Dear Editor,

The manuscript (No.: cp-2015-4) entitled ‘1200 years of warm-season temperature variability
in central Fennoscandia inferred from tree-ring density’ has been substantially revised (Please
see the marked-up version below).

The revision is based on the last revised manuscript. We thank the two reviewers for their
constructive and insightful comments. All comments have been considered when revising the
manuscript. The point-to-point responses to the comments are listed below.

Response to reviewer #2

1. Non-addressed point 1: “I feel more insight could be gained as to the significance of the
new reconstruction with broader comparisons with existing studies and the already
widely described palacoclimatic evolution of the region”

Re: We have now extended the comparisons to all other published millennium-long
annually-resolved temperature reconstructions in the whole of Fennoscandia. We have
now also summarized the characteristics of the warm-season temperature evolution of the
past millennium in this region and made suggestions concerning their possible forcing.
See section 3.3.

2. Grammar and clarity. Unfortunately there are still numerous examples of poor grammar
and clarity of language which need addressing (e.g Abstract lines 4-5. Too many uses
of ‘used’, Abstract line 10 — plurals not correct. Abstract line 15 — plurals not correct
(temperature/temperatures)).

Re: We went through the revised text carefully and corrected the errors.

3. | do not feel that the request to provide clearer (identifiable, bullet points maybe)
aims/objectives or testable hypotheses have been met. This omission makes it hard for
the reader to see the motivation for the study and to tie concluding points to objectives.

Re: Aims and objectives have now been revised, according to the suggestion of the
reviewer. Now the aim reads 1) extend G11 back in time, covering also the MCA, and 2)
as far as possible, replace the historical samples with samples collected from past and
present tree-line environments where the provenance was known. Using this new
reconstruction, we re-examined the warm-season temperature evolution in central
Scandinavia during the last 1150 years, and compared it to other reconstructions from
northern Scandinavia and southern Finland. This improved dataset allows us to provide
new insight into temperature variability during the last millennium in central Scandinavia.

Response to reviewer #3

1. The reconstruction technique, for example, is not described at all, neither in the method
section nor elsewhere, although this is an essential information to replicate the study.
There are also more details required regarding the detrending (see below) and the error
estimates. The latter is only very briefly addressed in the figure captions.



Re: The reconstruction technique and the estimation errors are now more thoroughly
described and can be found in section 2.5.

2. 1 wonder why the authors used negative exponential functions to approximate the raw
MXD data. Usually a so called Hugershoff function fits much better for MXD data. This
might not affect the overall trends of the RSFi-chronology but low replicated periods
with a low mean tree age (like the early MCA) might be altered.

Re: The tree-ring series are now only standardized with two-curve Signal-free RCS and
the RSFi method, using age-dependent spline curve fits to each individual measurement.
This information is now clarified in the last paragraph of section 2.3.

3. Although I do see the benefit and the need of adjusting the mean of different tree-ring
sites, there are two major points of criticism w.r.t. this method: (1) The information
given is again not sufficient to replicate the study! Even the paper cited (Zhang et al.
2015) is not elucidating since it only uses a subset of the proxy data. For example, it
remains unclear how sites that do not cover the (whole) 1300-1550 period were treated.
It would also be desirable to find the actual values that were added/subtracted for each
site somewhere in the manuscript/supplement. In consideration of other potential biases
(see (2)) this would yield an estimate for the size of the effect.

Re: This point is now addressed in the last paragraph of section 2.2. The actual values
that were added to all the samples at each site is presented in Table 1.

4. (2) Additionally, it seems very important to report the mean age of the samples in the
window of overlap. Basically the fact that dendrochronologists detrend their samples
w.r.t. age stems from the assumption that the mean value differs significantly with age.
Hence, a homogeneous age distribution is an ultimate prerequisite for applying such a
“mean-adjustment”. This needs to be stated clearly and proven(!) in some way.
Otherwise, the detected long-term cooling in the adjusted chronology could well be
perceived as a remnant of age-trends. In order to validate the applied methodology |
strongly recommend displaying age-aligned Regional Curves for samples in the
common period (1300-1550) before and after mean-adjustment in a supplementary
figure.

Re: We agree with the point that if we adjusted the mean value of the elder part (old age
of a tree) of the samples to have the same mean with the younger part of some other
samples, then this will bring bias. We have stated the importance of a homogeneous age
distribution in the reference period for the mean-adjustment method in section 2.2, and
we have shown the time span of the adjusted samples and reference samples in the
supplementary. To validate the applied methodology, we also added a figure in the
supplementary showing the age-aligned regional curves for the samples in the reference
period before and after mean-adjustment and compared them with the age-aligned
regional curve of the reference samples from Furuberget-north.

5. Grammar and language still need improvement, especially in the revised sections.



Re: We went through the revised text carefully and corrected the errors.

6. The revised manuscript puts much weight on the comparison with other reconstructions
(instead of refining the methods section). For a fair judgement, however, some
additional issues should be considered: (1) Error-estimates should be displayed, at least
for the new reconstruction, to identify really significant differences.

Re: Done.

7. (2) Temperature-anomalies should be compared to temperature-anomalies. There’s no
obvious need to use z-scores.

Re: Fig. 8 has been changed for temperature-anomalies comparison.

8. (3) For the large-scale comparison, the NH reconstruction by Christiansen and
Ljungqvist (2012) is not the ideal choice. In the IPCC ensemble of reconstructions this
is the one that clearly sticks out due to its high low frequency variability. And as already
stated by the authors, the seasonal window differs.

Re: In the revised manuscript, the comparison with the hemispheric-scale reconstruction
has been removed, and we only examined the comparisons with other regional
temperature reconstructions in Fennoscandia.

9. It’s a pity that most samples terminate in 2006/7. Only 5 samples extend to 2011.
Generally the interest in the most recent years of climate reconstructions is fairly high.
Especially for tree-ring studies, which can be affected by the so called ‘divergence
problem’. AN update based on old samples will be outdated soon.

Re: Yes, we agree, but we have no means of taking care of this shortcoming at this point.

10. I didn’t find a statement about data availability in the end of the main text. All data used
in this study should be made available.

Re: The new reconstruction, C-Scan, will be uploaded to NOAA and BALPAL, and all
the data published in this study will be available for non-commercial scientific purposes.
A statement about this is now provided in the supplementary.

11. Lines 89 and 104: Replace ‘glacifluvial’ with ‘glaciofluvial’.
Re: Replaced.

12. Line 58-67: Is the MCA really the key target of this story? There’s eventually not much
light brought into this period.

Re: We have changed this statement. MCA is an important time period. Thus the goal of
this paper is to extend G11 to cover the whole MCA with as many samples as possible,
based on collected data from present or previous tree-line areas. A critical discussion
about MCA has been added to the second paragraph of Section 3.2.



13. Line 124: Remove dot in ‘(Table. 1)’.
Re: Removed.

14. Line 126-128: Sentence unclear. It implies that the authors know what the temperature
difference between MCA and LIA was, which | doubt. Rewrite.

Re: This sentence has been removed.

15. Line 143 and 152: ‘subtracted from or divided by’ - this is not termed correctly. Should
be a-b and a/b, not a-b and b/a. Reword.

