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Abstract. We present two new multi-proxy reconstructions 1 Introduction
of the extra-tropical Northern Hemisphere (3080 mean

temperature: a two-millennia long reconstruction reachingtne |ate Holocene (the last few thousand years) is in many
back to 1AD and a 500-yr long reconstruction reachingyays comparable to the present period and its climate con-
back to 1500 AD. The reconstructions are based on compilastitytes the background to which the current climate and the
tions of 32 and 91 proxies, respectively, of which only little projected future climate should be compared. The ampli-
more than half pass a screening procedure and are includegide of the natural variability and the response of the cli-
in the actual reconstructions. The proxies are of different,ate system to external forcings in late Holocene can help
types and of different resolutions (annual, annual-to-decadalyg 1o understand the consequences and the impacts of coming
and decadal) but all have previously been shown to relatghanges in the forcings, whether they are of natural (e.g. solar
to local or regional temperature. We use a reconstructionyng volcanic) or anthropogenic origin. Unfortunately, instru-
method, LOCal (LOC), that recently has been shown to conyenta| records rarely reach further back than to the middle
fidently reproduce low-frequency variability. Confidence in- f the 19th century, and for earlier periods it is necessary to
tervals are obtained by an ensemble pseudo-proxy methogeduce climate information from climate proxies, i.e. histori-
that both estimates the variance and the bias of the reconyg) archives or natural recorders of climate such as ice-cores,
structions. The two-millennia long reconstruction shows agpeleothems, tree-rings, lake and marine sediments, etc. For
well defined Medieval Warm Period, with a peak warming reviews with discussions of the different kinds of temperature

ca. 950-1050AD reaching O°€ relative to the reference proxy records see, e.@radley (1999; Jones et al(2009);
period 1880-1960 AD. The 500-yr long reconstruction con- National Research Coun¢R008.

firms previous results obtained with the LOC method applied
to a smaller proxy compilation; in particular it shows the Lit-

tle Ice Age cumulating in 1580-1720 AD with a temperature sented in the literature, beginning witBroveman and

minimum of —1.0°C below the reference period. The re- o .
. . Landsberg(1979 and with increasing frequency after the
constructed local temperatures, the magnitude of which are Ny .
; . : : much publicized reconstructions yann et al (1998 and
subject to wide confidence intervals, show a rather geograph:

ically homogeneous Little Ice Age, while more geographi- Mann et al(1999. Many of the reconstructions show rel-

cal inhomogeneities are found for the Medieval Warm Pe_at|vely weak variability, wlth only little evidence for previ-
. . . ous temperature anomalies comparable to those of the 20th
riod. Reconstructions based on different subsets of prox-

ies show only small differences, suggesting that LOC re_century. Most local, regional, hemispheric, and global tem-
constructs 50-yr smoothed extra'-tropical NH mean temper_perature reconstructions reveal that a generally warmer cli-

o .~ 77 mate regime persisted sometime between ca. 800—1300 AD
?et:Jarteije\ll;//esllni;?;POabtléc;:/]v-frequency noise in the proxies is a_ | - generally colder climate regime persisted sometime be-

tween ca. 1300-1900 AD. The earlier warm period is usually

A number of temperature reconstructions based on com-
pilations of proxies of different types have been pre-
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referred to as the Medieval Warm Period (MWP) or Me- In this paper we extend the LOC reconstruction back to
dieval Climate Anomaly (MCA), whereas the later colder pe- 1 AD, to which end we have compiled a set of 32 proxies.
riod is referred to as the Little Ice Age (LIA). It is still not The 32 proxies are a subset of a larger compilation of 91
fully established if the temperature anomalies in these periproxies, all reaching at least back to 1500 AD and which
ods are fully temporally synchroneous througout the globeall previously have been shown to respond to temperature
and therefore there exist no universally accepted chronologfsee references in Tably. We use this large proxy set
ical definitions for the start and end of either period. In to present an improved LOC reconstruction of the period
particular, the spatio—temporal homogeneity of the MWP onsince 1500 AD Christiansen and Ljungqvi$2011) used 40
a global or hemispheric scale is still debat8dadley et al. proxies and we expect that the larger number of proxies
2003 Broecker 2001 Esper and Frank2009 Diaz et al, in the present paper will narrow the confidence interval
2011, whereas a homogeneously cold LIA recently seems(Christiansen and Ljungqvis2012. Note that the number
to be a less contested issuki¢kes et al.2007 Matthews  of proxies above refer to all the considered proxies; only little
and Briffa 2005 National Research CouncR006 Wanner  more than half of them pass the screening and are included in
et al, 2008 Ljungqvist et al, 2012. the actual reconstruction. In addition to extending the LOC
In many studies much focus has been placed on compareconstruction back to 1 AD and improving the reconstruc-
ing the amplitude of the warming during the MWP with that tion back to 1500 AD, with more proxies, we also present an
of the recent decades in order to assess whether the receanalysis of the geographical dispersion of temperatures in the
warming is unprecedented either in magnitude or rate durind-lIA and the MWP as well as additional sensitivity tests.
the past one or two millennia. Less focus has been placed on The proxies are described in Se2tand a brief summary
the LIA, despite the fact that the amplitude of its coldest pe-of the LOC method together with details about the data pro-
riod (presumably the 17th century) is perhaps the biggest uneessing are given in Se@®. The reconstructions are pre-
certainty in the climate of the millenniurf(ank et al, 2010 sented in the three subsections of Sdcthe two-millennia
and that a better understanding of the amplitude of this cooldong reconstruction is discussed in Sekf, the 500-yr long
ing is very important for improving our understanding of the reconstruction in Sec#.2, and the geographical dispersion
climate sensitivity. of the local reconstructions in the LIA and the MWP is dis-
Recently, there has been increasing evidence that mangussed in Sec#.3. Some discussion of the robustness, the
reconstructions are based on statistical methods that serspatial averaging, and the validation is given in SBciwe
ously underestimate low-frequency variability and trendsclose with our conclusions in Seét.
(von Storch et a). 2004 Burger and Cubas¢h2006
Zorita et al, 2007 Smerdon and Kaplan2007 Chris-
tiansen et a).2009 Smerdon et a).2011). In particular, 2 Proxies
Christiansen et a[2009 systematically investigated this un-
derestimation in 7 different reconstruction methods usingWe have compiled a set of 91 temperature proxy records
an ensemble pseudo-proxy methdchristianser{2011) at- from the extra-tropical NH, all of which reach back to at
tributed this underestimation partly to sub-optimal use ofleast 1500 AD and of which 32 reach back to 1 AD (or for
linear regression models and suggested a method, LOCdhe case of Mongolia and Dulan to the first centuries of
(LOC), designed to overcome this problem. The LOC the first millennium). The proxies are selected according
method is based on forward modelling of proxies based orto two criteria: they should have a documented relation to
the local temperatures. The local reconstructed temperaturdemperature and should have been published in the peer re-
are then averaged to obtain a large-scale (e.g. the Northeviewed literature. Tablé lists the proxies and gives, among
Hemispheric) mean temperature. That the LOC method reother information, their geographical positions, their tempo-
constructs low-frequency variability well was confirmed in ral resolutions, and their original references. Of these 91
pseudo-proxy experiment€firistiansen2011). proxies, 65, 10, and 16 are of annual, annual-to-decadal,
We have previously i€hristiansen and Ljungqvi§201]) and decadal resolution, respectively. Blue Lake (number 7
presented a LOC based multi-proxy reconstruction of thein Table 1) and Lake C2 (49) are log-transformed. Since
extra-tropical Northern Hemisphere (NH) mean tempera-a non-linear relationship is expected between temperature
ture in the last millennium. The 50-yr smoothed (with and varve thickness, the log-transformation of varve thick-
a running mean filter) reconstruction showed larger low-ness tends to improve the correlation to temperature and re-
frequency variability than previous reconstructions (seeduce the impact of non-temperature related changes on varve
Fig. 10 of Christiansen and Ljungqvi¢2011), with a min-  thickness(osa 2009.
imum anomaly in the LIA about 1°C lower than the tem- The geographical distribution of the proxies is shown in
perature in the calibration period, 1880-1960 AD. Although the top panel of Figl. Note that a few pairs of proxies share
its variability was stronger, the LOC reconstruction sharedthe same geographical position but are based on different
the gradual cooling of the first 800 yr of the millennium with archives. The 91 proxies considered in the 500-yr long recon-
most previous reconstructions. struction have a reasonable geographical coverage, although
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Table 1. List of the 91 proxies considered. The proxies that extend far enough back to be considered for the two-millennia long recon-
structions are shaded. The column “Season” refers to the season in which the proxy has been shown to be most sensitive to temperature
The columns denoted Corr 1 and Corr 2 show the correlation coefficients between the proxy and the local temperature in the periods 1880-
1960 AD (Corr 1) and 1880 AD-last year (Corr2). The correlation coefficients are boldfaced when significant at the 1% level according
to ar-test that considers all years as independent. The proxies that pass these tests are those included in the reconstructions based on tl

corresponding calibration periods.

