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Abstract

Winter storms can have devastating social and economic impacts in
Europe. The severity of storms and the region they influence (southern or
northern Europe) is related to the index of the North Atlantic Oscillation (NAO).
However recent findings indicate that over the last millennium the relationship
between the NAO and storminess varied and the forcings over centennial
timescales are debated. Therefore in this research storminess has been
reconstructed from NAO-sensitive regions of southern Europe (Galicia, Spain)
and northern Europe (Outer Hebrides, Scotland), to investigate the Late
Holocene NAO-storminess relationship and the causes of observed variability.
Reconstructions were based on measurements of aeolian sand deposits within

ombrotrophic peat bogs and a lake sedimentary archive from the Hebrides.

The elemental composition of the lake sediments were analysed (using
ITRAX XRF core scanning) to identify aeolian/in-washed sediment resulting
from storms, as confirmed by correlations with instrumental data. As this is a
relatively new technique there was a methodological focus on assessing its
applicability for storm reconstructions and the maximum resolution achievable.
It is concluded the reconstruction had a 10-year resolution (equivalent to 2-5

mm sampling resolution).

The peat bog reconstructions span 4000 cal yr BP to present and
indicate that there was a Late Holocene northward storm track shift. The results
suggest that storminess was high in Galicia between 4000-1800 cal yr BP, after
which it decreased and then gradually increased in the Outer Hebrides after
1500 cal yr BP. Comparison with an NAO reconstruction supports a consistent
NAO-storm relationship through the Late Holocene. Orbital forcing is suggested
as causing a steepening of the latitudinal temperature gradient and increasingly
zonal circulation. Superimposed on this trend are centennial variations, which
spectral analysis and visual comparisons suggest are primarily the result of
solar minima (suggested as causing a weakened latitudinal temperature
gradient and meridional circulation patterns), with some additional forcing from
volcanic and oceanic changes. Therefore there has been a consistent storm-
NAO relationship through the Late Holocene; however there appear to have
been millennial and centennial shifts as the result of hemispheric circulation

reorganisations.



Contents

Chapter 1: Introduction and Literature Review ...............cccccoviviiiiiiiiiiieeeee 12
T, INErOAUCTION ...t 12
1.2.  Storminess and the NAO: instrumental ............cccccoiiiiiiiiiee 15

1.2.1. Formation of low pressure systems ..........cccoceeeiiiiiiiiiiiicie e, 15
1.2.2.  Meteorology of the North Atlantic Oscillation................ccccccciiiiiiiiinnee. 18
1.2.3. Causes of NAO and storminess variability ..............ccccccveeiiiiiiniiiiiinnnnnn. 22
1.2.4. Importance of understanding storminess and the NAO.......................... 24
1.2.5. Storminess and the NAO: instrumental period ............cccccceeviiieiiiiiiinnnnnn. 29
1.3. Methodologies of reconstructing storminess and the NAO............................ 34
1.3.1.  Storminess reconstruction methods..............cccceviiiiiiiiiiiii 34
1.3.2.  Methods of reconstructing the NAO ..., 36
1.4. Late Holocene climate changes: storminess and the NAO..............cccceeeeee. 39
1.4.4. Late Holocene StOrmMiNeSS ............oeeiiiiiiiiiiiiiiiiiieeee e 40
1.4.2. Late Holocene: atmospheric and oceanic circulation .................cccceeeee... 44
1.4.3. Medieval Climate ANOmaly ..........ooueiiiiiiiiiicce e 47
1.4.4.  Little Ice AQe StOMMINESS.......uuuiiiiiiiiiiiiiiiiieiiiiieieieieeiiee e 49
1.4.5. Little Ice Age: atmospheric and oceanic circulation.................ccccevveennee 51
1.4.6. Cyclicity in NAO and storminess reconstructions...............cc..coeevevvvinnnnnn. 53
1.5, Chapter SUMMAIY .......cooiiiiiiiiiiiei e e a e s 57

Chapter 2: ResearCh desSign ........coouviiiiiiiii et 58
2.0, INIFOAUCTION ... e 58
2.2, Research QUESHION 1 ... e 59
2.3. Research QUESHION 2:.........uuiiiiiiiiii e 60
2.4, Research QUESHION 3:. ... 60
2.5. Research QUESHION 4:.........oiiiiiiiii e 63
2.6. Site selection justification............cccoiiiiiiii 64
2.7.  Methodological justification: ............ccooiiiiiiiiiice e 68

271, PeaAtDOGS ..ceeiiiiiiiiiiiiiiiiieeeeeeeee et 69
272, LAKES .. 73
2.8. Methods and precision @analysiS  .........cccccccouuuimimiimiiiiiis 77
2.8.1. SANA ANAIYSES ...ovvuiiiieei e aaaaaaaan 77
2.8.2. Precision analysis of sand measurements ...........ccccccoviiiiiiiiiiieeeenniiinee 79
2.8.3. SPECHral @NalYSiS.......cceeiiiiiiiicee e 81

Chapter 3: Investigating the potential for climate reconstructions using ITRAX XRF
analysis: A storminess reconstruction from the Outer Hebrides ... 83

3



1 T I [ 01 o Yo 11 T3 1o o (U TP 83

3.2, SHUAY @rEa ...ceiiiiii i —— 86
3.3, MEENOAS. ...ttt nnne 92
3.3.1.  Catchment element analysis...........cccccceeiiiiiiiiiiiiiice e, 92
3.3.2.  SAMPIING o 92
3.3.3. Element ANAIYSIS ....ccoooe i 92
3.3.3. Proxy data analysis............ccccriiiiiiiiiii 94
3.3.4.  CRroNOIOQY ...ccovviuiiii e a e e e eaan 95
3.3.5. Instrumental data compariSoN..............ciii i 97
3.3.6.  Spectral @nalySis .........coooiiiiiiiiiii s 98
B4, RESUILS e 98
3.5. Comparison with instrumental and proxy climate records .................cc..u.... 106
3.6, INterpretation .........cooo i 109
3.7.  SPeCtral ANAIYSIS .....cooiuiieieieii e 110
3.8. Methodological assesSSMENt..........couviuiiiiiiieiieecee e 114
3.9, CONCIUSION ...t e e e e e e e e e 116
Chapter 4: Late Holocene storminess in Northwest Scotland - Two peat reconstructions
from the Outer HEbIrides ............euiiiiiiii e 118
4. INrOAUCTION ...t a s 118
4.2, SHUAY AFCa....c it 121
4.2.1. GENEral OVEIVIEW......uiiiiiiiiiiiiiite ettt 121
4.2.2.  SHUDAN BOQG ..ouuniiiiiiiieeeee e 123
4.2.3.  Hill TOP BOG .. iitiiiieiiiiie ettt e e e e 125
4.3, MEINOUS. ... 127
44, RESUIS ... 129
4.4.1. Struban Bog reSUILS ........uuueiiiiieiieeecee e 129
4.4.2. Hill TOp BOG rESUIS......coeviiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee e 135
4.4.3.  Spectral ANAlYSIS .......ooouiiuiiiiii e 141
4.5, DISCUSSION ... 144
4.5.1. Intra-bog sand content comparison.............coevviuceiiiieiiiiiiiiicee e 144
4.5.2. Inter-bog sand content comparison............ccceevviceiiiieiiiiiiicee e 145
4.5.3. Comparison with regional Late Holocene climate ............ccccccevvvveeen.. 148
454. Storm-NAO relationship......c.cooeiiiiiiiiie e, 153
4.5.5.  CYClICIY .eereeieiiieeeeee e 155
4.6, CONCIUSION ..ottt e e e e e s 157
Chapter 5: Late Holocene Storminess in Northwest Spain - A Reconstruction from
Pedrido Bog, GaliCia ........ccuuuuiiiiieeiiieee e e a e eeaes 158
5.1 INErOAUCTION ...ttt 158



5.2, STUAY @rea .....eeeiiiiii i 161
5.3, MethOdOIOQY .....coeeiieeeeie e ——————— 165
O.4.  RESUIES ..o 167
5.5, DISCUSSION ...ttt ettt et e e e e e e e e e 175
5.5.1.  Vegetation influenCe ... 175
5.5.2. Sand deposition: single or multiple storm events ..............cccevvvieeneenl. 178
5.5.3. Storminess, the NAO and sand deposition ............ccccccevvvvivieviiieeeeenn. 179
5.5.4. Comparison with Late Holocene Galician Climate .............cccccccceee. 182
5.5.5. Cycles in the Pedrido Record ..........cccooiiuiiiiiiiiiiiiiieeee e 188
5.6, CONCIUSION .....eeiiiiiie it e e e e e e e e nneeee s 190
Chapter 6: The patterns and causes of European storminess during the Late Holocene
................................................................................................................................. 191
6.1, INrOAUCTHION......ceiiiiiiii e 191
6.2. Comparison of the storminess reconstructions ..........cc..ccccooeeiiiiiiiiiiieenee... 191
6.3. Comparison with storm track reconstructions............ccccccceeiiiiiiiiiiceen . 195
6.4. Comparison with North Atlantic Oscillation reconstructions......................... 202
6.5. Potential causes of variability in storminess, the storm track and the NAO . 209
6.5.1.  Orbital fOrCIiNG ......cueeeeieiiie e 209
6.5.2.  SOlar aCliVity ....c.uuuii i 211
6.5.3.  OCEANIC fOrCING.....uuiiiiiiiie i 218
6.5.4.  VOICANIC TOrCING ..vuuii i e 225
6.5.5. Integration Of fOrCiNgS ......ccvvueiiiiii i 227
6.6. Future predictions oOf StOrMINESS...........uuuiuiiiiiiiiiiiieaes 233
6.6.1.  Model COMPATISON .....ccciiiiiiiiice e 233
6.6.2.  Future storminess and climate change ............cccccccciiiiiienne, 236
6.7. Limitations and future research ... 239
6.8. Chapter SUMMAIY ......cooiiiiiiie et a e e 240
Chapter 7: CONCIUSION ......uuiiiieiceceee e e a e e e e e 242



List of Fiqures

1.1.
1.2.

1.3.
1.4.

1.5.

1.6.

1.7.

1.8.

1.9.

1.10.

1.11.
1.12.

1.13.

1.14.

1.15.

1.16.

2.1.

2.2.

2.3.

2.4.

Schematic diagram of the global circulation patterns.
Schematic diagram of the boundary between the subpolar
and subtropical airmasses.

Ekmans spiral.

Cluster analysis of the North Atlantic daily pressure data,
Winters 1950-2010.

Pressure anomalies of the extreme negative NAO Winter
2009-2010.

Schematic illustration of the oceanic and atmospheric
circulation patterns related to the NAO.

Projected future increase in the number of extratropical
storms.

Trends in the geostrophic winds over the North Sea and
British Isles for the period 1881-1998.

Updated instrumental NAO record, 1824-2010.

Number of cyclones per winter during the period 1958-2000
for winters with positive and negative NAO.

Proxy NAO reconstruction by Trouet et al., (2009).
Reconstruction of the mid- to late- Holocene NAO by Olsen
et al., (2012).

Compilation of identified periods of storminess in Europe.
Summary of ocean circulation proxies.

Patterns of atmospheric and oceanic circulation in relation to
storm intensity and tracks.

Wavelet spectral analysis of storminess reconstructions.
lllustration of the NAO pressure centres and the NAO
influence on cyclone frequency.

Map of the location of the study sites in the southern Outer
Hebrides

Map of the location of Pedrido Bog, in Galicia, northwest
Spain.

Graph showing of the influence of wind speed and

vegetation cover on sand transport.

16
16

18
20

21

21

28

30

30
32

37
37

40

43

44

56
62

68

72



2.5.
2.6.

2.7.

2.8.

2.9.

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

3.7.

3.8.

3.9.

3.10.

41.

4.2.

4.3.

4.4.

4.5.

4.6.

4.7.

4.8.
4.9.

Benthic invertebrate structure in an oligotrophic lake.
Erosion-transportation-accummulation diagram for Lake
Vanern, Sweden.

Precision analysis measurements of the ignition residue
results.

Precision analysis measurements of the 120-180 pm
fraction weight results.

Precision analysis measurements of the >180 um fraction
weight results.

Map of Loch Hosta (main) and the sites relation to the NAO
pressure centres (inset).

Box plots of temperature, precipitation and atmospheric
pressure at Stornoway, 1873-2012.

Photo of machair ecosystem lining Loch Hosta.

Photos of Loch Hosta.

Age-depth models of Hosta 1 and Hosta 2 cores (left) and
plot of sand weight results (right).

Major elements (%) in the Loch Hosta catchment soil and
sand.

Hosta 1 and Hosta 2 sediment analysis results and ITRAX
XRF results.

Projected numbers of grains in carbonate measurements
with changes in grainsize.

Comparison between Ln(Ca/K) and climate indices.

Spectral analysis results.

Summary map of the NAO and the location of the Outer
Hebrides (left) and study site locations (right).

Map of Struban Bog.

Photo of Struban Bog.

Satellite image of Struban Bog.

Map of Hill Top Bog.

Photos of Hill Top Bog.

Satellite image of Hill Top Bog showing peat cutting

Struban Bog raw results and age-depth model.

Struban Bog results.

77

79

80

81

87

88

90

91

100

102

103

105

107

113

123

124

124

125

125

126

127

131
133



4.10.

4.11.

4.12.

4.13.

4.14.

4.15.

4.16.

4.17.

4.18.

4.19.

4.20.

4.21.

5.1.

5.2.

5.3.

5.4.

5.5.

5.6.

5.7.

5.8.

5.9.
5.10.

Struban Bog transect results.

Hill Top Bog raw results and age-depth model.

Hill Top Bog results.

Hill Top Bog transect results.

Lomb-Scargle spectral analysis of Hill Top Bog ignition
residue results.

Wavelet power spectrum analysis of Hill Top Bog ignition
residue results.

Lomb-Scargle spectral analysis of Struban Bog ignition
residue results.

Wavelet power spectrum analysis of Struban Bog ignition
residue results.

Smoothed sand fraction weight results of Hill Top Bog and
Struban Bog with marked dating errors.

Comparison of storminess results with regional storm and
precipitation reconstructions.

Comparison between NAO (Trouet et al, 2009) and
storminess reconstructions.

Comparison between NAO (Olsen et al., 2012) and
storminess reconstructions.

Summary diagram of reconstructed climate changes in
Spain.

Location of Pedrido Bog, Galicia.

Site map of Pedrido Bog.

Plots of monthly temperature, precipitation and windspeed
(1971-2000).

Age-depth model.

Results and age-model of Pedrido Bog.

Lomb-Scargle method spectral analysis of 120-180 um sand
content of Pedrido Bog.

Wavelet power spectrum analysis of 120-180 ym sand
content of Pedrido Bog.

Comparison between sand, pollen and charcoal results.
Comparison between NAO (Trouet et al., 2009) and

storminess reconstruction.

135

136

139

141

142

142

143

143

148

152

154

155

160

161

162

164

169

171

172

173

174
181



5.11.

5.12.

6.1.

6.2.

6.3.

6.4.

6.5.

6.6.

6.7.
6.8.

6.9.

6.10.

6.11.

6.12.

6.13.

6.14.

6.15.

6.16.

6.17.

Comparison between NAO (Olsen et al.,, 2012) and
storminess reconstructions.

Summary diagram of reconstructed climate changes in
Spain.

Comparison between storminess reconstructions from
northern and southern Europe.

North-South index of European storminess.

Spectral analysis of the north-south index.

Location map of key storminess reconstructions.
Comparison between reconstructions of storminess and
storm track position.

Comparison between NAO reconstruction and peat bog
storminess reconstructions.

Cross-spectral analysis between the NAO and storminess
Late Holocene winter insolation receipt at different latitudes
and seasonal insolation pattern.

Comparison between storminess reconstructions, Total
Solar Irradiance and north-south storm index.

Comparison between Loch Hosta Ln(Ca/K) storminess
reconstruction and Total Solar Irradiance.

Cross-spectral analysis between storminess and Total Solar
Irradiance

Cross-spectral analysis between the NAO and Total Solar
Irradiance

Comparison between ocean circulation and storminess
reconstructions.

Cross-spectral analysis between storminess and ice-rafting
debris reconstructions.

Cross-spectral analysis between NAO and ice-rafting debris
reconstructions.

Comparison between Loch Hosta storminess and Atlantic
Multidecadal Oscillation reconstructions.

Comparison between Loch Hosta storminess
reconstructions and a volcanic proxy reconstruction (based

on stratospheric aerosol optical depth).

9

182

187

192

194

194

199

200

204

207
211

214

215

217

218

220

222

223

225

226



6.18.

Comparison between peat bog storminess reconstructions
and a volcanic proxy reconstruction (based on GISP2

sulphate measurements).

6.19. Comparison between storminess reconstructions, the north-
south storm index and reconstructions of ice-rafting, TSI,
Greenland temperatures and 60°N insolation receipt.

6.20. Comparison of the Pedrido Bog storminess reconstruction
and modelled wind speed.

6.21.  Comparison of the Hill Top Bog and Struban Bog storminess
reconstructions and modelled wind speed.

6.22. Comparison of the Loch Hosta storminess reconstruction
and modelled precipitation.

List of Tables

1.1. Summary of NAO CyCleSs........ooovemeiiiicieeeee e,

3.1. 21%pp and radiocarbon dating results...........c.ccoceeveveeueen....

4.1. Radiocarbon dating results from Struban Bog..................

4.2. Radiocarbon dating results from Hill Top Bog..................

5.1. 219pp dates from Pedrido BOg.......cvoveveeeeeeeeeeeeeeeeeeeeeeeees

5.2. Radiocarbon dates and calibrated ages from Pedrido Bog.

6.1. Correlations between NAO and storminess reconstructions

6.2. Summary of cycles in storminess reconstructions, the NAO

and solar/oceanic reconstructions. ........ccoeeevieeeeeiciiiieeeen,

10

227

232

235

235

236

99

132
137
167
168
203
208



Acknowledgments

| would firstly like to sincerely thank my supervisors Dr Liam Reinhardt,
Dr Richard Jones, Professor Dan Charman, Dr Andy Barkwith and Dr Michael
Ellis for their advice and support throughtout my PhD. | have been lucky to have
had supervisors that are each generous with their time and with a range of
expertise. | would particularly like to thank Liam, Richard and Dan for their day-

to-day support.

The research would not have been possible without the kind donation of
the Pedrido Bog core, which was sampled as part of the EU FP5 ACCROTELM
project; so many thanks are due to Professor Fraser Mitchell and Dr Bettina
Stefanini. Thanks also to Professor lan Croudace for advice and assistance with

the ITRAX element analysis.

Thanks to the academic and research staff in the Geography department
at the University of Exeter, including Dr Tim Barrows for advice on sedimentary
element analysis and assistance with ?'° Pb dating and the Environmental
Change research group for helpful feedback and cake. | would also like to thank
the research technicians for their help and friendliness. Particularly Sue
Franklin, Angela Elliot, Neville England and Jim Grapes for kindly giving
laboratory advice and assistance as well as Mandy Lee for sharing her sinks

and making sieving enjoyable!

My fieldwork in the Outer Hebrides would not have been possible without
a number of people. Thank you to my supervisors Liam and Richard, as well as
Rachel Smedley, Hannah Bailey and Rose Ferraby for being amazing coring
partners. Many thanks to Dr Fraser Sturt, Dr Duncan Garrow and the other
archaeologists who welcomed me onto their field season, assisted me with
coring and transported my cores. Finally thank you to Dr Rebecca Rennell and
Dr Kate MacDonald for their generosity and assistance in collecting sediment

samples from Loch Hosta.

Finally | would like to thank my friends and family for their support during
the last four years. Those in my office have been a constant source of
encouragement, advice and entertainment, in particular Zoé Thomas, Rose
Ferraby and Mark Grosvenor. Finally | would like to thank my family and

especially my mum Claire Orme for always listening and caring.
11



Chapter 1: Introduction and Literature Review

1.1. Introduction

Late Holocene storminess is investigated in this study using
reconstructions from sites in northern and southern Europe. Storminess is a
word that encompasses both the intensity and frequency of storms in a given
period. In palaeoclimatic research this is a necessary term because it is often
difficult to separate the environmental signatures of multiple storms of medium
magnitude from fewer high magnitude storms. Here storminess reconstructions
are made for regions under the influence of an important atmospheric
circulation pattern, the North Atlantic Oscillation (NAO), in order to improve our
understanding of the temporal relationship between the NAO, storminess and

storm track positions. Therefore the research has two main aims:
1) To create and compare Late Holocene storminess reconstructions from
northern and southern Europe
2) To assess the causes of storminess variability during the Late Holocene,
in particular the role of the North Atlantic Oscillation
To help achieve these aims four research questions have been determined:
1) What are the temporal patterns of storminess during the Late Holocene

in northern and southern Europe?

2) Do the storminess reconstructions from northern and southern Europe
show storm track changes or widespread, synchronous storminess

variations?

3) What do the patterns of storminess and inferred storm track changes tell

us about the storm-NAO relationship?

4) What do the results tell us about the causes of storminess variability?

12



These research questions will be further outlined and justified in the Research

Design chapter (Chapter 2). The outline of this thesis is described below:

Chapter 1: Introduction and literature review. This chapter will include a
summary of the atmospheric circulation systems with a focus on storm
development and the NAO. Following this is a literature review of the current
understanding of storminess and the NAO during the instrumental period, the
methods of reconstructing storminess from the pre-instrumental period and a
summary of current understanding of the NAO and storminess during the Late

Holocene.

Chapter 2: Research design. The aims and research questions of this
research are outlined. The selected study sites of Galicia and the Outer
Hebrides are justified. The chosen methodologies are explained, with
consideration of issues relating to peat bog and lake environments. Finally the
precision of the method used to measure sand content in the peat bogs and

lake is assessed.

Chapters 3 to 5 are results chapters, which are structured in the form of papers.
These therefore each include literature review, methods, study area, results,
discussion and conclusion sections. These chapters are focussed on the
research carried out at the site(s) in question, with a regional focus for the
literature review and discussion, as well as consideration of methodological
limitations. The discussion chapter (Chapter 6) links the findings of the sites and
discusses these within the broader European-wide storminess and NAO

literature.

Chapter 3: Investigating the potential for climate reconstructions using
ITRAX XRF analysis: A storminess reconstruction from the Outer
Hebrides. The results from Loch Hosta in the Outer Hebrides are presented.
This chapter investigates the potential for ITRAX XRF core-scanning analysis of
elements as a method of reconstructing storminess. This is assessed by
comparison of the ITRAX data with core sediment analyses and comparison
with instrumental climate data. The ITRAX method has the potential to provide
very high (annual-to-decadal) resolution reconstructions, so using spectral
analysis and comparison with instrumental data the optimum resolution of the

ITRAX method in Loch Hosta is assessed.

13



Chapter 4: Late Holocene storminess in Northwest Scotland: Two peat
reconstructions from the Outer Hebrides. The results of two storminess
reconstructions from peat bogs in the Outer Hebrides are presented in this
chapter. The issues of intra- and inter- bog variation are investigated through
comparisons between transects of cores on each bog. The storminess
reconstructions are then compared with others from Scotland and northern
Ireland. The results are compared with regional storminess and NAO

reconstructions and the cycles are analysed.

Chapter 5: Late Holocene storminess in Northwest Spain: A
reconstruction from Pedrido Bog, Galicia. A reconstruction of storminess
from a Spanish peat bog (Pedrido Bog) is presented in this chapter. The results
are compared with previously measured pollen analysis to assess the influence
of vegetation change on the sand influx. The results are compared with the

NAO reconstructions and the cyclical changes are analysed.
The storminess reconstructions are compared and discussed in Chapter 6:

Chapter 6: The patterns and causes of European storminess during the
Late Holocene. The results from the four sites are compared and synthesised
into a north-south storm index. The results are compared with reconstructions of
storm track changes and storminess from Europe and the NAO-storm
relationship is discussed. Following this the causes of storminess variability are
considered. Finally the implications of the findings for future climate changes

are outlined.

Chapter 7: Conclusions. In this chapter the conclusions in relation to the aims

and research questions are summarised.

14



1.2. Storminess and the NAO: instrumental

1.2.1. Formation of low pressure systems

Clear explanations of how low pressure systems and storms are formed
have been given by Bjerknes and Solberg (1922) and Lamb (1995), and more
recently by Aguado and Burt (2013), and these are summarised here. The
atmospheric circulation (illustrated in Figure 1.1) is driven by the imbalance of
solar radiation between high and low latitudes: thermal gradients drive the
circulation of the Hadley Cell in the low latitudes and the Polar Cell in the high
latitudes. Between the Hadley and Polar Cells lies the Ferrell Cell, which
influences the climate of the mid-latitudes. The circulation of the Hadley Cell
creates subtropical high pressures, for example the Azores High pressure, while

the Polar Cell creates sub-polar low pressures, for example the Icelandic Low.

Above the boundary layer the pressure gradient between the high and
low pressures draws air away from the equator, while the Earth’s rotation
pushes the air towards the east (the Coriolis Effect), resulting in westerly airflow
in the mid-latitudes of the northern hemisphere. The polar high pressure is
caused by cooling, increasingly dense air that sinks thus increasing the surface
air pressure, however the descending isobaric levels result in low pressure
forming above the 500 hPa level and up to 20 km high in the atmosphere, which
is called the circumpolar vortex (Girs, 1974; Veretenenko and Ogurtsov, 2012).
The pressure and temperature differences associated with this boundary are
illustrated in Figure 1.2. The circumpolar vortex of each hemisphere are
manifested as meandering bands of air moving from west to east over the mid-
latitudes. If the temperature difference between the mid- and high- latitudes is
strong (weak) there are high (low) zonal wind velocities and longer (shorter)
wavelengths of the circumpolar vortex (Barry and Chorley. 2010; Lamb, 1995).
This has implications for the locations of storm tracks and the NAO, as shown
by studies of the circumpolar vortex and weather using reanalysis data (Walter
and Graf, 2005; Graf and Walter, 2005; Baldwin and Dunkerton, 2001).
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Figure 1.1: Schematic diagram of the global circulation patterns (adapted from
Aguado and Burt, 2013, Pg 217)
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Figure 1.2: Schematic diagram of the boundary between the subpolar and
subtropical air masses. Cold air associated with the subpolar low pressures and
warm air is associated with the subtropical high pressures. Adapted from
Aguado and Burt (2013, pg 225).
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Where the circumpolar vortex has pressure imbalances or changes
direction air can converge or diverge, leading to the formation of high and low
pressure systems. The formation and development of low pressure systems, or
storms, is termed cyclogenesis. Generally high pressure systems form on the
equator-side of the vortex and low pressures on the polar-side. When warm and
cold air collide in a depression (also referred to as an extratropical cyclone, low
pressure system or storm), the warm air is forced upwards creating a warm
front on the leading side and a cold front behind, and on these fronts
precipitation forms. Within depressions the winds circulate in an anti-clockwise
direction, with the wind strength varying with the steepness of the pressure
gradient.

Storms are usually steered along by the westerly movement of the
circumpolar vortex above, however within the boundary layer the circulation is
much more variable, so winds can occur from all directions in the mid-latitudes.
The higher frictional drag from the earth’s surface causes the westerly winds to
slow down, so that pressure differences tend to exert more of a control on wind
direction than the Coriolis Effect, as described by Ekmans Spiral (Ekman, 1905,
Figure 1.3). European climate is therefore highly variable as a result of the
depth and location of pressure centres around Eurasia and the North Atlantic,
which are connected with the strength and position of the circumpolar vortex.
These pressure patterns control the direction and strength of airflow across
Europe so have an influence on spatial and temporal patterns of temperature,

precipitation and storminess.
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Figure 1.3: Ekmans Spiral. Adapted (for atmosphere) from Aquado and Burt
(2013, pg 231).

1.2.2. Meteorology of the North Atlantic Oscillation

The high and low pressures associated with global circulation occupy
characteristic positions, for example the Azores High in the Tropical Atlantic and
the Icelandic Low in the Atlantic Arctic (Figure 1.4). The pressure difference
between these is captured by the NAO index, which is the most frequently
occurring North Atlantic weather circulation pattern and exerts a strong
influence on wind speeds, temperature and precipitation across the North
Atlantic and surrounding continents (Hurrell and Deser, 2010; Trigo et al., 2002;
Walker and Bliss, 1932; Hurrell, 1995; O’Hare et al., 2005; Van Loon and
Rogers, 1978). The NAO is scaled using an ‘anomaly’ index, which in terms of
climate variability refers to the difference between the instantaneous NAO state
and that of the mean state over a long period (Hurrell et al., 2003). The NAO
pressure characteristics control the strength of the westerly airflow, the position
of the tropospheric jet stream and therefore the pathway of extratropical
cyclones crossing the Atlantic (Hurrell et al., 2003; Serreze et al., 1997; Trigo et
al., 2002).



When the circumpolar vortex is strong and contracted a positive NAO
index is caused (Angell, 2006; Baldwin and Dunkerton, 2001). A deeper
Icelandic Low pressure and higher Azores High pressure create a steep
pressure gradient, causing stronger westerly airflow across northern Europe
(Hurrell 1995, Hurrell et al., 2003). The stronger westerly airflow between the
NAO pressure centres prevents the jet stream from meandering and leads to a
high frequency of moderate intensity storms to cross Europe (Figure 1.6; Van
Vliet-Lanoé et al., 2014). Precipitation, storminess and temperatures across
north-west Europe are increased, while storminess and precipitation are
decreased in southern Europe and parts of the Middle East and North Africa
(Alexander et al., 2005; Alexandersson et al., 1998; Hurrell, 1995, 1996; Hurrell
et al., 2003; Hurrell and VanLoon, 1997; Pinto et al., 2009; Visbeck et al., 2001).

When the circumpolar vortex is weak and meandering the NAO is
negative (Angell, 2006; Baldwin and Dunkerton, 2001). These situations have a
smaller pressure difference between the Icelandic Low and Azores High (Figure
1.4), and during extreme negative anomalies there is a pressure reversal, as
shown in Figure 1.5 (D'Arrigo et al., 1993). As the jet stream is able to meander
more when the pressure difference is weak, this can result in the storm track
crossing southern Europe (Figure 1.6; Van Vliet-Lanoé et al., 2014). During
negative NAO’s, storminess and precipitation across areas of southern Europe
are increased, with decreases across northwest Europe (Andrade et al. 2008;
Serreze et al., 1997; Trigo et al., 2002). Although as the pressure gradient is
reduced during negative NAO winters, there are weaker westerlies (O'Hare et
al., 2005; Serreze et al., 1997). Across northern Europe the reduced zonal
(westerly) airflow allows cold air to move southwards or eastwards, so the
weather is calm, cold and dry (Trigo et al., 2002).

Although the NAO is the most dominant pressure pattern of the North
Atlantic in winter, occuring approximately 47% of the time, there are other
pressure patterns that can occur (Figure 1.4; Hurrell and Deser, 2010). A
blocking regime, also termed the Scandinavian Blocking regime, occurs 29% of
the time and has a high pressure situated over mainland Europe causing
easterly winds and cold, dry conditions (Michelangeli et al., 1995; Hurrell and
Deser, 2010; Yiou and Nogai, 2004; Figure 1.4.). The Atlantic Ridge regime,
otherwise called the East Atlantic Pattern, has two dipoles (one over Western
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Europe and the other over North Africa and the Mediterranean) and can
influence precipitation patterns over Southern Europe (Barnston and Livezey,
1987; Michelangeli et al., 1995; Hurrell and Deser, 2010; Krichak and Alpert,
2005). Therefore in addition to the NAO, storminess in Europe can be
influenced by the Scandinavian Blocking regime (causing lower storminess) and

the East Atlantic Pattern.

NAD- ; , 21% Blocking 29%

NAD+ 26 All. Ridge 259,

20 16 12 8 4 0 4 8 12 16 20

Figure 1.4: Clustering analysis of North Atlantic daily pressure data (hPa) for
winters (Dec-March) for the period 1950-2010. Shows (anticlockwise from top
left) the negative NAO, positive NAO, Atlantic Ridge regime (also termed the
East Atlantic Pattern) and the Blocking regime (also termed the Scandinavian
Blocking regime). Numbers refer to the percentage of time these regimes were
dominant (Hurrell and Deser, 2010, pg 238)
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Figure 1.5: Pressure anomalies of the extreme negative NAO Winter 2009-
2010, with high pressure over Arctic and low pressure over the Azores (Cattiaux
et al., 2010, pg L20704/2). This was made using averaged 500 mb geopotential

height data. Grey contours are standard deviation levels.
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Figure 1.6: Schematic illustration of the oceanic and atmospheric circulation
patterns related to the NAO, including the jet stream position, North Atlantic
Current (NAC) position, Gulf Stream (GS) strength and storm frequency and
size (Van Vliet-Lanog et al., 2014, pg 442)
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1.2.3. Causes of NAO and storminess variability

The NAO during the instrumental period (since ¢.1820 A.D.) has varied
temporally at a number of timescales, which will be outlined in section 1.2.5. In
this section the causes of NAO and storminess variability will be outlined. It has
been considered that the atmospheric dynamics governing the NAO are ‘quasi-
random’ (Cassou, 2010), so the potential for predicting its changes are limited.
Nevertheless there are a number of global teleconnections that influence the
North Atlantic climate and circulation patterns. It is thought changes are also

caused by external forcings, such as solar variability and volcanic eruptions.

As outlined above the stratosphere has been found to influence the
patterns of the NAO and storms, in particular the behaviour of the circumpolar
vortex. Twentieth century trends of expansion and contraction of the
circumpolar vortex in winter have been found to significantly correlate with
negative and positive NAO trends respectively (Angell, 2006). Furthermore
anomalous changes in the strength of the stratospheric circulation have been
found to propagate downwards, causing the tropospheric atmospheric
circulation to become locked into a regime for extended periods of up to 60
days, which affects the NAO sign and storm track position (Baldwin and
Dunkerton, 2001). A weakening of the circumpolar vortex can result in a
reversal from westerly to easterly airflow and a persistent negative NAO
situation (e.g. Baldwin and Dunkerton, 1999; Limpasuvan et al., 2004; Zhou et
al., 2002), while a strengthening of the circumpolar vortex can result in
persistent positive NAO anomalies (Baldwin and Dunkerton, 2001). However
other studies of the circumpolar vortex have found less relation to the NAO.
Walter and Graf (2005) found that weak circumpolar vortex circulation results in
an atmospheric circulation pattern that resembles the NAO, but that the
stronger circumpolar vortex created a circulation pattern resembling the
southward shifted NAO (much like the East Atlantic Pattern, described in
section 1.2.2 and shown in Figure 1.4), which resulted in the storm track
crossing the British Isles. Finally cyclogenesis is increased by the southward
intrusion of the jet stream across the Atlantic, as this increases the temperature

gradients that lead to storm formation and deepening (Betts et al., 2004).
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Therefore the strength of the circumpolar vortex can have a large influence on

the NAO and storminess, over weekly to monthly timescales.

The North Atlantic changes in sea surface temperature (SST) have been
suggested as causing NAO index changes (Mehta et al., 2000; Rodwell et al.,
1999), with oceans holding a ‘memory’ of temperature anomalies from the
preceding year (the re-emergence mechanism) (Alexander and Deser, 1995;
Cassou et al., 2007; Hurrell and Deser, 2010). An example of this is the
negative NAO winter of 2009-2010, which is thought to have caused the
negative NAO winter of 2010-2011 (Taws et al.,, 2011). A model simulation
suggests that this mechanism represents a weak (15-20%) positive feedback
(Cassou et al., 2007). Tropical SST’s are another suggested cause of NAO
trends (Cassou et al., 2004a; Hoerling et al., 2001; Robertson et al., 2000).
However, others have questioned the role that oceans play (Bretherton and
Battisti, 2000), for example Cohen and Barlow (2005) found a divergence
between tropical SST’s and the NAO in recent years, as SST's increased due to
global warming while the NAO decreased.

Ocean temperatures have also been suggested as an influence on storm
intensity. North Atlantic SST's have been associated with increased storm
intensity, as years with a high storm index in the British Isles occur when there
is a ‘tripole’ of SST anomalies (Allan et al., 2009). Similarly Betts et al. (2004)
suggested that a west-east oceanic temperature gradient in the Atlantic is the
most important factor causing extreme storm events in the South-Western
Approaches (northwest France and southwest Britain). In addition, the Atlantic
Multidecadal Oscillation (AMO) is a measure of North Atlantic temperatures that
appear to influence sea level pressures and precipitation in Europe, particularly
during autumn (Knight et al., 2006). Therefore these indicate that ocean
temperatures can play an important role in the intensity and frequency of storms

in Europe.

External forcings have been suggested as causing storminess and NAO
variability. Solar minima are thought to cause negative NAO anomalies along
with contraction of the Ferrell cells and an equator-ward shift of atmospheric jets
and storm tracks (Ineson et al., 2011; Haigh et al., 2005; Gleisner and Thejll,
2003; Martin-Puertas et al., 2012). Conversely solar maxima are thought to

cause positive NAO anomalies, a weakened and expanded Ferrell Cell with
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pole-ward shifted and weaker atmospheric jets and storm tracks (Boberg and
Lundstedt, 2002; Kuroda and Kodera, 2002; Haigh et al., 2005; Gleisner and
Thejll, 2003).

Volcanic eruptions are also thought to influence the NAO and
storminess. Model results and observations have indicated that large volcanic
eruptions that inject aerosols into the stratosphere cause a strong circumpolar
vortex circulation, positive NAO anomalies and wetter conditions in northern
Europe in successive years (Fischer et al., 2007; Stenchikov et al., 2006;
Kodera, 1994; Jones et al., 2005). Therefore large volcanic eruptions may force
the climate over relatively short timescales, while clusterings of eruptions may

have a stronger influence on climate in Europe.

These forcings and others are still under investigation; however those
described here demonstrate that the NAO and storminess are likely to be
controlled by a combination of factors. These may be the result of internal
circulation patterns within the oceans and atmosphere, or from external sources

such as volcanic and solar forcing.

1.2.4. Importance of understanding storminess and the NAO

Research into past patterns and causes of storminess and NAO
variability are important for a number of reasons. The impacts on society and
the environment from the NAO and storms are described here, to demonstrate
the need for further research into these climate variables. Furthermore the
benefits of improved understanding for predictions of future climate changes are

outlined.

Storminess and NAO impacts

The NAO can bring both benefits and disadvantages to the countries
under its influence. For example in the winter 2009-2010 there was an
extremely negative NAO index (-1.18) (Figure 1.5) and a southerly position of

the jet stream (c. 30-50 °N), which caused severely low temperatures across
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northern and western Europe, with detrimental economic and social impacts
(Moore and Renfrew, 2012; Cattiaux et al., 2010; Guirguis et al., 2011; Santos
et al., 2013). In southern Europe the southerly storm track brought successive
low pressure systems to the region: in the Iberian Peninsula this caused
flooding, with implications for transport, dwellings and livelihoods, and thus
economic costs (Vicente Serrano et al.,, 2011). On the other hand the high
precipitation in places like Portugal led to the refilling of reservoirs, which had
been on a downward trend, and 30% increased hydroelectric power production
(Andrade et al., 2011).

The winter 2011-2012 is an example of a year with an extremely positive
NAO (+1.35), which steered the storm track poleward of 50°N, causing dry
weather in southern Europe and warm weather in northern Europe (Santos et
al., 2013). The detrimental impacts of this positive NAO anomaly appear to
have been minimal, however when positive NAO periods are associated with
high storminess there can be greater disadvantages. For example the severe
storm of October 1987 affecting northern Europe occurred during a period with
particularly positive NAO anomalies; the extensive damage of this storm cost
insurers $2.6 billion (Association of British Insurers, 2003; Alexander et al.,
2005), which today is the equivalent of £5 billion (Hewston and Dorling, 2011).
This shows the huge impact that positive NAO conditions bringing severe
storms can have. More recently the December 2013 to February 2014 period
had a persistently positive NAO and a anomalous southward excursion of the
storm track across North America; this created atmospheric temperature
contrasts that accelerated the jet stream and caused increased cyclogenesis
(Slingo et al.,, 2014). The result was high precipitation, gale force winds and
storm surges, causing flooding and damage to properties and infrastructure,
particularly in coastal areas, with the economic cost yet to be calculated. It is
also clear from these extreme winters that there is a social and economic
incentive for better understanding of the NAO and its relationship with

storminess and the storm track.

Understanding the variability of the NAO and storminess can help long-
range forecasting, allowing preparations by authorities prior to periods that may
be expected to have lower temperatures or higher storminess than usual. The

NAO demonstrates high bi-annual and multi-annual variability (with cycles of 2
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and 6-10 years) but also has longer decadal variations (Hurrell and Van Loon,
1997). Better understanding of these longer cycles can give authorities more
time to prepare, particularly for changes that may have a greater impact over
successive years. For example, it would be more effective to strengthen sea
defences before predicted periods with high storminess rather than experience
the disruption and expense of flooding from successive storms. The shortness
of the instrumental records of the NAO and storminess, which extend back to
the end of the 19™ century at most, prevent the longer cycles being fully

understood.

The NAO also has various influences on the earth system, inducing
changes in the oceans, land system and ecology among others. The impacts of
the NAO on the oceans include an Atlantic tripole of sea-surface temperature
anomalies, changes to vertical mixing depths and altered rates of deepwater
formation (Hurrell and Deser, 2010; Seager et al., 2000; Visbeck et al., 2001).
The NAO wind-stress on the oceans is also known to influence the strength of
circulation of the subpolar gyre and the subtropical gyre; these are oceanic
circulation patterns that reflect the atmospheric pressure centres of the NAO,
and strengthen in anti-phase as the westerly winds shift latitudinally with NAO
changes (Curry and McCartney, 2001). The temperature anomalies and wind-
driven circulation patterns affect the strength of the Atlantic Meridional
Overturning Circulation (AMOC) and northward heat transport in the Atlantic
(Curry and McCartney, 2001; Hurrell, 1995; Hurrell and Deser, 2010; Visbeck et
al., 2001). Furthermore the NAO wind-stress has been shown in the
instrumental period to have a strong influence on the amount of Atlantic Water
Inflow (AWI) into the Nordic Sea (Orvik et al., 2001). Therefore the NAO directly

alters the circulation of the ocean.

Examples of NAO influence on the land system are precipitation changes
controlling glacier mass balances in Scandinavia (Nesje et al., 2000), river flow
in northwest Europe and northeast USA (Kingston et al., 2006) and landslide
occurrence in Spain and the Azores (Marques et al., 2008; Zezere et al., 2008).
NAO driven variations in wind have been linked to Danube delta advances and
retreats (Vespremeanu-Stroe et al., 2007) and Mediterranean Sea beach ridge
formation (Goy et al., 2003; Rodriguez-Ramirez et al., 2003). Ecologically the
NAO can alter the onset of the growing season, affecting herbivores and then
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carnivores (D'Odorico et al., 2002; Ottersen et al., 2001) as well as behavioural
changes in fauna, such as bird migration timings and deer behaviour
(Forchhammer et al., 2002; Ottersen et al., 2001). Therefore there are climatic,

oceanic, societal and environmental impacts of NAO variability.

