
 

 
 

Time series analysis based on paleoclimatic 
proxies from lake sediments in Iceland 

 
 
 
 
 
 
 
 
 
 
 
 

Kristín Björg Ólafsdóttir 

 
 
 
 

Faculty of Earth Sciences 

University of Iceland 

2010 



  



 

 
 
 

Time series analysis based on 
paleoclimatic proxies from lake sediments 

in Iceland 
 
 
 
 

Kristín Björg Ólafsdóttir 
 
 
 
 
 

90 ECTS thesis submitted in partial fulfillment of a 
Magister Scientiarum degree in Geology 

 
 

 
 

 

Advisors 
Áslaug Geirsdóttir 

Ólafur Pétur Pálsson 
Gifford H. Miller 

 
 

Faculty Representative 
Tómas Jóhannesson 

 
 

 
 

 
 

Faculty of Earth Sciences 

School of Engineering and Natural Sciences 
University of Iceland 

Reykjavik, February 2010 
  



 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 
Time series analysis based on paleoclimatic proxies from lake sediments in Iceland 

 

 

90 ECTS thesis submitted in partial fulfillment of a Magister Scientiarum degree in 

Geology 

 

Copyright © 2010 Kristín Björg Ólafsdóttir 

All rights reserved 

 

Faculty of Earth Sciences 

School of Engineering and Natural Sciences 

University of Iceland 

Askja, Sturlugata 7 

107, Reykjavik 

Iceland 

 

Telephone: 525 4000 

 

 

 

Bibliographic information: 

Kristín Björg Ólafsdóttir, 2010, Time series analyses based on paleoclimatic proxies from 

lake sediments in Iceland, Master‟s thesis, Faculty of Earth Sciences, University of 

Iceland, pp. 77. 

 

ISBN XX 

 

Printing: Háskólaprent ehf. 

Reykjavik, Iceland, February 2010 

 





 

Abstract  

High-resolution proxy data that can be used to reconstruct temperature variability through 

time is essential in order to estimate the amplification of present warming compared with 

previous times.  This thesis presents results from statistical analyses of paleoclimate records 

from sedimentary cores recovered from two different lakes in Iceland.  The aim of the 

research was to determine if these proxy records preserve regular climate periodicities and 

whether the periodicities can be explained by external forces that have influenced past 

environmental changes in the North Atlantic region.  

The first part discusses proxy data from lake sediments spanning the past 10,000 years 

recovered from Haukadalsvatn, a lake in northwestern Iceland.  The spectral analyses of the 

proxies, biogenic silica (BSi) and total organic carbon (TOC), indicate significant 

periodicities through the last 10 ka.  In the BSi record ~1200, 130, 90 and 70 year cycles are 

most apparent, whereas ~220, 47 and 40 year cycle are predominant in the TOC record.  

Differences in the periodicities of the two proxies are explained by differences in their 

primary controls.  The periodicities in the BSi show considerably more stability through time 

than in the TOC record, where irregularity is due to competition between within-lake 

productivity and terrestrial soil erosion as the controlling variables on TOC.  The climate 

proxies preserved in Haukadalsvatn„s sediment is thought to respond to known climate 

variability in the North Atlantic tied to changes in both oceanic and atmospheric variability. 

In the second part, a 3000-year varve-thickness record from Hvítárvatn, a glacial lake 

in central Iceland was used.  The first-order low-frequency trend of the varve thickness 

record reflects increased erosion through the Late Holocene, reaching a peak during the 

Little Ice Age (LIA).  Superimposed on this trend are large inter-annual to decadal 

fluctuations in varve thickness.  The spectral analyses show that dominant variations in the 

varve thickness record, after removing the non-linear low-frequency variability, are 100 to 

85, 35, 13, 5 and 2 to 4 year cycles.  Some of these cycles show similar variability to the 

North Atlantic Oscillation (NAO) and Atlantic Multidecadal Oscillation (AMO).  That 

relationship is supported by a significant correlation between varve thickness and summer 

NAO index as well as summer AMO index in the time domain.  



 

Útdráttur 

Samanburður á beinum veðurfarsathugunum og upplýsingum sem fyrir liggja um fornloftslag 

benda til þess að mun hraðari hlýnun hafi átt sér stað á 20. öldinni í samanburði við síðustu 

þúsund ár.  Til þess að meta stærð og áhrif slíkra hlýnunar er nauðsynlegt að skoða 

loftslagsháð gögn lengra aftur í tíma og með háa tímaupplausn.  Þessar rannsóknir greina frá 

niðurstöðum tölfræðigreiningar á loftslagsháðum gögnum úr stöðuvatnaseti frá tveimur 

mismunandi stöðuvötnum á Íslandi.  Markmið rannsóknarinnar er að athuga hvort gögnin 

endurspegli reglulegar veðurfarssveiflur og ef svo er, hvort um er að ræða þekktar sveiflur sem 

tengjast umhverfisbreytingum á Norður Atlantshafssvæðinu.  

 Í fyrri hlutanum eru skoðuð loftslagsháð gögn úr stöðuvatnaseti frá Haukadalsvatni 

í Dölum, sem spanna síðustu 10,000 árin.  Tíðnigreining loftlagsháðu gagnanna, þ.e lífræns 

kísils og lífræns kolefnis, sýna marktækar reglubundnar sveiflur yfir síðustu 10,000 árin.  Í 

lífræna kísilnum koma fram ~1200, 130, 90 og 70 ára sveiflur en ~220, 47 og 40 ára 

sveiflur eru ráðandi í lífræna kolefninu.  Mismunandi sveiflur í breytunum tveimur má 

útskýra með ólíkum uppruna þeirra.  Sveiflurnar í lífræna kísilnum eru mun stöðugri á 

þeim 10,000 árum sem til athugunar eru en sveiflur í lífræna kolefninu.  Kolefnið á sér 

tvennskonar uppruna, annars vegar kolefni sem tengja má frumframleiðni í vatninu og hins 

vegar kolefni af landrænum uppruna sem berst til vatnsins með rofi.  Loftslagsháðar 

sveiflur í seti Haukadalsvatns eru taldar fylgja veðurfarsbreytingum í Norður Atlantshafi 

sem eru tengdar breytileika í sjávarstraumum og ráðandi loftmössum. 

 Hins vegar er 3000 ára ferill hvarflagaþykktar frá Hvítávatni, við Langjökul á 

miðhálendi Íslands, skoðaður.  Langtímaleitni í ferli hvarflagaþykktarinnar sýnir aukið rof 

á seinnihluta nútíma, sem nær hámarki á Litlu ísöldinni (u.þ.b. 1400-1900 AD).  Auk 

langtímaleitninnar í ferli hvarflagaþykktarinnar má finna minni sveiflur á árs- til 

áratugakvarða.  Niðurstöður tíðnigreiningar sýna 100 til 85, 35, 13, 5 og 2 til 4 ára sveiflur 

í hvarflagaþykkt eftir að langtímaleitnin hefur verið dregin frá.  Sumar þessara sveiflna eru 

svipaðar og finnast í Norður Atlantshafssveiflunni (NAO) og tengdum fyrirbrigðunum 

(AMO).  Sambandið þar á milli er staðfest með marktækri fylgni á milli hvarflagaþykktar 

Hvítárvatns og sumarbreytileika fyrirbrigðanna tveggja (NAO og AMO) í tímarúmi. 
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Chapter 1 

Introduction 

This Master thesis is based on the following article manuscripts that are planned to be 

submitted in a peer-reviewed international journal.  The manuscripts are included as 

chapters 2 and 3:  

 Periodicities in Holocene lacustrine paleoclimate proxies from Haukadalsvatn, 

Iceland. 

 Climate inferences from high-frequency cyclicity in a 3-ka varve-thickness 

record from Hvítárvatn, Iceland. 

1 The purpose of the Study 

During the past century, global surface temperatures have increased by ~0.8°C, with even 

greater warming occurring at northern latitudes (IPCC, 2007).  Climate models predict that 

the Arctic will warm by more than twice the global average in the next 100 years.  It is 

generally accepted that increasing concentration of anthropogenic greenhouses gases in the 

atmosphere explains at least part of this warming (IPCC, 2007), although it is still unclear 

how much is caused by increased anthropogenic greenhouse gases and how much by 

natural variability.  Therefore, interest has been growing to analyze high-frequency climate 

variances in Holocene paleoclimate records that span longer time than the historical and 

instrumental records.  Reconstructing climate cycles in the recent past is essential to 

constrain the magnitudes and rates of natural climate variability in the past and to evaluate 

the mechanisms that have caused environmental changes in the past.  Iceland is an ideal 

region for studying variability in ocean currents and atmospheric dynamics.  The island is 

located at the boundary between the relatively warm and saline Irminger Current, a branch 

of the North Atlantic Current originating in the tropics, and colder and low salinity East 

Greenland Current from the Arctic Ocean (Figure 1a).  In addition, the climate in Iceland is 

sensitive to changes in storm tracks across the North Atlantic Ocean.  Several studies have 

focused on periodicities in Holocene paleoclimate data from the North Shelf of Iceland 

(Andrews et al., 2003a and b, Rousse et al., 2006, Sicre et al., 2008a and b).  However 
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there are no extensive studies of possible periodicities in terrestrial proxy data from 

Iceland.  Such studies could give further information how the natural climate variablitiy 

controlled the climate system in Iceland in the past and whether the forcing mechanisms 

have shown a stable behaviour through the time.  

 The primary goal of this Master„s thesis is to use available lake sediment cores 

from two different lakes in Iceland, that contain paleoclimatic proxy data, to analyse 

whether regular patterns of centennial and higher frequencies exist in the proxies.  In paper 

1 the study area is the non-glacial lake Haukadalsvatn, a low-lying coastal lake in 

northwestern Iceland (Figure 1b).  The study area in Paper 2 is the glacial lake Hvítárvatn, 

located on the eastern margin of Langjökull up in the highland in central Iceland (Figure 

1b).  This research should give new information on the pattern of climate behavior in 

Iceland back in time, as it is reflected in the proxy records.  From the proxy data from 

Haukadalsvatn it is possible to analyze longer term changes in the system over a ~10.000 

year period whereas from the Hvítárvatn data it is possible to analyze much higher 

frequency changes in the lake system over the past ~3000 years.  The data used and the 

research goals are listed below. 

 

 

 

 

 

 

 

 

Figure 1 a) Sea surface currents around Iceland. PW=Polar water, EGC=East Greenland Current, 

EIC=East Iceland Current, IC=Irminger Current, SPG=Subpolar Gyre, HSC=Hatton Slope Current, 

CSC=Continental Slope Current, NAC=North Atlantic Current, FC=Faroe Current (modified from Hansen 

and Østerhus, 2000).  b). Geological map of Iceland.  Study sites are marked with red circles, Hvítárvatn and 

Haukadalsvatn. Instrumental weather data from Stykkishólmur and Hveravellir are used in this study. 
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Paper 1 – Haukadalsvatn:  

o Data:  

 Paleoclimate proxies:  Biogenic Silica (BSi) and Total Organic Carbon 

(TOC) from a sediment core from Haukadalsvatn. 

 Chronology based on known tephra layers throughout the core. 

o Time interval: 

 The past 10,200 years. 

o Sampling intervals: 

 Bidecadal resolution. 

o Research aims and questions: 

 Apply statistical analyses to determine whether the climate proxies have 

periodicities at decadal to centennial time-scales? 

 Do the cycles change over the Holocene? 

 Do the two climate proxies have coherent periodicities and if so, is it 

possible to extract information of the controls of the periodicities? 

 Is there a correlation between the Haukadalsvatn proxies with known cycles 

explained by external forces that have influenced environmental changes in 

this region?  

Paper 2 – Hvítárvatn:  

o Data:  

 Paleoclimate proxies:  Varve thickness record from Hvítárvatn. 

 Chronology based on varve counting constrained by known tephra layers. 

o Time interval: 

 The past ~3000 years. 

o Sampling intervals: 

 Annual resolution. 

o Research aims and questions: 

 To test whether inter-annual to decadal periodicities are superimposed on a 

long-term trend in the varve-thickness record, which is interpreted to be a 

proxy for glacial erosive power.  
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 To test for correlation between varve thickness and specific climate 

parameters brought from nearby weather stations.  

 Spectral analyses are used to test whether high-frequency variations in the 

varve record show any regular periodicities. 

 To analyze whether the indicated cycles change over time? 

 To evaluate possible connections to known climatic variability.  

2 The Study areas 

2.1 Haukadalsvatn 

Lake Haukadalsvatn is a glacier-eroded lake at the head of Hvammsfjörður, western 

Iceland (Fig. 2). The 40-m-deep lake has a surface area of 3,28 km
2
 and a catchment of 172 

km
2
, mostly above 500m asl.  The lake acts as sediment trap resulting in sedimentation 

rates that exceed 1.5 m/ka in the central basin.  The surrounding bedrock is Tertiary basalt 

and the region lies outside the extant volcanic zones of Iceland (Jóhannesson, 1997).  The 

valley of Haukadalur was depressed during glaciations (postglacial marine limit ~70m asl) 

and the earliest sediment fill in Haukadalsvatn is of marine origin, before isostatic recovery 

elevated the valley above sea level about 10.6 ka ago (Geirsdóttir et al., 2009b).  The soils 

around Haukadalsvatn are mostly andosols (eolian and tephra) but histosols can also been 

found near the lake (Arnalds and Grétarsson, 2001).  Andosols are porous and have a 

tendency to bind organic matter that makes it fertile.  On the other hand this type of soil 

often lacks cohesion that makes it vulnerable to disturbance that can cause landslides and 

erosion by wind and water (Arnalds, 2004).  Historical accounts describe the valley of 

Haukadalur as being heavily forested at the time of settlement; today there is no forest in 

the valley but it is vegetated by grasses and sedges.  The Haukadalur valley has been 

inhabited since the 10
th

 century.  
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Figure 2 Haukadalsvatn in Haukadalur looking towards the highlands in the east. 

