 26 Velle et al., 2005

Vestre @ykjamyrttjgrn  59.82 6.00 C Taul 09 0.8 03 17 Velle et al., 2005

Vestre @ykjamyrttjigrn  59.82 6.00 P T3yl 03 11 03 23 Bjune et al., 2005
Trettetjorn 60.72 700 P T3ul 25 0.8 06 20 Bjune et al., 2005
Klottjarnen 61.82 1458 P Tann 28 03 06 14 Sepdpet al., 2009
Nautagrvi 61.80 2470 P Tann 18 03 04 09 Sefépet al., 2009
Laihalampi 61.48 26.07 P Tann 14 03 05 12 Heikkd and Sepj, 2003
Arapisto 60.58 24.08 P Tann 28 03 08 17 Sarmaja-Korjonen and Sapp007
Kuivajarvi 60.80 23.80 P Tann 20 02 07 14

Gilltjarnen 60.08 1583 C T3ul -08 08 02 10 Antonsson et al., 2006
Gilltjarnen 60.08 1583 P Tann 1.2 0.2 08 15 Antonsson et al., 2006
Trehdrningen 5855 11.60 P Tann 16 04 1.1 23 Antonsson and Sépg007
Lilla Gloppsjon 50.83 1653 P Tann 27 0.3 08 1.7 Serépet al., 2009

Flarken 5855 1367 P Tann 23 04 08 18 Sefépet al., 2005

Lake Raigastvere 58.58 26.65 P Tann 25 0.2 09 18 Sepgpand Poska, 2004
Lake Viitna 59.45 26.08 P Tann 25 02 09 18 Segpand Poska, 2004
Lake Ruila 59.17 2443 P Tann 40 03 09 19 Sep@pand Poska, 2004
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Site LatN LonE Proxy Variablé 6ka-0ka oc oy 201t Reference

Iceland

Torfaldsvatn 66.06 —-20.38 C Tyul 04 22 04 44 Axford et al., 2007

St Vidarvatn 66.23 —-15.84 C Tyul 06 22 05 45 Axford et al., 2007

Greenland

GISP2 75.60 —38.50 icesl8O Tann 14 2 05 2 Alley et al., 2000

Dye 3 65.20 —-43.80 Bt Tann 22 03 0.8 1.8 Dahl-Jensen et al., 1998

GRIP 7260 -37.60 Bt Tann 26 02 05 1.0 Dahl-Jensen et al., 1998

N. America

KRO02 71.34 -113.78 P (PLS) Tyl 05 06 01 1.3 Peros and Gajewski, 2008

KRO2 71.34 —-113.78 P (WAPLS) Ty 06 06 00 13 Peros and Gajewski, 2008

KRO2 71.34 —-113.78 P (MAT) Tyl 00 06 02 13 Peros and Gajewski, 2008

Dyer Lower 66.62 —61.65 P (RESP) Ty 06 0.3 0.2 0.7 Kerwin et al., 2004

Dyer Lower 66.62 —61.65 P (MAT) Tyul 05 0.3 0.4 0.7 Kerwin et al., 2004

Zagoskin Lake 63.44 -161.90 C T3ul 02 28 16 64 Kurek et al., 2009a

Iglutalk Lake 66.14 —66.08 P (RESP) Ty 00 03 00 05 Kerwin et al., 2004

Iglutalk Lake 66.14 —66.08 P (MAT) Tyul 0.0 0.3 0.0 0.5 Kerwin et al., 2004

Burial Lake 68.44 —-158.83 C T3ul 01 19 01 39 Kurek et al., 2009a

Lake Vhcl 60.78 —69.83 P (RESP) Ty -15 02 01 09 Kerwin et al., 2004

Lake Vhcl 60.78 —69.83 P (MAT) Tyl 02 02 01 04 Kerwin et al., 2004

Lake LRI 58.58 —7525 P Tyul 02 17 00 34 Sawada et al., 1999

U. Fly Lake 61.07 -138.09 P Tyl 10 13 04 28 Bunbury and Gajewski, 2009

U. Fly Lake 61.07 —138.09 C (MAT) Tyul 25 18 0.9 41 Bunbury and Gajewski, 2009

U. Fly Lake 61.07 —138.09 C (WAPLS) Tjy 15 15 04 32 Bunbury and Gajewski, 2009

Lake JRO1 69.90 -95.07 P Tyl 13 11 05 25 Zabenskie and Gajewski, 2007

Lake CF3 7053 -68.37 C Tyl 04 22 01 45 Briner et al., 2007

Lake CF8 70.56 —-68.95 C T3ul 04 22 01 45 Axford et al., 2009

Hanging Lake 62.35 —-138.35 C Tyl 07 14 04 30 Kurek et al., 2009b

BCO1 75.18 -111.92 P Tyl 05 14 01 28 Peros et al., 2010

Siberia

Lyadhej-To 68.25 65.75 C Tyul 08 11 03 23 Andreev et al., 2005

Lyadhej-To 68.25 65.75 P Tyl 22 30 0.9 6.2 Andreev et al., 2005

Khaipudurskaya 68.00 60.00 P Tyul -12 1.2 0.5 2.6 Andreev and Klimanov, 2000

Khaipudurskaya 68.00 60.00 P T3an -10 14 06 31 Andreev and Klimanov, 2000

Khaipudurskaya 68.00 60.00 P Tann 03 04 1.2 25 Andreev and Klimanov, 2000

Taymyr 70.77 99.13 P Tyul 13 1.2 0.2 2.4 Andreev and Klimanov, 2000

Taymyr 70.77 99.13 P T3an 24 14 0.2 29 Andreev and Klimanov, 2000

Taymyr 70.77 99.13 P Tann 15 0.2 1.2 2.4 Andreev and Klimanov, 2000

Kazacle 70.77 136.25 P Tyl 0.44 085 1.01 2.64 Andreevetal, 2001

Kazacte 70.77 136.25 P T3an 0.3 0.8 1.4 3.3 Andreev et al., 2001

Kazacte 70.77 136.25 P Tann 0.8 0.7 1.2 2.8 Andreev et al., 2001

Levison-Lessing 74.47 98.63 P Tyul -01 11 11 3.0 Andreev et al., 2003

Levison-Lessing 74.47 98.63 P T3an -08 14 1.3 39 Andreev et al., 2003

Levison-Lessing  74.47 98.63 P Tann -04 1.0 0.8 2.7 Andreev et al., 2003

Lama Lake 69.53 90.20 P (PFT) Tyul 23 09 0.9 2.4 Andreev et al., 2004

Lama Lake 69.53 90.20 P (IS) T3ul 3.0 09 0.9 2.4 Andreev et al., 2004

Lama Lake 69.53 90.20 D Tyul -0.1 1.0 0.2 2.0 Kumke et al., 2004

Marine

CR 948/2011 66.97 764 D SSTaug 30 09 04 12 Birks and Kog, 2002,
Andersen et al., 2004

JR51-GC35 67.00 1796 A SSTann —-0.6 0.6 0.8 2.0 Bendle and Rosell-MeP007
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Table 1la.Continued.