Future changes

One of the most important reasons for increasing understanding of the
NAO and storminess is to support predictions of future climate changes. The
Intergovernmental Panel on Climate Change (IPCC) 2013 report gives
projections that by 2050 and 2100 A.D. the storm track will have shifted
northwards in the northern hemisphere, with the storm tracks extending further
eastwards across Europe, along with a more positive NAO (Stocker et al., 2013
and references therein, including Pinto et al., 2007; Bengtsson et al., 20006).
Many projections of future storminess agree that storm intensity will increase in
the future (Feser et al.,, 2014 and references therein). The British Isles in
particular are predicted to have a higher frequency of storm occurrence (Figure
1.7), which it is thought will result from an intensified jet stream (Pinto et al.,
2009). In contrast it has recently been suggested that polar amplification of
warming is causing the latitudinal temperature gradient to reduce, resulting in
slower zonal circulation, large meanders of the circumpolar vortex and therefore
persistent extremes of weather (Francis and Vavrus, 2012). The IPCC report
makes it clear that there is low to medium confidence in the predictions of future
storm track positions and NAO patterns particularly for the North Atlantic, in part
due to the projected changes being within the range of internal variability
(Stocker et al., 2013). Furthermore model simulations of storminess have been
found to have overly-high stability in comparison with palaeoclimate data
(Valdes, 2011; Braconnot et al., 2012), suggesting that future predictions of

storminess may be underestimated.

In section 1.2.3., the oceanic and solar forcings on the NAO and
storminess were described. The IPCC report observed that processes like sea
ice loss and changes in SST could influence the response of the NAO, storm
track and storm intensity to warming (Stocker et al., 2013; Kvamsto et al., 2004,
Graff and LaCasce, 2012). As well as this, a projected weakening of the North
Atlantic ocean circulation may cause the southern North Atlantic to have a

reduction in temperature thus increasing the meridional temperature gradient,
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leading to increases in storm intensity and activity (Stocker et al., 2013; Catto et
al., 2011; Woolings et al., 2012). Furthermore it is observed that a solar minima
may influence the NAO over coming decades (Stocker et al, 2013; Lockwood et
al., 2012). Therefore the ocean forcing of the NAO and storminess may be
enhanced by anthropogenic climate change, which are superimposed on

natural, external forcing.

The IPCC report demonstrates a need for better understanding of the
causes of NAO and storminess changes, including the underlying natural
forcing from solar variability, as well as the effects of ocean circulation changes
and alterations of the temperature gradients (Stocker et al., 2013). By
reconstructing past changes in the NAO and storminess, palaeoclimate
research (such as this project) can contribute to climate change research by
showing the influence of natural factors such as solar variability, as well as the

climatic response to past changes in the oceans.

RCP4.5: 2081-2100 RCP8.5: 2081-2100

Northern Hemisphere DJF
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Figure 1.7: Projected future increase in number of extratropical storms; the
period 2081-2100 compared to the period 1986-2005 (Stocker et al., 2013, pg
1075).
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1.2.5. Storminess and the NAO: instrumental period

As described in section 1.2.4. there are a number of important reasons
for improving our understanding of the patterns of storminess and NAO
variability, as well as the climate forcings. The period with instrumental records
provides detailed data for analysis of the NAO and storms. Twentieth century
storminess is well understood, due to high quality pressure records since
¢.1950 A.D (Alexandersson et al., 1998; Kaas et al., 1996; Schmith et al., 1998)
and the Beaufort Scale (Clarke and Rendell, 2009; Schmith et al., 1998).
Understanding is also based on counts of annual numbers of gale days since
1770 A.D. (Dawson et al., 2004). Records show there was a decreasing trend in
storminess from 1920-1980 A.D. before an increasing trend peaked around
1990 A.D., as shown in Figure 1.8 (Alexandersson et al., 2000; Barring and
Fortuniak, 2009; Dawson et al., 2004; Hanna et al., 2008; Schmith et al., 1998).
The overall storminess trend is generally agreed to have been one of large
inter-annual and decadal variability but with no overall change (Barring and
Fortuniak, 2009; Hanna et al., 2008; Kaas et al., 1996; Lozano et al., 2004,
Schmith et al., 1998; WASA_Group, 1998).

Instrumental records of the NAO extend as far back as 1823 A.D.
through the station pressure measurements from Gibralter and Reykjavik
(Jones et al., 1997) (Figure 1.9). These records show decadal variations
through the 19" century, more positive NAO from ¢.1900-1930 A.D., becoming
more negative from ¢.1940-1970 A.D. then increasingly positive until the mid-
1990s (Hurrell, 1995). This positive NAO trend peaked in the years 1983, 1989
and 1990 A.D.; the highest positive NAO values of the pressure record as they
were > +4 (Hurrell, 1995). Since the early 1990°’s A.D. the NAO was more
neutral and negative (Cattiaux et al., 2010). The two most negative NAO
anomalies on record occurred in the severe winters of 1995-1996 A.D. (Jones
et al., 1997) and 2009-2010 A.D. (Cattiaux et al., 2010) as shown in Figure 1.9.
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Figure 1.8: Trends in the geostrophic winds over the North Sea and British Isles
for the period 1881-1998 A.D. (Alexandersson et al., 2000, pg 72). For each
year 95" percentiles (+ and solid lines) and 99% percentiles (o and dashed

lines) were calculated.
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Figure 1.9: Updated instrumental NAO record, 1824-2010 A.D., calculated by
the difference between the normalised pressure from Gibralter and the
normalised pressure from southwest Iceland (Cattiaux et al., 2010, pg
L20704/2; Jones et al., 1997)
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Variations in storminess in northern Europe during the instrumental
period are similar to the general trends of the NAO, as shown in Figures 1.8 and
1.9. For example, storm activity was at a minimum in the 1960’s A.D. in
accordance with negative NAO anomalies, before storminess increased
towards the early 1990's A.D. as the NAO became more positive (Pinto and
Raible, 2012; Alexandersson et al.,, 2000). The trends in the NAO and
storminess also correspond to long term trends in the circumpolar vortex: the
circumpolar vortex expanded up until 1968 A.D. before contracting up until the
year 2000 A.D., and has also had a steeper geopotential gradient after 1970
A.D. which explains the increase in storminess (Frauenfeld and Davis, 2003;
Angell, 2006). This illustrates how the circulation patterns occurring in the North

Atlantic are part of global scale circulation systems.

Although the relationship between storms and the NAO is clear for some
regions using records since 1950 A.D., some longer instrumental records
suggest that the relationship is not constant through time. Station pressure data
from across the United Kingdom shows a strong correlation between the NAO
and storms from 1940-1960 A.D. (R = 0.5) and 1970-1990 A.D. (R = 0.6), but a
weaker correlation from 1920-1940 A.D. (R = 0.2) and no correlation from 1960-
1970 A.D. (Allan et al., 2009). Similarly a station record from Aberdeen (from
1871 to 2005 A.D.) had a significant correlation between storms and the NAO
over the full period, however closer inspection showed it was insignificant from
1871-1930 A.D. (Hanna et al., 2008). Therefore, to correctly interpret storm
records and pre-instrumental reconstructions, it needs to be considered that the
NAO may not have consistently been the dominant influence on storminess.

The spatial influence on storminess from the NAO can be investigated
using minima in gridded geopotential height measurements to identify cyclones;
with data available from 1958 A.D. (see Trigo, 2006 for methodology). Studies
using this method have shown that negative NAO events result in a reduction in
the numbers of cyclones compared to positive NAO events, as well as a
reduction in cyclone intensity (Andrade et al., 2008; Serreze et al., 1997; Trigo
et al., 2002; Zezere et al., 2005). Figure 1.10 illustrates the correlation between
cyclone frequency and NAO phases (Andrade et al., 2008), and shows that
northwest Scotland and coastal sections of Norway have the strongest positive
correlation between cyclone numbers and the NAO, while there is a negative
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correlation in Portugal, northwest Spain and southern France. Precipitation
changes in response to the NAO show similar differences between northern and
southern Europe: the UK, northern France and Scandinavia have higher
precipitation during positive NAO’s and the Iberian Peninsula and southern
Europe have lower (Trigo et al., 2002). Based on these results there should be
contrasting patterns between storminess reconstructions from northern and
southern Europe. These findings have helped to inform the choice of study sites

in this project.

b DJFM  NAO (AZORES) < -0.5

Figure 1.10: Number of cyclones per winter (DJFM) during the period 1958-
2000, for winters with positive NAO (a) and negative NAO (b), data normalised
for 50°N (Andrade et al, 2008, pg 751).
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Cluster analysis has allowed the identification of pressure regimes;
reoccurring periods with an enduring atmospheric circulation pattern (Cassou,
2010; Palmer, 1999; Vautard, 1990; Woollings et al., 2010). For example,
Raible et al. (2001) identified two regimes: an active regional regime (where the
NAO is dominant within the North Atlantic) and a passive global regime (with
influences from the El Nino-Southern Oscillation and the Tropics). Other studies
have categorised four regimes: including the positive and negative NAO states
(occurring approximately 52% of the time) but also the Atlantic Ridge and
Scandinavian Blocking regimes, as explained in section 1.2.3. (Cassou, 2010;
Cassou et al., 2004b). Since 2001 A.D., cluster analysis suggests Atlantic Ridge
or Blocking regimes have been dominant, rather than the NAO (Hurrell and
Deser, 2010) and similarly other regimes are thought to have been dominant
from 1900-1925 A.D. (Cassou et al., 2004b). The ‘blocking’ regime is thought to
cause a negative NAO index, as it did during the 1960’s (Croci-Maspoli et al.,
2007; Greatbatch, 2000; Hurrell, 1996). Finally Allan et al. (2009) found that in
the British Isles in winter the NAO is the dominant driver of storm events but the
East Atlantic pattern is the second driver, with a significant correlation with
October-December storms of R = 0.33. A strong polar vortex has been found to
result in an atmospheric circulation pattern very similar to the East Atlantic
pattern, which results in the storm track crossing north and west Europe (Walter
and Graf, 2005). Therefore the instrumental data implies that care needs to be
taken when interpreting climate proxy reconstructions, as other regimes may be

causing climate variations at times.
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1.3. Methodologies of reconstructing storminess and the NAO

Studies have sought to reconstruct pre-instrumental changes in
storminess and the NAO because the instrumental data is too short to capture
the low-frequency variability of these and does not span periods of non-
anthropogenic climatic change (Hegerl et al., 2007). There are also benefits for
modelling research, as longer climate reconstructions can be used to assess
the ability of models to simulate past climate, and thus to predict future climate
(e.g. Anderson et al., 2006; Kohfeld and Harrison, 2000; Hegerl et al., 2006).
Pre-instrumental storminess reconstructions will be created in this research, so
initially the methods used to make these and NAO reconstructions will be

outlined, before their findings are described in section 1.4.

1.3.1. Storminess reconstruction methods

The reconstruction of storminess prior to the instrumental record has
been done using documentary evidence such as journals, ship logbooks and
others (Lamb, 1991; 1995; Dawson et al., 2004; Wheeler et al., 2010). Proxy
data reconstructions of storminess have included: dated layers within sand
dunes using Optically Stimulated Luminescence (OSL) (Jackson et al., 2005;
Sommerville et al., 2003), dated cliff-top storm deposits (boulders, gravel and
sand) (Hansom and Hall, 2009), geochemical analysis of the GISP2 ice core on
Greenland to identify aerosols originating from sea-spray (Meeker and
Mayewski, 2002; O'Brien et al., 1995), sedimentological analysis of marine and
estuarine cores to identify changes in the strength of ocean currents and marine
influence (Andresen et al., 2005; Hass, 1996; Sorrel et al., 2009) and over-
washed sand deposits in lagoons (Sabatier et al.,, 2010). Additionally some
reconstructions have identified low pressure occurrence through the deposition
of in-washed sediment layers within lake deposits, as these represent the high
precipitation events that accompany storms (Noren et al., 2002; Page et al.,
2009).

Each method of reconstructing storminess has different levels of
sensitivity and bias. Some of these methods, such as cliff-top storm deposits,
record extreme events while others such as coastal over-wash deposits may be

destroyed by subsequent events so only show the most recent (Haslett and
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Bryant, 2007). Those that rely on wind-blown sand may be more sensitive
during dry periods. For example, on sand dunes when evapo-transpiration
exceeds precipitation vegetation is reduced, allowing sand to be more easily
entrained (Lancaster, 1989). There may also be an influence from human
activities, for example sand dunes can either be stabilized (e.g. Gilbertson et al.,
1999) or disturbed (e.g. Pye, 1990) by human actions altering the vegetation
cover, causing misleading results if interpreted solely as a storminess proxy. All
these factors need to be considered when using windblown sand as a proxy for
storminess, because although it is shown that wind is a dominant factor for sand
transport, it is clear that there are other factors that can enhance or reduce the
amount of sand being transported.

Studies in Scandinavia have used variations in the quantity of windblown
sand in ombrotrophic peat bogs as a proxy for storminess, with higher sand
quantities within the peat used to identify periods when more sand was blown
inland and therefore higher storminess (Bjorck and Clemmensen, 2004; De
Jong et al., 2006; De Jong et al., 2007). Peat bogs can be used to produce
long, continuous reconstructions of storminess with decadal resolution, so are
more sensitive than some other terrestrial proxies and can allow relatively short
term changes to be seen. Such records are needed if storminess is to be
compared with continuous records from oceanic cores and NAO

reconstructions, so therefore this method is used in this research.

High resolution reconstructions have also been created using ITRAX
XRF analysis (Croudace et al., 2006), a method that measures the elemental
composition of lake sediment, which can reflect sediment that has been washed
or blown into lakes during storms (e.g. Martin-Puertas et al.,, 2012; Giguet-
Covex et al., 2012). Although the method provides relative elemental
measurements, which may be influenced by the sediment composition and
other elements (Lowemark et al., 2010), the extremely high resolution of the
records mean that there is potential for annual and multiannual resolution
climate reconstructions to be created. As such this method will also be used in
this research, to create a storminess reconstruction and to test the potential and

limits of this method.
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1.3.2. Methods of reconstructing the NAO

Pre-instrumental reconstructions of the NAO do not use pressure
measurements but infer past changes using documentary evidence or climate
proxies for precipitation and temperature, which are influenced by the NAO.
Using documentary observations of ice, snow and biological features, as well as
tree-ring data, Luterbacher et al. (1999) created an NAO record back to 1675
A.D.. Luterbacher et al. (2002) then extended this record back to 1500 A.D. with
a seasonal resolution, again using environmental observations. Documentary
evidence of precipitation in Andalusia (Spain), which is strongly related to NAO
variability in the instrumental period, was also used by Rodrigo et al. (2001) to

create a record back to 1501 A.D.

Proxy reconstructions of the NAO have used records of tree ring band
width (Cook et al., 1998; Glueck and Stockton, 2001; Trouet et al., 2009),
speleothem band width (Proctor et al., 2000; Trouet et al, 2009), ice
accumulation rates from cores and 8'®0 measurements (Appenzeler et al.,
1998; Glueck and Stockton, 2001). Some reconstructions have used a
combination of sites (Cook et al., 1998) or the opposite behaviour of climate
reconstructions from sites that are oppositely influenced by the NAO (Glueck
and Stockton, 2001; Trouet et al., 2009). Initial reconstructions extended the
record back to 1650 A.D. and 1701 A.D. (Appenzeler et al., 1998; Cook et al.,
1998), while later reconstructions have extended it to 1429 A.D. (Glueck and
Stockton, 2001), 1049 A.D. (Trouet et al., 2009; Figure 1.11) and 900 A.D.
(Proctor et al., 2000). Most recently, proxies for hypolimnic anoxia in a
Greenland lake have been used, because the NAO controls temperature and
precipitation here, which influences lake stratification (Olsen et al., 2012; Figure
1.12). This is the longest NAO record to date and spans 5200 cal yr BP to
present (Olsen et al., 2012).
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Figure 1.11: Proxy NAO reconstruction by Trouet et al. (2009, pg 78). Based on
the opposite changes between a speleothem reconstruction of precipitation
from Scotland (Proctor et al., 2000) and a Moroccon tree-ring drought

reconstruction (Esper et al., 2007).
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Figure 1.12: Reconstruction of the mid-to-late Holocene NAO using proxies for

lake hypolimnoxia from southwest Greenland (Olsen et al., 2012, pg 810)
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NAO reconstructions have some contrasting results, particularly the
higher resolution records that span the past millennium. Schmutz et al. (2000)
compared three NAO reconstructions (Appenzeller et al., 1998; Cook et al.,
1998; Glueck and Stockton, 2001) with the instrumental/documentary records of
Jones et al. (1997) and Luterbacher et al. (1999) and found that only the Cook
et al. (1998) and Stockton and Glueck (1999) reconstructions significantly
correlated, which was probably because these were both from the same
location. Another similar study showed better agreement between the records
between 1620 and 1720 A.D. but strong disagreement in the 15™, 16" and 18"
to early 19™ centuries (Pinto and Raible, 2012). Therefore there are poor
correlations between NAO reconstructions during the past millenium,

suggesting some of these are erroneous.

The lack of correlation could be the result of non-stationarity in the NAO
teleconnection (Luterbacher et al., 2002). Frequent spatial variations have been
demonstrated, for example evidence suggests that the NAO pressure cells
exhibit spatial variation seasonally and have different positions during positive
and negative NAO phases (Cassou et al., 2004b; Hurrell et al., 2003; Portis et
al., 2001). Therefore spatial variations in the NAO and periods when the NAO is
not a dominant regime are likely to have changed the impact on proxies in
different locations (Schmutz et al., 2000; Pinto and Raible, 2012). The validation
period used can also make a difference to the perceived skill of an NAO
reconstruction. Schmutz et al. (2000) suggested that the Cook et al. (1998) and
Glueck and Stockton (2001) reconstructions could be verified using the Jones et
al. (1997) dataset in the second half of the 19" century and from 1920-1970 AD,
but not in the intervening period and since 1970 AD. Similarly comparison of the
Trouet et al. (2009) reconstruction with longer instrumental records of the NAO
has shown that the southern dipole Moroccan site only correlates with the NAO
after 1914, and reduces the skill of the NAO reconstruction before this (Lehner
et al., 2012). These illustrate that the NAO influence on climatic proxies varies

temporally.

In summary, errors in NAO reconstructions can be caused by NAO non-
stationarity, different regimes (such as atmospheric blocking), the validation
period used, as well as changes in the relationship between proxies and the
NAO (Lehner et al., 2012; Pinto and Raible, 2012; Schmutz et al., 2000). As
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such, changes to the NAO influence on climatic proxies needs to be considered
when using NAO reconstructions, but also when interpreting changes in climatic
reconstructions that are under the influence of the NAO.

1.4. Late Holocene climate changes: storminess and the NAO

This study will focus on the Late Holocene, which is here defined as
4500 cal yr BP to present. During this time climatic conditions were similar to
the present and more climatic and oceanic reconstructions exist for this period
than any other, which makes it the most suitable period to investigate long-term,
natural climate variability (Wanner et al., 2008). In this section the identified
storminess and NAO patterns during the Late Holocene (4500-1000 cal yr BP),
Medieval Climate Anomaly (MCA, ~950-1400 A.D.) and Little lce Age (LIA,
~1400-1850 A.D.) are described in turn. This separation was undertaken as the
LIA and MCA are frequently identified as periods when different climates and
circulation patterns occurred in the North Atlantic region and Europe (Lamb,
1965; 1995; Meeker and Mayewski, 2002). The Late Holocene before the MCA
has less distinct climate events and is spanned by fewer storminess and NAO
reconstructions, thus the period from around 4500-1000 cal yr BP is described
in one section. Within each section the evidence for storminess is described in
terms of location. Reconstructed storm events from sites in Europe are
summarised in Figure 1.13 and proxies for changes in ocean and atmospheric
circulation are shown in Figure 1.14. In each section the relationship between
the NAO, storm intensity and storm track position are discussed. As well as this

cycles that have been identified are discussed in section 1.4.6.
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Figure 1.13: Compilation of identified periods of storminess in Europe, as
mentioned during section 1.4. Sites (from top): Greenland (Meeker and
Mayewski, 2002), Iceland (basalt/plagioclase ratio) (Andresen et al., 2005),
Iceland (Jackson et al., 2005), Scotland (Hansom and Hall, 2009), northern
Ireland (Wilson et al., 2004), Skagerrak Sea (Hass, 1996), Halland Coast,
Sweden (De Jong et al., 2006), Denmark (Clemmensen et al., 2009), Seine
Estuary, France (Sorrel et al., 2009), Mont-Saint-Michel Bay, France (Billeaud
et al., 2009) Aquitaine coast, France (Clarke et al., 2002), Portugal (Clarke and
Rendell, 2006), French Mediterranean coast (Sabatier et al., 2010).

1.4.4. Late Holocene storminess

The ages are expressed for the Late Holocene period in calibrated years
before present (cal yr BP) rather than the Gregorian calendar (AD/BC) as for
the LIA and MCA sections. This is because the Late Holocene storminess and
oceanic reconstructions are typically expressed in cal yr BP and the period is
not spanned by historical records of climate, which are expressed in calendar
years. Longer records of storminess that span the Holocene have indicated that
there was a number of periods when storminess was higher, although there are

differences between the timings of these, as illustrated in Figure 1.13.
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From high latitudes a GISP2 reconstruction indicates that there was
greater storminess at 3100-2400 cal yr BP (O’Brien et al., 1995). In Iceland
glacier advances at 4700, 4200, 3200-3000, 2000 and 1500 cal yr BP have
been interpreted as being caused by temperature, but with precipitation and
therefore storms having some influence as well (Stotter et al., 1999). Five
similar events have also been identified in records showing surface mixing
offshore of Iceland, leading to the interpretation that the glacier advances are
caused by cyclonic activity also affecting the marine conditions (Witak et al.,
2003). Similar timings have been found in an Icelandic loess formation proxy
record, which it is suggested reflects greater storminess at 4300, 3300 and
1600 cal yr BP (Jackson et al., 2005) and a proxy of storminess from a marine
core offshore of Iceland indicates there was high storminess from a westerly
and northerly direction at approximately 4500-4400, 3500, 3000-2600, 2200-
1900 and 1500-1400 cal yr BP (Andresen et al., 2005). These high latitude
records show some similar, but also some different, storm events during the

Late Holocene.

In the British Isles, sand dune movements have occurred on the Western
Isles at 3800-3300 and 1700-1300 cal yrs BP (Gilbertson et al., 1999) and in
Northern Ireland at 3100-2400 cal yrs BP (Wilson et al., 2003). Cliff-top storm
deposits formed in Scotland at 1550-1400 cal yrs BP (Hansom and Hall, 2009).
The records from Scotland support the finding by Lamb (1995) using
documentary evidence that storminess was high in the 6" century A.D. around
the North Sea region. The position of these sites in the northwest of the British
Isles mean they are likely to have been affected by the same storms.

In Scandinavia a pulse in the wind-driven currents occurred in the
Skaggerak Sea at ¢.1450 cal yr BP (Hass, 1996), storm blown sand was
deposited in a Swedish bog at 4800, 4200, 2800-2200 and 1500 cal yr BP (De
Jong et al., 2006) and sand dune developed was initiated in Denmark at 4150,
2750 and 1850 (Clemmensen et al., 2009). There is some similarity between
these records, with storm events at approximately 1450, 2800 and 4200 cal yr
BP.

A study from France suggests high storminess occurred in the English
Channel at Mont-Saint-Micheal Bay at 4500-4000 and 3000 cal yr BP (Billeaud

et al., 2009) while in southern France sand dune movements occurred on the
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Aquitaine coast, France, at 4000-3000 yrs BP (Clarke et al., 2002). In southern
France a lagoon system indicates storm activity was highest at 4400-4050,
3650-3200, 2800-2600 and 1950-1400 cal yr BP (Sabatier et al., 2011). These
records show quite different results, perhaps due to the distance between sites;
however the latter records periods of high storminess perhaps similar to those

seen in Scandinavia, centred around 1450, 2800 and 4200 cal yr BP.

In Portugal there were sand dune accretions at 2200 and 1500 yrs BP
(Clarke and Rendell, 2006). A reconstruction from a lagoon environment
indicates that between 5700-2900 cal yr BP storminess was higher than after
2900 cal yr BP (Bao et al., 2007). Other evidence points to there having been
strong storm currents at 2850 cal yr BP in the Ria de Vigo, northwest Spain

(Gonzalez -Alvarez et al., 2004).

The above storm reconstructions show a variety of timings for storm
events, which could be the result of spatial differences in storminess, but also
because some reconstructions only show local or extreme events (Haslett and
Bryant, 2007). The above described reconstructions perhaps show common
storm events at approximately 1450, 2800 and 4200 yrs BP. A compilation of
reconstructions by Sorrel et al. (2012) inferred periods of high storminess at
4500-3950, 3300-2400 and 1900-1050 cal yr BP, which are similar but much

broader periods of storminess than those identified here.
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Figure 1.14: Summary of the ocean circulation proxies. From top: Ice Rafted
Debris (IRD) proxy measured by percentage of Haematite Stained Grains
(HSG) from 4-stacked records from North Atlantic (Bond et al.,2001); Sub-Polar
Gyre (SPG) strength measured using the density difference (Thornalley et
al.,2009); Atlantic Meridional Overturning Circulation (AMOC) current strength
measured using mean sortable silt (10-63um) terrigenous fraction weight
(Bianchi and McCave, 1999); percentages of flood events from stacked lake
reconstructions from the northern and southern Alps (Wirth et al., 2013); proxy
for the strength of Atlantic Water Inflow (AWI) into the Nordic seas measured
using G.Muellerae concentrations (coccoliths/g dry sediment) (Giraudeau et al.,
2010); North-South Index of westerly airflow based on the opposite precipitation
reconstructions from Folgafonna and Lyngen glaciers in Norway (Bakke et al.,
2008).
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Figure 1.15: Summary of patterns of oceanic and atmospheric circulation,
including the circumpolar vortex and North Atlantic Current (NAC) in relation to
the NAO and AMO indices, including the influence these have on storm

intensity and storm tracks (Van Vliet-Lanoé et al., 2014, pg 449).

1.4.2. Late Holocene: atmospheric and oceanic circulation

Understanding the long-term patterns of the NAO is made difficult by only
one reconstruction spanning the Late Holocene. The most detailed
reconstruction was compiled by Olsen et al. (2012) (Figure 1.12) and suggests
that before 4300 cal yrs BP the NAO was strongly positive, between 4300-2000
cal yr BP the NAO was more negative (particularly between 3500-2000 cal yr
BP) before becoming positive after 2000 cal yr BP. Another reconstruction has
inferred broad changes in NAO variability from changes in oceanic proxies.
Rimbu et al. (2003) compared alkenone-based sea-surface temperature
reconstructions between sites in the Atlantic; the trends suggest that the NAO
was increasingly negative up until ¢.2000 cal yr BP before becoming moderately
more positive (Wanner et al., 2008; Rimbu et al., 2003). There is therefore good

agreement between the NAO reconstructions available.
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Evidence has been gathered that indicate that the Holocene has been
punctuated by abrupt oceanic reorganisations (initially shown by increased ice
rafting in the North Atlantic), which have occurred approximately every 1470 +
500 yrs and lasted for several centuries at ¢.4200, 2800 and 1400 cal yr BP
(Bond et al., 1997). A c.1500 year cycle has also been found in the Iceland-
Scotland Overflow Water proxy (Bianchi and McCave, 1999), in proxies used to
infer the strength of the sub-polar gyre (Thornally et al., 2009; Copard et al.,
2012) and in southerly movements of colder water further south than the Iberian
Peninsula (Pena et al., 2010).

Some reconstructions suggest that these ocean circulation changes
influenced storminess in Europe. This is supported by the timings of high
European storminess described in section 1.4.1. Fletcher et al. (2012) compiled
a transect of reconstructions from western Europe, between Iceland and
Morocco, which appear to show storm tracks were further south between 4500-
3700 and 2900-1900 cal yr BP. These were linked with oceanic circulation
changes that were suggested as being the result of changes in the strength of
the Atlantic Meridional Overturning Circulation (Fletcher et al., 2012). A shift in
the storm track to the south of northwest Spain accompanied by southward
shifts in oceanic fronts has been reconstructed for the periods 3800-3000,
2200-1800, ¢.1000 and since 600 cal yr BP (Pena et al., 2010). Storminess
increased in the Mediterranean at 4400-4050, 3650-3200, 2800-2600 and 1950-
1400 cal yr BP, and these changes are similarly linked with a southward
displacement of the storm track as a result of cold ocean temperatures at high
latitudes, causing a steepened temperature gradient (Sabatier et al., 2011).
Finally widespread storminess increases in northern Europe at 4500-2950,
3300-2400, 1900-1050 and 600-50 cal yr BP have been linked with ocean-
atmosphere reorganisations (Sorrel et al., 2012). Therefore these
reconstructions all include the ¢.1500-1700 cal yr BP cycle that is thought to be
an internal oceanic cycle, however there are differences in the timings of the
inferred southward storm track shifts. These periods of storminess do not
resemble the negative NAO events during the Late Holocene (Olsen et al.,
2012; Figure 1.12), suggesting there was a change in storminess, but not as the

result of NAO circulation changes.
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Conversly warm ocean temperatures may also be a factor increasing
storminess. A recent storminess reconstruction from France by Van Vliet-Lanoé
et al. (2014) indicates that the most intense storms are generated when positive
AMO conditions (warm Atlantic temperatures) coincide with negative NAO
anomalies (cool atmospheric conditions), as this encourages vertical

temperature exchanges and cyclogenesis (illustrated in Figure 1.15 B).

Other reconstructions of storminess, particularly those that are based on
precipitation proxies, show different patterns through the Late Holocene. In
northern Europe a North-South Index of precipitation along Norway’s coast
(using the fluctuations of two glaciers from northern and southern Norway)
suggests that there were more southerly storm tracks at 2800, 1200 and 400 cal
yr BP, superimposed on a transition from southward to northward storm tracks
at ¢.2000 cal yr BP (Bakke et al., 2008). The centennial variations are proposed
as being due to ocean circulation changes in the North Atlantic, while the
transition is considered as resulting from a strengthening of the circumpolar
vortex resulting from orbital changes (Bakke et al., 2008; Figure 1.14). A
southward storm track between 4200-2400 cal yr BP has also been inferred by
the contrasting patterns of flooding reconstructions from the northern and
southern Alps (Wirth et al., 2013; Figure 1.14). Finally a northward storm track
transition is also indicated by increasing Atlantic Water Inflow in the Norwegian
Sea after 2000 cal yr BP, which is driven by wind-stress (Giraudeau et al., 2010;
Figure 1.14). These reconstructions resemble the reconstructed negative NAO
period around 4300-2000 cal yr BP (Olsen et al., 2012) indicating a NAO-driven
storm track change through the Late Holocene. The results above demonstrate
that some reconstructions show long-term trends and others cyclical variability
in storminess; therefore further research is needed to explain these contrasting

results.

Finally some research indicates that storminess and atmospheric
circulation patterns are the result, at least in part, of solar activity changes. This
has been suggested by Sabatier et al. (2011) who found that some, but not all,
storm events coincided with periods of solar minima. Storminess
reconstructions highlight that solar activity are linked to low and unsteady NAO
values that allow jet stream fluctuations and enhanced cyclogenesis (Van Vliet-
Lanoé et al., 2014; Wirth et al., 2013). Finally the solar minimum c.2800 cal yrs
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BP has been linked with an increase in storminess in Germany, which models
suggest was the result of an abrupt change in atmospheric circulation (Martin-
Puertas et al., 2012). Therefore solar variability may be an external forcing for
atmospheric and oceanic reorganisations, although this forcing is disputed by

some storminess research (Sorrel et al., 2012; Fletcher et al., 2012).

In summary some European storminess reconstructions show centennial
variability and others long-term trends that resemble the transition from negative
to positive NAO. Some studies link these changes to internal oceanic circulation
variability (Sorrel et al., 2012; Pena et al., 2010; Fletcher et al., 2012) and
others to external forcing from insolation changes as the result of orbital and
solar variability (Bakke et al., 2008; Sabatier et al., 2010). Therefore both the
patterns and causes of storminess variability require further research.

1.4.3. Medieval Climate Anomaly

The MCA (~950-1400 A.D.; Diaz et al.,, 2011) was a period that in
Europe is thought to have had warmer temperatures than the following LIA, with
evidence of higher precipitation in northern Europe (Diaz et al., 2011; Hughes
and Diaz, 1994; Lamb, 1965; Mann et al., 2009). There is some evidence that
storminess was lower during the MCA, for example windblown sea salt (Na*)
measurements from the GISP2 ice core are thought to show less intense
atmospheric circulation during the MCA (Meeker and Mayewski, 2002). This is
also supported by reduced erosion of the Seine Estuary (Sorrel et al., 2009) and

low windblown current strength in the Skagerrak Sea (Hass, 1996).

However there is also evidence of increased storminess at points during
the MCA, for example at 850 A.D.. At this time enhanced storminess is
suggested by: sand movement on the Aquitaine coast, France, from 650-1050
A.D. (Clarke et al., 2002), evidence of storms in estuarine cores in northern
France at 750-950 A.D. (Billeaud et al., 2009), wind-blown sand to a Swedish
peat bog at 850 A.D. (De Jong et al., 2006), higher wind-driven current strength
in the Skagerrak Sea at 900 A.D. (Hass, 1996) and documentary evidence of
high storminess in the North Sea in the 9™ century (Lamb, 1995).

Other records show later MCA storminess at approximately 1050 A.D.. In

Iceland evidence from an ocean core indicates heightened storminess at 850-
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1250 A.D. (Andreson et al., 2005) and the combination of an Icelandic glacier
advance record with a marine record has also provided evidence supporting
increased cyclonic activity around 950 A.D. (Stotter et al., 1999; Witak et al.,
2003). This is similar to the timing of Scandinavian sand dune development at
1000-1200 A.D. (Clemmensen et al., 2009) and widespread sand drift from
¢.1000 to 1300 A.D. across Europe (Janotta et al., 1997). Both the periods of
storminess at approximately 850 A.D. and 1050 A.D. are perhaps represented
by cliff-top storm deposits in Scotland dated to 700-1050 A.D. (Hansom and
Hall, 2009).

Finally there is some evidence of high storminess just prior to the LIA,
from 1200 A.D. onwards. This has been recognised in documentary evidence
(Lamb 1967), Swedish peat records (De Jong et al., 2007, 2009), in sand dune
development between 1200-1400 A.D. at Liverpool and Southport (Pye and
Neal, 1993) and in marshland sand deposits from Brittany and western Ireland
(Haslett and Bryant, 2007).

As these sites are mostly in northern Europe it may show that the storm
track was in a northerly position. This would support that during the MCA there
was a positive NAO (Trouet et al., 2009). A north-south index of glaciers
supports that there was a northerly storm track (Figure 1.14; Bakke et al.,
2008). There is also evidence of strengthened circulation of the Atlantic
Meridional Overturning Circulation (Bianchi and McCave, 1999), Atlantic Water
Inflow into the Nordic Seas (Giraudeau et al., 2010), sub-polar gyre circulation
(Thornalley et al., 2009; Curry and McCartney, 2001) and less southerly extent
of ice-rafted debris in the North Atlantic (Bond et al., 2001). The oceanic
circulation is in part influenced by the storm track position and oceanic wind
stress caused by NAO changes, so the results support that there was a positive
NAO during this time (Trouet et al., 2009; Olsen et al., 2012). This situation of
strong ocean circulation and warm ocean temperatures (positive AMO) at a time
of positive NAO has been hypothesised as occurring during the MCA (Figure
1.15 A; Van Vliet-Lanoé et al., 2014). It is thought to have caused low intensity
but frequent storms as a result of a low thermal contrast between the warm
oceans and the warm atmospheric conditions (Van Vliet-Lanoé et al., 2014).
Further reconstructions of storminess, particularly for southern Europe, are
required to confirm that the storm track was further north in this time. They are

48



also needed to establish the relative storm intensity compared to the LIA, as
based on the NAO index higher storminess would be expected in northern
Europe.

1.4.4. Little Ice Age storminess

The LIA occurred between approximately 1400-1850 A.D. and was a
period that in Europe is thought to have had lower temperatures and higher
storminess than the proceeding medieval period (section 1.4.3) and the
twentieth century (Lamb, 1965; Mann et al., 2009; Matthews and Briffa, 2005).
In the high latitudes increased storminess at 1400 A.D. is indicated in the
GISP2 record by increased Na® values (reflecting increased sea-spray caused
by storms) and by episodes of Icelandic loess formation between 600-100 cal yr
BP (Jackson et al., 2005).

On the British Isles increased storminess is suggested by cliff-top storm
deposits on the Shetland Islands, deposited at 1300-1900 A.D. (Hansom and
Hall, 2009) and on the Outer Hebrides (St Kilda) by the expansion of a maritime
vegetation community (Walker, 1984). Along the coast of the Outer Hebrides
sand movements created inland sand wedges in the early LIA between around
1400-1600 A.D. (Dawson et al., 2004; Gilbertson et al., 1999) and in Northern
Ireland sand dune development occurred from 1450-1850 A.D. (Wilson et al.,
2004). On the Aran lIslands, Ireland, large boulders were deposited onto cliff-
tops and moved several metres during severe storms (Williams and Hall, 2004).
In addition sand deposits within marshes in South Wales are loosely dated to
the second half of the LIA from around 1600 A.D. onwards (Haslett and Bryant,
2007). However there were also variations within the LIA. Reconstructions using
documentary evidence show that there were weak westerly winds between
1560 and 1700 A.D. and stronger westerlies in the early 1500’s and ¢.1730
A.D., with 6 of the most severe storms at 1690-1720 A.D. and 1790-1840 A.D.
(Lamb, 1967; 1991; Clarke and Rendell, 2009). Records of the numbers of gale
days since 1770 A.D. from Edinburgh show lower numbers of gale days at
1770-1815 A.D. and 1845-1880 A.D. but higher numbers of gale days during
the periods 1815-1845 A.D. and 1880-1918 A.D. (Dawson et al., 2004).
Therefore some records capture a general increase in LIA storminess, while

others show more decadal variability.
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The Maunder Minimum (1645-1715 A.D.) was the coldest time in the LIA
as atmospheric blocking situations caused severe winters; however there were
also documented severe storms and frequent gales especially in Spring and
Autumn (Lamb, 1967; 1995; Luterbacher et al., 2001; Wheeler et al., 2010). For
example, the September 1697 A.D. storm overwhelmed the site of Udal, Outer
Hebrides, with sand and one of the historically most severe storms occurred in
December 1703 A.D. affecting southern Britain (Defoe, 1704; Lamb, 1979;
Lamb, 1991; Gilbertson et al., 1999). On the Outer Hebrides severe storms also
occurred after the Maunder Minimum in 1756 A.D., when Baleshare (North Uist)
was buried in sand and in 1764 A.D. when a storm breached the Eoligarry
Isthmus (Gilbertson et al., 1999). Therefore the Maunder Minimum at the peak

of the LIA was a time of extreme storms.

A different pattern has been shown by a reconstruction of wind-driven
current strength in the Skagerrak Sea; it shows increased strength at the onset
of the LIA ¢.1350-1550 A.D. and the end of the LIA from ¢.1750-1900 A.D., with
a slower current during the intermediate period (Hass, 1996). It was suggested
that the LIA transitions were a time when general westerly airflow in northern
Europe increased (Hass, 1996). However other records from Scandinavia
contradict this: a record of windblown sand into a peat bog has indicated that
there was high storminess spanning the intervening time from 1550-1900 A.D.
(De Jong et al., 2006) and sand dune development occurred between 1550 and
1650 A.D. (Clemmensen et al., 2008). Within this time storm surge frequency
appears to have increased at 1600-1630, 1690-1720 and 1820-1850 A.D.
(Aagaard et al., 2007), with coastal flooding events in continental Europe at
1634, 1671, 1682, 1686 and 1717 A.D. (Lamb, 1995). Therefore as in the UK,
Scandinavia appears to have had severe storms at the peak of the LIA,

particularly during the Maunder Minimum.

In France a reconstruction from the Seine Estuary has indicated high
storminess in the LIA between 1350 and 1650 A.D. (Sorrel et al., 2009).
Similarly a reconstruction of dune development from the southwest of France
(the Aquitaine Coast) suggests storminess increased in the early LIA between
1400 and 1700 A.D. (Clarke et al., 2002). However in a compilation of
reconstructions from western Brittany it has been found that storminess was low
in the early LIA (c. 1420-1530 A.D.) and was high particularly after 1700 A.D.
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(Van Vliet-Lanoé et al., 2014). Therefore the evidence from this region shows

some conflicting timings.

Reconstructions of storminess in southern Europe show temporal
variations during the LIA (Figure 1.13): a lagoon reconstruction from the
northwest Mediterranean implies that there was high storminess during the mid-
LIA from 1550 A.D. onwards (Sabatier et al., 2012), a sand dune based
reconstruction in Portugal may indicate high storminess from 1770 A.D.
onwards (Clarke and Rendell, 2006) but also at 1550 and 1650 A.D. (Costas et
al., 2012), while in northwest Spain sand in-wash into a lagoon indicates that
there was a severe period of storminess between 1680 and 1760 A.D. (Bao et
al., 2007). Additionally a marine record from northwest Portugal provides
evidence of stronger hydrodynamic conditions during the LIA and therefore
potentially higher storminess and precipitation (Martins et al., 2012). However a
reconstruction from the Bay of Biscay suggests only a small increase in
storminess during the LIA (Mojtahid et al., 2012). In southern Europe there is
therefore some evidence of increased storminess during the LIA, but the

magnitude and timing of increases vary between records.

1.4.5. Little Ice Age: atmospheric and oceanic circulation

There is some evidence that there has been a different relationship
between the NAO and storminess during the LIA compared to the instrumental
period. Broadly the understanding is that storminess during the LIA was higher
than the present day (Sorrel et al., 2012; Sabatier et al., 2011; Lamb, 1995) and
that the NAO during the LIA was frequently negative and neutral (Trouet et al.,
2009). The negative NAO would be expected to have directed the storm track
across southern Europe, however as described above, storminess increased
during the LIA in both northern and southern Europe. Temporal variations in the
NAO-storm relationship have also been shown by documentary records.
Dawson et al. (2002) compared the NAO with gale-day frequency in Scotland
and lIreland during two periods (1885-1898 and 1983-1996 A.D.). In the latter
period the highest gale-day frequencies occurred in years with positive NAO,
supporting the positive correlation observed in the instrumental period (section
1.2.5); however, the earlier period had higher storminess when there was only

slightly positive or even negative NAO values, something that is suggested as
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being due to the influence of sea ice directing the storm tracks to the south
(Dawson et al., 2002). Therefore the NAO-storminess relationship has not been

constant during the pre-instrumental period.

A similar explanation for the contradiction of high storminess across
northern Europe when there were negative NAO conditions has been provided
by Trouet et al. (2012). It has been hypothesised that during the LIA a steeper
meridional temperature gradient caused intensified storms in the North Atlantic
(Trouet et al., 2012; Raible et al., 2007; Lamb., 1995; Sorrel et al., 2012), with
some attributing this to steeper sea surface temperature gradients and sea ice
at high latitudes (Sabatier et al., 2012; Bakke et al., 2008; Betts et al., 2004).
This is a similar suggestion to the proposal by Dawson et al. (2002), except that
Trouet et al. (2012) emphasise the importance of the NAO through the LIA, in
directing the storm tracks more frequently south but suggest that storms when

they infrequently crossed northern Europe were more intense.

