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Abstract

A ring-width Pinus sylvestrighronology from Sogndal in western Norway was
created, covering the period AD 1240-2008 and afigvior reconstruction of monthly
mean July temperatures. This reconstruction igitsieof its kind from western Norway
and it aims to densify the existing network of temgiure-sensitive tree-ring proxy
series to better understand past temperature ¥dyia the Little Ice Age and
diminish the spatial uncertainty. Spatial corr@atieveals strong agreement with
temperatures in southern Norway, especially omtbstern side of the Scandinavian
Mountains. Five prominent cold periods are ideetifon a decadal timescale, centred
on 1480, 1580, 1635, 1709, and 1784 and LittleAlge cooling spanning from 1450 to
the early-18th century. High interannual and dektageeement is found with an
independent temperature reconstruction from westemvay, which is based on data
from grain harvests and terminal moraines. Thensttacted temperatures also
correlate with other tree ring based temperaturenstructions from Fennoscandia,
most strongly with data from central Sweden. Tnevth in Sogndal is correlated to
the Scandinavian teleconnection index in the summnths, at least in the last half of
the 20th century, and is positively correlatedhi® summer expression of the North
Atlantic Oscillation in the early half of the 20tkentury. A significant response to major

volcanic forcing in the Northern Hemisphere wasiiuand extreme years seem to be
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related to the dominance of high and low geopadéhtight that in turn represents
variability in the path of the storm tracks ovenkescandia. When compared to the
variation in frontal positions with time of Nigatat®en, an eastern outlet glacier from
the Jostedalsbreen glacier in western Norway, sofdmers in the early-18th century
relates to the culmination of a rapid glacial aceathat lead up to the 1748 Little Ice

Age maximum extent.
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Introduction

Fennoscandia is considered an area well-suitedeiodroclimatological studies
and several millennial or near-millennial temperatteconstructions derive from this
region (e.g. Briffa et al. 2008; Grudd 2008; Helagbal. 2010; Linderholm et al. 2010;
Gunnarson et al. 2011; Esper et al. 2012; McCaetadll. 2013; St. George and Ault
2014). These records have improved our understgrafithe past temperature
development both on local and regional scale and baen utilised in the development
of hemispheric scale reconstructions, among thd reesnt of which include Schneider
et al. (2015), Stoffel et al. (2015), Wilson et@016), and Anchukaitis et al. (2017).
The link between ring-width chronologies of ScatsepPinussylvestrisL.) and
summer temperature is well established both imtréh, and at tree-line sites in the
mid latitudes of Fennoscandia, where trees groglimatically limiting environments
(e.g. Briffa et al. 1990; Gunnarson and Linderh@®02; Helama et al. 2002). In
southern Fennoscandia, temperature-sensitive dredsarder to come by and only one
published summer temperature reconstruction, basedeasurements of maximum
tree-ring density, include data from below 62°N Igtea et al. 2014). This results from
a switching of the climate signal of Scots pinenfriemperature sensitive at high
latitudes to precipitation sensitive in low altiegdfurther south (Seftigen et al. 2015).

However, in the oceanic climate of western Norwalyere summers are relatively cool
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compared to inland areas (Moen 1998), temperaansitsve trees have been found at
600-950 m a.s.l. as far south as 59°N (Kalela-Biudd99b). A reconstruction of mean
April-August temperatures from grain harvest datd terminal moraines already exists
from western Norway (Nordli et al. 2003), but astbiical records are scarce further
back in time, this reconstruction only reaches lack734 AD. Overall, the
understanding of Fennoscandian summer temperaduiaions would benefit from
improving the spatial representation, especiallghenperiod predating 1700 AD and in
the southernmost parts (Gouirand et al. 2008; Limalen et al. 2015; Zhang et al.
2016).

Mean April-September and June-August temperatuags heen reconstructed
from tree rings in the eastern part of the ScandimaMountains in central Sweden
(Zhang et al. 2016; Fuentes et al. 2017), and imisp, mean July and July-August
summer temperatures have been reconstructed ba&0@in Femundsmarka, eastern
Norway (Kalela-Brundin 1999a) and at several assih northern Norway (Kirchhefer
1999; 2001; 2005). However, on the oceanic sida®fScandinavian Mountains,
climate has only been reconstructed from tree ning®rthern Norway (Kirchhefer
2001). In south-western Norway, two tree-ring clologies extend beyond 1700 with
sufficient sample depth (Brandt 1975; Thun 2008j,reither is suitable for climatic
reconstructions because the samples are fromdtesious altitudes and localities and

from building timber with unknown provenances.
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The term ‘Little Ice Age’ (LIA) has been used tesdebe the latest and most
extensive occurrence of increased glacial activityhe late Holocene (Grove 1988).
Most records of frontal variations of Scandinawigaiciers indicate that the LIA glacial
maximum was reached during the mid-18th centurpy&12004), and several sources,
both terminal moraine- and historical records desarapid advances of glaciers in
southern Norway and on Iceland during the mid-1@ttine early-18th centuries (Grove
1988). Recent studies (Nesje and Dahl 2003; Neésje 2008) have suggested that the
early-18th century glacial advance in western Siceawih was mainly caused by mild,
humid winters bringing increased snowfall and thatnon-contemporaneous LIA
maxima in southern Norway and the Alps can be éx@thby a prevailing positive
North Atlantic Oscillation (NAO) weather mode iretfirst half of the 18th century.
However, the timing and spatial structure of thragerature development during the
Little Ice Age are complex, with different reconsttions portraying warm and cold
periods for different times, regions, and seasorieé Northern Hemisphere (NH)
(Masson-Delmotte et al. 2013). In central Sweddrang et al. (2016) indicated that the
LIA spans the mid-16th century to the end of ththX®ntury. The coldest 100 years of
reconstructed April-September temperatures sinbeAf® were found from the late-
18th to the late-19th centuries, whereas Fuentak §017) found that the decade
centred on 1709 had the coldest reconstructed Augast temperatures for the past

970 years in the same region. Similarly, in nonthéennoscandia and north-western
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Russia, McCarroll et al. (2013) identified the 1@#ntury as having the coldest June-
August temperatures in the last 1200 years, whileorthern Scandinavia, Esper et al.
(2012) found the coldest reconstructed 30-yeaoddnor the last 2000 years in 1451-
1480. LIA variations in summer temperature in aeasgc climate in southern Norway
have not yet been explored, and could be of impogavhen evaluating the influence
of summer temperature on the rapid glacier advantas area in the early-18th
century.