Re: Reworded.

16. Line 166: Add information about the exact settings for the detrending (like: negative
exponential functions used for the individual fitting, ratios or residuals between fitted
function and raw data,...).

Re: Added.

17. Line 173: In the figures, EPS-values don’t seem to have a 25-year period of overlap.
Re: Yes, you are right. We have corrected this typo.

18. Line 237: Replace ‘multidecadal’ with ‘multicentennial’.
Re: Corrected.

19. Line 238: Be more consistent with using either the term multi- or two-curve RCS.
Re: The ‘multicurve’ expression is replaced by ‘two-curve’.

20. Line 269: ‘20th century’?
Re: Corrected.

21. Line 321-322: In which frequency domain?
Re: Multidecadal, but this part of discussion has been rewritten.

22. Figure 1: It’s hard to locate the map section within Scandinavia. References (borders,
towns,...) missing.

Re: There are no borders in the Fig. 1b. The figure has been redraw. A lake’s and some
towns’ names have been added. We also added another map (Fig. 1a) to show the general
locations of the sampling sites within Scandinavia.

23. Figure 4: The sampling site should be marked.
Re: Marked.

24. Figure 6: Correct spelling in the legend.



Re: Corrected.

We believe that we have appropriately addressed all the reviewers’ concerns in the revised
manuscript. The language has also be improved. One such example is that we changed the
title of the manuscript to ‘1200 years of warm-season temperature variability in central
Scandinavia inferred from tree-ring density’.

Sincerely,

Peng Zhang on behalf of all co-authors
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Abstract

Despite the emergence of new high-resolution temperature reconstructions around the world,
only a few cover the Medieval Climate Anomaly (MCA). Improved understanding of the
spatiotemporal characteristics of the MCA is important in terms of understanding how local
temperatures keep a high level under natural-forcing conditions. Here we present a new Scots
pine tree-ring density based reconstruction of warm-season (April-September) temperature for
central Scandinavia, called C-Scan, back to 850 CE, extending the previous one by 250 years.
C-Scan is largely based on pine trees collected in a confined mountain region, where the
samples were adjusted for differences in altitude and local environment, and standardised in
order to preserve as much mid- and long-term temperature change as possible. C-Scan suggests
that the warm peak of MCA occurred in ca. 1000-1100 CE, and points to a Little Ice Age (LIA)
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between 1550 and 1900 CE. Moreover, during the past millennium the coldest decades were
found around 1600 CE, and the warmest 10, 30 and 100 years occurred in the most recent
century. By comparing C-Scan with other millennium-long temperature reconstructions from
Fennoscandia, regional differences in multi-decadal temperature variability, especially during
the warm period of the last millennium were revealed. Although these differences could be due
to _methodological reasons, they may indicate asynchronous warming patterns across
Fennoscandia. Further investigation of these regional differences and the reasons/mechanisms
behind them are needed.

Key words: Central FerneseandiaScandinavia, Last millennium, Maximum late wood density,
Scots pine, Warm-season temperature



1. Introduction

In order to assess the role of human activities on the current climate change (Bindoff et al.,
2013), numerous efforts have been made to put the present warming in a long-term context (e.g.
Wilson et al., 2016). Despite these attempts, there are still some controversies about past climate.
For example, global mean temperature may have been as high as in the present around one
thousand years ago, during the so-called Medieval Climate Anomaly (MCA; Lamb, 1969;
Grove and Switsur, 1994). However, this has been guestioned since regional temperature
reconstructions display large variability in timing as well as magnitude of the MCA (PAGES
2k Consortium). To further improve our understanding of past climate changes, there is still a
great need to produce and improve empirical proxy data.

Tree-rings are widely recognized as excellent proxies of growing-season temperatures due to
their annual resolution and absolute dating (Briffa et al., 2001). The high latitude region of
Fennoscandia in northwestern Europe has a  strong tradition in
dendrechronelogydendrochronological research, and its large tracts of relatively accessible
boreal ferestforests with some of the world’s most temperature sensitive conifers (George, 2014)
and favourable preserving conditions of dead wood (see below), make the region well suited
for the—development of tree-ring chronologies that—extenrdextending back over the fast
miHennitm-past millennia (Linderholm et al., 2010). In addition to the weH-knewn-multi-
millennial tree-ring width chronologies from Tornetrak (Grudd et al., 2002), Finnish Lapland
(Helama et al., 2002, 2008) and Jamtland (Gunnarson et al., 2003), several millennium--long

temperature-sensitive-tree-ring datasets were eeHeetedproduced within the Eurepean-UnierEU
funded “Millennium” pI‘O_]eCt (McCarroII et aI 2913)—l=lewever—theseweeeeu—eeeeept—feethe

Heﬁhemmest—l;enneseaneha—lezom) Due to the superior performances of maX|mum Iatewood

density (MXD, e.qg. Briffa et al., 2002), and the recently developed ADensity method (Bj&rklund
et al., 2014a; 2015), as warm-season temperature indicators, it has been shown that in-orderto
better-these proxies are to be preferred when high-resolution reconstructions of Late-Holocene
temperatures are targeted. In Fennoscandia, most sampling for millennium-long temperature
reconstructions have been focused to regions close to the latitudinal tree limit (Esper et al. 2012;
McCarroll et al. 2013; Melvin et al. 2013). However, to represent Fennescandian-warm-seasen
temperature—variabHitythe whole of Fennoscandia with more fidelity, data from more
southernsoutherly locations are also needed (Linderholm et al., 2024a)—Meorerecenthy2015).
Indeed, a few studies have produced long reconstructions from more southerly sites. Helama et
al. (2014) reconstructed May-September temperature variability in southern Finland (around

61°N) for the Iast m|IIenn|um usmg ma*mm—la{eweeel—elena%y—(MXD) data In Sweden the

Seand%n—Meemams—m—me—p#ewnee—ef—JaMand—mmeFe—MXD from Jantland (63°

Gunnarson et al—{., 2011;; henceforth G11, referring to the temperature reconstructlon)
reconstructed-900-years-of-), minimum blue intensity from Mora (61 °N; Graham et al. 2011)
and adjusted Ablue intensity from J&ntland and Arjeplog (63°N and 65°N; Bj&klund et al.,

2015) have been used to infer past warm-season temperatures—Because—of-the—relatively

southerhy-loeation,Jamtland-isconsidered-a-keylocation-, but these reconstructions only cover
the last 800-900 years. Previously, Linderholm and Gunnarson (2005) used tree-ring width data

to reconstruct June-August mean temperature for paleetemperature-studiesthe last 3600 years

in central . Scandlnawa Net—enly—ean—ﬂ#unetrenﬂasﬂa—hﬂlebeeﬁee#ehpeneleg}es—m—ne%em




M—E@%Z—Espeeetal—Z@%Matske%leyand—HetamaW|dth data could onIv explaln 39% of
the observed temperature variance during 1861-1946, and the data had a gap between 887 CE

and 907 CE.
The pnmary a|m of thls study was to extend %@%%4heeeehreneteg+es—aree*eluswety—based

hundredseHheusand&eﬁyearsHEspeeetal—ZO}Z%—Gll—heweveHBamduded back in tlme

to cover the MCA. Moreover, G11 contained data collected from historical buildings in the
Jamtland-region-in-west-central Sweden, which were sampled in the late 1980s as a part of an
archaeologlcal survey by Kvartablologlska Laboratorlet in Lund Sweden Subsequently—M%D