2.2 Hvítárvatn 

Hvítárvatn (elev. 421m asl, area 28.9 km
2
, max. depth 83 m) is located on the eastern 

margin of Langjökull, Iceland's second largest ice cap (Fig. 3).  Runoff to the lake is 

dominated by melt water from Langjökull; in addition, two outlet glaciers, Norðurjökull 

and Suðurjökull, terminated in the lake during the Little Ice Age (LIA; see Fig.2 in Chapter 

3).  Norðurjökull has been calving into the lake since the LIA, whereas Suðurjökull 

retreated from the lake around 1950 AD.  Fluctuations in the two outlet glaciers reflect 

climate change, as they are not known to be surging glaciers and there has not been active 

volcanism affecting this portion of Langjökull during past 3 ka.  The varve thicknesses 

record the sediment flux to the lake, which is dominated by changes in the erosive power 

of Langjökull, modulated by shorter-term fluctuations in the efficiency of the subglacial 

hydrologic system to deliver the eroded sediment to the lake. 
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Figure 3  Hvítárvatn by Langjökull.  

3 Proxies used 

3.1 Biogenic silica and total organic carbon 

In paper 1, two climate proxies are used from the sediment core from Haukadalsvatn, 

Biogenic Silica (BSi) and Total Organic Carbon (TOC).  They are measured every 1-10 cm 

for the past 10.2 ka with the highest resolution in the uppermost part of the core.  This 

provides a 1-5 year resolution for the past 2ka, and decadal resolution between 10 and 2 ka. 

Geirsdóttir et al. (2009a) argue that BSi in Haukadalsvatn is a proxy for aquatic 

primary productivity, which reflects warm April-May temperatures.  This is based on a 

fairly strong correlation between the BSi record with 170-year long instrumental spring 

temperature record (April – May) from Stykkishólmur, a weather station close to 

Haukadalsvatn (Figure 4 ). 

TOC peaks during the last 2000 years are shown to represent an increased flux of 

terrestrial carbon to the lake from eolian-derived soil erosion following periods of cold 

summers accompanied by dry, windy winters (Geirsdóttir et al., 2009a).  The interpretation 

is based on a strong correlation between measured high values of TOC and C:N and δ
13

C 

peaks that reflect a greater proportion of terrestrial carbon.  The role of wind is based on a 
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positive correlation between TOC peaks and wind strength record from the Stykkishólmur 

weather station (Fig 5 ; Geirsdóttir et al., 2009a).   

 

 

 

 

 

 

 

 

Figure 4 Biogenic Silica (BSi) content compared with instrumental data from Stykkishólmur, April-May 

(AM) temperature.  BSi (orange line) and temperature (gray line).  Bold lines show 5-year running means. 

 

 

 

 

 

 

 

 

 

Figure 5 Total organic carbon (TOC) content from HAK03-1B (red) compared with mean monthly wind 

speeds (circles) during the winter months (DJFM) recorded nearby Stykkishólmur weather station.  Wind 

speed records are only available from 1964 (www.vedur.is).  Bold curves are 5-year moving averages. 
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3.2 Varve thickness 

In paper 2, a varve thickness record from a sedimentary core from Hvítárvatn (Figure 6), is 

used as a climate proxy.  The thickness of each annual lamina (varve) from this core 

represents the annual sediment flux to the lake.  Varves have been counted and varve 

thicknesses measured for the past 3000 years of sedimentation (Figure 6; Larsen et al., in 

prep.).  The first-order trend of the varve thickness record is believed to reflect changes in 

the amount of glacial erosion occurring in the lake‟s catchment, which is a proxy for the 

size of Langjökull.  The objective in the paper was to explore the potential climate 

significance of the higher frequency signal in the varve-thickness record.  

Tephrochronology and cross-correlation techniques on distinctive tephra and laminae 

patterns of four sediment cores taken from the northern basin of Hvítárvatn confirms the 

annual nature of the laminae in the lakes (Larsen et al., in prep.). 

Figure 6 Varve thickness from Hvítárvatn sediment core.  Solid lines represent 20 year moving averages 

 

4 Methods 

4.1 Spectral Analysis  

Time series analyses are used to identify the nature of the phenomenon represented by the 

sequence of observations and to predict future values of the time series variable (Ghil et 

al., 2002).  Spectral analyses are widely used to detect periodic or quasi periodic 

components in time series, which are indicated by peaks that can be distinguished from 

background noise (Weedon, 2003).  The classic method for estimating a spectral density is 
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the periodogram that is formed by taking the Fourier transform of the autocovariance 

function of the time series.  Now more advanced methods have appeared where the goal is 

to reduce spectral bias, variances and leakage of the spectral plot, to increase accuracy as 

well as adding new and more advanced features.  In the following papers Singular 

Spectrum Analysis (SSA) (Vautard and Ghil, 1989) and Multi Taper Method (MTM) 

(Thomson, 1982) in the kSpectra 2.13 Toolkit (http://www.spectraworks.com) were both 

used to identify the significant periodicities in the time series.  In addition, the interactive 

wavelet analysis toolkit on http://paos.colorado.edu/research/wavelets/ (Torrence and 

Compo, 1998) was used to analyze how the spectral power varies over the time.  

4.2 Singular Spectrum Analysis 

Singular Spectrum Analysis (SSA) is one of many spectral analyse methods that is suitable 

for decomposing short, noisy signals into a (nonlinear) trend, oscillatory components and 

noise (Ghil et al., 2002).  The first step is to embed the time series into phase space of M 

dimensions.  After that, the data are treated as a series of variables, one for each 

embedding dimension, and a matrix is formed of the variance and covariance for every 

dimension being considered.  The covariance matrix is diagonalized and the eigenvalues 

are ranked in decreasing order but the eigenvalue gives the variance of the time series in 

the direction specified by the corresponding eigenvector.  The square root of the 

eigenvalues gives the singular values, which are plotted up in decreasing order to form a 

singular spectrum (Vautard and Ghil, 1989).  The singular spectrum is used to separate 

signal from noise by defining components with the most variance significantly larger than 

other components that are identified as noise.  This method works well if the noise is likely 

to be white noise, but in climatic and geophysical time series the noise is usually red noise 

which tends to have larger power at lower frequencies.  Then it is necessary to use 

significance tests such as Monte Carlo SSA (Allen and Smith, 1996), which tests 

significance against a red-noise hypothesis.  The eigenvalues and eigenvectors define 

empirical orthogonal function (EOFs) in phase space.  It is possible to project the time 

series onto each EOF to get the corresponding principal components that can be plotted up 

as reconstructed components (RCs) in time space, which preserve amplitude, frequency 

and phase of the time series (Vautard and Ghil, 1989).   
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4.3 Multi Taper Method 

Multi Taper method (MTM) is used to reduce the variance of spectral estimates by using a 

small set of tapers (Thomson, 1982).  These tapers are known as discrete prolate spheroidal 

sequences or Slepian sequences and are constructed to minimize the spectral leakage due 

to the finite length of the time series.  The purpose of the MTM is to produce a power 

spectrum with small bias, good smoothing and yet high frequency resolution.  A number of 

tapers are chosen according to the data analyzed depending on the length of the data sets 

and other properties of the time series.  The choice of bandwidth and number of tapers 

reflects the classical trade off between spectral resolution and the stability of the spectral 

estimate (Thomson, 1982).  A set of independent estimates of the power spectrum is 

computed by pre-multiplying the data by each orthogonal taper and then the total power 

spectrum is computed by averaging all the individual spectra.  The peaks that appear in the 

power spectrum are tested for significance relative to the null hypothesis of a red-noise 

background estimated from the data (Mann and Lees, 1996).  Confidence levels relative to 

the estimated red-noise background can be determined from the appropriate quantiles of 

the chi-squared distribution.   

4.4 Wavelet analysis 

Wavelet analyses are used to analyze how periodicities change over time and are 

applicable to time series that do not contain stationary power at definite frequencies.  The 

time series is decomposed into time-frequency space by using a wavelet, an orthogonal 

function where the oscillations die away to zero rather than going on indefinitely.  An 

appropriate mother wavelet function is chosen, that can be stretched and translated with 

flexible resolution in both frequency and time space, and multiplied with the times series to 

produce a wavelet transform (Torrence and Compo, 1998).  Background spectrum is 

chosen either red or white noise and the peaks in the wavelet power spectrum above this 

background spectrum are assumed to be real feature. 
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5 Results Summary 

5.1 Paper 1  

Periodicities in Holocene lacustrine paleoclimate proxies from 

Haukadalsvatn, Iceland 

A thick sequence of lake sediments recovered from Haukadalsvatn, a lake in northwestern 

Iceland, contains paleoclimatic proxy data at high resolution spanning the past 10,000 

years.  These proxy records were used to determine whether the sediment preserves regular 

decadal to centennial climate periodicities.  The spectral analysis of the proxies, biogenic 

silica (BSi), and total organic carbon (TOC), indicates significant periodicities through the 

last 10 ka, although the BSi and TOC time series do not show the same primary cycles.  In 

the BSi record ~1200, 130, 90 and 70 year cycles are most apparent, whereas ~220, 47 and 

40 year cycle are predominant in the TOC record.  Differences in the periodicities of the 

two proxies may be explained by differences in their primary controls.  The periodicities in 

the BSi show considerably more stability through time than in the TOC record, where 

irregularity is due to competition between within-lake productivity and terrestrial soil 

erosion as the controlling variables on TOC.  We hypothesize that the main forcing of the 

most prominent cycles in both BSi and TOC records from HAK is related to the Atlantic 

Multidecadal Oscillation (AMO) and North Atlantic Oscillation (NAO).  In addition some 

of the cycles show similiarities to known solar cycles. 

5.2 Paper 2  

Climate inferences from high-frequency cyclicity in a 3-ka varve-

thickness record from Hvítárvatn, Iceland 

A 3000-year varve-thickness record from Hvítárvatn, a glacial lake in central Iceland, 

preserves inter-annual variations in the delivery of glacially-eroded sediment to the lake.  

The first-order low-frequency trend of the varve thickness record reflects increased erosion 

through the Late Holocene, reaching a peak during the Little Ice Age (LIA).  

Superimposed on this trend are large inter-annual to decadal fluctuations in varve thickness 

that we suggest reflect variability in climate parameters that influence the amount of 

eroded sediment that is delivered to the lake each year.  Here we use spectral analysis to 

test whether regular high-frequency cyclicity in varve thickness exists in the 3 ka varve 

thickness record from Hvítárvatn after removing the non-linear low-frequency variability.  

The spectral analyses show that dominant variations in the varve thickness record are 100 
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to 85, 35, 13, 5 and 2 to 4 year cycles.  Some of these cycles show similar variability to 

that of the North Atlantic Oscillation (NAO) and Atlantic Multidecadal Oscillation 

(AMO).  That relationship is supported by a significant correlation between varve 

thickness and summer NAO index as well as summer AMO index in the time domain.  

Comparison of the past 800 years, during which varve thicknesses are greater and more 

variable, with the earlier and more stable part, demonstrates that most of the dominant 

cycles are continuous through the entire 3ka record, both before and during the Little Ice 

Age.  However, cycles similar to known solar cycles that appear in the early part of the 

record, are not detected in the Little Ice Age (LIA, ca. 1200-1900 AD) portion of the time 

series, suggesting that a higher frequency solar variability played a minor role in climate 

forcing variability during the LIA.  

6 Future work 

A future work could focus on the last 2000 years of the proxy data from Haukadalsvatn. 

Data with much higher resolution are available from this part of the sediment core where 

the resolution is 1 – 5 years whereas the data has a bidecadal resolution in Paper 1.  It 

would be interesting to study whether new cycles of higher frequency would appear in the 

more recent part and whether some of the longer term cycles in paper 1 are product of 

aliasing of higher frequency cycles.  It would also give an opportunity to compare the 

results with the obtained cycles in the varve thickness results from Hvítárvatn, discussed in 

Paper 2.  In the present study there is too much difference in the time resolution for direct 

comparison.  It would be interesting to see whether there are differences in the 

mechanism(s) influencing a low lying coastal lake and a glacier lake up in the highland.  

Do the solar forces have more influences on the lake in the inland than on the coastal lake? 

It would also be patent to use a cross spectral analysis in addition to the methods 

used in the present research.  Cross spectral analysis is used to find coherent periodicities 

between two time series.  It would be ideal to find coherent cycles between the two proxies 

in the HAK record and to analyze further the correlation between the varve thickness and 

climate indices like NAO and AMO. 
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Chapter 2 

Periodicities in Holocene lacustrine 

paleoclimate proxies from 
Haukadalsvatn, Iceland 

Kristín B. Ólafsdóttir, Áslaug Geirsdóttir, Ólafur P. Pálsson, Gifford H. Miller
 

Abstract 

Decadal to centennial periodicities have been found in many Holocene 

paleoclimate proxies from the North Atlantic region.  A thick sequence of lake sediments 

recovered from Haukadalsvatn, a lake in northwestern Iceland, contains paleoclimatic 

proxy data at high resolution spanning the past 10,000 years.  These proxy records were 

used to determine whether the sediment preserves regular decadal to centennial climate 

periodicities.  The spectral analysis of the proxies, biogenic silica (BSi), and total organic 

carbon (TOC), indicates significant periodicities through the last 10 ka, although the BSi 

and TOC time series do not show the same primary cycles.  In the BSi record ~1200, 130, 

90 and 70 year cycles are most apparent, whereas ~220, 47 and 40 year cycle are 

predominant in the TOC record.  Differences in the periodicities of the two proxies may be 

explained by differences in their primary controls.  The periodicities in the BSi show 

considerably more stability through time than in the TOC record, where irregularity is due 

to competition between within-lake productivity and terrestrial soil erosion as the 

controlling variables on TOC.  We hypothesize that the main forcing of the most 

prominent cycles in both BSi and TOC records from HAK is related to the Atlantic 

Multidecadal Oscillation (AMO) and North Atlantic Oscillation (NAO).  In addition some 

of the cycles show similiarities to known solar cycles. 
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1 Introduction 

1.1 Objectives  

During the past century, global surface temperatures have increased by ~0.8°C (IPCC, 

2007), with the greatest warming occurring in the Arctic (Serreze and Francis, 2006).  