Site LatN Lon E Proxﬂr Variablé 6ka-0ka oc oy 20ttt Reference
MD95-2011, JM97-948/2ABC  66.97 764 F SSTsum -09 07 03 15 Andersson et al., 2003
T88-2, IM01-1199 71.99 1436 F SSTsym -0.3 0.8 Hald et al., 2007
MD99-2269 66.85 —20.85 D SSTaug 0.13 06 04 13 Justwan et al., 2008
CR 19/05 67.13 —-30.90 F SSTaug 11 09 02 19 Andersen et al., 2003
B997-324 66.89 —18.98 F SSTyy 0.1 08 05 19 Smith et al., 2005
B997-321 66.53 —-21.50 F SSTyul -0.2 09 04 20 Smith et al., 2005
91-039 77.27 —-74.33 Dc SSTaug 15 24 10 5.2 Levac et al., 2001
B997-347 63.93 —-2448 F SSTyl -162 09 01 19 Smith et al., 2005
MD99-2304 77.62 995 F SSTsym 0.1 04 13 Hald et al., 2007
HM57-5 69.43 -13.12 D SSTaug 3.7 0.8 Kog et al., 1993
HM57-5 69.43 —13.12 D SSTreh 3.8 1.4 Koc et al., 1993

Table 1b. Precipitation reconstructions from proxy data discussed in this paper.

Site Lat N LonE Proxy Variablé? 6ka—0.5ka o¢ oy 201t Reference

Fennoscandia

Dalmutladdo 69.17 20.72 P Pann —-160 278 47 565 Bjune etal., 2004
Aspvatnet 69.73 19.98 Sd Puin -10 Bakke et al., 2005

Toskaljavri 69.20 2147 P Pann 248 170 131 430 Sepmnd Birks, 2002
Tsuolbmajavri 68.68 22.08 P Pann —-148 194 137 476  Seppand Birks, 2001
Vuoskkujavri 68.33 19.10 P Pann 67 381 70 774 Bigler etal., 2002

Lake Tibetanus 68.33 1870 P Pann 374 418 100 860 Hammarlund et al., 2002
Chuna Lake 67.95 3248 P Pann —74 38 25 91 Solovieva et al., 2005
Svaravatnet 66.42 1405 P Pann 440 279 138 622 Bjune and Birks, 2008
Vestre @ykjamyrttjgrn ~ 59.82 6.00 P/ELA Puin 0 Bjune et al., 2005

Trettetjgrn 60.72 7.00 P/ELA Puin 0 Bjune et al., 2005
Hardangerjgkulen 60.5 7.71 P/ELA wiR —-20 Bjune et al., 2005
Jostedalsbreen 61.58 7.50 P/ELA Puwin -10 Bjune et al., 2005

N. Folgefonna 60.23 6.42 P/ELA Puin -10 Bjune et al., 2005

N. America

KR02 7134 -113.78 P (PLS) Pann 0 24 2 42  Peros and Gajewski, 2008
KR02 71.34 —-113.78 P (WAPLS) Pann 5 22 2 40 Peros and Gajewski, 2008
KR02 71.34 -113.78 P (MAT) Pann 0 20 3 33 Peros and Gajewski, 2008
U. Fly Lake 61.07 -138.09 P Pann -1 201 0 402 Bunbury and Gajewski, 2009
Siberia

Lyadhej-To 68.25 65.75 P Pann 118 86 0 172  Andreev et al., 2005
Khaipudurskava 68.00 60.00 P Pann 788 35 0 70 Andreev and Klimanov, 2000
Taymyr 70.77 99.13 P Pann 143 35 4 70 Andreev and Klimanov, 2000
Kazacte 70.77 136.25 P Pann 13 35 0 70 Andreev etal., 2001
Levison-Lessing 74.47 98.63 P Pann 74 35 0 710 Andreev et al., 2003

Lama Lake 69.53 90.20 P (PFT)  Pann -3 35 4 70 Andreev et al., 2004

Lama Lake 69.53 90.20 P (IS) Pann 51 35 21 70 Andreev et al., 2004

1p, pollen; D, diatoms; Ch, chironomids; T, tree-ring with; ELA; S, speleoth&t®; I, ice s180; Bt, Borehole temp Sd, sediment density; F, foraminifera; Dc, dinocysts
2 Tann, » Annual mean tempC); Ty, July mean temp°C); T35 January mean tempQ)
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BP and AD 1750. We could in principle choose the same
periods as in PMIP here. However, in reality there is cer-
tainly some climate variability at100-yr scales that is due
to either internal (unforced) variability or external forcings
(e.g. solar and volcanic) that were not included in the PMIP
simulations, and which would add some uncertainty in di-
rect model-data comparisons. Therefore, to minimize influ-
ence from variability at the-100-yr scale in our estimates of
climate change in the proxy data, we decided to use some-
what longer time periods. There is no obvious choice to
make here, but we regard 500-yr means as a reasonable com-
promise. Such time windows should make it meaningful to
quantify the climate change between the two periods, with-
out too much influence from non-orbital forcing and inter-
nal variability to disturb the model-data comparison. Hence,
for the early period, we average the reconstructed temper-
ature or precipitation data over the 500-yr window defined
as 6000 yrs BR:=250 yrs. For the later period, however, it
is not possible to use 1750 AB250 yrs. There are two
Fig. 1. Map of the sites from which quantitative temperature and reasons for this; (i) many proxy series do not extend up to
precipitation reconstructions from proxy data have been collected. 2000 AD and (ii) climate in the recent time is influenced by
anthropogenic forcing, which is not included in the PMIP
simulations. Hence, we had to move the later 500-yr win-
regional summer temperature reconstructions from pollerdow slightly backwards in time. We decided to move half
covering the region 50—7N have been developed (Viau and a window length, and use 1500 AP250 yrs. This should
Gajewski, 2009). But this is partly outside the area of ouravoid any significant anthropogenic forcing and all records
study and, moreover, it is a regional-average reconstructiorollected have data throughout the time window. The influ-
and could thus not be included here because we decided tence of this shift is considered to be small in comparison to
use only local data published as such. Nevertheless, the numhe climate change we are interested in here. For example,
ber of proxies from high-latitudes used here is substantiallythe annual mean temperature difference between the 500-
larger than in previous proxy data compilations for the sameyear periods 1251-1750 and 1501-2000 appears to be only
area. For example, Kaufman et al. (2009) used only 23 lo-~0.05°C for the Northern Hemisphere as a whole, according
cal proxy records to study Arctic temperature trends over theto data from Mann et al. (2009). For Arctic summer temper-
last 2000 years. One reason why we can allow many moretures the corresponding difference-is-0.07°C according
records is that we do not require a temporal resolution higheto data from Kaufman et al. (2009). We thus regard it jus-
than about one sample per century. With such a low temporalified, for the purpose of comparing with the PMIP simula-
resolution, it is of course not possible to undertake analysesions, to use the period 1500 AB250 yrs to represent the
at decadal time scales which were essential in the study bynodern pre-industrial climate. For notational simplicity, we