Meuntams—theThe hlstoncal samples—(Lcovenng the penod between 1107 CE and 1827 CE-
with a gap betweenduring 1292-1315 CE)-+ade-tp-a-majerpart, were combined with samples
from living trees and snags (remains of G31-Sineedead trees) collected in the mountains in the
early 2000s, vielding a reconstruction spanning 1107-2006 CE. The geographical origins of
some of the historical samples in G11 are—semewhat unclear, wherebut they likely
originatecame from lowland locations, about 300 meters below the present tree-line, #-isand
should thus not anbe optimal datasetto—incorperate—in—as the backbone of a temperature
reconstruction-

temperaturecollected from past and present tree line enwronments Where the provenance of the
trees was known Using thls new reconstructron—and—remew—unee%ntles—ef—sanc%ng
= , We re-examined
the warm-season temperature evolutlon in central Scandrnavra dunnq the Iast 1150 years, and
compared it to other reconstructions from northern and eastern Fennoscandia (Melvin et al.,

013, Esper et al., 2012; Helama etal., 2014) durrng—theentrre—paet—]rzee—years—m—thrs—re@epr

|mproved dataset aIIows us to provrde new msrqht into temperature vanabllltv durrnq the last
millennium in central Scandinavia.




This paper is _organized as follows: the tree-ring and meteorological data as well as
reconstruction methods are presented in section 2; Section 3 presents and discusses the new
central Scandinavian temperature reconstruction, and compares it with other millennium-long
Fennoscandian temperature reconstructions; Conclusions are given in Section 4.

2. Data and methodmethods
2.1 Study area
The studv area is Iocated in the provmce of Jantland—ts—teeateel—m—the—westemmest—papt—ef

}ust east of the main d|V|de of the Scandlnawan Mountalns mamelwrele—'lihemamtepegeaehy n

west central Sweden Due to the qeoqraphlcal settmq there 3

cllmate gradlent in the arear eglo (Llnderholm et al., 2003). East of the Scandinavian
Mountains, climate can be described as semi-continental. However, the proximity to the
Norwegian Sea, lack of high mountains in the west, and the east—west oriented valleys allow
moist air to be advected from the ocean, providing an oceanic influence to the area (Johannessen,
1970; Johansson and Chen, 2003; Bojariu and Giorgi, 2005). Consequently, the study area is
located-in-a border zone between oceanic and continental climates (Wallé, 1970). On short
timescales, summerthe climate of this partictarregionarea is influenced by the atmospherie
chredlation,—mainhy-the-North Atlantic Oscillation (NAO) (Chen et al., 1999; Busuioc et al.,

2001; Folland et al., 2009), while it is affected by North Atlantic sea- surface temperature (SST)
on longer timescales (Rodwell et al., 1999; Rodwell and Folland, 2002). The elevation of this

area_ranges from 800 to 1000 m a.s.l.,, and scattered alpine massifs to the south reach
approximately 1700 m a.s.l..

Glacial deposits dominate the area, mainly till but also glaeihsvialglaciofluvial deposits,
peatlands and small areas of lacustrine sediments (Lundqvist, 1969). Fheferested-partsin-the
central-Scandinavian-Mountains-are-dominated-by-Pinus sylvestris (Scots pine,-Neorway-spruce
), Picea abies (L.) H. Karst:). (Norway spruce) and meuntain-bireh-(Betula pubescens, Ehrh-)-.
(Mountain birch) are the main tree species in central Scandinavian Mountains. Although large-
scale forestry operations have been carried out in mestsome parts of the eeuntyregion, the
human mpactimpacts on trees growing close to the tree line is limited—-which-is-valuable-in

tree-ring-based-chmate—reconstructions (Gunnarson et al., 2012). Due to the short and cool
summers, snags can be preserved for more than 1000 years on the ground (Linderholm et al.,

2014b)y—Moreoverlarge-amoeuntso6f2014) and the subfossil wood fremcan be preserved for
hundreds to thousands of years age-can-be-found-in the sediments of small mountain lakes (see

Gunnarson-, 2008)-).

2.2 Free-ring-data-and -data-statistics
Fhe-Description of the tree-ring data

Scots pine tree-ring samples, collected from seven sites in the central Scandinavian Mountains
and from historical buildings east of the mountains, were used in the new temperature
reconstruction. Fig. -1 shows the locations of the sampling sites. All the sites except for the
historical-building samples are located within 20km of each other, covering an altitudinal
gradient of 200m with slightly different moisture-environments ranging from relatively well
drained soils to wetter lake-shore conditions. The historical-building samples used in this study

was-sampled-at-eightsites(Fable-1)-As-shewn-r-were collected from buildingsFig=1they-are
al-in—closeproximity-to—each-other—but-differ in the southeast of J&amtland. Altogether, 99

samples from both living trees and snags were collected from Mount Furuberqet at an elevatlon




the—top—at-of ca. 650 m a.s.l—n-an-.. The sampling sites were characterized by open pine
ferestforests with limited competitions between trees—Pinethe trees-grow-en-a—relatively-flat
area-covered-bya. The sampling sites had thick vegetation tayerlayers with woody dwarf shrubs

and mosses. Fhe-area-is-characterized-by-thintiland-glacifluvial-sots-:Out of the 99 samples,
35 ofthese—samples—were ineludedpreviously used in the G11 (Fable—1)—in—-addition;

pinereconstruction. An additional 40 samples, mainly from snags, were collected at-different
elevations-enfrom the nearby Mount H&kervalen, on elevations ranging from the-650 m a.s.|.

(present-day tree line {at-areund-650-m-a-s-H)in the area) up to 800 m a.s.l-deseribed-in-detail
#-._(Linderholm et al{(20614b)--Samplespreserved-in., 2014). 32 samples from subfossil wood
collected from the small mountain lakes {subfossi-weood)-were-included-from-the-lakesof Lill-
Ré&tjanen, Ostra Helgtj&nen and Jens-Perstj&inen, and-have-previoushy-been-described-in-at
560, 646 and 700 m a.s.l. respectively (Gunnarson-{, 2008):), were also included. The historical
tree-ring—data,—coHeetedsamples from histericalbuHdings—nBodsj@ which made up the
provineeolder part of G11, was downloaded from the International Tree-Ring Data Bank
(ITRDB). The MXD values of the historical samples have been previously obtained using
DENDRO2003 X-ray instrumentation from Walesch Electronic (www.walesch.ch). Table 1
provides a full description of the sampling sites and tree-ring data.
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Figure 1. Map showing the locations of tree-ring-sampling-sites(a) the study area and (b) the
sites of the mountain Scots pines (green dots), exceptfor-historical buildnings (yellow dot)
samples;- used in this study, and the meteorological stations Duved (the red dot) and

Ostersund (the blue dot)-meterological-station-




). (c) shows the topography of the mountain Scots pines. Numbers in (b) and (c) indicate the
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#ee—ﬂﬂgdata#emﬂthem{ew;er&used—w%nm#meenﬁmeﬂeﬁ collected from each Slte