Warming has already resulted in significant changes in the Arctic environment, including 

reduced snow cover, rapidly retreating glaciers, warmer ocean temperatures, rising sea 

levels, and deepening of the active layer in permafrost.  It is generally accepted that the 

increasing concentration of anthropogenic greenhouse gases in the atmosphere explains at 

least a part of this warming (IPCC, 2007), although it is still unclear how much is caused 

by increased anthropogenic greenhouse gases and how much by natural climate variations.  

Reconstructing decadal to centennial climate cycles in the recent past is required to 

constrain the magnitudes and rates of natural climate variability, to elucidate cycles of 

climate change that are longer than the historical records, and to evaluate the mechanisms 

that have caused environmental changes in the past.  Many paleoclimate records show 

periodicities on long time-scales (millennial and longer) that have been attributed to 

changes in Earth‟s orbital parameters, or so called Milankovitch forcing (e.g. Weedon, 

1993 and Hinnov, 2000).  Those are changes in obliquity, precession and eccentricity that 

produce periodicities of 22, 41 and 100 ka cycle, which are important climatically because 

of seasonal and latitudinal distribution of solar radiation.  Lately the focus has been on high 

resolution Holocene paleoclimate records that have cyclicities on much shorter time-scales 

(e.g. Bond et al.,1997, 2001, Hu et al., 2003, Rousse et al., 2006, Sicre et al., 2008a and b).   

 In order to obtain a better picture of the spatial pattern of centennial and higher 

frequency climate variability, a high-resolution lake sediment core from Haukadalsvatn in 

northwestern Iceland that contains paleoclimatic proxy data back 10.2 ka is used.  

Geirsdóttir et al. (2009a) showed that biogenic-silica content was correlated significantly 

with spring/early-summer temperature at the lake, and they used organic-matter content, 

along with other organic-matter-source indices, to interpret landscape instability.  The aim 

here is to apply statistical analyses to determine whether the climate proxies have 

periodicities at decadal to centennial time-scales.  And if so, do the cycles change over the 

Holocene?  Do the climate proxies have any coherent periodicity and if so, is it possible to 

extract information of the controls of the periodicity?  Is there correlation between the 
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Haukadalsvatn proxies with known cycles explained by external forces that have 

influenced environmental changes in this region?  

1.2 Background 

1.2.1 Climate forcing and known periodicities during the Holocene 

The main external forces affecting low frequency changes in Holocene climate are the 

insolation changes tied to orbital irregularities.  In the early Holocene, precessional 

changes led to positive summer insolation anomalies at all latitudes across the Northern 

Hemisphere (Bradley, 2003).  For climate changes on shorter time-scales the main climate 

forcing through the Holocene are changes in solar irradiance and/or volcanic effects 

(Bradley, 2003).  The retreating ice sheets from the last glacial maximum affected the 

climate in early Holocene, by influxes of melt water causing temporary abrupt climate 

changes (Alley et al., 1997).  Anthropogenic forcing has dominated during the past 

century, and it is no longer possible to explain the recent temperature rise by natural forces 

alone (Crowley, 2000, Amman et al., 2007). 

 There is evidence that the Sun‟s output varies on multi-decadal time-scales and 

statistical studies have attempted to correlate weather with solar variation (e.g. Lean et al., 

1995).  Solar activity shows quasi-periodicity at several cycle lengths, and these same 

periodicities are found in paleoclimate records (Cooper et al., 2000, Bond et al., 2001, 

Andrews et al., 2003b, Hu et al., 2003).  The number of sunspots is correlated with solar 

luminosity, and has been counted continuously since the 17
th

 century.  The 11-year sunspot 

cycle, the best defined solar cycle, has been measured by satellites during recent decades.  

Total solar irradiance is measured by satellites to vary by ~0.1 % over the 11-year sunspot 

cycle, with a maximum when there are many sunspots (Frölich and Lean, 2004).  The ~22 

year Hale cycle is also present; during each sunspot cycle the magnetic field of the Sun 

returns to the same state after two reversals forming a 22-year cycle.  

  Changes in the production rates of cosmogenic isotopes (
14

C from tree rings and 

10
Be from ice cores) are used as a proxy for solar irradiance changes over time.  From these 

proxies, solar cycles of longer time-scales are known, like the 80-90 year Gleissberg cycle 

(e.g. Stuiver and Braziunas, 1993, Peristykh and Damon, 2003, Rogers et al., 2006) 

thought to be an amplitude modulation of the 11-year cycle and the ~200 year Suess/de 

Vries cycle (e.g. Stuiver and Braziunas, 1993, Wagner et al., 2001, Peristykh and Damon, 
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2003, Rogers et al., 2006).  There is also a 2000-2400 year cycle that is apparent in several 

records (Sonett and Finney, 1990, Vasiliev and Dergachev, 2002).  Although a number of 

studies suggest a link between climate change and solar variability on these time-scales, 

the magnitude of solar irradiance variability remains debated, as is the estimate of the role 

solar variability plays in Holocene climate variations (Bard and Frank, 2006). 

Explosive volcanism can have a short-term cooling effect on hemispheric or global 

mean temperatures (Robock, 2000).  If volcanic aerosols reach the stratosphere they can 

spread globally, reducing energy receipts at the surface, which can lead to large negative 

temperature anomalies in some regions, but other areas may become warmer due to 

circulation changes (Robock, 2000).  The temperature effects are usually detectable for 

only 1 to 2 years after the eruption but cumulative effects from multiple eruptions closely 

spaced in time can last for decades (Zielinski, 2000; Schneider et al., 2009).  The volcanic 

effect can also trigger unusually cold conditions by coinciding with other climate forcing 

such as reduced solar insolation (Shindell et al., 2003).  Acidity records from ice cores are 

used as a proxy for sulfate aerosols from explosive volcanism through time (Zielinski et 

al., 1994).  Amman and Naveau (2003) studied the frequency of tropical eruptions for the 

last 600 years, and with their logistic regression model they identified a 76-year cycle in 

compiled sulfate records from several ice cores.  Reconstructions of volcanic aerosol 

loadings over the past 1 to 2 ka are provided by Ammann et al. (2007) and Gao et al. 

(2008). 

1.2.2 Climate cycles in the North Atlantic region  

Millennial- to decadal-scale variability during the Holcoene has been found in 

paleoclimate data from the North Atlantic Ocean.  Bond et al. (1997) first introduced the 

“1500 year” cycle based on ~1500 year variablility in the concentration of lithic grains, 

thought to reflect the abundance of drift ice, archived in North Atlantic sediment.  Bond et 

al. (1999) indcated that the ”1500 year” cycle orginated from the same forces as the 

Dansgaard/Oeschger events but appeared at smaller magnitude.  Since Bond et al. (1997, 

2001) postulated  the “1500 year cycle” as the prominent feature of the North Atlantic 

Holocene climate, a similar cycle has been found at several sites in North Atlantic deep sea 

cores (i.e. Bianchi and McCave, 1999, Chapman and Shackleton, 2000, Giraudeau et al., 

2000) as well as in some terrestrial proxies from the North Atlantic region (i.e. Langdon et 

al., 2003, Turney et al., 2005) and in the Greenland ice-cores (Schulz and Paul, 2002, Witt 
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and Schumann, 2005).  The orgin of the millennial scale climate cycle is still unknown and 

it has been debated whether the cycle is driven by solar variations, as it is correlated to 

variations in the production rate in cosmogenic isotopes (Bond et al., 2001), changes in 

oceanic circulation (Bianchi and McCave, 1999, Chapman and Shackleton, 2000, Debret et 

al., 2007) or to atmospheric processes linked to the North Atlantic Oscillation (Giraudeau 

et al., 2000).  Although there is still a debate about the timing, frequency, spatial extent, 

and origin of the “1500 year” cycle, variability on millennial scales does exist in many 

Holocene paleoclimate data from the North Atlantic region. 

Another known pattern of variation in the North Atlantic Ocean, showing cyclicity 

of 60-80 years is the Atlantic Multidecadal Oscillation (AMO) (Kerr, 2000).  It has its 

principle expression in sea surface temperature (SST) in the North Atlantic Ocean 

(Schlesinger and Ramankutty, 1994) and is thought to associate with small changes in the 

North Atlantic branch of the Thermohaline Circulation (e.g. Delworth and Mann, 2000, 

Knight et al., 2005).  Variation in AMO has affected variation in air temperature, 

precipitation and frequencies in storms and hurricane over North America and Europe 

(Enfield et al., 2001, Goldenberg et al., 2001) and has especially been linked to summer 

climate (Sutton and Hodson, 2005).  

The North Atlantic Oscillation (NAO) is one of the dominant atmospheric modes of 

North Atlantic climate variability (Hurrell et al., 2003).  The North Atlantic Oscillation 

(NAO) index, based on standardized atmospheric pressure difference between 

Stykkishólmur, Iceland and Lisbon, Portugal, reaches back to AD 1864.  The relative 

strengths and positions of these systems vary from year to year and the variations appear 

either as a positive or negative NAO index.  When the NAO winter index (December – 

March) is positive with high pressure difference between the two sites the westerlies and 

northeast trade winds are strong.  When the index is negative more northerly winds are 

predominant (Hurrell, 1995). 

A NAO record reconstructed from Greenland ice accumulation rate is characterized 

by non-stationary behavior.  Most of the variability shows periods of 7-14 years in addition 

to a significant cycle of 80-90 year (Appenzeller et al., 1998).  Wunch (1999) argued that 

there are no cycles distinguishable from the red noise in the NAO record and therefore the 

NAO does not show any significant cycles.  Nevertheless, many records indicate that the 

NAO exhibits a periodic variability similar to those mentioned above (i.e. Cook et al., 

1998, Jevrejeva and Moore, 2001, Wanner et al., 2001)   
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1.2.3 Indications for periodicities in Icelandic proxy data 

Iceland is located in the North Atlantic Ocean, at the boundary between the relatively 

warm and saline Irminger Current, a branch of the North Atlantic Current originating in the 

tropics, and the cold and low-salinity East Greenland Current from the Arctic Ocean (Fig. 

1A).  The maritime climate of Iceland is characterized by large decadal variations 

associated with the location of storm tracks across the North Atlantic Ocean, which are in 

turn strongly affected by the Icelandic Low.  Therefore, Iceland is in an ideal position for 

studying changes in both ocean currents and in the NAO.  

 Several studies have focused on periodicities in Holocene paleoclimate data from 

Iceland.  There is evidence for ~715, 240, 170 and 100 year cycles in a magnetic record 

from a marine core from the North Shelf (MD99-2275) where the ~100 year cycle is 

correlated to the NAO mode at centennial time-scales (Rousse et al., 2006).  From the 

same core, a bidecadal 20-25 year oscillation is indicated in a reconstruction of sea surface 

temperatures that are also argued to follow variability in the NAO in addition to 

multidecadal cycle centered at ~150 year, interpreted to be driven by the Meridional 

Overturning Circulation (MOC) induced by increased ENSO activity (Sicre et al., 2008 a 

and b).  The magnetic series in a nearby marine core in North Iceland (MD-2269) shows 

significant cycles of ~200, 125 and 88 year, argued to be associated with solar variability 

(Andrews et al., 2003b).  Spectral analysis from the principal components simplifying 

several different proxies from the MD-2269 core shows increased variability during 

Neoglaciation (Andrews et al., 2003a).   

2 Materials 

2.1 Regional Setting 

Lake Haukadalsvatn is a glacier-eroded lake at the head of Hvammsfjörður, western 

Iceland (Fig. 1B).  The 40-m-deep lake has a surface area of 3,28 km
2
 and a catchment of 

172 km
2
, mostly above 500m asl. (Fig. 1C).  The lake acts as sediment trap resulting in 

sedimentation rates that exceed 1.5 m/ka in the central basin.  The surrounding bedrock is 

Tertiary basalt and the region lies outside the extant volcanic zones of Iceland 

(Jóhannesson, 1997).  The valley of Haukadalur was depressed during glaciations 

(postglacial marine limit ~70m asl) and the earliest sediment fill in Haukadalsvatn is of 
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marine origin, before isostatic recovery elevated the valley above sea level about 10.6 ka 

ago (Geirsdóttir et al., 2009b).  The soils around Haukadalsvatn are mostly andosols 

(eolian and tephra) but histosols can also been found near the lake (Arnalds and 

Grétarsson, 2001).  Andosols are porous and have a tendency to bind organic matter that 

makes it fertile.  On the other hand this type of soil often lacks cohesion that makes it 

vulnerable to disturbance that can cause landslides and erosion by wind and water 

(Arnalds, 2004).  Historical accounts describe the valley of Haukadalur as being heavily 

forested at the time of settlement; today there is no forest in the valley but it is vegetated by 

grasses and sedges.  The Haukadalur valley has been inhabited since the 10
th

 century.  

2.2 The sediment cores from Haukadalsvatn 

In 2003 two sediment cores (HAK03-1A and HAK03-1B) were recovered from a single 

site (65°03.064´N, 21°37.830´W) in Haukadalsvatn using the DOSECC GLAD-200 core 

rig (http://www.dosecc.org/).  The cores were taken from a water depth of 38.33 m and 

captured the 30-m-thick sediment fill in the lake reaching bedrock at the bottom.  The 

lower 12 meters of the core consists of rapidly deposited ice-proximal to ice-distal 

deglacial marine sediment overlain by 18 meter of lacustrine sediment.  The cores are 

finely laminated containing numerous fine tephra layers throughout the core.  The 

uppermost 16.5 meters of the core span the past 10.2 ka (dated by the Saksunarvatn tephra; 

Grönvold et al., 1995).  Two surface cores (HAK03-G1 and HAK03-G2) were recovered 

from the drill site before deep coring using methods in Glew (1991).  They capture the 

sediment-water interface and the uppermost 48 cm of sediment.   