# Site Longitude Latitude Proxy type Sample resolution Season Firstyear Lastyear Corrl Corr2 Reference

1 Agassiz Ice Cap —73.10 80.70 Ice-cores180 Annual Annual 1 1972 0.17 0.19 Vinther et al.(2008

2 Alps 7.50  45.00 Tree-ring density Annual Jun to Sep 1500 20040.67 0.54 Buntgen et al(2006

3 Austfonna 24.01 79.83 Ice-cos&80 Annual Annual 1500 1998 0.21 0.21Isaksson et al2005

4 Avam-Taimyr 97.00 71.00 Tree-ring width Annual Jun to Aug 1 2003 0.39 0.28 Briffa et al. (2008

5 Belukha 86.58 49.81 Ice-co8é80 Annual Mar to Nov 1500 2000 0.00 0.09Eichler et al(2009

6 Big Round Lake —68.50 69.83 Varved lake sediments Annual Julto Sep 1500 200%®.38 0.34 Thomas and Brinef2009

7 Blue Lake —150.46 68.08 Varved lake sediments Annual Jun to Aug 1500 1999.28 —0.06 Bird etal.(2009

8 Bomi-Linzhi 98.00 30.00 Tree-ring width Annual Aug 1500 2002 0.38 0.48 Zhuetal.(201])

9 Burgundy 6.00 47.00 Documentary Annual Apr to Aug 1500 20030.32 0.50 Chuine et al(2004

10 Camp Century —61.13 77.17 Ice-cora'80 Annual Annual 1500 1967 0.03 0.03Dansgaard et a(1969

11 Central Europe 8.00 46.00 Tree-ring width Annual Jun to Sep 1 2003 0.15 0.46 Bintgen et al(201)

12 Central NWT (regional) —110.00 63.00 Tree-ring density Annual Summer 1500 2003 0.07 0.D3Arrigo et al.(2006

13 Chesapeake Bay —76.40 39.00 Sea sediments Annual-to-decadal Warm season 1 1996 0.05 0.13 Cronin et al.(2010

14  China Stack (regional) 105.00 35.00 Multi-proxy Decadal Annual 1 1990 0.72 0.31 Yang et al.(2002

15 Colombia Icefield —117.15 52.15 Tree-ring density Annual May to Aug 1500 1998 0.220.27 Luckman and Wilsorf2005

16 Colombia Icefield —117.15 52.15 Tree-ring'3C Decadal Winter 1500 1985 —0.07 —0.07 Edwards et al(2008

17 Crete -37.32 7112 Ice-cora80 Annual Nov to Apr 1500 1973 0.41  0.39 Vinther etal.(2010

18 Czech Lands 15.00 49.00 Documentary Annual Mar to Jun 1501 2008.47 0.66 Mozny et al.(20129

19 Devon Ice Cap —82.50 75.33 Ice-cores 180 Annual-to-decadal  Annual 1 1973 0.66 0.62 Fisher et al(1983

20 Donard Lake —61.35 66.66 Varved lake sediments Annual Jun to Aug 1500 1990.32 —0.17 Moore et al(200])

21 Dulan 98.00 36.00 Tree-ring width Decadal Annual 155 1995 0.41 0.44 Zhang et al(2003

22 Dye-3 —43.49 65.11 Ice-cores180 Annual Nov to Apr 1 1978 0.33 0.35 Vinther et al.(2010

23 ESIB (regional) 150.00 68.00 Tree-ring width Annual Summer 1500 1994.30 0.15 Briffa etal.(200)

24 East China (regional) 112.00  32.00 Documentary Decadal Annual 1500 199583 0.81 Wang et al(2007)

25 East China (regional) 112.50 32.50 Documentary Decadal Oct to Apr 1505 1995 0.92 0.90 Ge etal(2003

26 Eastern Carpathians 2510  47.20 Tree-ring width Annual Jul to Aug 1500 2006.09 0.16 Popa and Kerif2009

27 Finnish Lapland 25.00 69.00 Tree-ring width Annual Jun to Aug 1 2005 0.41 0.41 Helama et al(2010

28 Forfjorddalen 15.72 68.78 Tree-ring width Annual Jul to Aug 1500 19890.37 0.31 Kirchhefer(2001)

29 French Alps 7.00 45.50 Tree-ring width Annual Jun to Aug 1500 20080.38 0.47 Corona et al(2011)

30 GISP2 —38.50 72.60 Ice-cores180 Decadal Annual 1 1987 0.32 0.33 Grootes and Stuive1997)

31 GISP2 —38.50 72.60 Ice-corgAr/No Decadal Annual 1500 1993 0.71 0.53 Kobashi et al(2010

32 GRIP —37.38 7235 Ice-cores180 Annual Nov to Apr 1 1979 0.07 0.02 Vinther et al.(2010

33 Gotland 19.00 57.00 Tree-ring width Annual Summer 1500 1987 0.18 0BSper et al(20023

34 Grotte di Ernesto 11.66 45.98 Speleothem microlayer Annual Annual 1500 1987.00 0.08 Frisia et al (2003

35 Gulf of Alaska —145.00 60.00 Tree-ring width Annual Jan to Aug 1500 2002 0.200.27 D’Arrigo et al.(2006

36 Gulf of Taranto 17.89  39.76 Sea sediments Annual-to-decadal Fall 1 1975 0.74 0.59 Taricco et al(2009

37 Hallet Lake —146.20 61.50 Lake sediments Annual-to-decadal Jun to Aug 1 2005 0.26 0.33 McKay et al.(2008

38 Haukadalsvatn —21.37 65.03 Lake sediments Annual-to-decadal Apr to May 1 2003 -0.18 -0.17 Geirsdbttir et al.(2009

39 Hesheng 110.00 30.00 Speleoth#hfo Annual-to-decadal Annual 1500 1999 0.14 0.27 Huetal.(2008

40 Iceberg Lake —142.95 60.78 Varved lake sediments Annual May and Jun 1500 1998 0.06 0.680(2009

41 Idaho —114.25 44.42 Tree-ring width Annual Jul 1500 1992 0.08 0.08iondi et al.(1999

42 Indigirka 148.15 70.53 Tree-ring width Annual Jun to Jul 1 1993 0.39 0.33 Moberg et al(2006

43 JAmtland 13.30 63.10 Tree-ring width Annual Jun to Aug 1500 20000.46 0.39 Linderholm and Gunnarsdi2009

44 Jasper —118.17 52.75 Tree-ring width Annual Apr to Aug 1500 1987 0.32 0.28 Luckman et al(1997)

45 Karakorum 74.99 36.37 Tree-riﬂ§3C Annual Jun and Jul 1500 1993 -0.15 -0.15 Treydte et al(2009

46 Karakorum 74.99 36.37 Tree-ring width Annual Annual 1500 19930.15 —0.15 Esperetal(2002h

47 Korallgrottan 1416 64.89 Speleothens'80 Decadal Annual 1 2005 —0.30 0.36 Sundqvist et al(2010

48 Laanila 27.30 68.50 Tree-ring height inc. Annual Jun to Aug 1500 2007 0.21 OLi7dholm et al.(2011)

49 Lake C2 —77.54 8247  Varved lake sediments Annual Jun to Aug 1 1987 0.21 0.22 Lamoureux and Bradlef1996

50 Lake Silvaplana 9.80 46.45 Lake sediments Annual-to-decadal Jul 1500 199669 0.44 Larocque-Tobler et a(2010

51 Lake of the Clouds —71.25 44.25 Pollen Decadal Jun to Aug 1500 1965 0.60 0.53 Gajewski(1988

52 Lomonosovfonna 17.42 78.85 Ice-céf€0 Annual Annual 1500 1997 0.29 0.26 Isaksson et a{2005

53 Low Countries 5.18 52.10 Documentary Annual Annual 1500 20000.65 0.76 van Engelen et a(200])

54 Lower Murray Lake —69.32 81.21  Varved lake sediments Annual Jun to Aug 1 1969 0.28 0.30 Cook et al(2009

55 Mangazeja 82.30 66.68 Tree-ring density Annual Summer 1500 1990.35 0.16 Esper et al(20023

56 Mongolia 98.93 48.30 Tree-ring density Annual Apr to Oct 262 1999 0.00 0.31 D’Arrigo et al.(2001)

57 NSIB (regional) 100.00  72.00 Tree-ring width Annual Summer 1500 19910.39 0.32 Briffa et al. (2001

58 NW North Alaska reg —167.00 67.00 Tree-ring density Annual Summer 1500 2000 0.17 0.D7Arrigo et al.(2006

59 North China 113.00  40.00 Documentary Annual Annual 1500 19950.42 0.40 Wang et al(2007)