Most of the reconstructed climate changes in tifelidve been linked to
external forcing factors, such as volcanic erugiand solar output, in combination
with modes of atmospheric variability and interoatan-atmosphere interactions (e.g.
Crowley 2000; Masson-Delmotte et al. 2013). Conandethe proximity to the
northeast Atlantic, tree-growth in western Norwaigim reflect an influence of internal
dynamics of the climate system in the North Atlaséctor and potential sensitivity to
modes of atmospheric variability. These are of higportance to the climate due to
their reflection of changes in in the atmospheravevand jet-stream patterns, and
influence on storm tracks and -intensity, precimt® and temperature over large areas.
Recent discussions (e.g. Anchukaitis et al. 20a2¢halso highlighted the need to
improve data coverage and more detailed assessofehtsresponse of temperature
sensitive tree-ring records to volcanic forcinglédaBrundin (1999b) related supressed

growth in southwest Norwegian Scots pine chron@sdgo climatic anomalies and
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ashes associated with the eruption of volcano baliceland in 1783, indicating that
trees in this area should be sensitive to volcaniptions in the NH. As a more detailed
analysis of the tree response to volcanic foramgauthern Norway is currently
lacking, it is explored herein.

The purpose of this study is thus to reconstrueisiimmer temperature in the
LIA in western Norway from tree-ring widths. Thiatdset is a new contribution to the
assemblage of tree-ring proxy series in Fennosaattdaims to extend the area covered
by regional reconstructions further to the soutth awest, and thus reduce spatial and
temporal uncertainties and improve our understandfrthe paleoclimatic variations of

northern Europe.

Methods

Study area

In the mountains of southern Norway, elevationpass the climatic forest line,
increasing the probability of temperature beingrtst limiting factor to tree growth
(Fritts 1976). The trees used in this study werepdad near Sogndal in western
Norway at 61.16°N 7.09°E (Figure 1). This siteifaaed at around 750 m a.s.l., close
to the local treeline for Scots pine of about 808.81l., and covers approximately 5&km

on a southwest facing slope. The canopy is relgtimeen, with trees of different ages
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and sizes distributed evenly. The woodland in tlea & composed of Scots pine and
Betulasp., and the region is classified as weakly ocebyiMoen (1998). The average
1961-90 mean annual precipitation 1543 mm in Sog8diseng, station code: 55730,
20.5 km northwest of the study area at 421 m asd,the annual mean temperature is
3.4°C and the mean July temperature is 12.5 @@l Lufthamn, station code:
55700, 2.3 km southeast of the study area at 48%&r Precipitation in the area is
highest in autumn and early winter with an averafg€97 mm for September to
November, whereas spring and early summer areribst deasons with an average of
79 mm from March to May. April has least precigtatwith an average of 57 mm. The
snow cover lasts from October/November and into lslie421 m a.s.l., probably
remaining somewhat longer at the study site, whidituated at a higher altitude.
Adjusting the Leerdal temperatures of the summerthsofor altitude with a lapse rate
of -0.006 °C/m (Tveito et al. 2000) gives a meamthly temperature above 5.5 °C at
the study area from May to August and a mean Jurgist temperature of 9.6 °C,
indicating that the growing season lasts approetgdtom May/June to August. All

values are averages for 1961-90.

[Insert Figure 1.]

Figure 1. Places mentioned in the text. The division betw&estern (W) and eastern (E) Norway (thin

black lines) is from Hanssen-Bauer and Nordli ()988:teorological stations Leerdal (south of study
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area) and Sogndal-Selseng (north of study areaparked as small red circles. The grain
harvest/moraine temperature reconstruction of Neitdhl (2003) is marked as a green rectangle, and

tree-ring chronologies as black triangles.

Tree-ring chronology development

One to four cores were taken at breast height @iitier a 10 mm or a 5 mm
increment corer from each of 61 living and 40 di&eds. Only one core from each tree
was used in the chronology but many trees, espesiahgs and logs, required several
samples to obtain a core of sufficient quality, net too damaged by rot. Trees from
different age groups were selected to even outdhiation in growth variability
associated with juvenile compared to ageing tredsi@es from a closed canopy, i.e.
where the tree crowns touch, were avoided (Korttat. 2016; Nehrbass-Ahles et al.
2014).

Ring widths were measured to 0.01 mm using an Adaoeasuring device
(Parker Instruments, Malmd, Sweden). Cross datmgracasurements were quality
controlled with the CATRAS (Aniol 1983) and COFECHKolmes 1983) softwares.
To remove trends due to the decrease of growthargiteaging of the trees, a regional
curve approach (RCS) was used (Briffa et al. 198#h a single ‘regional’ detrending
curve for all series. To investigate potential peolis associated with differences in
growth rates among trees, detrending runs withrag@& CS curves for groups of

young and old trees, living and relict trees, araligs of above- and below average



Post-print version of the paper by Svarva et al'tie Holocen28(10): 1609-22.

growth rate were also investigated. In all caseedding was done with the software
RCSsigFREE, version 45 v2b (Cook et al. 2014) uamgge-dependent spline
(Melvin et al. 2007). To minimise removal of thénwhte signal while removing age
trend, detrending curves were calculated by theadiffee method (Briffa and Melvin
2008) and pith offset estimates were used to peoaibetter fit for each series (Briffa
and Melvin 2011). To stabilise the variance, edct® individual tree series were
treated beforehand with a power transformationuated from the relationship
between level and spread for each series (CoolPatets 1997), and the index series
were calculated by subtracting the measured vaom the fitted detrending function
before averaging to produce the final chronologgprEssed population signal (EPS)
and Rbar values, which are measurements of thegstref the common signal between
the series that make up the chronology, were wusedaluate chronology quality. These

were calculated with a 51-year running window vath-year lag.