Kaufman et al. (2009). will denote this time period as 0.5 ka in the following (mainly
in formulae, tables and figures). The early period, 6000 yrs
2.2 Estimation of climate change between the BP £ 250 yrs, is denoted 6 ka.
mid-Holocene and the pre-industrial periods Once the time periods had been defined, the first practi-

cal obstacle was to handle the vastly varying temporal res-
As our goal in Part 2 (Zhang et al., 2010) is to compare theolution among the records, in order to calculate comparable
PMIP simulations for the climate change between the mid-averages within the 500-yr time windows. The temporal res-
Holocene and the pre-industrial periods with the evidenceolution ranges from roughly one value per 500 years to one
from proxy data, we need to define suitable time periods forvalue per year. For the records with very low resolution (one
which we calculate the climate change recorded in the proxyor just a few data points within the time windows), it is nec-
data. The PMIP simulations are subject to orbital forcing essary to use information also from the nearest points outside
and to forcing from changes in the atmospheric concentrathe windows to ensure that representative within-window av-
tion of CH;. The change in orbital forcing is the most impor- erages are calculated. To achive this, we undertook a lin-
tant (Zhang et al., 2010). Hence the PMIP simulated climateear interpolation of each record to obtain a 10-yr resolution
change between the two time periods is essentially the reef all (non-annually resolved) series before calculating the
sult of the slowly changing orbital forcing. PMIP defined 500-yr averages. For records with uncalibrated radiocarbon
the two periods as the 100-yr periods centered on 6000 yrages, the radiocarbon dates were first calibrated into years
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BP, using the program OXCAL 4.0 (Bonk Ramsey, 2001). 60 - Dating errors
From these data we then calculated 500-yr means for the two
time windows. To estimate the climate change between the
two periods, the 500-yr mean at 0 ka was subtracted fromthe ~ 4° 7

value at 6 ka, R 30 -
AX = Xeka— X0.5ka (1) 1

10 4
V\{h_ere_X is the 500-yr mean of either temperatuf® or pre- o . . [ ] _mm _mm
C|p|tat|0n (P) <100 100-200 200-300 300-400 400-500 >500
2.3 Sources of uncertainty and estimation of minimum Years

uncertainties ) o ) ]
Fig. 2. The frequency distribution of the dating error in the collected

There are several sources of uncertainty in climate reconProxies reported as 95% confidence intervals for the true ages of the

struction from proxy data, and thus also in our estimates of°"®*Y samples.
climate change between two time windows. A list of uncer-

tainties includes; (a) the statistical uncertainty of the calibra—series appears to be almost an impossible task. and anv such
tion, (b) the assumption that the statistical model used for bp P ' y

calibration holds also outside the calibration period, (c) theattempt Is beyond the scope of our investigation. However, it

- . . : is relatively easy to obtain some quantitative information for
statistical calibration model may work well for one particu- y easy g

lar frequency band but not for all frequencies, (d) inﬂuencesthree important sources of uncertainty, namely those related

. “to the statistical calibration error, the uncertainty in the age

on the proxy from other factors than the target climate vari- - : L
S == determination of the proxy records, and the internal variabil-
able and (e) uncertainty in the age determinations of proxy., .
ity in the local proxy records.

samples. These types of l.mcertalnyes. are general and in- The uncertainty associated with the dating of the samples,
fluence the calculation of climate variability over a range of _ . . : S .
arises from laboratory and field practices and limitations in

time scales. the dating techniques to provide exact age estimates. Typi-

In addition to the above listed uncertainties in the recon- 9 q . P X - 9 ) o yp
. . . .cally we then mean radiometric dating techniques (like ra-
structions themselves, we must also consider climate vari-

. . . ...~ diocarbon or uranium series dating) or from the counting
ability at the site level and non-climate related variability . . :
. S of presumably annually laminated deposits such as ice-cores
in the local proxy record as a source of uncertainty in our

estimates of climate change between two distinct time win-and speleothems. However, although the original papers nor-

. o mally provide information about uncertainties in the age de-
dows. Although this is not an uncertainty in the proxy data - : ; . .
o . . terminations, these errors are given in units of time and they
as such, it is a factor of importance when comparing the ev- ; . . .
. : .~ cannot straightforwardly be translated into units of a climate
idence from proxy data with results from forced model sim-

ulations. In Part 2 of our study, we have, for each model,va”able’ because the dating errors may be complex and have

) . . ' . _'multi-modal distributions. On the other hand, if the dat-

one simulation for each time slice and we regard the differ-. L .
. : .. ing uncertainty is rather small compared to the time scale

ence between the two simulated climates as the model’s re-”. . : : .

. . . of interest, then it may be of minor importance. Figure 2

sponse to the imposed forcing. In the proxy series, however,

we can also consider the internal variability (either due toshOWS the frequency distribution of dating uncertainties in

) o : the records used in this study, expressed as 95% confidence
climate variability or to other factors which can be regarded. .
S ' intervals for the age (in years). About 3/4 of the records have

as noise in the proxy) at the 500-yr time scale as a source, . C
. . dating uncertainties smaller than 200 years and nearly half

of uncertainty when we calculate the difference between the

two time windows. Even if the forcing would change very are less than 100 years. Given that we study climate changes

smoothly (such as the orbital forcing, which is the primary between two 500-yr windows, the influence of the dating un-