60 North Icelandic Shelf —19.30 66.30 Sea sediments Annual-to-decadal ~ Summer 1 2001 -0.34 -0.11 Sicreetal(201))

61 North-Central China 111.50 37.00 Tree-ring width Annual Jun to Aug 1500 200D.40 0.18 Yietal. (2012

62 NorthGRIP —4232 75.10 Ice-cores180 Annual Annual 1 1995 0.20 0.15 NGRIP member$2004

63 Northern Iceland —19.30 66.30 Sea sediments Annual-to-decadal Summer 1500 2000 0.18 Rad et al(2011)

64 Polar Urals 65.75 66.83 Tree-ring density Annual May to Sep 1500 1990.43 0.33 Esper et al(20023

65 Quebec —70.00 53.00 Tree-ring density Annual Summer 1500 1947 NaN0.09 Esper et al(20023

66 Renland —26.70 71.30 Ice-cores180 Annual-to-decadal Annual 1 1980 0.69 0.59 Vinther et al.(2008

67 Russian Plain 45.00 55.00 Multi-proxy Decadal Annual 5 1995 0.32 0.86 Sleptsov and Klimenk¢2003

68 Severnaja 106.00 81.00 Lake sediments Decadal Jun to Aug 1500 1979 0.03 Bolshyanov and Makeefd 995

69 Seward Peninsula —163.00 65.00 Tree-ring density Annual Jun to Aug 1500 2002 0.130.05 D’Arrigo et al.(20095
www.clim-past.net/8/765/2012/ Clim. Past, 8, 76586, 2012
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Table 1. Continued.

# Site Longitude  Latitude Proxy type Sample resolution Season Firstyear Lastyear Corrl Corr2 Reference
70 ShiHua Cave 116.23  39.54  Speleothem microlayel Annual May to Aug 1 1985 —0.06 0.02 Tan etal(2003

71 Southern Colorado Plateau  —111.40 35.20 Tree-ring width Annual Maximum summer temp 1 1996 0.41 0.36 Salzer and Kipfmuellef2005
72 Southern Greenland (regional) —43.00 65.00 Ice-cor&t80 Annual Dec to Mar 1500 1970 0.46 0.42 Vinther et al.(2003
73 Southern Sierra Nevada —118.90 36.90 Tree-ring width Annual Jun to Aug 1500 1988 0.21 0.ZZraumlich(1993

74 Spanish Pyrenees 1.00 42.50 Tree-ring density Annual May to Sep 1500 20057 0.66 Buntgen et al(2008
75 Sugan Lake 93.90 38.85 Lake sediments Decadal Winter 15 1995 -0.83 0.73 Qiang et al(2005

76 Svalbard 17.00 78.00 Ice melt layers Annual Jun to Aug 1500 1985 0.00 OTaBussoy1992

77 Tarvagatay 99.00 48.00 Tree-ring density Annual Annual 1500 1994 0.08.24 Jacoby et al(1996

78 Teletskoe Lake 87.61 51.76 Varved lake sediment Annual Annual 1 2002 0.10 0.49 Kalugin et al.(2009
79 Tibetan Plateau 92.00 33.00 Ice-cores 180 Decadal Annual 5 1995 0.76 0.67 Thompson et a2006
80 Tien Shen 72.00 40.00 Tree-ring width Annual Annual 1500 19950.04 —0.03 Esper et al(2003

81 Tokyo 139.72 35.67 Documentary Annual Winter 1500 19750.65 0.72 Gray(1974

82 Tornetésk 19.80 68.31 Tree-ring density Annual Apr to Aug 1500 20040.63 0.58 Grudd(2008

83 Tornetiésk 19.43 68.13 Tree-ring width Annual Jun to Aug 1 1993 0.54 0.50 Grudd et al(2002

84 Uambh an Tartair —4.98 58.15 Speleothem microlayer Annual Annual 1500 19930.36 0.30 Proctor et al(2002
85 Usvyatskii Mokh 32.00 56.00 Pollen Decadal Annual 1500 19950.41 0.62 Klimenko et al.(2001)
86 Vering Plateau 7.64 66.97 Sea sediments Decadal Summer 1 1995 0.22 0.31 Andersson et a(2010
87 WNA (regional) —116.00 38.00 Tree-ring width Annual Summer 1500 1983 0.46 0.41 Briffa et al.(2001)

88 Yakutia 147.00 69.50 Tree-ring width Annual Summer 1500 1994 0.18 0HBghes et al(1999
89 Yamal 69.17 66.92 Tree-ring width Annual Jun to Jul 1 1996 0.34 0.32 Briffa (2000

90 Yangtze River Delta 121.00 32.00 Documentary Decadal Annual 1500 1990.55 0.58 Zhang et al(2008

91 Yukon —139.00 67.00 Tree-ring density Annual Summer 1500 2002 0.210.08 D’Arrigo et al.(200

some inhomogeneities are observed. In particular, the oceans Some of the proxy records we use here were among the 40
and the internal parts of the continents North America andproxies used in the 1000yr long extra-tropical NH temper-
Northeast Asia, as well as most of the interior of Asia, areature reconstruction b¢hristiansen and Ljungqvi$2011),
sparsely covered, while some clustering is found in China,but many new records are also introduced. We have
Europe, Greenland and to a lesser extent in western Nortlalso utilized other versions of some records, either be-
America. However, the instrumental temperature recordcause they reach longer back in time or because newer ver-
shows that the regions with good data coverage very well carsions of the records have become available. We have thus
capture both the trend and amplitude of temperature changassed the Avam-Taimyr regional tree-ring width chronology
in the extra-tropical NH as a wholB(ohan et al.2006 see  (Briffa et al, 2008 instead of the Taimyr tree-ring width
also Sect5.3). The subset used for the two-millennia long chronology Naurzbaev et al2002. The Avam-Taimyr
reconstruction (blue symbols in Fij) shows larger inhomo- record is a combination of the tree-ring width chronologies
geneities; in particular North America and Central Europefrom Taimyr (Naurzbaev et al2002 and Bol'shoi Avam
have a sparser coverage. Only proxies that correlate signifitSidorova et a].2007). The new Chesapeake Bay sea sedi-
cantly with the local temperature enter the LOC reconstruc-ment record Cronin et al, 2010 is used instead of the older
tion, as explained in more detail in the next section. The bot-one Cronin et al, 2003.

tom panel of Figl shows the geographical distribution ofthe ~ We have tried to obtain a complete set of high-resolution
55 proxies (24 reaching back to at least 300 AD) that corre-temperature proxy records covering the last two millen-
late significantly at the 1 % level with the local temperaturesnia, fulfilling our data requirements stated above. How-
in the period from 1880 AD to the last year of each proxy. ever, several potentially useful historical documentary data
The correlations are given in column Corr 2 in TableThis ~ sets from Europe cannot be used in this study since
reduced proxy set shows basically the same geographical ithey do not have a sufficient overlap with the grid-
homogeneities as described above for the full set of proxiesded instrumental data in HadCRUT3Brphan et al.2006.