Analysis of the climate-growth relationship

The Norwegian Meteorological Institute provided thstrumental climate data;
temperatures from 1870 to present from Laerdaliost@bde: 54110; homogenised by
Andresen (2011), 23.0 km southeast of the study ar@ m a.s.l, and precipitation data
from 1896 to present from Sogndal-Selseng. Theosivere chosen due to the length

of the records and in the case of Sogndal-Selsenigh only records precipitation, also
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for being closer to the study area in altitude. &sd SNAO indices were retrieved
from Folland et al. (2009), monthly NAO indicesrrdHurrell et al. (2014), and June-
August Scandinavian teleconnection indices from MOA
(ftp://ftp.cpc.ncep.noaa.gov/iwd52dg/data/indicesfst index.tim).

Correlation and response function analyses werguted for mean monthly
temperature and total monthly precipitation fronpt®enber of the previous to August
of the current year using the DENDROCLIM2002 sofvéBiondi and Waikul 2004)
to establish the relationship between climate ael growth. For the response analysis,
both the detrended chronology and the meteorolbdata were converted to first
differences, which ensures that the series continlittle autocorrelation or long-term

trend. Correlations were calculated from non-tramsfd data.

Methods of reconstruction and verification

Temperatures were reconstructed by linear regnessid verified by splitting
the calibration interval in two halves, i.e. 187888 and 1939-2007, and calibrating and
verifying on each half using the following parametél'he reduction of error (RE; Fritts
et al. 1990), the coefficient of efficiency (CE;ifx et al. 1988) and the first difference
sign test (Fritts 1976). The RE and CE use the mqaared error to compare the
accuracy of the reconstruction to the accuracyefage values calculated from the

instrumental dataset and the sign test uses fifst@hces to calculate the agreements in
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sign. The Durbin-Watson test was used to assesautioeorrelation in regression
residuals (Durbin and Watson 1951). For the fieabnstruction model, calibration was
performed over the full 1870-2007 period using agerJuly temperatures from Laerdal
(Andresen 2011) as predictand and tree-ring widtyear t and t-1 as predictors.
Following Zhang et al. (2016), the uncertaintylod teconstruction was estimated as +2
times the square root of the sum of the squareshohogy error and squared calibration
uncertainty, where the chronology error was defiagd2 times the chronology
standard error, and the calibration uncertaintthastandard deviation of the
reconstruction residuals.

To explore the climate dynamics that control sumteeperatures in western
Norway, analysis of synoptic patterns related ogerature anomalies was made
through composite maps. JJA mean patterns of ténB@ geopotential height field
(Z500) of Compo et al. (2011) were selected oneewér summer temperatures from
observational data (Andresen 2011) and the Sogedahstruction (+ 1 standard
deviation away from a running 21-year median higgfilter, same treatment for
instrumental and reconstructed temperatures). mal/sis was extended back to 1659
using the Luterbacher et al. (2002) 2500 reconsbmcln addition, the mean response
of the Sogndal reconstruction to major volcanigénns were assessed through
superposed epoch analysis (SEA; Lough and Fri3)18ased on the volcanic records

of Gao et al. (2008) and Sigl et al. (2015). Folluyvuentes et al. (2017), only the 20
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largest eruptions in the NH in the last millennitnom each dataset was considered
(Supplemental Table S1). The analysis, performel dplR (Bunn et al. 2017),
examined 10 years before and after each eventlbindtances were averaged to
determine a mean response with 95% significan@siimids computed through
bootstrap resampling with 10 000 iterations.

To put the Sogndal reconstruction in a Fennoscantbatext, it was compared
to ring width based RCS detrended data coveringdinee period from Forfjorddalen,
northern Norway, standardised chronology indexitgago June-August temperature
(McCarroll et al. 2013; https://www.ncdc.noaa.g@ago/study/19943), Tornetrask
May-August temperature reconstruction, northernd&megMelvin et al. 2013;
http://ncdc.noaa.gov/paleo/study/17175) and Jamhttdimonology index, sensitive to
growing-season temperature, mainly in July fromtieg@rsweden (Gunnarson and
Linderholm 2002; Gunnarson 2008; https://bolin.sldata/Gunnarson-2017) and to a
April-August temperature reconstruction AD 1734-186Gm western Norway based on
grain harvest dates and terminal moraines (Not@l.€2003). The reconstruction was
also compared visually to historically reportedhiad variations of the glacier
Nigardsbreen in western Norway (Nesje et al. 2@0&xamine if there is a
correspondence between hypothesised extreme lomsutemperatures in the late

17th and early-18th centuries and a rapid glaceaace between 1710 and 1735.
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Results and discussion

Chronology

The chronology is made up of 83 series with one é@mm each tree. Seventeen
tree-ring series were excluded, for various reasong of the excluded trees was cored
at an altitude of only 527m and another tree wasdounsuitable because it consisted
of two trunks that had merged. Five samples hadewaaings for reliable cross dating,
i.e.<60 years, and the remaining samples werergitherly correlated to the master
chronology as indicated by COFECHA, i.e. a coriefabetween 0.28 and 0.36, and/or
showed t-values (Baillie and Pilcher 1973) belo®, and affected Rbar and EPS
negatively. In some instances, the poor correlatmrid be attributed to growth
depressions indicative of physical damage, i.eeigeand abrupt shifts in growth rate
within a single tree that was not reproduced ireothees, and in other cases, rot
damage made accurate measurements and the detdgiatential missing years
difficult. To avoid confounding effects by past diéition events caused by e.g. insect
damage, trees with old dead tops and new domimanincleaders were avoided.
Obvious indications of insect outbreaks were nenhda the tree-ring patterns and none
of the observed trees in the study area had fasss@he Norwegian Institute of

Bioeconomy Research (NIBIQyww.skogskader.nchas recorded 17 years with

damage to Scots pine forests in Sogn and Fjordanet{ since 1967. Six of these
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(1978, 1979, 1996, 1999, 2002 and 2006) were kctatéungi, mainlyLophodermella
sulcigena and two (1967 and 1995) were related to defolakiy the pine sawfly
(Neodiprion sertifey. There are no visual signs of a response to thetfweaks in the
Sogndal chronology, and the only year from the lIBé&cords in which the sampled
trees show growth depressions that seems unretatdignate is 1984, when damage
that was likely caused by winter frost in 1983 wegistered on pine growing in the
Sogndal municipality.