The new MXD samples (Fable—1-were measured at the tree-ring laboratory of Stockholm
University using anthe ITRAX wood scanner from Cox Analy%%ystemAnaIvtlcal Systems
(http://www.coxsys.se). A



http://www.coxsys.se/

ak—{2978)-Thin laths (1.20 mm thick) were cut from each sample using a twin-bladed circular
saw, and subsequently put in a Soxhlet apparatus with pure alcohol to remove resins and other
compounds—were—extracted—with—pure—aleshol—in—a—Soxhlel—apparatus.,  After being
extractedprocessed in the Soxhlet for at least 24 hours, the laths were acclimatized in a room
with controlled temperature and humidity to have ca. 12% water content, and were—then
mounted in a sample holder. The samples were-then exposed to a narrow, high energy, X-ray
beam. The chrome tube in the ITRAX was tuned to 30kV and 50mA, with 75ms steptimestep
time. The opening time of the sensor slit was set to 20um at each step. From the detected X-ray
radiationsensor, a 16-bit, greyscale, digital image with a resolution of 1270 dpi was
capturedproduced. The grey levels of the image were calibrated to values of wood density using
a cellulose acetate calibration wedge provided by Walesch Electronics. The tree-ring-MXD data
were-anahysed-withwas obtained using the image processing software WinDENDRO.

tr-Zhang et al. (2015) #was-found that the-MXD data used-r-this-study,-from the study area

coverlnq the same tlme perlod but orlglnatlng from &L&Heueralweudes#&ble—la—lmdﬁeHn

eIevatlons/5|tes can have svstematlc differences in terms of mean values Because the older
snag samples in thls study were found at progresswely hlgher eIevatlons even—abeve—p%esent

contrastlnq growth envwonments serious blases te—could thus be mtroduced into_an

averagedaverage chronology based on all data, both in terms of the annual to decadal variability,
but perhaps even more so in the longer-term trends, if the differences in absolute MXD values
caused by elevation and local moisture conditions are not accounted for (Zhang et al., 2015).
Therefore, we adjusted the mean MXD values from the-trees growing at different elevations as
well as the subfossil samples, representing a wetter growth environment than the tree-line trees,

to have the same mean during a common period—ef-everlap—foHewing. Following the
recommendations-efprotocol proposed by Zhang et al. (2015)—Fhe), we used the mean MXD

valdevalues of the samples from Furuberget-north samples;-eevering-for the period 1300-1550
CE;-was-used as athe reference ferthe-to correct the data (see Table 1 for adjustment efsamples
from-other-groups—Fhe-choice-of-values for each site). The Furuberget-north data was chosen
as a—reference site—was—based-on—the—criteria—ofa—highbecause it had the highest sample

replication and a-widewidest temporal coverage.




| | | |
gg Hackervalen-south-750-54 | | | : gg
10 | | I ! 1 d 10
0 : ‘ o
| | | |
8 EJens Perstjdren-700-2 | | | : 3 8
0 | | " | | | 0
8 Eé Helgtjarmnen-646-12 | | [ ‘ :l 8
0 I L <o
| | | |
8 E Hackervalen-north-650-5 | | | ‘ 3 8
-..g_ 0 | | | _‘ 0 £
@ 80 [ Furuberget-north-650-107 | ' ! 80 2
o 60| ‘ ‘ ! ‘ 1160 ©
gt o us
— | |
g 20p | | | =y
5 oL 1 T -0 ®©
gg : Furuberget—st‘buth(GH}650—3‘5 | | : : gg 7]
10 r | | | 1 ] 10
o | | T 0
8 ELiIIa-ROr’[ernen-560—iﬁ | I | | | 3 8
0 ‘ | 0
%9 hiistorical ‘ I 1 | | | %
60 s istorica san’rpes-SUD- 33 | ‘ : . 80
40 N I | ! ] 40
20 I | I | 420
N ‘ o]
= T T T T T T T T -

0

o

700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Time (year, CE)

In a tree-ring MXD series, MXD values change with age. Therefore, when applying the mean-
adjustment methodology (Zhang et al. 2015) this should be taken into consideration, and each
Figure—2—group of samples should have a homogeneous age distribution in the selected
reference period, as well as the adjustment periods. The time-spans of the adjusted and reference
samples are shown in Fig. S1. To further validate the mean-adjustment of this data material,
Fig. S2 shows the age-aligned average curves for the samples partly or fully covering the
reference periods before and after the mean-adjustment, along with the average curve of the
reference samples. The average curves were smoothed using spline functions. The smoothed
average curves show that MXD values generally decrease with tree’s age. The average curve
of the adjusted samples displays the same mean MXD level as the average curve of the reference
samples. This result indicates that the distribution of ages is not the main reason why the mean-
values of the samples in different groups/sites are different in the reference period. The samples
from Furuberget-south and Hé&kervalen-north were not adjusted, because both groups of
samples were collected from sites where growing conditions (open forests on relatively well
drained soils) and elevations were similar to the reference samples.

Summary of the tree-ring MXD data.

Sampling sites Elev TS NS SL AMXD MS AC1 %
837-1112 3 156 0.74 0.118 0.566 0
Furuberget-north 650
1189-2005 61 197 0.69 0.124 0.599 0
Furuberget-south
samples from the 650  1497-2008 35 193 0.64 0.133 0.457 0

G11 study
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H&kervalen- 0.112

1276-1520 5 128 0.67 0.109 0.532 =
south = = =
% 650 17782011 5 213 071 0165 0314 0
952-1182 13 90 0.67 0.122 0.572 0.085
Lilla-R&tj&nen* 560 1290-1686 5 198 0.66 0.111 0.676 0.085
1750-1861 1 112 - - - 0.085
929-1093 6 121 0.62 0.124 0.715 -0.079
O Helgtj&nen* 646 1119-1333 3 104 0.72 0.122 0.625 -0.079
1446-1568 2 110 0.76 0.106 0.676 -0.079
Jens Perstjgnen* 700  1196-1382 2 153 0.62 0.133 0.753 0.058
Bodsjo(historical
buildings in
Jantland
Sweden) 377 1107-1291 15 158 0.84 0.082 0.676 -0.112
samples from the
G11 study

Elev: sampling elevation (m a.s.l); TS: time span (years CE); NS: number of samples; MSL.:
mean segment length (year); AMXD: average MXD (g/cm®); MS: mean sensitivity; AC1: first-
order autocorrelation; M-adj: the adjusted values that added to each sample of the
corresponding site; * indicates data from subfossil wood collected from lakes. Some of the
‘mean tree ages’ were less than 100 years, because the MXD measurement was only a part of a
tree-ring width series which was much longer. The temporal restriction of these samples was
due to some parts of the samples being too rotten for MXD to be measured. MXD data from
Furuberget-north, H&kervalen-south, H&kervalen-north, Lilla-Ré&rtj&nen, Ostra Helgtj&tnen
and Jens Perstjanen was not included in G11. MXD data from the historical buildings was
downloaded from the International Tree-Ring Data Bank (ITRDB), and was previously used in
G11.
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Ifigure 2. Sample replication through time at (a) H&ckervalen-south, (b) Jens Perstj&rnen, (c)
O Helgtj&mnen, (d) H&kervalen-north, (e) Furuberget-north, (f) Furuberget-south (G11), (9)

Lilla-R&tj&rnen and (h) Bodsj& The dashed lines mark the two reference periods for mean-
adjustment (see main text).