All the proxies are shown as function of time for the pe- Hence, the Central Europe temperature reconstruction by
riod since 1500 AD in Fig2. The proxies reaching back to Dobrovolry et al.(2010, the Germany/Central Europe tem-
at least 300 AD are also shown for the full period in Rg.  perature reconstruction bglaser and Rieman{2009, and
Where the proxies have consecutive annual values, these atee Stockholm winter/spring temperature reconstruction by
connected. The annual resolved proxies are all complete ex-eijonhufvud et al(2010 cannot be used here. However,
cept for Grotte di Ernesto (34, missing years 1681-1691the size of the proxy compilation used in this study is still
1840-1857), Iceberg Lake (40, missing years 1642, 1825larger than those used in all comparable studies, with the
1834, 1867, 1899, 1957, 1982), and Burgundy (9, miss-exceptions oMann et al.(2008§ andMann et al.(2009.
ing year 1978). These years have been filled in with lin-
ear interpolation. A few of the proxies display outliers, the
most conspicuous being Teletskoe Lake (78), which showss Reconstruction method
a peak near 1600 AD. By removing the outliers and repeat-
ing the reconstructions, we have confirmed that the out-The LOC reconstruction method is introduced and motivated
liers have only marginal influence on the extra-tropical NH in Christianser{2011), and additional details and discussions
mean reconstructions. can be found irChristianser{(2012), Tingley and Li(2012,
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o peratureT are considered independent. It is important here
Aol —to=decadal 4 that the proxy is chosen as the dependent variable. The re-
N gression coefficient is determined from the data in the cal-
e : //9%@ . ibration period. The local temperature is then reconstructed
’ A ‘ Y ; by T = P/x. (3) The reconstructed local temperatures are
78 v @ & S m, averaged to form the reconstructed large-scale (here extra-
P o 9 - tropical NH) mean temperature.
[ @@ : e me LOC avoids the underestimation of the low-frequency
ol | variability by using a forward model where the proxy is the
dependent variable and by avoiding an explicit model for the
°® spatial covariance structure of the temperature field. The for-
: ward model is the physical sound choice, as we expect prox-
; ies to respond to local temperature and not the other way
ifé ¢ ' . around. If the local temperature was chosen as the depen-
o0 o . X :
o dent variable, the reconstructions would be biased towards
4 e ”, ® zero. Itis tempting to use a specific covariance model to in-
' fer temperatures in regions without proxies and then include
these in the NH mean. However, the covariance structure

Annuacl @

ifusi—to—deendsl 4 calculated from the calibration period may not be relevant

Decadal ®

for the reconstruction period, which can lead to underestima-
tion of variability. An extreme example is found in sea-level
reconstructionsChristiansen et g12010.

Note that the calibration periods can be different for the
different proxies. This feature was not used in previous
LOC reconstructionsGhristiansen2011, Christiansen and
Ljunggvist 2011) but will be exploited in the present work.
Likewise, the local reconstructions may not necessarily be
defined over identical periods and the NH mean will then
be calculated from a different number of local reconstruc-
tions in different periods. This is only important for the
two-millennia long reconstruction before 300 AD, as Du-
lan (21) and Mongolia (56) only reach back to 155 AD and
262 AD, respectively.

In this paper we use gridded instrumental temperatures
from HadCRUT3v Brohan et al.2006. This data-set is de-
Fig. 1. The geographical locations of all the 91 proxies in Table fl'ned on a3 x 5° latitude-longitude grid and.covers the pe'-
(top) and of those that correlate significantly with their local tem- 110d 1850-2011 AD. The data coverage varies strongly with
peratures (from HadCRUT3v) in the period beginning in 1880 andtime as can be seen from Fig. which shows the average
lasting to the final year of each individual proxy (bottom). The res- number of months with data in the different decades. Be-
olution (annual, annual-to-decadal, decadal) is indicated with thecause data scarcity is strong in the 19th century, in particular
symbols. Proxies that reach back to at least 300 AD are indicated irover land outside Europe, we do not use instrumental tem-
blue. peratures from the earliest period; all our calibration periods

begin in 1880 AD or 1900 AD. As i€hristianser{2011) and

Christiansen and Ljungqvi$2011), missing monthly data
and Christiansen and Ljungqvi¢2011). Here we only give are filled with inverse distance interpolation. The annual
a brief description. The method requires calibration periodsmeans are then obtained to give the annually resolved tem-
with simultaneous values of proxies and local temperaturesperature field, which is then interpolated to the positions of
We assume that both proxies and temperatures are centerélte proxies. These temperatures are in the following re-
to zero in the calibration period. The LOC reconstruction ferred to as local temperatures. This is justified because
method relates proxies to local temperatures and consists dhe spatial decorrelation length for annual mean temper-
three steps: (1) The proxies are screened and only proxieatures are several thousand kilometelsngs et al.1997).
with a statistically significant relation to the local tempera- SeeChristiansen and Ljungqvi$2011) for a discussion of
ture in the calibration period are preserved. (2) Each of thethe impacts of the interpolation method. We do not de-
proxies that passed the test is related linearly to the local temtrend the local temperatures before using them for calibra-
perature;P = AT + &, where the nois€¢ and the local tem- tion. Keeping the trends is the usual choice in reconstruction
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Fig. 2. The 91 proxies in Tablé as function of time since 1500 AD. The proxies are in arbitrary units. Please refer to the original references
listed in Tablel for full details of each proxy record.

studies and only has a small effect on the LOC method It is well known that most temperature proxy records
(Christiansen2011). primarily respond to a specific seasalofies and Bradlgy
When calibrating proxies of annual-to-decadal and1992 Jones et al.2003 2009. Since we calibrate each
decadal sampling, we have first linearly interpolated theproxy record to its local annual mean temperature, we may
proxies to annual values. To match the proxies, the lo-reject some proxy records that have a strong response to
cal temperatures have been low-pass filtered with a cutits optimal season. The correlation between different sea-
off at 5 or 10yr if the corresponding proxy is of sons is, however, usually high on decadal and longer time-
annual-to-decadal or decadal resolution. The reconstrucscales Esper et al.2002a Brohan et al.2006. For a dis-
tions are not sensitive to this procedure, as investigateadussion about possible changes in the annual cycle and
in Christiansen and Ljungqvi¢2011). Here and in the their implications for temperature reconstructions, see also
rest of the paper, low-pass filtering is performed with a Jones et al(2003.
Gaussian filter.
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Fig. 2. Continued.

Confidence intervals are calculated by an ensembleThe ensemble pseudo-proxy method estimates both the vari-
pseudo-proxy method as i€hristiansen and Ljungqvist ance and the bias of the error. In this respect it is su-
(2011). This calculation is based on a 500-yr long forced ex- perior to, e.g. the Bayesian approadiingley et al, 2012,
periment Stendel et a).2006 with the ECHAM4-OPYC3  which only provides the variance (see the discussion in
climate model. The positions and the number of the pseudoTingley and Lj 2012 and Christiansen2012. This point
proxies mimic those of the real proxies. The pseudo-is in particular important for the reconstruction problem
proxies are constructed by adding realistic noise to localwhere the bias has been shown to be a serious probiem (
temperatures, where the realistic noise is constructed t&torch et al.2004 Biirger and Cubasci2006 Zorita et al,
have the same autocorrelation spectra as the residuals b2007 Smerdon and Kaplar2007, Christiansen et §l2009.
tween the real proxies and the corresponding local temperaHowever, it should be noted that confidence intervals ob-
tures. Se€hristiansen et a(2009 andChristianser{2011) tained with the ensemble pseudo-proxy approach are prob-
for more details about the ensemble pseudo-proxy methodably too optimistic, as not all sources of stochasticity have
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Fig. 2. Continued.

been included. Se€hristiansen and Ljungqvi$2011) for proxy method. In Sect4.3 we consider the geographical
an example of including additional steps in the pseudo-proxydistribution of the local reconstructions in selected periods.
approach.