. . : . ; . certainty can be considered as relatively small on average,
forcing considered in Part 2), there is certainly some internal . . .
e . e : although it can have an important influence for a few records
variability added to the climate response. This gives rise to_ . . ) .
- . . with large dating errors. Hence, we restrict our analysis to

some variability at the 500-yr time scale in the proxy records,

which we have to consider as an uncertainty in the context 01IWO remaining types of uncertainty, which can be rather eas-

model-data comparisons. Hence, we need an estimate of th'L,Y quantified in units of climate variables, namely:

internal variability of 500-yr climate averages as recorded in 1. Uncertainty due to statistical calibration
the proxy records. '
Not all uncertainties in the data we use are possible to 2. Uncertainty due to internal variability.
guantify given the information at hand, which is the data it-
self and the information given in the original papers. The In our companion study (Zhang et al., 2010), it is essen-
quantification of all types of uncertainties in all collected datatial to combine the two uncertainties for each proxy record
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into a single measure, which can be used in the cost functiomot provide any analysis of how well the calibration statistics
calculations. The two uncertainties are assumed to have thmay hold outside the calibration period or for time scales that
variancesr? ando?Z, respectively (in the unit of either tem- could not be represented in the calibration procedure. There-
perature or precipitation). It appears reasonable to assumi@re one must regard the reported RMSEP and SSEP values
that the two types of uncertainty are uncorrelated. Henceas minimum estimates of the calibration uncertainty.

they can be merged into a combined uncertainty with vari- Assuming that the calibration uncertainties for the two
ance: time windows are uncorrelated, the uncertainties for the two

2 s time slices can be combined by simply adding the variances:
Ocomb= ¢ 10y (2

. . . ¢ = 0épkat Tc0ska ®3)
An approximate 95% confidence interval for the recon-

structed climate changa X in each proxy that accounts If there is more than one observation per time slice,
for the combined uncertainty, is the®X+ 2ocomp These however, i.e. if the resolution of the record is higher than
combined uncertainty estimates are of course only minimunP00 years (which it always is in our study), and if the cali-
estimates of the total uncertainty, to which all other typesbration uncertainty is valid for individual estimates, then the
of uncertainty also contribute. Below, we describe how variance has to be reduced to account for the number of ob-
we estimate each of the two uncertainties in the individualservations §) in the time slice:
proxy records. Some discussion of uncertainty types that are 2 o
not considered numerically here is additionally provided in o2 = —¢6ka_ _c05ka (4)
Sect. 3. Neka  No.ska

We assume here that the calibration uncertainty is always
2.3.1 Uncertainty due to statistical calibration given for individual estimates and, hence, we always apply
the adjustment. A complicating factor, however, emerges if
there is significant positive autocorrelation in the proxy time
series. If this occurs, the number of “effective” samples is

Quantitative environmental reconstruction builds on statisti-
cal modeling, where often a biological variable, e.g. pollen

abundance, is a function of an ggvir'on.mental variable, €.9gmajler than the actual number of data points and the vari-
temperature. Other examples @r€O in ice or speleothem 56 estimate should therefore be inflated. Mitchell, Jr. et

calcite as a function of temperature, or tree ring width as & (1966) introduced a simple way to calculate the effective
function of temperature. It is obviously the climate changessamlme size in meteorological time series:

that cause changes in the proxy data, and not the other way
around. Nevertheless, from a statistical point of view theNeﬁzN(l_p) )
problem can be posed in the opposite way. In other words; 1+p)

the observed climate variations may be viewed as a funCWherep is the lag-1 autocorrelation in the data series (as-

tion of the variations observed in the proxy data plus & noiseymeq o be positive). In principle, the effective sample size
component. The statistical relationship that describes how tQafined in this way could be used here to inflate the variance

translate the proxy data into units of a climate variable is of- ot ates. However, from a practical point of view this is

ten called a transfer function. Transfer functions can be eithehOt straightforwardly applied, because the temporal resolu-
univariate or multivariate. They can be defined in the timeyjo of many series is not constant in time and therefore it is
domain (typically for tree ring data) or by using a space-for- not obvious what a “lag-1" means in this context. Moreover,

time approach, where it is assumed that modern relationshipg,ere js 4 question of whether to estimate the autocorrelation
between proxies and climate over geographical space are thg only the respective time windows (which would often lead

same as those between proxies and a changing climate bagk ey few actual data points and thus large uncertainty), or
in time (typically for pollen and chironomid data). However, 4, estimate the autocorrelation from the full time series. We
they always involve some type of statistical calibration and yecigeq to not attempt to estimate the effective sample size

are always associated with an uncertainty. _ . and our estimates of the calibration uncertainty in the 500-yr
The size of the calibration uncertainty is likely mainly in- - o< must thus be regarded as minimum estimates.
fluenced by the incapability of the proxy data to perfectly

portray past variations of the climate variable of interest, but2 3.2 Uncertainty due to internal variability