These hypotheses are supported by much evidence of an altered North
Atlantic Ocean circulation (Figure 1.14), which is likely to have changed the
latitudinal temperature distribution. Documentary evidence supports that during
the LIA polar waters moved further south, as there were frequent failures of cod
fisheries in the Faroe Islands and Norway and southern extension of sea ice
from 1600-1830 A.D. (Lamb, 1979). In addition sea ice proxy reconstructions
suggest that sea ice increased from 1300 A.D., in the late 1400’s A.D. and
between 1600 and 1900 A.D. (Masse et al 2008) and ice-rafting reached further
south in the North Atlantic between 1350-1850 A.D. (Bond et al., 1997). The
northward progression of the Gulf Stream is thought to have been limited,
instead only reaching as far north as the Iberian Peninsula (Lamb, 1979;
Morner, 2010), which is also shown by reduced Atlantic Water Inflow into the
Nordic Sea (Giraudeau et al., 2010). Furthermore the weakening of the
thermohaline circulation is supported by evidence indicating there was a
reduced Iceland-Scotland Overflow Water intensity (Bianchi and McCave, 1999)
and weakened subpolar gyre circulation (Thornalley et al., 2009). During the
instrumental period the reduced strength of the Atlantic Water Inflow and
subpolar gyre circulation are associated with negative NAO conditions
(Giraudeau et al., 2010; Thornalley et al., 2009; Copard et al., 2012; Orvik et al.,
2001; Curry and McCartney, 2001). Therefore it appears that the weaker ocean
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circulation during the LIA was reflecting the negative NAO circulation pattern,
and may explain the increased temperature gradient thought to have increased

storm intensities.

Precipitation proxies are less affected by changes in storm intensity and
have supported that the storm track during the LIA was in a more southerly
position in accordance with the negative NAO. In northern Europe, the North-
South Index of precipitation along Norway’s western coast supports that there
was a more southerly storm track at ¢.1350-1550 A.D. (Bakke et al., 2008).
Higher flooding in the southern Alps compared to the northern Alps also
indicates that the storm track was in a more southerly position during the LIA
(Wirth et al., 2013). Therefore in ocean and precipitation proxies there is
evidence that during the LIA there were more southerly storm tracks as would

be expected during times with negative NAO conditions.

1.4.6. Cyclicity in NAO and storminess reconstructions

Spectral frequency analysis of the instrumental and reconstructed NAO
has been done to assess periodicity (Table 1.1) as identification of cycles is a
method that can improve predictability and allow causes to be identified (e.g.
Debret et al., 2007; Gray et al., 2010). From the reconstructed NAO indices
Cook et al. (1998), Appenzeler et al. (1998), Glueck and Stockton (2001),
Luterbacher et al. (1999) and Olsen et al. (2012) all identified spectral powers
between 58 and 90, which are perhaps comparable to each other. Wavelet
analysis allows changes in variability through time to be assessed; this method
has indicated that NAO cycles between 2-32 years have had no persistent
mode of oscillation (Rodrigo et al. 2001; Appenzeler et al., 1998). However
Luterbacher et al. (1999) and Appenzeler et al. (1998) found periods of
enhanced and reduced variability. The longest NAO record by Olsen et al.
(2012) has allowed the identification of longer NAO cycles of ~170 and ~300
years. Therefore there is evidence of multi-annual, multi-decadal and multi-
centennial trends in the NAO, which are likely to have produced changes in the

European climate and storminess.
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Table 1.1: Summary of cycles identified in proxy and instrumental NAO data

using spectral analysis.

Journal Article

Method

Cycles/Powers (years)

Instrumental NAO Records

Rogers (1984) Instrumental pressure 7.3-8,0
reconstruction
Schneider and Instrumental pressure 1.7,2.2

Schonwiese (1989)

reconstruction

Hurrell and Van Loon
(1997)

Instrumental reconstruction

2.5,6-10

Proxy NAO Reconstructio

ns

Cook et al. (1998)

Multiproxy reconstruction,
including
dendrochronological and
ice core data

2.1, 3, 8, 23, 70 (latter in
last 120 yrs)

Appenzeler et al. (1998)

Proxy reconstruction: ice
core accumulation record

5-7,9-11, 12-14, 80-90
(since 1850 AD)

Luterbacher et al. (1999)

Documentary observations
and dendrochronology

54-68

Proctor et al. (2000)

Proxy reconstruction based
on speleothem band width

6-9

Glueck and Stockton
(2001)

Proxy reconstruction:
dendrochronology, GISP2
5'80 and accumulation
records

2.4,6.5,20.9-29.3, 60

Cullen et al. (2001)

Composite reconstruction
using proxy and
instrumental records

2.3 (2.3, 7-8, 12.5)

Olsen et al. (2012)

Proxy reconstruction of

lake hypolimnic anoxia

~20, 50-70, ~170, ~300
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Most storminess reconstructions have not been analysed for cycles,
partly due to the discontinuous nature of the data (e.g. dated sand dune units),
however spectral analysis has been used on some of the continuous storm
reconstructions and have indicated long, multi-centennial cycles. A cycle of
1500-1700 years has been observed in the GISP2 sodium reconstruction, which
is thought to reflect sea-spray and atmospheric circulation in the North Atlantic,
and similarly a 1700 year cycle has been identified in a loess reconstruction
from Iceland (Figure 1.16; Debret et al., 2007; O’'Brien et al., 1995; Jackson et
al., 2005). Furthermore in southern Europe a 1750 year cycle has been
identified in a proxy for westerly airflow in the Mediterranean, which it has been
suggested is the result of fluctuations between weak and zonal airflow (Fletcher
et al., 2013). This 1500-1700 year cycle therefore appears to reflect
atmospheric circulation changes in Europe, and as this cycle is present in
ocean circulation records it is considered to be the product of an ocean-
atmospheric linkage (Debret et al., 2007). A similar cycle of 1500 years has
been identified in a number of climate and ocean reconstructions (e.g. Bond et
al., 1997; Bianchi and McCave, 1999; Pena et al., 2010) and this pacing has
also been identified in a compilation of storminess reconstructions from northern
Europe (Sorrel et al., 2012). This may support the link between storminess and

the ocean, which was described during section 1.4.

Centennial and decadal cycles have also been identified in a couple of
reconstructions. Flooding in the Alps during the Holocene had cycles of 500,
350 and 250 years as well as cycles between 150-70 years (Wirth et al., 2013),
which are likely to have been the result of low pressures. Spectral analysis of
the GISP2 sodium reconstruction for the last 1000 years has also identified
cycles of 62 and 10 years (Fischer and Mieding, 2005). Therefore, although not
widely assessed, it is apparent that there are decadal and centennial scale

cycles causing variations in atmospheric circulation.
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Figure 1.16: Wavelet spectral analysis of storminess reconstructions: the loess
magnetic susceptibility reconstruction from Iceland (Jackson et al., 2005) and
the GISP2 sodium flux (O’Brien et al., 1995), both calculated by Debret et al
(2007, pg 572). The occurrence of cycles with respect to time is shown by the
yellow and red, with the dashed line showing the cycles over the 95%
significance level. The continuous line is the cone of influence: as the timeseries
are finite in length and therefore padded by zeros during analysis the cycles

outside the cone are likely to be underestimated.
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1.5. Chapter summary

This chapter has summarised the connection between the NAO and
storminess during the instrumental period and the Late Holocene. The NAO
during the instrumental period causes opposite patterns of winter storminess
between northern and southern Europe by its influence on the storm track, with
storm intensity also increased during positive NAO periods. Over the
instrumental period it is also clear that a number of multi-annual and multi-

decadal cycles occur.

For the pre-instrumental period storminess and the NAO have been
reconstructed using various methods, with the results showing complex and
often contradictory patterns. Some storminess reconstructions indicate long-
term storm track shifts while others provide evidence supporting multicentennial
peaks in storminess. Findings suggest that there has been variability in the
NAO-storm relationship over long timescales, with the LIA used as an example
of a time when storminess was apparently high across much of Europe, despite
a negative NAO. The recent hypothesis suggesting that increased storminess
was due to a steeper temperature gradient during the LIA (Trouet et al., 2012)
means that the storm-NAO relationship requires investigation. Studies have
also speculated about storminess forcings, which include internal oceanic, solar

and orbital changes.

In the following chapter the research design will be outlined, which will
show how this project will investigate past storminess and seek to improve our
understanding of the NAO-storm relationship during the Late Holocene. The
chapter will include justification of the key aims and research questions that this
study will be addressing. It will also outline and justify the study sites and

methods that have been chosen.
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Chapter 2: Research design

2.1. Introduction

Research into past climatic change requires not only reconstructions
from single locations, but spatially distributed reconstructions that are of a high
enough temporal resolution to capture changes in atmospheric circulation
patterns, such as the NAO. This research investigates past storminess from two
locations in northern and southern Europe, to better understand past storminess
changes and storm track shifts. As these locations are in NAO-sensitive regions
the storminess reconstructions from here will be used to investigate the
relationship between the past NAO and storminess. As was made clear in
Chapter 1, there is a contrast between the NAO-storminess relationship during
the instrumental period and during climatic ‘events’ such as the Little Ice Age,

which has raised questions over the importance of the NAO in the past.
The project has two overriding aims:
1) To create and compare Late Holocene storminess reconstructions from
northern and southern Europe
2) To assess the causes of storminess variability during the Late Holocene,
in particular the role of the North Atlantic Oscillation
To help achieve these aims four research questions have been determined:
1) What are the temporal patterns of storminess during the Late Holocene

in northern and southern Europe?

2) Do the storminess reconstructions from northern and southern Europe
show storm track changes or widespread, synchronous storminess

variations?

3) What do the patterns of storminess and inferred storm track changes tell

us about the storm-NAO relationship?

4) What do the results tell us about the causes of storminess variability?
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In the following section these research questions will be described and
justified. After the research questions have been explained, the methodology
and chosen study sites are then justified. These outline why the study sites
were chosen, and why the methods used to create the reconstructions were

selected. Finally the methodological precision is investigated.

2.2. Research Question 1:

What are the temporal patterns of storminess during the Late Holocene in
northern and southern Europe?

In this project aeolian deposits in lake and peat sedimentary archives are
used to create reconstructions of Late Holocene storminess. These will
complement the growing collection of storm reconstructions that span the Late
Holocene. Long reconstructions with annual to multi-decadal resolution have
been made from various regions, in particular from Scandinavia, France and the
high latitudes (e.g. De Jong et al., 2006; Sabatier et al., 2011; O’Brien et al.,
1995), however such detailed reconstructions are lacking from many areas.
This research will focus on northwest Scotland and northwest Spain (see
section 2.6), which are two locations exposed to high storminess from the North
Atlantic but are currently lacking high resolution storm reconstructions. The
period of interest is the last 4500 cal yr BP: as explained in Chapter 1
reconstructions provide evidence that the Late Holocene had oceanic and
atmospheric circulation variability at decadal and centennial resolutions, which
have been related to storminess changes in Europe. Further reconstructions will
help to disentangle the spatial and temporal patterns of storminess in Europe

during these circulation alterations.

Spectral analysis will be carried out on the storminess reconstructions to
identify cycles within these (described in section 2.8.3.). In the IPCC report
(2013) low-medium confidence in projections of future changes in the northern
hemispheres storm track and the NAO were partly attributed to poor
understanding of the internal variability of these (Stocker et al., 2013), therefore
understanding this variability is key. Currently few reconstructions of storminess
have looked at the decadal cyclicity present in their records, so this is an area

requiring further research. Therefore cycles in Late Holocene climate will be
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investigated using spectral analysis, which may enable greater predictability of

storminess changes.

2.3. Research Question 2:

Do the storminess reconstructions from northern and southern Europe
show storm track changes or widespread, synchronous storminess

variability?

The contradiction between storminess reconstructions from the LIA that
suggest widespread storminess variability and others that suggest storm track
shifts has been outlined in Chapter 1. By analysing storminess from both north
and south Europe, the intension is that latitudinal storm track shifts or
widespread increases in storminess can be detected, which can help show
whether storm intensity or storm track changes have caused regional

storminess changes during the Late Holocene.

2.4. Research Question 3:

What do the patterns of storminess and inferred storm track changes tell
us about the storm-NAO relationship?

In this project the locations of the Outer Hebrides and Galicia have been
chosen as these sites are sensitive to the NAO changes in precipitation and
wind (Figure 2.1), based on data from the instrumental period (Andrade et al.,
2008; Trigo et al., 2002; Pirazzoli et al., 2010). Therefore these sites are well
placed to capture the changes in storminess that are related to the changes in
the NAO, with increased storminess in the Outer Hebrides during positive NAO
anomalies and in Galicia during negative NAO anomalies. Discussions in the
literature have focused on the unexpected NAO-storm relationship during the
LIA, as there was high storminess in northern Europe when the NAO was
negative (which would under modern conditions cause lower storminess),
something which it is suggested was the result of a steeper latitudinal
temperature gradient causing more intense storms (Trouet et al., 2012; Lamb,

1995; Raible et al., 2007; Sorrel et al., 2012). Research into the storm-NAO
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relationship over the whole Late Holocene is enabled by a recent NAO
reconstruction, which spans from 5000 cal yr BP to present (Olsen et al., 2012),
which in this research will be compared against long storminess reconstructions
from northern and southern Europe. These are used to investigate whether
periods with persistent negative NAO during the Late Holocene have, like the
LIA, been associated with higher storminess across Europe. The assessment of
the relationship between the NAO and storminess is further enabled by the
analysis of cycles in the storminess reconstructions, which allows comparison
with cycles typically identified in the NAO (see sections 1.4.6), as similar
cyclicity may show if the modern NAO-storm relationship has been consistent

through the Late Holocene.

The strong influence from the NAO on the climate of the selected regions
and the debates surrounding the NAO-storminess relationship are key reasons
for carrying out this research. As the results chapters are structured as papers,
these debates are reviewed in the introductions and considered in the short
discussion sections of these chapters. In the discussion chapter (chapter 6)
these debates are considered in much greater detail, considering not only the
results from both the Outer Hebrides and Galicia, but also results from

elsewhere in Europe and the North Atlantic.
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Figure 2.1: lllustration of the locations of the Icelandic Low pressure and Azores
High pressure (dashed lines) and the influence on cyclone frequency in Europe.
The blue and red shaded regions are where there are significantly increased
cyclone numbers in years with positive (>1) and negative (<1) NAO indices
respectively (based on the analysis of instrumental data by Andrade et al.,
2008, pg 751). Red rectangles show the location of the chosen study sites in
the Outer Hebrides (Scotland) and Galicia (northwest Spain).
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2.5. Research Question 4:

What do the results tell us about the causes of storminess variability?

The causes of storminess variations over the Late Holocene have been
debated; with the question investigated by comparison of storminess
reconstructions with solar, oceanic and orbital reconstructions. Some support
that there has been oceanic forcing of storminess and storm tracks (e.g. Sorrel
et al.,, 2012; Sabatier et al., 2011; Pena et al., 2010; Fletcher et al., 2012),
others orbital forcing through changes to the latitudinal insolation receipt (e.g.
Bakke et al., 2008; Wirth et al., 2013) and others solar forcing (e.g. Van Vliet-
Lanoé et al., 2014; Sabatier et al., 2011). An alternative method has been used
by Debret et al. (2007), who compared the spectral frequencies of storminess,
solar and oceanic reconstructions, and concluded that there were oceanic-like
cycles (of 1500-1700 years) present in the storminess reconstructions. The
contrasting findings of these studies show that further research is required. In
this research the storminess reconstructions will be compared with
reconstructions that are proxies for solar and oceanic changes, as well as the
known orbital changes, in addition to spectral analysis. These methods will
provide the basis for inferring the causes of storminess variability.

The understanding of what causes storminess variability is important for
determining how storminess may increase or decrease in response to future
climate change. As explained in section 1.2.4., it has been predicted that
changes to the temperature gradient through oceanic warming and Arctic
cooling may increase European storminess (Stocker et al., 2013; Catto et al.,
2011; Woolings et al., 2012; Francis and Vavrus, 2012). Investigation of the
effect on storminess from changes to the latitudinal temperature gradient during
the Late Holocene may therefore allow greater confidence in predictions of

future storminess.
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2.6. Site selection justification

Full site descriptions will be given within the results chapters (3-5),
however here the choices of study sites are justified. In this chapter the
decisions underpinning the site selection are described, so that it is clear how
the four sites complement each other, address the research questions and
share site selection criteria. As the results chapters are structured as papers
these include Study Area sections, which reiterate some of the reasons for site
selection described here, but provide greater detail and are more focused on
the local site or region. As described above, the Outer Hebrides and Galicia
were selected as locations that under modern climate conditions are influenced
by the storm track during positive and negative NAO anomalies respectively
(Figure 2.1), so storminess reconstructions from these locations are appropriate

for investigating the influence of the NAO on storminess.

The premise of the research therefore is that sand deposition onto the
studied peatbogs or lakes will increase when there are more frequent or intense
storms. However it must be considered that storm track changes will not
necessarily cause an increase in sand deposition onto the sites: for example a
storm crossing to the north or south of a location will cause winds from the west
or east respectively. The sand source in the Outer Hebrides is the machair and
beaches which are along the western side of the islands; therefore storms may
not transport sand if they pass to the south causing easterly winds. Therefore it
is noted that low sand deposition onto the study sites may not always signify
that there were weak storms, but may indicate that the storms were not passing
to the north.

The Outer Hebrides and Galicia were considered suitable as they
contained terrestrial sedimentary archives in the form of peat bogs and lakes,
from which continuous records of storminess can be produced. The choice of
peat bogs was determined by two factors. Firstly the peat bogs were required to
be ombrotrophic, so deposited sediment has originated from the atmosphere
and has had to undergo aeolian transportation (de Vleeschower et al., 2010;
Allan et al., 2013). Secondly the peat bogs were required to be close to sand or
sediment sources, to provide material for aeolian entrainment and transport
during storms. In the Outer Hebrides the high annual precipitation and low

evapo-transpiration means there is excess surface water that has allowed peat
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lands to form extensively at low levels (Boyd and Boyd, 1990). Much of the peat
covered area is blanket bog however a number of ombrotrophic, raised peat
bogs are situated in natural depressions in the underlying bedrock (Angus et al.,
1997). Therefore in the Outer Hebrides there was the ideal situation of slowly

accreting ombrotrophic peat bogs in close proximity to abundant sand sources.

To identify peat bog sites in the Outer Hebrides multiple sites were
initially identified using satellite images. These were visited and the depth of
peat tested using rods, as deeper peat indicates faster sediment accumulation
rates that show the potential of the site for high resolution records. Two deep
(6m), ombrotrophic and previously uncored bogs were identified; one on North
Uist and the other on South Uist (Figure 2.2). The selected peat bogs on the
Outer Hebrides formed to the east of the machair sand ecosystem, which lines
the Outer Hebrides west coast, so during storms with westerly winds sand does

not need to travel more than 2 km to reach the selected bogs.

Due to financial and time constraints during the research, fieldwork could
not be carried out in Galicia as it had in the Outer Hebrides. However a core
with a highly resolved chronology from a suitable bog in Galicia was donated to
this research by the ACCROTELM project (EU FP5 ACCROTELM project, Prof.
Fraser Mitchell, TCD). As only a single site was assessed in Southern Europe,
the resulting reconstruction of storminess from southern Europe is less certain
than those from the Outer Hebrides, as multiple sites provide a more cohesive
picture of regional climate and limit local factors.

In Galicia the blanket bogs are the southernmost in Europe (Diaz Varela
et al., 2008) and include ombrotrophic bogs. The peat lands form in the higher
altitude mountains where there is higher precipitation and cooler temperatures
than the lower altitude coastal areas (Martinez-Cortizas et al., 1997). As the
peat bogs form in high altitudes in Galicia these were not located near sea level
and beaches, therefore a compromise was required. The Galician ombrotrophic
peat bog is therefore a distance of around 25 km away from the nearest
beaches, which are to the northeast. As sand (62.5 — 2000 ym) travels through
saltation, and only rarely through suspension (Bagnold, 1937) it seems unlikely
that sand can travel 25 km during storms, and therefore it is considered more
likely that eroded soil has been entrained during storms and blown onto the
bog.
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The site selection was also influenced by other considerations. It has
been suggested that sand influx (or dust influx) to peat bogs can be caused by
human land disturbance around the sites (Martinez-Cortizas et al., 2005). In the
Outer Hebrides multiple sites were used to reduce the effect of human influence
on the reconstructions. As both North and South Uist will be affected by the
same storms, the records would be expected to show similar patterns, so
influxes of sand only present in single sites are more likely to have resulted from
human disturbance. The Pedrido Bog core was analysed prior to the start of this
project using various proxies including pollen analysis. Therefore these results
are used to allow assessment of the past human disturbance of the area
surrounding the bog. Despite these steps to separate the human and climatic
influence on sand influx to the study sites, it is likely that there has been a
complex relationship between these factors. For example, in the Outer Hebrides
climate deteriorations accompanied by heightened storminess may have
caused people to rely on the resources provided by the dune system (e.g.
marram grass for thatch, sand for fertiliser), which may have destabilised the
fragile dune environment and led to enhanced windblown sand (Angus and
Elliot, 1992; Gilbertson et al., 1999; Sommerville et al., 2007). Similarly in
Galicia harsh climates may have caused additional human pressure on
vegetation (Martinez Cortizas et al., 2009). Furthermore volcanic eruptions are
thought to cause higher storminess in northern Europe (e.g. Fischer et al.,
2007) however some eruptions such as the 1783 Laki eruption caused acid
deposition, causing damage to crops and other vegetation (Grattan and
Charman, 1994), This may have influenced sand erosion if dune vegetation was
damaged or increased peoples reliance on marginal land following crop failure.
Therefore climatic or environmental changes may have at times led to changes
in human activities that enhanced the amount of sand being blown by storms.

In the Outer Hebrides a number of lakes were visited however only one,
Loch Hosta (North Uist), was considered suitable based on physical
characteristics and location. Loch Hosta was directly adjacent to the machair
and within 0.7 km of the beaches, providing sediment sources for aeolian
transport of sand during storms. It was also required that the lake was deep
enough to limit the resuspension of sediments by wind mixing and to have
limited bioturbation. The other investigated lakes were around one to two

metres deep as they have formed on low lying, relatively flat land behind the
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machair. Loch Hosta was the deepest lake investigated with a maximum depth
of 11 m on its eastern side. In Galicia coastal lagoons were considered as an
option for creating storm reconstructions however previous studies on these
showed that they had stratigraphical complexity (Bao et al., 2007; Gonzalez -
Villanueva et al., 2009; Santos et al., 2001), which made them unsuitable for
creating the high-resolution and continuous reconstructions of storminess that
were aimed for in this project.
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Figure 2.2: Map of the location of the study sites in the southern Outer
Hebrides. Red points show the study sites of Loch Hosta, Struban Bog and Hill
Top Bog.
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Figure 2.3: Map of the location of Pedrido Bog (red point) in Galicia, northwest
Spain.

2.7. Methodological justification:

In this section the methods used to identify aeolian sand in peat bogs
and lakes will be described and justified. The issues surrounding climatic
reconstructions from these environments will also be considered and any
measures taken to mitigate these will be outlined. The focus here is on the
methods used at every site and the central concept that storms can be identified
by aeolian sand deposits. However the results chapters also include detailed
methods sections, because these chapters are structured as papers and there
are some differences in the methods used at each site, particularly in the
reconstruction from Loch Hosta (Chapter 3). Furthermore potential limitations of
using lake and peat bog environments are described here, as these
considerations were important for site selection and coring procedures, but are
also discussed within the results chapters, as some of these may have

influenced the results.
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2.7.1. Peat bogs

Ombrotrophic peat bogs contain archives of atmospherically derived
material, including aerosols and dust (deVleeschower et al., 2010; Allan et al.,
2013). The dust flux to bogs has been identified using analysis of the elements
present, which reflects the source of sediments (e.g. Allan et al., 2013;
Martinez-Cortizas et al., 2005; Le Roux et al., 2006) and using the ash (or
ignition residue) of the peat, which reflects the total inorganic material present
(e.g. Bjorck and Clemmensen, 2004; Zaccone et al., 2012). The dust reaching
bogs can originate from deserts, for example Saharan dust has been identified
in the Pyrenees (Bucher and Lucus, 1984; Goudie and Middleton, 2001); from
volcanic eruptions, for example Icelandic eruptions frequently deposit tephra
across northern Europe (e.g. Dugmore et al., 1995); and finally from local and
regional soils and beaches (Allan et al., 2013; De Jong et al., 2006). The
entrainment of dust is frequently related to vegetation cover, both local and
regional, as a response to climatic changes (such as aridity) or human activities
(Lawrence and Neff, 2009; Martinez-Cortizas et al., 2005; Marx et al., 2011;
Allan et al., 2013). The processes that have been found to be important for the
transport and deposition of dust include wind speed, wind direction and storms
(Bao et al., 2012; Marx et al., 2011; Fabregas Valcarce et al., 2003), so dust
reconstructions are also used as proxies for these. There are therefore complex
interpretations of dust within peat bogs, as the content can be influenced by
changes to the source or transport pathway. In this research the sediment of
interest is that transported from local sources, which means focusing on the

sand rather than the dust fraction.

As mentioned above dust in Europe can include Saharan long-range
dust, which is 5-30 um in size (Bucher and Lucas, 1984), and Icelandic tephra
found in Great Britain that is around 10-100 um in size (Hall and Pilcher, 2002).
Therefore in this research the sand >100 ym in size are measured as long-
distance dust and tephra transport would otherwise interfere with the signal of
locally derived sediment being transported onto the bog during storms. Unlike
dust, sand sized particles (62.5-2000 um) are rarely carried in suspension
(Bagnold, 1937). Sand between 70-500 ym predominantly travels by saltation:
particles are carried along a trajectory through the air, for distances greater than
8 m in some instances, before returning to the surface and either settling,

saltating again or dislodging other grains that saltate (Bagnold, 1937; Kok et al.,
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2012). Sand >500 um travels more often by reptation (jumps short distances <
1cm; Anderson, 1987) or creep (grains rolled or splashed by saltating grains;
Bagnold, 1937; Kok et al., 2012). The saltating grains are therefore the most
mobile and likely to have been deposited on the bog surface. Although these
grains are likely to be between 100-500 um in size, it has been noted that the
size fractions of the transportation modes are not fixed, and that stronger winds
could potentially transport sand >500 um through saltation (Kok et al., 2011).
The chosen measured sand fractions were therefore the 120-180 um and >180
pm fractions. The lower boundary excludes the dust fraction, which may
confuse the interpretation. The division of these two fractions is rather arbituary,
however the larger grains are likely to have required more intense winds to
have transported them onto the study sites, so was defined to separate

between periods with moderate and intense storminess.

In peat bogs the methodology of analysing non-visible sand layers was
developed by Bjorck and Clemmensen (2004) and De Jong et al. (2006) using
peat bogs from Sweden; the analysis of sand content was done using the
ignition residue and Aeolian Sand Influx (ASI), which is a measure of the
number of grains above a certain size threshold. This method has not currently
been used outside of Sweden; however it allows high resolution and continuous
reconstructions of storminess, so this methodology, with some minor
adaptations, has been used in this research. A difficulty with this method is that
a frequent number of medium-magnitude storms could result in more coarse
grains being deposited than a single extremely severe storm. The method used
here of weighing rather than counting the sand grains over a certain size (as
used by Bjorck and Clemmensen, 2004) mitigates this problem slightly, as large
sand grains deposited by severe storms will weigh more and thus increase the
measurement, compared to the counting method where within the size brackets

each grain is considered equal. This method is outlined in section 2.8.1.
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Considerations

The deposition of sand can be influenced by factors such as
precipitation. Precipitation can prevent the aeolian entrainment of sand as
moisture creates inter-particle forces that inhibit saltation (Kok et al., 2012;
Chepil, 1956; McKenna-Neuman and Nickling, 1989). Experiments have found
wet sand requires a higher threshold sheer velocity to initiate transport than dry
sand, however once the threshold has been exceeded the wet and dry sand are
transported equally (Hotta et al., 1984). On beaches in the Netherlands this
finding was supported, and furthermore it was found that days with moderate
rainfall such as showers were able to transport greater amounts of sand than
dry days with similar winds, as raindrops encourage sediment transport by
dislodging sand grains (Arens, 1996). However when the sand was saturated
under prolonged rainfall, the transport of sand was close to zero regardless of
the wind speed (Arens, 1996). As such it was concluded that extreme events,
often accompanied by high rainfall and high seas (which cover the sand) are
less important for total sand transport than moderate events with strong winds
and less rainfall (Arens, 1996). Furthermore it has previously been found that
the cumulative effects of moderate aeolian events are more responsible for the
majority of sand movement than rare, extreme events (Wolman and Miller,
1960). Therefore the inland transport of sand during storms onto the study sites
may be reduced by storms with continuous precipitation, but otherwise will

reflect patterns of storminess.

Vegetation is another factor that can influence the amount of sand
transported during storms, as there is an exponential increase in sand transport
when vegetation is reduced (Wasson and Nanninga, 1986; Lancaster and Bass,
1998). Figure 2.4 illustrates the relationship between vegetation cover, wind
speed and sand transport; when vegetation cover is greater than 30% sand
transport is low, however as vegetation cover is reduced below 30% there is a
steep increase in sand transport, particularly at high wind speeds (Wasson and
Nanninga, 1986). Therefore in both Galicia and the Outer Hebrides the amount
of sediment being transported may at times have been related to land cover
changes, rather than storminess changes, so this will need to be considered in
the interpretation of the results.

71



| 08
|
i
I
106E
| E
-
o =
7 Q
- a
:Ih 04 =3
© £
=]
< @
=
=
1025
73]
Q
50

Vegetation cover, C (3]

Figure 2.4.: Graph illustrating changes in the sand transport rate (or discharge)
at different wind velocities (dashed lines) as vegetation cover changes. Based
on changes in Spinifex cover in an arid Australian environment (Wasson and
Nanninga, 1986, pg 509)

There is also an issue of intra-bog differences in peat bogs. Previous
research that has compared reconstructions of heavy metals and testate
amoebae within ombrotrophic bogs have found that broad changes or trends
are captured in multiple cores but often there are differences in short term
variations (Coggins et al., 2006; Bindler et al., 2004; Mauquoy et al., 2002;
Hendon et al., 2001). These are thought to be due to microform variability (for
example coring of hummocks or hollows) that influence the trapping of heavy
metals, vegetation type and accumulation rates (Bindler et al., 2004; Coggins et
al., 2006; Robinson and Moore, 1999) or the result of coring bog margins
(Hendon et al., 2001). To investigate this influence the peat bogs from the Outer
Hebrides were cored in 4 locations: a main core from a central bog location, and

a transect of 3 short cores from across the bog.

Finally another factor that can influence the dust content of peat is post-
depositional weathering due to acidic bog conditions; research found acidity can
destroy some rock types, such as calcite, below the surface (Le Roux et al.,
2006). In the Outer Hebrides there are abundant sources of shell sand,

consisting of both quartz grains and calcium carbonate shells, so therefore it
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was considered that the acidity of the peat bogs may dissolve the shell sand at
depth. To remove the possibility of higher measurements of sand in the upper
sediments, as the result of incomplete dissolution of calcium carbonate, the
peat samples were treated with acid prior to analysis to remove any remnants of

calcium carbonate from the samples (as described in section 2.8.1.).

2.7.2. Lakes

In lake sediments the processes controlling sediment accumulation are
more complex, as soil and sand entering the lake can be from both aeolian
transport (particularly from smaller suspended grains as sand cannot saltate
across water) and fluvial transport. In the literature many studies of lake
sediment have focused on in-washing of sediment as the result of high
precipitation events (e.g. Noren et al., 2002, Page et al., 2009). In coastal
lagoons and lakes storminess has been identified using sand deposits washed
in by large waves (e.g. Dezileau et al., 2011; Yu et al., 2009; Sabatier et al.,
2012). As low pressure systems and storms in Europe are associated with both
stronger winds and higher precipitation, which both correlate similarly with the
NAO (Serreze et al., 1997; Andrade et al., 2008; Marques et al., 2008), the
separation of sediment that has been in-washed or in-blown may be irrelevant,
with lake sediment reconstructions providing a low-pressure proxy rather than a

wind strength proxy.

In this project multiple methods have been used to better understand the
complex lake system. These methods are explained in detail within the methods
section of the Loch Hosta results chapter (section 3.3). To detect sand layers
within the lake sediment the elemental composition was analysed using an
ITRAX XRF core scanner, which was calibrated using traditional XRF
measurements along the core (and the calibration method of Weltje and
Tjallingi, 2008). The element analysis of the lake sediment is complimented by
traditional XRF analysis of samples from the lake catchment (nearby hillslopes
and rivers) to support the interpretation of the sources of elements present in
the lake. As on the peat bogs, the sand content of the lake sediment was
analysed by sieving the sand sized fractions; similar methods have been used
by Yu et al. (2009) and Parris et al. (2010). The carbon:nitrogen content of

organic matter in lakes is controlled by its source: organic matter from terrestrial
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plants has abundant cellulose causing high C:N ratios (>20), while organic
matter from lake algae are without cellulose, causing low C:N ratios (4-10)
(Meyers, 1994). Therefore by assessment of the C:N content of the lake
sediment the source of organic material to the lake (both allochthonous and
autochthonous) can be measured. This method has previously been used in
lakes to indicate changes in precipitation (e.g. Mayr et al., 2007) and human
activity (e.g. Rosenmeier et al., 2004). Therefore the C:N analysis combined
with the sand-fraction analysis was designed to support that the elemental

signature of sand was reflecting in-washed or aeolian deposition of sand.

Considerations

Here the influences of biological activity and wave driven disturbance are
explained in detail, as these factors are considered as likely to have influenced
the sediment, and the methodological considerations relating to these are

explained.

Bioturbation by lakes flora (such as root growth) and fauna (burrowing or
movements) are likely to disturb lake sediment to depths between 3 and 20 cm
(Krantzberg, 1985; Lee, 1970; Liu and Fearn, 1993), so is one of the primary
considerations in the interpretation of the lake data. Bioturbation can introduce
noise and smooth elemental data (Lee, 1970), which can disguise climatic
signatures. A detailed study on present day benthos and their sedimentary
traces determined that most faunal activity occurs in the sublittoral zone, above
the thermocline and below the 1% light level (Figure 2.5; White and Miller,
2008). In most lakes the zone where faunal activities are concentrated is
between 2 and 4 m (White and Miller, 2008), so therefore Loch Hosta was
cored below 4 m in the profundal zone. It seems likely that, given the high
resolution of the ITRAX data, bioturbation will have introduced some noise to
the data. Therefore this research seeks to establish the extent of noise
introduced, from sources such as bioturbation, to the high resolution sediment

reconstructions. The methods for doing this are explained in Chapter 3.

Biological activity also contributes to the sedimentary deposits in the
lake, as faunal skeletons and shells are calcium carbonate rich. Enhanced

temperatures or light levels (reduced cloudiness) particularly in summer may
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cause greater biological productivity and therefore calcium carbonate deposition
(Leng et al., 2001). Similarly temperature has been found to influence direct
CaCOg precipitation from the water in some lakes, with increasing precipitation
as temperatures both increase and decrease from 15 °C (Krumbein, 1979).
Furthermore biological processes (such as photosynthesis and decomposition)
change the CO, levels in lakes, which also has an influence on CaCOs;
precipitation (Wetzel, 1975; Krumbein, 1979; Muller et al., 2003). These latter
processes are likely to only occur in lakes where the water is saturated in
CaCOgs, and as the geology of the lake catchment is gneissic (Weaver and
Tarney, 1981) it is not considered likely that this carbonate precipitation has
contributed CaCOgs to the sediment. Nevertheless autochthonous sediment from
biological remains must be considered in the interpretation of the lake sediment,

as concentrations might vary with temperature rather than storminess.
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Figure 2.5.: Benthic invertebrate structure in oligotrophic Lake Michigan (White
and Miller, 2008, pg 270; after White et al., 1986), illustrating the density of
fauna in the littoral, sublittoral and profundal zones of the lake.
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There have been ten lake sediment distribution mechanisms described
by Hilton et al. (1986), including deposits from river inputs (forming deltas and
plumes), intermittent/continuous mixing, wave erosion, slope processes and
movements associated with currents. These influence the distribution and
redistribution of sediment. In an exposed lake such as Loch Hosta the wind is
likely to disturb sediment, particularly in the shallower areas of the lake. The
disturbance can occur from wind driven bottom water currents and direct wave
action (Bengtsson et al., 1990). For all sediment grain sizes the bottom currents
are only erosive above 0.3-0.4 m/s, which requires winds stronger than 67 mph,
however the wave action can be much more erosive (Bengtsson et al., 1990).
The size of waves depend on the fetch (i.e. the lake size), and wind velocity and
duration, while their effect on lake sediment depends on the depth of water
(Hakanson, 1977). This relationship between wave fetch and water depth is
summarised in Figure 2.6, which is based on data from the large Lake Vanern
(Hakanson, 1977). Loch Hosta is a relatively small lake so does not experience
large wave fetches (at most 0.7 km), so Figure 2.6 indicates that erosion from
waves is likely to occur only in waters <2 m deep. Coring was therefore carried

out in the deepest section of the lake where the wind influence was minimal.

As described in section 2.6, changes in storm latitude will influence the
amount of sediment being blown and entering the lake; however the wind
direction will also influence the wave direction within the lake and potentially the
current strength, and therefore alter the erosion of lake margins or shallow
areas. As these are situated along the southwestern edge of the lake, enhanced
easterly winds when the storm track is situated further south may cause
enhanced erosion of sand within the lake. Alternatively when the storm track is
to the north bringing westerly winds this is more condusive to aeolian sand
transport. Therefore it is speculated that storms both to the north and south of
the Outer Hebrides may cause enhanced sand to reach the centre of the lake,

although through different mechanisms.
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Figure 2.6.: Erosion-transportation-Accumulation (ETA) diagram for Lake
Vanern, Sweden (Hakanson, 1977, pg 406; Bengtsson et al., 1990, pg 168).
The diagram indicates that increasing wave magnitude (shown by fetch
distance) increases the depth at which sediment is eroded and transported in

lakes.

2.8. Methods and precision analysis

2.8.1. Sand analyses

The methods used at each site vary, particularly at the Loch Hosta site
(Chapter 3), so the methods specific to these sites will be described within each
results chapter. The techniques used for analysing the sand content and the
spectral analysis methods were used at each site, so are outlined here.The
sand content of the peat bogs and lake sediment has been analysed by three
stages. Initially loss-on-ignition was carried out to show the inorganic content
(also called ignition residue or ash). To separate the inorganic material, loss-on-
ignition was carried out following the methods of Dean (1974) and Heiri et al.
(2001). Samples were dried in an oven overnight at 102°C and then ignited at
550°C for 4 hours. Between each stage the samples were cooled in a
dessicator and weighed. This allowed the water, organic and inorganic content

to be calculated.
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Secondly this material was sieved to 120-180 pm and >180 um to
identify the medium and coarse sand weights. Before being sieved the IR
samples were left in 10% hydrochloric acid overnight: acidic peat bogs are likely
to have dissolved CaCOg shell sand over time, so to prevent a decrease in sand
with depth the carbonate sand was removed from all samples before sieving.
Following this 10 ml of 30% hydrogen peroxide was added, at which point they
were heated gently for 4 hours to stimulate a reaction. After wet sieving, to
separate the 120-180 ym and >180 uym fractions, these were washed with
distilled water into beakers and dried in an oven, before being cooled in
dessicators. The beaker and sand fractions were weighed, then the fractions
were swept using a brush from the beakers, and the empty beakers reweighed.
The weight of the sand was calculated by the beakers weight subtracted from
the sample and beaker weight. This method minimised the loss of sand grains
during the process and, as all the weighing for each sample was done in
immediate succession, any variations through time of the scales were

minimised.

Finally in the dated cores the sand weight values were converted to sand
influx. The changes in peat accumulation can potentially cause enhanced or
reduced sand accumulation in a given layer. For example, 1 cm® of peat might
accumulate over 10 years and a different 1 cm® sample might accumulate over
50 years, which would most likely result in higher sand content in the latter
sample. To account for this, the known wet volume and approximate

accumulation rate of the peat were used to calculate the sand influx per year:
Sand Influx (g cm™ yr'") = sand weight / wet volume / time span of sample

The same loss-on-ignition and sieving methods were used on the lake
sediment, although the shell sand was not removed before sieving as unlike
peat bogs the lake sediments are not acidic. Instead prior to sieving the
inorganic material was disaggregated by being put in 0.4% sodium
hexametaphosphate (Bamber, 1982), left for 24 hours and then put in the

ultrasonic bath for two minutes.
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2.8.2. Precision analysis of sand measurements

As the storminess reconstructions from the peat bogs were based
entirely on the measurement of sand concentrations, the results of repeat
measurements will next be used to test the methods precision and limitations.
As the same sieving method was also used on the lake sediment, the precision
analysis performed below is applicable to the analyses of sand content in both
the lake and peat bogs. To assess the precision of this method, repeat
measurements over a depth of 20 cm were made. High numbers of repeat
measurements were desirable to assess the range of measurements possible,
however due to a lack of sediment only three measurements could be made at
each depth. The precision of the inorganic content, or ignition residue (IR), and
the sieved sand fraction weights were calculated by finding the mean of the
three samples and the difference from this of the maximum and minimum
values at each depth. The results of the IR repeat measurements are shown in
Figure 2.7. The IR measurements are highly repeatable, with an average
precision of 0.26%. Therefore it is considered that even small peaks in the

range of ~1% can be considered in the interpretation of the IR results.
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Figure 2.7: Precision analysis measurements of the ignition residue results.
Three repeat measurements were taken over a 20cm section of core from Hill

Top Bog (transect core 1).
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Precision analysis for the measurements of the 120-180 and >180 ym
sand weights are shown in Figures 2.8 and 2.9. The precision of 0.0009 g and
0.0004 g for the 120-180 and >180 fraction weight measurements respectively
support that there is good precision. However if expressed as a percentage of
the mean measurements the sieving results show lower precision: the 120-180
pum fraction vary by 15.5% and the >180 ym fraction by 17.4%, compared to the
precision for the IR results of 5.3%. The sieving results therefore have lower
precision than the IR results, which suggest that not all the differences in
measurements were the result of differences in sand content. As the samples
being measured are small it is likely that there is some machine error from the
scales as well as human error, for example a loss of sand grains during the
sieving method. However the precision analysis has shown that repeat
measurements show the same trends. This gives confidence that the variations

in the sieved fractions can be considered meaningful.
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Figure 2.8: Precision analysis measurements for the 120-180 pm fraction

weights. The same section of core shown in Figure 2.7 was analysed.
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Figure 2.9: Precision analysis measurements for the >180 ym fraction weights. .

The same section of core shown in Figure 2.7 was analysed.

2.8.3. Spectral analysis
To investigate how storminess varies through time spectral analysis was
carried out on the results from each study area. Three methods of spectral

analysis were used, each with different outputs, benefits and disadvantages.

The first method was the Lomb-Scargle spectral analysis, which is
advantageous as it can be applied to unevenly spaced data (Lomb, 1976; Press
and Rybicki, 1989; Scargle, 1982). As storminess reconstructions are not
evenly spaced (due to changes in sediment accumulation rate) this method is
appropriate as it does not require interpolation of the data, which can lead to
underestimation of the high frequency cycles (Schulz and Stattegger, 1997).
This method of spectral analysis including the 95™ percentile of significance was

carried out using a Matlab code (Shoelson, 2001).