The mean series length is 199 years with maximu&a4@l minimum 67 years,
and the mean tree age is 218 years with maximunadd8ninimum 67 years. The
mean segment length is relatively even throughmeithronology (Figure 3c). Periods
of low regeneration are found in 1350-1600, anddt¥770. The periods 1590-1620,
1670-1710, and 1770-1785 have slightly elevatedmeration. The sampled trees are
situated on the same southwest facing slope asithitar ecological conditions, which
in theory should reduce potential problems witlesrérom different regions or
substrates showing different growth rates. Howelvecause detrending with a single
RCS curve may introduce bias to the chronologyubte-RCS approach was tested for
groups of relict and living trees, for trees wittoae and below average growth rate,
and for young (<218 years, no. 42) and old (>21&8yeno.41) trees. Living (no. 46)
and relict (no. 37) trees have similar mean graaths of 1.09 and 0.93 mm, and mean

tree ages of 221 and 215 years, respectively. Yineeg (no. 42, mean tree age 146
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years) have a mean growth rate of 0.84 mm, anttedd (no. 41, mean tree age 293
years) have a mean growth rate of 1.21 mm. Relalts attempts with two RCS
curves revealed that the two-RCS approach basgdomps of young and old trees
produced a chronology that was very similar todhe-RCS approach (Supplemental:
Figure S1). The two-RCS approach based on livirigrahct trees, and trees with
above and below average growth rate both producexhologies that gave lower
calibration scores in the late half of the calilamatinterval. To retain sample depth
when calculating the growth curve, and becausenteeRCS approach produced the
best overall calibration and verification resuétsingle RCS curve was used to detrend
the final chronology. The mean chronology spansy&ds from AD 1240 to 2008.
Mean EPS and Rbar for the period with >5 samples1843-2007, is 0.902 and 0.402,
respectively. EPS values >0.85 are evident batkeatart of the 17th century (Figure
3b). They remain reasonably high prior to that, itilh a few weaker periods,
especially in the early-15th and mid-16th centuri®sar remains relatively stable back
to the start of the 17th century, when replicategins to drop off. Before that, it has a
few periods, especially in the late-14th and e&8yh centuries with above average
values. Before 1580, replication decreases belavsaenples, but EPS fluctuates
around 0.85 back to 1343 when sample size drops\vigte. For the subsequent
analyses, only the parts of the chronology witle for more samples is retained, i.e.

1343-2007.
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Climate-growth relationships

Correlation analysis of non-transformed data asgaase analysis of first-
differenced data for the previous September t@timeent August shows that the
strongest response and correlation coefficientg fi@rnd with mean July temperature
of the current growing season (Figure 2), whicimigccordance with findings
elsewhere in Fennoscandia (e.g. Briffa et al. 1€20dd et al. 2002; Linderholm and
Gunnarson 2005) and Norway (Kalela-Brundin 1999&;hhefer 2001; Linderholm et
al. 2003). Significant response and correlatiorffaments were also found with mean
December temperature of the previous year, andméan June and August
temperatures of the current year. Significant datiens with winter temperatures in the
previous year are also found in ring-width chrogids used for reconstructions of
summer temperature from northern Finland (Helara. é2002), northern Norway
(Kirchhefer 2001), central Sweden (Gunnarson amndéiholm 2002), and eastern
Norway (Kalela-Brundin 1999a). When the first-difaced data was analysed over an
early (1898-1952) and a late (1953-2007) intered,only parameter that was
significant in both intervals was mean July tempesm Mean October temperature of
the previous year and mean June temperature cltnent year were only significant in
the early half, and mean February, April and Augestperatures of the current year
were only significant in the late half. No signditt response to precipitation was

detected when examining split intervals. This coné that mean July temperature is by
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far the most influential and time-stable factorttimuences growth, but that other
climate parameters are of importance at shortex titervals. First-order
autocorrelation is 0.82 for the Sogndal chronolddgually, the growth of Scots pine in
Fennoscandia in a specific year also depend oratdiin the previous year (e.g. Fritts
1976). This is illustrated for the Sogndal chrogyldy significant and positive
correlations with mean June and July temperaturdseqrevious year (Figure 2a). To
further explore this relationship, stepwise lineagression with July temperature as
predictand and growth value for t as well as tiedlprevious and three following years
as predictors was used. Two significant (p<0.08Jfmtors were chosen for the

following reconstruction of mean July temperaturee-ring indices in year t and t-1.

[Insert Figure 2]

Figure 2. a) Correlation coefficients of non-transformedaddhe Sogndal chronology with Leerdal
(Andresen 2011) mean monthly temperature and St@elseng (station code: 55730) total monthly
precipitation for the previous September to theenirAugust, analysis performed over the period3189
2007, and correlations with June, July and Augemsiperatures of the previous year. b) Response
coefficients of first-differenced data. Filled basnote significant (p<0.05) and empty bars denote
significant correlation and response. c¢) Climatgdim 1961-90 for Leerdal (monthly mean temperature)

and Sogndal-Selseng (total monthly precipitation).
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No significant correlations were found between3ogndal index chronology
and monthly NAO indices for 1821-2007, and no digant correlation (r=0.03,
p=0.737) was found with the SNAO index over thaqued850-2007. 11-year running
correlation analysis (not shown) revealed thatétationship between the Sogndal
index chronology and the SNAO index shifts betweregative and positive throughout
the analysed time interval, but that the coeffitseare positive between 1890 and 1950.
The correlation in this period is 0.38 (p=0.002)d &.25 (p=0.057) for first-differences.
Both temperature and precipitation in western Ngrese positively correlated to the
NAO index in winter, especially in the south-westparts, but in summer, the
correlations are much weaker (Hanssen-Bauer 20f)&rid et al. 2009). In addition,
the correspondence between temperature and NACemdi the whole of Norway is
highly variable with time for all seasons and fluaties between positive and negative
correlation coefficients during summer. HanssendBaund Farland (2000) showed that
more locally defined atmospheric circulation indiceight account for more of the local
variance in temperature and precipitation in Norwvean the NAO, which is likely also
the case for tree growth in Sogndal. Barnston awezey (1987) described the Eurasia-
1 teleconnection pattern (later renamed the Scawm@in pattern), which has the
primary centre of action over the Scandinavian peula with centres of action of
opposite sign over the northeast Atlantic and @esrtral Siberia to the southwest of