measurement errors and other errors due to laboratory and

field procedures also contribute. This uncertainty is usuallyAs argued at the beginning of Sect. 2.3, we need an estimate
reported by the original investigators as a root mean squaref the proxy variability at the 500-yr scale when we under-
error of prediction (RMSEP) or a sample specific error of take the model-data comparison in Part 2. We adopt a simple
prediction (SSEP) of the reconstructions. These measuregpproach to achieve this; first the linear trend over the entire
however, may be valid only for the data and the time periodseries between mid-Holocene and the pre-industrial period
for which the calibration was undertaken and may not holdis calculated by ordinary least squares regression and sub-
for all time scales. Typically, the original investigations do tracted from the data. Then, the variance of 500-yr means
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is estimated from the residual detrended series. Assumingindertake analyses of, for example, spatial patterns and sea-
that there is no covariance in climate between the two timesonal differences in climate change in high-latitude areas.
windows, an estimate of the uncertainty due to internal vari- The major part of the reconstructions comes from terres-
ability can be formulated as: trial archives (117) and most of these are derived from bio-
52— 252 (6) logical proxies; primarily pollen (67), chironomids (26) and
v res. . . diatoms (10), where the abundance of various species is cal-
whereoresis the variance of 500-yr means in the detrendediprated using transfer functions that are determined from the
proxy series. The factor 2 is included because there is ongjistributions of species in modern surface lake or ocean hy-
variance at each of the two time windows, which should bedrography over a wide geographical range, using the assump-
summed. _ _ _ _tion that recent variations in species between different cli-
This uncertainty becomes more complicated if there ismatic regions are the same as variations caused by changes
temporal autocorrelation in the series. If there is a covariance, climate over time at one and the same site (e.g. Birks
in climate between the two time windows, then a covariancegpq Sepp,Map of the estimated difference in temperature
term should be added on the right side. From a practicab004)_ Other terrestrial proxies are tree-ring width 6£$0
point of view it is not easy to quantify whether there exists j speleothems (1) and ice core (1), borehole temperature
any significant co variation between 500-yr windows sepa-(2) and density of sediment in combination with pollen (5).
rated by six millennia (or actually 5500 years as in our case)The 12 records from marine archives are reconstructions of
The proxy data series are too short to allow any meaningses surface temperatures (SSTs) from proxies that make use
ful estimates of such a covariance. And there hardly existyf the chemical composition (alkenone unsaturation index,
any moc_zlel simulations long enough to estimate it from m_odelglso of foraminiferal shells) or abundance of planktonic or-
data. Itis clear, however, that the 5500-yr lagged covarianc&anisms (diatoms and foraminifera). For information on how
of 500-yr means must be smaller than the total correspondaach proxy type was calibrated to either temperature or pre-
ing variance, so neglecting the covariance should not be tog;itation by the original investigators, see references in Ta-
much of a problem. It is also worth mentioning that Zorita pjes 13 and b.
(2009) pointed out that the autocorrelation function for 100-  There are several reasons for the heterogeneous spatial dis-
yr means of summer temperature decays to zero (or statisyihytion of proxy records. Depending on the environment
tically_insigr_lificant values) aIready for timellags less than aipere are different types of natural archives available and
few millennia for the Fennoscandian area, in a 7000 yr |0ngthereby there are regional differences in the types of avail-
simulation with a coupled atmosphere-ocean general circulagp|e proxy data. For example, there are no large ice sheets,
tion model. In personal communication with us, he demon-eycept for the one in Greenland, and there are no recent lakes
strated that the same holds also for other regions in highp the middle of Greenland, and hence no access to lacus-
northern latitudes, both for winter and summer temperaturesgine sedimentary proxies from this region but instead only
This further supports that autocorrelation between the tWoce cores. Also, a certain proxy can be either a better or worse
time windows is not an important contribution to uncertainty ¢imate indicator depending on the climatic regime. For ex-
here. ample, annual mean temperature is probably a more appro-
priate climatic variable to be reconstructed from pollen data
in southern and central Fennoscandia than July temperature,
which on the contrary is presumably better reconstructed
3.1 Regional availability of proxy data from pollen at more northern sites with a shorter growing
season (Sefpet al., 2004). Moreover, when performing re-
The data screening reveals that temperature reconstructiorsearch aimed at reconstructing past climates, it is desirable
are far more numerous than precipitation reconstructiondo study archives that are as little as possible disturbed by
(104 vs. 25). Among the temperature reconstructions, therdduman influence, so that it is primarily a climate signal that
is a large over-representation of summer temperatures (80)s recorded and not effects of human settlement. This is the
while only 17 represent annual mean and 7 represent winmain reason why most of the data are derived from remote
ter (January or Febuary) temperature. For precipitation, 1%reas, like the mountain chains and Greenland. Another lim-
records represent annual and 6 winter conditions. Thes@&ation is the availability of training sets for calibration of
numbers refer to the interpretations made by the original inthe proxy data into temperature or precipitation; for exam-
vestigators; see references in Table 1. The geographical digle no modern chironomid training set is available for Russia
tribution of the records is also not uniform (Fig. 1); there (Brooks, 2006). Reasons for why Fennoscandia stands out
is a large bias towards the land areas surrounding the Nortlas the most well sampled region could be the availability of
Atlantic sector (76), especially Fennoscandia (62). Alreadyregionally restricted calibration sets (e.g. Brooks and Birks,
from this simple summary it is evident that there is far from 2001; Birks, 2003; Sepet al., 2004) and also the Scandes
an even distribution of proxy data considering the geograph-Mountains providing an environment protected from human
ical and seasonal representation. This makes it difficult toinfluence. Yet another reason why Fennoscandia is the most

3 Results and discussion
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well investigated high-latitude region is, likely, that it is the
most densely populated high-latitude region, hosting several
universities, and thus it is easy for scientists to reach the field
sites without too expensive and logistically complicated ex-
peditions.

3.2 Climate change between the mid-Holocene and
pre-industrial periods

To enable comparison of the estimated uncertainties with the
actual differences in climate depicted by the proxy data, it
is useful to provide some simple summaries of the recon-
structed climate changes in numeric form. To this end, we
provide here some overview numbers which include arith-
metic means calculated for selected groups of proxy records
whenever any meaningful groups can be found. Such groups

can be either identified by region, season or proxy type. We dan
stress, however, that any arithmetic means provided here are ’ zg g/wﬂ/
nothing more than simple descriptions of the actual data col- -~ iy
lection at hand — intended to provide a view of the order of j a\"'\\
magnitude of the reconstructed climate changes. ! o 7 @}z
3.2.1 Temperature L éﬁ_g s

L A :
A large majority of the temperature reconstructions (80/104, _35:@' U%;Q« ¥ o5 j@ﬁ
i.e. 74%) indicates that temperatures were on average higher /;(J / & A\
(neglecting the quantified uncertainty) at the mid-Holocene eV o
than during the pre-industrial period (Fig. 3). Summer is CJ X
the only season for which the proxy records are sufficiently 5 & =
numerous to allow some comparison of temperature differ- 4
ences in different regions. A cooling by1°C is seen for
both Northern Siberia and Fennoscandia, while the estimated Annual
temperature differences over North America and Iceland are e .
~0.5°C. Note that the numbers above refer to simple arith- s ;-l*'n_‘i/vﬂ"
metic averages over the available proxy records in each re- % e
gion, and they are not assumed to represent the whole re- ;/“’/ )
gions associated with the chosen geographical names. Note & o fr\ u}?
also that here is a large difference in the number of sites g:}c; &
and reconstructions across the regions. For Fennoscandia L TR é"‘p{w
a total number of 38 reconstructions at 27 sites have been :?f?z. W};‘D\V\ o “zi
used. More than 60% of these indicate a summer temper- '}&ﬂf «/ N 21\\;?3%
ature difference of more than € (i.e. warmer at 6 ka) ~ @ J P 4
and almost 40% a difference of more thatCl The changes ( JJ e
observed here are in line with previously reported temper- ¢ £ Y
ature changes recorded from proxy data compilations for . @p

Fennoscandia (Sepget al., 2009) and central Canada (Viau
and Gajewski, 2009).