2.3 Standardisation and-chronelogy-butHdingmethods

If tree-ring data is going to be used to attain rehablehigh-quality climate information, it is
pertinentnecessary to remove as much non-climatic rfermation“noise” as possible before
building a chronology from the individual tree-ring series (Fritts, 1976). The non-climatological
growth expression is usually represented with a least square fitted negative exponential function,

polynomial or spline (Fritts, 1976; Cook and Peters, 1981)-and-subtracted-or-divided). This is

subsequently removed from each—raw—tree-ring—measurement—to—obtain—indices—used—for
chronelogy—building;corresponding values of the measurements, either by subtraction or

division in a process termed- standardisation. This approach is widely used, but it severely limits
the preservation of low-frequency variability in long chronologies (based on several generations
of trees), because the mean vatuevalues of all the tree-ring series wil-beare adjusted to the same
level after standardization—Fhisstandardisation. The limitation on preserving low-frequency
variability whose period is longer than trees’ mean age is referred to as the “segment length
curse” (Cook et al., 1995; Briffa et al., 1996).

This limitation can be overcome by quantifying the non-climatological growth expression for
an entire population as an average of the growth of all samples aligned by cambial age, which
then can be represented by a single mathematical function. Subsequently this function is
subtractedremoved from-erdivided-by each individual tree-ring measurement, an approach
called Regional Curve Standardisation (RCS; Briffa et al., 1992). However, by using one single
function for all tree-ring series, less-unwanted-mid-frequency variability tsmay be removed in
the attempt to preserve the low-frequency (>segment length) variability (Melvin, 2004), along
with possible trend distortion as described in (Melvin and Briffa, 2008; Melvin and Briffa,




2014a, 2014b). Melvin and Briffa (2014a, 2014b) shewshowed that using multi-curve RCS can,
however, efficiently remove these biases. Alternatively, the non-climatological expression in
tree-ring data can be quantified with an individual signal-free (SF) approach-te-standardisation,
described in Melvin and Briffa (2008), but this approach is merealso limited in the lower--most
frequencies (Bjaklund et al., 2013).

However, by using the SF individual fitting approach and at the same time letting the derived
functions to have a similar mean as their respective cambial age segment of the regional curve
(RC) before subtraction into indices, stand competition etc. can also be addressed without losing
the long timescale component (Bj&klund et al., 2013). This method; is a hybrid of the RCS and
individual SF standardization-is-heneeforth-referred-to—as, and was termed RSFi. Yeln this
study, we produced MXD chronologies with-theusing two standardisation methods: elassie
two-curve and—mutti-eurvesignal-free RCS (fitted by age-dependent

Qllne ) and RSFi; _(fitted by age-dependent splines), where the RSFi chronology was used for
the new reconstruction. In both methods, residuals between raw data and fitted functions were
calculated, and subsequently averaged to produce the final chronology. The standardisations
were performed withusing the software RCSsigFree (Cook et al., 2014) and CRUST (Melvin
and Briffa, 2014a, 2014b). The expressed population signal (EPS) criterion was used to evaluate
the robustness of the chronology. An EPS value represents the percentage of the variance in the
hypothetical population signal in the region that is accounted for by the chronology, where EPS
values greater than 0.85 are generally regarded as sufficient (Wigley et al., 1984). In-this
stuehy;Here the EPS values were calculated in a 50-year temperal-window with 25a 1-year

oeverlap—lag.

2.4 Instrumental data

Monthly temperature data from the closest meteorological station, Duved (400 m a.s.l., 63.38°
N, 12.93°E), was used to assess the temperature signal reflected by the chronology. Since the
data from this station only cover the period 1911-1979-CE-we, the data was extended the-data

back to 1890 CE and up to 2011 CE-by using linear regression on monthly temperature data
from an adjacent station: Ostersund (376 ma.s.l., 63 20°N 14, 49°E) A—I+near—|teg4ae55|enwas

statlee.—Data from Ostersund e*plam xr._)lalned on average 91.5% of the mterannual variance
iof Duved monthly temperature (based on the overlapping period 1911-1979-CE). The
temperature data from Ostersund came from two sources: the Nordklim data-basedataset (1890-
2001-CE) (Tuomenvirta et al., 2001), and Swedish Meteorological and Hydrological Institute
(SMHI, 2001-2011 CE). The locations of Duved and Ostersund stations are shown in Fig. 1.

2.5 Climate signal ir-the-nrew-chrenelegyand reconstruction technigue

We comparedcalculated correlations between the new MXD chronology with—theand
instrumental monthly mean temperatures eenstructed—for—the—from Duved meteorolegical

station—duringover the period 1890-2011 CE. Fig. 3a3 shows that the-new-chrenolegy-has—a
sighificantpositive—correlation{at-it is significantly correlated (p<_< 0.01-level) with_all

individual menthhrmean-temperatures—in-months from April-_ to September, and the highest
correlationwas-found-correlation with mean April-September temperature is 0.77 (0.81 (p<0.01)

if only interannual variability were considered). Same results were obtained (0.77, p<0.01)
when correlating the MXD chronology with mean April-September temperature =06-79-
Fhereforewe-decided-to-reconstructfrom the closest grid in the CRU TS3.23 0.50.5°dataset
(Harris et al., 2014) over the period 1901-2011. A transfer model was developed using simple

linear regression, where the April-September—mean—temperature—{henceforth—referredto—as
WaJFm-seasen temperature)#h&meen&&mted—%ﬂ—ebsen&d—wa%easen%%




anomalies (deviations from the 1961-1990 mean) were set as the predictand and the rew-MXD
reconstruction-explains-59%data of the current year (t), as the predictor. The temporal stability
of the model was tested with a split sample calibration/verification procedure (Gordon, 1982),
where the period of MXD and meteorological data overlap (1890-2011) was divided into two
periods of roughly equal length (1890-1950 CE and 1951-2011 CE, respectively). Calibration
and verification statistics were then calculated for the first and second half of the period,
respectively. The calibration and verification periods were then exchanged and the process
repeated. The validation was performed using the explained variance (R?), Reduction of Error
(RE), Coefficient of Efficiency (CE) statistics (National Research Council, 2006).

The final model was calibrated over the full 1890-2011 period. The uncertainty of the
reconstruction was estimated from two sources: chronology characteristics (temporal variations
in the-instrumental-data—(Fig—3b).replication) and the calibration statistics according to the
methods of Yang et al. (2014). The uncertainty in the chronology was estimated by +/- 2 times
the standard error (i.e. the standard deviation of all MXD index values in each year divided by
the square root of the sample replication). The calibration uncertainty was estimated from the
standard deviation of the reconstruction residuals (i.e. the difference between observed and
reconstructed temperatures). The error of the reconstruction was estimated by the square root
of the sum of the squared chronology error and the squared calibration uncertainty. The
uncertainty of the reconstruction was then estimated by +/- 2 times of the reconstruction error.
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Figure 3. (a)-CerrelationThe correlations between the mean-adjusted MXD datachronology,
standardised with the RSFi method, and observed monthly mean temperatures from Duved
meteorological station over the period 1890-2011-CE—Cerrelations. The correlations are given
from January to October of the growthpresent year and July-August, June-August, May-August,
April-September (warm season) and March-September means.