The second method of spectral analysis carried out was wavelet
analysis, a method introduced by Morlet (1983) and applied to climate
timeseries by Lau and Weng (1995). This method was used as it allows
changes in cycles through time to be identified, as previous research gives
evidence for non-stationary variability in storminess (Debret et al., 2007). This

method uses a mother wavelet that is stretched or compressed to represent
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different frequencies and passed over the dataset, in order to assess the
cyclicity through time. This method requires evenly spaced data, so the results
were interpolated and then smoothed and re-sampled to the time interval
representing the 90" percentile of the time interval distribution. In other words
the resolution was re-sampled to the typical age resolution of the data. The
Wavelet analysis was then carried out in Matlab using software provided by
C.Torrence and G.Compo, which used a Morlet mother wavelet and calculated
the 95% significance levels (Torrence and Compo, 1998). A disadvantage of
this method is that it requires evenly spaced data, so as described above there
is a possibility that high frequency cycles may be underestimated. Furthermore
the method requires zeros to be added to the start and end of the
reconstructions, as the wavelets overrun onto these as they pass over the
record. This leads to underestimation of the cycles at the start and end of the
reconstructions, particularly the low frequency cycles (Debret et al., 2007). The
parts of the record influenced by this effect are highlighted on the diagrams by

the cone of influence.

Finally cross-spectral analysis (Chatfield, 2004) was carried out between
various reconstructions to identify shared spectral frequencies, for example this
method was used to infer the periodicities at which the NAO was driving
storminess by identifying shared cycles in each record. For the cross-spectral
analysis, the two records being compared were interpolated and sampled to the
same resolution and the cross-spectral analysis was calculated using a Matlab
function. The significance level was calculated as follows: for 5000 iterations the
storm record and forcing datasets (e.g. the NAO, solar reconstruction) were
randomised and cross-spectral analysis carried out, in order to capture the
range of spectral magnitudes at each frequency that can occur randomly, i.e.
significant results are those that arise <5% of the time after random mixing of
the data (Jones et al., 2013). The 95" percentile of these results provided the

95™ percent significance level.

In summary the Lomb-Scargle method of spectral analysis was selected
because it is the most reliable method of analysis for unevenly spaced records,
while the wavelet analysis was also selected as it provides more information
about the changes in cyclicity through time. The cross-spectral analysis was
chosen to investigate climate-forcing linkages.
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Chapter 3: |Investigating the potential for climate
reconstructions using ITRAX XRF analysis: A storminess

reconstruction from the Outer Hebrides

This chapter is based on the paper:

Orme, L. Reinhardt, L. Jones, R, T. Charman, D. Dawson, A. Croudace, A. Ellis,
M. Barkwith, A. (submitted) Investigating the potential for climate
reconstructions using ITRAX XRF analysis: A storminess reconstruction from
the Outer Hebrides. The Holocene.

3.1. Introduction

Rapid, very high (sub-millimetre) resolution element analysis on sediment
cores can be achieved non-destructively using an ITRAX XRF core scanner
(Croudace et al., 2006). The scanner focuses an intense X-ray beam onto a
split core surface to irradiate the sediment; a detector captures the response of
fluorescence energy and wavelength spectra, which reflects the element
composition (Croudace et al., 2006; Weltje and Tjallingii, 2008). This method
has been used to create reconstructions of past climate from lake sediment
deposits (e.g. Metcalfe et al., 2010; Moreno et al., 2008; Yancheva et al., 2007;
Giguet-Covex et al., 2012; Martin-Puertas et al., 2012). However due to
methodological limitations it is not clear how reliable such high-resolution data

are for non-varved lake sediments.

A methodological limitation of ITRAX analysis is that it produces relative
element concentrations, and therefore the measurements can be influenced by
changes in sediment composition and other elements. Changes in the organic
or carbonate content can result in an increase in undetectable light elements
(carbon, oxygen and nitrogen), causing lower counts of the heavy elements,
which is termed the ‘dilution effect’ (Lowemark et al., 2010). Similarly, changes
in one element can cause detection of other elements to increase or decrease,
which is termed the ‘matrix effect’ (Lowemark et al., 2010). In this chapter
ITRAX data is calibrated using the log-ratio calibration equation method of

Weltje and Tjallingii (2008), which expresses the ITRAX results as natural log-
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ratios. This method includes the normalisation of elements against an abundant,
conservative element, to solve the dilution effect, as calculated relative changes
between two elements removes the methodological error influencing both
(Guyard et al., 2007; Lowemark et al., 2010; Weltje and Tjallingii, 2008).
Furthermore, the calibration of normalised ratios against absolute compositional
down-core measurements using XRF analysis allow parameters to be
determined that account for the matrix effect and detection efficiency, and in
practise also reflect changes in core surface, grain size and water content
(Weltje and Tijallingii, 2008). Using these methods there is a demonstrated
correspondence between the ITRAX results and the traditional XRF analysis
results (Weltje and Tjallingii, 2008), indicating that the limitations of the ITRAX

core scanning method are reduced.

A benefit of ITRAX XRF analysis is that it produces high resolution data;
however it is uncertain whether climatic signatures are preserved in the
sediment at sub-centimetre resolutions. Bioturbation (mixing) of benthic
sediment occurs through the movements of flora and fauna: this has been found
to occur over depths of 3-20 cm (Krantzberg, 1985; Lee, 1970). However these
effects are unevenly distributed within lakes (White and Miller, 2008) and the
level of degradation of environmental signals in lake sediment is uncertain.
Furthermore sediment disturbance can occur from re-deposition by currents and
sediment slumping (Hilton et al., 1986). Therefore, even using traditional
methods of sediment analysis (typically at 1 cm resolution) the climatic signal
may not have been preserved, and at the sub-millimetre resolution of ITRAX
analysis the influence of disturbance is likely to be enhanced. Some studies
using ITRAX analysis have dealt with the issue by using varved and laminated
lake sediment sections only, as the influence of bioturbation on these can be
shown to be minimal, and these therefore allow annually resolved climate
records to be produced (e.g. Metcalfe et al., 2010; Giguet-Covex et al., 2012).
However on homogenous lake sediment the extent of bioturbation is less clear,

and is often an issue unaddressed by studies using ITRAX analysis.

To investigate the maximum resolution of ITRAX analysis and the
potential of this method for creating reconstructions of climatic changes,
analysis was carried out on two cores from a lake on North Uist, an island in the
Outer Hebrides, western Scotland. This location was selected as an
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environment likely to be sensitive to variations in the NAO, which is a measure
of the pressure difference between the Azores High and the Icelandic Low (Van
Loon and Rogers, 1978; Hurrell, 1995). The calibrated ITRAX XRF data,
specifically the Ln(Ca/K) results, have been used to produce a Late Holocene
palaeo-storminess reconstruction. This ratio was selected as calcium-rich
sediment is dominant in the beach sand, which is likely to be deposited across
the catchment and in the lake by both aeolian and fluvial transport pathways,
therefore capturing both ‘wet’ and ‘dry’ storm events. Previous climate
reconstructions from the Outer Hebrides have supported that there was high
storminess particularly since 1400 A.D. (Dawson et al., 2004; Gilbertson et al.,
1999), and during severe storms sand inundated the settlements of Udal in
1697 A.D. and Baleshare in 1756 A.D. (Gilbertson et al., 1999; Lamb, 1984,
1991).

Sedimentological analysis, comparison with instrumental climate data
and elemental analysis of catchment sediment sources provide the basis for
interpretation of the element changes within the lake sediment. By correlating
with climate records and assessing cyclicity in the record, the climate influence
on the lake sediment will be inferred. Reconstructions of the NAO have
identified cycles of c. 20, 40, 60 and 70-90 years (Glueck and Stockton, 2001;
Luterbacher et al., 1999; Wanner et al., 2001; Higuchi et al., 1999; Cook et al.,
1998; Appenzeler et al., 1998), and in a 5200 year reconstruction cycles of 170
and 350 years were identified (Olsen et al., 2012). Similar cycles have also
been found in a Greenland reconstruction of storminess (Fischer and Mieding,
2005) and in 40-100 year cycles of the Atlantic Multidecadal Oscillation (AMO),
which is a measure of Atlantic Ocean temperatures (Kerr, 2000; Enfield et al.,
2001; Knudsen et al., 2011; Gray et al., 2004). As it has been suggested that
coupled atmosphere-ocean interactions control climate in the North Atlantic
region (Higuchi et al., 1999; Olsen et al., 2012; Yang and Myers, 2007),
detection of these cycles within the data is a way of confirming the climatic
influence on the lake sediment. Finally comparison of the elemental results with
instrumental climate data at a range of resolutions, as well as detection of the
highest frequency cycles present in the data, allow an assessment of the
resolution at which the ITRAX results are unaffected by noise from sources

such as bioturbation.
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3.2. Study area

Loch Hosta (57°37”30'N 7°29”’8'W) is a low lying lake (measuring 0.27
km?, up to 11m deep and at an altitude of 10 m) on the west coast of the Outer
Hebridean island of North Uist (Figure 3.1). The climate of the Outer Hebrides
(based on Stornoway station measurements, 1981-2010 A.D.) is mild, wet and
windy, with an average annual precipitation of 1250 mm, temperatures between
6 - 11 °C and on average winds around 11 knots (Met Office, 2014). The winter
months are when the lowest temperatures and highest precipitation occurs, with
more extremes of atmospheric pressure (Figure 3.2). The NAO is a strong
control on storms here, as shown by the positive correlation between the NAO
and wind speed, gale days, precipitation and cyclone occurrence since 1950
A.D. (Pirazzoli et al., 2010; Marques et al., 2008; Andrade et al., 2008). Severe
storms at times influence the Outer Hebrides, for example hurricane force winds
in January 2005 A.D. caused sand dune retreat, flooding and coastal erosion,
however this was not a unique event as records show two other storms of
greater magnitude have occurred since 1980 A.D. (Dawson et al., 2007). The
exposed situation of Loch Hosta mean it is likely to be particularly affected by
the high winds and precipitation brought by severe storms, and these are likely

to cause the erosion, transport and deposition of sediment into the lake.
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Figure 3.1: Map of Loch Hosta, situated at 57°37”30’N 7°29”8'W on North Uist
(Outer Hebrides). Labels 1 and 2 represent the coring locations of the sediment
cores Hosta 1 and Hosta 2 respectively. Labels A-J represent sampling
locations of soil and sand from the catchment. Inset: Schematic diagram of the
location of the Outer Hebrides, and the North Atlantic Oscillation pressure
centres (Azores High and Iceland Low). The shaded area is the region with
increased cyclone numbers when there is a positive NAO index (>1) (based on
results of Andrade et al., 2008).
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Figure 3.2: Box plots of (from top) maximum temperature, minimum
temperature, precipitation and atmospheric pressure at Stornoway for the
period 1873-2012 A.D.. Atmospheric pressure measurements were collected by
A.Dawson from the Met Office archives in Edinburgh and kindly donated.
Temperature and precipitation measurements were obtained from the Met
Office online records (Met Office, 2014).
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Loch Hosta was selected as it is surrounded by sources of Ca rich sand,
which may be entrained either by aeolian or fluvial processes during storms.
Sources of calcium carbonate-rich shell sand, for aeolian transport, include the
nearby beaches, and the machair; a rare, sand-based, grassland ecosystem
adjacent to Loch Hosta (Angus, 1997). The coastal location of the lake may also
mean that sea-spray is blown into the lake during storms, although the
concentration of Ca in sea water is small (0.04 %) (Kirk and Moberg, 1933). Ca
deposition is also likely to occur by overland flow from the hill bounding the
north eastern side of Loch Hosta and from two tributary streams that enter the
lake at the southern end. The catchment bedrock is Lewisian grey gneiss, which
is typically formed of quartz, plagioclase feldspar, biotite and hornblende, with
Ca concentrations of 3-7% (Weaver and Tarney, 1981; Angus, 1997; Smith and
Fettes, 1979). Sediment originating from such bedrock contains low Ca; as we
show later catchment soil does contain Ca (<10%) most likely originating from
both the bedrock as well as from windblown carbonate sand. Ca can precipitate
in some lakes due to biological processes (Leng et al., 2001; Stabel, 1986;
Dittrich and Obst, 2004), however these are most often where Ca saturation has
occurred, which is unlikely in a grey gneiss bedrock catchment. Therefore the
dominant source of Ca in Loch Hosta sediments are wind driven beach deposits
that either blow directly into the lake or first onto adjacent hill slopes, which

thereafter wash down into the lake during rainfall.

Changes to the catchment in the past by either human or natural
processes may have influenced sediment sources of the lake. At present the
land around Loch Hosta is predominantly grazing pasture for cattle but includes
a few houses. The adjacent hill slope is known to once have had a settlement
called Baleloch (consisting of a number of buildings), which was probably in
existence between 1666 A.D. until depopulation around 1815 A.D.
(canmore.rcahms, 2014; Moisley, 1961). The distance between the coastline
(sand sources) and the lake may also have varied due to relative sea level
changes: a reconstruction from the Outer Hebridean island of Harris indicated
<0.5 m of sea level rise over the last two millenia (Jordan et al., 2010), however
even with stable sea level coastal changes can occur depending on the offshore
topography and sand supply (Cattaneo and Steel, 2003; Hansom, 2001). These
anthropogenic and geomorphic changes are necessary considerations in the

interpretation of changes in the lake sedimentology.
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Figure 3.3.: Machair ecosystem and eroded bank lining the south-western edge

of Loch Hosta
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Figure 3.4: View of Loch Hosta from south-western bank looking (from top)

towards the northern, middle and southern end of the lake.
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3.3. Methods

3.3.1. Catchment element analysis

To confirm the element composition of abiotic sediment entering Loch
Hosta, nine sand and soil samples were collected from the adjacent machair,
beaches, rivers and fields, at the locations shown on Figure 3.1. These samples
were treated using hydrogen peroxide to remove organic material and sieved to
separate the <500 um fraction, as this is the size fraction most easily
transported by aeolian and fluvial processes (Kok et al., 2012). The samples
were subject to XRF analysis at X-ray Mineral Services (Colwyn Bay, Wales),
where they were dried at 105°C, crushed into a fine powder, blended with
lithium metaborate and then fused at 1080°C into a glass "bead". XRF analysis
was performed on the beads using a Spectro X-Lab Energy Dispersive
(polarised) XRF Spectrometer.

3.3.2. Sampling

Coring of Loch Hosta was undertaken in September 2011 using a short
(1 m) Mackereth corer (Mackereth, 1969) at two locations shown in Figure 3.1.
To minimise the influence of bioturbation cores were taken from depths >5 m,
as in most lakes faunal activities are concentrated between 2 and 4 m in the
photic zone (White and Miller, 2008). Cores were extracted within plastic tubes
and transported vertically. Once in the laboratory excess water was removed
and the cores were extruded from their tubes, split into two along their length
and put into semi-circular plastic tubes, which were wrapped with plastic film.
The cores were stored in a cold store.

3.3.3. Element Analysis

High resolution elemental measurements were taken by an ITRAX XRF
core scanner (Croudace et al., 2006) at the National Oceanography Centre,
Southampton, using a voltage of 50 kV, current of 50 mA, exposure time of 200
milliseconds and a step size of 200 ym. The ITRAX results were calibrated
using sixteen XRF samples, each 1 cm thick, which were taken from points
along the cores selected to represent the extremes of the ITRAX data (as
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recommended by Weltje and Tjallingii, 2008). These samples were mixed with
lithium tetraborate and fused at 1100 °C before casting into glass disks, which
were analysed using a Philips Magix-Pro wavelength dispersive XRF

spectrometer (also at Southampton National Oceanography Centre).

To investigate the sand content within the cores the Ln(Ca/K) ratio was
selected. As described above and shown in the following sections (Figure 3.6.),
Ca is present in high concentrations within the catchment sand on the beaches
and machair, so the deposition of Ca into the lake and across the catchment is
likely to occur during storms. An element present in the catchment soil was
used as a denominator as the intention was to identify the aeolian signature of
storms, so higher ratios would indicate that an increased amount of sand had
been deposited into the lake or across the catchment relative to the constant
levels present in the soil. The selection of the major element to use as
denominator was partly dependant on the ITRAX detection: aluminium is a
conservative element so is often suggested as a good element to use for this
(Lowemark et al., 2011), however aluminium had low levels of detection by the
ITRAX machine, as did silica, magnesium, phosphorous, sodium and sulphur.
Iron and manganese could not be used as these are highly influenced by redox
conditions, even in shallow lakes within the sediment (Davison, 1993). The
remaining elements were titanium and potassium, both of which were present in
the catchment soil and well detected by the core scanner. The Ln(Ca/K) and
Ln(CalTi) results were both calibrated using the method described below: the
Ln(Ca/K) calibrated much more successfully than the Ln(Ca/Ti) results (as
indicated by the Goodness of Fit statistic) so was selected as the most suitable
ratio. One limitation of using a ratio is that the values may change as the result
of K rather than Ca variations. As both Ca and K are present in the catchment
bedrock and therefore soil, the changes resulting from only sediment inwash
should not influence the ratio, however this may not be the case if either Ca or

K are more easily eroded or transported.

The calibration method of Weltje and Tjallingii (2008) was followed. In
brief, the measured Ln(Ca/K) ratio of the 16 calibration (XRF) samples were
compared with the Ln(Ca/K) of the ITRAX data (averaged over the equivalent 1
cm depth) and the relationship between these expressed as a Log Ratio
Calibration Equation (LRCE):
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where |_Ca and |_K are the ITRAX intensity values and Ln(W_Ca/W_K)
is the calibrated ITRAX results expressed as natural log ratio’s. The Ln(Ca/K)
calibration gave parameters of a = 0.309 and B = 0.794. The success of the
LRCE was confirmed using a Goodness of Fit (R?) equation (Weltie and
Tjallingii, 2008), with R?>=0.86 between the calibrated ITRAX Ln(Ca/K) and the
XRF measured Ln(Ca/K) samples.

3.3.3. Proxy data analysis

A number of sediment analyses were carried out to support the
interpretation of the ITRAX data. The loss-on-ignition and sieving methods
outlined in section 2.8.1. were carried out to assess the organic and inorganic

content of the sediment.

Further sediment was sampled at the 1 cm resolution for the
Carbon:Nitrogen (C:N) analysis, to identify the sources of organic matter, from
allochonthonous sources (>20 C:N) or autochonthonous sources such as algae
(4-10 C:N), which can be related to catchment runoff and lake productivity
(Meyers, 1994; Silliman et al., 1996). Sediment was freeze-dried, ground and
weighed to 4-12 mg using a Sartorius Supermicro Balance machine. Analysis of

the C:N content was done in a Flash 2000 Organic Element Analyzer.

Following the above analyses the carbonate content was measured.
Given the abundant calcium carbonate shell sources surrounding the lake,
carbonate measurements were considered likely to resemble sand
concentrations, and so may also reflect changes in the Ln(Ca/K). Sediment was
exhausted at some depths, particularly where sampling for the XRF calibration
and 2'°Pb dating had been carried out, so measurements are discontinuous.
Analysis was done by repeating the loss-on-ignition method outlined above and
then following it with ignition of the samples at 1050°C for two hours to remove

the carbonate, before reweighing (Dean, 1974; Heiri et al., 2001).

To compare measurements both the Ln(Ca/K) results and proxy datasets

had to be re-sampled to the same resolution, because they were measured at
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0.2 mm and 1 cm resolution respectively. The sampling interval was chosen by
finding the 90™ percentile age interval of the 1 cm resolution age-depth models
for each core. Both the proxy and Ln(Ca/K) results were re-sampled to this

resolution, by interpolating, smoothing and down- (or up-) sampling the data.

3.3.4. Chronology

21ph analysis was used to date the upper sediment of each core.
Samples taken every 2-3 cm were dried, ground gently, sealed in plastic tubes
and left for 21 days to achieve radioactive equilibrium. Analysis was made by
gamma assay (measuring activity of 2'°Pb, °Ra and *'Cs). To convert the
210ph activity to ages the Constant Rate of Supply (CRS) model was used
because the unsupported ?'°Pb was not linearly associated with depth when
plotted logarithmically, as would be expected if sediment accumulation in the
lake had been continuous (Appleby and Oldfield, 1978; Goldberg, 1963;
Appleby, 2001). Analysis was carried out with inputs of the unsupported 2"°Pb
activity (calculated by the ?°Ra activity subtracted from the initial ’°Pb activity),
the samples dry bulk density and depths. The samples datable using '°Pb were
those above the equilibrium depth (the point at which the 2'°Pb and ?*°Ra are in
equilibrium; Appleby et al., 2001). The cumulative unsupported 2'°Pb above this
depth was calculated using a trapezoidal integration. This allowed the
cumulative amount of ?'°Pb in the full profile (A(0)) to be calculated and thus the
cumulative sum of 2"°Pb below the sample in question (A) and above the
sample in question (A). Using A and A as well as the ?"°Pb radioactive decay

constant (A), which is 0.03114 y', the age of the samples was calculated with

f= 4 1+‘T
2\ T2

To ascertain dating accuracy the ?'°Pb ages were compared against

the following equation:

increased levels of "'Cs in the cores, caused by nuclear weapons tests

between 1953 and 1963, and the 1986 Chernobyl nuclear disaster (Pennington
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et al., 1973; Ritchie et al., 1973). The standard errors were calculated following

the method outlined in Appleby (2001) and the following equation:

2 2
o= 3|5 +(-a@) (7))

One sample near the base of each core was AMS radiocarbon dated

0.5

using bulk sediment, as above-ground plant macrofossils were not present.
These were dated at Queens University Belfasts “CHRONO centre. The
radiocarbon dates were calibrated using OxCal version 4.2.3, which uses the
IntCal13 calibration curve (Ramsey and Lee, 2013; Reimer et al., 2009;
Ramsey 2009a).

Age-depth models for each core were produced using Bayesian analysis
by OxCal version 4.2.3, which used the IntCal13 calibration curve (Bronk
Ramsey, 2013; Reimer et al., 2009; Bronk Ramsey 2009a). The median of the
2-sigma age range was used to estimate the age for individual samples down
the core. However as the age-depth models in this study were poorly
constrained, and to some extent ‘all age-depth models are wrong’ (Telford et al.,
2004), how the subtle variations in the age-depth models influence the results
was explored. This was done by selecting age-depth curves that produced the
best correlations between the measured sand content of both cores within the
age-errors, as a way of tuning the two records to common environmental

signals.

To do this, 3000 age-depth power-law curves were randomly fitted to
each core, with each fit lying within the 2-sigma dating error bars. The power-
law fits were chosen with the assumption that the deposition rate is steady and
increasing sediment compaction is expected with depth (e.g. Christensen,
1982). The best 100 age-depth fits from each core were then used to calculate
the mid-point age of each 1 cm section of measured down-core sand mass. The
variability in sand deposition through time was then correlated between the two
cores for all 100 pairs of possible age depth fits. 10,000 possible combinations
were explored and the best correlation was selected. Thus the selected age-
depth fits a) meet the physical constraints of deposition and compaction, b) fit

within assigned age error bars, and c) tune the age-depth data to common
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environmental signals experienced at both core locations. It is important to note
that the age depth fits were calibrated using the sand-fraction weight results to
avoid circularity, i.e. sand weight is used to calibrate the best age-depth fits and
these fits are then applied to independently measured ITRAX Ln(Ca/K) ratio
data. The Matlab code used to calculate the age-depth models was designed
and written by L. Reinhardt and will be outlined fully in forthcoming papers.
Dated ITRAX results were then independently tested against instrumental
climate data over the past ¢.130 years to ascertain how well the common
environmental lake-core signals correlate with historical climate variability, as

described in the following section.

3.3.5. Instrumental data comparison

To assess the climatic influences on the Loch Hosta sediment,
instrumental weather records from Stornoway in the Outer Hebrides were
correlated with the Ln(Ca/K) ITRAX results, using Spearman’s rank correlation
method. As correlations with high resolution data are likely to be sensitive to
small errors in the age model, the correlation was done with the Ln(Ca/K)
results, dated using the age models with the 500 strongest between-core
correlations and the OxCal age model. The climate records that the results were
compared against included temperature and precipitation measurements (1873-
2012 A.D.; Met Office, 2014) and the lowest 10" percentile of atmospheric
pressure from Stornoway (1867-2010 A.D.). In addition the Ln(Ca/K) data was
correlated against a winter (NDJF) NAO index for the period 1823-2012 A.D.
(Jones et al., 1997; Climate Research Unit, 2004). To test the highest resolution
at which ITRAX is useful, the comparison with instrumental data was carried out
at a range of age resolutions (between 1 and 20 years). Re-sampling was
carried out by smoothing then downsampling each dataset to the chosen age
resolution. Finally the Ln(Ca/K) was correlated against a millennial length NAO
reconstruction spanning 1049 to 1995 A.D. (Trouet et al., 2009) to investigate
the long-term influence of this circulation pattern on the climate of the Outer
Hebrides.
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3.3.6. Spectral analysis

Cycles within the record were analysed using the Lomb-Scargle spectral
analysis method for unevenly spaced data (Lomb, 1976; Press and Rybicki,
1989; Scargle, 1982; described in section 2.8.3.). The sensitivity of the results
to age model selection was assessed by analysing the spectral frequency using
the OxCal age model, as well as those that showed strong between-core
correlations in sand content. This was another method used to infer the highest
resolution achievable using ITRAX data: noise from the ITRAX scanner and
sediment will not exhibit cyclicity, so therefore it is suggested that the highest-
frequency, significant cycle present in the raw ITRAX data provides an
indication of the maximum resolution of the method. Cycles can only be
identified when they are twice the sampling resolution, also called the Nyquist
frequency (Grenander, 1959). For example, 20 year cycles would support that
the climate signal at the 10 year resolution had been preserved. The spectral
cycles were also used to support the cause of Ln(Ca/K) variations. Finally
cross-spectral analysis (Chatfield, 2004) between the Ln(Ca/K) record and the
Trouet et al. (2009) NAO reconstruction was carried out to identify shared
spectral frequencies (see section 2.8.3.). This method was used to infer the

periodicities at which the NAO was driving storminess over the last millennium.

3.4. Results

21%pp dating of the cores offers little constraint in age-depth modelling
due to the large analytical errors (Table 3.1). Furthermore in Hosta 1 %'°Pb
activity was only detected in the upper 2 cm of sediment. Nonetheless a wide
range of plausible fits were produced that allowed the sensitivity of the final
results to the age-depth model used to be explored: models with the strongest
significant correlation between the sand fraction results are shown in Figure
3.5.. The best of these had a correlation of R = 0.59 between the two cores
sand fractions. Selection of the top-500 correlations between pairs of age
models resulted in many duplicate age models for each core, so that there were
in fact only 26 unique age models for Hosta 1 and nine for Hosta 2, as well as
the OxCal age-model. These age model outputs are used to assess the
sensitivity of the results to age model selection. The resulting age models of

Hosta 1 and 2 span the period since 260 and 820 A.D. respectively.
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Table 3.1: Results of 2'°Pb and radiocarbon dating of samples from Hosta 1 and

Hosta 2. Note: the ?'°Pb date at 1-2 cm in Hosta 1 was not used to create the

age model due to the large errors associated with this date.

Core and | Dating 5"*C | Radiocarbon | Age (A.D.) Calibrated
sample Method (Lab. | (%o) | Age(**C yr (20 error) Age (A.D.)
depth (cm) | code) BP +1 o) (20 range)
Hosta 1: #10pp — - 2001 + 90 -

0-1

Hosta 1: | #°Pb - - 1964 + 434 -

1-2

Hosta 1: Radiocarbon | -32.3 | 1379 + 30 -- 652

43-44 (UBA-20599) (607-681)
Hosta 2: #10pp — - 2006 + 33 -

0-1

Hosta 2: 210pp - - 1995 + 37.8 -

1-2

Hosta 2: #10pp -- -- 1968 + 60.2 --

3-4

Hosta2: | *Pb - - 1939+ 129.2 | --

5-6

Hosta 2: Radiocarbon | -30.6 | 1071 + 33 -- 975

47-48 (UBA-20600) (895-1021)
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Figure 3.5: Left Dated horizons and age-depth models considered within this
chapter. Error bars show horizons dated using ?'°Pb and radiocarbon methods,
with the 2-sigma error bars for Hosta 1 (blue) and Hosta 2 (red). The age
models selected are those with the strongest correlation between the two cores
sand weight results, using the method described in section 3.3.4. Coloured
dashed lines are the age models with the strongest correlations between the
Hosta 1 (blue) and Hosta 2 (red) results, as illustrated in the right graph. Grey
lines are the other multiple age-fit curves considered, which had weaker
correlations between the sand weight results. The black lines show the age

models calculated using the OxCal software.
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The two cores were stratigraphically homogenous, black to very dark
brown in colour and consisted of organic lake mud with silt/sand. The organic
content of the cores showed little variation, particularly Hosta 1 (Figure 3.7, B
and I). The Ln(Ca/K) results (Figure 3.7, E and F) show an increase in Ln(Ca/K)
prior to ¢.1000 A.D. and after 1600 A.D., with low values between 1000-1400
A.D.. After 1900 A.D. the Ln(Ca/K) results decrease until 1950 A.D. when they
again increase. The cores show highly similar trends, supporting the contention
that the results are capturing common environmental changes in the lake. A
difference between the cores is that Hosta 2 has increasing values of Ln(Ca/K)
between 1400 A.D. and 1900 A.D. while in Hosta 1 the values only increase
after 1600 A.D.

The elemental composition of catchment sediment sources were
assessed to support the interpretation of the Ln(Ca/K) results (Figure 3.6). The
XRF results from the catchment have been grouped and averaged into sand
samples from the beach and machair, which are sources of sediment for
aeolian transport, and soil-sediment samples from the hillslopes and tributaries,
which will reflect sediment that may be washed or flow into the lake. The sand
samples were composed primarily of Ca (29-43%) and Si (14-35%), while the
soil from the catchment and rivers had high Si (55-67%) as well as Fe (4-8%),
Al (13-15%) and Ca (4-9%). Therefore there is distinctly more Ca present in the
catchment sand than the soil. The Ca in the catchment soil may have been
derived from two sources; the first is the slowly eroding Lewisian gneiss
bedrock, and the second is from aeolian transport of sand onto the soil inland.
Variations in storminess are likely to influence the amount of sand in the
catchment soil over multi-annual timescales, which will then alter the Ca content
of sediment being washed into the lake. Therefore there are three transport
pathways for Ca into the lake; aeolian, fluvial and a combined aeolian-then-
fluvial (or sheet wash) process. Both catchment sand and soil are likely to be
mobilised by high winds and/or precipitation from storms over the multi-year
periods studied here, raising confidence in the association between storms and

pulses of calcium sediment deposition into the lake.

To investigate if fluvial changes were an important influence on the
sediments Ca content the Ln(Ca/K) and C:N ratio results were compared, as

the C:N ratio can vary with changes in terrestrial carbon deposition and
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therefore runoff. The results are uncertain as C:N values of 10-18 are between
the levels considered as representing algal (4-10) and terrestrial carbon (>20)
(Figure 3.7 A and J; Meyers, 1994). Furthermore the correlation between the
Ln(Ca/K) and the C:N is significantly negative with Hosta 1 (R = -0.43) and
insignificantly positive with Hosta 2 (R = 0.29). Positive correlations would be
expected if runoff was the dominant factor influencing both the C:N and
Ln(Ca/K) content of the cores, therefore these results suggest that either the
C:N is influenced by lake productivity or calcium sediment is not deposited by

runoff from the catchment.
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Figure 3.6: Composition of the major elements present in the Loch Hosta
catchment soil (based on the average of 6 soil and river sediment samples:
Figure 3.1) and sand (from an average of 3 samples from the machair and
beaches). The error bars show the range of element concentrations for both

sand and soil samples.
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Next the Ln(Ca/K) ratios down core were compared with known sand
concentrations (Figure 3.7, D and G). Logically there should be a 1:1
relationship, but the resolution differences and grain size effects make such
comparisons non-trivial. To compare the high resolution Ln(Ca/K) results with
the low resolution sand fraction results each record had to be re-sampled to the
same resolution, which for Hosta 1 was 40 years and Hosta 2 was 30 years.
The Ln(Ca/K) results did not correlate positively with the sand fraction weights
as expected; for example the combined 120-180 and >180 um fraction weights
had a significant correlation of R= -0.39 with Hosta 1 Ln(Ca/K) and an
insignificant correlation of R = 0.19 with Hosta 2 Ln(Ca/K). An explanation for
the lack of correlation may be that the sediment smaller than 120 ym was not
measured by the sieving method, and may have had more of an influence on
the ITRAX measurements than the coarser fractions. This is visually supported
by the available carbonate measurements (Figure 3.7, C and H), which are
likely to reflect the total CaCOj; shell fraction of the sediment. These vary
between 1-3% of the dried weight, and show some similar changes to the
Ln(Ca/K) results. As the ITRAX method only measures the surface of the
sediment, to a maximum depth of 1 mm (Lowemark at al., 2010; Weltje and
Tjallingii, 2008), it is suggested that coarse sand distributed through the

sediment was less likely to be present on the core surface than the fine sand.

The ITRAX scanning method may therefore influence the results, as fine
particles are more likely to be present on the core surface than sand-sized
particles. The typical number of sand grains analysed by the ITRAX core
scanner was estimated using the average sand weight measurements, the
density of CaCOs3 and the volume of scanned sediment. As the laser that scans
the surface of a split core is 0.4 cm wide and penetrates to a maximum depth of
0.1 cm, only 0.04 cm?® of sediment is scanned over 1 cm depth. The average
volume of sand within this layer was calculated from the averaged sand fraction
weight measurements and the density of CaCOs3, and the number of grains was
inferred by dividing the total sand volume by the estimated volume of individual
grains (assuming spherical grains with 120 ym and 180 um diameters). These
calculations showed an estimated 93 fine grains (120 ym diameter) and 20
coarse grains (180 um diameter) are scanned over 1 cm depth, however this is

likely to be an overestimation due to the sand consisting of Si (~25%) as well as
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Ca (~35%) and the smallest possible grain size in each fraction used. These
calculations indicate that coarse grains in particular may not be well distributed
through the sediment and therefore not captured by the ITRAX results. To
illustrate the grain size effect the same calculations were repeated, this time
using the average carbonate weights of Hosta 1, but assuming that it is
composed of homogenous, equal-sized grains. Figure 3.8 shows the number of
grains that would be expected if the carbonate content consisted of spheres
with 0-150 ym diameters. It is shown that there is an exponential increase in
number of sand grains as the grain size decreases. Therefore the smaller grain
sizes, particularly below 50 um, are more likely to be present on the core
surface and, due to their abundance, are more likely to be spread through the
sediment than the same amount of CaCOg3 concentrated in larger sand grains.
For this reason it is suggested that grain size may play an important role in the
element detection of the ITRAX scanner; a corollary is that by ignoring the very
finest sand fraction the sand percentage measurements may have been made

inadvertently biased.
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Figure 3.8: Projected numbers of grains in the average carbonate volume of
Hosta 1 if identical grain sizes are assumed. The average volume of carbonate
measured was estimated using the volume scanned by the ITRAX scanner, the
average weight of carbonate (as determined by loss-on-ignition) and the known
density of carbonate. This carbonate volume was then divided by the volume of

spheres of different sizes to estimate the number of grains this would result in.
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3.5. Comparison with instrumental and proxy climate records

To assess whether elemental ITRAX data may be used as a climate
proxy the results were compared with instrumental climate data from Stornoway
and the NAO index. The first step in this task was to determine the optimum
sample resolution for this comparison, as sediment mixing in the lake bed might
have introduced noise that will degrade the climate signal at high, annual
resolutions. This was done by correlating with instrumental precipitation data at
different resolutions (between 1 and 20 years). To assess the sensitivity of the
results to the choice of age model, this process was carried out not only on the
Ln(Ca/K) results using the ‘best’ age model produced but using the multiple
versions of the record produced from the different age models, as well as the

OxCal age model.

The Hosta 1 results (Figure 3.9 B) demonstrate that both the optimum
age-depth model and the standard OxCal age-depth model produce significant
correlations between Ln(Ca/K) and precipitation at almost all resolutions.
Notably not all of the plausible age-depth solutions produce Ln(Ca/K) results
that correlate with the precipitation data, which implies that the interpretation of
proxy data is highly dependent on obtaining a reliable age model. The second
core (Hosta 2; Figure 3.9 C) does not correlate significantly with precipitation
when using any of the age models, indicating that precipitation driven changes
in runoff are not influencing this coring location, at least during the instrumental
period. As Hosta 1 was sampled from nearest to the tributaries (Figure 3.1), the
sediment may be recording changes in precipitation resulting from riverine
plumes of sediment being deposited (Hilton et al., 1986), which may not have
reached the furthest end of the lake from which Hosta 2 was sampled. This in
some respects contradicts the visual similarity between the two cores; the
reason may be that the changes seen in both cores were the result of large
magnitude storminess changes influencing both coring sites, whereas the low
magnitude variability of the instrumental period only influenced the Hosta 1
coring site closest to the tributaries, which thus can be considered a more

sensitive reconstruction.

The changes in correlation (using Hosta 1) can be used to infer the
optimum resolution of the data, where the influence of bioturbation and other

(noisy) mixing processes are minimised. The correlations between the selected
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Hosta 1 Ln(Ca/K) record and annual precipitation correlate significantly at all
resolutions up to 10 years, but are at times insignificant at resolutions greater
than 10, therefore the correlation of R = 0.62 at 10 years is taken as the
maximum correlation achievable, which is equivalent to 3-5 mm sediment depth
(Figure 3.9 D). Other versions of the age model, including the OxCal age model,
correlate more strongly with precipitation, however it is encouraging that each of

these reach the maximum correlation at approximately the same resolution.
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Figure 3.9: Comparison between Ln(Ca/K) and climate indices. A: normalised
Stornoway annual precipitation plotted against the Hosta 1 normalised Ln(Ca/K)
from 1870-2000 A.D.. B and C: correlation between annual precipitation and the
Hosta 1 Ln(Ca/K) (B) and Hosta 2 Ln(Ca/K) (C) at resolutions between 1 and 20
years, using the selected age model (thick black line), the OxCal age model
(thick blue line) and the alternative age models shown in Figure 3.5 (light blue
lines). The dashed line indicates the 95% significance level. D and E:
conversion between the average depth and resolution for the instrumental
period (black line) and full core (dashed line) for Hosta 1 (D) and Hosta 2 (E).
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Having determined the optimum resolution, the Ln(Ca/K) records of both
cores, as well as all of the climate indices, were smoothed and downsampled to
the 10 year resolution and the correlations between these calculated. Hosta 1
correlated significantly with annual precipitation (R = 0.76; n = 13) and low
pressures (R = -0.63, n = 14), which supports that low pressure storms bring
sand into the lake, however the correlation with the winter NAO (R = 0.22; n =
18) was insignificant. Hosta 2 did not correlate significantly with precipitation,
low pressures or the NAO, however the correlation with annual temperature
was negative and significant (R = -0.68, n = 22). This result indicates that
different climatic conditions control sediment deposition in different sections of
the lake, although the reason for this correlation with temperature is unclear.

The correlation with the instrumental records has supported that storms
are influencing the Ln(Ca/K) content of the lake sediment at the site of Hosta 1.
By correlating with the Trouet et al. (2009) NAO reconstruction the climatic
influence on the lake over the past millennium can be investigated. The
correlation of the Ln(Ca/K) results (at the 10 year optimum resolution) with the
NAO reconstruction of Trouet et al. (2009) is significant in both Hosta 1 (R = -
0.49, n = 95) and Hosta 2 (R =-0.62, n = 95). The negative correlations contrast
with the positive correlation between precipitation/storms and the NAO
observed in the instrumental period (Hurrell and Van Loon, 1995). This may
indicate that there has been long-term discontinuity of the storm-NAO
relationship; for example the Little lce Age (1400-1850 A.D.) would be expected
to have had calm and dry conditions in northwest Scotland given the
reconstructed negative NAO (Trouet et al., 2009), however the increased
Ln(Ca/K) indicates that storminess was higher. Other research supports these
findings, suggesting increased Little Ice Age storminess across Europe
including the Outer Hebrides (Sorrel et al., 2012; Gilbertson et al., 1999;
Dawson et al., 2004), and it has been hypothesised as being the result of
intensified storms (Trouet et al., 2012). The Ln(Ca/K) reconstruction may
therefore be capturing the climate deterioration associated with the Little Ice

Age.
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3.6. Interpretation
The above correlations of Ln(Ca/K) with precipitation and low pressure

instrumental data perhaps indicate that storminess changes resulted in sand
deposition into the lake. However human-climate interactions, sea level
changes and alternative processes of CaCOs; deposition are necessary

considerations in the interpretation of the results presented here.

It is possible that human activities in the vicinity of the lake may have
increased the amount of sediment deposited by increasing catchment erosion.
The nearby small settlement of Baleloch was in existence between 1666-1815
A.D. (canmore.rcahms, 2014; Moisley, 1961), during the period when the
Ln(Ca/K) results indicate greater sand deposition. Furthermore it is suggested
that during the coldest periods of the LIA a more severe climate (both cold and
stormy) led to people harvesting marram grass for fuel from the sand dunes as
well as overgrazing land, removing sand to use as a soil fertilizer and other
activities that resulted in sand dune destabilisation (Sommerville et al., 2007;
Gilbertson et al., 1999; Angus and Elliot, 1992). The climatically driven human
activities may therefore have resulted in more sand entering the lake
catchment, so this may have been an indirect way that increased storminess
(combined with lower temperatures) caused changes in sand content.

Similarly changes through time of sediment availability could be caused
by sea level changes, influencing the distance between the coastline and sand
sources. Despite relative sea level in the Outer Hebrides having changed by
<0.5m since c. 1 AD. (Jordan et al., 2010), the offshore topography and
variable sediment availability may have caused local transgressions (Cattaneo
and Steel, 2003; Hansom, 2001). As sand is abundant along this coastline
however, and the lake is in close proximity to the machair and dunes, it is not
considered that this is a dominant cause of the observed variability in sand

content.

Changes in Ln(Ca/K) may also have resulted from a number of
autochthonous processes, in addition to the inwashed or aeolian sediment
during storms. Along the southwestern edge of the lake there are sandy
machair banks (Figure 3.3.), which are likely to be eroded by waves during
storms, with sand then transported to the centre of the lake by currents (Hilton

et al., 1986). This may provide an additional transport pathway for sediment
109



deposition during storms (particularly for storms with easterly winds). Further
investigation of this as well as the extent of the riverine plume around the
tributaries would be benefited by geomorphological mapping of the lake bed, to

assess the locations of the cores in relation to these deposits.

As described in section 3.2. direct CaCOg precipitation from the water is
considered unlikely given the gneissic bedrock in the catchment, however it is
possible that calciferous fauna in the lake may have left remains in the sediment
that have varied with lake productivity and therefore temperature or sunlight
(Leng et al., 2001). The Hosta 2 core had a significant correlation with
temperature; however this was a negative correlation, which is not the expected
response between temperature, productivity and CaCO3; deposition. To better
understand the composition of the sediment and the possible contributions from
shell sand, fauna or even CaCOg precipitates, it would be beneficial to use SEM

elemental mapping (Kotula et al., 2003).

Despite these uncertainties, the above correlations with the long NAO
reconstruction and the instrumental climate indices support that the Loch Hosta
Ln(Ca/K) reconstruction is capturing a climatic signal. The contributions of sand
however may have been somewhat influenced by climatically-induced human

changes or bank erosion.

3.7. Spectral Analysis

The variability of the Hosta 1 Ln(Ca/K) has been assessed through
spectral analysis, as it is considered that this core contains the strongest
storminess signal. An aim of this chapter was to identify the highest resolution
of ITRAX analysis: as it is unlikely that noise in the data will have significant
cyclical changes, the identification of the highest frequency cycle present may
potentially show the resolution at which the climate signal has been preserved.
Again, each of the Hosta 1 age models were used in the analysis of
periodicities, as a means of assessing the sensitivity of the results to age-depth

model selection.