4.1 The NH two-millennia long reconstruction

4 Reconstructions We first consider the two-millennia long reconstruction based
on 32 proxies that reach back to at least 300 AD (shaded
We first consider the extra-tropical NH mean reconstruc-rows in Tablel). With the calibration period 1880-1960 AD,
tions. The two-millennia long reconstruction is discussed in16 proxies have positive correlations with the local tem-
Sect.4.1and the 500-yr long reconstruction in Set2 For perature and are significantly related to this temperature at
both periods we first present the reconstruction based on ththe p = 0.01 level, as estimated with atest. The cor-
calibration period 1880-1960 AD and then discuss the differ-relations are shown in Tabl& (column denoted Corrl)
ences when compared to reconstructions based on other catind significant values are boldfaced. The correlations be-
bration periods. The robustness of the two-millennia long re-tween the 16 proxies and their local temperatures fall in
construction is discussed in more detail in S&ct. There-  the interval 0.32-0.92 with mean/median of 0.52/0.41. As-
constructions calibrated in 1880-1960 AD are provided withsuming that the proxies and local temperatures are with-
confidence intervals estimated with the ensemble pseudosut serial correlations (which is obviously not true, see
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Fig. 3. The 32 proxies gray-shaded in Tallleeaching back to at least 300 AD as function of time. The proxies are in arbitrary units. Please
refer to the original references listed in Taliléor full details of each proxy record.

Christiansen and Ljungqvi$2011) for a discussion of the dence intervals are calculated by an ensemble pseudo-proxy
effects of using a more strict test), choosipg= 0.01 cor-  approach as described in Segt.mimicking the conditions
responds to a cut-off correlation of2®. From these 16 of the real-world reconstruction. We see that the LOC re-
proxies the local temperatures are reconstructed, and inspecenstruction only has small bias and that the 95% confi-
tion of the 50-yr smoothed versions (applying a Gaussian fil-dence interval has a width of °€. This makes anoma-
ter a with standard deviation of 25yr) shows that they all lies in 1500-1900 AD (LIA) and 950-1050 AD (MWP) sig-
fall within reasonable limits with anomalies of no more than nificantly different from zero, while the temperatures be-
+4°C. The extra-tropical NH mean temperature obtained afore 900 AD do not show any significant deviations from the
the simple mean of these local reconstructed temperatures imean temperature in the calibration period 1880-1960 AD.
shown in Fig 5. In Fig. 6 the new reconstruction is compared to
Confidence intervals of the 50-yr smoothed values are susome previous temperature reconstructions published
perimposed on the reconstruction in Flg. These confi- subsequently to the IPCC Fourth Assessment Report
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Fig. 4. Average number of months per year with data in HadCRUT3yv in different decades.

(Solomon et a].2007): the extra-tropical NH (30—90N) The coldest period in the new LOC reconstruction is
CH-blend Dark Ages version ofHegerl et al(2007), ca. 1580-1720 AD where the 50-yr smoothed temperature
the extra-tropical NH (30—9N) reconstruction anomaly reaches-1.0°C relative to 1880-1960 AD. This
by Ljungqgvist(2010, the global reconstruction by isin agreement with the millennia long LOC reconstruction
Loehle and McCulloct{2008, the NH (0—-90N) error- of Christiansen and Ljungqvi$2011) based on 40 proxies,
in-variables version of Mann et al(2008, the NH of which 23 passed thetest. The two reconstructions are
(090 N) reconstruction ofMann et al(2009, and the in fact quite alike regarding the second millennium both in
global borehole temperature estimates for the last 500 yshape and amplitude, the major difference being that the
by Huang et al(2008. The LOC reconstruction of current reconstruction is around 0@ colder in the period
Christiansen and Ljungqvi¢2011) is also included. All  1100-1550 AD. However, this difference is in general within
reconstructions are 50-yr smoothed and centered to zerthe confidence intervals, which are a bit narrower for the re-
mean in 1880-1960 AD. Generally we note from F&. construction ofChristiansen and Ljungqvi$201]) than for
that the LOC reconstructions show larger low-frequencythose of the new LOC reconstruction. Also note that the re-
variability than previous reconstructions. In particular the constructions are not totally independent, as a subset of the
period 1600-1850 AD is colder in the LOC reconstructions proxies is used in both studies as discussed in Sect.

than |nI the Olfhr?r re;]:onstrucnons. _In f?cltf the _tdemEeratuore The cold period 1500-1900 AD is also a prominent fea-
anomaly in all the other reconstructions fall outside the 95 %, ot nrevious reconstructions, as seen in Bigbut the

confidence interval around the new LOC reconstruction.) o reconstructions give colder temperatures than other re-
An exception is the borehole temperature reconstruction,, «trictions. A very distinct warm peak occurs in the

of Huang et al(2008, which around its minimum around oy reconstruction in the second half of the 10th century
1700 AD reaches values comparable to those of the LOG i, temperatures up to 0% warmer than the calibra-

reconstructions. tion period 1880-1960 AD, equalling the temperatures of the
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Fig. 5. Reconstruction of the extra-tropical NH mean temperatureFig. 6. Some previous temperature reconstructiorigger! et al.

(°C) based on the gray-shaded proxies in Tdbleaching backtoat 2007 Loehle and McCulloch2008 Huang et al. 2008 Mann
least 300 AD. Calibration period 1880—-1960 AD. Only proxies with et al, 2008 2009 Ljungqvist 201Q Christiansen and Ljungqvist
positive correlations and p-value less than .01 are used. The 2011 published subsequently to the IPCC Fourth Assessment Re-
included proxies are given in the legend. Thin curves are annuaport (Solomon et aJ.2007 shown together with the LOC recon-
values; thick curves are 50-yr smoothed. Red curves show bias anstructions of the present paper. All reconstructions are centered
confidence intervals for the 50-yr smoothed values. From ensembléo zero mean in the 1880-1960 AD period and have been 50-yr
pseudo-proxy studies mimicking the reconstructions, we have calsmoothed with a Gaussian filter. The confidence intervals of the
culated the distribution of 50-yr smoothed differences between re1.OC reconstructions of the present paper (from Figand8) are
constructions and target. The biases and the upper and lower 2.5 %lso shown (dashed curves).

guantiles are calculated from these distributions. In the figure the bi-

ases (full red curves) have been added to the real-world reconstruc- 2p—— LA B L L
tions. Likewise, the upper and lower quantiles have been added to T 1B80- 5411141921 222527 30 36 37 42 47 54 56 65 67 71 75 78 79 83 86 89
the real-world reconstructions (dashed red curves). The green curve_

shows the observed extra-tropical30° N) annual mean tempera- 2, !

ture. The yellow curve show the temperature average over grid-cells>
with accepted proxies. Both curves have been centered to zero irg
1880-1960 AD.

LTI

TTTTTITTT

Temperature an

mid-20th century. This warm event represents the climax of
the MWP. Note that the extra-tropical NH mean temperature
from HadCRUT3v in 1880-1960 AD is 0.28 colder than -2
in the often used standard climate period 1961-1990 AD. For e
the complete NH mean temperature, the corresponding num- 200 (2% 1500 2000

ber is 0.22C. The MWP in the LOC reconstruction seems

somewhat shorter and more well-defined than in previous refig. 7. Reconstruction of the extra-tropical NH mean temperature
constructions (Fig6) mainly because the LOC reconstruc- (°C) based on the gray-shaded proxies in Tabteaching back to
tion is colder in the centuries before and after the 10th ancht least 300 AD. Different calibration periods: 1880-1960 AD as in
11th centuries. Fig. 5, 1880 to the final year of each individual proxy, and 1900 to
the final year of each individual proxy. See Tahlfor the last year

. . . . of the individual proxies. Only proxies with positive correlations
bration periods. As mentioned previously the LOC method and ap-value less than.01 are used. The included proxies are

allows different calibration periods for the different proxies. given in the legend. All reconstructions are 50-yr smoothed and
Using a calibration period beginning in 1880 AD and lasting centered to zero mean in 1880—1960 AD.