3. Result and discussion
3.1 The new reconstruction and reconstruction statistics

The calibration and verification statistics are summarized in Table 2. The RE and CE statistics
are well above zero, and thus pass the validation tests (National Research Council, 2006). Fig.
average—{(b)-linear-4a shows a linear relationship between the MXD data and Duved April-
September mean temperatures over the period 1890-2011. The reconstructed and observed
warm-season temperatures show good agreement on interannual and multidecadal timescales
(Fig. 4b). The reconstruction has a slightly smaller spatial representation than observed station
data when compared to gridded temperatures (Fig. 5). However, the new reconstruction still
represents much of central Fennoscandia, and has a much more southerly expression than the

northern MXD chronologies mentioned in the introduction (Melvin et al., 2013; Esper et al.,
2012; McCarroll et al., 2013), and more western expression than Helama et al., (2014).
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Figure 4. (a) Scatter plot of the MXD indices versus observed warm-season temperature
(anomaly-anomalies (relative to 1961-1990 mean) from Duved (blue)), and their respective 1%
difference components (red), and (b) a comparison of reconstructed warm-season temperature

(red) withand observed Duved warm-season temperature (black) ferover the period 1890-2011




Table 2. CalibratienThe calibration and verification statistics of the warm-season temperature

reconstruction.

MXD RSFi chronology

Calibration period 1890-1950 1951-2011 1890-2011
Correlation, R 0.82*** 0.6768*** 0.77***
Explained variance, R? 0.67 0.4847 0.59
No. of observations 61 61 122
Verification period 1951-2011 1890-1950 -
Explained variance, R? 0.4847 0.67 -
RE* 0.5556 07472 -
CE# 0.4445 0.6566 -
M - - 0.5703
Intercept - - -0.1453

=xxthaNotes: *** = correlation is significant at the p<0.01 significance-level; “RE means=
reduction of error; CE means= coefficient of efficiency.
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Figure 45. Field correlations ef-the-between gridded warm-season temperature from the CRU
T1S3.23 0.5°%0.5° dataset (Harris et al., 2014) during the period 1901-2011 CE and (a)
reconstructed warm-season temperature from-{a)-the-new-chrenelogy—in-(this study), and (b)
observed Duved warm-season temperaturewm%gndde%mn—seasenmmeﬁa&we—#em—eau

mepesent—the—eerre%mqs—at—pﬁ;@@i—sqgmﬁeanee—lew# The yellow dots mark the apprOX|mate
locations of the sampling sites. The field correlation maps were plottedmade using the ‘KNMI

climate explorer’ (Royal Netherlands Meteorological Institute; http://climexp.knmi.nl; van
Oldenborgh et al., 2009).
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3-3 Central FennoscandianScandinavian warm-season temperature evolution

Fig. 6a shows that the differences between the mean-adjusted and the non-adjusted MXD
chronologies mainly occur before 1300 CE. The mean-adjusted chronology shows lower values

between 1150 and 1300 and higher values between 850 and 1100 compared to the non-adjusted
chronology. Clearly not using the mean adjustment would have large impacts on the
interpretation of the temperature evolution during the last millennium. If possible this principle
should always be utilized when data from slightly different growth environments, with
sufficient overlap, are composited, before standardization. Fig. 6¢ shows that the EPS values
are above 0.85 during most of the last millennium, testifying to the robustness of the chronology
in representing the hypothetical population signal. However, there is a dip in EPS values during
the period 1150-1200 which reduces the validity of the reconstruction in this period. EPS values
are influenced by two factors: number of samples and inter-series correlations (Wigley et al.,
1984). Obviously, the dip in EPS values in this case should be attributed to relatively weak
inter-series correlation over that time period compared to other time periods during the last
millennium. It should be noted that the chronology during this period consist of both tree-line
and low-elevation (historical) samples. However, during most of the last millennium, the
variability of the tree-ring samples from the two sources (tree-line and historical) does not show
obvious differences at interannual (not show) to centennial (Fig. 7) timescales. Therefore, to
find out the reason for the low inter-series correlation more in situ samples from that period are
needed.

When comparing the MXD chronologies based on the RSFi and the two-curve signal-free RCS
standardisation (Fig. 6b), the two chronologies are rather similar. Because of this, and the
assumption that the former methodology has a greater chance at removing mid-frequency noise

(Bj&klund 2014b), we chose the RSFi method for our reconstruction. Fig. 6d shows the

reconstructed warm-season temperature in central Scandinavia, henceforth referred to as C-




Scan, during the past £2601150 years. C-Scan displays a cooling trend betweenover the period
850-CE-and-1800-CE-1900, followed by a sharp temperature increase afterin the mid-19¥20"

century +nere|eete—leek—at—thec Scan temperatureevetutren—m—mereeletaﬂ—\%preked—eut—the

the4aet—$2@9—years—€£rg—794he4ete—l—l‘hsuqqests a moderate MCA warm- peak dunnq ca. 1000

CE to 1100 CE in_ central Scandinavia. Improved understanding of spatiotemporal
characteristics of MCA is important in terms of understanding the dynamic origin of MCA.
Proxy-based spatial annual temperature reconstructions have delineated a strong and persistent
La Nifre-like climate pattern globally during MCA. The spatial pattern of the reconstructed
temperature changes (MCA-LIA) imply that MCA may be caused by dynamical responses to
natural radiative forcing (Mann et al., 2009). However, climate model simulations (as shown in
Gonzdez-Rouco et al., 2011) with strong solar forcings failed to reproduce such a spatial
pattern (in Mann et al., 2009). In contrast, the climate model with reduced solar forcing,
allowing for internal variability to be more prominent, show less uniform temperature responses
in sign as those of the reconstructed global annual temperature changes (in Mann et al., 2009).
Therefore, internal variability of climate system as a possible reason of the MCA-LIA
anomalies has been suggested (Gonzdez-Rouco et al., 2011). Recently, Goosse et al. (2012)
simulated MCA-LIA transition using data assimilation method, and indicated spatial pattern of
temperature during MCA could be caused by weak radiative forcing combined with a
modification of atmospheric circulations, and the changes of the atmospheric circulations could
be related to either climate-system internal dynamics or dynamical responses to weak changes
of radiative forcing. We can see that reconstructions of surface temperature pattern provide
possibilities for all these attribution studies. Therefore, high-quality temperature
reconstructions in regional and sub-regional scale are still needed. Our reconstruction indicates
that the warm-season warmth during MCA is not so pronounced in central Scandinavia, which
improves our knowledge about spatial pattern of surface air temperature on global and regional
timescales. The new reconstruction will also add values to existing regional temperature
reconstructions (e.g. Luterbacher et al., 2016)

C-Scan also indicates that in this region the cold period known as the Little Ice Age (LIA, Grove,