Reconstructions for summer SST are available from di-
atoms, alkenones, foraminifera or dinocysts, of which about

half are from formaminifera. However, the average temper—Fig_ 3. Map of the estimated difference in temperature (annual, July,

f"‘ture change recorded by the foraminifera iSO@_SWhiCh January) between 6 ka and 0.5 ka at the different proxy sites over the
is less than most of the other marine records indicate. Ifnorthern high latitudes.

the foraminifera are excluded, the Nordic Sea region has,
according to the collected data, apparently seen a cooling
by ~1.5°C. One reason for the different reconstructed SST

I I IS F I I
-285 -2 -15 -1 05 0 05 1 1.6 2 20
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changes between the proxy types is that in contrast to diatoms 1.8 1
and alkenone producing algae, which live in the upper50 m 16 1
of the water column, the foraminifera are found deeper down _ 1.4 -
near the permanent thermocline. Usually this lower part of ‘g 12
the ocean is unaffected by the near-surface warming duringZ 1 -
the summer season (Jansen et al., 2008). |5

Northern Siberia is the only region for which the number 3 5 .
of proxy records for winter and annual mean temperaturesis g, -
large enough for any meaningful intra-regional comparison  , |
between seasons. In addition to the nine summer tempera- , ,
ture proxies, there are four proxies each that are interpreted pollen diatomns chironamids
as winter and annual mean temperature records. These lat-
ter reconstructions indicate warmer winter temperatures, byFig. 4. Reconstructed temperature differences between 6ka and
~0.3°C as well as annual mean temperatures;4§.5°C, 0.5ka, in summer, winter and annual mean, for three different proxy
at 6ka compared to 0.5ka. Thus, the average temperatur&pes in Fennoscgndia. The thick coloured bars show the arithmetic
change in the winter and annual mean for the Siberian proxerage across sites.
ies is smaller than the above reported change-tiyC for
summer proxies from this region.

According to an unweighted average off across all 3.3 AT indifferent temperature proxies
seasonally separated proxy series, the climate of the north-
ern high latitudes at 6 ka was 0.8°C warmer in summer, The reconstructed difference in summer temperature varies
~0.5°C in winter, and~ 1.7°C in the annual, in compari- among the different terrestrial proxies. On average, chirono-
son to 0.5ka. Winter data, however, is only available from mids indicate a cooling between 6 ka and 0.5 ka-y.6°C,
seven sites and the calibration errors alone are on averagghile pollen and diatoms show cooling by 0.9°C and
above 3.5C. It is anyway noteworthy that the simple av- ~ 1°C respectively. In the data-rich Fennoscandian region,
erage change in reconstructed annual mean temperature i8e chironomids on average indicate a cooling9.5°C,
considerably larger than in both winter and summer sepawhile pollen and diatoms show cooling by 1.4°C and
rately. There may be several possible reasons for this, which- 1.1°C respectively (Fig. 4). Hence, both as an overall av-

el
o
)

we briefly discuss in Sect. 3.6. erage and within Fennoscandia, chironomid records suggest
a smaller summer temperature change compared to pollen
3.2.2 Precipitation and diatoms. This leads to questions concerning the causes

for the different behaviour of the proxy types.
The number of available reconstructions of annual total pre- Chironomids and diatoms live in lakes. They are depen-

cipitation from the northern high latitudes is only 19 and they yant on the actual water temperature of the lake but also on

are derived from 15 different sites. The average difference in.aichment driven fluctuations. such as pH, water depth, nu-

annual total precipitation between 6ka and 0.5ka amountgignts and dissolved oxygen, which may have had a stronger
to a decrease by 40mm. Due to large uncertainties asso- jnfi ence on the fauna during certain parts of the Holocene

ciated with the precipitation reconstructions1(30 mm for (Brooks, 2006). It is also a difficulty to convert the wa-
the Zrcomp averaged across all records; a very rough approxyer temperature into air temperature, since the water tem-
imation given the typical non-normal distribution of precipi- perature could be affected by, for example, glacier melt wa-

tation data) it is not possible to judge if any significant aver- 1o 214 this could cause underestimates of past air temper-

age difference in precipitation has occurred at all. For south4,res (Brooks, 2006). Temperature reconstructions from

ern Norway there exist six reconstructions of winter precip- yee stratified lakes may yield lower temperatures than those
itation, which indicate that the period around 6 ka receivedsom shallow unstratified lakes (Heiri et al., 2003). The po-

between 20-0% less precipitation in winter compared 10 akgniia| influence of depth on chironomid and diatom com-

0.5ka. However, the calibration uncertainties for these fe'munities is particularly important in view of the changes in

constructions are- 20% (Jostein Bakke, personal communi- |5 depth that commonly occur over time. For the pollen-

cation, May 2009), so it is not possible to judge if any sig- h55eq reconstructions there could be problems with human
nificant difference in winter precipitation has occurred even; sl ence on the vegetation as well as long-distance trans-
for this comparatively data-rich region. Clearly, many more ,,1eq polien (Birks and Sepp2004). From Bjgrnfielltjgm
precipitation proxies would be needed before we can judgén Norway it has been seen that the chironomid-inferred tem-
whether any S|gn|f|cant precipitation changes have Occu”e‘z)eratures consistently underestimate the mean July temper-
between the mid and late Holocene. atures when compared to pollen throughout the early and
mid-Holocene. Macrofossils from the same period support
the pollen-inferred estimates (Brooks, 2006). In short, all
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the three most numerous proxies (polien, diatoms and Chii:i 6. The frequency distribution of calibratiomd) vs. internal
ronomids) are all associated with rather complex processe%a?i'ab'”ity unce(rqtainty):f ) in the reconstructions :
which contribute to the total uncertainty in estimated climate v '
changes derived from these types of data, and chironomid-

based temperature changes appear to differ somewhat from

pollen and diatoms. AT in the individual reconstructions is found to lie between

3.2 and 0.2C, with overall largest uncertainties seen for

3.4 Quantitative uncertainty estimates and a brief winter temperature estimates (2.4 to 1. When viewed
discussion of uncertainties across the various reconstructions, the largest contribution