The Lomb-Scargle spectral analysis (Figure 3.10) indicated that many

centennial-scale cycles were present, including those of ¢.860, 250-200, 153-
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139 and 105-95 years, which are significant in all or most of the age models.
Shorter cycles of 77-87 and 50-58 are also identified in many of the age
models. The shortest cycle of 16-20 years is only significant in the results of one
age model, although many show an insignificant peak at this frequency. This is
potentially a real cycle therefore, however the detection of this and other high
frequency cycles is clearly highly dependent on the skill of the age model, as
small errors in the dating would distort the cycle greatly. The comparison with
instrumental climate data indicated that the optimum resolution of Hosta 1 was
10 years, and the identification of the 16-20 year cycle, which has a Nyquist
frequency between 8 and 10 years, supports that this is the case. Finally cross-
spectral analysis of the main Hosta 1 Ln(Ca/K) record with the Trouet et al
.(2009) NAO reconstruction showed shared cycles of 256 and 60 years, which
implies an NAO influence on the Ln(Ca/K). This supports that the positive
correlation between the NAO and storminess and precipitation during the
instrumental period (Hurrell and Van Loon, 1997) has been consistent over the

last millennium.

Many of the cycles identified are similar to those identified in NAO
reconstructions. The 16-20 year cycle is similar to a ~20 year cycle that has
been identified in previous NAO reconstructions (Olsen et al., 2012; Glueck and
Stockton, 2001; Cook et al., 1998; Luterbacher et al., 1999). The cycle of 50-58
years, and the 60-year cycle identified by the cross-spectral analysis, is similar
to a c.60 year cycle often identified in NAO reconstructions (Glueck and
Stockton, 2001; Luterbacher et al., 1999; Olsen et al., 2012; Wanner et al.,
2001; Cook et al., 1998) as well as in the GISP2 sodium reconstruction of
storminess spanning the last 1000 years (Fischer and Mieding, 2005). Cycles
around this length are also features of the AMO index of North Atlantic
temperatures (Kerr, 2000): the 50-58 year and 77-87 year cycles identified in
Loch Hosta resemble the dominant 60-80 year cyclicity of the AMO (Wanner et
al., 2001; Higuchi et al., 1999; Enfield et al., 2001; Kerr, 2000; Gray et al., 2004;
Knudsen et al., 2011). The results indicate that there may be an ocean-
atmosphere climate link controlling storminess and precipitation patterns over
multi-decadal timescales. A link with the NAO is not supported however by the
longer cycles present in the reconstruction (95-105, 139-153, and 200-250

years), as the longest NAO reconstruction included cycles of ¢.170 and 300
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years (Olsen et al., 2012). The cause of these cycles are therefore unclear,
although the 200-250 year cycle resembles the c.220 year solar cycle (e.g.
Stuiver and Braziunas, 1989), indicating solar changes are a possible external

climate forcing.

Overall the spectral analysis results provide some support that the
maximum resolution of the Hosta 1 Ln(Ca/K) record is around 10-years, as
implied by the occurrence, albeit weakly, of the 16-20 year cycle in the record.
The presence of cycles of 16-20, 50-58 and 77-87 years support that changes
in the NAO and AMO are influencing temporal precipitation patterns in this
region. The influence on storminess from the NAO and AMO will be discussed
further in Chapter 6, as here the results will be combined with those from the
studied peat bogs (Chapters 4 and 5) as well as others from Europe and the
North Atlantic.
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Figure 3.10: Top: The Lomb-Scargle spectral analysis of the Hosta 1 Ln(Ca/K)
using the many age models shown in Figure 3.5. The black line illustrates the
0=0.05 significance level and labels A-F show the significant peaks, which
correspond to histograms A-F. Middle: Histograms showing the number of
spectral peaks at specified periods produced from the different iterations of age-
depth fits: note that many of the randomly generated age-depth fit lines overlap,
so while there were 500 fits modelled many of them overlap. Results to the right
of the red line are statistically significant at the 95% confidence level. There is a
high degree of confidence in the cycle identified if most of the modelled age-
depth solutions produce cycles lying to the right of the significance line, and
vice-versa where most results lie to the left. Botffom: cross-spectral analysis
results between the Hosta 1 Ln(Ca/K) results and the Trouet et al., (2009) NAO
reconstruction (using method outlined in section 2.8.3.; Chatfield, 2004). The

black line indicates the 0=0.05 significance level.
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3.8. Methodological assessment

One of the aims of this research was to investigate the potential of
ITRAX XRF analysis as a method of creating high resolution climate
reconstructions. To maximise the skill of the ITRAX data the age-depth models
were tuned and the results calibrated. The potential for climate reconstructions
has been assessed by comparisons with climate indices, measurements of the
sedimentology of the core and spectral analysis, as well as testing the
sensitivity of the data to the choice of age model. Using these methods it has
been demonstrated that there is a climatic influence on the Ln(Ca/K) content of
the lake, with storm driven changes in sedimentation in the core from closest to
the tributaries. In this section the ITRAX methods potential will be discussed
further.

The method of Weltje and Tjallingi (2008) was used to calibrate the data,
which was expressed as a natural-log ratio to reduce the influence of matrix and
dilution effects, and factors relating to sediment composition that have proved
problematic in previous research (e.g. Lowemark et al., 2010). The significance
testing following calibration was a useful confirmation of its success, and

supported that the chosen ratio was reflecting real element concentrations.

In addition to the standard OxCal age-depth model a tuning-technique
was also used: multiple age-depth curves were calculated within the age errors,
and following this the ‘best’ age-depth curves of the two cores were selected,
based on the strength of correlation between each cores sand weight results,
i.e. their common environmental signal. When performing the spectral analysis
and correlation with climate data, to address the sensitivity of the results to age-
model selection, the results of the other possible age models and the OxCal
age model were also looked at. The correlation with instrumental climate data
gave some indication that the results are sensitive to the chosen age model,
presumably because the size of the age errors (and therefore the potential
range of ages for each sample) are large compared to the length and resolution
of the instrumental data. On cores with better dating constraints this problem
may be limited. Nevertheless the Hosta 1 age model created by the tuning-
method, and the OxCal age model, correlated well with the precipitation data,
which demonstrates that carefully selected element ratios of ITRAX data can be

used to make palaeoclimatic reconstructions. The spectral analysis of the
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results indicated that the detection of low-frequency cycles was less sensitive to
the age-model selection; the higher frequency cycles appeared to be much
more sensitive, for example the 16-20 year cycle was only significant in one age
model. This could be because the errors in the dating were in some cases
larger than the cycles being detected, causing the age models to distort the
cycle. Therefore the choice of age model is an important factor influencing
whether or not high-frequency cycles are detectable. These results highlight an
issue with ITRAX XRF analysis, as although the method allows high sub-
millimetre resolution data to be produced (Weltje and Tjallingi, 2008; Croudace

et al., 2006), the results are sensitive to age errors.

An aim of this research was to assess the maximum resolution, given
possible sediment disturbance from bioturbation and basal lake currents among
other causes (Krantzberg, 1985; Lee, 1970). This was achieved by correlating
Ln(Ca/K) with precipitation data at different resolutions and spectral analysis. In
Hosta 1 both these methods indicated the optimum resolution was reached at
~10 years resolution (representing 3-5 mm), however even at higher resolutions
the correlations were significant, which suggests that the sediment mixing has
degraded rather than destroyed the climatic signal in the sediment (Lee, 1970;
White and Miller, 2008). At this 10-year resolution, results are the average of
measurements from a 3 mm sample thickness, across a 4 mm wide scanning
cross-section and to x-ray penetration depths of 1 mm (Croudace et al., 20006).
Therefore the averaging of the element measurements over both width and
depth may reduce the influence of sediment mixing and enable the ITRAX
analysis results to correlate with instrumental data at high resolutions. Overall
the evidence suggests that bioturbation in the deepest part of Loch Hosta is
minimal, so in similar lakes the ITRAX XRF method could potenially provide

sub-centimetre resolution results.

Finally, the results indicated that ITRAX elemental analysis may be most
sensitive at detecting fine sediment changes, as coarser sand fractions were
found to not correlate positively with the Ln(Ca/K) measurements. Similarly a
lake precipitation reconstruction from the Alps found low correlations between
coarse sand and ITRAX calcium results, which was suggested as being the
result of the analyses being carried out on different sediment from the same
depth and sediment deformation during coring (Giguet-Covex et al., 2012).
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However here it is alternatively suggested that fine-scale ITRAX measurements
may be capturing changes in the amount of very fine Ca silt and sand rather
than the coarser sand. This was suggested because there was a similarity
between the Ln(Ca/K) and the carbonate measurements, which reflect grains of
all sizes. The calculations demonstrated an exponential increase in the number
of particles in the sediment as the grain size decreases, which supports that the
finer sediments will be more dispersed within the sediment, so are more likely to

be detected by the ITRAX scan of the surface sediment.

The evidence given here goes some way to showing that ITRAX XRF
core scanning can be used to make palaeo-climate reconstructions using sub-
centimetre resolution measurements, as in Loch Hosta it appears to produce a
multi-annual resolution record. Proxies that offer annual resolution results, such
as speleothem reconstructions or varved lake sediments, are not present in
many regions; therefore the ITRAX method provides a widely applicable

alternative for high resolution terrestrial climate reconstructions.

3.9. Conclusion

Past changes in storminess in the Outer Hebrides (since 200 A.D.) have
been reconstructed with high-resolution ITRAX elemental analysis. The
Ln(Ca/K) ratio in a core sampled from close to a tributary correlated with
instrumental records of precipitation and low-pressures, indicating that storms
deliver pulses of sediment into the lake. The presented storminess
reconstruction has distinct centennial-scale changes, which can be related to
the higher storminess during the Little Ice Age. The results support previous
findings that the LIA had high storminess, despite a negative NAO and
southerly storm track, something which has been suggested as being due to
higher storm intensity (Trouet et al., 2012). Spectral analysis, and cross-spectral
analysis with a long NAO reconstruction (Trouet et al., 2009), supported an
influence of the NAO and oceanic temperature on climate, particularly as c¢.50-
80 year cycles were identified. These results demonstrate that there is a strong

climatic influence on Loch Hosta resulting from regional storminess.

The research in this chapter aimed to assess whether sub-millimetre

resolution ITRAX data can be useful for producing high resolution climate
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records. This chapter has investigated the optimum resolution of the ITRAX
data in this location, given possible disturbance from bioturbation and other
sediment mixing processes. This was done by comparing the ITRAX results
with instrumental data at different resolutions, as well as establishing the
highest frequency cycles present in the raw ITRAX data. Both methods gave
some indication that the optimum resolution was reached at 10 years, which in
Loch Hosta corresponds to 0.3-0.5 cm. Therefore it is suggested that
meaningful sub-centimetre sampling resolutions can be attained using ITRAX

analysis.

The results imply that the correlation with instrumental data, and the
identification of high frequency cycles in particular, are highly sensitive to the
age model used; the standard OxCal age-model offered one of the most robust
solutions, while low frequency cycles were identified using most age models.
This is thought to be due to the relatively large dating errors (and therefore the
range of possible ages for each sample depth) compared to the frequency of
the short cycles and the resolution and length of the instrumental data.

Finally the comparison of the results with traditional analyses of sediment
composition indicated that the Ln(Ca/K) was reflecting changes in the carbonate
content rather than the sand fraction. This is suggested as being the result of a
much greater distribution of fine sand within the sediment, meaning it is more
likely to be measured by the high resolution ITRAX laser, which analyses only a

small quantity of sediment compared to traditional methods.
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Chapter 4: Late Holocene storminess in Northwest Scotland -

Two peat reconstructions from the Outer Hebrides

4.1. Introduction

In this chapter the results from two peat bog reconstructions of
storminess from the Outer Hebrides in western Scotland will be presented.
Future climate change predictions indicate that Atlantic storm tracks will shift
northwards and bring more frequent storms to Britain and Scandinavia by 2100
A.D. (Stocker et al., 2013), suggesting that the current levels of storminess are
likely to increase in the near-future. Currently storms have the potential to cause
widespread damage. The 2011 National Flood Risk Assessment showed that in
Scotland 125,000 properties were at risk of flooding, with 17% of floods caused
by the sea when there are high winds and low atmospheric pressures (SEPA,
2011). However flooding is only one aspect of storms, as high winds can cause
infrastructural damage inland. A recent example of a severe storm was the
January 2005 storm, which caused hurricane-strength winds, coastal flooding,
erosion and loss of life on the Outer Hebrides. Storms of this magnitude are
relatively frequent as there have been two other storms of greater severity since
1980 (Wolf 2007, Dawson et al. 2007). If the predictions of increased
storminess in the British Isles in the future are realised, the vulnerability to
storms in the Outer Hebrides and Scotland is likely to increase, which could
have economic and social impacts on many communities. Reconstructions
allow better understanding of storminess patterns, recurrence intervals,
potential storm intensity and insight into the causes of storminess, so enable

authorities to better prepare for increasing storminess.

The NAO is a dominant influence on storminess across northern Europe.
There is a strong positive correlation in the Outer Hebrides between the NAO
and storminess during the instrumental period (Pirazzoli et al., 2010; Andrade et
al., 2008). However it has been suggested that the storm-NAO relationship is
not constant, both within the instrumental period (Dawson et al., 2002) and
during the Little Ice Age (Trouet et al., 2012; Raible et al., 2007; Lamb., 1995).
The longest NAO reconstruction spanning the Late Holocene suggests the NAO
was often negative between 4300-2000 cal yr BP, and persistently positive

between 2000 and 600 cal yr BP (Olsen et al., 2012). However this contrasts
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with evidence of cyclical storminess changes (1500-1800 year pacing) through
the Late Holocene (Sorrell et al., 2012, Debret et al., 2007; Fletcher et al.,
2012), which also suggest that there are inconsistencies in the long-term NAO-
storm relationship. Storminess reconstructions that span the Late Holocene will
help determine how far the NAO influences storminess over centennial
timescales. Furthermore centennial cycles of 170 and 300 years have been
identified in the NAO (Olsen et al., 2012), which if also present in storminess
reconstructions can indicate long-term continuity of the NAO-storminess
relationship. Similarly the presence in the storminess reconstructions of solar
cycles of ¢.3300-2500, 2200-2100, 1050-830, 710, 520, 420, 350, 300, 230-200
and 150-140 years (Debret et al., 2007; Damon and Sonett, 1991; Stuiver and
Braziunas, 1989; 1993; Stuiver et al., 1995; Steinhilber et al., 2012; Wirth et al.,
2013) and oceanic circulation cycles of ¢.1370 + 500 (Bond et al., 1997; Bianchi
and McCave, 1999; Debret et al., 2007) can also give an indication of what is

forcing storminess variability.

A number of methods have been used to create storminess
reconstructions in Scotland. On the Outer Hebrides reconstructions have been
made by dating wedges of sand that have blown inland during periods of high
storminess (Dawson et al., 2004) and by dating sand dune movements
(Gilbertson et al., 1999). Additionally a pollen reconstruction from St Kilda
shows increases in maritime plant communities during times of higher sea spray
(Walker, 1984). However no continuous and decadal resolution reconstructions
of storminess have been made from the Outer Hebrides, which means that only
broad comparisons can be made between suggested periods of high
storminess and other proxy reconstructions. Storminess elsewhere in Scotland
has been investigated using documentary evidence, which describes temporal
variations as well as individual severe storms (Hickey, 1997; Lamb, 1984,
1991). Longer reconstructions of storminess in Scotland and northern Ireland
have been made by dating periods of sand dune activity and buried sand layers
(Wilson, 2002; Wilson et al., 2004; Sommerville et al., 2003; 2007; Tisdall et al.,
2013) and dating cliff-top storm deposits (Hansom and Hall, 2009; Hall et al.,
2006). High precipitation accompanies storm events and is also positively
correlated with the NAO (Trigo et al., 2002); precipitation reconstructions have

been created using various methods. These include reconstructions of
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allochthonous material deposited into lakes (Oldfield et al., 2010) and
speleothem characteristics (Proctor et al., 2000; 2002; Charman et al., 2001).
Comparison between these is somewhat limited by the nature of the
reconstructions, as it is likely that they are influenced to varying degrees by
seasonality, storm intensity and direction, temperature, human activities and
sea level changes. Therefore interpretation and inter-comparison of storminess

reconstructions requires consideration of these factors.

The aim of this chapter is to present two Late Holocene storminess
reconstructions from the Outer Hebrides, as a means of improving
understanding of storminess in northern Europe. During storms in the Outer
Hebrides the wind blows sand from the machair and beaches, situated on the
west coasts of the islands, across the peatland inland. Analysis of the sand
content within two continually-accreting peat bogs provides a decadal-resolution
and continuous reconstruction of past storminess (Bjorck and Clemmensen,
2004; De Jong et al., 2006). To confirm that reconstructions are reflecting
storminess a number of factors must be considered, for example the Late
Holocene increase in relative sea level (Jordan et al., 2010) and the long history
of human occupation of the Outer Hebrides (Sharples and Pearson, 1999;
Bennet et al., 1990; Henley, 2003; Garrow and Sturt, 2011; Ashmore et al.,
2000). The effect of sediment disturbance due to local human impact is limited
by using two sites, as shared storminess patterns are likely to influence both
sites, whereas human impacts are not. The two reconstructions will then be
compared with other storminess and precipitation reconstructions from the
region. It has also been found that reconstructions of aerosols from bogs may
be influenced by micro-topography (which affects vegetation species, surface
wetness variations and accumulation rate) and marginal effects (Coggins et al.,
2006; Bindler et al., 2004; Mauquoy et al., 2002; Hendon et al., 2001).
Therefore in addition to a main core from each bog, a transect of three shorter
cores across the bogs are also analysed to allow intra-bog variations in sand
deposition to be assessed. Therefore in this chapter the two peat bog
reconstructions of storminess from the Outer Hebrides are presented and
supported by intra-bog, inter-bog and regional comparisons. The focus is on the
local environments of the bogs and regional climate of northwest Europe, as the

broader patterns of European storminess will be discussed in Chapter 6.
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4.2. Study Area

4.2.1. General overview

The location of the Outer Hebrides in the eastern Atlantic Ocean means
that the islands have a hyperoceanic climate, with mild, wet and windy weather
(see Figure 3.2; Birse, 1971; Langdon et al., 2005). The Outer Hebrides are
situated to the south of a major storm track, so storms often bring gales from
the south and west (Angus, 1997). During the instrumental period the weather
of the region has been more strongly influenced by the NAO than much of the
rest of Europe (Figure 4.1; Andrade et al., 2008), as there is a positive
correlation between the NAO and precipitation, gale days and wind speed
(Pirazzoli et al., 2010; Corbel et al., 2007; Marques et al., 2008). These are the
result of the storm track crossing northern Europe and intensifying when there is
a positive NAO index (Hurrell and Van Loon, 1997; Hurrell, 1995). As the NAO
is a dominant control on the climate of the Outer Hebrides it is an ideal location
from which to reconstruct storminess and investigate the influence of the NAO
during the Late Holocene.

In this research storminess is reconstructed using sand deposits in
ombrotrophic peat bogs. This method requires firstly that there are ombrotrophic
peat bogs that have developed over the period of interest, and secondly that
there is an abundant sand supply for aeolian entrainment and transport during
storms. The sand source in the Outer Hebrides is the unique machair
ecosystem, which encompasses beaches, sand dunes, machair grassland,
machair lochs, blackland (machair-peat transition), saltmarshes and sandflats
(Boorman, 1993). The machair formation was the result of rising sea levels
following the last glacial; a transgression first transported material from the
continental shelf onto the shore and then pushed it further inland (Ritchie and
Whittington, 1994). To the east of the machair are soils consisting of peaty
gleys, peaty podzols and importantly raised peat bogs (Angus 1997, Hudson
1991). The conditions are favourable for peat growth on the Outer Hebrides as
there is an iron pan horizon in the soil and high precipitation, which cause
water-logging and acidity (Glentworth 1979; Moore, 1987; Bragg, 2002).
Localised peat bogs are thought to have been in existence on the Outer
Hebrides from as early as 9100 cal yr BP (Ritchie, 1985) and were more

extensive after the reduction of forests, which occurred between 5200-3800 cal
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yr BP due to human pressure and a more oceanic climate (Bennet et al., 1990;
Fossitt, 1996). Therefore an abundant sand supply in close proximity to raised
peat bogs, which have been in existence over the Late Holocene, make this a

suitable location to develop reconstructions of past storminess.

The amount of sand being blown onto the bogs in the past may have
been influenced by sea level change altering the proximity of the sand sources.
Jordan et al. (2010) has carried out the only fieldwork-based reconstruction of
sea level from the Outer Hebrides, from the Isle of Harris. The results indicate
that relative sea level gradually increased from around 2 m below present after
4000 cal yr BP, with the rate of increase slowing through time, until present
levels were reached at approximately 3100-2000 cal yr BP (Jordan et al., 2010).
These results suggest that through time a transgression may have occurred
changing the positions of the coastline and sand sources. On the other hand,
Ritchie (1966) suggested that sea level changes were insufficient to influence
the coastline after 5700 cal yr BP, which would indicate the distance between
the coastline (sand sources) and the bogs was unaffected by the sea-level

changes over the Late Holocene.

The Outer Hebrides have been inhabited by humans through the Late
Holocene (Henley, 2003; Garrow and Sturt, 2011; Sharples and Pearson,
1999), which could have caused disturbance in the catchment. Between ¢.2500-
600 cal yr BP people lived on the machair, as shown by archaeological
evidence and the deposition of anthropogenic organic layers (Sharples and
Pearson, 1999; Gilbertson et al., 1999) and people may also have been
responsible for gradual deforestation (Ashmore et al., 2000; Bennet et al.,
1990). After 600 cal yr BP settlements moved eastwards onto the peat lands,
potentially as a result of sand dune instability from a climate deterioration or
grazing pressure (Sharples and Pearson, 1999; Bennet et al., 1990). There is a
risk therefore that human activities could have disturbed sediment, leading to

increased aeolian entrainment and transport of sand during storms.

Two peat bogs have been cored during this investigation: Struban Bog
on North Uist and Hill Top Bog on South Uist (Figure 4.1). These sites are both
situated on the west coast of the Outer Hebrides, in exposed locations close to

sand sources (the beaches and machair). The two sites are approximately 40
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km apart and were selected to separate the regional storminess signal,
expected to be present in each core, from local climate, environmental and

human changes.
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Figure 4.1.: Summary map of the pressure pattern of the North Atlantic
Oscillation and the location of the Outer Hebrides, Scotland. Shaded area is the
approximate region of increased cyclone frequency during positive NAO (>1)
index years (based on Andrade et al., 2008). Right: map of the Outer Hebrides
including the location of Struban Bog on North Uist and Hill Top Bog on South
Uist.

4.2.2. Struban Bog

Struban Bog (Figures 4.2, 4.3 and 4.4) is a raised peat bog located on
the west coast of North Uist at 57°33'35"N, 7°20'45"W, around 1 km from the
tidal sands that separate North Uist from the island of Baleshare. The bog is on
an outcrop of bedrock surrounded by four lochs, which are connected by
streams and form an “island” (Figure 4.4). Much of this is covered by blanket
peat that has exposures of rock in places, however towards the western,
seaward end there is a large depression in the bedrock, in which Struban Bog
has formed. As the peat bog is surrounded by lochs, with only small rock
outcrops around its edges, inflow from surrounding areas is minimal, and
therefore the bog is ombrotrophic. The peat bog extends over an area of

approximately 0.05 km? and has a maximum depth of 6 m.
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Figure 4.2.: Map showing the location of Struban Bog, North Uist, in relation to

the coast, settlements, roads, waterways and topography.

Figure 4.3: View of Struban Bog from the southeast.
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Figure 4.4: Satellite image of Struban Bog showing the coring locations

(transect cores 1-3 and the main core).

4.2.3. Hill Top Bog

Hill Top Bog (Figures 4.5 and 4.6), on the western side of South Uist at
57°10'5"N, 7°20'52"W, is a peat bog around 3 km from the sea. The bog sits on
top of an exposed hill with no higher ground adjacent; therefore there is minimal
drainage of groundwater into the bog. Towards the nearby road (the A865) and
Dalabrog the peat has been cut in the past, however the central peat bog
appears in satellite images to have been untouched (Figure 4.7). The area of

the bog is approximately 0.03 km? and it reaches a maximum depth of 6.1 m.
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Figure 4.5: Map of Hill Top Bog, South Uist, showing the surrounding
settlements, roads, lochs and rivers.
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Figure 4.6: View from Hill Top Bog, looking to the north east (top) and south

west (bottom)
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Figure 4.7: Satellite image of Hill Top Bog showing the positions of transect
cores 1-3 and the main core as well as areas of peat cutting.

4.3. Methods

A 3 m long core was sampled from the centre of each bog in September
2011; these were to provide long storm reconstructions with chronological
control. Cores were extracted using two drives, so that there could be 10 cm
overlaps between segments of core, in order to limit the disturbance at the ends
of the segments. Following this, in June 2012, three-core transects were taken
across each peat bog from the seaward side going inland, to assess intra-bog
variations. The shorter transect cores were taken using one continuous drive,
meaning there is a possibility of some sediment disturbance at the ends of core
segments. Coring of the peat bogs was carried out using a Russian Corer with a
barrel length of 50 cm. Peat cores were transferred to plastic tubing and
wrapped securely in plastic film in the field. The cores were transported
horizontally to limit water movement, and stored in a cold store following

fieldwork.

The main core chronologies were constructed using radiocarbon dating
(AMS '“C). Dated samples were taken from 1 cm depths of the core, unless
there was insufficient material for dating, in which case 2 cm of sediment was

used. Under the microscope above-ground plant material (such as leaves, twigs

127



and seeds) were collected for dating, to prevent roots being dated as these
originate from younger plants (Piotrowska et al., 2011, Kilian et al., 1995).
Radiocarbon dating on most samples was carried out by the NERC
Radiocarbon Facility and the SUERC AMS Laboratory; however a sample from
each core was dated by the radiocarbon facility (*CHRONO) at Queens
University, Belfast. Age-depth models were produced using Bayesian analysis
by OxCal version 4.2.3, using the IntCal13 calibration curve (Ramsey, 2013;
Reimer et al., 2009; Ramsey, 2009a). The median of the modelled 2-sigma age

range was used to estimate the age for individual samples down the core.

As explained in sections 2.7.1 and 2.8 the sand content of the cores was
assessed by analysis of the inorganic content, and the 120-180 ym and >180
pm fractions. The IR, sand fraction analysis and sand influx results together can
be used to show peaks in sand content in the peat, and are therefore proxies for
storminess. The IR and sand fraction analysis have been done on the main
cores as well as the transects, however the lack of age control on the transect
cores mean that the sand influx cannot be calculated.

Using the results from the loss-on-ignition method the Organic Bulk
Density (OBD) was calculated as follows:

Organic bulk density (g cm™) = (dry weight — ignited weight)/wet volume

Some authors have shown that low organic bulk density values are associated
with poorly humified peat, suggesting high moss production and/or a high water
table (Yu et al., 2003; Bjorck and Clemmensen, 2004; Chambers et al., 2011).

As described in section 2.8.3. cycles within the sand influx records were
analysed using the Lomb-Scargle spectral analysis method (Lomb, 1976; Press
and Rybicki, 1989; Scargle, 1982) and wavelet analysis (Morlet, 1983; Lau and
Weng, 1995; Torrence and Compo, 1998).
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4.4. Results

4.4.1. Struban Bog results

The upper 16 cm of peat from the Struban Bog main core, corresponding
to the modern active peat (acrotelm), was not preserved during coring.
Therefore the Struban Bog core spans from 16-300 cm depth. The peat is
humified and sedge dominated, with rather little Sphagnum content. The OBD
(Figure 4.8) has small variations through most of the core before a gradual
increase between 100 and 40 cm. The values are typically less than 0.1 g cm’,
indicating that humification was low and is typical of ombrotrophic bog
conditions (De Jong et al., 2009). The IR has values of around 2-4% through
much of the core (between 300-70 cm), however both the IR and sand content
show four distinct peaks above 70 cm. The similarity between the IR and sand
weight results shows that the IR is dominated by changes in the sand sized

particles within the peat, especially those between 120-180 um.

The 3 m main core was dated using seven radiocarbon dates, which are
displayed in Table 4.1. A full 6 m core to the base of the bog was sampled
during a preliminary visit, and a single sample from just above the underlying
bedrock/clay (at a depth of 597-599 cm) was radiocarbon dated, which shows
the bog developed at ¢.10,640 cal yr BP. The full 6 m peat core has not been
analysed here, as the period of interest is the Late Holocene, however this
radiocarbon date shows the potential for reconstructions spanning the entire
Holocene from this site. The modelled age-depth curve for the 3 m core, along
with the 2-sigma errors, is shown in Figure 4.8. The core spans the period from
4200 to 200 cal yr BP and shows there has been a fairly constant peat
accumulation rate through this time. This is beneficial to storminess
reconstructions, as sand accumulation will not be influenced by changes in the

peat accumulation rate.

On Struban Bog the sand deposition is shown by the IR, sand weight and
sand influx results (Figure 4.9). As a result of the constant peat accumulation
rate, the sand influx results are very similar to the sand weight results. Sand
deposition onto the bog was relatively low between 4200-1500 cal yr BP,
although the magnitude of sand peaks increased through this time. After 1000

cal yr BP sand deposition abruptly increased, with four peaks centred at ¢.800,
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700, 500 and 300 cal yr BP. The results show that the 120-180 ym sand content
varies more than the >180 ym fraction. The smaller sand will have been more
easily transported, so reflects lower magnitude storms; more medium than
coarse sand was deposited at ¢.2500, 1500, 500 and 300 cal yr BP and may
show frequent but low magnitude storms around these times. There are other
periods when there are peaks in coarse sand, for example at ¢.2900 and 1300
cal yr BP and during the period 1000-700 cal yr BP, so it can be inferred that
there were more severe storms capable of transporting large sand particles

during these times.

The OBD values are low but variable between 4200 and 1500 cal yr BP,
indicating low humification, and therefore summer conditions on the bog were
wetter (causing less decomposition) and/or more productive (more moss
production) (Chambers et al., 2011; Yu et al., 2003; De Jong et al., 2006). After
1500 cal yr BP the increasing organic density values suggest drier summer
conditions and/or less productivity, as low water tables on the bog would cause
more peat decomposition and high humification (Yu et al., 2003; De Jong et al.,
2006). Overall the change in peat humification resembles the sand content

changes, perhaps indicating a climatic change after 1500 cal yr BP.
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Figure 4.8: Struban Bog raw results and age-depth model (from top): age-depth
model including dated horizons (black points) and 2-sigma error (shaded blue
area), ignition residue, sand weight and organic bulk density results. Red line
shows the 120-180 ym sand fraction and the blue line shows the >180 ym
fraction.
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Table 4.1: Radiocarbon dating results from Struban Bog main core

Sample Laboratory 5'3C | Radiocarbon Age | Median calibrated
Depth Code (%o0) 14 age
("CyrBP £10)
(cm) (cal yr BP)
and 20 range

37-38 SUERC- -29.4 417 + 35 492 (340-530)
51107

62-63 SUERC- -29.4 1024 + 35 938 (801-987)
51108

93-94 SUERC- -30.0 1447 + 35 1364 (1301-1474)
51109

147-148 SUERC- -26.8 2201 + 37 2225 (2129-2314)
41801

167-168 SUERC- -29.4 2488 + 37 2512 (2369-2639)
41802

247-248 SUERC- -29.4 3249 + 37 3483 (3398-3568)
41803

597-599 -27.7 9410 £ 41 10 639 (10523 —

UBA-18149 10743)
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Figure 4.9: Struban Bog results (from left to right): ignition residue, sand weight,
sand influx and organic bulk density. Red lines indicate the 120-180 ym sand

results and blue lines the >180 ym sand results.
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The transects were sampled from across Struban Bog (from the
southwest to the northeast: transect 1 to 3) to assess changes in the sand
content across the bog. The results show that the IR, sand content and organic
bulk density vary (Figure 4.10), although this may be the result of no
chronological control on these cores. Transect cores 2 and 3 and the main core
have the largest peak in sand content around 50 cm depth, however this peak is
absent (or at least smaller) in transect core 1. Many of the smaller variations in
sand content cannot easily be compared between the cores, so it is unclear
whether contrasting patterns are the result of different accumulation rates

across the bog or different patterns of sand influx.

The mean and maximum values of the IR results are greater in the
transect 3 core furthest from the coast than the other transect cores; the mean
is 4.45% compared to 4.08% and 4.12% and the maximum value is 10.46%
compared to 7.66% and 8.45%. This could suggest that storms have caused
larger amounts of sand to enter the bog from the eastern side furthest from the
sand dunes and machair. There are 3 possible reasons for this: 1) severe
storms had easterly winds, 2) transect 3 and the main core were sampled from
the leeside of a raised section of bog, where sand deposition may occur as the
wind weakens, or 3) the lochs to the southwest and southeast of the bog
minimised sand influx from these directions, so sand was blown more easily

across land from the north and east.

Finally the organic bulk density results also show some differences
between the transect cores. The main core and transect 3 have similar
changes, with high organic bulk density values above 50 cm depth, however
transect 1 and 2 display a steadily increasing trend towards the bogs surface
sediment. Again the reasons for these differences are unclear without having
dated tie-points between the cores. As we sampled the main core from the
central dome of the bog we have maximised the likelihood that the peat
accumulated consistently through time, as supported by the age-depth model,
however the apparent differences between the organic density results of the

main core and transect 3 with transect 1 and 2 suggest intra-bog variability.
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Figure 4.10: Struban Bog ignition residue (top), sand fraction weight (middle)
and Organic Bulk Density (bottom) results for transects 1-3 and the main core.

Red lines show the 120-180 um sand and blue lines the >180 pym sand.

4.4.2. Hill Top Bog results

The upper 5 cm of peat from the Hill Top Bog core, which is within the
modern active peat (acrotelm), was not preserved during coring. Therefore the
Hill Top Bog main core spans from 5-330 cm depth. The peat is a humified
sedge dominated peat with rather little Sphagnum content. The organic bulk
density results (Figure 4.11) indicate that the humification of the peat varies
through the core with small peaks, for example at 40 cm depth. The ash content
of the peat (IR) has values of around 3% through much of the core (between
330-150cm) and fairly low but variable sand content. Above 150 cm the IR and
sand content values gradually increase towards a peak between 50 and 30 cm.
As in Struban Bog the similarity between the IR and sand weight results shows

that the IR is dominated by changes in the sand sized particles within the peat.
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The results of the eight radiocarbon dates are displayed in Table 4.2.
The modelled age-depth curve for the main core, along with the 2-sigma errors,
is shown in Figure 4.11. The core spans the period from -13 to 4000 cal yr BP
and shows there has been a fairly constant peat accumulation rate through this

time, with a slightly faster accumulation rate having occurred before ¢.3000 cal

yr BP and after ¢.1000 cal yr BP.
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Figure 4.11: Hill Top Bog raw results and age-depth model (from top): age-
depth model including dated horizons (black points) and 2-sigma error (shaded
blue area) and ignition residue, sand weight and organic bulk density results.
Red lines indicate the 120-180 ym sand results and blue lines the >180 ym

sand results.
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Table 4.2: Radiocarbon dating results from Hill Top Bog main core.

Sample Laboratory 5"3C Radiocarbon Age | Median calibrated
Depth (cm) Code (%0) (**C yr BP + 10) age (cal yr BP)
and 20 range
55-56 SUERC- -22.8 449 + 37 508 (446-540)
51102
78-79 SUERC- -25.2 845 + 37 768 (693-903)
51103
120-121 SUERC- -26.8 1585 + 35 1442 (1386-1530)
51106
159-160 SUERC- -27.7 1913 £ 35 1881 (1817-1970)
41797
189-190 SUERC- -28.6 2439 + 37 2421 (2350-2606)
41798
242-244 SUERC- -25.8 3063 + 37 3239 (3157-3326)
41804
263-264 SUERC- -26.0 3243 + 35 3434 (3376-3507)
43068
329-330 | UB-No 19468 | -24.7 3579 + 37 3954 (3848-4083)

The sand deposition onto Hill Top Bog is shown by the IR, sand weight
and sand influx measurements (Figure 4.12). As on Struban Bog, the constant
rate of peat accumulation means that the sand influx results are very similar to
the sand weight measurements, therefore increased concentrations of sand
have not been caused by periods of slower peat formation. The only apparent
difference in the influx results is that the sand content peaks between 1500 and
500 cal yr BP are slightly smaller relative to the peaks in sand content after this
time. Nevertheless all proxies support that sand deposition on the bog was
relatively low between 4000 and 1500 cal yr BP aside from a few large
magnitude peaks, particularly at 1870 cal yr BP. After 1500 cal yr BP sand
deposition appears to have gradually increased and was interspersed with four
peaks in sand content at ¢.1300, 1150, 1000 and 800 cal yr BP. The results
indicate that the maximum sand deposition occurred between ¢.500 and 200 cal

yr BP. The sand weight results show that the 120-180 ym sand content is more
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variable than the >180 um fraction, as was also observed in Struban Bog. In the
earliest section of the record before ¢.2000 cal yr BP the medium 120-180 ym
sand at times increases when the >180 um sand fraction remains low, for
example between 3500 and 3200 cal yr BP. However in the younger parts of
the record, the overall increasing trend in sand is mirrored in the >180 pm

fraction.

The organic bulk density of Hill Top Bog does not have any long-term
trends through the period, instead showing high centennial and sub-centennial
variability. High organic density values occur at ¢.2800, 2000, 1500 and 600-
250 cal yr BP, and may indicate that peat humification was higher at these
times, suggesting drier summer conditions and/or less productivity (Chambers
etal., 2011; Yu et al., 2003). Lower organic density values such as at ¢.1900 cal
yr BP and c.800-500 cal yr BP suggest the opposite: wetter summers and/or
more productivity (Chambers et al., 2011; Yu et al., 2003).
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Figure 4.12: Hill Top Bog results (from left to right): ignition residue, sand

weight, sand influx and organic bulk density. Red lines indicate the 120-180 pm

(dg siA |ed) aby

sand results and blue lines the >180 ym sand results.
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The transect of cores from Hill Top Bog (Figure 4.13) show similar trends
in sand content (IR and sand fraction weights). However, there are some
dissimilarities in the peak depths and also in the smaller sand peaks. The sand
content in each core increases towards a maximum around 50 cm, although in
transect core 3 this is at ¢.30 cm. A small peak is also apparent in the transect
cores between depths of 100-150 cm. The results indicate that accumulation
rates have differed across the bog but the broad patterns of sand influx are

similar.

As on Struban Bog, the maximum and mean IR values are greater on the
eastward side of the peat bog. From transect cores 1 to 3 the maximum IR
values are 7.98%, 8.6% and 13.73%, and the mean IR values are 3.88%,
3.91% and 4.05%, although it is likely that the large peaks in transect core 3 in
the upper sections are responsible for these results. As on Struban Bog it may
be that the most severe storms arrived with easterly winds, or that sand was

deposited on the leeside of the bog dome.

Finally the organic bulk density results also show some differences
between the transect cores, but have similar trends. The transect cores and
main core all show the highest organic bulk density values in the upper 50 cm of
sediment. The main core differs from the transect cores as it also has high
density values between 150 and 100 cm depths, while the transect cores
steadily increase from low values around 130 cm depth towards higher values

in the upper sections.
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Figure 4.13: Hill Top Bog ignition residue (top), sand fraction weight (middle)
and Organic Bulk Density (bottom) results for the transects 1 to 3 and the main
core (left to right). Red lines indicate the 120-180 uym sand results and blue lines

the >180 um sand results.

4.4.3. Spectral Analysis

The main core IR results have been analysed using spectral analysis to
identify any cycles. The Lomb-Scargle spectral analysis of the Hill Top Bog
reconstruction identified significant cycles at 2287 (range of 2670-2040), 1334
(1460-1180), 889 (1000-870), 728 (750-700), 326 and 291 (295-280) years
(Figure 4.14). The wavelet analysis (Figure 4.15), which looks at cyclicity
through time, did not find any significant centennial cycles aside from two short

periods ¢.3200 and 1800 cal yr BP when ¢.100 year cycles occurred.

The Lomb-Scargle spectral analysis on the Struban Bog reconstruction

indicates that there are only two significant centennial length cycles, with
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periods of 1453 (range of 1610-1230) and 940 (1000-910) years (Figure 4.16).
The wavelet analysis (Figure 4.17) suggests that centennial cycles became
more pervasive after ¢.2500 cal yr BP, when the c¢.1500, 1000 and 500 year
cycles were significant (although these could be multiples of the same 500-year

cycle). Finally in the last 1000 years there appear to have been decadal cycles.
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Figure 4.14: Lomb-Scargle spectral analysis of Hill Top Bog ignition residue

results. The dashed line shows the 95% significance level.
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Figure 4.15: Wavelet power spectrum analysis of the Hill Top Bog ignition
residue results. The colours show the magnitude of the cycles and illustrate the
cyclical variability through time. Black continuous lines encompass cycles over
the 95" percent significance level. The dashed line shows the cone of influence:
as the timeseries is finite in length, and therefore padded by zeros during

analysis, the cycles outside the cone are likely to be underestimated.
142



| 1453 yrs

Power

| | | | I |
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Frequency (Hz)

Figure 4.16: Lomb-Scargle spectral analysis of Struban Bog ignition residue
results. The dashed line shows the 95% significance level.
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Figure 4.17: Wavelet power spectrum analysis of the Struban Bog ignition

residue results. See Figure 4.15 for explanation.
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4.5. Discussion

4.5.1. Intra-bog sand content comparison

The analysis of the peat bog transects showed that, although the trends
are shared between cores, there were differences in the depths of these
changes and the small magnitude variability. As the cores were not dated it was
difficult to assess whether these findings were the result of different
accumulation rates across the bog or real differences in sand
influx/humification. Struban Bog transect core 1 in particular differed from the

other cores from this bog.

Previous palaeoclimatic reconstructions using multiple cores from
ombrotrophic peat bogs have found similar differences (using proxies such as
heavy metals and testate amoebae), with differences in the variability but the
same general trends (e.g. Coggins et al., 2006; Bindler et al., 2004; Mauquoy et
al., 2002). Intra-bog differences have been suggested as being due to
microform variability (such as hummocks/hollows/lawns), as the level of water
logging or the vegetation type of these features may influence the trapping of
heavy metals, or sand in this case (Bindler et al., 2004; Coggins et al., 2006).
Furthermore it has been found that accumulation rates are higher for hollows
than hummocks (Robinson and Moore, 1999), so this is another way that the
bog micro-topography may have influenced the depths of sand peaks in the
transect cores. Finally the core margins have been found to produce less
accurate reconstructions than central bog cores (Hendon et al., 2001), which

could explain why the Struban transect core 1 is different.