2001) spanned the mid-16™ century to earhythe end of the 19" century-was-the-coldestlong-
. where the coldest 100-year period

term-period—during-the-past 1200-years.—and-that-the-
appeared-duringwas found in the late 18" to late 19" century. Both the coldest 10- and 30-year
periods appearedwere found around 1600 CE. The warmest 10, 30 and 100-year periods during

the %Z‘hlast m|IIenn|um were aII found |n the 20th century IheANarrnest—lGQ—yearsremnerdes

30- yeeepenedswemieunémthe&%meenww—emnpanngthwekw&hﬁeeur@nﬁﬁamng
peﬁed—shewed—that—thewarmeste and 100-year period-duringin the MCA-was20" century are
0.3 T, 0.1 T eoslerthan-and 0.03 T warmer in the 20™ century than those in the 10" and 13"
centuries respectively.
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Figure 6. -Characteristics of the central Scandinavian MXD chronology and the resulting
warm-season temperature reconstruction: (a) The warmest10-—and—30MXD chronologies

based on samples without mean-adjustment (blue) and after mean-adjustment (black). (b)
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Gaussian filtering) variability of the MXD chronologies standardised by the two-curve signal-
free RCS standardisation method (smoothed by age-dependent spline, the red curve) and the
RSFi standardisation method (fitted by age-dependent spline, the black curve). (c) Expressed
Population Signal (EPS) through time of the chronology. The dashed line shows the 0.85
threshold. (d) Reconstructed annual (grey) and 51-year GaussianE=igare——=Annual-{grey)-and
80-year-sphine filtered (bold black) warm-season temperature varlablllty in central Scandrnavra
over the period 850-2011-CE-in & A h d

indicate. Also indicated is the chronology uncertalnty (purple shadlnq) and the totaI uncertamty
of the reconstruction (includingpink shading. This includes chronology uncertainty and

reconstructlon uncertalnty)—as) expressed as the+/ 2 tlmes the standard errormthmeeppeeand

va Observed anneal—and—SO—year

sphneidteredwarm season temperaturerstemperatures are shown by the thin red eurve(annual)
and the bold eurvered (after 51-year Gaussian filtering) curves, with the red dashed line

indicating the 1961-1990 mean. The short lines into the right part-of the-panel (d) mark the mean
temperature levels of the warmest 100, 30 and 10 years in MCA (10"-13" century (Grove and
Switsur, 1994)) (green) and 20" century (red), and the coldest 100, 30 and 10 years in the LIA
(14"-19" century (Grove, 2001)) (blue). The time spans are marked on the corresponding
positions on the temperature curve. The coloured short lines with thin solid black line in the
centre mark the time spans of the warmest and coldest 100, 30 and 10 years during the past
1200 years. (e) The grey shading indicates the sample depth of the MXD chronology.
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Géean—waseemp&eed—wﬁh—and Gll—and—as—shewn—m—l;rg—g—the—newpeeenstrueuen—suggests
.. The
two reconstructlons show coherent varlablllty at multldecadal to een%ueycentenmal tlmescales

durlng the perlod 1300 ZOOO%Be#eFe{%O&GELEheMeFeeenstmenen&&Fe%s&magmemene

is portraved as much warmer in G11 eluﬂnqthan in C Scan and we Iarqelv attribute this

discrepancy to the omission of adjusting the mean values of the samples from different

elevations in G11. However, if this periedt-stillshews-low-inter-series-correlation{see-feature

is disregarded, the comparison between C-Scan and G11 actually show that the historical-
building samples perform quite well in representing the temperature variability at multidecadal

to centennial timescales. Considering the performance of the Fig=4-in-Gunnarson-et-al—2011h)

whreh—seggests—a—kaeleef—a—eeheren{—ygnal—ameng%hlstoncal samples useel—m—Gi—l—'Fhe
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eYaels 0 dling—grow g 0 al—21995).and the
temporarily low replication of the newly collected samples around 1200 CE, we argue that it is
better to use the historical samples when sample depth is low, than not to use it at all. Therefore,
we _included mean adjusted historical samples for the period 1107-1291 CE in our
reconstruction. The EPS values are improved over that time period, but still do not reach the
0.85 threshold.

Compared to G11, the merit of C-Scan is manifested by three aspects: 1) C-Scan covers the
whole of MCA and can be used to interpret the temperature evolution during this important
phase in central Scandinavia. 2) The application of the mean-adjustment method. Our results
suggest that also the historical-building samples, used in G11, should be separately mean-
adjusted according to their origin and mean values, and not be treated as a homogenous dataset.
3) C-Scan is to 92% based on the samples collected from a relatively small mountain area, close
to the local tree line, compared to G11 that was based on 73% historical samples. Even though
the historical samples seemingly perform in a similar way as the tree-line samples, trees at the
limit of their distribution should be more sensitive and thus perform better, and be preferred in
a_reconstruction, according to the principle of limiting factors (Fritts, 1976). This is perhaps
corroborated by the fact that the new reconstruction displays a larger variance at some periods,
such as stronger cooling events around 1450 CE and 1600 CE than those in G11. This could be
interpreted as a more coherent variability (lower noise level) among the newly collected
samples than the historical-building samples, which is always strived for.

Historical building samples
w0 situ samples used in both new and previous reconstruction
New samples in C-Scan
Smoothed G11
Smoothed C-Scan
= Smoothed instrumental temperature
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Scandinavia-warm-season-temperaturereconstruction{A comparison between C-Scan (the thin grey
curve) and G11 (the thin blue curve, Gunnarson et al., 2011). Bold black and blue curves show
the variability after 51-year Gaussian filtering. The sample depths {(numberof trees)-efdifferent
origins used in the two reconstructions are marked by the orange, black and purple (C-Scan)
and orange and purple (G11) shadings., respectively. The red curves indicate the
ebservationalobserved year-to-year temperature variability (thin line) and its 51-year Gaussian

filtered variability- (thick line). The dashed red curve marksshows the observed 1961-1990 mean
warm-season temperature.

3.63 Comparing C-Scan with twe-nerthernother Fennoscandian summer temperature
reconstructions
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As mentioned earlier, annually resolved summer and warm-season temperature reconstructions
covering the entire last millennium, based on MXD data, have almost exclusively focused on
northern Fennoscandia (McCarroll et al., 2013, henceforth referred to as Mc13; Esper et al.,
2012; Melvin et al., 2013; Matskovsky and Helama, 2014, henceforth referred to as MH14),
with the exception of the reconstruction for southern Finland (Helama et al. 2014, henceforth
referred to as H14). A general feature of these reconstructions is a cooling trend during the past
millennium until the end of 19" century, consistent with the reduction in high-latitude summer
solar insolation related to orbital forcing (Helama et al., 2010; Esper et al., 2012), followed by
an abrupt warming trend during 20™ century, related to increasing CO concentrations in the
atmosphere (Stocker et al., 2013). However, differences among these reconstructions, even
those focused on the northernmost part of the region, have been discussed, (e.q. Matskovsky
and Helama, 2014; Linderholm et al., 2015). In Fig. 8, C-Scan is compared with MH14, Mc13
and H14. C-Scan shows smaller variance than other three reconstructions, because it was
calibrated based on longer time-window (i.e. April-September) than the others (MH14: June-
July; Mc13: June-August; H14: May-September). The multidecadal variability of H14
generally differs from the other ones, where the pronounced cooling during the LIA stands out.
The other segments of the reconstructions agree quite well, although Mc13 in general shows
cooler anomalies than MH14 and C-Scan. The largest discrepancy among the reconstructions
is found between 900 and 1100 CE (the MCA), where MH14 shows persistent warm anomalies,
whereas Mc13 shows cooling and in C-Scan temperatures are only slightly above the long-term
average. MCA temperatures in H14 are similar to C-Scan, but slightly higher.