Lake Baikal. In the summer months, the centre ®ieeria is shifted slightly to the
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north and west (CPC 2005). The correlation betwkerSogndal index chronology and
the average Scandinavian teleconnection indexne-&wgust for the period 1950-2007
is 0.33 (p=0.012), and 0.41 (p=0.001) for firstfeli€nces. For the same period, the
correlation between the Sogndal index chronologytae SNAO index is -0.03
(p=0.824), indicating that the Scandinavian patsercounts for more of the interannual
variation in tree ring width in Sogndal than the/ASI at least in the last half of the

20th century.

Temperature reconstruction

Mean July temperatures were reconstructed by liregaession from the
relationship between the Sogndal chronology in yead t-1 and Laerdal mean July
temperature (Andresen 2011). Attempts to reconisfiulg-August mean temperatures
or June-August mean temperatures did not verifgesgfully, i.e. they resulted in CE
values below zero. The inclusion of the chronologiex of the previous year had a
positive effect both on calibration and verificatistatistics. Calibration and verification
statistics (Table 1) are comparable to reconstnstbased on tree-ring width in
Jamtland (Linderholm and Gunnarson 2005) and coastthern Norway (Kirchhefer
2001). The prediction errors have low serial catieh. The Durbin-Watson statistic is
1.76, which is not significantly different from alhhypothesis of no autocorrelation

(p<0.05).
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Table 1. Verification of the mean July temperature recargton. Significance levels of the sign test are

all at p<0.01 (Fritts, 1976, p. 330) with numbeagfeements (disagreements) given for each period.

Full interval (1870-2007)

R2 41 %
r 0.64
Model T=-7.89 + (9.04 I;) + (-2.00 l-1)

Early calibration (1870-1938)

R2 40%
r 0.63
RE 0.46
CE 0.19
Sign test 49(17)

Late calibration (1939-2007)

R2 39%
r 0.63
RE 0.41
CE 0.23
Sign test 51(16)

The decadal and inter-annual variations in tempegadre presented in Figure
3e. Compared to the observation data, the recantisinuhas reduced amplitude in the
decades around 1900 and fails to estimate extrembs period, even though the year-
to-year variation is in good agreement with therimeental data (Figure 3a). The
standard deviation in the Laerdal record betweerl B9 1915 is 2.0 °C compared to
1.6 °C for the CRU TS4.01 mean July temperaturéketlosest grid cell, suggesting
an increase in variation in the Laerdal record dytins period, a feature not uncommon

for the early instrumental measurements (Frank &087). For the period 1950-2007,
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the standard deviation is approximately the samE () in the Laerdal and CRU
measurements.

[Insert figure 3]

Figure 3. a) Observed and reconstructed mean July temperatmrd870-2007. b) EPS, Rbar, and
sample replication. ¢) Mean tree age and mean sgigeregth. d) Segment time span and estimated
germination date e) Reconstructed mean July terpemexpressed as anomalies relative to 1900-2007,
with 30-yr smoothing spline. Combined chronology @alibration uncertainty in light yellow shade and
extreme cold and warm years are marked at therhatfdhe plot area (see text for details). Samplgtla

drops below 5 in 1343 AD.

The Sogndal reconstruction is positively correlatedridded mean July
temperatures (Harris et al. 2014) in southern Fecenadia, on Iceland and western
Greenland, and negatively correlated to July teatpees in the Iberian peninsula and
in western Siberia, an area just east of the Ulains, stretching from Novaya
Zemlya in the north to around 50°N (Figure 4). Thpatterns, i.e. correlations of
opposite sign in Scandinavia, and in Siberia aedMlerian peninsula, resemble the
correlations between the Scandinavian teleconneatitiex and monthly surface
temperature for the summer months (CPC 2005). rbagest correlations between the
Sogndal reconstruction and mean July temperateréoand in the mountains and

maritime areas of southern Norway, reflecting tredpminant westerly airflow over
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this area. The correlations diminish towards céMmway, but weaker positive
correlations extend east into Finland and the Batates. Measured temperatures
(Hanssen-Bauer 2005) in western Norway in Jung,alud August have correlations
above 0.6 with gridded temperatures in Scotlandletland, and in Denmark. Lower
correlations also reach Iceland. Although modetateelations are present between the
Sogndal reconstruction and gridded July temperatonelceland, Shetland and in

Denmark, they are not strong enough to providdiahle reconstruction for these sites.

[Insert Figure 4.]

Figure 4. Spatial correlations (p<0.5) between the Sogndlgltémperature reconstruction and gridded
(0.5°) CRU TS4.01 mean July temperature for 190072arris et al. 2014) fotqp) northwest Eurasia

and pottom) Fennoscandia. Maps produced with KNMI Climate l&xgr (Van Oldenborgh et al. 2009).