2.3 Chronology 

The chronology for Haukadalsvatn is based on 
210

Pb and 
137

Cs in the uppermost part and 

tephrochronology in the remainder of the core (Geirsdóttir et al., 2009a).  The age model is 

derived from a mixed-effect regression fit to 14 dated tephras (see Table 2 in Geirsdóttir et 

al., 2009a) and for the last 100 years to the 
210

Pb age model, following the procedure of 

Heegaard et al. (2005), the statistical software R (http://cran.r-project.org), and a k-value of 

9 (Fig. 2).  The age model lies within ±1σ of the control points. 
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2.4 Biogenic silica and total organic carbon variables  

Total organic carbon (TOC) has been measured every 0.5 cm from the surface core 

(HAK03-1G) and every one cm for the last 10.2 ka y in HAK03-1B.  The surface core was 

spliced to the top of the HAK03-1B core based on the TOC profiles (Geirsdóttir et al., 

2009a).  Biogenic silica (BSi) has been measured every ~one cm in the surface core 

(HAK03-1B) and every 2-10 cm in HAK03-1B with the highest resolution in the 

uppermost part of the core.  For procedures see Geirsdóttir et al. (2009a).  Due to the high 

sedimentation rate at the lake the two proxies afford time series of relatively high 

resolution.  The BSi measurements provide a one sample on average every 5 years for the 

past 2 ka, and decadal resolution between 10 and 2 ka (Fig. 3A).  The TOC measurements 

provide continuous TOC mg/g record at 1- to 3-year intervals for the last 2 ka, and decadal 

resolution between 10 and 2 ka (Fig. 4A). 

Geirsdóttir et al. (2009a) argue that BSi in Haukadalsvatn is a proxy for aquatic 

primary productivity, which reflects warm April-May temperatures.  This is based on a 

fairly strong correlation between the BSi record with 170-year long instrumental spring 

temperature record (April – May) from Stykkishólmur, a weather station close to 

Haukadalsvatn.  TOC peaks during the last 2000 years are shown to represent an increased 

flux of terrestrial carbon to the lake from eolian-derived soil erosion following periods of 

cold summers accompanied by dry, windy winters (Geirsdóttir et al., 2009a).  The 

interpretation is based on a strong correlation between measured high values of TOC and 

C:N and δ
13

C peaks that reflect a greater proportion of terrestrial carbon.  The role of wind 

is based on a positive correlation between TOC peaks and wind strength record from the 

Stykkishólmur weather station (Geirsdóttir et al., 2009a).   

3 Data Analysis 

3.1 Data processing 

Time series analyses are used to identify the nature of the phenomenon represented by the 

sequence of observations and to predict future values of the time series variable (Ghil et 

al., 2002).  In this paper three spectral methods are used to detect whether regular 

cyclicities  exist in the paleoclimate proxies TOC and BSi over the Holocene record 

preserved in Haukadalsvatn.  
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The time series of TOC and BSi were processed prior to spectral analysis.  The 

records were re-sampled with linear integration in Analyseries 2.0.4.2 (Paillard, 1996) to 

obtain evenly spaced time series.  After the re-sampling both TOC and BSi records have 

one value every 20 years for the last 10.2 ka.  The TOC measurements were done with a 

higher sampling resolution than the BSi measurements so it is possible to resample the 

TOC record with one value every 10 years.  In order to have the same resolution for both 

records the 20-year sampling intervals is used for the TOC record unless this leads to a big 

difference in the results.  At the 20-year sampling rate the highest frequency information 

available from the Haukadalsvatn‟s record is 0.025 (40 year cycle), according to the 

Nyquist frequency which is defined as 1/(2 x sampling interval).  Many spectral methods 

assume the time series to be centered with the series oscillating positively and negatively 

around a zero line.  Therefore the TOC and BSi records were standardized by subtracting 

the mean of the time series from every value and divided by the respective standard 

deviations. 

3.2 Spectral Analysis  

Spectral analyses are widely used to detect periodic or quasi periodic components in time 

series, which are indicated by peaks that can be distinguished from background noise 

(Weedon, 2003).  The classic method for estimating spectral density is the periodogram 

that is formed by taking the Fourier transform of the autocovariance function of the time 

series.  More advanced methods have been develped where the goal is to reduce spectral 

bias, variances and leakage of the spectral plot, to increase accuracy as well as adding new 

and more advanced features.  In this paper Singular Spectrum Analysis (SSA) (Vautard 

and Ghil, 1989) and Multi Taper Method (MTM) (Thomson, 1982) in kSpectra 2.13 

Toolkit (http://www.spectraworks.com) were both used to identify the significant 

periodicities in the TOC and BSi time series.  In addition, the interactive wavelet analysis 

toolkit on http://paos.colorado.edu/research/wavelets/ (Torrence and Compo, 1998) was 

used to analyze how the spectral power varies over time.  

3.2.1 Singular Spectrum Analysis 

Singular Spectrum Analysis (SSA) is one of many spectral analyse methods that is suitable 

for decomposing short, noisy signals into a (nonlinear) trend, oscillatory components and 

noise (Ghil et al., 2002).  The first step is to embed the time series into phase space of M 
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dimensions.  After that, the data are treated as a series of variables, one for each 

embedding dimension, and a matrix is formed of the variance and covariance for every 

dimension being considered.  The covariance matrix is diagonalized and the eigenvalues 

are ranked in decreasing order but the eigenvalue gives the variance of the time series in 

the direction specified by the corresponding eigenvector.  The square root of the 

eigenvalues gives the singular values, which are plotted up in decreasing order to form a 

singular spectrum (Vautard and Ghil, 1989).  The singular spectrum is used to separate 

signal from noise by defining components with the most variance significantly larger than 

other components that are identified as noise.  This method works well if the noise is likely 

to be white noise, but in climatic and geophysical time series the noise is usually red noise 

which tends to have larger power at lower frequencies.  Then it is necessary to use 

significance tests such as Monte Carlo SSA (Allen and Smith, 1996), which tests 

significance against a red-noise hypothesis.  The eigenvalues and eigenvectors define 

empirical orthogonal function (EOFs) in phase space.  It is possible to project the time 

series onto each EOF to get the corresponding principal components that can be plotted up 

as reconstructed components (RCs) in time space, which preserve amplitude, frequency 

and phase of the time series (Vautard and Ghil, 1989).   

 Here the SSA analysis is used for both BSi and TOC variables to filter out (non-

linear) trends and oscillations with long periods relative to the length of the time series 

prior to the analysis.  Also to test for significant periodicities in the series and to 

reconstruct the significant components, found in the spectrum, in the time domain.  The 

embedding dimensions M=51, is based on number of data points and the oscillatory 

periods under investigation.  The covariance matrix is calculated with the V&G method 

(Vautard and Ghil, 1989) in kSpectra.  The Monte Carlo significance test is used where the 

error bars represent 90% of the variance. 

3.2.2 Multi Taper Method 

Multi Taper method (MTM) is used to reduce the variance of spectral estimates by using a 

small set of tapers (Thomson, 1982).  The tapers are known as discrete prolate spheroidal 

sequences or Slepian sequences and are constructed to minimize the spectral leakage due 

to the finite length of the time series.  The purpose of the MTM is to produce a power 

spectrum with small bias, good smoothing and yet high frequency resolution.  A number of 

tapers are chosen according to the data analyzed depending on the length of the data sets 
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and other properties of the time series.  The choice of bandwidth and number of tapers 

reflects the classical trade off between spectral resolution and the stability of the spectral 

estimate (Thomson, 1982).  A set of independent estimates of the power spectrum is 

computed by pre-multiplying the data by each orthogonal taper and then the total power 

spectrum is computed by averaging the individual spectra.  The peaks that appear in the 

power spectrum are tested for significance relative to the null hypothesis of a red-noise 

background estimated from the data (Mann and Lees, 1996).  Confidence levels relative to 

the estimated red-noise background can be determined from the appropriate quantiles of 

the chi-squared distribution.  

 In the MTM analyses of the BSi and TOC time series, 5 tapers are used and the 

bandwidth is 3, based on the length and resolution of the records.  Confidence levels of 90, 

95 and 99% are used to determine significant peaks.  The results from the MTM power 

spectrum and the SSA are used together to obtain more confident and reliable results.  

3.2.3 Wavelet analysis 

Wavelet analyses are used to analyze how periodicities change over time and are 

applicable to time series that do not contain stationary power at definite frequencies.  The 

time series is decomposed into time-frequency space by using a wavelet, an orthogonal 

function where the oscillations die away to zero rather than going on indefinitely.  An 

appropriate mother wavelet function is chosen, that can be stretched and translated with 

flexible resolution in both frequency and time space, and multiplied with the times series to 

produce a wavelet transform (Torrence and Compo, 1998). 

The mother wavelet used for the BSi and TOC time series is Morlet wavelet, which 

is one of the most commonly used continuous wavelets in geophysics (Lau and Weng, 

1995).  It is a complex continuous wavelet formed by a sine wave multiplied by Gaussian 

envelope and the wavelet parameter used is w0 = 6, which gives the number of oscillations 

within the wavelet itself.  The wavelet scale width is 0.25 and smallest scale is 2 times the 

sampling interval.  The data are padded with zeros at both ends to limit the edge effect; 

cone of influence is included to mark the region where zero padding has reduced the 

variance so the results are not as reliable as at the rest of the wavelet spectrum.  

Background spectrum is red noise and the peaks in the wavelet power spectrum above this 

background spectrum were assumed to be real features using a 90% significance threshold. 
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4 Results 

4.1 Low frequency trend in the BSi and TOC records 

A long-term trend, thought to obscure the higher frequency cycles, was subtracted from 

both the BSi and TOC series prior to the spectral analysis.  The SSA was used to identify 

the trend/cycles of low frequency relative to the length of the series and to filter it out.  In 

the BSi time series the first SSA component that defined a ~4000 year cycle (Fig. 3B) 

contained 53 % of the total variance.  This was subtracted from the time series and the 

residuals are considered as a detrended time series (Fig. 3C).  The long term trend can be 

described as a curve showing changes in the BSi values increasing from low values, 

reaching the highest BSi values in the early-mid-Holocene and declining values in the later 

Holocene.  The trend in the BSi record, excluding the transition between the 10 and 8 ka 

BP from a marine to a freshwater system, broadly follows the declining summer insolation 

curve, with the warmest interval occurring when the summer insolation is highest and a 

cooling trend as summer insolation decreases (Fig. 3B).  

TOC increases irregularly through the late Holocene, with the highest background 

values in the last millennium (Fig. 4A).  This pattern is the inverse of the low-frequency 

BSi record.  Geirsdóttir et al. (2009a) argue that the late Holocene increase in TOC reflects 

the influx of soil carbon delivered to the lake as summer temperatures decreased and 

vegetation cover was diminished.  The low-frequency long-term trend was removed from 

the TOC time series by subtracting the first SSA component (Fig. 4B) from the original 

series giving a residual used as detrended series (Fig. 4C), which is stable with a constant 

mean.  The first component accounted for 67% of the total variance and was estimated as a 

5000 year cycle. 

4.2 Cyclicity in the BSi record 

Singular Spectrum Analysis of the detrended BSi record produced four significant 

periodicities of ~1200, 130, 90 and 70 years at 90% significance level (Fig. 5A).  In the 

MTM spectrum the same periods reach above the 95% significance level (Fig. 5B).  The 

130-year cycle peak is strongest, exceeding the 99% significance level.  The 90- and 70-

year cycles just exceed the 99 % significance level, and a 1200-year cycle peak reaches 

above the 95 % significant level.  A few additional significant peaks appear in the MTM 
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spectrum including 200-, 160- and 80-year peaks, but they do not exceed the 90% 

significant level in the SSA spectrum.  

To analyze how the periodicities in the BSi record have changed over time we use 

wavelet analysis and reconstructions of the statistically significant components from the 

SSA spectrum as a function of time.  A significant period of ~1200 years is present across 

most of the wavelet power spectrum (Fig. 6E), except a short break between 3.5 and 5 ka 

BP.  This is similar to the reconstructed 1200-year cycle from the SSA spectrum (Fig. 6D).  

The 1200-year cycle component accounts for 33% of the total variance in the SSA 

spectrum and is rather steady through time, although with the weakest contribution around 

5 ka.  Most of the power at shorter periods in the wavelet is concentrated within a 100-200 

year band that shows the strongest power from 4.5 to 2 ka and from 8 to 9 ka that is similar 

to the 130-year component in the SSA spectrum (Fig. 6C).  The 130-year cycle component, 

with 10% of the total variance, shows the strongest power from 5.5 to 2 ka BP in the SSA 

reconstruction, and is also strong from 9 to 8 ka BP and for the last 0.5 to 1 ka.  Although 

the 130-year cycle only accounts for small amount of the total variance, this peak has the 

greatest power in the MTM and SSA spectrum.  At 2 ka, cycles of higher frequency 

dominate in the wavelet (Fig. 6E),which is comparable to the ~70- and 90-year cycles in 

the power spectra.  The higher frequency components (90- and 70-year cycle) only account 

for 2.0% and 1.3% of the total variance in the SSA spectrum.  These cycles are strongest in 

the later part of the record (Figs. 6A and B).  The 90-year cycle shows the most power 

during the last 3 ka (Fig. 6B), whereas the 70-year cycle is more uniform over the whole 

period, although with a flat signal between 8-5 ka (Fig. 6C). 