Therefore, in agreement with other studies, the transect cores indicate
that the trends are captured by cores from ombrotrophic bogs, but that short-
term variations are more influenced by local factors (Bindler et al., 2004;
Hendon et al., 2001). As such the short-term variations will not be considered

as meaningful hereafter.
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4.5.2. Inter-bog sand content comparison

The inter-bog comparison using two sites allows the variability produced
by local factors, such as sediment disturbance caused by human activities, to
be separated from the regional storminess signal. To remove the high
frequency variability caused by intra-bog heterogeneity (section 4.5.1) the
results were smoothed using a 100-year window before comparison. There are
similar timings of peaks in sand content between the two sites within the age-
errors (Figure 4.18). Peaks in storminess observed in both sites occurred at
approximately 3500, 2800, 2400, 1900, 1600, 1300-1100, 800 and 500 cal yrs
BP. The reconstructions imply that storminess was higher in the last 1000 cal
yrs BP; however there is a difference in the timing of the maximum sand content
at each site. The Hill Top Bog reconstruction indicates maximum storminess
after 500 cal yrs BP, whereas the maximum sand influx to Struban Bog

occurred ¢.800 cal yrs BP.

There are two possible causes for the inter-site differences in peak
magnitude, which will be discussed. The first is that amplification of peaks in
sand influx were the result of non-climatic factors, such as human disturbance
or volcanic eruptions. People have lived on the Outer Hebrides throughout the
Late Holocene (Henley, 2003; Garrow and Sturt, 2011), settlements have been
situated on the machair between the middle of the first millennium B.C. until the
14" century (c.2500-600 cal yrs BP) (Sharples and Pearson, 1999). On the
machair between Hill Top Bog and the coastline there was the settlement of
Cladh Hallan from the Late Bronze Age to the Iron Age (Pearson et al., 2005).
After the 14™ century the settlements were moved inland onto the peat lands
(Sharples and Pearson, 1999). This coincides with the time when sand content
increased in Hill Top Bog in particular, so this peak could be a reflection of
changing settlement and farming activity. However it has been speculated that
the reason for the settlement move was a climate deterioration, which
destabilised the sand dunes (Sharples and Pearson, 1999), which if correct
indicates that storminess was a cause of both the human changes and the

observed sand influx to the bogs.

Furthermore, human activities rather than settlements may have had a
greater influence on sand disturbance. The beaches, dunes and machair in the
past have been harvested for marram grass (for thatch and bedding), kelp, plant
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roots (for dye) as well as for the sand itself (for soil fertiliser) and has been used
for agriculture (Angus and Elliot, 1992; Gilbertson et al., 1999). However as with
the settlement patterns, these actions may have been prompted by a climate
deterioration, leading to difficult conditions and increased use of marginal land
that destabilised these environments (Sommerville et al., 2007). Sand entering
the bog may therefore not only be a direct result of increased storminess, but
may also be caused by difficult climate conditions that led to the disturbance of
sediment sources. At other times human artifacts and waste within sediment
layers in the machair support that human activities locally stabilised the machair
(Gilbertson et al., 1999). Furthermore palaeo-environmental studies from Barra
and South Uist have suggested that the landscape became increasingly tree-
less through the Bronze Age and since 4000 cal yrs BP respectively (Ashmore
et al., 2000; Bennet et al., 1990). The more open landscape may have made
sand more easily blown across the islands and onto the bogs. Therefore it is
difficult to separate whether the changes in aeolian sand are driven by climatic

or human factors, or a combination of both.

The environmental impact from volcanic eruptions in Iceland is another
factor to consider, as vegetation changes may have made sand more easily
blown. For example, the 1783 Laki eruption is documented as causing
widespread acid deposition in Europe, which damaged crops and other
vegetation (Grattan and Charman, 1994). This could potentially lead to
increased marginalisation of environments causing sediment erosion, however
the calcerous sand in the Outer Hebrides are alkali and are therefore less
vulnerable to acid deposition (Sommerville et al., 2007; Grattan et al., 1999),
This suggests that volcanic eruptions are not a factor causing environmental
changes that increase sand deposition within the bogs, although the climatic

influence from eruptions is not discounted and is discussed in Chapter 6.

The second explanation for the different magnitudes of the sand peaks is
the position of each bog, in relation to the coastline and sand sources, as well
as obstacles such as lakes, which may have influenced the transport of sand
onto each bog. Possible factors influencing sand transport include the greater
distance of Hill Top Bog than Struban Bog from the coastline and the aspect of
the coastlines (Hill Top Bog is located on a west-facing coast whereas Struban
Bog is located on a south-west facing coast). Additionally, surrounding lochs
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may have acted as barriers to aeolian sand transport. There are lochs to the
south-east and south-west of Struban Bog and as sand 70-500 ym in size
travels by saltation (Kok et al., 2012; Bagnold et al., 1937), which cannot occur
on water, it is possible that there is a bias towards storms with northerly winds.
Alternatively warmer periods may have resulted in lower lake-levels, thus
reducing the barrier. Finally sea-level changes may have influenced the
magnitude of sand peaks. The relative sea level reconstruction from Harris has
suggested that close to present sea levels were reached after 3100-2100 cal
yrs BP (Jordan et al., 2010), which may explain the trend towards higher sand
content in the most recent sections of peat. However studies that cored the
present day machair have shown the stratigraphy consists of many Late
Holocene sand wedges extending inland (Gilbertson et al., 1999; Dawson et al.,
2004), so despite a steady trend in sea-level through the Late Holocene, the

inland extent of sand has varied.

In summary the inter-site comparison supports that the reconstructions
are capturing regional storminess. It is considered likely that the different
magnitudes of peaks in sand content between the two bogs is related to local
factors (such as human activity and sensitivity to storm direction). However the
relative importance of the discussed factors is difficult to determine, as human
activities may change in response to climate deteriorations and increased
storminess, leading to increased marginalisation of the land, with this as a

cause of increased aeolian sand activity.
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Figure 4.18: Sand fraction weight results of Hill Top Bog and Struban Bog,
smoothed using a 100-year moving window. Dated horizons and 2-sigma error
bars are plotted to demonstrate the potential range of ages at these points.
Corresponding peaks between the two reconstructions are suggested by the
dashed lines. Red lines indicate the 120-180 ym sand results and blue lines the

>180 ym sand results.

4.5.3. Comparison with regional Late Holocene climate

The storminess reconstructions from the two bogs will next be compared
with other regional climate reconstructions, as illustrated in Figure 4.19. The
uppermost peaks at ¢.500-200 cal yrs BP may have been deposited during
historically documented severe storms that buried in sand the Outer Hebridean
settlements of Udal in 1697 A.D. and Baleshare in 1756 A.D. (Gilbertson et al.,
1999; Lamb, 1984; 1991; Figure 4.19A). Sand wedges are interpreted as
signifying periods with high storminess, and dating of these has indicated that
during the LIA they formed locally (Gilbertson et al., 1999; Figure 4.19B) and
particularly at the LIA onset ¢.500 cal yrs BP (Dawson et al., 2004; Figure
4.19C). Furthermore increases in maritime plant communities on St Kilda during
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the LIA may show there was high storminess and saline conditions caused by
sea-spray (Walker, 1984). Therefore the reconstructions from the Outer

Hebrides support the common assertion that the LIA had high storminess.

Prior to the LIA the Struban Bog reconstruction indicates high storminess
during the Medieval Climate Anomaly at ¢.780 cal yrs BP. This event may be
synchronous with sand deposition phases on South Uist and Barra, as dating of
the base of sand wedges gives ages of 940 + 40 and 670 £ 130 cal yrs BP
respectively (Dawson et al., 2004). Few storminess reconstructions are
available from earlier in the Holocene from the Outer Hebrides. Localised sand
movements occurred at 1300-1700 and 3300-3800 cal yrs BP (Gilbertson et al.,
1999), however these are not clearly identified as periods of high storminess in
the reconstructions from this research. Therefore the evidence of storminess
changes during the last 1000 years from the Outer Hebrides support that
storminess increased at ¢.800 cal yrs BP and after 500 cal yrs BP, however

there is little comparator data from earlier than the last millennium.

Additional reconstructions allowing regional storminess comparisons
spanning the Late Holocene are available from elsewhere in Scotland and
northern Ireland, and are based on the dating of episodes of sand dune
formation, sand wedges as well as cliff-top storm deposits. Most support that
storminess during the LIA was high (Figure 4.19; Wilson, 2002; Wilson et al.,
2004; Sommerville et al., 2003; 2004; Hansom and Hall, 2009; Hall et al., 2006),
but there are contradictions in the timings of earlier periods. Sand dune
development at 3100-2400 cal yrs BP (Wilson et al., 2004; Figure 4.19E) and
2470 and 920 cal yrs BP (Wilson, 2002; Figure 4.19D) were synchronous with
small peaks in storminess indicated by the Hill Top Bog reconstruction but not
the Struban Bog reconstruction. Furthermore peaks of similar magnitude occur
in the Outer Hebrides reconstructions with no corresponding episodes of sand
dune development recorded. As sand dunes can be influenced by factors such
as sea-level fluctuations and land-use changes (Wilson, 2004; Gilbertson et al.,
1999) and the preservation of sand dune deposits may be dependent on
subsequent phases of erosion, methodological limitations may explain the

differences between the reconstructions.
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The dating of sand wedges on Orkney and Shetland point to high
storminess at c. 1150 and 850 cal yrs BP (Sommerville et al., 2003; Figure
4.19F), 2965 cal yrs BP (Sommerville et al., 2007) and 3400-3100 and 2800-
2260 cal yrs BP (Tisdall et al., 2013; Figure 4.19G). There is agreement with the
Outer Hebrides reconstructions that suggest storminess increased at ¢.850 cal
yrs BP; however there is dissimilarity between the periods of high storminess
inferred from before this time.

A reconstruction of severe storms created by dating cliff-top storm
deposits on the Shetland Islands indicated that there was heightened
storminess at 1550-1400 and 1250-900 cal yrs BP (Hansom and Hall, 2009;
Figure 4.19H). These severe storm events may be contemporaneous with the
three peaks in storminess suggested by the Hill Top Bog reconstruction
between 1400-900 cal yrs BP, and possibly the peaks at 1550 and 1300-1100

cal yrs BP in the Struban Bog reconstruction.

This regional synthesis has focused on the dating of sediments resulting
from aeolian and wave mechanisms. Further comparison is possible using
precipitation reconstructions from the region, as storms bring both strong winds
and high precipitation. A reconstruction thought to be reflecting detrital input into
a remote lake in the Cairngorms has peaks at ¢.2950, 1620-1470, ¢.700 and
since ¢.450 cal yrs BP (Oldfield et al., 2010; Figure 4.19l). These peaks are
seen in one or both bogs, supporting that these were periods with severe
storms in Scotland. Furthermore the reconstruction suggests a long-term trend
of increasing catchment input (Oldfield et al., 2010), which resembles the
gradual increase in sand peak magnitude and supports that an increase in
storminess was producing this long-term trend. Many precipitation
reconstructions from the region, such as bog surface wetness reconstructions,
are biased towards summer precipitation and influenced by temperature;
however a speleothem reconstruction from northwest Scotland is considered as
a winter precipitation proxy (Charman, 2010; Proctor et al., 2000; 2002; Figure
4.19J). This reconstruction indicates that there were drier conditions at 3600-
2000, 1400-1200 and 600-0 cal yrs BP and wetter conditions at 2000-1400 and
1200-600 cal yrs BP (Proctor et al., 2000; 2002). Although these wet periods
coincide with peaks in inferred Outer Hebridean storminess at ¢.1850 and 800
cal yrs BP there is otherwise little similarity between the reconstructions and this
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contradicts that the LIA was stormy. This dissimilarity may be due to the

speleothem capturing seasonal averages rather than extreme events.

This regional synthesis of storminess and precipitation reconstructions
support that storminess increased during the LIA and at ¢.800 cal yrs BP, with
potentially increased storminess episodically during the period 1500-800 cal yrs
BP. Prior to 1500 cal yrs BP there are differences in the timings of storm events
between the reconstructions compared here. The cliff-top storm deposit
reconstruction (Hansom and Hall, 2009) and the reconstruction of detrital input
into a lake in the Cairngorms (Oldfield et al., 2010) most strongly resemble the
reconstructions of storminess from the Outer Hebrides. These are considered
insensitive to human activities (due to the nature of deposition and location
respectively), which support that the Outer Hebrides storminess reconstructions
are climatically driven. Furthermore as the cliff-top storm deposits are only
deposited by severe storms, this implies that the Outer Hebrides

reconstructions are sensitive to extreme events.
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Figure 4.19: Reconstructions of storminess from Hill Top Bog and Struban Bog:
red line is 120-180 uym sand weight and blue line is >180 ym sand weight.
Rectangles show other storm and precipitation reconstructions. A: historical
records of severe storms in 1697 and 1756 A.D. (Lamb 1984; 1991; Gilbertson
et al.,, 1999). B and C: local sand movements on the Outer Hebrides (B:
Gilbertson et al., 1999, C: Dawson et al., 2004). D: onset of sand dune
formation of two dunes in northwest Scotland (Wilson, 2002). E: dune instability
in northern Ireland (Wilson et al., 2004). F and G: sand layers representing
periods of sand inundation and storminess on Orkney (F: Sommerville et al.,
2003. G: Tisdall et al., 2013). H: dated cliff-top storm deposits on the Shetland
Islands (Hansom and Hall, 2009). |: minerogenic input into a remote lake in the
Cairngorms (Oldfield et al., 2010). J: precipitation reconstruction based on
speleothem band width from northwest Scotland (Proctor et al., 2000; 2002).
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4.5.4. Storm-NAO relationship

The storminess reconstructions from the Outer Hebrides are next
compared with reconstructions of the NAO, in order to understand how this
circulation pattern has influenced storminess. This comparison will only be

briefly discussed here, as it is discussed further in Chapter 6.

During the last millennium the NAO and storminess reconstructions show
conflicting results (Figure 4.20). Struban Bog correlates positively and
significantly with the Trouet et al. (2009) NAO reconstruction (R = 0.55, n=70),
while the Hill Top Bog reconstruction has no correlation (R = -0.06, n=93).
Visual assessment of the results suggests that storminess variations over the
last millenium occurred during times with both a positive and negative NAO
index: the storm reconstructions indicate that there was high storminess at
c.800 cal yrs BP during the MCA when the NAO is thought to have been
positive, as well as c. 500 cal yrs BP during the LIA when the NAO was more
frequently negative (as shown in Figure 4.20). Therefore other factors may be
driving storminess in northern Europe. It has been hypothesised that during the
LIA storminess increased as a result of a steepened latitudinal temperature
gradient despite a frequent negative NAO (Trouet et al., 2009; 2012; Raible et
al., 2007; Lamb., 1995; Sorrel et al., 2012). Therefore the high storminess in the
MCA inferred by the Struban Bog reconstruction may have been the result of
the positive NAO index, whereas the high storminess indicated particularly by
the Hill Top Bog reconstruction during the LIA may have been caused by

infrequent storms of high intensity, caused by the steeper temperature gradient.

The NAO-storm relationship over the Late Holocene can be assessed by
comparison of the storm reconstructions with the Olsen et al. (2012) NAO
reconstruction (Figure 4.21). The Olsen et al. (2012) NAO reconstruction, as
well as an NAO reconstruction based on Atlantic sea-surface temperature
reconstructions (Rimbu et al., 2003; Wanner et al., 2008) suggest that the NAO
was negative until around 2000 cal yr BP, before becoming increasingly positive
towards 1500 cal yr BP. The Hebrides reconstructions indicate increasingly
large magnitude peaks in storminess from around 1500 cal yr BP. This reflects
the transition towards more positive NAO values in the last 1500 years, implying

that a more frequent positive NAO caused the storm tracks to cross northwest
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Europe, although the reconstructed transition from negative to positive NAO is

earlier and more abrupt than the change in storminess.
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Figure 4.20: Comparison between an NAO reconstruction since 1049 A.D.
(Trouet et al., 2009) and reconstructed storminess from Struban Bog and Hill

Top Bog for this period.
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Figure 4.21: Comparison between the Hill Top Bog and Struban Bog storminess
reconstructions from the Outer Hebrides and a reconstruction of the NAO
(Olsen et al., 2012).

4.5.5. Cyclicity

Analysis of the cycles present within the bog records can allow inference
of the drivers of storminess variability in this region. The findings are briefly
outlined here and discussed further in Chapter 6, as this chapter will synthesise

the results chapters and focus more on the causes of storminess.

A millennial-length cycle of 2290 years was identified on Hill Top Bog
(Figure 4.14), however given that the full record only spans c¢.4000 years it is
not clear how reliable this result is. Nevertheless this cycle may be a reflection
of the 2500 year solar cycle (Debret et al., 2007) or the ¢.2100 year Hallstatt
solar cycle (Damon and Sonett, 1991), supporting a solar influence on

storminess.
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Struban Bog has a cycle centred on 1450 years and Hill Top Bog a cycle
centred on 1330 years (Figures 4.14 and 4.16). Similar length cycles have been
identified in reconstructions of North Atlantic storminess and moisture transport
previously (Sorrel et al., 2012; Turney et al., 2005; O’Brien et al, 1995; Debret et
al., 2007). Furthermore an oceanic-climate connection is indicated by a similar
13701500 year periodicity in the North Atlantic reconstructions of ice-rafting
(Bond et al., 1997) as well as a 1500 year cycle observed in a reconstruction of
Iceland-Scotland Overflow Water strength (Bianchi and McCave, 1999).

The reconstructions also suggest centennial-length cycles in storminess:
Struban Bog has a cycle of ¢.940 years and Hill Top Bog a cycle of ¢.890 years
(Figures 4.14 and 4.16). This resembles a ¢.900 year cycle identified in the
Greenland 3'®0 storminess reconstruction suggested as being the result of the
NAO (Schulz and Paul, 2002), and a ¢.800 years cycle in a reconstruction of
Irish precipitation, thought to reflect variations in westerly airflow (Turney et al.,
2005). This cycle may have been due to changing solar activity, which shows
periodicities between 830-1050 years (Stuiver and Braziunas, 1993; Stuiver et
al., 1995).

Shorter cycles are seen in Hill Top Bog with periodicities of 730, 330 and
290 years (Figure 4.14), and a significant ¢.500 year cycle was identified using
wavelet analysis after 1500 cal yr BP on Struban Bog (Figure 4.17). This latter
cycle resembles a 478-year cycle of westerly airflow from northern Ireland
(Turney et al., 2005), while the 290 and 330 year cycles are similar to a 300-
year cycle identified in the Late Holocene NAO reconstruction (Olsen et al.,
2012). The cycles also resemble identified solar cycles with lengths of ¢.510,
350 and 300 years (Stuiver and Braziunas, 1989; Turney et al., 2005;
Steinhilber et al., 2012), which it has been suggested may have influenced
oceanic circulation, as a 550 year cycle has been identified in a North Atlantic

Deep Water formation reconstruction (Chapman and Shackleton, 2000).

In this section some of the identified storminess cycles have been shown
to correlate with the available reconstructions of the NAO and Atlantic
storminess, which span the Late Holocene. Cycles are similar to solar cycles,
which support previous findings that there is a strong solar forcing on climate
(e.g. Van Geel et al., 1999; Shindell et al., 2003; Mayewski et al., 2004).
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4.6. Conclusion

Reconstructions of storminess have been made by analysing changes
through time of aeolian sand content in two ombrotrophic peat bogs from the
Outer Hebrides: Hill Top Bog on South Uist and Struban Bog on North Uist.
Multiple, but undated, cores from each bog indicate that the trends in sand
content are consistent across the bog but that there is intra-site variability in the
high-frequency, low-magnitude sand content. As such the focus is on

centennial-resolution variations in sand content.

The main cores from each site span the period since 4000 cal yr BP and
show gradually increasing sand content after c.1500 cal yr BP. Maximum peaks
in sand content occur in Hill Top Bog ¢.400 cal yr BP during the Little Ice Age
and in Struban Bog at ¢.800 cal yr BP during the Medieval Climate Anomaly.
The difference in peak magnitude between the two bogs is suggested as being
the result of the different bog localities and potentially increased human use of
marginal land, such as the sand dunes, during periods with more severe
climates. By comparing the two reconstructions it is considered that storminess
in the Outer Hebrides increased at ¢.3500, 2800, 2400, 1900, 1600, 1300-1100,
800 and 500 cal yrs BP.

Comparison of the storminess reconstructions with proxies for the NAO,
suggest that increasing storminess in the Outer Hebrides after ¢.1500 cal yr BP
was the result of the transition from predominantly negative to positive NAO
indices. The storminess maximum in Struban Bog during the MCA coincides
with the maximum positive NAO index, however the Hill Top Bog storminess
maxima during the LIA coincides with more negative NAO conditions. Therefore
in northern Europe the NAO is not the sole driver of storminess changes, as
peaks occur in periods of both positive and negative NAO. Finally, the presence
of solar and oceanic cycles within the storminess reconstructions indicates that
these may be driving the atmospheric circulation patterns during the Late
Holocene.
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Chapter 5: Late Holocene Storminess in Northwest Spain - A

Reconstruction from Pedrido Bog, Galicia

5.1. Introduction

A small pressure gradient between the Icelandic Low pressure and the
Azores high pressure causes the storm track to be positioned across southern
Europe when there is a negative NAO index (e.g. Hurrell, 1995; Serreze et al.,
1997; Trigo et al., 2002). The passage of low pressures across southern Europe
as a result of the NAO is important for water provision in the arid climate of
southern Europe, as in mountainous regions precipitation is stored in reservoirs
(Lépez -Moreno et al., 2011). However the NAO can also have detrimental
impacts, as negative NAO anomalies can cause flooding or storm damage if
there are severe or frequent low pressures, as occurred during the extremely
negative NAO winter of 2009-2010 (Vicente-Serrano et al., 2011). Therefore
understanding the natural variability of the NAO and storminess in southern

Europe has important implications for the region.

In this chapter a Late Holocene storm reconstruction from a peat bog in
the Cantabrian Mountains, Galicia, is presented. Galicia, in the northwest corner
of Spain, is a region particularly influenced by storm tracks from the Atlantic
during negative NAO anomalies. Instrumental records have shown that in winter
there is a negative correlation between storms and the NAO in this region
(Andrade et al., 2008; Zezere et al., 2005). The NAO controlled storm track
position also affects temperature and precipitation: on the Iberian Peninsula
river runoff in winter is negatively correlated to the NAO, with successive
cyclones causing flooding events during negative NAO phases (Trigo et al.,
2002; 2004; Benito et al., 2008; Garcia et al, 2005). In the Cantabrian
Mountains, which extend into Galicia, the NAO is significantly negatively
correlated with precipitation (R=-0.6) and significantly positively correlated with
temperature (R= 0.4) (Lopez-Moreno et al., 2011). The presented storminess
reconstruction from Galicia will address the project aim of reconstructing
storminess from southern Europe. As such this chapter will focus on the
environmental changes in Galicia and the regional climatic changes in the
northwest Iberian Peninsula. Furthermore by comparison with proxy

reconstructions and analysis of cycles the second project aim of researching the
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causes of storminess variability will be addressed. As this region is strongly
influenced by the NAO this research will help investigate whether storminess
was driven by changes in the NAO over long timescales and during different
climatic periods. The NAO-influence on storminess will be briefly discussed

here, with a more in-depth discussion in Chapter 6.

Storminess changes in southern Europe before the instrumental record
have been inferred from proxy records of over-washed sand in lagoon deposits
(Bao et al., 2007), by dating sedimentary units within sand dunes (Costas et al.,
2012) and from various proxies in marine cores (Gonzales-Alvarez et al., 2005).
In addition precipitation and flooding changes, indicating more frequent or
intense low pressure systems, have been identified by various proxies (e.g.
Bernardez et al., 2008, Benito et al., 2008). As in Chapter 4, the storminess
reconstruction will be created by analysing the quantity and size of wind blown

sand deposited on an ombrotrophic peat bog in Galicia.

A summary of the current understanding of Late Holocene climate in
Spain, with a focus on Galicia, are presented in Figure 5.1. The results show
some contradictory findings as well as some similarities. The period between
4000 and 1800 cal yr BP is inferred by the proxies as being a time with high
precipitation and storminess, although the duration of this period varies between
reconstructions (Figure 5.1 C-I). Following this, storminess and precipitation are
thought to have been low between ¢.2000 and 1000 cal yr BP with some
reconstructions suggesting an increase after 1000 cal yr BP (Figure 5.1 D, E, G
and |). The temperature reconstructions shown in Figure 5.1 (A and B) have
been verified against instrumental temperature data so are considered as
reliable. The climate oscillated between warm and cold periods between 4000
and 3000 cal yr BP (Figure 5.1 A). After this there is less agreement between
the records for the timings of cold and warm periods, until ¢.700 cal yr BP, when
both reconstructions indicate cold temperatures. Therefore temperature,
precipitation and storminess reconstructions indicate that there were centennial
and millennial length variations through the Late Holocene. There are high
resolution temperature and precipitation reconstructions but fewer high
resolution reconstructions of storminess from this region, particularly from

terrestrial archives, demonstrating the importance of this research.
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Figure 5.1: Summary diagram of reconstructed climate changes in Spain. A:
Speleothem reconstruction of temperature from northern Spain (Martin-Chivelet
et al., 2011). B: a pollen influx reconstruction of temperature from the Ria de
Vigo estuary in Galicia (Desprat et al., 2003). C: Globigerinoides ruber
foraminifera percentages from a core from the southeast Bay of Biscay, high
values show greater strength of the Iberian Poleward Current resulting from
negative NAO conditions (Mojtahid et al., 2013). D: high precipitation shown by
a multiproxy study (based on lithostratigraphic and geochemical data) from
marine cores from the Galicia Mud Patch capturing high terrigenous input
(Bernardez et al., 2008). E: paleoflood chronologies based on clusters of
slackwater flood deposits from river basins in Spain (Benito et al., 2008). F: high
precipitation shown by molecular biomarker (n-Alcohol) abundance as a proxy
for terrestrial organic matter input from a marine core from the Ria de Muros,
Galicia (Pena et al, 2010). G: storminess inferred from a multiproxy
reconstruction of the strength of the hydrodynamic regime in the Ria de Vigo,
Galicia (Martins et al., 2007). H: sandy facies interpreted as periodic stormy
conditions from a marine core on the Galician continental shelf (Gonzalez-
Alvarez et al., 2005). |: storm deposits in Traba Lagoon, Galicia (Bao et al.,
2007).
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5.2. Study area

Pedrido Bog is an ombrotrophic raised bog situated in the Xistral
Mountains of Galicia, in the northwest corner of Spain, at 43°27'1"N, 7°31'45"W
and at an altitude of 770 m above sea level (Figure 5.2. and 5.3). The Pedrido
Bog surface vegetation consists of Calluna vulgaris, Eriophorum vaginatum,
Erica makaiana, Molinia caerulea, Gentiana pneumonanthe, Potentilla erecta,
Carex echinata, Carex sp, Sphagnum sp, Narthecium ossifragum, Parnassia
palustris, Potamogeton and Succisa pratensis and Drosera rotundifolia. The
surrounding slopes have llex aquifolium, Castanea sativa, Eucalyptus and
Pinus pinaster with Pinus radiata higher up (Pirita Oksanen, Bettina Stefanini,

personal communication).

PQsitive NAO

Pedrido Bog

| |
0 90 180 | 360 540 720 |

Miles
|

Figure 5.2: Location of Pedrido Bog in Galicia, northwest Spain. Shaded regions
are the approximate areas influenced by increased winter cyclones during
positive NAO (dashed area) and negative NAO (striped area) years as found by
Andrade et al., (2008).
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Figure 5.3: Site map of the ombrotrophic Pedrido bog (43°27'1"N, 7°31'45"W)
situated in Galicia, northwest Spain in the Xistral Mountains at an altitude of 770

m.

The modern climate of Galicia is temperate and humid. The winter
months have prevailing westerly and south-westerly winds caused by the
passage of weather systems from the Atlantic, while the summer months have
dry anti-cyclonic conditions and north or north-easterly winds, caused by the
Azores high pressure being situated to the west (Penabad et al., 2008). The
Xistral Mountains have an annual mean temperature range of 7.5-10 °C while
the annual mean precipitation in this area is reported to range from 1350-2000
mm/yr, with the highest precipitation and lowest temperatures at higher altitudes
(Martinez-Cortizas et al., 1997; Fraga et al., 2008). As shown by the
meteorological climate data from Santiago de Compostella, a town in central
Galicia, the months of June-September are warm and dry, while the winter
months are wetter and cooler (Figure 5.4.). The average monthly wind speeds
show little variation through the year with a range of 10-12 knots (Figure 5.4.).
These measurements were taken from 370 m above sea level, so Pedrido bog
at an altitude of 770 m can be expected to have lower temperatures and higher
precipitation than these measurements indicate.
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The Xistral Mountains contain 80% of Galician peat bogs and these are
the southernmost in Europe (Fraga et al., 2008; Diaz Varela et al., 2008). The
environmental importance of the area has been recognised by inclusion in the
Natura 2000 Network and it is the southernmost part of the Atlantic
biogeographic region (Diaz Varela et al., 2008). Land-use is limited to free
livestock grazing at higher altitudes, with wind farms constructed in recent
years, while on lower slopes there is intensive agriculture and livestock grazing
(Diaz Varela et al., 2008).

The investigation of climatic changes in the Holocene from Galicia is
complicated by the long history of human activity here. Deforestation was
widespread at low altitudes from 4000 cal yr BP (Santos et al., 2000) and
charcoal concentrations indicate there was a gradual increase in deforestation
up until 3000 cal yr BP (Kaal et al., 2011). After 3000 cal yr BP there is thought
to have been an acceleration of environmental degradation (deforestation and
pollution; Martinez-Cortizas et al., 2009) and more widespread grazing and
agriculture (Sobrino et al., 2005), although historical archives have indicated
that before ¢.2080 cal yr BP there was weak human impact and little cultivation
(Desprat et al., 2003; Valdés et al., 2001). The Roman occupation of the area
resulted in agriculture at higher altitudes, as well as more settlement, mining
and local deforestation between ¢.2080-1750 cal yr BP, however these changes
were reversed between 1650-1150 cal yr BP (Santos et al., 2000; Desprat et
al., 2003; Valdés et al., 2001; Mighall et al., 2006; Martinez-Cortizas et al.,
2005). The population and human impact again increased from ¢.1350/1150
until 650 cal yr BP before decreasing due to disease at 650-450 cal yr BP
(Mighall et al., 2006; Martinez-Cortizas et al., 2005; Desprat et al., 2003; Valdés
et al., 2001). Therefore these human activities may have caused vegetation
changes and sediment disturbance, and therefore influenced the quantity of
sediment being blown during storms. Changes in the amount of sediment
available for aeolian entrainment caused by human activities must be
considered when interpreting reconstructions of storminess from this region that

are based on sand deposits.
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Figure 5.4: Climatological plots for Santiago de Compostela, Galicia. Top: Box
plots of average monthly temperatures (1971-2000). Middle: Average monthly
precipitation (1971-2000) (aemet, 2014). Bottom: Average monthly wind speed
(1993-2013) (myweather2, 2014).
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5.3. Methodology

Coring of Pedrido Bog was carried out in 2003 by Fraser Mitchell, Bettina
Stefanini, Maarten Blaauw and Javier Maldonado as part of the ACCROTELM
Project (EU FP5, Professor Fraser Mitchell, TCD). Two adjacent cores (core 1
and 2) were sampled using a Russian corer, and it was intended that
overlapping segments between these would be used to reduce the effect of
disturbance from the coring procedure. Core segments were wrapped securely
in the field and stored in a cold store thereafter. As the peat was firm and
undisturbed however, dating and initial analysis was only done on one core

(Core 1), while sediment from core 2 was analysed in this research.

Of the two adjacent cores sampled from Pedrido Bog all dating and
analyses were initially done on Core 1 prior to the start of this research, as part
of the wider project. This included loss-on-ignition, pollen and charcoal analysis
(which are considered in this chapter) as well as various proxies to determine
bog surface wetness (macrofossils, non-pollen palynomorphs, bog pollen). The
interpretation of the bog surface wetness proxies is complex and will be
addressed in forthcoming research papers, so these will not be considered in
this research. However the charcoal and tree pollen percentages will be
considered, as these provide information on vegetation changes and human
activity in the area surrounding the bog.

21%ph and radiocarbon dating were carried out previously on core 1. The
210py, dating was carried out by Bettina Stefanini, who prepared samples
following the methods of Flynn (1968) and Robbins (1978) before dating at the
University of Gloucestershire. Sampling for radiocarbon dating was carried out
by Bettina Stefanini, who sampled plant macrofossils (Ericales and
Cyperaceae), which were AMS dated at the Centre for Isotope Research,
Groningen University, in the Netherlands. Using these dates the chronology
was recalculated, following the same methods of age-depth model calculation
as in Chapter 4. The age-depth model was created using Bayesian analysis by
OxCal version 4.2.3, which used the IntCal13 calibration curve (Bronk Ramsey,
2013; Reimer et al., 2009; Bronk Ramsey 2009a). The median of the 2-sigma

age range was used to estimate the age for individual samples down the core.
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As in Chapter 4 the sand-sized aeolian material within the peat was
analysed and used as a proxy for storminess (see section 2.8 for detailed
methods). Additionally the organic bulk density was estimated using the loss-
on-ignition measurements (as explained in section 2.8.), which can indicate the
amount of humification of the peat (Yu et al., 2003; Bjorck and Clemmensen,
2004; Chambers et al., 2011).

The previously measured pollen and charcoal results were of interest as
a way of inferring whether sand input could be explained by land-use changes
in the proximity of the bog. These analyses were carried out on core 1, prior to
the sand content analysis, as part of a wider project. The full results and
methods are in Stefanini et al. (in prep) and are summarised here. Pollen and
charcoal analyses were carried out every 4 cm. Pollen was extracted using the
method of Faegri and lversen (1950) with a tablet of Lycopodium spores added
to each sample to account for sample concentrations (Stockmarr, 1971). The
charcoal (>125 ym) was extracted following the method of Mooney and Radford
(2001) and the concentrations estimated as area (Mooney and Black, 2003),
before being converted to charcoal accumulation rates. The low sampling
resolution (every 4 cm) of the charcoal and pollen results mean that comparison
with the higher resolution IR and coarse-fraction results is difficult, as the
synchronicity of changes may be hidden by the discontinuous sampling of the
pollen and charcoal samples. Nevertheless the pollen and charcoal analysis

was used to show general vegetation changes and human activity in the region.

Finally, spectral analysis (as described in section 2.8.3.) was carried out
on the medium (120-180 um) sand weight results, which was first detrended
using a polynomial fit to remove the nonlinear trend. This sand fraction was
used rather than the coarse sand because this proxy was considered more
sensitive to storminess, as the threshold for aeolian transport of the smaller

sand grains is lower than that of coarse sand.
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5.4. Results

The core analysed in this research (core 2) was taken from depths of 7-
357 cm and is highly decomposed sedge and grass dominated peat. The
organic bulk density results show the peat between 250-220 cm and 130-79 cm
had a low density (i.e. poorly humified) and the core sections between 220 and
130 cm and above 70 cm were high density peat (well humified).

The age-depth model of core 2 was constrained using 8 2'°Pb dates and
27 radiocarbon dates (Tables 5.1 and 5.2), which allowed a highly constrained
age model to be made, as shown in Figure 5.5. The core spans the Late
Holocene from ¢.4600 cal yr BP to present. There was a slower peat
accumulation rate at 4600-4200 and 3000-2000 cal yr BP and variations in the
uppermost 20 cm, which is within the acrotelm. As the peat is well dated these
variations can be accounted for (using the sand influx measure) to prevent

peaks in sand content resulting from slower peat accumulation.

Table 5.1: ?'°Pb dates, measured and calculated prior to the start of this project.

Sample depth | #°Pb Age | Error (10)
(AD)

1-2 2002 6

3-4 1995 4

5-6 1982 5

7-8 1963 6

9-10 1944 8

11-12 1920 13

13-14 1896 24

15-16 1825 96
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Dates were analysed prior to the start of this research.

Table 5.2: Radiocarbon dates and calibrations used in the age-depth model.

Sample Laboratory Radiocarbon Age Median
Depth Code ('*C yr BP £ 10) calibrated age
(Core 1) (cal yr BP)

20-21 GrA-30387 360 £ 45 348

24-25 GrA-26807 370 £ 30 446

30-31 GrA-30464 540 £+ 35 538

37-38 GrA-30454 665 + 35 639

44-45 GrA-30466 795 £ 35 708

56-57 GrA-30467 945 + 35 842

60-61 GrA-26809 940 £+ 30 888

70-71 GrA-30402 1130 = 50 1028
80-81 GrA-30468 1260 + 35 1187
96-97 GrA-30459 1460 + 35 1373
99-100 GrA-30460 1580 + 35 1433
129-130 GrA-30455 1955 + 35 1914
139-140 GrA-30410 2080 £ 50 2077
143-144 GrA-26854 2220 + 40 2189
151-152 GrA-30406 2290 £ 50 2333
153-154 GrA-30408 2330 £ 50 2361
157-158 GrA-30403 2480 £ 50 2599
159-160 GrA-30409 2600 £ 50 2731
162-163 GrA-26811 2715+ 35 2808
167-168 GrA-30448 2865 £ 40 2973
175-176 GrA-30449 3050 + 40 3222
216-217 GrA-26800 3640 £ 45 3943
230-231 GrA-30404 3720 £ 50 4138
233-234 GrA-30487 3795 1+ 35 4200
235-236 GrA-30450 3805 + 40 4237
237-238 GrA-30452 3945 + 40 4322
248-249 GrA-25192 4155 + 40 4629
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Figure 5.5: Age-depth model for Pedrido Bog. Modelled using Bayesian
analysis by OxCal version 4.2.3, which used the IntCal13 calibration curve
(Ramsey, 2013; Reimer et al., 2009; Ramsey 2009). Shaded section marks the
2-sigma calibrated age range.
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The IR values along the core are between 2-5% of the dry peat weight,
with peaks of 7 to 15%. The coarse-fraction weight results support that most of
the IR peaks were the result of peaks in sand content. However the peak in the
IR at ¢.900 cal yr BP does not occur as a peak in either sand fraction. As this is
precisely at the top of a section of core it is thought that this peak is an artefact
of the cores condition since being exhumed. It is not clear why this has
occurred; potentially the core was contaminated or dried out. As sieving
demonstrates that the peak in IR was not caused by sand >120 uym in size, it is

therefore not considered as a potential peak in storminess hereafter.

Overall peaks seen in the IR, the coarse-fraction weights and the sand
influx results indicate increased sand deposition onto the bog at 3900-3700,
3600-3500, 3400-3250, 3000-2700, 2600-2200, 2050-1850 and 400-0 cal yr
BP. These suggest that the broad period from 3900-1800 cal yr BP had high
sand input into the bog, and this was then followed by a period with reduced
sand input. The influx results indicate that there were small variations between
1800 and 400 cal yr BP. The events at 3900-3700 and 400-0 cal yr BP were low
magnitude events, while at 3400-3250 and 3000-2700 cal yr BP high magnitude

events occurred.

The sand influx results reduce some of the peaks seen in the coarse-
fraction weight results but increase others. For example the uppermost peak in
the coarse-fraction weights (from c.400 cal yr BP to present) is reduced,
suggesting it was partly the result of a slower accumulation rate. Another
alteration is the period between 1800-500 cal yr BP: there are peaks that are
more pronounced in the influx results than the weight values, which imply that a
high accumulation rate during this time may be partly responsible for the low
sand content. Small peaks occur in the sand influx at approximately 1350, 1000,
850 and 700 cal yr BP.

170



"XN[jul uojoely
-9SJe0d pue spyblam uoljoel}-asieod ‘anpisal uonubl ‘Alisusp Ynqg oueblio ‘uibiew Jode ewbis-g ay) Bunussaidal
gale papeys yum jppow yidep-ebe :1ya| woi4 ‘ebe jsuiebe papojd sisAjeue jusjuod pues JOo S)Nsay :9°G ainbi4

Am-EoQ
() 4K ¢.wod B) xnyu! pues (6) wBiom pues (%) enpisas uoniuby Aysueq Ying owebio (wo) yydeq
2000°0 0v0°0 200 0 02 oL 0 9,0 ¥L'0 2L'0 L0 800 002 OSL 00L OS
T T T T T T T T T T T Ooom
| | | |
P | | | |
- - sl 1r 1o --F--100s¥
| | | |
I I I 1L 1 O O S B P
” | | |
l | | |
- - - 1k 4 F---&-1---1---r---00S€
| | | |
| | | |
- - - 1t 4 b-----bd---t---t--Jo00E >
«Q
| | | | [0}
| | | | B
= = = 1 F bk --r--400sz £
| | | | ..M
| ) | | w
‘ | ” ” ” w
- - =1 T 1F 1P T o000 3
| | | |
| | | |
- - - 1t 4 Fee - -1006L
wr og}-0z1 | | ” |
- - pues wnipay . 1r 4 F------1---1-)\-r--1000L
wr oglL< | | | :
- | | | |
L L pues 8sleo) L 1L i \\\\”\\\\”\\\+\\\”\ _ 1005
| | | |
| | | |
= = = 1k J oboomomdo--r--ob-N0

171



The results of the Lomb-Scargle spectral analysis showed significant
cycles of 2051 (range 1820-2325 years) and 513 years (490-540 years) (Figure
5.7). The Wavelet analysis indicates that these cycles have not been occurring
throughout the Late Holocene: the cycle of ¢.512 was dominant between
approximately 3600 and 2000 cal yr BP, while a cycle of ~220 years was
significant between approximately 3800 and 2800 cal yr BP and present until
1800 cal yr BP (Figure 5.8.). The 2051 year cycle was considered insignificant

based on the wavelet analysis.

14
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Figure 5.7: Lomb-Scargle spectral analysis of the medium sand content (120-
180 um fraction). The dashed line shows the 95% significance level.
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Figure 5.8: Wavelet power spectrum analysis of the medium sand content (120-
180 um fraction). Black line shows the 95" percent significance level. The
dashed line shows the cone of influence: as the timeseries is finite in length,
and therefore padded by zeros during analysis, the cycles outside the cone are
likely to be underestimated. The colour bar shows the magnitude of the cycles,

with high magnitude cycles shown by red colours.

The pollen analysis results are grouped with the aim of showing changes
in tree cover. The most common types of tree pollen recorded include Corylus,
Alnus, Betula and Quercus. Charcoal counts have been included to infer fire
activity in the bog environs. The accumulation of tree pollen appears to have
abruptly decreased at ¢.3500, 2750, 2300-2100, 1330-1200 and after 400 cal yr
BP, with small decreases at ¢.4200, 3860-3700, 950 and 500 cal yr BP (Figure
5.9.). The low sampling resolution (every 4 cm) however means some of these
intervals are the product of only 1-2 pollen samples and some decreases in tree
pollen could be missed. The charcoal percentages suggest that there was
moderately high accummulation at 4500-3600 cal yr BP before a reduction
between 3600 and 1500 cal yr BP, with a peak at 3230 cal yr BP (Figure 5.9.).
After 1500 cal yr BP charcoal deposition increased towards a maximum at 800
cal yr BP, with peaks at 1450 and 1200 cal yr BP. From approximately 700 cal

yr BP to present the charcoal deposition was consistently low.
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Figure 5.9: Comparison between (from leff) sand influx results, combined tree
pollen percentage and charcoal percentage. The shaded bars relate to (from
left): peaks in sand influx, decreases in tree pollen and increases in >125 ym
charcoal. The pollen and charcoal were measured on core 1 as part of the
ACCROTELM project prior to the start of this research (as described in section
5.3).
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5.5. Discussion

In this section possible human or climatic influences on Pedrido bog are
discussed. In the first subsection there is a discussion of the human vs. climatic
influences on vegetation, and in the second subsection the influence of climate
(including temperature, storminess and the NAO) on sand deposition is
investigated.