Comparison with other temperature reconstructions

This record is the southernmost tree-ring baseahstouction of summer temperatures
in the LIA in western Fennoscandia. Notable warmaaks are reconstructed around
1400, in the mid-18th century and the early-19thtaey, and five major cold periods
are evident, centred on 1480, 1580, 1635, 17091&684. The cold periods around
1580, 1709 and 1784 have also been reconstruatedstern Norway (Kalela-Brundin

1999a), central Sweden (Fuentes et al. 2017; Zbaag 2016), and northern
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Fennoscandia (Melvin et al. 2013). They seem t@ lmevailed over a large part of the
warm season as these studies target June-AugAsritiSeptember temperatures. A
cold period centred on 1635 is evident in Sogrigamundsmarka (Kalela-Brundin
1999a), Rogen, central Sweden (Fuentes et al. 204 Bcotland (Rydval et al. 2017),
but is warmer in the C-Scan reconstruction fromegidsweden (Zhang et al. 2016).
Likewise, the cold period centred on 1480 is natlearly defined in blue intensity and
density data from central Sweden (Fuentes et al7;2Bhang et al. 2016), but is more
evident in ring-width records (Gunnarson 2008; leritblm and Gunnarson 2005).
However, these years have been shown to have bé&kbath in Scotland (Rydval et
al. 2017) and south Finland (Helama et al. 201d)aprotracted cold period between
1450 and 1500 is evident in the C-Scan reconstnucéind in northern Fennoscandia
(Esper et al. 2014), and in the Alps (Bintgen €2@06). In fact, the late 15th century
has the coldest reconstructed temperatures in @bgnd corresponds to the early part
of the Spérer Minimum (1460-1550; Eddy 1976). Aldus is a period with closely
spaced volcanic eruptions in 1452, 1474, 1476/171&80, among them the eruption
of volcano Bardarbunga on Iceland (Briffa et aB89McCarroll et al. 2013).
McCarroll et al. (2013) noted that multiple erupsan quick succession might have a
much greater and more sustained impact on the @jimatree response, than a single
larger eruption, which also seems to be of impaedor the climate during the LIA in

western Norway. Additional exceptionally cold siaglears in Sogndal include 1455,
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which might relate to a volcanic eruption in 145@&a0 et al. 2008; Sigl et al. 2015),
1577, 1741 and 1928. Grove (1988) mentions 17411@4@ as years when the harvest
failed and death rates peaked over large partookély and 1709 is also known for
severe famines and low winter temperatures in Eu(@yove, 2007). Another notable
cooling event around 1600, which includes a volcamuption in 1601 (e.g. Briffa et al.
1998) seems less severe in the Sogndal reconstmubian would be expected from
looking at other tree-ring records. This cold péri® often described as lasting for
several decades (e.g. Fuentes et al. 2017; KalelaelBh 1999a; Gunnarson et al. 2011,
Bjorklund et al. 2013; Zhang et al. 2016), busibf shorter magnitude and duration in
the early-17th century in Sogndal. The 1600 colas® less pronounced in
Forfjorddalen, but this record is out of phase wiith Sogndal reconstruction in this
period. Although a local disturbance that affedteg growth in Sogndal cannot be
ruled out, both EPS and Rbar remains relativel kigspite a general decline in sample
size and geographical changes in temperature patt€ouirand et al. 2008) and the
stronger maritime influence at the study area miighthe reason for the observed
differences.

To investigate the spatial variation of LIA temperas more closely, the
Sogndal reconstruction is compared to RCS detreridgewidth records in Jamtland
(Gunnarson 2008), Tornetrask (MJJA temperaturenscaction; Melvin et al. 2013)

and Forfjorddalen (McCarroll et al. 2013). Theserfohronologies represent two sites
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on the western side of the Scandinavian Mount&iogjorddalen and Sogndal, and two
sites on the eastern slope, Tornetrask and Jam(ffaguire 5b-d). The chronologies on
the eastern slope of the Scandinavian Mountainasée have the most common
variability, both on interannual and longer timdesaand the difference on longer
timescales between coastal and inland chronolagliesgest in the north although the
interannual agreement between Forfjorddalen andéfdisk is high (Table 2). The new
Sogndal reconstruction correlates most strongli dé@mtland, which is as expected
considering the distance between the sites. Thehsgny between these records is
highest in the 18th and 19th centuries and in tlek and late-15th century (Figure 5e).
There is a weaker correlation in the first haltted 16th century, when the Sogndal
reconstruction has the best agreement with theritmgechronology from Forfjorddalen.
The agreement between Forfjorddalen and Sogndaiasgest for medium to long-
term variation and weaker for interannual variatidhe reconstruction from
Tornetrask, however, has a strong correlation gn8al on intereannual timescales, but
a weaker agreement in the long-term variation. Afigher agreement between the
smoothed time series of Sogndal and Forfjorddalghntoe a reflection of the oceanic
influence at these sites. The Sogndal reconstrugimotrays LIA cooling from around
1450, with gradual warming from the early- to mki century, where both the

smoothed Sogndal and Forfjorddalen records arelyramisbve the long-term average.
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The cold spells around 1480, 1635 and 1709 are evid¢nt at the sites in southern

Fennoscandia.

Table 2. Correlation matrix of the Sogndal reconstructon RCS detrended temperature sensitive ring-
width records from Forfjorddalen and Jamtland ared/Mugust temperature reconstruction from
Tornetrask for 1343-2005. Black numbers are cdimela for non-transformed data, and grey numbers

are correlations of first-differenced data. All @ations are significant (p<0.001).

JAM  TOR FOR

0.55 037 0.27 | SOG
JAM | 0.48 048 0.35 |JAM
TOR | 029 0.55 0.62 | TOR
FOR| 041 0.31 028

SOG JAM TOR

[Insert Figure 5.]