The main cyclicities in the BSi record appear in all three methods; these are 1200-, 

130-, 90- and 70-year cycles.  These four components account for 47% of the total 

variance of the original data and reconstruct the BSi record relatively well (Fig. 7).  The 

1200-year cycle continues through the entire record, whereas the 130-year cycle is the 

most significant peak in the power spectrum.  In the early Holocene low-frequency cycles 

dominate the BSi record, whereas higher frequencies become more prominent in the late 

Holocene. 
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4.3 Cyclicity in the TOC record  

In the SSA spectrum for the TOC record cycles at ~220, 47 and 40 years are significant at 

the 90% level (Fig. 8A), although collectively they only account for 10.5% of the total 

variance, much less than in the BSi SSA.  The same three cycles can also be found in the 

MTM spectrum (Fig. 8B).  A 40-year cycle reaches highest above the 99% significant level 

while the 220 and 47 year cycle just exceed it.  In addition to these three cycles that are 

common to both methods, ~80 and 70 year cycles reach above the 95 % significant level 

and ~1200 year cycle passes above the 90% significant level in the MTM power spectrum. 

 Variations of the periodicities in the TOC record through time are provided by the 

wavelet power spectrum and in reconstructions of the significance components from the 

SSA spectrum as functions of time.  Most power at longer periods in the wavelet power 

spectrum is concentrated within a ~200 to 500-year band (Fig. 9D) that is significant at the 

90% level.  These cycles appear between 9-8 ka and again for the last 2 ka, which is 

similar to how the 220-year component shows up in the SSA spectrum.  The 220 year 

cycle accounts for 5.6% of the total variance and shows the strongest power from 9 to 7 ka 

and for the last ~2 ka in the SSA reconstruction (Fig. 9C).  Cycles of higher frequency 

characterize the last ~5 ka according to the wavelet analysis.  These cycles range from 50 

to 100 years, and become more frequent and stronger through time with the most power for 

the last 1 ka (Fig. 9D).  These high-frequency cycles may correspond to the 40- and 47-

year cycles in the MTM and SSA spectra but they appear as longer cycles due to poor 

resolution in the wavelet power spectrum.  The 47-year component in the SSA 

reconstruction has the strongest power over the last 1.8 ka but counts only for 2% of the 

total variance (Fig. 9B).  The 40-year component in the SSA that accounts for 3% of the 

variance becomes stronger during the last 5 ka, peaking in the last 2 ka (Fig. 9A).  

The main cycles in the TOC record are ~220-, 47- and 40-year cycles, each 

appearing in at least two of the spectral methods.  However, the correspondence between 

cyclicities identified by the three spectral analyses for the TOC record is not as strong it is 

for the BSi record.  The main components in the TOC record account for only 11% of the 

total variance of the original data, and they provide a rather poor reconstruction of the TOC 

record (Fig. 10).  Overall the TOC record is a relatively unstable series with none of the 

cycles appearing continuously through the whole record.  The cycles show variability both 
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in phase and amplitude through out the record, with the higher frequency cycles more 

prominent over the last 2 ka. 

5 Discussion 

5.1 Centennial and decadal variability in the BSi and TOC 

variables 

Spectral analyses demonstrate that proxy records from Haukadalsvatn display clear 

periodicities on decadal to centennial time-scales.  However, the BSi and TOC time series 

do not show the same primary cycles.  In the BSi record ~1200, 130, 90 and 70 year cycles 

are most apparent, whereas ~220, 47 and 40 year cycles are predominant in the TOC 

record (Table 1).  But there are also some similarities.  Two of the main cycles in the BSi 

record, the ~1200- and 70-year cycles, also appear as weaker signals in the TOC series, 

and an ~80-year cycle appears as a 95% significant peak in the MTM spectrum for both 

proxies. 

The explanation for this difference in periodicities of the two proxies is likely to be 

a consequence of the differences in the primary controls on the two proxies.  BSi reflects 

diatom productivity within the lake, where higher values indicate warm spring conditions 

(Geirsdóttir et al., 2009a).  TOC has two competing controls, within lake primary 

productivity, with high TOC reflecting long, warm summers, and the delivery of soil 

organic matter during persistent cold summer and reduced vegetation cover in the 

catchment (Geirsdóttir et al., 2009a).  During the early Holocene thermal maximum 

(HTM), both TOC and BSi are relatively high and TOC exhibits only minor variations 

(Figs. 3A and 4A).  In contrast, following periods of cold summers accompanied by dry, 

windy winters (Geirsdóttir et al., 2009a) BSi values are low and TOC is elevated because 

of an increased flux of terrestrial carbon into the lake due to enhanced soil erosion. This 

would explain why higher-frequency cycles dominate the TOC record when summers are 

cold and unstable as in the last 2 ka and between 8.5 and 8 ka (Fig. 9). 

 The wavelets for the TOC series indicate an unstable condition with non-continuity 

of the TOC cycles (Fig. 9D).  This is due to the competition between within-lake primary 

productivity and terrestrial soil erosion as the controlling variables on TOC.  Part of the 

instability in the TOC record can also be attributed to frequent tephra falls from Icelandic 
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volcanism.  Tephra mantling the catchment increases landscape instability and soil erosion 

bringing brief increases in terrestrial carbon to the lake.  However, the TOC proxy is less 

sensitive during warmer times when the vegetation cover is denser and more resistant to 

disturbance, from both climatic and volcanic perturbations.  This results in greater stability 

of the TOC signal in the warm early Holocene and less coherence and higher frequency 

cycles during the colder summer of the late Holocene.   

The BSi periodicities show considerably more stability than the TOC record with 

some of the cycles continuous through the entire record (Fig. 6E).  The spectral peaks are 

both more detectable and stronger in the BSi power spectrum than in the TOC record and 

they explain a far greater proportion of the total variance than do the TOC cyclicities.  The 

absence of higher frequency cycles in the BSi in early and mid Holocene provide evidence 

for milder and less variable condition during that time.  However, as summer temperatures 

decrease in the late Holocene the system becomes more sensitive and cycles of higher 

frequencies appear (Fig. 7).  More intense periodicities and cycles of higher frequency also 

characterize the last 5ka in other paleoclimate studies around Iceland (Rousse et al., 2006, 

Andrews et al., 2003a and b). 

5.2 The mechanism of the periodicities 

The periodicities appearing in the BSi and TOC time series suggest it is possible to 

reconstruct the likely mechanism(s) controlling the system, and to make inferences about 

external and internal forces that control these mechanisms.  It is clear that the BSi and 

TOC records are not describing the same mechanism, as the dominant cyclicities in their 

time series have little in common.  Although the dominant cycles differ between the two 

proxies, there are weaker correlations that suggest both proxies partly follow a common 

mechanism(s).  The TOC record shows non-stationary tendencies, which suggests that the 

forcing may also be non-stationary.  This supports the hypothesis that the TOC proxy is 

forced by two different mechanisms.  

5.2.1 Ocean and atmospheric changes recorded in the BSi and TOC 

records 

Several cycles found in the proxy records from Haukadalsvatn show similarities to cycles 

identified in proxy and instrumental records from the North Atlantic, mostly related to 
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variability in ocean- and atmospheric-dynamics.  First of all, the persistent ~1200-year 

cycle indicated in the BSi record is of similar length (if chronological uncertainties are 

accounted in) as the cycles found at many sites in the North Atlantic that have been related 

to the “1500-year” cycle.  A cycle of comparable periodicity or ~1000-1200 year cycle 

does also appear as a weaker signal in the TOC record.  A spectral peak of 1250-year has 

been identified in power spectra of magnetic series from marine core recovered from 

Húnaflóaáll, North Iceland Shelf (Andrews et al, 2003b).  They interpret the magnetic 

proxy as a measure of changes in the bottom current velocity.  Those similar millennial 

scale cycles found in the proxy records from HAK and in a proxy record describing 

changes in bottom current velocity North of Iceland, indicate influences of oceanographic 

variability to long term changes in lake primary productivity within the lake.  As the ~1200 

year cycle in the BSi shows stable behavior through the whole period it suggests that there 

is a relatively stable underlying mechanism controlling the variability.  The similarity in 

cycle length to that in the nearby marine core suggests a common origin, changes in ocean 

currents.  The TOC proxy does not reflect the ~1200-year signal as strongly as the BSi 

proxy does, most likely due to secondary terrestrial origin of the TOC that would have 

overprinted the 1200-year signal. 

The 130-year cycle, the most powerful cycle in the BSi record, shows most power 

from ~5.5 to 2 ka but appears to become weaker when cycles of higher frequency (70 – 90 

year cycles) take over during the last 2 ka.  A very similar pattern of variability is found in 

a sea surface temperature (SST) reconstruction from the North Shelf of Iceland (Sicre et 

al., 2008b).  They indicate multidecadal variability in the SST reconstruction centered at 

~150 years with the strongest power between 4200 and 2500 year BP turning into a higher 

frequency variation of 20-25 years at more recent time (Sicre et al., 2008b).  These 

similarities support the assumption that the 130-cycle in the BSi record is most likely 

correlated to the Atlantic Multidecadal Oscillation (AMO), a known pattern in SST 

centered in the North Atlantic Ocean.  However, Sicre et al. (2008b) indicate that the large 

multidecadal oscillation in their SST record is controlled by the Meridional Overturning 

Circulation (MOC), which has been linked as the driver of the AMO (Delworth and Mann, 

2000).  Around 2 ka, either the 130-year cycle, linked to the AMO, changes into a shorter 

cycle (70 to 90 years), or another more prominent forcing mechanism takes over.  In Sicre 

et al. (2008a and b), higher frequency cycles of 20-25 years related to variations in NAO 

dominate the last ~2 ka.  Evidence of decadal NAO variability has been recorded in several 
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other sites around Iceland.  A ~100-year cycle in the magnetic record from the North Shelf 

(Rousse et al., 2006) has been previously related to variability in the NAO.  There is a 

possibility that the explanation of the 70-90 year cycles, found in both the BSi and TOC 

records during the more recent time, is a result of longer-term variations in the NAO.  

However pressure variations like the NAO are known to be intermittent in nature with 

more prominent high frequency variations.  A better known cyclicity in the NAO are 

cycles with periodicities of 2-5, 7 and 14 years, which we are unable to detect due to the 

coarse temporal resolution of our proxy data.  Therefore the 70-90 year cycles in the BSi 

and TOC record are more likely AMO related, originating from changes in ocean currents 

where the inertia of the system is higher than for the atmosphere, resulting in slower 

changes.  

It is to be expected that the ~40- and 47-year cycles, the most prominent cycles in 

the TOC record, reflect some kind of a NAO signal or an interaction of NAO and AMO.  

During the late Holocene, TOC is expected to follow the NAO winter index as it is 

interpreted to indicate periods of cold and windy conditions that could be following 

variations in the NAO.  The higher frequency cyclicity in the TOC record is strongest in 

the last part of both records, especially the last 2 ka, when the TOC values are high due to 

colder winters and a less stable environment.  The NAO forces are known to be more 

powerful during the winter months (Hurrell et al., 2003) so it is likely that the NAO signal 

is detected in the TOC record as it is interpreted as a winter proxy reflecting dry, windy 

winters.  However the strength of the NAO is related to fluctuations in SST (Hurrell et al., 

2003), so the above mentioned mechanisms are all part of the same internal system.  The 

cyclicity in both BSi and TOC records is probably a complex result of combinations of 

oceanic and atmospheric forcings.  

5.2.2 Evidence of solar cycles identified in the proxy record of 

Haukadalsvatn sediments  

Some of the cycles, particularly in the BSi record, show similarities to known solar cycles.  

The BSi record reflects the abundance of diatoms in the lake, which in turn is dependant on 

solar irradiance and nutrients.  Considering the mixed source of the TOC proxy and the 

dependence of the BSi record on sunlight, the latter is expected to be more sensitive to 

solar variation.  The strong correlation between the solar insolation curve and the long-

term trend in BSi, as well as evidence for solar forcing of sea-surface temperature derived 
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from the North Icelandic Shelf (Jiang et al., 2005), reinforce that interpretation.  The 130-, 

80- and 90-year cycles in the BSi record, as well as the ~220-year cycles in the TOC 

record are similar to known solar cycles.  Spectral peaks identified in power spectra of 

magnetic time series of the marine core MD-2269 from Húnaflóaáll, North Iceland 

(Andrews et al., 2003b) shelf are similar to the cycles found in the HAK proxies.  The 

magnetic parameters reflect changes in grain sizes showing variability in the ocean 

currents strength.  Cycles in this series of ~200, 125, 88 and 78 years are thought to be of 

solar origin and establishing an ocean-solar link (Andrews et al., 2003b).  The long-term 

variations on millennial time-scale in the proxy records from HAK are likely following 

changes in the summer insolation.  The higher frequency cycles in the proxy records from 

HAK could also be influenced by variations in solar irradiance, although Haukadalsvatn is 

also sensitive to nearby sea surface conditions that may overwhelm the relatively weak 

signal of solar variation.  It is possible that ocean circulation changes are themselves 

reflecting changes in solar irradiance, thereby amplifying the proxy response to solar 

forcing in HAK.  However it is not possible to distinguish between the solar forces and 

ocean-atmospheric forces, and therefore impossible to conclude what is the primary 

forcing of the periodicities in the BSi and TOC records.  

6 Conclusion 

The spectral analysis of bidecadally resolved measurements of BSi and TOC from 

Holocene sediments in HAK indicate a clear cyclic behavior on multi-decadal and 

centennial time-scales.  The two proxies do not show the same primary cycles; the primary 

cycles in the BSi record are ~1200, 130, 90 and 70 year cycles that show relatively stable 

and continuous behavior through the record, whereas the main cycles in the TOC record 

are ~220, 47 and 40 years.  Furthermore, the TOC cycles are weaker and are unstable 

through the record.  Nevertheless, some of the significant cycles in the BSi record do 

appear in the TOC spectral analyses, but they fail to exceed the 90% confidence level in 

the SSA spectrum.  The presence of weak TOC cycles at the same frequencies as strong 

BSi cycles does suggest that the both proxies are responding at least in part to similar 

forcing mechanisms.  The BSi proxy is primarily reflecting primary productivity within the 

lake, whereas the TOC reflects lake productivity as well as the flux terrestrial soil carbon.  
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Soil erosion appears to exhibit threshold behavior that makes the system less stable in the 

late Holocene, resulting in different primary cyclicities than in the BSi record.   