5.5.1. Vegetation influence

In this section two questions will be discussed: 1) Did vegetation
decreases cause increased sand entrainment and deposition on Pedrido Bog?
2) Did vegetation decreases occur due to human or climatic changes? These
will be answered by comparison between the sand influx and pollen results from
Pedrido Bog (Figure 5.9), followed by comparison with regional human activities

and climatic changes.

The sand content peaks at c. 3800, 3550 and 100 cal yr BP occur at the
same time as tree pollen percentage decreases in the core (Figure 5.9.), so at
these times deforestation in the area could have caused soil disturbance and an
increase in the soil available for aeolian entrainment. The sand influx peaks at
2900 and 2500 cal yr BP occur immediately before tree pollen percentage
decreases so are unrelated. The sand peaks at c. 3300 and 1900 cal yr BP
occur when tree pollen is fairly high, indicating that these peaks are not the
result of deforestation in the bog environs. Finally the occurrence of
deforestation occurs without any influx of sand into the bog, for example
decreases in tree pollen occur between 4400-4200 cal yr BP and particularly
from 1400 to 800 cal yr BP but do not coincide with any increases in sediment
influx. Overall there is some indication that vegetation changes caused
enhanced sand deposition onto the bog, but there are also differences between

the sand and pollen reconstructions.

The next question is whether changes in the vegetation were the result of
human deforestation or climate deteriorations. The pollen and sand variations
will first be compared with evidence of human activities from Galicia. Activities
in the upland areas are known to have been agropastoral since at least 4000

cal yrs BP, with fire used as a tool to clear land for grazing and increase the
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nutrients in soil (Kaal et al., 2011). The gradual decrease in tree pollen through
the 4500 year reconstruction agrees with reconstructions suggesting weak or
gradual human impact up until 3000-2000 cal yr BP but does not demonstrate
the well documented acceleration after this time, resulting from Roman
expansion from 2050-1750 cal yr BP (Desprat et al., 2003; Valdés et al., 2001;
Kaal et al., 2011; Martinez-Cortizas et al., 2009; Mufioz Sobrino et al 2005).
The tree pollen reconstruction in some ways reflects broad socio-economic
changes in the region after this time. The population decreases at 1650-1150
cal yr BP and 650-450 cal yr BP (Desprat et al., 2003; Valdés et al., 2001)
appear to be reflected in the tree pollen percentages as small increases,
although there is some discrepancy in the timings. The population increase,
settlement and deforestation thought to have occurred at 1350/1150 until 750
cal yr BP (Mighall et al., 2006; Martinez-Cortizas et al., 2005; Desprat et al.,
2003; Valdés et al., 2001) coincided with two of the inferred decreases in tree
cover and a large increase in charcoal deposition in the region. Therefore the
historically known population changes, particularly since 2000 cal yr BP, are

reflected in the level of deforestation indicated by the Pedrido tree pollen record.

The impact this may have had on the sand influx to the bog is unclear.
One issue is that pollen and charcoal may represent regional signals, whereas
sand deposition is likely to reflect local disturbances. The steady decrease in
tree pollen is not mirrored by an increase in sand content, with the largest peaks
in sand influx in the older part of the record when human activities would be
expected to have been lower. Similarly the largest magnitude increases in
charcoal occured at 1500-700 cal yr BP when sand content in the Pedrido Bog
was low. Therefore as sand influxes occured at times when pollen and charcoal
results suggest little human disturbance, and conversely reductions in tree
pollen occurred without any increase of sand onto the bog, this supports that
the Pedrido bog sand influx reconstruction is a climatic reconstruction. This
contradicts the interpretation of previous research from the region that sediment
deposition onto bogs was solely the result of human activities (Martinez-
Cortizas et al., 2005).

The above discussion contradicts that there is a causal link between
decreased vegetation and increased sediment influx to the bog. However
changes in vegetation could also have resulted from climatic variations (of
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temperature and precipitation), which may explain the occasions when there
were simultaneous increases in sand influx at times of reduced vegetation. As
Galicia is a location with high precipitation, plants are limited by temperature
rather than water availability, which has been suggested as an influence on
vegetation density (Desprat et al., 2003). A study from Galicia has show that
temperature changes of ~1 °C cause changes in pollen influx during the
instrumental period: this study goes on to infer, using reconstructed pollen
influx, that in the last 3000 years temperatures were lower at 2900-2200 and
1500-1000 cal yr BP (Desprat et al., 2003; Figure 5.1 B). Although pollen influx
hasn’t been assessed in the Pedrido pollen reconstruction, these cold periods
identified by Desprat et al., (2003) span the Pedrido Bog decreases in tree
pollen, and support that these were the result of climatic rather than human
vegetation changes. These cold events are supported by a marine record from
the Ria de Vigo, Galicia, which indicates that there was a transition from
warmer to cooler temperatures between 2925-1700 cal yr BP, during which time
there were strong temperature fluctuations (Alvarez et al., 2005). As well as this
a speleothem record from Galicia suggests that there were centennial cold
events at ¢.3950, 3550, 3250 and 2850-2500 (Martin-Chivelet et al., 2011;
Figure 5.1 A), which correspond to the tree pollen reductions in this time. The
similar timings of these cold events in multiple records support that vegetation

changes were the result of temperature changes..

As in the Outer Hebrides, the interactions between human activities and
climate may cause most damage to the environment (Kaal et al., 2011; Martinez
Cortizas et al., 2009). It has been suggested that a climate deterioration after
1700 cal yrs BP reduced the ability of vegetation to regenerate in response to
human disturbances such as fire, leading to enhanced erosion (Kaal et al.,
2011; Mighall et al., 2006). However the lower sand content after 1800 cal yrs
BP in the Pedrido reconstruction does not support that this was the case.
Instead there may have been a similar environmental response to the abrupt
cold events described above during the period 4000-2500 cal yrs BP (Martin-
Chivelet et al., 2011), as these temperature decreases perhaps enhanced the
human impacts on the environment. It has been suggested in this region that
abrupt climate changes such as these were crucial for environmental

degradation, as these not only increased the environmental fragility but also
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caused humans to add pressure (Martinez Cortizas et al., 2009), for example
reduced crop yields may have encouraged expansion of agricultural land.
These studies have not suggested that storminess caused environmental
degradation, however it is possible that flooding and wind-damage may have
enhanced environmental degradation, causing past human societies in upland

Galicia to adapt their land use practices, leading to greater sediment erosion.

To summarise, in the Pedrido Bog reconstruction some of the decreases
in tree pollen occur at the same time as sand influxes. This could indicate that
human deforestation was the cause of increased sand to the bog, by increasing
the available sediment for aeolian entrainment. However as the largest peaks
occur in the earliest part of the record, when human influence was likely to have
been lowest, and sand content did not increase with decreasing forest cover
towards the present, it seems that human deforestation was not the most
important factor governing sand influx to the site. Instead it is considered that
the long-term decrease in pollen was the result of regional, human
deforestation, but that abrupt, centennial-duration tree-pollen declines were the
result of climatic deteriorations, with sediment erosion possibly enhanced by the
human response to these climate changes. This is supported by the study of
Desprat et al. (2003), which has shown the influence of temperature on
vegetation density in Galicia. Therefore sand influx peaks at ¢.3800, 3600,
3400, 2900, 2400 and 1900 cal yr BP are considered as resulting from higher

storminess, sometimes accompanied by reduced temperatures.

5.5.2. Sand deposition: single or multiple storm events

A question when interpreting reconstructions of storminess are whether
they reflect single, extreme storms or the cumulative result of multiple storms.
The peaks in sand in the Pedrido reconstruction span between 3 and 10 cm,
which indicates that they accumulated over decadal timescales and were the
result of multiple storms. However there is the possibility that sand deposited in
a single event could have been redistributed to deeper peat. The redistribution
of sediment within peat has been investigated by looking at how tephra and
3'Cs are spread through peat, as these were deposited over short time periods,

so are perhaps comparable to sand deposited by individual severe storms.
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Some experiments have shown tephra can be redistributed within peat by up to
6 cm, with greater spreads on some experiments, although these experiments
used the surface acrotelm where compression is minimal (Payne et al., 2005;
Payne and Gehrels, 2010). On the other hand tephra analysis in compressed
peat within the catotelm have described frequent tephra spreads of <5 cm
(Dugmore and Newton, 1992) and another study found the spread of "*’Cs in a
peat basin to be minimal, indicating negligible bioturbation (Tyler et al., 2001).
As such the spread of sand through peat may be dependent on the bog, so
these experiments do not help to determine whether individual severe storms or

cumulative storms caused the sand peaks.

It can be observed that the events at 3900-3700, 3400-3250, 2600-2200,
2050-1850 and 400-0 cal yr BP have multiple peaks particularly in the >180 um
size fraction, so it is possible that each of these were caused by a new input of
material. The depth where tephra is deposited within peat is usually where the
peak tephra concentrations remain (Payne and Gehrels, 2010), which supports
that these multiple sand peaks resulted from multiple storms. As the 1 cm
samples span decades, it seems likely that multiple storms capable of
transporting sand will have occurred in these periods. Therefore a tentative
conclusion is that the reconstructed peaks in storminess were the result of
multiple storms over decades and centuries rather than single storms, although

based on the available results this cannot be considered certain.

5.5.3. Storminess, the NAO and sand deposition

Due to project limitiations multiple sites could not be cored in Galicia (as
was done in the Outer Hebrides) to identify regional periods of sand influx. To
address this, other literature has been reviewed to find loss-on-ignition results
from similar bogs in this region. However only two records have been found with
which to make a comparison, as ombrotrophic bogs are only present in the
north of the area (Pontrevedra-Pombal et al., 2006) and many studies do not
show loss-on-ignition results. Martinez-Cortizas et al., (2005) analysed the
ombrotrophic saddle mire Pena da Cadela and found some small peaks in sand
content that coincide with peaks in the Pedrido reconstruction (at 3370, 3200,
2810, 2400, 1060 and 670 cal yrs BP and after 610 cal yrs BP) but others that
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do not agree (at 1760 and 1180 cal yrs BP). The other ombrotrophic bog,
Penido Vello, had increased inorganic material only after 660 cal yrs BP, which
has been interpreted as resulting from recent human disturbance (Schellekens
et al., 2011), as well as drying due to peat cutting (Martinez-Cortizas et al.,
1997). The similarity between the timings of peaks in the Pena da Cadela and
Pedrido reconstructions support that these were the result of regional climate
changes, however the sand content of both the Pena da Cadela and Penido
Vello records are lower in the period 4000-2000 cal yrs BP than the Pedrido
Bog record. This could be a result of different bog situations, for example
Penido Vello is situated on a summit, which may have reduced the amount of
aeolian material reaching and settling at this destination. On the other hand the
sand influx to Pedrido Bog may have been amplified by human activities at
certain times (see section 5.5.1). Further reconstructions from sites with similar

localities to Pedrido Bog would further clarify regional climate changes.

To ascertain a climatic influence, the coarse fraction analysis results
would ideally be correlated with instrumental data. However the low resolution
of the sand content measurements, the short duration of instrumental data and
the poor preservation of the upper peat means that this is not possible. Instead
the Pedrido reconstruction is compared with the NAO reconstruction by Trouet
et al. (2009), which extends back to 1050 A.D.. The medium sand weight has a
(Spearmans) correlation of R = -0.49 (n=47) with the NAO reconstruction, which
is significant at the 95% level. The reconstructions indicate that the positive
NAO during the MCA (1050-550 cal yr BP) was accompanied by low storminess
in the Pedrido reconstruction, with high storminess during the LIA (550-50 cal yr
BP) when the NAO was more negative (Figure 5.10.). This is in agreement with
the understanding of the NAO-storm relationship during the instrumental period,
which indicates that the storm track crosses southern Europe during negative
NAO periods (Hurrell and Van Loon, 1997; Zezere et al., 2005).
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Figure 5.10: Comparison between the NAO reconstruction (Trouet et al., 2009)
and the Pedrido Bog medium sand content (120-180 microns). Both

reconstructions have been downsampled to a resolution of 30 years.

Comparison of the Pedrido Bog reconstruction with the longest NAO
reconstruction by Olsen et al. (2012) also supports a consistent long-term NAO
influence on storminess in northwest Spain (Figure 5.11). Between 4000-1800
cal yr BP there was a generally low NAO index, which coincides with higher
storminess between 4000-1800 cal yr BP. Within this period there are peaks in
storminess coinciding with extreme NAO minima at ¢.3350, 3000-2700 and
2500-2300 cal yr BP. The negative NAO event ¢.2100 cal yr BP occurs around
100 years before a storminess peak, which may be due to dating errors in one
of the reconstructions. However the peaks in storminess at ¢.3800 and 3600 cal
yr BP do not coincide with extremely low NAO anomalies. As a negative NAO
index directs the storm track across southern Europe, the results here generally
support that the Pedrido Bog storminess peaks were the result of dominant
negative NAO conditions, as was observed during the instrumental period
(Andrade et al., 2008; Zezere et al., 2005). After 1800 cal yr BP there was a
more positive NAO and at this time storminess was greatly reduced in the
Pedrido reconstruction. This supports that at this time the storm track was
situated more frequently over northern Europe, as a result of positive NAO
conditions. The influence of the NAO on storminess will be discussed further in
Chapter 6, in combination with the results from the Outer Hebrides, which can

allow changes in the storm track to be inferred.
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Figure 5.11: Comparison between the storminess reconstruction from Pedrido
Bog and the NAO reconstruction by Olsen et al. (2012).

5.5.4. Comparison with Late Holocene Galician Climate
4000-1800 cal yr BP

In Galicia the reconstructed high storminess in the period 4000-1800 cal
yr BP is supported by other proxies that appear to have identified high
storminess and precipitation from the region during this time. These are
summarised in Figure 5.12 alongside the Pedrido Bog reconstruction. Cores

from the continental shelf off the northwest Iberian coast (called the Galicia Mud
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Patch) have shown results that indicate a strong hydrodynamic regime caused
by a prevalence of winter storms at 4800-2200 cal yr BP (Martins et al., 2007;
Figure 5.12 G), which is approximately coincident with the higher storminess
seen in the Pedrido reconstruction. Furthermore the largest peak in storminess
inferred by the Pedrido record at ¢.3000-2700 cal yr BP is comparable with
strong storm currents suggested at ¢.2850 cal yr BP as occuring in the Ria de
Vigo (Gonzalez -Alvarez et al., 2005; Figure 5.12 H).

The period 4000-1800 cal yr BP also appears to have been a time when
precipitation was high in the northwest Iberian Peninsula. A record from the
Galicia Mud Patch suggests that towards 3300 cal yr BP riverine inputs
increased, which were then sustained between 3300-1700 cal yr BP (Bernardez
et al., 2008; Figure 5.12 D). Similarly lake levels in the northeast Iberian
Peninsula increased between 3800-2800 cal yr BP, before remaining high and
fluctuating between 2600-1600 cal yr BP (Scussolini et al., 2011). A core from
the Ria de Vigo, Galicia, suggests that from the start of the record at 2925 cal yr
BP until 950 cal yr BP the marine environment was unstable with high terrestrial
input (Diz et al., 2002), which implies precipitation remained high for 850 years
after storminess decreased. Higher precipitation resulting in high terrestrial input
has also been indicated by a Galician marine proxy reconstruction between
€.4200 and 2100 cal yr BP (Pena et al., 2010; Figure 5.12 F). This has peaks at
c.4100, 3800, 3200 and 2400 cal yr BP, which coincide with some but not all of
the Pedrido Bog storm peaks. Furthermore higher precipitation has been
inferred at ¢.2800 and ¢.2510-2200 cal yr BP by mercury concentrations in a
peat bog (Martinez-Cortizas et al., 1999), and high river flood occurrence in the
Atlantic regions of Spain has also been indicated between 2865-2350 cal yr BP
(Benito et al., 2008 Figure 5.12 E). These latter precipitation reconstructions are
around the same time as high storminess at 3000-2700 and 2600-2200 cal yr
BP in the Pedrido reconstruction. Finally the Pedrido reconstruction is
supported by a record from the Bay of Biscay, which has suggested that there
were warm and humid conditions between 3500-1800 cal yr BP, interpreted as
being the result of a negative NAO (Mojtahid et al., 2013; Figure 5.12 C). These
proxies imply that the period of high storminess also had high precipitation
associated with low-pressure systems bringing more rain as well as wind, which

is in support of this being a period with frequent negative NAO events.
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Post-1800 cal yr BP

From ¢.1800 cal yr BP the Pedrido reconstruction suggests that climate
in this region became less stormy, with only low magnitude peaks in sand
content (particularly sand influx) at 1370-1230, 1060-990, 960-850 and 740-620
cal yr BP. Although these peaks are small they are greater than the precision
margins calculated for the sand fraction weights in Chapter 2, so can be treated

as significant.

Lower storminess during this time is supported by evidence of a weak
hydrodynamic regime on the Galicia Mud Patch between 2200-1200 cal yr BP
(Martins et al., 2007; Figure 5.12 G) and cool, stable conditions since 1800 cal
yr BP in the Bay of Biscay, which is synonymous with a positive NAO (Mojtahid
et al., 2013) (Figure 5.12 C). The precipitation proxies are inconclusive; some
precipitation proxies indicate that there was low river flow (of the Duoro and
Mifio rivers) from 1700-1200 cal yr BP in the northwest Iberian Peninsula
(Bernardez et al., 2008; Figure 5.12 D), however the Ria de Vigo is thought to
have had high river flow from 1700-580 cal yr BP (Alvarez et al., 2005) and high
terrestrial input, suggesting high river flow, until 950 cal yr BP (Diz et al., 2002).
There is a suggestion therefore that precipitation was high at a time when
storminess was low, which implies that low pressure systems were not

accompanied by as intense winds as earlier in the Late Holocene.

In the last millennium the MCA is suggested by the Pedrido
reconstruction as a time when sand influx increased moderately between 1100-
600 cal yr BP. This is at the same time as flooding and precipitation from the
Galicia region may have increased: in Atlantic Spain proxy evidence provides
evidence that there was increased precipitation and flooding from 960-790 cal
yr BP (Benito et al., 2008; Figure 5.12 E) and 1000-800 cal yr BP (Thorndycraft
and Benito, 2006). Documentary evidence showed a later wet period at 800-660
cal yr BP (Benito et al., 1996), while a peat bog mercury reconstruction of
precipitation provides some evidence for an increase at 620-490 cal yr BP
(Martinez-Cortizas et al., 1999), both of which fall within a broader period with
high river flow suggested from 800-500 cal yr BP (Bernardez et al., 2008; Figure
5.12 D). These increases in precipitation are around the time the Pedrido sand

influx results show three peaks, therefore the precipitation and storm
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reconstructions suggest that low intensity storms may have occurred during the
MCA.

The Pedrido reconstruction of storminess during the LIA is unclear, as
the sand influx (which, as an expression of the sand receipt per year, takes into
account changes in peat accumulation rate) indicates low storminess, but the IR
and sand weight results (which do not account for changes in accumulation
rate) show higher sand quantities. This means that the sand accumulation
during the LIA may have been the result of slower peat formation rather than
greater storminess. Regional evidence indicates that the LIA had high
storminess: over-washed sand from Traba Lagoon may record a period of
intense storminess between 270-190 cal yr BP (1680-1760 A.D.) (Bao et al.,
2007; Figure 5.12 1), which was the only over-washed sand in this record since
2900 cal yr BP. From a marine record however a weak hydrological regime has
been suggested at 500-0 cal yr BP, which can be caused by persistent northerly
winds (Martins et al., 2007; Figure 5.12 G) and the Bay of Biscay reconstruction
implies there was a small increase in storminess of lower magnitude than the
high storminess before 1800 cal yr BP (Motjahid et al., 2012, Figure 5.12 C).
The Traba Lagoon over-wash deposits may show that a small number of
intense storms occurred, while the marine records are more likely to capture the
longer trends in climate, and these appear to show lower storminess. There is
therefore evidence in support of the LIA having had high intensity but low

frequency storms.

However precipitation proxies do not support this, instead indicating that
the LIA was wet. There is evidence that the early part of the LIA had high
precipitation, as shown by evidence that suggests increased flooding in Spain at
520-290 cal yr BP (Benito et al., 2008; Figure 5.12 E) and 500-250 cal yr BP
(Thorndycraft and Benito, 2006) and increased flooding in northern Portugal at
550-480 cal yr BP (Abrantes et al., 2011). Other evidence supports that the
whole LIA had high precipitation: documentary evidence from across Spain
shows flooding from 450-100 cal yr BP (Benito et al., 1996; Figure 5.12 E) and
increased flooding of the river Douro (northern Portugal) from 550-50 cal yr BP
(Martins et al., 2012; Figure 5.12 G), while lake levels were higher in the
northeast Iberian Peninsula between 570-100 cal yr BP (Scussolini et al., 2011).
Flooding occurs in Europe during periods with a succession of low pressure
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systems (Benito et al., 2008) suggesting there was a high frequency of storms,
however deforestation and afforestation can also increase or reduce flooding
respectively (Lépez -Moreno et al., 2006). Furthermore in central Spain flooding
of the Tagus river has been linked to human activities over the last 1000 years
(Vis et al., 2010), so there may be other explanations. Therefore, taking into
account both the storminess and precipitation evidence from Galicia, it appears
the LIA may have had an increase in the occurrence of low pressure systems,
some of which were intense, which would in fact indicate that the sand weight
and IR results are more reliable than the sand influx results. It is possible that
the adjustment for changes in the accumulation rate obscured the increased

sand deposition during the LIA.
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5.5.5. Cycles in the Pedrido Record

The spectral analysis of the Pedrido Bog sand influx reconstruction
(Figures 5.7 and 5.8) showed that between c.4000 and 1800 cal yr BP there
was high variability, with cycles of ¢.510 and 220 years. After 1800 cal yr BP the
cyclicity was reduced. A strong solar influence on storminess is supported by

the cycles identified in the Pedrido reconstruction.

The longer cycle of 2050 years approaches the limits of cycles that can
be identified in a reconstruction spanning 4500 years, as shown by it being
considered insignificant in the wavelet analysis. This cycle had a range from
1820 to 2325 years, so it may have resulted from solar forcing, as a recognised

solar cycle has a periodicity of 2100 years (Damon and Sonnett, 1991).

The cycle of 512 years in the Pedrido reconstruction also resembles a
solar cycle of 512 years (Stuiver and Braziunas, 1993; Wanner et al., 2008;
Vonmoos et al., 2006). This cycle has been identified in proxies of atmospheric
circulation and solar irradiance prior to the Holocene (Mayewski et al., 1997)
and linked with instabilities in the North Atlantic thermohaline circulation (Stuiver
and Braziunas, 1993). A similar length cycle of ¢.550 years has also been
identified in a proxy for North Atlantic Deep Water formation (Chapman and
Shackleton, 2000). This supports a solar forcing on storminess, as well as a

possible link with ocean circulation.

A solar cycle of ~220 years (the Suess or De Vries cycle) has been
identified, and shown to have been particularly dominant during the period
3000-2000 cal yr BP (Stuiver and Braziunas, 1989; Knudsen et al., 2009;
Wanner et al., 2008). The Suess 220-year cycle amplification has been
identified between 3500-1800 cal yr BP in monsoon records from China and
Turkey (Knudsen et al., 2012) and in proxy reconstructions of the ITCZ position
from the Gulf of Mexico (Poore et al., 2003; 2004 ), which indicates that the solar
variability was influencing circulation patterns globally. In the Pedrido Bog
reconstruction this cycle is significant between 3800 and 2800 cal yr BP, and
present but weaker until c.1800 cal yr BP (Figure 5.8). Therefore there is some
similarity in the timings of amplified solar forcing and higher storminess in

Spain.
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The cycles identified here support that there is a solar influence on
storminess, however there are many identified solar cycles, such as 1050-830,
350 and 300 year cycles (Stuiver and Braziunas, 1989; 1993) that are not
present in the Pedrido reconstruction. Steinhilber et al. (2012) has suggested,
using wavelet analysis, that since 4000 cal yr BP the largest magnitude solar
variability was the 220 year Suess cycle between 3000-2000 cal yr BP. After
this time a weaker cycle of ¢.130 years is thought to have occurred (Steinhilber
et al., 2012). Therefore the presence of the 220-year cycle in the Pedrido
reconstruction may have been the result of the strong amplitude of this solar
cycle, as other solar cycles may not been strong enough forcings to alter the
circulation patterns. The forcings on storminess will be discussed further in
Chapter 6.
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5.6. Conclusion

Late Holocene storminess in northwest Spain has been reconstructed by
analysis of the sand content variations in Pedrido Bog, Galicia, which is a region
sensitive to the NAO during the instrumental period. Some of the increases in
storminess coincide with decreases in tree pollen: it is speculated that abrupt
vegetation reductions are the result of periods with colder temperatures, based
on comparisons with temperature proxies from northern Spain. These abrupt
cold events and increases in storminess, may have slowed the recovery of
vegetation following human disturbance and caused changes in land use that
further destabilised the environment, providing greater sediment sources for

aeolian erosion that enhanced the storminess signal in the reconstruction.

The 4500 year reconstruction indicates that the period from 4000-1800
cal yr BP had higher storminess in northwest Spain, with six peaks centred at
3900-3700, 3600-3500, 3400-3250, 3000-2700, 2600-2200, 2050-1850 and
400-0 cal yr BP. The broad period from 4000-1800 cal yr BP was a time when
other reconstructions from the region indicate storminess and precipitation were
increased. This period of higher storminess was a time with more frequent
negative NAO events, indicating there was a southerly storm track position,
while low storminess between 1800-400 cal yr BP supports that there was a
positive NAO and a northerly storm track. Overall the reconstruction of Late
Holocene storminess supports that there has been a consistent relationship
between the NAO and storminess, at least over multi-centennial timescales.
Cycles of 2050 and 510 years, and 220 years between 3800 and 1800 cal yr
BP, indicate that solar variability could have a strong influence on storminess.
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Chapter 6: The patterns and causes of European storminess

during the Late Holocene

6.1. Introduction

In the previous results chapters the focus of the discussions was on the
storminess reconstructions in relation to regional environmental and climatic
changes. In this discussion chapter the reconstructions of storminess from the
Outer Hebrides and Spain will be compared and contrasted with storminess
reconstructions from across Europe, to investigate European-wide changes in
the storm track and storm intensity over the Late Holocene. In sections 6.2, 6.3
and 6.4 of this chapter the reconstructions will be used to investigate the
patterns of storminess in north and south Europe and how these relate to storm
track changes, the NAO and climate deteriorations. As the previous results
chapters were structured as papers they included short discussions on the
causes of storminess. This will be investigated more fully in section 6.5, as here
the results from each site can be combined. In section 6.6 the storminess
reconstructions will be compared with the results from a coupled ocean-
atmosphere model simulation forced by solar and volcanic variability and future
changes in storminess will be discussed. Finally the projects limitations and

suggested future research will be discussed in section 6.7.

6.2. Comparison of the storminess reconstructions

In this section the four storminess reconstructions from the Outer
Hebrides and Galicia are compared (Figure 6.1), which addresses the first
research question on the temporal patterns of storminess in northern and
southern Europe. The results indicate that storminess was high in southern
Europe between 4000-1800 cal yr BP, at the same time as storminess was low
in northern Europe. It is notable however that between 3000 and 1800 cal yr BP
the prominent increases in storminess shown by the Spanish Bog
reconstruction coincide with smaller increases in storminess in the Hill Top Bog
reconstruction. This therefore indicates simultaneous European-wide periods of
increased storminess, but with the largest magnitude storms in southern

Europe. After 1800 cal yr BP storminess decreased in the Pedrido Bog
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reconstruction and after 1500 cal yr BP began increasing in the reconstructions
from the Outer Hebrides bogs. Storminess peaked in the northern European
reconstructions during the last 1000 cal yr BP, although inter-site differences
mean that the timing of this maximum storminess is unclear. After 500 cal yr BP
the Loch Hosta and Hill Top Bog reconstructions in particular support that there
was increased storminess (Figure 6.1); and this increase is also possibly seen
in the Struban Bog reconstruction within the age errors. Overall the comparison
between the reconstructions indicates that there was high storminess in
southern Europe between 4000 and 1800 cal yr BP, followed by an abrupt
decrease, after which storminess appears to have gradually increased in
northern Europe after 1500 cal yr BP.
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2000 1500 1000 500
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Figure 6.1: Comparison between the smoothed storminess reconstructions from
northern Europe (Loch Hosta, Struban Bog and Hill Top Bog) and southern
Europe (Pedrido Bog). Note: the Hill Top Bog reconstruction is on a different
scale to the Pedrido Bog and Struban Bog reconstructions, due to low sand

content.
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The second research question sought to infer storm track changes by
comparison between the reconstructions from northern and southern Europe.
To do this a north-south storm track index has been created. To this end the Hill
Top Bog, Struban Bog and Pedrido Bog reconstructions were first re-sampled to
20-year resolutions. This was done by interpolating the data to high (annual)
resolutions, before smoothing to 20 years (so that each data point is the
average of that 20-year period) and then down-sampling at the 20-year
resolution. The results were smoothed to 100-years to remove decadal
changes, which are more likely to be caused by intra-bog factors (as described
in section 4.5.1.). The reconstructions were then normalised to units of standard
deviation by subtracting the reconstructions mean value from each data point
and then dividing by the standard deviation. To create the north-south index the
average values of the two Outer Hebrides bog reconstructions was found for
each 20-year period. The Pedrido Bog results were then subtracted from the
averaged Outer Hebrides results to give the north-south index of storminess.
Low and high values are used to infer when the storm track was across
southern and northern Europe respectively. This index is shown in Figure 6.2. It
supports that there was a transition from a southerly to northerly storm track
starting at 3300 cal yr BP until approximately 900 cal yr BP.

Spectral analysis was carried out after detrending the index. As the data
was evenly spaced, the Welch method of spectral analysis was carried out in
Matlab using code from Trauth (2006), which is based on the original method of
Welch (1967). The 95™ percentile significance was calculated by 5000 iterations
of the Welch method analysis on the randomly sorted data, before the 95"
percentile of these results was calculated (Jones et al., 2013). This analysis
showed that there was a significant cycle of 394 years (Figure 6.3). Therefore
cyclic changes in storminess appear to have persisted when the storm track
was both in a southerly and northerly position, and may represent periods of
increased storm intensity superimposed on broader storm track changes.
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Figure 6.2: North-South Index of European storminess based on the difference
between the averaged Outer Hebrides bog storminess reconstructions and the
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6.3. Comparison with storm track reconstructions

In this section the results of this project are compared with
reconstructions of storminess and storm track shifts from across Europe and the
North Atlantic (Figure 6.4). The long-term storminess and storm track trends are
compared with reconstructions of storm track changes in Europe (Figure 6.5). A
southerly storm track around 4000-1800 cal yr BP has been suggested by a
number of reconstructions. In northern Europe, Atlantic Water Inflow into the
Norwegian Sea was low at this time, which is caused by reduced wind stress
during negative NAO conditions (Giraudeau et al., 2010; Nilsen et al., 2003).
The north-south index of westerlies from Norway, based on a transect of glacier
precipitation reconstructions, indicates that between ¢.3500-2500 cal yr BP
northern Norway had drier conditions than southern Norway and therefore that
there was a southerly storm track (Bakke et al., 2008). Northwest of Iceland
ocean proxies indicate an increasingly southward position of the polar front and
decreasing storminess towards ¢.2000 cal yr BP (Andresen et al., 2005). High
flooding in the southern Alps compared to the northern Alps between 4200-
2400 cal yr BP has been used to infer that in this time the storm track was in a
more southerly position (Wirth et al., 2013). In addition the expansions of
glaciers in the Alps, and conversely the retreat of glaciers in Norway due to
reduced precipitation (Nesje et al.,2001; Bakke et al., 2005; Schimmelpfennig et
al., 2012; lvy-Ochs et al., 2009) are indicative of a southerly storm track and
outbreaks of cold polar air across Europe at this time. These reconstructions
therefore point towards the storm track being across southern Europe between
4000 and 1800 cal yr BP.

However various studies in northern Europe have found evidence
indicating high storminess at this time. In Britain dated alluvial units suggest that
the period from 3940-1940 cal yr BP was a time with increased flooding
(Macklin and Lewin, 2003). More detailed, subsequent research has proposed
flooding peaks across Britain at ¢.3540, 2730 and 2280 cal yr BP (Johnstone et
al., 2006). In Ireland dune instability attributed to heightened storminess
occurred at 3100-2400 cal yr BP (Wilson et al., 2004). In Sweden two
reconstructions have suggested storminess and precipitation fluctuated
between 2800-2200 cal yr BP (De Jong et al., 2006; Figure 6.5 C) and between
c.3700-1500 cal yr BP (Snowball et al., 1999). Finally high latitude
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reconstructions from the northern North Atlantic have indicated that there was a
warm but unstable climate at 3800-2000 yrs BP (Moros et al., 2004). These
reconstructions support that there was increased variability of storminess in
northern Europe between approximately 4000-1800 cal yr BP, contradicting the

suggestion that the storm track was positioned further south.

There is a body of evidence to suggest that instead of the storm track
shifting south, meridional circulation patterns (a more meandering, weak polar
vortex) may have caused greater climate variability between 3800-1800 cal yr
BP. More meridional circulation of the atmosphere at this time has been
suggested as a cause of the high sea salt and dust influx in Greenland
(measured by the GISP2 reconstruction) between 3100-2400 cal yr BP (O’Brien
et al., 1995) and the warmer and unstable conditions in the high latitudes of the
North Atlantic (Moros et al., 2004). This can also explain the variable climate in
northern Europe described above. The meridional circulation patterns would
also have caused lower temperatures in the mid-latitudes due to the penetration
of polar air further south. Few proxies exist to capture winter temperature,
however an increase in minerogenic material to a Finnish lake between 4000
and 2000 cal yr BP has been interpreted as reflecting colder or longer winters
(Ojalla et al., 2008), consistent with meridional circulation patterns. A similar
situation may have occurred at the transition from the MCA to the LIA:
reconstructed increased variability in winter temperatures in the Alps has been
suggested as resulting from reduced zonal airflow that allowed other climate
drivers such as the Siberian High pressure to dominate (De Jong et al., 2013).
Therefore there is some evidence to suggest that the 4000-1800 cal yr BP
period with high storminess in southern Europe was the result of meridional
circulation patterns, as supported by circulation and temperature proxies

elsewhere in Europe and the North Atlantic region.

After 1800 cal yr BP the storminess reconstructions indicate that there
was a gradual northward shift in the storm track. This is supported by
reconstructions from northern Europe that also suggest increasing storminess
or precipitation. As shown in Figure 6.5, there is thought to have been increased
flooding in the northern Alps (Wirth et al., 2013), higher reconstructed wind-
driven Atlantic Water Inflow into the Norwegian Sea (Giraudeau et al., 2010), a
more northerly storm track across Norway (Bakke et al., 2008), and increased
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storminess (and a northward shifted polar front) northwest of Iceland (Andresen
et al., 2005). In Sweden a record has suggested that storms and winter
precipitation became more variable after 2500 cal yr BP (De Jong et al., 2009).
Others have indicated high precipitation from 2000 cal yr BP onwards, thought
to be the result of positive NAO conditions and stronger westerly winds
(Andersson et al., 2010; Jonsson et al., 2010). Dated alluvial flooding units in
the upland catchments of northern Britain provide evidence for increased flood
events particularly between 2750 to 550 cal yr BP (Johnstone et al., 2006).
These fit with the suggestion that the circumpolar vortex became more zonal
after ¢.2500 cal yr BP (Bakke et al., 2008), meaning it was stronger, less
meandering and shifted northwards (Walter and Graf, 2005; Barry and Chorley,
2010). Therefore after 1800 cal yr BP many reconstructions support that there
was an increase in storminess in northern Europe, possibly due to zonal

circulation patterns.

Other reconstructions have suggested different patterns of storminess
during the Late Holocene, with multi-centennial cyclical variations rather than a
long-term storm track shift. Cycles of 1500-1700 years have been identified in
storminess reconstructions (Fletcher et al., 2013; Debret et al., 2007; O’Brien et
al., 1995; Jackson et al., 2005; Pena et al., 2010; Turney et al., 2005; Sorrel et
al., 2012; Yu, 2003). It is possible that the significant cycles of 1450 and 1330
years identified in the Struban Bog and Hill Top Bog reconstructions
respectively correspond to these cycles. The ¢.390 year cycle present in the
north-south storminess index, described in section 6.2, has also been identified
as climate shifts of 300-400 years in Sweden (De Jong et al., 2007). Similarly
cycles of 180, 220, 480 and 940 years have been identified in an NAO- and
storm- sensitive Baltic Sea sea-level reconstruction spanning the mid-Holocene
(Yu, 2003), and these resemble the identified ¢.230 year cycle (Loch Hosta and
Pedrido Bog), 510 year cycle (Pedrido Bog) and ¢.900 year cycle (Loch Hosta,
Pedrido Bog, Hill Top Bog) from this research. These appear to be cycles
characteristic of storminess variability, although given the few reconstructions

that have used spectral analysis, these are not widely recognised.

A compilation of northern European storm reconstructions proposed that

in the Late Holocene widespread storminess occurred at 4500-3950, 3300-

2400, 1900-1050 and 600-250 cal yr BP (Sorrel et al., 2012; Figure 6.5). The
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Outer Hebrides peat bog storminess reconstructions do not show these
prominent changes in storminess, aside from the period 600-250 cal yr BP,
however the Loch Hosta reconstruction spanning the last 1800 years indicated
increased storminess at 1750-900 and 400-50 cal yr BP, which support the
timing of the most recent Sorrel et al. (2012) storm events. There is therefore a
contradiction between reconstructions, with some suggesting that there were
multi-centennial variations and others long-term trends. It is possible that each
reconstruction is sensitive to different aspects of climate, such as extreme
events or long-term climate. As the Outer Hebrides and Galicia are particularly
sensitive to the NAO in the instrumental period (Andrade et al., 2008), these
sites may have been dominated by this, while sites elsewhere may have been

influenced by other factors.
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Site List

1: Outer Hebrides sites (this study)
2: Galician site (this study)

3: Iceland (Andresen et al., 2005)

4: Iceland (Jackson et al., 2004)

5: Subpolar Gyre, core RAPID-12-1K
(Thornalley et al., 2009)

6: Mid-Atlantic, core LO09-14 (Moros
et al., 2004)

7: Norwegian Sea (Giraudeau et al.,
2010)

8: Norway (Bakke et al., 2008)

9: Finland (Ojala et al., 2008)

10: Sweden (De Jong et al., 2006; 2007;
2009)

11: Ireland (Wilson et al., 2004)

12: Seine Estuary (basis of compilation of
reconstructions by Sorrel et al., 2012)

13: Northern France (Van Vliet-Lanoé

et al., 2014)

14: Galicia (Pena et al., 2010)

15: Southern France (Sabatier et al., 2011)
16: Alps (Wirth et al., 2013)

17: Western Mediterranean (Fletcher et al.,
2012)

Figure 6.4: Map of the locations from which key storminess reconstructions

have been created, as discussed in section 6.3.
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Multi-centennial variations in storm track position though the Holocene
have also been suggested by a compilation of reconstructions from along a
transect of western Europe (Fletcher et al., 2012; Figure 6.5 B). In this
compilation reconstructed declines in forest vegetation in the western
Mediterranean, caused by reduced precipitation, are contrasted with a transect
of reconstructions of wind, precipitation and ocean circulation (Fletcher et al.,
2012). The Mediterranean record shows higher forest pollen sums and
therefore suggests higher precipitation at around 4500-3800 cal yr BP and
around 3000-1800 cal yr BP, indicating the storm track was southwards during
these times (Fletcher et al., 2012). High cyclonic activity is not indicated in the
Pedrido record during the 4500-3800 cal yr BP interval, but does coincide with
the period 3000-1800 cal yr BP. For the latter period Fletcher et al. (2012)
showed that between 3000-1800 cal yr BP Icelandic winds are thought to have
been weaker (Jackson et al., 2005) and there is evidence of increased erosion
in the Middle Atlas Mountains, Morocco (Lamb et al., 1999). Additionally the
period 3000-1800 cal yr BP is considered as a period with reduced stratification
of the North Atlantic Current south of Iceland, indicating reduced subpolar gyre
circulation that occurs when wind stress decreases during a negative NAO
(Fletcher et al., 2012; Thornalley et al., 2009; Curry and McCartney, 2001).
These support the findings of this research that at 3000-1800 cal yr BP the
storm track was further south. On the other hand the inferred storminess shown
by the Pedrido reconstruction increases at 3800 cal yr BP, around 500 years
earlier than the precipitation increase suggested by the Fletcher et al. (2012)
reconstruction. Furthermore during this time there were indications for a
northerly storm track, as indicated by high storminess in Iceland (Jackson et al.,
2005), a strong subpolar gyre (Thornalley et al., 2009) and reduced erosion in
Morocco (Lamb et al., 1999; Fletcher et al. 2012). The high Galician storminess
may have been caused by less pronounced southward excursions of the storm
track, influencing northwest Spain but not the Mediterranean. Overall the
Fletcher et al. (2012) reconstruction supports that the storm track was further
south between 3000-1800 cal yr BP, but shows differences between 4500-3000
cal yr BP.

In summary the storminess reconstructions and north-south index formed

as part of this research compare favourably with a number of storm track
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reconstructions (Figure 6.5). It is suggested that these capture a shift from a
southerly to northerly storm track around 1800 cal yr BP, which it is suggested
was due to a transition from meridional to zonal circulation patterns. The
storminess reconstructions of this research support pronounced long-term
trends, rather than multi-centennial variations in storminess. The reason for this
is unclear, but may be related to the high sensitivity of Galicia and the Outer
Hebrides to the Atlantic climate and NAO, with other factors influencing

storminess elsewhere.

6.4. Comparison with North Atlantic Oscillation reconstructions
The Late Holocene storminess reconstructions and the north-south storm
track index will in this section be compared with reconstructions of the NAO
(Figure 6.6). The weather of the Outer Hebrides and Galicia is highly influenced
by the NAO during the instrumental period (e.g. Andrade et al., 2008), therefore
comparison between the Late Holocene reconstructions of the NAO and
storminess allow the long term NAO-storm relationship to be explored. This
section addresses the third research question concerning the nature of the

NAO-storminess relationship.

The reconstructed NAO and storminess indicated similar long-term
trends. The NAO reconstruction by Olsen et al. (2012) has suggested that the
period from 2000-550 cal yr BP had a predominantly positive NAO, while the
period 4500-2000 cal yr BP had mostly negative NAO conditions (Olsen et al.,
2012). Additionally opposite changes in sea surface temperatures for the north-
east Atlantic and western subtropical Atlantic have been used to suggest a
weakening of the NAO through the Early to Late Holocene (from positive to
negative NAO) with a reversal at 2000 cal yr BP back to positive NAO
conditions (Rimbu et al., 2003; Wanner et al., 2008). The high storminess in the
Pedrido reconstruction between 4500-1800 cal yr BP supports the hypothesis
that there was a prolonged period with low NAO conditions at this time, which
directed the storm track across southern Europe. After 1500 cal yr BP
storminess in the Outer Hebrides gradually increased, which corresponds to the
period when the most positive NAO conditions are reconstructed, although the

increase in storminess occurs gradually whereas the NAO transition is more
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abrupt. A strong NAO influence is supported by the significant correlations
between the NAO and storminess reconstructions (when linearly detrended), as
shown in Table 6.1. Therefore the long-term trends proposed by the NAO and
storm reconstructions may demonstrate that there have been persistent and
large-magnitude shifts in atmospheric circulation through the Late Holocene and

support the idea that there has been a consistent NAO-storminess relationship.