Figure 5. Sogndal men July temperature reconstruction sc¢aléte mean and variance of the Nordli et
al. (2003) grain harvest/moraine spring-summer taipire reconstruction (a). Sogndal Mean July
temperature reconstruction compared to (b) Forfiateh standardised growth index, sensitive to JJA
temperature (McCarroll et al. 2013), (c) TornetrB&KIA temperature reconstruction (Melvin et al.
2012), and (c) Jamtland ring-width index, sensitivdA temperature (Gunnarson 2008). For (b-d), the
series are normalised over the common period afi@yei.e. 1343-2005. (d) 51-year running correlati

between the Sogndal reconstruction and the Jamflardetrask and Forfjorddalen records.
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Nordli et al. (2003) reconstructed the mean spsagymer temperatures for AD
1734-1867 in western Norway, using the first dagmiin harvest from farmer’s diaries.
To account for differences in growing conditionsldterent farms and the use of
different cereal varieties, glaciological data mstoucted from established moraine
chronologies was used to reconstruct the long-temation in temperature (only grain-
harvest data for 1843-1867). As cereal is usualiyvg at a lower altitude than the
sampled trees in Sogndal, they reflect the tempe¥aiof a longer growing season, i.e.
April-August compared to July and because theygaose/n annually, they are also
unlikely to be influenced by the climate outsideté growing season. In addition,
cereals might respond differently than trees tmate events unrelated to temperature.
For instance, high amounts of precipitation duspgng and summer might destroy or
delay the harvest date for crops grown in the yallbut have much less of an impact
on trees growing on mountainsides. Taking suchiderations into account, a
comparison of reconstructed temperatures fromrirggs- and grain harvest dates from
western Norway is a solid test of the reliabilifyooth records beyond the calibration
interval as they are derived from independent ssuat data. Both the decadal and the
inter-annual agreements between the harvest/moragoastruction and the Sogndal
reconstruction are apparent, confirming their &btlb reproduce temperature, and the
temporal stability of the climate signals (Figue®.9nter-annual synchrony between the

two reconstructions is high, r=0.44 (p<0.01) fonsicansformed, and r=0.47 (p<0.01)
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for first-differenced data. The long-term variatiorthe harvest/moraine reconstruction
was based on terminal moraine sequences, and ribenagnt with the Sogndal
reconstruction indicates that the tree-ring datdwra the same low to medium-
frequency variation, confirming a link between suemrseason-forcing of glaciers in
western Norway and ring widths of the Sogndal retroiction. In Sogndal, a cold
period is reconstructed in 1783-1787 and is lilkeiyeffect of the eruption of volcano
Laki on Iceland in 1783 (e.g. Thordarson and Se@i3), which is known to have
caused damage to crops in southern Norway (Kaleladdn 1999b). Mean July
reconstructed temperatures in this period is 1.9¥I0w the average of the overlapping
years, i.e. 1734-1867, in Sogndal, but in the hetfeeraine reconstruction, the extreme
cold is restricted to 1784 although 1783-1787 #reedow the average value. Historical
and meteorological records show that July 1783wmasually warm in northern and
western Europe (Thordarson and Self 2003). Thisntlars not reproduced in either the
ring-width or the harvest/moraine reconstructiod @mwould seem that acidic aerosols
or dust from the eruption of Laki inhibited the gith of both Scots pine aridordeum
vulgarelL. in western Norway in 1783, as proposed by Brét al. (1988) in the case of

Scots pine.
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Synoptic patterns and forcing of extreme years

Banston and Livezey (1987) described the Euragideandinavia)
teleconnection pattern by using monthly mean gddd@0 mb heights as primary data.
As the Sogndal chronology is significantly correthto the Scandinavian
teleconnection index in June-August, a spatial ausiip analysis for June-August was
made for extreme years (Figure 3e; SupplementdeTsd) with the 500 hPa
geopotential height field. The patterns are sinbketiwween observed extreme cold and
warm extremes and reconstructed extreme cold anch watremes (Figure 6). For both
positive and negative extremes, they share sortfeedeatures of the SNAO, i.e. a
dipole over United Kingdom and Greenland (Follahele2009), and of the
Scandinavian teleconnection pattern in summeraiaantre of action over
Fennoscandia and centres of opposite sign overi&iaed the northeast Atlantic (CPC
2005). The warm extremes in Sogndal are charaetehg a dipole pattern with
positive geopotential height anomalies over Fenmiodia and negative geopotential
height anomalies over the Greenland region, wtschmilar to that identified by
Seftigen et al. (2015) representing drought, anadnextremes (Zhang et al. 2017).
This pattern of anomalous anticyclonic circulataver northern Europe is associated
with meridional shifts in the northern mid-latituge stream and favours negative wind
anomalies and drier, warmer and less cloudy canditover Fennoscandia and the

United Kingdom, and cooler and wetter conditionsro@reenland, central Europe and
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Russia (Linderholm et al. 2011; Zhang et al. 20I7@e-ring data from central Sweden
produces similar patterns with sea level presssik®) and an opposite pattern during
extreme cold summers (Fuentes et al. 2017). In &ghowever, cold extremes
produce a dipole pattern with negative height an@®maver Fennoscandia and positive
height anomalies over the Bay of Biscay both fod@%and SLP (not shown). This
pattern is related to anomalous westerly/north-gréstvinds directed towards
Scandinavia, which are associated with cold asummer and has been shown to
influence temperature variance along the entird e@ast of Norway (Hanssen-Bauer
and Fgrland 2000) and extreme cold years in reagristl summer temperatures from
northern Scandinavia (Blntgen et al. 2011). The$iproduced with reconstructed
geopotential height are similar, confirming thebdtty of these relationships back to
the mid-17th century. Cold extremes were more featjthan warm extremes during
the LIA when using a one standard deviation thrigkhodicating that negative pressure
anomalies over Fennoscandia dominated during grisg (Figure 3e). This is
especially prominent in the late-15th, late-16tH kte-17th centuries, periods that
together have only one extreme warm year. The odtéextreme warm to extreme cold

years in from the mid-15th century to the end ef1fith century is 0.46.

[Insert Figure 6.]
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Figure 6. Composite fields of 20th century reanalysis (C2Q€; Compo et al. 2011) June-August
geopotential height deviations in the 500 hPa lévglselected on years with a) Positileft) and

negative fight) temperature extremes (1880-1999) from observatidai@ (Andresen 2011) b) Positive
(left) and negative (right) temperature extremesifthe RCS reconstruction (1851-1999). ¢) Composite
fields of reconstructed (Luterbacher et al. 20@2)eJAugust geopotential height deviations in th@ 50
hPa level (dm) selected on positive extrenteft) @nd negative extremesght) from the RCS
reconstruction (1659-1999). Maps produced with KNBlimate Explorer (Van Oldenborgh et al. 2009).
Only significant values (p>0.05) are shown. Extrgrears are defined as being +1 SD away from a 21-

year median low-pass filter.