to the end of each proxy (see Taldlg 24 proxies pass the

t-test at the 1% level. This set of proxies includes the 16

proxies that passed the test with the calibration period 1880-For a few of the proxies, the correlations change drastically
1960 AD, and eight new proxies. From the correlations listedwith the change in the calibration period (e.g. China Stack,
in Table1, we see that the larger number of proxies are duel4), making them less reliable. The correlations now fall in
mainly to an increase in the correlations with the new (mainlythe interval 0.28—-0.90 with a mean/median of 0.46/0.41.
longer) calibration periods and not due to a decrease of the From these proxies the local temperatures are recon-
cut-off frequency related to these longer calibration periods.structed and adjusted to zero mean in the reference period

sl berrr e be |

T T T T T T T T[T

We have repeated the reconstruction with different cali-

www.clim-past.net/8/765/2012/ Clim. Past, 8, 76586, 2012



776 B. Christiansen and F. C. Ljungqvist: The extra-tropical Northern Hemisphere temperature

2 found when compared to the reconstruction reaching back to
O Ga0 080 2k 4 14 15 21 02 25 97 30 36 45 66 67 71 73 83 8 1 AD from the previous section (also shown in Fg&j.blue
curve). From Fig6 we see that these reconstructions have
4" f ovelapping confidence intervals in the period since 1500 AD.
Actually, the confidence intervals calculated with the en-
semble pseudo-proxy approach again show only a small bias.
The width of the 95 % confidence interval is now 0G,
making the whole period 1500-1900 AD significantly colder
than the calibration period. The confidence interval is more
narrow than that of the two-millennia long reconstruction, as
should be expected because of the larger number of prox-
ies. Compared to this reconstruction based on 32 proxies (16
1500 1600 1700 1800 1900 5000 accepted), we find that the amplitude of the high-frequency
Year variability in the reconstruction based on 91 proxies (47 ac-
cepted) has decreased as expected due to the larger num-
Fig. 8. Reconstructions of the extra-tropical NH mean tempera- har of proxies Christiansen2011). This decrease is around
ture (°C) based on all the proxies in Table Calibration period 15 o5 \hen the high-frequency variability is measured as the
1880-1960 AD. Only proxies with positive correlations ang-a variance of the 50-yr high-passed reconstructions.

value less than.01 are used. The included proxies are given in We h . ted th tructi ith diff i
the legend. Thin curves are annual values; thick curves are 50-yr € have again repeate € reconstruction wi Ieren

smoothed. The two-millennia long reconstruction from Fgs  calibration periods lasting to the end of each proxy and be-
shown in blue. Red curves show bias and confidence intervals foginning in 1880 AD or 1900 AD. For these calibration in-
the 50-yr smoothed values (see caption to B)g.The green curve  tervals, 55 and 47 proxies pass theest, respectively; and
shows the observed extra-tropical30° N) annual mean tempera- the correlations fall in the intervals 0.24-0.90 and 0.26—
ture. The yellow curve shows the temperature average over grid0.89 with means/medians of 0.46/0.41 and 0.48/0.45, respec-
cells with accepted proxies. Both curves have been centered to zergvely. The resulting NH mean reconstructions strongly re-
in 1880-1960 AD. semble the reconstruction based on the calibration period
1880-1960 AD (Fig9), with differences falling inside the

_ ) _ 95% confidence interval, as shown in F&. The largest
1880-1960 AD (this step is necessary because of the differgifferences are found in the level of the cold minimum

ent calibration periods). Figuré (blue curve) shows the i the first half of the 19th century. In comparison, very
NH mean based on these 24 local reconstructions. A siMgmall differences are found in the cold minimum in the
ilar reconstruction with the calibration period beginning in 17ip century.

1900 AD is also included (red curve). With this choice of

calibration periods, 21 proxies pass the test and the correlag 3 The geographical distribution

tions now fall in the interval 0.26—0.89 with a mean/median

of 0.48/0.45. We find only small differences between As we have seen, the LOC method gives local reconstruc-
the three NH mean reconstructions. This is in agreementions at the positions of the proxies (but not elsewhere in
with Christiansen and Ljungqvi¢201]) that showed thatthe contrast to field reconstruction methods). LOC is designed
LOC reconstruction method is fairly robust with respect to to produce a good large-scale (e.g. NH) low-frequency mean

TTT I

el

T

Temperature anomaly [C]

v b b b

changes in, e.g. the calibration period. and relies on both temporal and spatial averaging to reduce
the high-frequency noise (see also SétP). However,
4.2 The NH 500-yr long reconstruction LOC only determines the amplitude of the local temperature

anomalies. The sign is determined by the proxies themselves.
All 91 proxies in Tablel have been considered in a recon- Negative values of a local reconstruction in a given period
struction of the period since 1500 AD. Using a calibration are a consequence of the proxy having a smaller value in this
period 1880-1960 AD, we find that 47 proxies pass#he period than in the calibration (reference) period.
test at the 1% level. The correlations between these ac- We have estimated the confidence intervals of 100-yr
cepted proxies and their local temperatures fall in the in-means of the local reconstructions with the ensemble pseudo-
terval 0.29-0.92, with a mean/median of 0.49/0.42. Theproxy approach described previously. Compared to the con-
resulting extra-tropical NH mean reconstruction is shownfidence intervals of the extra-tropical NH mean, we do not
in Fig. 8 (black curve) and also included in the com- profit from spatial averaging but, on the other hand, we do
parison in Fig.6. Again we find a cold 17th century nothave the complication of the unknown spatial covariance.
with temperatures around1°C below the 1880-1960AD The widths of these confidence intervals on the local recon-
level, in agreement with the millennia long reconstruction of structions vary a lot as they depend, among other factors, on
Christiansen and Ljungqvi$R011). Good agreement is also the correlation between the proxy and the local temperature
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2 P e e gions, nearby local reconstructions disagree. This is particu-
F 2 o g0 o % &G o 11714 15 17 15 1 21 23 24 2527 28 20 30 31 35 36 37 30 42 larly conspicuous in Greenland, with Crete (17) and South-
[[| 43 44 47 50 51 52 53 54 56 57 59 64 66 67 71 72 74 75 77 78 79 81 82 83 84 85 86 87 83 90 . .
F 53 56 57195%0&3 66: 6; 286751 9721 174177518781979218122822‘g32554278529563%731}036 3739 42,4347 50 51 ern Greenland (72) ShOW|ng Warmlng and Dye'3 (22) and

GISP2 (30, 31) showing cooling in 1600-1699 AD.

The geographical distribution of temperature anomalies in
the MWP shows larger inhomogeneities than observed in the
LIA. For the period 950-1049 AD the mean is 049 but
only 9 out of 16 local reconstructions show warm anoma-
lies, although the cold anomalies are weak. In comparison,
the two-millennia long reconstruction has only one proxy,
with warm anomaly in each of the periods 1600-1699 AD
E and 1800-1899 AD. Note that all local reconstructions for
1500 1600 1700 1800 . 5000 Greenland agree on warm anomalies in the MWP.