June-August mean temperature variability are rather coherent with April-September mean
temperature variability at different timescales in Scandinavia (not shown), so different
calibration time-windows are not likely the reason why the four reconstructions show
differences in their variability. It is possible that at least part of the discrepancies among the
reconstructions can be attributed to methodological issues, such as changes in numbers of
samples through time in the chronologies, or periods where trees show less coherent growth
patterns (e.q. the 1150-1200 period in C-Scan). Such issues can be alleviated through careful
selection of the tree-ring data and more coherent standardisation method and parameters (Frank
et al., 2010; Bj&klund et al., 2014b). However, the differences in reconstructed temperatures




may also be expressions of sub-regional differences associated with varying atmospheric
circulations patterns influence across Fennoscandia through time. Linderholm et al. (2015)
discussed the possibility that changes in the average positions of circulation patterns such as
the NAOQ, related to changes in the polar jet stream configuration, could have an influence on
the homogenous summer temperature pattern in Fennoscandia observed today. Likely, due to
the proximity of the study region to the ocean, the influence of e.g. the Atlantic Multidecadal
Oscillation can also be of importance. Furthermore, Irannezhad et al. (2014) found that the
trends of observed annual and seasonal surface air temperature show spatial differences in
Finland, and that the warm-season temperature can be related to different regional-scale
circulation patterns such as the East Atlantic, West Russia, Scandinavian and West Pacific
patterns in different sub-region. Thus, it is likely that summer temperature variability in
different sub-regions throughout Fennoscandia are controlled by different circulation patterns,
and that asymmetric changes of these circulation patterns induce spatial differences in summer
temperature evolution. A more detailed study of regional temperature patterns, and their
associated regional-scale circulation patterns, in Fennoscandia can be useful to test if the spatial
differences of warm-season temperature evolution occur in the past during different climate
settings, especially during the MCA, being partly an analogue to the present warming.

C-Scan =———————— Smoothed C-Scan
MH14  —————— Smoothed MH14
Mc13 = Smoothed Mc13
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Figure 168. Comparison between-C-Sean-(of temperature anomalies (from 1961-1990 period)
inferred by four temperature reconstructions covering the whole last millennium: C-Scan
(April-September, this study, black)-with-tree-ring), MH14 (June-July, MXD-based—herthern

Fennoscandia-(NFENNO)-summer-temperature-reconstruction{, blue)-{, Matskovsky and Helama,

2014)-and), Mc13 (June-August, multi-proxy-based-nerthern-Fennescandia-summer—temperature
reconstruction{, red){, McCarroll et al., 2013).2013) and H14 (May-September, MXD, green,

Helama et al., 2014). Bold curves show the variability after 51-year Gaussian filtering. Z-sceres
were-caleulated-based-on-1890-2005-CEThe black shading indicates the total uncertainty of C-




Scan (including chronology uncertainty and reconstruction calibration uncertainty), as

expressed as +/- 2 times the standard error.
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4-Conclusion
AnConclusions
In this study we successfully updated and extended version-of-the Jamtland-MXD ehronology

Was—data preV|ousIv used to reconstruct the—central ScandlnaV|an warm- season mean

Due%%e%%h%ﬂ%m@%—emneimm—éﬁeren%dw&ﬂe%hetemperatures The new
reconstruction, ealled-C-Scan, e i

u&ng—the—R%Fl—methed—Gur—newnow extends back to 850 CE |nclud|nq aIso the MCA
Compared to the previous reconstruction, G11, in C-Scan the issue of biases arising from
samples from different locations was appropriately addressed and corrected using the mean-
adjustment method, and C-Scan is largely based on high-quality tree-line samples collected
from a smaller area.

C-Scan suggests a moderate MCA warm-peak during ca. 1000 CE to 1100 CE;foHewed-by-a
transitionperiod-before-the-onset-of the Little-tce-Age-proper in central Scandinavia and a LIA
lasting from the mid-16" century to the end of the 19" century. During the last 1200
yearsmillennium, the late %Z‘hlS”‘ century to earlylate 19" century was the coldest 100-year
period in central VaFm
eentury—m%entraLFermeseartém—and—tkt&eelde%deeade&ScandlnaV|a Where the coldest 10-
and 30-year periods occurred around 1600 CE. The new-reconstruction-suggestswarmest 10-
30- and 100-year periods were found in 20" century. C-Scan indicates lower temperature during
the late MCA (ca. £100-12201130- 1210 CE) and hlgher temperature durmg the LIA (1610-
1850 CE) than the-previ !

dependentG11.

Some differences in multidecadal to multicentennial variability between C-Scan and other
MXD-based temperature reconstructions from Fennoscandia were found, suggesting regional
differences of summer—temperature—reconstructions/warm-season temperature evolution,
possibly linked to varying influences of atmospheric circulation patterns. However, this needs
to be further investigated.

Supplementary

The new reconstruction, C-Scan, will be uploaded to NOAA and BALPAL, and all the data
published in this study will be available for non-commercial scientific purposes.
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Figure S1. The time spans of the samples from H&ckervalen-south (red), Jens Perstj&nen
(black), © Helgtj&rnen (blue), Furuberget-north (green), Lilla-R&tj&rnen (purple) and Bodsj©®
(yellow). The samples from nerthern—ennoscandia,—regional—differences—in—temperature
evelution-Furuberget-north which are netable-before-fully or partly covering the period 1300-
1550 are used as references for adjusting the mean values of the samples from H&ckervalen-
south, Jens Perstj&rnen, O Helgtj&nen and Lilla-R&rtj&rnen. The samples from Furuberget-
north and the adjusted samples from H&kervalen-south, Jens Perstj&rnen, O Helgtj&nen and
Lilla-R&tj&nen which are fully or partly covering the period 1107-1291 are used as references
for adjusting the mean values of the samples from Bodsj&




Mean-adjustment based on 1107-1291
Before mean-adjustment

After mean-adjustment

Regional curve of the reference samples
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Figure S2. (a) The smoothed (bold) and unsmoothed (thin) average growth curves of the
referenced samples (from Furuberget-north, black) and the samples (from H&ckervalen-south,
Lilla-R&rtjgrnen, O Helgtj&nen and Jens Perstj&nen) before (blue) and after (red) mean-
adjustment in the common period (1300-CE—Fhe-difference-mayreflecta-truedifference—in

ale-circulation-affecting theregion-orthey-could-be-caused-by-low-samplereplication-1550),
(b) the same as (a) but for the mean-adjustment of the historical building samples over the
period 1107-1291.
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