The magnitude and timing of responses to majararot eruptions in Sogndal
varied depending on which dataset was used (Figurgignificant growth depressions
in the Sogndal reconstruction are found at lagard. +5 when compared to the Gao et
al. (2008) dataset, yielding a mean cooling respafs0.44°C and -0.50°C
respectively. For the Sigl et al. (2015) datadwedréd is a significant response in year 2+
with a mean cooling response of -0.49°C. The reglibw that volcanic eruptions
influenced tree growth and summer climate in weskwrway in the LIA, which is in
accordance with tree-ring based temperature recmtigins from other sites in the NH
(e.g. Fuentes et al. 2017; Linderholm et al. 2Gkjval et al. 2016; Stoffel et al. 2015).
It has been demonstrated that prominent climaigoeles such as the Medieval Warm

Period and the LIA were also influenced by solapati(Masson-Delmotte et al. 2013),
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but the Sogndal reconstruction is not long enoagbrovide accurate estimations of

orbitally forced temperature signals.

[Insert Figure 7.]

Figure 7. Superposed epoch analysis of the response tonioleeuptions in the Northern Hemisphere
for the Sogndal reconstructionop: data from Gao et al. (2008ottom data from Sigl et al. (2015).

Years outside the 95% confidence envelopes (dbtted) are marked with an asterisk.

[Insert Figure 8.]

Figure 8. Historically reported and measured frontal vaoiasi of glacier Nigardsbreen from Nesje et al.

(2008) compared to reconstructed mean July tempesaexpressed as anomalies relative to 1650-2007.

Summer temperatures during the LIA glacial maximum

Both temperature and precipitation throughout terynfluence glacier growth,
but recent studies have emphasised the importdnegmter precipitation in accounting
for the rapid LIA advance of maritime glaciers, péaciers with a high mass balance
gradient (more accumulation, more ablation), intessNorway (Nesje and Dahl 2003;
Matthews and Briffa 2005; Nesje et al. 2008; Rasanst al. 2010). The most detailed
data on the LIA glaciation in Scandinavia comesidigardsbreen (61°42'N, 7°08'E)
in western Norway. This is the only glacier in $wrh Norway with reliable historical

data on glacier advances in the late-17th and-d&tly centuries and its geographical
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position close to Sogndal warrants a comparisaeadnstructed mean July
temperatures to the Nigardsbreen frontal positinriee years leading up to the LIA
glacial maximum. Records from this glacier suggelsigh mean advance rate during
the late-17th and early-18th centuries. Betweer® Bfid 1735, Nigardsbreen advanced
2800 m and between 1735 and the LIA maximum in 1##8glacier advanced a
further 150 m (Nesje et al. 2008). The estimatedthl time lag at Nigardsbreen is 20
to 25 years (Nesje and Dahl 2003), making the ¢énmathe period between 1685 and
1728 of interest to the rapid LIA glacial advantemperatures in Sogndal are -0.89°C
below the 1961-90 average in this period, whictoisler than the assumptions of Nesje
et al. (2008) and Rasmussen et al. (2010) of mikdrsers during the first part of the
18th century, and a -0.5°C LIA temperature anomagpectively. The 1710s is the
coldest reconstructed decade in Sogndal after %0from the 1710s and to the late-
1720s, temperatures in Sogndal increase towardstigeterm average, which matches
the end of the rapid glacier advance when the dal&pntal response is taken into
account. This however, does not have to meanhieahtluence of precipitation has
been less important than it is today, as it sedausthe response of the advance is not
linear with temperature when comparing the advaeseds 1710-1735 and 1735-1748

to preceeding temperatures from around 1660-17h@&hwvere also low.
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Conclusions

Measurements of ring widths on trees from Sognaakwsed to reconstruct
mean July temperature variability in western Norwaghe Little Ice Age. The spatial
pattern of correlations of the reconstruction t&trimmental temperatures is strongest in
southern Norway, especially in maritime areas. dgieement with the Jamtland
chronology in central Sweden is strong, reflectimg close proximity between the two
sites and the predominant westerly air flow in éhageas. Five cold periods were
identified, centred on 1480, 1580, 1635, 1709, Brt¥ and are supported by findings
elsewhere in Fennoscandia, although a cold penitle early-17th century is of shorter
duration and magnitude in Sogndal than has beemtezpat other sites. LIA cooling
was found from the mid-15th century, with graduakrming from the start of the 18th
century. When compared to a temperature reconsiruicir western Norway based on
grain harvest dates and terminal moraines from 1@34867, the two independent
proxies show common variation both on annual aradda timescales. Correlations
with the SNAO were variable with time and at Ifastthe late half of the 20th century,
the Scandinavian teleconnection index seemed mmuatdor more of the variation in
tree-ring width. Extreme July temperatures were@ased with patterns of 500 mb
geopotential height with a centre over Scandinani@ centres of opposite sign in

Siberia, the northeast Atlantic (for negative extes) and over Greenland and the
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Mediterranean (for positive extremes). These padtezsembles in part the SNAO, and
in part the Scandinavian teleconnection patterd,raight be related to shifts in the
storm tracks over Fennoscandia, where positivemds are associated with negative
wind anomalies and a northward shift in the stalawk, and negative extremes are
associated with anomalous westerly winds direategtds Scandinavia. The patterns
appeared to be stable back in time, at least tanilel 7th century and the frequency
and distribution of extreme warm and cold yearsciaig that negative pressure
anomalies over Fennoscandia were prominent duned tA. A significant response to
volcanic forcing was detected and the coldest reitooted mean July temperatures
were in the late half of the 15th century, whicla igeriod with closely spaced volcanic
eruptions. Finally, a comparison between frontaiateons of the glacier Nigardsbreen
and reconstructed temperatures shows that a $padldbsummers in the early-18th
century matches the culmination of a rapid glaaghrance leading up to the LIA

maximum extent.
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