Year As mentioned, the warm local temperature anomalies
_ _ _ in the periods 1600-1699 AD and 1800-1899 AD are both
Fig. 9. Reconstructions of_the_extra—trop_lcal NH mc_aan 'Fempergtureweak and few, whereas the cold anomalies in 950—1049 AD
(OC)_ based on all the Proxies in Taile Dn‘fergnt calibration PE" " are more abundant. However, the strengths of the spatial
ods: 1880-1960 AD as in Fi@, 1880 to the final year of each in- . . . .
dividual proxy, and 1900 to the final year of each individual proxy. variances in the three periods Cann_Ot be d'r_eCtly Compar?d
See Tabléel for the last year of the individual proxies. Only prox- from the chal tem.pelrature anomalies relative to the Call"
ies with positive correlations andjavalue less than.01 are used. ~ bration period. This is because the temperature anomalies
The included proxies are given in the legend. All reconstructionsare centered to zero in the calibration period and the spa-
are 50-yr smoothed and centered to zero mean in 1880-1960 AD. tial variance will therefore be zero in this period and sup-
pressed in overlapping or nearby periods. Centering the
two-millennia long reconstruction to zero in the whole pe-

and on the autocorrelation structure of the proxy. As I_OCriod, we find the spatial standard deviations 1.01, 0.69, and

takes the proxy as the dependent variable, the confidenc8-84°C in 950-1049, 1600-1699 and 1800-1899AD, re-

intervals of the local reconstructions decrease substantiall?pecuve'y' The standard deviations of all 100-yr means are

when the correlation between the proxy and the local temperSnoWn in Fig.11as a function of the central year in the pe-

ature grows Christiansen2012. With strong serial correla- riod. Values higher than those found for 950-1049 AD are

tions in the proxy, the correlation between local temperatureOnly found in the Sth century, while the vaI:Jes for 1600
and the proxy is badly constrained due to the reduced numbejrﬁg9 AD and ,1800_1899 AD are not unusual. Howe‘.’ef’ ap-
of degrees of freedom. The latter factor makes the confidencBlYing & F-variance test shows that the standard deviation of

intervals of the annually-to-decadally and decadally resolved?20~1049 AD is only significantly different from other pe-

proxies particularly wide. We find that when all proxies that riods when the standard_deviation O,f these period§ is_ less
pass the-test at the 1% level are considered, the width of than 0.65C. Therefore, this analysis gives only weak indica-

the 95 % confidence intervals varies from less thartQ.f  tons that the MWP was unusually spatially variable. This is
more than 2C. in accordance with results frofsper and Frank009 and

) . ) . i i Ljungqvist et al(2012) (see also Sech).
With these considerations and limitations in mind, we

discuss some of the spatial features found in century long

temporal means. We consider three periods: the two colcl-> Robustness, spatial averaging, and validation

peaks of the LIA, 1600-1699 AD and 1800-1899 AD; and ’ ’

the peak of the MWP, 950-1049 AD. The geographical dis-|p, this section we study the robustness of the low-frequency

tributions of the mean anomalies are shown in EGwhere  popayiour of LOC, consider a possible limitation of pseudo-
the anomalies in the LIA are taken from the 500-yr long 6y experiments, and discuss issues relating to the
reconstruction and the anomalies in the MWP are from the, 4jidation of the LOC reconstructions.

two-millennia long reconstruction. This figure also includes
histograms of the local temperature anomalies. 51 Robustness

For the periods 1600-1699 AD and 1800-1899 AD, the
local anomalies have means 6f0.91 and—0.76°C, re-  Christiansen and Ljungqvi$2011 showed that their real-
spectively. The geographical distributions of temperatureworld reconstruction based on 40 proxies was robust to
anomalies in the two periods are almost identical and arechanges in, e.g. the calibration interval, the screening
relatively homogeneous, with cold anomalies almost every-method, and the procedure for calculating the spatial av-
where. Of the 47 local reconstructions, 8 in 1600-1699 ADerage. For both the two-millennia long reconstruction and
and 3 in 1800-1899 AD show warm anomalies. In some rethe 500-yr long reconstruction of the present study we

Temperature anomaly [C]
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Fig. 10. Top: the geographical distributions of temperature anomalies in the period 950-1049 AD (left, two-millennia long reconstruction),
1600-1699 AD (middle, 500-yr long reconstruction), and 1800-1899 AD (right, 500-yr long reconstruction). For clarity temperatures have
been cut off at-2 and 2°C. Bottom: the corresponding histograms. Calibration period is 1880—-1960 AD and anomalies are shown relative
to this period.

find similar results regarding the robustness to those ofare 7/9. The reconstructions based only on the 7/9 proxies
Christiansen and Ljungqvi$¢2011). In the previous section south/north of 60N are shown with red and light blue curves
we presented the result for different calibration intervals, sedn Fig. 12. We find only moderate changes in the variability
Figs.7 and9. In the following we demonstrate further the on the lowest frequencies, while more variability has been in-
robustness of the two-millennia long reconstruction based ortroduced to the high-frequencies, as expected from the small
the calibration period 1880-1960 AD. In general the differentnumber of proxies.

reconstructions presented below agree within the confidence Of the 16 proxies that pass the screening, 7 are of an-
intervals (where widths increase with decreasing numbers ofhual resolution and 9 are of annual-to-decadal or decadal
proxies). resolution. Reconstructions based on these two sub-sets are

- . . . : . shown in Fig.12 with green and yellow curves. The low-
Christiansen and Ljungquig011) investigated three dif frequency variability of these reconstructions are in general

ferent alternatives to the simple averaging used in this pa- ="~ . ™ : : .
per to obtain the extra-tropical NH mean from the local quite similar, with the reconstruction based on the proxies of

. : . annual resolution being somewhat colder in the period since
reconstructions and found only minor differences. One alter-500 AD
native way to calculate the mean is to weight the local recon- Lo . . )

In Christiansen and Ljungqvi$201]) the low-pass filter-

structions according to the correlation between the proxy and . .
. . . 1ng of the extra-tropical mean reconstructions was performed
the local temperature. The reconstruction calculated with this

averaging procedure is shown with the blue curve in E&y with a 50-yr moving average filter. In the present paper we
ging pre . " . have used the more commonly used Gaussian filter (with a
Only small differences are found in the low-frequency vari-

ability when compared to the reconstruction based on the[s tandard deV|at_|on of 25yr). For_ comparison we have shpwn
. he reconstruction smoothed with the moving average filter
simple mean (black curve).

in Fig. 12 (black dashed curve). As expected, the differ-
Of the 32 proxies considered for the two-millennia long ences between the two filters are small, with the Gaussian

reconstruction, 13/19 are positioned south/north ofN60 filter giving the softest smoothing.

Of the 16 proxies that pass the screening, these numbers

Clim. Past, 8, 765+86, 2012 www.clim-past.net/8/765/2012/
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Fig. 12. Reconstruction of the extra-tropical NH mean temper-
Fig. 11. The spatial standard deviation of 100-yr means of the localature C) based on the gray-shaded proxies in Tablesach-
reconstructions (two-millennia long reconstruction, calibration pe-ing back to 300 AD. The full black curve shows the reconstruc-
riod 1880-1960 AD). The horizontal axis indicates the central yearstion of Fig. 5. The dashed black curve shows this reconstruc-
of the 100-yr periods. Horizontal lines indicate the standard devi-tion but now smoothed with a moving average filter as used in
ation of the periods 950-1049 AD (solid line), 1600-1699 (dotted Christiansen and Ljungqvi§2011). The blue curve shows a recon-
line), and 1800-1899 (dashed line). struction where local reconstructions are weighted according to the
correlation between the proxy and the local temperature. The green
curve shows a reconstruction based only on proxies of annual res-
olution, while the yellow curve shows a reconstruction based only
in proxies of annual-to-decadal and decadal resolution. The red and

| L light blue curves show reconstructions based on proxies north and
Based on an ensemble pseudo-proxy meti@itjstiansen south of 60 N, respectively. Only proxies with positive correla-