to the combined uncertainty is mostly the calibration uncer-

The calibration uncertaintys) lies between 0.2 and 2°€, tainty, while uncertainty due to internal variability is gener-
with an average of 1.9C. The largest individual uncertainty 2lly smaller (Tabel 1, Fig. 6).
is found for the Russian pollen reconstructions (Andreev et One conclusion from this brief summary of estimated
al., 2005), while the lowest uncertainty is found for the Cana-(minimum) uncertainties is that they are generally large,
dian pollen records (Kerwin et al., 2004) and in the Swedishcompared to the climate changes depicted by the data. An-
tree-ring record (Grudd et al., 2002). The calibration uncer-other conclusion is that the calibration uncertainty is typi-
tainty in the Canadian pollen data is smaller than what carcally larger than the uncertainty in climate change due to in-
realistically be expected. Kerwin (2004), however, offer no ternal variability at the 500-yr time scale. The often rather
discussion on this issue. The reason for the low calibratiorlarge calibration uncertainty (and other here not quantified
uncertainty in the tree-ring data is that this series has annugbroxy data uncertainties) clearly makes it difficult to assess
resolution, from which we calculate 500 year averages. the climate changes at the site level. Thus it would be desir-
By taking simple averages af; for the most abundant able to reduce the uncertainties if possible. One such possible
proxy types, the largest calibration uncertainties are foundvay to go is to merge several records of different proxy types
in the pollen reconstructions of winter temperature (Fig. 5), from within a small region, and use this average to represent
with an average of 1.8C while the smallest uncertainties are the locality. This should reduce the influence from other fac-
found for the pollen reconstructions of summer or annualtors than temperature (or precipitation) and various types of
temperature and for diatoms (0.8-0® on average). One noise that is uncorrelated across members in a group of proxy
reason for this is likely that the pollen assemblages have decords (e.g. Velle etal., 2005; Bjune et al., 2009). We under-
comparatively high correlation with summer temperature intake such an averaging in the following section, for a small
areas with short growing season, or with annual temperaturéocality where several nearby records are available.
in areas with longer growing season (e.g. Seppal., 2009). Another way to reduce uncertainty is to improve calibra-
The chironomids have an average uncertainty of €.ZThis  tion techniques. For example, Korhola et al. (2002) used a
larger uncertainty than for pollen in summer and diatoms carBayesian statistical method as an alternative to the traditional
account, at least partly, for why the average summer temperawyeighted averaging partial least squares regression (WA-
ture change is smaller in chironomid compared to pollen andPLS) method for Lake Toskaljavri in northern Finland, in
diatom data. an attempt to improve the performance of chironomid-based
The combined (minimum) uncertainties from calibration temperature estimates. The temperature trends produced by
and internal variability (expressed@gmp) for the estimated  both the models were similar but the WA-PLS method had
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proxy series should take the individual calibration uncertain-
ties into account. Assuming that the latter are uncorrelated,
a combined uncertainty can be formulated as:

IR TR |
SR NAEAES 5 o

Jul temp (deg C)

_ 2
— - —F +- average =09 comhave= Ov,ave ™ N2
] p

¢

i=1

-— , where the first term is uncertainty due to internal variability
o 1 2 3 4 5 & 7 8 9 10 in the averaged seried), is the number of proxy series and
oc,i the individual series calibration uncertatinty. (The as-
sumption of uncorrelated calibration uncertainties, however,
Fig. 7. Change in summer temperature between 6 ka and 0.5kanay not hold entirely if the same training data sets have been
from 10 reconstructions in the Abisko area, northern Swedenused for chironomids, or diatoms, or pollen from different
(diamonds) and their average (solid horizontal line).  Error sites. Thus, again, our uncertainty estimate is a minimum
bars &20.0mp for each reconstruction and for their average one).
(£20comhave dotted lines) are indicated. (1) Torrisk, tree-ring The averageAT across all ten records depicts a cooling
width, (2) VL.JOS'_(kuJaV”’ chironomids, (3)_ VUOSk.kuJaV”’ diatoms, 40 6kato 0.5 ka by 0.9C. Nine of the ten records agree on
(4) Vuoskkujavri, pollen, (5) Lake 850, chironomids, (6) Lake 850, . .
the cooling, whereas one record suggests a small warming.

diatoms, (7) Lake Njulla, diatoms, (8) Lake Njulla, chironomids, hi dis th | ina based L
(9)Voulep Njakajaure, diatoms, (10) Lake Tibetanus, pollen. NoteT Is record Is the only tree-ring based reconstruction in our

that all the reconstructions are reconstructions of July tempera€ntire dataset, and its entiremp error bar (which is very
ture except the tree-ring reconstruction which is a reconstructionsmall because of our use of 500-yr means, while the original
of June-August temperature. See Table 1a for references to thalibration uncertainty is given for annual values) lies outside
records. the overall Zcomnaveinterval. The authors of the reconstruc-

tion, (Grudd et al., 2002), point out that the tree-ring width

reconstruction does not express the full range of millennial
about 1°C higher sample specific errors. Another source oftime scale temperature variation in the Torask area. The
uncertainty that can affect some proxies, is that of postglaciaproblem is also briefly discussed by Linderholm et al. (2010),
uplift between mid Holocene and today, which could be of in their review of tree-ring data from Fennoscandia. They
greatinfluence, especially for e.g. northern Scandinavia. Therrgue that multi-millennial temperature trends reconstructed
effect of postglacial uplift could make temperature recon-from tree-ring data are not reliable. There is indeed a vast
structions appear warmer during the early Holocene. In soméiterature on the capability, or incapability, of tree-ring width
studies, e.g. Ré& et al. (2001), attempts to correct for this data to portray low-frequency climate variability (e.g. Cook
have been made. etal., 1995).

Even if the other nine records suggest thét is positive,
3.5 Comparison between multiple reconstructions from  seven of their individual &omp €rror bars include zero, and
a small region in Fennoscandia hence one may not conclude from any of those seven prox-

ies that summers were significantly warmer at 6 ka. How-
As already seen, Fennoscandia is the most data-rich regio@\/er’ merging the ten records to one Composite series re-
in our survey. This region includes several reconstructionsjuces the estimated uncertainty drastically. The,@have
from the same or nearby sites. There are, however, major dezg|ue is only 0.3 and thus the2ocomnave interval does not
viations between the different reconstructions. In Flg 7, esti-indude Zero. Neg|ecting uncertainties that are not included
mated differences between 6 ka and 0.5 ka for ten reconstrugn the estimates, the conclusion is that summer temperatures
tions of summer temperature from the Abisko area (68.33-n the Abisko region were significantly warmer at 6 ka than at
68.50'N, 18.07-19.12E) in northern Sweden are shown. (.5ka, given the available proxy series from the region. The
This area is very small (few tens of kilometers), and hencesame conclusion could not have been drawn from most of the

the climate must be considered to be almost perfectly correidividual records alone. This demonstrates the usefulness of
lated within the area at the time scale of interest here. Therehaving access to several records, which can be merged_

fore, it appears meaningful to take an arithmetic average of

the calibrated temperature proxy series, and let this compos3.6 Some further comments on uncertainties in

ite series represent the site. To obtain an estimate of the  proxy data

combined (minimum) uncertainty in7 calculated from this

proxy average, however, requires separate treatment of As evidenced by our literature survey and data screening,
andoy. The latter uncertainty can be estimated directly from July temperature is the most common climate variable be-

the averaged proxy time sequence of 500-yr means, usingng reconstructed for the mid to late Holocene epoch. How-