The cycles in the BSi are strongly influenced by ocean surface currents reflecting 

the maritime conditions in Iceland, but cycles consistent with solar forcing do also appear.  

The TOC cycles are thought to follow partly the ocean surface current forcing but are in 

addition sensitive to changes in the NAO as Northern Hemisphere temperatures decrease in 

the late Holocene.  The results from the spectral analysis show similarities to spectral 

analyses of proxies in marine cores recovered from the northern shelf of Iceland.  The 

similarities between these records support our contention that reconstructed cyclicities in 

the HAK record are strongly influence by change in nearby ocean currents.  It is clear that 

climate proxies preserved in HAK sediment respond to known climate variability in the 

North Atlantic tied to changes in both oceanic and atmospheric variability.  
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Figure 1 A: Ocean currents in the North Atlantic region and around Iceland. B: Shaded relief map of 

Iceland showing the location of Lake Haukadalsvatn. C: Haukadalsvatn bathymetric map, the black square 

marks the coring location.  

Figure 2  The age model for core HAK03-1B from Haukadalsvatn is based on 
210

Pb and 
137

Cs in the 

uppermost part and tephrochronology in the remainder of the core.  The gray circles show tephra ages and 

the 
210

Pb age are shown with black triangles. 
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Figure 3  A: The original raw BSi data with measurements ranging from 18-108 mg/g.  The measurements 

provide one BSi sample on average every 5 years for the past 2 ka, and decadal resolution between 10 and 2 

ka.  B: The BSi data resampled with 20 year sampling interval (grey line) and the long time non-linear trend 

(black line) that was filtered out prior to the spectral analysis. C: The detrended BSi data that is used in the 

spectral analysis. 
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Figure 4 TOC measurements are shown in Figure A, ranging from 0.3-28 mg/g.  The measurements provide 

continuous TOC mg/g record at 1-3-year intervals for the last 2 ka, and decadal resolution between 10 and 2 

ka.  B: The TOC record resampled with 20 year time resolution (grey line) and the non-linear long term 

trend (black line) calculated with the SSA method, the trend was filtered out prior to the spectral analysis. C: 

The detrended TOC record that was used in the spectral analysis. 
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Figure 5  Spectral Analysis for the BSi record from the sediment core from Haukadalsvatn. SSA spectrum 

(Figure A) with a 90 % significant level (grey bars) and MTM power spectrum (Figure B) with a 90, 95 and 

99 % significant level (gray lines). Four spectral peaks are common according to both methods at ~1200, 

130, 90 and 70 years (the gray areas). Additional significant peaks appear in the MTM Spectrum at 200, 160 

and 80 years (Figure B). 
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Figure 6  The significant components from the SSA spectrum have been isolated and reconstructed as a 

function of time (black lines), the gray lines in the background shows the original BSi record.  A: The ~70 

year component.  B) The ~90 year component.  C) The ~130 year component.  D) The ~1200 year 

component.  E: Wavelet power spectrum of the BSi record for the last 10k using the Morlet wavelet.  The 

black contour is the 10 % significant level using a red noise background spectrum and the cross-hatched 

region is the cone of influence. The main cycles are marked by black dashed lines.   
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Figure 7  The main cycles (1200, 130, 90 and 70) in the BSi record were isolated from the SSA spectrum, 

combined together and plotted up as a function of time (black line), the gray line shows the original BSi 

record. These four cycles account for 47% of the total variance of the original data and reconstruct the BSi 

record fairly well. 
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Figure 8  Spectral Analysis for the TOC record in the core from Haukadalsvatn.  Figure A: SSA Spectrum 

(black line) with a 90 % confidence level (gray bars).  Figure B: MTM power spectrum (black line) with 90, 

95 and 99% significant levels (gray lines).  The common spectral peaks in both records are ~220, 47 and 40 

year cycles (see the gray areas).  In addition ~80 and 70 year cycles reach above the 95 % significance level 

and a ~1200 year cycle reaches above the 90% significant level in the MTM power spectrum (Figure B).   
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Figure 9  The significant components from the SSA spectrum for the TOC record were isolated and 

reconstructed as a function of time (black lines), the gray lines in the background are the original TOC 

series.  A: The ~40 year component.  B: The ~47 year component.  C: The ~220 year component.  D: 

Wavelet power spectrum of the TOC record for the last 10k using the Morlet wavelet.  The black contour is 

the 10 % significant level using a red noise background spectrum and the cross-hatched region is the cone of 

influence. The main cycles are marked by black dashed lines.   
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Figure 10 The main cycles (~220, 47 and 40 year cycles) in the TOC record isolated and combined together 

and plotted up as a function of time (black line).  The gray line is the original TOC series.  These cycles in 

combination only account for 11% of the total variance of the TOC data which gives rather poor 

reconstruction of the TOC record. 
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Table 1 Significant periodicities from the BSi and TOC records indicated with the SSA method (90 % 

significance level) and the MTM method (99, 95 and 90% significance levels).  The last row in each part of 

the table indicates whether the same cycles appear in the wavelet analysis.  The gray areas show common 

cycles appearing in both the BSi and the TOC record.  The bold numbers mark the main cycles in the BSi and 

TOC records (cycles that appear in all methods). 

 

  
Cyc

les           

BSi             

SSA (90% sign) 1200     130 90  70    

MTM             

99% sign.     160 130 90  70    

95% sign. 1200   200    80     

90% sign.  270        58   

              

Wavelet             

appear in wavelet X X  X X X X X X X   

              

TOC             

SSA (90% sign)   220        47 40 

MTM             

99% sign.   220        47 40 

95% sign.        80 70    

90% sign. 1200            

              

Wavelet             

appear in wavelet   X     X X  X X 
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Chapter 3 

Climate inferences from high-

frequency cyclicity in a 3-ka varve-
thickness record from Hvítárvatn, 

Iceland 

Kristín Björg Ólafsdóttir, Áslaug Geirsdóttir, Gifford H. Miller and Darren Larsen
 

Abstract 

A 3000-year varve-thickness record from Hvítárvatn, a glacial lake in central Iceland, 

preserves inter-annual variations in the delivery of glacially-eroded sediment to the lake.  

The first-order low-frequency trend of the varve thickness record reflects increased erosion 

through the Late Holocene, reaching a peak during the Little Ice Age (LIA).  

Superimposed on this trend are large inter-annual to decadal fluctuations in varve thickness 

that we suggest reflect variability in climate parameters that influence the amount of 

eroded sediment that is delivered to the lake each year.  Here we use spectral analysis to 

test whether regular high-frequency cyclicity in varve thickness exists in the 3 ka varve 

thickness record from Hvítárvatn after removing the non-linear low-frequency variability.  

The spectral analyses show that dominant variations in the varve thickness record are 100 

to 85, 35, 13, 5 and 2 to 4 year cycles.  Some of these cycles show similar variability to 

that of the North Atlantic Oscillation (NAO) and Atlantic Multidecadal Oscillation 

(AMO).  That relationship is supported by a significant correlation between varve 

thickness and summer NAO index as well as summer AMO index in the time domain.  

Comparison of the past 800 years, during which varve thicknesses are greater and more 

variable, with the earlier and more stable part, demonstrates that most of the dominant 

cycles are continuous through the entire 3ka record, both before and during the Little Ice 

Age.  However, cycles similar to known solar cycles that appear in the early part of the 
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record, are not detected in the LIA portion of the time series, suggesting that higher 

frequency solar variability played a minor role in climate forcing during the LIA.  

1 Introduction 

Warming at northern latitudes has increased over the past several decades and is shown to 

be greater than at lower latitudes (IPCC 2007).  Warming has already resulted in 

significant changes in the Arctic environment, including reduced sea ice cover, rapidly 

retreating glaciers, warmer ocean temperatures, lengthening of snow-free season and 

thawing permafrost.  The intensification of warming in the Arctic may be explained in part 

by positive feedbacks associated with decreasing sea ice and thawing of permafrost, which 

further speeds up the melting of glaciers and ongoing rise of global sea level.  Decadal-

scale climate variability may also play an important role (Kerr, 2000).  High-resolution 

proxy data that can be used to reconstruct temperature variability through time is essential 

in order to estimate the amplification of present warming compared to previous times.  

Annually laminated (varved) lake sediment records from proglacial or ice-contact lakes are 

ideal archives for paleoclimate reconstructions, as they offer secure chronological 

constraints in addition to the possibility to use changes in varve thickness as a climate 

proxy.  A single varve consists of two primary layers: a thick layer of silt and sand, which 

forms in the spring and summer during the melting season, and a thin layer of clay 

deposited in winter when the lake is mostly ice-covered.  Thicker varves are the result of 

increased annual production of sediment or increased efficiency in the delivery of eroded 

sediment to the lake.  Usually, summer layers show more thickness variability than do 

winter layers.  In many cases varve thickness is related to changes in temperature and/or 

precipitation during the melt season (Ohlendorf et al., 1997, Blass et al., 2007, Bird et al., 

2009, Cook et al., 2009, Loso, 2009, Thomas and Briner, 2009).  However, centennial-

scale changes in varve thickness are also often used to describe changes in glacier size, and 

the position of the glacier relative to the lake (Desloges and Gilbert, 1994, Leonard, 1997, 

Ohlendorf et al., 1997, Hodder et al., 2007, Tomkins et al., 2008).  The annual time 

resolution of a varved record makes it ideal to investigate climate cycles on annual to 

decadal time-scales.  Recently, interest has been growing to recover high-resolution 

Holocene paleoclimate records that preserve cyclicities of high-frequency variability that 

can be useful for interpreting forecasts of future climate change (Weedon, 2003, 
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Burroughs, 2003).  In addition, such high-resolution records may allow separation of 

natural climatic variability from a range of anthropogenic forcings. 

Iceland is an ideal region for studying high-frequency variability in ocean currents, 

atmospheric dynamics, and the interactions between ocean and atmosphere.  Iceland is 

located at the boundary between the relatively warm and saline Irminger Current, a branch 

of the North Atlantic Current originating in the tropics, and the colder and low-salinity 

East Greenland Current from the Arctic Ocean.  The climate in Iceland is sensitive to 

changes in storm tracks, and is strongly affected by the Icelandic Low, a semi-permanent 

low pressure centre which forms one pole of the North Atlantic Oscillation (NAO).  In 

addition, a unique geological position of Iceland on the North Atlantic ridge results in 

frequent volcanic eruptions creating numerous tephra layers that are preserved in the lake 

sediments of Iceland and serve as precisely dated horizons to constrain sedimentation age 

models. 

Here we present spectral analyses of a 3000-year long annually laminated (varved) 

sediment record from Hvítárvatn, a glacier-dominated lake in central Iceland.  The varve 

record in the Hvítárvatn system is controlled by the overall erosive power of Langjökull, 

second-largest ice cap in Iceland.  Numerous meltwater streams draining the ice cap 

deliver glacially eroded sediment into Hvítárvatn.  By constraining the varve counts with 

known tephra layers, a well-determined age model has been obtained for Hvítárvatn´s 

sediment archive.  The varves have been counted and varve thicknesses measured for the 

past ~3ka (Larsen et al., in prep.).  The aim of this paper is to test whether coherent inter-

annual to decadal variations are superimposed on the long-term trend in the varve-

thickness record, which is interpreted to be a proxy for glacier erosive power.  A 

meteorological record covering the last ~50 years from Hveravellir, a nearby weather 

station ~35 km from the lake, is spliced to the much longer Stykkishólmur record (~150 

km from the lake) to develop a ~200-year instrumental record to test correlations between 

varve thickness and specific climate variables. 

The spectral analyses are used to test whether high-frequency variations in the 

varve record show regular periodicities, and if so, whether the cycles change over time, 

and to evaluate possible connections to known cycles.  
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2 Regional setting 

Hvítárvatn (elev. 421m asl, area 28.9 km
2
, max. depth 83 m) is located on the eastern 

margin of Langjökull, Iceland's second largest ice cap (Fig. 1).  Runoff to the lake is 

dominated by melt water from Langjökull; in addition, two outlet glaciers, Norðurjökull 

and Suðurjökull, terminated in the lake during the Little Ice Age (LIA; Fig. 2).  

Norðurjökull has been calving into the lake since the LIA, whereas Suðurjökull retreated 

from the lake around 1950 AD.  Fluctuations in the two outlet glaciers reflect climate 

change, as they are not known to be surging glaciers and there has not been active 

volcanism affecting this portion of Langjökull during past 3 ka.  The varve thicknesses 

record the sediment flux to lake, which is dominated by changes in the erosive power of 

Langjökull, modulated by shorter-term fluctuations in the efficiency of the subglacial 

hydrologic system to deliver the eroded sediment to the lake. 

3 Materials and methods:  

Here we focus on the higher frequency variations in the varve-thickness record that are 

expected to reflect the modes of variability on decadal to century time-scales.  The varve 

record use for spectral analysis was measured in a sediment core obtained from Hvítárvatn 

in 2003 (GLAD4-HVT03-2A; 64°38.60 N, 19°50.98 W; Fig. 2).  This core was recovered 

from a hyaloclastite ridge, over which 15 meters of sediment has accumulated since 

deglaciation, with no indication of disturbances.  Because the flat-topped ridge lies ~10 m 

above the adjacent lake floor, sedimentation is from suspension settling, avoiding 

complicating effects from sediment density flows that effect the main lake floor.  The 

thickness of each annual lamina (varve) from this core more accurately represents the 

annual sediment flux to the lake than would varves from cores recovered from the central 

deep.  Varves have been counted and varve thicknesses measured for the past 3000 years 

of sedimentation (the upper 9.65 m of the sediment core; Larsen et al., in prep.).  The first-

order trend of the varve thickness record is believed to reflect changes in amount of glacial 

erosion occurring in the lake‟s catchment, which is a proxy for the size of Langjökull.  