(2011 confirmed that LOC reconstructs low-frequency tions and ap-value less than 01 are used. The included proxies
variability well, and both Christiansen and Ljungqvist are given in the legend. The calibration period is 1880-1960 AD.
(2011 and the present paper provide confidence inter-All reconstructions are 50-yr smoothed and centered to zero mean
vals based on a similar pseudo-proxy method. How-in 1880-1960 AD.
ever, pseudo-proxies are generated by degrading the lo-
cal temperature by adding noise and therefore include
assumptions about the temporal structure of the noisgow-frequency noise components that are not represented in
(Moberg 2012 Christiansen and Ljungqvis2012). the pseudo-proxies and which can disturb the effect of tem-
Christiansen and Ljungqvié2012 discuss how the cut- poral averaging. Itis therefore interesting to study how stable
off between exaggerated high-frequency variability and wellthe LOC based real-world reconstructions are to the degree
reconstructed low-frequency variability depends on the de-of spatial averaging, i.e. to the number of included proxies.
gree of auto-correlation in the noise. It is shown with both The large number of proxies in the present study gives us
theoretical arguments and numerical experiments how avera chance to do this.
aging (temporal and/or spatial) leads to a reduction in the Figures8 and9 show reconstructions of the LIA based
noise for the reconstructions. Note, e.g. as discussed in different numbers of proxies (from 16 to 55 after screen-
Sect 4.2, the difference in the high-frequency noise betweening)_ We note that they all agree on a minimum anoma|y
the reconstructions in Fig& and 8, including 16 and 47  around 1600 AD close te1.0°C lower than the temperature
proxies, respectively. I€hristiansen and Ljungqvi¢2012  in the calibration period 1880-1960 AD (50-yr smoothed).
it is furthermore demonstrated that with observed valuesChristiansen and Ljungqvig2011) presented a LOC recon-
of the auto-correlations in the noise, the 50-yr smoothedstryction of the extra-tropical NH mean temperature in last
values are well reconstructed with only a small amount Ofmi”ennium based on 23 proxies (Se|ected by Screening 40
additive noise. proxies). In this study the cold anomaly was found to be
In the present paper as well as@hristianser{2011) and —1.1°C. The different reconstructions disagree more about
Christiansen and Ljungqvi$2011), the noise was calculated the temperature minima in the 19th century, but the 50-yr
so that it had the same autocorrelation spectra as the residuagsnoothed reconstructions generally fall inside the 95 % con-
between the real proxies and the corresponding local temperffidence interval calculated by the ensemble pseudo-proxy
atures (se€hristiansen et gl2009. As these autocorrela- method. Furthermore, there does not seem to be a systematic
tion spectra are calculated from timeseries of limited lengthreduction in the reconstructed temperature with an increas-
(~80yr), we cannot rule out that real-world proxies include ing number of proxies; in fact, the coldest reconstruction is

5.2 Spatial averaging
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the one based on the largest number of proxies (red curve iafter detrending the correlation is 0.44. The corresponding
Fig. 9, calibration period 1880 AD—last year). These resultsnumbers under the conditions of the two-millennia long re-
suggest that the effect of low-frequency noise is small andconstruction in Fig5 are 0.81 before detrending and 0.53

that LOC reconstructs 50-yr smoothed values well. after detrending.

5.3 Validation _
6 Conclusions

As mentioned, the LOC reconstruction method only ) - i
reconstructs low-frequency variability confidently, while e have compiled a set of 91 temperature sensitive proxies

high-frequency variability is overestimated. This makes located in the extra-t_ropical NH that rez_ich bgck to at least
validation exercises difficult with only 80-100yr of 1500 AD. All the proxies have been published in the peer re-

observations, as discussed i@hristianser{201) and viewed literature. Of these proxies, 32 extend as far back as

Christiansen and Ljungqui¢e017). This is one reason why to the_ beginning of th'e fi'rst millennium. From these compre-
we use the surrogate ensemble method to investigate thgensive proxy compilations we performed new reconstruc-
quality of the method and to provide confidence intervals ontions of the extra-tropical NH mean temperature. Note, how-
the reconstructions. In Figs. and 8 we have plotted the €Ver: that only little more than half of the proxies (the exact
observed extra-tropica<30° N) annual mean temperature fraction depends on the calibration interval, etc.) correlate
(green curves), and also the annual mean temperature avef’€ll €nough with the local annual mean temperature to be
aged over grid-cells with accepted proxies (yellow curves)included in the actual reconstructions.

for the period 1880—2000 AD. Despite the possible effects of _1he reconstructions are carried out with the LOC method
smoothing, it is clear that the LOC reconstructions overesti-(Christiansen2013), which was designed to preserve low-
mate the variability somewhat. This is perhaps most clearlyl"®duency variability at the price of exaggerating the high-
seen in the periods 18801900 AD where the reconstruction§€duency variability. The LOC method accomplishes this by
are too cold and in the period 1930-1950 AD where it is obtaining local temperature reconstructions using linear re-
too warm. Only a smaller part this overestimation can pedression, with temperature as the independent variable. This
attributed to the limited number of grid-cells. corresponds to a forward model which is the physical sound
rchoice. The local reconstructions are then combined to a

the ensemble pseudo-proxy studies, this does not rule out thrgco_nstructlon Of_ the extra-troplc_al_ NH mean te_mp_erature
possibility for the observed overestimation to be a chance oc?Y SimPle averaging, thereby avoiding the complications of
currence. Another, perhaps more realistic, possibility is thatM°'® complex spatial covariance models. Confidence inter-
the proxies not only represent local temperatures but also th§ls have been calculated with an ensemble pseudo-proxy
extra-tropical NH mean itself. This would violate an impor- approach which mimics the conditions of our real-world

tant assumption of the LOC method and lead to an Overes_[econstructions, including the spatial and temporal averag-

timation of the low-frequency variability in the calibration N9- These calculations indicate that the extra-tropical NH
period. The influence in the reconstruction period could beM&aNn reconstructions have only a small bias. The corre-
both an overestimation or an underestimation, depending ofPOnding 95 % confidence intervals have widths of 0.6 (two-
the reason why the proxies respond to the extra-tropical NHMillennia long reconstruction) and G.@ (500-yr long re-

mean temperature. One such reason might be that the proxig@nstruction) for 50-yr smoothed values, thereby showing

are sensitive to precipitation which, through teleconnections,that the residual noise-variance is relatively small compared

could show up as a sensitivity to the extra-tropical NH mean.[© the reconstructed low-frequency signal.
Another reason could be that proxies showing a strong 20th OUr main conclusions are as follows.

century warming have been favored in some step inthe proxy _ o reconstructions indicate — in agreement with the

selection process. Further work is needed to investigate how  oqits ofMoberg et al(2009; Ljungqvist(2010, and
such complications influence the behaviour of both LOC and Loehle and McCulloctf2008 T that the first rr’1iIIen-

other reconstruction methoas. nium AD was generally significantly warmer than the
Christiansen and Ljungqvi¢201]) (Sect. 8) performed a second millennium AD. The 17th century was the cold-
leave-one-out cross-validation test of the correlation between ¢ century during the last two millennia and most of
the reconstruction and NH temperature based on annually re-  {he ||A seems to have been colder than during the Dark
solved proxies. We find almost similar results when repeat- Age Cold Period ca. 300-800 AD. In general, our LOC

ing the test on the reconstructions in the present paper. Under | oconstructions show larger low-frequency variability
the same conditions as for the 500-yr long reconstruction in than previous reconstructions.

Fig. 8, we obtain a correlation coefficient of 0.84 between the

reconstruction and the observations in the calibration period. — Our two-millennia long reconstruction has a well-
As in Christiansen and Ljungqvi¢2011), this high correla- defined peak in the period 950-1050 AD with a max-
tion is partly a result of the trends in the calibration period,; imum temperature anomaly of@C. The timing of

While such an overestimation is not seen systematically i

Clim. Past, 8, 765+86, 2012 www.clim-past.net/8/765/2012/



the peak of the MWP in our reconstruction is in agree-
ment with the reconstructions dEsper et al(20023
and Ljungqvist(2010. The reconstructions of
Mann et al.(2008 2009 show a longer peak warming
covering the whole period 950-1100 AD, and the re-
construction oMoberg et al(2005 shows a somewhat
later as well as longer peak MWP warming than in the
present paper. The level of warmth during the peak
of the MWP in the second half of the 10th century,
equalling or slightly exceeding the mid-20th century
warming, is in agreement with the results from other
more recent large-scale multi-proxy temperature recon-
structions byMoberg et al(2005, Mann et al. 2008
2009, Ljungqvist(2010, andLjungqvist et al(2012).

Temperatures in the 17th century reach values as
cold as —1.0°C below the 1880-1960AD level,

in agreement with a previous LOC reconstruction
by Christiansen and Ljungqvi$2011) based on fewer
proxies. We find that this result is very robust rela-
tive to the calibration period and the number of proxies
included. This level of cooling is considerably colder
than obtained with other reconstruction methods (see
also Christiansen and Ljungqvi$2011) for additional
comparison). In the 19th century temperature anoma-
lies reach values of ca-0.9°C, but this value is some-
what more sensitive to the calibration period. The

temperature minima are separated by a local maximunf;n'Sh

http://www.cru.uea.ac.uk/cru/data/temperature/ We want to
thank the contributers to the World Data Center for Paleoclimatol-

in the 18th century. This temporal variation of the tem-
perature throughout the LIA is in line with most pre-
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