Eqg. (6), whereas the calibration uncertainty in the averagecdver, what is really being reconstructed in these cases is the

Reconstruction
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temperature of the warmest month. Today, this would forthat cannot be excluded, is that the actual proxy data (pre-
continental sites be July, but at 6 ka this was more likely todominantly pollen, but also speleothems, oxygen isotopes in
be August (Berger, 1979; Zhang et al., 2010). January temice and borehole temperature measurements in ice) or the
perature, or the temperature of the coldest month, can alstransfer functions used to derive the temperature estimates
be reconstructed from pollen data. This is possible, becausare not sufficiently accurate to permit realistic estimates of
winter climatic conditions are considered to be important for past annual mean temperatures. In particular in the case of
the distribution and regeneration of many plant species, espollen data, one may perhaps suspect a “seasonal bias” to-
pecially those restricted to the most oceanic parts along thevards summer temperatures that may have a too large influ-
west cost of Fennoscandia (Giesecke et al., 2008). ence on the estimated past annual mean temperatures. It is

When reconstructing past climate it is assumed that thebeyond the scope of this paper to speculate further on this
environmental processes that govern the pattern of e.g. thematter, but a more thorough investigation of this problem
vegetation or the diatom flora in a lake have been the sameeems worthwhile. In Part 2 of our study, we find that cli-
for the entire period of the reconstruction (e.g. the Holocene) mate models can show a response to orbital forcing that is
This is most likely not true and hence adds to the uncertaintylarger in annual mean temperatures than in summer and win-
Also, there are undesired influences from far-distance pollenter temperatures (because the temperature change is particu-
human influence on vegetation, biological interactions, iden-larly strong in autumn), and we discuss possible reasons for
tification and morphological limitations that further compli- this behaviour in the models.
cate the quantification of past climatic changes (Seppd
Birks, 2004).

Also, a certain proxy can be either a better or worse cli-4 Conclusions
mate indicator depending on the climatic regime. For ex-
ample, according to Seppet al. (2004), annual mean tem- We have undertaken a systematic survey of the literature
perature is probably a more appropriate climatic variable towith respect to quantitative reconstructions of temperature
be reconstructed from pollen data in southern and centra@nd precipitation from proxy data in the northern high lat-
Fennoscandia than July temperature, which on the contrary igudes, and used these records to estimate the difference in
presumably better reconstructed from pollen at more northiemperature and precipitation between time slices in the mid-
ern sites with a shorter growing season. Further, there ar@nd late-Holocene. We have also discussed sources for un-
other factors that influence the proxy signal that must becertainty in the reconstructions and in the estimated climate
considered, these include for example the presence of faicchange between the two periods. There is not sufficient infor-
distance pollen, human influence on vegetation, biologicalmation to quantify all types of uncertainties, but we made an
interactions and identification and morphological limitations attempt to quantify and combine two uncertainties — of rel-
(Sepga and Birks, 2004). evance for direct comparisons between proxy evidence and

As mentioned in Sect. 3.2.1, according to plain averageslimate model simulations — that rather easily can be quanti-
over available temperature proxy records, the change in anfied from the given information, which are the original arti-
nual mean temperature is notably larger than in winter andcles and the actual data.
summer temperature. There could be several explanations Our first finding is that it is a time-consuming task to get
for this behaviour. For example, the temperature differenceaccess to the data. Very few proxy records are stored at pub-
in spring and autumn may have been larger than in botHic databases and personal contacts and digitalization of data
winter and summer. However, there is a difference in thefrom figures was the most important way to obtain the data.
number and the spatial distribution of annual mean temperThis accentuates the need for improved systems for archiv-
ature reconstructions compared to summer and winter reing climate proxy data. Without access to data, large-scale
constructions, which complicate a comparison of results forsyntheses cannot be undertaken.
the different seasons. For locations under marine influence, We also find that the available proxy records have a large
the larger cooling in winter and annual mean compared toover-representation towards summer temperatures, whereas
summer could perhaps be explained by summer heat uptakenly rather few represent annual mean temperature, winter
by the ocean that is released to atmosphere during wintetemperature, annual precipitation and winter precipitation.
this mechanism would be even more prevailing if the sea-The geographical distribution of the records is not uniform;
ice cover was less extensive. Otto et al. (2009) have showithere is a large bias towards the land areas surrounding the
that the atmosphere-ocean feedback is the most important iNorth Atlantic sector, especially Fennoscandia. The over-
amplifying the effects of the mid-Holocene insolation forc- whelming majority of the reconstructions are from terrestrial
ing and especially during the autumn. Albedo effects duearchives, and hence only a few marine records are available.
to changes in vegetation, causing larger seasonal effects in Some improvement of the spatial density of data could
spring or autumn, may also be considered as a reason. Arbe made by including local proxy records that have not
other possible reason for the large estimated temperature difyet) been published as local series, but only included in re-
ference seen in the annual mean temperature reconstructiongional compilations. Two such examples are the large-scale
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continental reconstructions for Europe (Davis et al., 2003)tween different reconstructions from the same area. For the
and North America (Viau et al., 2006). However, the inclu- future there is a great need to reduce the errors of the recon-
sion of individual site-specific records from such compila- structions. One way to do this could be to produce training
tions requires even more personal contacts than those undesets for Russia and other relevant regions, where there is a
taken here; thus further accentuating the need for data archiveurrent lack of data. It is also essential to improve our un-
ing and publishing. derstanding of how different proxies respond to changes in
A large majority of the here investigated temperature environmental variables. Fennoscandia is the most data-rich
reconstructions indicate that temperatures were warmer ategion in the northern high latitudes, and in order to make
the mid-Holocene (6000 Bf 500 yrs) compared to the pre- pan-arctic analysis more data from other regions need to be
industrial period (1500 AR: 500 yrs), both in summer, win-  collected.
ter and the annual mean. By taking simple arithmetic aver- A better understanding regarding the reasons for the ob-
ages over the available data, the reconstructions indicate thaerved differences can also be obtained by systematic quan-
the northern high latitudes were 0@ warmer in summer, titative comparisons between the observations seen in proxy
0.5°C in winter and 1.7C warmer in the annual mean tem- data and those seen in climate model simulations. Such com-
perature at the mid-Holocene (6 ka) compared to the recenparisons are undertaken in the companion paper by Zhang et
pre-industrial. Precipitation records are too few, and uncer-al. (2010).
tainties too large, to draw any meaningful conclusions re-
garding whether climate was wetter or drier in one or the AcknowledgementsThis work is a contribution from the Bert
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