Tephrochronology and cross-correlation techniques on distinctive tephra and laminae 

patterns of four sediment cores taken from the northern basin of Hvítárvatn (Fig. 2) 

confirms the annual nature of the laminae in the lake (Larsen et al., in prep.).  The part of 
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the core focused on in this study covers the time interval from 2002 AD to 830 BP with 

2832 data points.  The time series had 32 missing values that were estimated with a linear 

integration to obtain a continuous record.  The sampling interval is 1 year, so according to 

the Nyquist frequency (1/2 * sampling interval), the shortest cycle that can be obtained 

from the time series has a length of 2 years, although the significance of cycles containing 

fewer than 4 data points per oscillation are viewed with caution, as the cycle might be a 

product of aliasing.  

We use spectral analysis to determine whether there are regular high-frequency 

cyclicities in varve thickness over the past ~3 ka.  Singular Spectrum Analysis (SSA; 

Vautard and Ghil, 1989) and Multi-Taper Method (MTM; Thomson, 1982) in kSpectra 

2.13 Toolkit (spectraworks.com) were used to identify the significant periodicities in the 

time series.  The objective was to explore the potential climate significance of the high 

frequency signal in the varve-thickness record.  To prevent the results from becoming 

overwhelmed by the low-frequency terms we filtered out the low frequency components 

prior to spectral analyses.  The SSA was used to filter out non-linear components with 

periods that are long relative to the length of the time series.  The method was also used to 

calculate a Singular Spectrum to test for significant periodicities within the time series.  

The embedded dimension used in the SSA analysis was M = 284, based on the number of 

data points and the oscillations under investigation.  The covariance matrix is calculated 

with the V&G method (Vautard and Ghil, 1989) and the Monte Carlo test was used where 

the error bars represent 95% of the variance.  

The MTM power spectrum was calculated with 7 tapers and a bandwidth of 4 in 

order to obtain optimal frequency resolution without adversely affecting the stability of the 

spectral estimate.  Confidence levels of 90, 95 and 99% relative to estimated red-noise 

background were used to detect significant peaks in the spectrum (Mann and Lees, 1996).  

The results from the MTM power spectrum were used together with the results from the 

SSA spectrum to obtain more reliable results.  

In addition to the SSA and MTM methods the interactive wavelet analysis toolkit 

(http://paos.colorado.edu/research/wavelets/); Torrence and Compo, 1998) was used to 

analyze how the spectral power varies over the whole time period.  The varve thickness 

data was log transformed prior to the wavelet analysis in order to stabilize the variance.  

The Morlet mother wavelet was used, which is the most commonly used wavelet in 

geophysics (Lau and Weng, 1995).  The wavelet parameter used was w0=6 and the wavelet 
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scale width was 0.25 with the smallest scale 2 times the sampling interval.  The data were 

padded with zeros at both ends to limit the edge effect; a cone of influence is included to 

mark the region where zero padding has reduced the variance so the results are not as 

reliable there as for the rest of the wavelet spectrum.  Background noise was red noise and 

the peaks in the wavelet power spectrum above this background spectrum were assumed to 

be real features using a 90% significance threshold.  

4 Results 

4.1 Long term variation in the varve thickness record 

The Hvítárvatn (HVT) varve-thickness record contains a non-linear low-frequency trend 

that is characterized by a general increase in varve thickness that occurs in steps during the 

latter half of the record (Fig. 3a).  Detrending is necessary to avoid the low-frequencies 

obscuring the higher frequency signals.  Due to the non-linear behavior of the low-

frequency signals, the common detrending method of subtracting a linear least squares 

regression line from the data is inappropriate.  Instead, the SSA method was used to 

identify components with trend-like behavior or periodicities that are long relative to the 

length of the series.  The first two components in the singular spectrum analysis define a 

~1000 year cycle and a ~500 year cycle (Fig. 3a).  The 1000-year cycle describes a slow 

increasing trend in varve thickness that begins in the latter half of the record, after 

relatively stable low-frequency behavior in the first half of the record.  The 500-year cycle 

describes three bumps that increase in size over the past ~1500 years.  Together those two 

components account for 57 % of the total variance of the series.  The 1000- and 500-year 

components were combined together and then subtracted from the raw time series.  The 

residuals (Fig. 3b) were used for the spectral analyses described below. 

4.2 High-frequency cyclicity on annual to decadal time-scales 

The results from the MTM power spectrum and the SSA for the varve thickness record are 

used together to obtain the greatest reliability in the results.  These analyses indicate that 

the detrended varve thickness record contains regular cyclic behavior at several 

frequencies.  The SSA power spectrum of the detrended varve-thickness record shows 

several significant components at a 95 % significance level (Fig. 4a).  A decadal cycle of 
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83 to 110 years is indicated in the spectrum, in addition to a relatively strong cycle of 34 

years.  Components at 12.8, 5 and 4.4 years appear significant, as well as several higher 

frequency cycles between 2 and 4 years.  However, the strongest and most prominent 

component in the Singular Spectrum for the varve-thickness record is a 2.8-year cycle that 

reaches high above the significance threshold (Fig. 4a). 

 Similar cycles are detected in the MTM power spectrum for the detrended varve 

thickness as in the SSA spectrum.  Spectral peaks at 110, 34, 12.8, 5 and 4.4 years that rise 

above a 99% confidence threshold (Fig. 4b) are also significant cycles in the SSA 

spectrum.  Two additional significant cycles at 55 and 9.7 years are found in the MTM 

spectrum, cycles that do not pass above the 95% significance test in the SSA spectrum.  A 

number of high-frequency spectral peaks showing cyclicities between 2 and 4 years reach 

above 95 and 99% significance thresholds in the MTM spectrum, with a 2.8-year cycle the 

most powerful spectral peak in the whole spectrum, extending well above a 99% 

significance threshold. 

 Wavelet analyses were used to evaluate how the frequency power varies through 

time.  The detrended varve thickness data was log-transformed prior to the wavelet 

analyses in order to stabilize the variance (Fig. 5a).  Before the log transformation the 

amplitude of the oscillation was much larger after 1250 AD (Fig. 3b), where the varve 

thickness was largest prior to the detrending.  The log transformation made no difference 

in the previous spectral analyses, but without stabilizing the variance prior to the wavelet 

analysis, the power was concentrated in the most recent period (after1250 AD), providing a 

biased evaluation of the full 3 ka record. 

None of the cycles in the varve thickness series are entirely continuous in the 

wavelet, although a high-frequency variance between 2 and 4 years does cover most of the 

wavelet power spectrum except between 0 and 500 AD (Fig. 5b).  Those cycles are at the 

same length as the high frequency cycles appearing in the MTM and SSA spectrum.  

Cycles of 10 to16 years appear in the wavelet spectrum mostly during the last 500 years 

and from 400 to 800 AD.  A 30- to 40-year cycle is identified with non-stationary 

tendencies that evolve into longer cycles of 50 to 60 years over the last ~1400 years in the 

wavelet spectrum.  A cycle with power concentrated within the ~100-year band is most 

strongly expressed around 1000 to 500 AD, but is continuous through most of the record 

although with lower significance. 
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The main periodicities in the detrended varve-thickness record, appearing in all 

three methods, are cycles of 100 to 85, 35, 13 to 11, 5, and 2.8 years.  Although a cycle of 

2.8 years is only just above the minimum cycle length that can be detected as defined by 

the Nyquist frequency, it appears as the strongest cycle in both the MTM and SSA power 

spectrum, and it is the most persistent cycle in the wavelet spectrum as well.  

Consequently, we consider the 2.8-year cycle very likely to be a major cycle in the varve 

thickness series.  Overall the cycles are more prominent and stronger during the last 1500 

years according to the wavelet spectrum, and the high-frequency cycles show stronger 

power in the most recent part.   

5 Discussion 

5.1 Long-term changes in glacier extent 

The low-frequency trend that was filtered out prior to the spectral analysis is evaluated by 

Larsen et al. (in prep.).  Langjökull reached its maximum Holocene position during the 

LIA based on a multiproxy study of the Hvítárvatn sediment (Black, 2008).  Over the last 

century, Langjökull‟s outlet glaciers have been receding.  Suðurjökull retreated from the 

lake around 1950 AD and Norðurjökull is about to leave the lake.  However, the varve 

thicknesses have not reached the same low level as before LIA, although the sedimentation 

rate has decreased significantly since the ice cap started to retreat.  This modest time lag 

has been discussed by Desloges and Gilbert (1994) and Leonard (1997), who note that 

glacier retreat after a maximum advance, may be characterized by succession of thick 

varves.  This suggests that Hvítárvatn sedimentation is still recovering from the LIA 

expansion of Langjökull. 

5.2 Understanding controls on high-frequency variations in 

varve thickness: a summer climate proxy 

The nearest weather station to Hvítárvatn is located in Hveravellir, ~35 km north of, and 

~220 m higher than the lake (Fig. 1).  The instrumental record from Hveravellir goes back 

to 1966 AD.  The temperature is usually below 0 °C at Hveravellir from October to May, 

and the lake is mainly ice-covered during that time.  The mean annual temperature for the 

time period 1966 - 2002 AD is 0.9 °C, and mean cumulative precipitation is 726 mm w.e. 



59 

per year.  The weather station at Stykkishólmur, located ~150 km west of, and ~400 m 

lower altitude than Hvítárvatn (Fig. 1), has a temperature record that extends back to 1830 

AD, with a mean annual temperature of 3.4 °C.  The precipitation record extends back to 

1857 AD with a mean total precipitation of 692 mm w.e. per year.  Although the mean 

temperature and precipitation is not the same as at Hveravellir for the overlap period, the 

variations show similar patterns.  The correlation is strongest for the temperature records 

(r= 0.95; p< 0.001; Fig. 6a), but is somewhat weaker for the precipitation records (r= 0.66; 

p< 0.001; Fig. 6b).  Due to the acceptable correlation between the overlapping instrumental 

series from Stykkishólmur and Hveravellir, we can reconstruct the Hveravellir 

temperatures and precipitation farther back in time.  The Hveravellir records were spliced 

together with the Stykkishólmur records by shifting the Stykkishólmur record such that the 

mean values of the records from both stations match during their period of mutual overlap 

(1966 to 2002).  The reconstructed records are a composite of the Hveravellir records for 

the most recent time (1966 to 2002) and the shifted Stykkishólmur records for the older 

part (prior to 1966).  The reconstructed Hveravellir temperature and precipitation records 

were used to test whether there is a significant correlation between the HVT varve-

thickness record and specific climate parameters (Table 1).  

The best correlation between the HVT varve thickness and reconstructed 

Hveravellir temperature is for the summer months (June, July, August and September; Fig. 

7a; Table 1).  Both records were smoothed with a 3-year moving average filter prior to the 

correlation analysis to circumvent possible errors in the varve counts and high-frequency 

variations that can be local in nature in the Stykkishólmur record.  The correlation is better 

if the temperature record is moved one year forward.  Such an adjustment is thought to be 

within the uncertainties of the varve counts whereas there is uncertainties of both the 

counting„s of the varves and in the dating of each tephra layers.  Alternatively, there may 

be one-year lag between a warm summer and the production of a thick varve.  A similar 

one-year adjustment improves the precipitation correlation.  The strongest correlation 

between HVT varve thickness and precipitation is also obtained using the summer months 

(Fig. 7b; Table 1), especially the late summer months (July, August and September).  

However the correlation between varve thickness and precipitation is weaker than between 

varve thickness and temperature.  This may be due to larger uncertainties in the 

measurement of precipitation.  Precipitation is more locally variable than temperature, 

depending on the topography and distance from the sea.  Consequently, the correlation 
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between precipitation receipts from place to place is weaker, as is seen in the relationship 

between the precipitation records from Hveravellir and Stykkishólmur.  In addition, 

precipitation measurements are less certain than temperature and pressure measurements 

back in time, as the surroundings at the sites of measurements have changed, as has the 

exact location of the measurement sites (Jónsson, 2003).  However, despite all the 

uncertainties, an acceptably significant correlation exists between varve thickness and 

precipitation. 

Based on the strong correlations between varve thickness and summer climate (Fig. 

7) we assume that the high-frequency variations in varve thickness reflect systematic 

changes in conditions during the melt season.  During relatively warm and/or wet 

summers, varves are relatively thick.  We hypothesize that with the additional production 

of meltwater, the efficiency of Langjökull‟s subglacial hydrologic system is increased, 

allowing more efficient transport of stored erosion products to the lake. 

Due to the instability in the mean varve thickness record caused by changes in 

overall size of Langjökull, it is not possible to use the relationship between varve thickness 

and summer temperature to reconstruct temperature back in time.  It is too complex to 

exactly apportion the thickness of each varve that is due to the melting influenced by air 

temperature and summer rainfall from the proportion of the varve that is due to the position 

and size of Langjökull.  

5.3 Correlation with the North Atlantic Oscillation  

Climate in Iceland is under the dominant influence of the Icelandic Low, a low 

atmospheric pressure found between Iceland and southern Greenland, which forms one 

pole of the North Atlantic Oscillation (NAO; Hurrell, 2003).  Icelandic temperature and 

precipitation records show moderate but significant correlation with the NAO (Hanne et 

al., 2004).  Based on the relationship between the HVT varve thickness and summer 

temperature and precipitation it is possible that the highest-frequency cycles obtained from 

the spectral analysis reflect summer climate variability related to the NAO.  Some of the 

cycles indicated in the power spectrum show similar variability to that of the NAO.  

Known periodicities in the 130-year NAO winter index are a 3 to 5 year cycle and a 6 to 10 

year cycle (Hurrel and van Loon, 1997).  Wunch (1999) found weak features of 2.5 and 8 

years period, but he also argued that there are no cycles distinguishable from the red noise 
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in the NAO record.  Wanner et al. (2001) did a spectral analysis of the known NAO 

reconstruction from Luterbacher et al. index (2001) and revealed 2- to 10-year cycles, in 

addition to a longer frequency cycle of  64 years, which is also known in other NAO 

reconstructions (i.e. Appenzeller et al., 1998, Cook et al., 1998) 

Another known pattern of variation in the North Atlantic Ocean, showing cyclicity 

of 60 to 80 years is the Atlantic Multidecadal Oscillation (AMO; Kerr, 2000).  It has its 

principle expression in sea surface temperature (SST) in the North Atlantic Ocean 

(Schlesinger and Ramankutty, 1994).  Variation in the AMO has affected air temperature, 

precipitation, storm frequencies, and hurricanes over North America and Europe (Enfield 

et al., 2001, Goldenberg et al., 2001), and has especially been linked to summer climate 

(Sutton and Hodson, 2005).  Therefore it is likely that the longer term cycles in the HVT 

varve thickness series like the 55- and 85- to 100-year cycles could be related to variations 

of the AMO. 

Correlation analysis is used to evaluate a possible link between cycles in varve 

thickness in Hvítárvatn and the cycles of AMO and NAO forcing.  The varve thickness 

record is compared with the monthly station-based NAO index (Hurrell, 1995) and a 

AMO-index calculated from the Kaplan SST dataset (Einfield et al., 2001), where all 

records were smoothed with 3 year running mean to eliminate the highest frequency 

variations (Table 2).  Due to the strong correlation between summer climate parameters  

and varve thickness, the mean summer values over June, July, August and September from 

both the AMO index (Fig. 8b) and the NAO index (Fig. 8c) were used for the comparison.  

Because of the observed 1-year lag between varve thickness and summer climate 

parameters the NAO and AMO indices were also moved one year forward to have the 

same identity.  There is a significant correlation between varve thickness and summer 

AMO (r = 0.34; p <0.001), as well as between varve thickness and summer NAO (r = 0.28; 

p = 0.001), which indicates that the atmospheric and ocean forces do at least partly 

influence the observed variations in the varve thickness.  Relationships between our 

compiled instrumental summer temperature record (Fig. 8d) and NAO and AMO indices 

were also evaluate, as well as the correlation between our compiled summer instrumental 

precipitation record (Fig. 8e) and the NAO and AMO indices (Table 2).  The summer 

temperatures are linked to variations in the AMO but are not significantly correlated with 

the NAO.  On the other hand, summer precipitation does correlate with the NAO, whereas 

it is not significantly correlated to the AMO.  As the high-frequency variations in the 
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varves from Hvítárvatn are influenced by both precipitation and temperature during the 

melting season, the underlying forces that control these terms are most likely some 

combination of AMO and NAO.  This suggests that the cycles obtained in the varve 

thickness time series do reflect both NAO and AMO modes of variability expressed 

through the climate parameters. 

5.4 Evolution of cyclicities over the past 3 ka 

The mean varve thickness in Hvítárvatn increased at ~1250 AD, at the onset of the LIA 

(Larsen et al., in prep.).  This increase in varve thickness suggests that subsequently the 

primary climate drivers controlling the mass balance of Langjökull were such that the ice 

cap was larger and more erosive for the next ~800 years.  Because this may represent a 

fundamental reorganization of ocean-atmosphere circulation in the northern North Atlantic 

area, the varve thickness series was split into two segments to test whether dominant 

cyclicities in the spectral analyses also changed at this time (Figure 9a and d).  Spectral 

analyses were carried out for the subperiods before and after 1250, respectively, in the 

same way as for the entire record.  The power spectrum was calculated with MTM to 

identify the spectral peaks (Fig 9c and f), whereas wavelet analysis was used to analyze 

how, and if, the cycles changed through time (Fig. 9b and e). 

The two time series show both similarities and differences.  For convenience, we 

refer to the younger time series (after 1250 AD) as the “Little Ice Age”, even though this 

includes the 20
th

 Century, and the earlier time series the “early Neoglacial”, even though 

Neoglaciation at Langjökull began substantially earlier.  Our spectral comparison suggests: 

1) A 100-year cycle present in the early Neoglacial is absent in the Little Ice Age, 

where the longest cycle is ~60 years.  

2) A ~35 year cycle exists in both time series.  However, cycles of 40 to 50 years 

are more prominent in the wavelet spectrum of the LIA, suggesting that the 35-year cycles 

in the early Neoglacial are transformed into a less regular and lower-frequency cycle 

during the LIA.  

3) Cycles similar to the known 11- and 22-year solar cycles, appear in the early 

Neoglacial but are not present in the LIA.  This suggests that non-solar forcings may be the 

dominant explanation for high-frequency variability during the LIA, whereas solar forcing 

was an important variable in the early Neoglacial. 
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4) The variance at 2 to 5 years that appears in the spectrum for the entire record 

also exists in both the LIA and early Neoglacial time series when analyzed separately.  

However, the strong 2.8-year cycle is only detected in the LIA portion of the record.  

6 Conclusion 

The varved sediment record from Hvítárvatn reflects changes in the production of glacial 

erosion by Langjökull and its delivery to the lake; in general, more glacial erosion results 

in thicker varves.  Spectral analyses of detrended varve thickness series, where the 

influence of glacier power has been filtered out, reveal definite cyclicities.  The main 

periodicities in the 3000-year long detrended varve thickness record, appearing in all of the 

three methods, are 100-85, 35, 13-11, 5 and 2.8 year cycle. 

1. None of the cycles in the varve thickness series are entirely continuous in the 

wavelet analysis, although a high-frequency variance between 2 and 4 years does 

cover most of the wavelet power spectrum, with a short break between 0 and 500 

AD 

2. The higher frequency variations in the varve thickness record reflect climate 

conditions during the melt season, with a significant correlation between varve 

thickness and both temperature and precipitation. 

3. NAO-like cycles such as 2- to 5-, and ~13-year cycles, and AMO-like cycles, such 

as 60 to 100 year cycles are identified in the record.  This is supported by a 

significant correlation with summer NAO and summer AMO indices in the time 

domain.  

4. A fundamental change in varve thicknesses occurs around the onset of the LIA, 

~1250 AD.  Cycles similar to known solar cycles, like the 11- and 22-year cycles, 

are identified before this change but are not present subsequently.   

5. The results from the spectral analyses of the 3000 year long varve thickness record 

from Hvítárvatn suggests that different forcing controlled the record before the LIA 

than during the LIA.  The solar forcing played a bigger role as one of the 

controlling factor before the LIA, but atmosphere and ocean forcing (AMO and 

NAO) took over during the LIA.  
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Figure 1 a) The location of Hvítárvatn and the meteorological stations at Hveravellir and Stykkishólmur.               

b) Hvítárvatn is located on the eastern margin of Langjökull the second’s largest glacier in Iceland (920 km²). 
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Figure 2  Topographic map of Hvítárvatn and Langjökull. The ice margins of Norðurjökull and Suðurjökull are 

shown on the map along with their approximate LIA maximum limit.  The location of the core under discussion is 

shown as black circle on the topographic map 
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Figure 3 a) The original raw varve thickness (grey line) with the mean value plotted with grey dotted line.  A non-

linear long term trend (black line); a composite of ~1000 year cycle and ~500 year cycle estimated with SSA, was 

filtered out prior to the spectral analysis. b) The detrended varve thickness record used in the spectral analysis.  The 

mean value is indicated with grey dotted line.  
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Figure 4  Spectral analyses for the detrended varve thickness from Hvítárvatn. a) SSA spectrum (black line) with 

95% confidence level (grey bars). b) MTM spectrum (black line) with 90, 95 and 99% significance levels (grey 

lines). The common spectral peaks in both methods are cycles of 110, 34, 12.8, 5, 4.4, 3.3 and 2.8 years.  

Additionally cycles of 55 and 9.7 years are indicated in the MTM spectrum.  
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Figure 5 a) The detrended varve thickness time series was log-transformed prior to the wavelet analysis in order to 

stabalize the variance.  b) Wavelet power spectrum of the varve thickness using the Morlet wavelet. The black 

contour is the 10% significance level using a red noise background spectrum and the cross-hatched region is the 

cone of influence.  
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Figure 6  a) The annual mean temperature from Stykkishólmur (2002 – 1830 AD) – grey line. The annual mean 

temperature from Hveravellir (2002 – 1966 AD) – black line. The correlation coefficient for the overlap period is 

0.95; p <0.0001. b) The total annual precipitation from Stykkishólmur (2002 – 1857 AD) – grey line. The total 

annual precipitation from Hveravellir (2002 -1966 AD) – black line. The correlation coefficient for the overlap 

period is 0.66; p<0.0001.  The climate records are from the Icelandic Meteorological Office (http://www.vedur.is/) 
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Figure 7 a) HVT Varve thickness (grey line) compared with summer (mean values of June, July, August and 

September) temperature, a composite record of temperature records from Hveravellir and Stykkishólmur (black 

line). b) HVT Varve thickness (grey line) compared with total summer (June, July, August and September) 

precipitation, a composite record of precipitation from Hveravellir and Stykkishólmur.  In both plots the values have 

been smoothed with 3 year moving average filter and the climatic parameters have been moved 1 lag forward.  
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Figure 8  a) The HVT varve thickness. Grey line shows raw data and the black line shows a 3 year moving average. 

b) The Summer AMO index (Einfield et al., 2001), the mean value of June, July, August and September. Grey line 

shows raw data and the green line shows a 3 year moving average. c) The Summer NAO index (Hurrell, 1995), the 

mean value of June, July, August and September. Grey line shows raw data and the blue line shows a 3 year moving 

average. d) The reconstructed summer temperature (mean value of June, July, August and September temp.), a 

composite record of temperature records from Hveravellir and Stykkishólmur. The grey line is raw data and the red 

line shows a 3 year moving average. e) The reconstructed summer precipitation (total precipitation in June, July, 

August and September), a composite record of temperature records from Hveravellir and Stykkishólmur. The grey 

line is raw data and the orange line shows a 3 year moving average. 
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Figure 9  a) The earlier time series; covers the more stable part (1250 AD – 830 BP). The data was detrended and 

log-transformed prior to the wavelet analysis. b) Wavelet spectrum for the Neoglaciation part. It was calculated 

using the Morlet wavelet. The black contour is the 10% significant level using a red noise backgroun spectrum and 

the cross-hatched region is the cone of influence. c) MTM power spectrum for the detrended Neoglaciation part 

(black lines), numbers of tapers were 7 and bandwidth 5. The grey lines show 90, 95 and 99% significant levels. d) 

The younger time series; Little Ice Age (LIA), covers the more unstable part (2002 – 1250 AD). The data were 

detrended and log-transformed prior to the wavelet analysis. e) Wavelet spectrum for the LIA portion. It was 

calculated using the Morlet wavelet. The black contour is the 10% significant level using a red noise background 

spectrum and the cross-hatched region is the cone of influence. f) MTM power spectrum for the detrended LIA part 

(black lines), number of tapers were 5 and bandwidth 3. The 90, 95 and 99% significant levels are shown with grey 

lines.  
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Table 1 The upper part; shows the correlation coefficient between the HVT varve thickness and estimated 

temperature record, composite record of temperature records from Hveravellir (2002 -1966 AD) and Stykkishólmur 

(1965 – 1830 AD). The lower part; shows the correlation coefficient between HVT varve thickness and estimated 

precipitation record, a composite record of precipitation record from Hveravellir (2002 – 1966 AD) and 

Stykkishólmur (1965 – 1857 AD).  All records were smoothed with 3 year moving average filter. If p < 0.05; then 

the correlation is significant at a 95% significance level.  The significant r-values are written in bold.  

 

HVT varve thickness vs. Hveravellir estimated temperature   

n = 173    

lag temperature +1      

 r p value   

    

Mean annual  0,36 <0,001  

Mean winter  (December ,January ,February, March) 0,11 0,153  

Mean spring (April, May) 0,36 <0,001  

Mean summer (June, July, August, September) 0,54 <0,001  

Mean fall (October, November) 0,23 0,002  

    

    

Mean (May, June, July, August, September) 0,53 <0,001  

Mean( July, August, September) 0,51 <0,001  

    

    

HVT varve thickness vs. Hveravellir estimated precipitation   

n = 146    

lag precipitation +1      

 r p value   

    

Total annual  0,34 <0,001  

Total winter (Dec, Jan, Feb, March) 0,12 0,137  

Total spring (April, May) 0,28 0,001  

Total Summer (June, July, August, Sept) 0,36 <0,001  

Total fall (October, November) 0,27 0,001  

    

    

Total (May, June, July, August, Sept) 0,40 <0,001  

Total (July, August, September) 0,45 <0,001  
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Table 2  The correlation coefficient between NAO summer index and several parameters shown in the left part.  The 

correlation coefficient between the AMO summer index and several parameters are shown in the right part. The 

significant r-values are written in bold.   

 

                

  

NAO 

(summer) 

   

AMO 

(summer) 

 

 
r p-value n 

 
r p n 

HVT varve thickness 0,28 0,001 138 

 
0,34 <0,001 147 

        Temperature 

(summer) 0,04 0,672 138 

 
0,45 <0,001 147 

        Precipitation 

(summer) 0,38 <0,001 138 

 

0,10 0,213 146 

        NAO (summer) -             - 138 

 

0,11 0,190 138 

        AMO (summer) 0,11 0,190 138 

 

-              - 147 

        

        

        If p < 0.05 ;  then the correlation is significant at a 95% 

significance level 

     

        All the records have been smoothed with 3 year moving average 

    
        The instrumental records have been moved 1 year ahead of the HVT varve 

thickness 

                  

 

 