Table 6.1: Correlation between the North Atlantic Oscillation reconstruction
(Olsen et al., 2012) and the storminess reconstructions. Bold correlations are
significant above the 95% level. Correlations were carried out first on linearly
detrended data and following this on data which had been detrended using a
polynomial fit. This latter process removed the millenial trends in the data
allowing comparison of the high frequency variability.

Site Correlation (R) Correlation when n
when linearly nonlinearly detrended
detrended (R)

Hill Top 0.214 -0.373 180

Bog

Struban 0.457 -0.154 180

Bog

Pedrido -0.528 -0.299 209

Bog

When considering the NAO-storminess relationship at multi-decadal and
centennial timescales the results are more varied. There is a similarity between
some of the negative NAO events and increased storminess in Pedrido Bog
between 3500 and 1800 cal yr BP, particularly in the timing of peaks ¢.2800 and
2400 cal yr BP (Figure 6.6). This supports the suggestion that negative NAO
anomalies caused the storm track to cross southern Europe. However there is
an offset between the timing of other negative NAO events and increased
storminess, such as the storm peak at ¢.1900 cal yr BP that follows a negative
NAO event ¢.2100 cal yr BP. The reason for this is unclear, it could potentially

be a result of errors in the age-depth model of either reconstruction, or could be
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the result of a time lag, for example storminess could increase during the
transitions into periods of negative NAO. Nevertheless there is a significant
negative correlation between the nonlinearly detrended NAO and Pedrido
storminess reconstruction (Table 6.1), indicating that storminess increased in

southern Europe during times of negative NAO at centennial timescales.

Pedrido Bog Hill Top Bog Struban Bog

500 - = 1500

1000 + +11000

~ 1500 -

2000

Age (cal yrs BP

2500 +

3000 413000

3500 - 413500

4000 4000

0.03 0.02 0.01 0 -2 0 2 0 0.005 0 0.01  0.02
Sand weight (g) NAO index Sand weight (g) Sand weight (g)

Figure 6.6: Comparison between the NAO reconstruction by Olsen et al., (2012)
with the peat bog reconstructions of storminess from Pedrido Bog in Spain and
Hill Top Bog and Struban Bog in the Outer Hebrides. Red lines are the 120-180
pgm sand fraction and blue lines the >180 pym sand fraction.

The period after 1800 cal yr BP when the NAO was more positive was a
period of increasing storminess in the Outer Hebrides, however the results
indicate that at times there has been an inconsistent NAO-storm relationship
(Figure 6.6). The centennial peaks observed in both storminess reconstructions
after 1500 cal yr BP reflect some reconstructed positive NAO anomalies, for
example at 1000 cal yrs BP, while other peaks, such as at 500 cal yrs BP
correspond to negative NAO conditions. Likewise before 1800 cal yr BP the Hill
Top Bog reconstruction in particular indicates that there were small increases in

storminess at times of negative NAO. The nonlinearly detrended NAO and
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storminess reconstructions from the Outer Hebrides (Table 6.1) also have a
negative correlation, which suggests that, as in southern Europe, negative NAO
events are associated with increased storminess. This contradiction between
high northern European storminess and negative NAO conditions has been
identified previously for the LIA period and suggested as being the result of
intermittent, intense and rare storms during periods with frequent negative NAO
anomalies (Trouet et al., 2012; Raible et al., 2007). Therefore in northern
Europe increases in storminess appear to have been linked with negative NAO
events through the Late Holocene, although the magnitude of the LIA
storminess peak exceeds those earlier in the Late Holocene. Overall the long-
term storminess trend supports that the NAO-storminess relationship through
the Late Holocene was similar to that observed during the instrumental period.
However, in both northern and southern Europe there is evidence that

centennial increases in storminess are connected with negative NAO events.

An NAO influence on storminess can be inferred by identifying shared
cycles in the storminess and NAO reconstructions, as summarised in Table 6.2.
Struban Bog had no centennial cycles, however the Hill Top Bog reconstruction
had cycles of 290 and 330 cal yr BP, which are similar to a ~300 year NAO
cycle (Olsen et al., 2012), and indicates that this variation in storminess may
have been driven by NAO variability. The Pedrido Bog and Loch Hosta
reconstruction both show a cycle of ¢.220 years, which has not been identified
as an NAO periodicity so may be showing storminess variability unrelated to the
NAO. It is unclear whether the 390-year cycle observed in the north-south index
is within the ~330 year band of variability seen in the NAO reconstruction, or if
there is a different cause of what appears to be the dominant storminess cycle.
As described in Chapter 3, high frequency cycles typical of the NAO were
identified in the Loch Hosta reconstruction. For example, the cycle of 50-58
years was identified and is an NAO cycle (Glueck and Stockton, 2001;
Luterbacher et al., 1999; Olsen et al., 2012; Wanner et al., 2001; Cook et al.,
1998) and this was also identified by cross-spectral analysis between the Loch
Hosta reconstruction and the Trouet et al. (2009) NAO reconstruction (Figure
3.10). Therefore the spectral analysis has shown that the NAO may have

caused cycles of ¢.290-330 years observed in the peat bog reconstructions
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(apart from Struban Bog) and decadal cycles identified in the Loch Hosta

reconstruction.

Finally cross-spectral analysis between the NAO reconstruction (Olsen et
al., 2012) and the peat bog reconstructions has been carried out to investigate
the shared cycles, and therefore the NAO influence on storminess. The results
were re-sampled to the 20 yr resolution and cross-spectral analysis was carried
out using the same methods as described in section 2.8.3.. The results (Figure
6.7) show a cycle of 512 years is present in each of the Outer Hebrides bog
reconstructions, which supports that the NAO influenced storminess at this
periodicity. However a number of other cycles are identified which are not
present in multiple sites, so it is possible that the sites are sensitive to storms
from different directions (as discussed in Chapter 4), or different circulation

patterns affecting north and south Europe.

In summary, the results indicate that during the Late Holocene there was
a consistent NAO-storm relationship, with higher storminess in southern Europe
when the NAO was generally low and higher storminess in northern Europe
when the NAO was persistently positive. However when considering the
centennial variations a different relationship is observed, with high storminess in
both southern and northern Europe when there were periods with negative
NAO. This pattern was present through the Late Holocene but was particularly
evident during the LIA. These findings therefore suggest that storminess
changes were caused by several interacting factors. The suggested long-term
storm track shift from southern to northern Europe may have caused northern
Europe to be increasingly influenced by high storminess during negative NAO

events such as the LIA.

206



0.05

512 yrs

0.04

0.03

Magnitude

0.02

0.01

Hill Top Bog

O L L
0 0.002 0.004

L
0.006

L
0.008

L L L L L
0.01 0.012 0.014 0.016 0.018 0.02

Frequency

0.2 T

512 yrs

0.18

0.16

0.14

0.12

0.1

Magnitude

0.08

0.06

0.04

0.02

Struban Bog -

0
0

1
0.002

L
0.004

L
0.006

L
0.008

1
0.01
Frequency

0.012

L
0.014

1
0.016

0.018

0.02

T
0.2 1280 yrs b
Pedrido Bog
0.18+

0161 466 yrs ]
0.14
0.12

0.1

Magnitude

0.08
0.06

0.04 -
0.02

0.014 0.016 0.018

0.01
Frequency

0
0 0.002 0.004 0.006 0.008 0.012 0.02

Figure 6.7: Cross-spectral analysis between the NAO reconstruction (Olsen et
al.,, 2012) and the peat bog storminess reconstructions, using the method
outlined in section 2.8.3. (Chatfield, 2004). The dashed lines indicate the 95%

significance level.
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Table 6.2: Summary of cycles present in the storminess reconstructions, the

NAO and solar and oceanic forcings. The peak of the cycles are listed, with the

range of frequencies spanned by this peak in brackets, where information was

available. References are 1: Olsen et al., (2012) 2: Peristykh and Damon
(2003), 3: Stuiver and Braziunas (1993), 4: Steinhilber et al., (2012), 5: Agnihotri
et al (2002), 6: Bond et al., (1997), 7: Gray et al., (2004). 8: Chapman and
Shackleton (2000) (Note: reference list is not exhaustive list).

Northern Southern Forcings
Europe Europe
Loch Struban Hill Top Pedrido NAO Solar Oceanic
Hosta Bog Bog Bog
2290 2050 ¢.2500%,
(2670- (2325- 23002
2040) 1820)
1450 1330 1370 +
(1610- (1460- 500°
1230) 1180)
860 940 890 830- 10008
(1000- (1000- 1050°
910) 870)
730 (750-
700)
510 (540- 5123 5508
490)
330 350*
290 (300- ~300' 300*
280)
250-200 220 years 2202’4,
(wavelet) 208
~170'
150-140 150°
105-95 1042 60-1007
87-77 882, 77°
58-50 50-70" 602, 53°
20-16 ~20" 22% 113
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6.5. Potential causes of variability in storminess, the storm track and
the NAO

In this section comparisons between reconstructions and the results of
the spectral analysis will be used to investigate the possible forcing
mechanisms on storminess. This addresses the fourth research question on the
causes of storminess variability. As the identification of cycles is used to infer
the causes of storminess in the following sections, the cycles are summarised in
Table 6.2. Forcings from orbital, solar, oceanic and volcanic changes will be

assessed and discussed, before being synthesised into an explanation.

6.5.1. Orbital forcing

The shift at 1800 cal yr BP, from a southward storm track and frequently
negative NAO, to a northward storm track and more positive NAO, could be the
result of long-term changes in orbital forcing. This hypothesis has been invoked
to explain latitudinal shifts in the storm track in the southern hemisphere, the
position of the inter-tropical convergence zone and the Atlantic tropical cyclone
track position during the Late Holocene (Haug et al., 2001; Gilli et al., 2005;
Shulmeister et al., 2004; McCloskey and Knowles, 2009). In the northern
hemisphere some palaeoclimate reconstructions, in particular precipitation
reconstructions, have suggested that orbital forcing is a cause of the
reconstructed long-term trends (Kirby et al., 2007; Czymzik et al., 2013; Moros
et al., 2004; Kutzbach et al., 2014; Magny, 2013). As such in this section orbital
forcing will be discussed as a potential cause of the inferred long-term storm
track shift.

Orbital forcing changes the latitudinal insolation distribution, which has
been described as one of the main factors influencing storm track position
during the Holocene, as it controls the subtropical jet position and intensity,
Hadley Cell circulation and the position of the subtropical highs (i.e. the Azores
High) (Brayshaw et al., 2010; Flohn, 1984; McCloskey and Knowles, 2009). In
the northern hemisphere from the Mid- to Late- Holocene December insolation
increased steadily at 60°N (Figure 6.8). As the poles receive no insolation

during winter, increasing insolation in the mid-latitudes would steepen the
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temperature gradient through the Late Holocene. Models forced by insolation
have indicated that in the Mid-Holocene a lower insolation gradient caused
weaker and northward shifted storm tracks (Rimbu et al., 2003; Brayshaw et al.,
2010). Similarly modern observations of the influence of the latitudinal
temperature gradient on the position of subtropical high pressures (i.e. Azores
High) have shown that increasing gradients result in equatorward displacement
of the subtropical high pressures (Flohn, 1984; McCloskey and Knowles, 2009).
So by inference the increasingly steep insolation gradient during the Late
Holocene may have caused stronger and southwards shifted storminess.
However the high storminess in the Pedrido reconstruction at 3800-1800 cal yr
BP and the suggested northward shift in the storm track through the Late

Holocene is the reverse of the response indicated by these studies.

The patterns of storminess may also have been influenced by the
general trends of increasing winter or decreasing summer insolation in the
northern hemisphere, rather than the gradient, for example these have been
suggested as causing precipitation variations in California and central Europe
through the Holocene (Kirby et al., 2007; Czymzik et al., 2013; Magny, 2013). A
model experiment has shown that periods with low winter insolation in the
northern hemisphere have weaker and southward shifted mid-latitude westerlies
(Kutzbach et al., 2014). Therefore the gradual increase in winter insolation
through the Holocene would be expected to cause an increasingly northward-
shifted storm track, which has been observed in this research. An insolation
forcing behind the storm track transition is supported by Bakke et al. (2008),
who suggested that the transition from reconstructed low to high precipitation in
Norway from 4000-1500 cal yr BP was the result of increasing winter insolation.
Therefore winter insolation changes may explain the long-term reconstructed

northward storm track shift through the Late Holocene.
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Figure 6.8: December Insolation at (left column from top) 60°N, 30°N, 0°N and
the seasonal insolation trends at 60°N (top right). Data from Berger (1992)

dataset, calculated using Berger and Loutre (1991).

6.5.2. Solar activity

Solar activity may have influenced the position of the storm track, the
NAO and storm intensity during the Late Holocene over millennial, centennial
and decadal timescales. A solar influence on storminess is supported by certain
research (Sabatier et al., 2011; Wirth et al., 2013; De Jong et al., 2006) and
contradicted by others (Sorrel et al., 2012; Fletcher et al., 2012), so the

importance of this forcing is controversial.

Various studies have been carried out to assess the influence of solar
changes on climate circulation and storms using modern observations,
modelling and reconstructions of past changes. The mid-latitudes (40-50°N) are
highly influenced by solar changes, which influence the mean location of the
polar fronts and therefore cyclonic activity (Gleisner and Thejll, 2003; Rumney,
1968). Most results indicate that solar minima are associated with negative
NAO anomalies and southwardly displaced storm tracks (e.g. Ineson et al.,
2011), for example during the Maunder Minimum (Shindell et al., 2001; Raible
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et al., 2007; Lockwood et al., 2010). During solar minima reanalysis data and
model results have shown a contraction and strengthening of the Ferrell Cells
and therefore a strengthening and equatorward-shift of the atmospheric jets
(Haigh et al., 2005; Gleisner and Thejll, 2003; Raible et al., 2007). Conversely
solar maxima have been associated with widely higher humidity (Gleisner and
Thejll, 2003), a positive NAO (Boberb and Lundstedt, 2002; Kuroda and
Kodera, 2002) and more zonal (or westerly) airflow, as shown by models and
instrumental data (Matthes et al., 2006; Huth et al., 2006). Model and reanalysis
data have indicated that higher solar activity is also associated with weakening
and expansion of the Ferrell Cells and therefore weaker and poleward shifted
atmospheric jets (Haigh, 1996; Haigh et al., 2005; Gleisner and Thejll, 2003).
Therefore contraction of the Ferrell Cells and stronger, southward shifted
atmospheric jets during solar minima may have caused increased storminess in

Europe.

Models have only recently become sufficiently advanced to integrate the
influence of both UV radiation on the stratosphere and TSI on surface
temperature (Gray et al., 2010). This means important processes influencing
storm tracks involving the stratosphere are only recently being considered. For
example, UV changes can cause sudden stratospheric warming events to
occur, when heating of the stratosphere causes the circumpolar vortex to
weaken, the effects of which descend to the troposphere and cause negative
NAO circulation patterns (Baldwin and Dunkerton, 1999; Limpasuvan et al.,
2004; Matthes et al., 2006; Gray et al., 2010; Kodera and Kuroda, 2002). A
recent model simulation that includes a stratosphere sensitive to UV variations
has indicated that solar minima cause negative NAO patterns and southward
shifted storm tracks (Martin-Puertas et al., 2012).

Visual comparison of the storminess reconstructions with the TSI
reconstruction (Steinhilber et al., 2012; Figure 6.9) in some ways support a
solar forcing on storminess. The millennial-scale trend from high TSI between
€.4000-2000 cal yr BP to lower TSI after this time reflects the changes observed
in the peat bog storminess reconstructions. The period of generally high solar
activity before 2000 cal yr BP had higher storminess in southern Europe; this
contradicts the findings of the above literature which indicates that solar maxima
have northerly storm tracks. Likewise the lower solar activity after 2000 cal yr
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BP would be expected to result in southward, stronger atmospheric jets;
however storminess increased in northern rather than southern Europe. There
is also disagreement with the Olsen et al. (2012) NAO reconstruction, as this
suggested that there was a generally lower NAO index before 2000 cal yr BP,
but the high TSI reconstructioned for this time would be expected to cause
positive NAO conditions (Boberb and Lundstedt, 2002; Kuroda and Kodera,
2002).

The comparison of the centennial changes shows abruptly low TSI
events at c. 3400, 2700 and 2300 cal yr BP, around the times that there is
thought to have been increased storminess in Galicia, and between 700 and
200 cal yr BP, which coincide with the inferred high storminess in the Outer
Hebrides. On the other hand there are some offsets in the timings and some
peaks in storminess, such as in the Struban Bog reconstruction at 800 cal yr
BP, coincide with reconstructed solar maxima instead. It is possible that errors
within each of the reconstructions caused the offset in timings, as
palaeoclimatic reconstructions are subject to chronological uncertainty. A solar
and wind reconstruction from Germany, based on the same varved sediment
sequence (thus removing chronological issues), suggested that increased
storminess occurred during the solar minimum ¢.2800 cal yr BP (Martin-Puertas
et al., 2012). There is therefore some evidence that solar minima caused

increased storminess in Europe over centennial timescales.
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Figure 6.9: Comparison between the storminess reconstructions from this
research (left), Total Solar Irradiance reconstruction (Steinhilber et al., 2012;
middle) and north-south storm track index from this research (right). Dashed
lines indicate the polynomial trends. Note: x-axis of centre figure is reversed.

Thick dashed lines highlight comparisons discussed within the text.

The comparison of the Loch Hosta storminess reconstruction with the
TSI reconstruction has some contrasting results (Figure 6.10). The
reconstructed storminess since 1600 A.D. shows peaks coinciding with solar
minima, at ¢.1700 A.D. and 1800-1900 A.D., however before this time there is
less agreement between the two reconstructions. Therefore the forcings on the
Loch Hosta reconstruction are equivocal as the similarities since 1600 A.D. may
be coincidental and additional explanatory factors or forcings are required to
account for the variability before 1600 A.D.
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Figure 6.10: Comparison between the Loch Hosta storm reconstruction and
reconstructed Total Solar Irradiance (Steinhilber et al., 2012).

The identification of solar cycles in climate data can be used as a means
of attributing a solar forcing mechanism to the observed changes (Gray et al.,
2010). Many solar cycles are present in the storminess reconstructions from this
research, as illustrated in Table 6.2. To investigate this further cross-spectral
analysis has been carried out between the reconstructions of storminess from
this research and the NAO (Olsen et al., 2012) with the TSI reconstruction
(Steinhilber et al., 2009), to assess shared spectral frequencies (using the
methods described in section 2.8.3). The results show significant shared cycles,
which indicate a solar forcing on storminess as well as the NAO at the given
frequencies (Figures 6.11 and 6.12).

The Hallstadt cycle of ¢.2500 years (Steinhilber et al., 2012) is similar to
the 2290 year cycle in Hill Top Bog record spectral analysis and is shown by the
2560 year cycle in the cross-spectral analysis with the Pedrido Bog
reconstruction. Millennial forcing of storminess is also indicated by the cycles of
1024 and 1280 years in the cross-spectral analysis with the Outer Hebrides bog
reconstructions. Shorter cycles of 890, 940 and 860 year cycles were identified
in the spectral analysis of the Outer Hebrides reconstructions (Table 6.2.) and

are similar to millennial solar cycles of 830-1050 years (Stuiver and Braziunas,
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1993; Stuiver et al., 1995; Debret et al., 2007), although these were not shown
by cross-spectral analysis. A 512 year solar cycle (Stuiver and Braziunas, 1993;
Vonmoos et al., 2006) was identified in the spectral and cross-spectral analysis
with the Pedrido Bog reconstruction, so is a cycle influencing southern Europe.
Cycles between 300-370 years were present in cross-spectral analysis between
TSI and the Outer Hebrides bog reconstructions, as well as with the NAO
reconstruction (Figure 6.12), which suggests an influence on atmospheric
circulation from the 350 and 300 year solar cycles (Stuiver and Braziunas,
1989; Turney et al., 2005; Steinhilber et al., 2012). Finally the Suess cycle of
220 years (Stuiver and Braziunas, 1989; Knudsen et al., 2009; Wanner et al.,
2008; Steinhilber et al., 2012) was identified in the cross-spectral analysis with
all the reconstructions aside from Hill Top Bog (Figure 6.11), as well as with the
NAO reconstruction (Figure 6.12). Therefore the results of the spectral and
cross-spectral analyses provides strong evidence that solar forcing is causing

changes to atmospheric circulation patterns over multi-centennial timescales.

Overall, visual comparison of the TSI and storminess reconstructions
gives some indication that low centennial-duration TSI events are connected
with heightened storminess, in the Pedrido Bog between 3500-2000 cal yr BP
and since 1000 cal yr BP in the Outer Hebrides. However there are offsets in
the timings of solar minima with periods of increased storminess, which could
be due to errors within each of the reconstructions. The presence of solar
cycles within the reconstructions and particularly the cross-spectral analysis,
support there is a solar influence on storminess. On the other hand the millenial
trends observed in the storminess reconstruction cannot be explained by the
long-term changes in solar activity, as these would have forced opposite storm

track shifts to those indicated by the storminess reconstructions.
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Figure 6.11: Cross-spectral analysis of the storminess reconstructions from this
research with the Total Solar Irradiance reconstruction from Steinhilber et al.
(2009) using the method outlined in section 2.8.3. (Chatfield, 2004). The dashed

line indicates the 95% significance level.
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6.5.3. Oceanic forcing

Ocean circulation proxies

Research has discussed the influence of oceanic changes on the storm
track position. It has been suggested that the southerly penetration of cold
water in the North Atlantic (caused by the weak ocean circulation) and
increased sea ice at high latitudes may have at times increased the temperature
gradient, which would shift the region of maximum temperature contrast
southwards and with it the North Atlantic storm track (Sabatier et al., 2011;
Bakke et al., 2008; Betts et al., 2004; Sorrel et al., 2012; Raible et al., 2007).
Ocean temperatures may similarly influence the NAO index: a model driven by
sea-surface temperatures was able to predict NAO changes reliably (Rodwell et
al., 1999). However it is also considered that ocean circulation is in part driven
by wind stress associated with the storm track position over the North Atlantic
(e.g. Lohmann et al., 2009; Curry and McCartney, 2001), so separating the

cause and effect is difficult.

218



Visual comparison shows that the two largest peaks in the Pedrido Bog
storminess reconstruction were at ¢.3200 and 2800 cal yr BP; these coincide
with times of increased ice-rafting in the North Atlantic (Bond et al., 2001) and
the transition to weaker ocean circulation indicated by the Iceland-Scotland
Overflow Water and subpolar gyre strength reconstructions (Bianchi and
McCave, 1999; Thornalley et al., 2009; Figure 6.13). Comparison may also be
made tentatively between the increased storminess after 1000 cal yr BP
indicated by the Outer Hebrides reconstructions and the period of increased ice-
rafting and minimally reduced Iceland-Scotland Overflow Water and subpolar
gyre strength reconstructed during this time. Finally the periods of reconstructed
high IRD and low Iceland-Scotland Overflow Water strength at c. 1600-1000
and 600-0 cal yr BP coincide with the periods of increased storminess indicated
by the Loch Hosta reconstruction. Overall there appears to be some agreement
at times between storminess and oceanic changes, however there are also
asynchronous variations and peaks in storminess occur during times of both
strong and weak ocean circulation. Therefore it is difficult to determine whether
high storminess is forced by the ocean circulation changes and it is possible

that the changes observed are unrelated.
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The cycles present within the storminess reconstructions give some
suggestion that there is an oceanic forcing. A frequently identified cycle in North
Atlantic proxy reconstructions is a ¢.1500 year cycle, which was first shown as a
1370 £ 500 year cycle in proxies of ice-rafting debris (Bond et al., 1997). It has
since been identified in various proxy reconstructions of ocean circulation such
as lceland-Scotland Overflow Water strength (Bianchi and McCave, 1999) and
sub-polar gyre strength (Thornalley et al., 2009). This cycle has also been
identified in reconstructions of storminess from Europe and Greenland (Sorrel et
al., 2012; Debret et al., 2007; Fletcher et al., 2012). In the Struban Bog and Hill
Top Bog reconstructions similar cycles of 1330 and 1450 years (respectively)
were identified (Table 6.2), however this cycle was not present in the other
reconstructions. Cycles of 890 and 940 years in the Hill Top Bog and Struban
Bog reconstructions respectively and a 510 year cycle in the Pedrido Bog
reconstruction are similar to 1000 and 550 year cycles identified in
reconstructions of North Atlantic Deep Water circulation (Chapman and
Shackleton, 2000). There is therefore a possible oceanic influence on

storminess in the Outer Hebrides, indicated by the cycles present.

To further investigate the ocean-atmosphere interaction, cross-spectral
analysis has been carried out between the NAO reconstruction (Olsen et al.,
2012) and storminess reconstructions with the ice-rafting debris reconstruction
(Bond et al.,, 2001), following the methods described in section 2.8.3.. The
results show that a ¢.1490 year cycle is present in cross spectral analysis of
IRD with the NAO and the Hill Top Bog reconstructions (Figure 6.14 and 6.15),
which supports a relationship between oceanic circulation and atmospheric
circulation patterns. Additionally the ¢.1450 year cycle is not a feature of solar
variability, supporting that this cycle is not the result of an external forcing
(Debret et al., 2007). As there is evidence of both solar and oceanic forcing
through the spectral and cross-spectral analysis, this is evidence that
storminess is the result of a combination of forcings, which may vary in
importance through time. This could explain why the visual comparison with the

ocean circulation proxies did not provide strong results.
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Figure 6.14: Cross-spectral analysis of the peat bog storminess reconstructions
with the Ice-Rafting Debris reconstruction (Bond et al., 2001) calculated using
the methods outlined in section 2.8.3 (Chatfield, 2004). The dashed lines

indicate the 95% significance level.
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Figure 6.15: Cross-spectral analysis of NAO reconstruction (Olsen et al., 2012)
with the Ice-Rafting Debris reconstruction (Bond et al., 2001), calculated using
the methods outlined in section 2.8.3 (Chatfield, 2004). The dashed line

indicates the 95% significance level.

Atlantic Multidecadal Oscillation

A different source of oceanic variability that may influence storminess in
Europe is the Atlantic Multidecadal Oscillation (AMO), which is an internal mode
of variability in the North Atlantic (Schlesinger and Ramankutty, 1994; Wei and
Lohmann, 2012). Heat fluxes from the Atlantic Ocean to the atmosphere have
been shown to occur at multidecadal timescales during the instrumental period,
supporting that oceanic variation can drive the decadal climate variations (Gulev
et al., 2013). Models also support that winter precipitation over areas of
northern Europe, including the Outer Hebrides, increase as a result of positive
AMO conditions (Knight et al., 2006). Therefore as the comparison with
instrumental data indicated that the Loch Hosta reconstruction reflects
precipitation changes (see Figure 3.9), it may be influenced by the AMO

variability.

Visual comparison suggests higher storminess when the AMO was
positive between 1640-1710 A.D. and 1850-1900 A.D. and lower storminess
when the AMO was negative during the intervening time (Figure 6.16). However
the relationship appears reversed during the twentieth century. The

reconstruction of storminess by Van Vliet-Lanoé et al. (2014) has suggested
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that the most severe storms in northern France occurred during negative NAO
events, particularly during periods of positive AMO, when sea-surface
temperatures were warm. This may have been due to increased cyclogenesis
resulting from a steep vertical temperature gradient between the ocean and
polar jet (Van Vliet-Lanoé et al., 2014; Betts et al., 2004). Therefore the greater
similarity between the Loch Hosta storminess and AMO reconstructions before
1900 A.D. may have been the result of a predominantly low NAO during this
time (Trouet et al., 2009), which in conjunction with the AMO caused
multidecadal variability in storminess, by increasing the ocean-atmosphere
temperature gradient and heat flux. Therefore it is speculated that the AMO is
influencing storminess in the Outer Hebrides during periods with dominant

negative NAO conditions.

An AMO influence on storminess is supported by cycles of 50-58 and 77-
87 years in the Loch Hosta reconstruction, which are similar to those of the
AMO. Furthermore cross-spectral analysis between the Loch Hosta and NAO
reconstruction (Olsen et al., 2012) showed a cycle of 60 years (Figure 3.10),
indicating that this cycle may have influenced the Loch Hosta storminess
reconstruction through the NAO. Records and reconstructions of the AMO have
shown cyclicity of 60-80 years, which has been connected with NAO variability
and various climate variables including precipitation (Wanner et al., 2001;
Higuchi et al., 1999; Enfield et al., 2001; Kerr, 2000; Gray et al., 2004; Knudsen
et al., 2011; Knight et al., 2006). Cycles of 60-70 years have also been
identified in reconstructed glacier fluctuations from the western French Alps,
and attributed to AMO forcing of storminess and precipitation (Guyard et al.,
2013). On the other hand there is a solar cycle of 60 years (Table 6.2), meaning
it is possible that solar changes influenced both the oceanic and climatic

changes.

In summary an oceanic influence is supported by the cycles present in
the Outer Hebrides reconstructions and by visual comparison between
reconstructions of ice-rafting and the AMO over some time periods. However
asynchronous variability suggests that ocean forcing is not the sole driver of
storminess, as similar timings may be coincidental and in fact both storminess
and oceanic changes may be driven by the NAO as well as external factors like
solar variability.
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6.5.4. Volcanic forcing

Volcanic eruptions can influence the atmospheric circulation patterns, so
past eruptions may therefore have caused storminess changes in Europe.
Research using observations and model simulations has indicated that large
volcanic eruptions that add volcanic aerosols to the stratosphere lead to
stronger circumpolar vortex circulation and positive NAO anomalies, associated
with warmer and wetter conditions in northern Europe (Fischer et al., 2007,
Stenchikov et al., 2006; Kodera, 1994, Jones et al., 2005). Therefore volcanic
eruptions would be expected to coincide with peaks in storminess in the

reconstructions from the Outer Hebrides in particular.

However visual comparison between the storminess reconstructions and
proxies for volcanic eruptions (stratospheric aerosol optical depth and GISP2
sulphate measurements) do not support that there is a strong volcanic forcing

on climate (Figures 6.17 and 6.18). The higher resolution Loch Hosta
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reconstruction is more likely to have captured the effects of volcanic eruptions
that typically only span a few years (Fischer et al., 2007) and there is potentially
a correspondence between higher Aerosol Optical Depth’s before 1000 A.D.
and after ¢.1600 A.D. with higher storminess. There is less similarity between
the volcanic forcing proxy and the peat bog storminess reconstructions (Figure
6.18), perhaps due to the multi-decadal resolution of these reconstructions.
Only the peak in the Struban Bog reconstruction at ¢.800 cal yr BP coincides
with a cluster of years with high sulphate concentrations. Therefore although
higher storminess may have occurred at times with more frequent, large

volcanic eruptions, the evidence is inconclusive.
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Figure 6.17: Loch Hosta Ln(Ca/K) reconstruction and reconstructed
stratospheric aerosol optical depth for latitudes 30-90°N, which is a proxy for

volcanic activity (Crowley and Unterman, 2012)
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Figure 6.18: Peat bog storminess reconstructions from the Outer Hebrides and
Galicia and total sulphate measurements from the GISP2 ice core considered
as a proxy for past volcanic activity (data from website NOAA, 2014; Zielinski
and Mershon, 1997; Zielinski et al., 1994; Hempel and Thyssen, 1992; Palais et
al., 1992; Palais et al., 1991).

6.5.5. Integration of forcings

To untangle the forcings on storminess variability (both the millennial
storm track transition and centennial peaks) the changes to the temperature
gradient and therefore the circumpolar vortex and storm track will be
considered. The temperature gradient between the mid- and high- latitudes
drives the strength and wave pattern of the circumpolar vortex: a steeper
(shallower) temperature gradient causes higher (lower) zonal wind velocities
and therefore longer (shorter) wavelengths of the circumpolar vortex (Barry and
Chorley, 2010; Lamb, 1995). This means that the strong vortex causes westerly
winds that are stronger and displaced northwards and the weak vortex causes
meridional winds, a southwardly displaced storm track and quasi-stationary
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cyclones/anticyclones (Barry and Chorley, 2010; Lamb, 1995). Using this
understanding, the changes to the temperature gradient from solar, orbital and
oceanic forcings will be assessed and the resulting changes to the polar vortex,

storminess and the storm track will be considered in this section.

The storm track shift at 1800 cal yr BP from southern to northern Europe
may be explained by orbital and solar changes to the insolation distribution and
latitudinal temperature gradient. As the high latitudes receive no solar radiation
in winter, the temperature gradient would have been most influenced by solar
insolation in the mid-latitudes. As the result of orbital changes the insolation
increased by over 2 W m at 60°N from 4000 cal yr BP to present (Figure 6.8),
therefore the latitudinal insolation gradient would have been increased.
However the decreasing TSI trend was around 0.5 W m, therefore this would
have acted to reduce the latitudinal temperature gradient through the Holocene
during winter. As the orbitally-driven insolation change is greater than the TSI
change, it is considered that the orbital changes exerted a greater influence, so
overall the latitudinal temperature gradient would have increased through the
Late Holocene. This would have caused the circumpolar vortex to increase in
strength through the Late Holocene, which could have resulted in fewer
planetary waves, more zonal circulation and northwardly displaced storm tracks
(Barry and Chorley, 2010; Lamb, 1995).

In terms of the storminess reconstructions the above explanation can
account for higher storminess in Spain at 4000-1800 cal yr BP. The inferred
meridional circulation patterns during this time were potentially associated with
intensified and southwardly displaced storms, as the southward excursions of
the jet stream cause large temperature differences between tropical and arctic
air masses that foster cyclone formation (Van Vliet-Lanoé et al., 2014; Betts et
al.,, 2004). Furthermore as explained in section 6.3, a more meridional
circulation pattern before 2000 cal yr BP is indicated by higher, variable
storminess in regions of northern Europe (Macklin and Lewin, 2003; Wilson et
al., 2004; De Jong et al., 2006), unstable ocean conditions in the North Atlantic
(Moros et al., 2004) and more sea-salt and dust delivery to the GISP2 drilling
site (O’'Brien et al., 1995).
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The reconstructed increase in storminess in northern Europe after 1500
cal yr BP may be consistent with a stronger polar vortex. Reanalysis data has
indicated that strong circumpolar vortex circulation causes strong westerly
winds with high precipitation in northern Europe and low storminess in southern
Europe (Walter and Graf, 2005; Graf and Walter, 2005), as well as positive
NAO events (Baldwin and Dunkerton, 2001). Increasing polar vortex strength
has been suggested as the cause of the northward storm track shift captured by
the glacier-based north-south index from Norway (Bakke et al., 2008), which
coincides with the storm track shift observed in the results of this study. On the
other hand this transition may have been the result of a contracting polar vortex
causing the pressure cells and storm tracks to be shifted northwards, as has
been suggested by Wirth et al. (2013).

This interpretation of a transition from a shallow to steep temperature
gradient, and weak to strong polar vortex, through the Late Holocene is
somewhat supported by assessment of temperature reconstructions from high
and low latitudes. The GISP2 temperature reconstruction (Figure 6.19)
suggests a transition from warm to cold polar temperatures through the Late
Holocene (Alley, 2004). Although this could be a result of the decreasing
summer insolation (Figure 6.8; Berger and Loutre, 1991) it may also be the
result of a stronger circumpolar vortex trapping cold air within the polar regions
during winter (Chylek et al., 2004; Thompson and Wallace, 2000). The latter
explanation for polar cooling supports that the circumpolar vortex has increased
in strength through the Late Holocene. A reconstruction of atmospheric
temperatures using multiple sites in Europe has also indicated that
temperatures decreased in northern Europe and increased in southern Europe
through the Late Holocene (Davis et al., 2003). Although this supports that the
temperature gradient became steeper, caution is needed as the temperatures in
Europe are influenced by the NAO and storms, so these patterns may in fact
reflect the NAO negative-to-positive shift (Olsen et al., 2012). The issue of
regional circulation patterns, as well as a bias towards summer temperature

reconstructions, means that identification of temperature gradients is difficult.

The above changes explain the long-term storm track changes during the

Late Holocene, however orbital changes cannot explain the decadal and

centennial variability observed within the storminess reconstructions.
229



Furthermore in section 6.5.2 and 6.5.3 spectral and cross-spectral analysis
indicated that solar forcing, and to a lesser extent oceanic forcing, play a role in
storminess variability. The same mechanisms used to explain the orbitally-
induced storminess changes can be used to explain the storminess peaks
during intermittent solar minima. In winter solar minima would cause reduced
temperatures in the mid-to-low latitudes, but radiation receipt of polar regions
(during the polar night) would remain at zero — therefore it is considered that
solar minima would cause a reduced latitudinal temperature gradient. As with
orbital changes, the solar minima would therefore cause a weaker polar vortex
and reduced zonal airflow, causing southwardly displaced storm tracks, quasi-
stationary pressure cells and increased temperature contrasts (with more
cyclogenesis) (Barry and Chorley, 2010; Van Vliet-Lanoé et al., 2014; Betts et
al., 2004).

This above premise of changes to the latitudinal temperature gradient
causing storm track shifts is somewhat supported by comparison of the
storminess reconstructions with TSI reconstructions (Figure 6.19), although
there are offsets in the timings of some events. High storminess in southern
Europe appears to have occurred when there were solar minima at c. 3400,
2800 and 2400 cal yr BP and since 1000 cal yr BP in northern Europe. These
periods of high storminess also coincide with global glacier advances (c.3500-
2400 and after ¢.1400 cal yr BP) (Denton and Karlén, 1973) and increased
precipitation in the Alps at 4200-2400, 1200-1000 and 500-100 cal yr BP (Wirth
et al.,, 2013), which these authors have also suggested were due to solar
changes. Furthermore the solar minima ¢.2800 cal yrs BP has been connected
with higher storminess in Germany, which model results suggest was the result
of stratospherically triggered circulation changes (Martin-Puertas et al., 2012). A
recent examples of solar minima is the Maunder Minimum (1645-1715 A.D.);
during this period there were quasi-stationary pressure cells (associated with
meridional circulation), persistent extremes of weather and high storminess
(Lamb, 1979). Therefore it seems likely that solar minima caused increased
storminess across southern Europe, in agreement with some previous research
(Wirth et al., 2013; Bond et al., 2001; Lamb, 1979; Sabatier et al., 2011).

As well as solar variability it is possible that internal oceanic fluctuations
caused the variations in storminess, although the evidence for this as a forcing
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is weaker than that of solar forcing. A relationship is indicated by the Loch
Hosta reconstruction in particular, which indicated higher storminess during
some positive AMO phases and has cycles that resemble AMO cyclicity (Kerr,
2000; Gray et al., 2004; Wei and Lohmann, 2012). Warmer ocean temperatures
(such as the positive AMO) have been suggested as a factor in increased
cyclogenesis and storm intensity, based on a storm reconstruction, modelling
experiments and reanalysis data (Van Vliet-Lanoé et al., 2014; Booth et al.,
2012; Betts et al., 2004). Furthermore ice-rafting events coincide with some of
the inferred storminess increases (Figure 6.19), albeit with much temporal
variability. As explained, these may have been atmospherically forced by
circulation changes (such as the NAO), but may also have caused a positive
feedback, as sea-surface temperature gradients have been shown in the
instrumental period to cause cyclogenesis (Betts et al., 2004). Therefore it is
considered likely that oceanic changes are a feedback on storminess but also

have internal oscillations that force storminess over multi-decadal timescales.

Finally, the low similarity between the storminess reconstructions and
proxies for volcanic activity do not support that this is an important forcing over
decadal timescales. However the peak in storminess at 800 cal yr BP in
northern Europe correlated with a period of increased volcanicity, indicating that
this event may have been the result of volcanic forcing. As this coincided with a

solar maximum, it may show that volcanic forcing exceeded solar forcing.

In summary it is suggested that orbital forcing has driven the Late
Holocene transition from high storminess in southern to northern Europe, by
causing a northwards storm track shift and change from generally negative to
positive NAO. These changes may have been caused by a gradual increase in
the latitudinal insolation gradient in winter that encouraged a gradually stronger
circumpolar vortex circulation and a storm track transition. The timing of
storminess peaks in the reconstructions appear to be linked with solar variability
and oceanic changes, as supported by spectral and cross-spectral analysis. It
therefore is possible that storminess is the result of multiple forcing factors,
which make direct comparisons complicated. Based on the results it is
suggested that the dominant forcing on centennial storminess was solar
changes, with solar minima bringing meridional circulation patterns, a negative
NAO and intensified storms.
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6.6. Future predictions of storminess

6.6.1. Model comparison

An aim of palaeoclimatic research is to test whether climate models are
able to reconstruct past climate changes, with the view that this then gives
confidence in predictions of future climate change (Braconnot et al., 2012;
Gonzalez-Rouco et al., 2003). Here a coupled atmospheric-oceanic model
reconstruction of average wind speed for the north west of Spain and the Outer
Hebrides will be compared with the storminess reconstructions from this
research. Only one model simulation will be used, which is not sufficient to fully
explore this; however it is an example of the type of comparisons needed to
make research into past climate applicable. In this research the results from
1000-1990 A.D. are compared with the ‘Erik-the-red’ simulation using the
ECHO-G model (full name: ‘European Centre Hamburg 4 — Hamburg Ocean
Primitive Equation — G’ model, identifier: ECHO-G version 4, T30 resolution).
The ECHO-G model is an ocean-atmosphere coupled model combining the
ECHAM4 atmospheric model (Roeckner et al., 1996) with the HOPE-G ocean
model (Wolff et al., 1997; Legutke and Voss, 1999, Gonzalez-Rouco et al.,
2003; Von Storch et al., 2004). This model is forced by greenhouse gas
concentrations, volcanic eruptions and solar variability (Crowley, 2000;
Gonzalez-Rouco et al., 2003) and the ‘Erik-the-red’ simulation shows the
historically observed warming around 1100 A.D., coolings during solar minima
(Spoérer, Maunder and Dalton minima) and the recent anthropogenic warming
(Von Storch et al., 2004).

The wind speed output, from the cells that included Galicia and the Outer
Hebrides, was extracted and then compared with the reconstructed patterns of
storminess from the bog reconstructions. As the Loch Hosta results had a
strong correlation with precipitation, these results were similarly compared with
the models precipitation output for the Outer Hebrides. There is low agreement
between the modelled wind speeds and the storminess reconstructions (Figures
6.20 and 6.21). Both the Pedrido reconstruction and the Outer Hebrides bog
reconstructions show multi-decadal and centennial trends in storminess,
whereas the modelled wind speeds show no long-term trends. An exception to
this is ¢.800 cal yr BP when the modelled Outer Hebrides storminess has three

peaks in maximum wind speed that coincide with a peak in storminess in the
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Struban Bog reconstruction. As explained in section 6.5.4, this peak coincides
with a time with increased volcanic forcing, perhaps showing the models are
able to capture the response of the climate to eruptions. The Loch Hosta
reconstruction and the modelled precipitation patterns (Figure 6.22) have little
resemblance, as the model does not show an increase in precipitation after
1600 A.D.. It must be acknowledged that the data resolutions are very different,
with the modelled wind speed and precipitation showing annual resolution
changes, while the sand influx values are the accumulation of sand transported
by storms over decades. Furthermore there may not be a linear relationship
between wind speed and sand transport. Nevertheless higher variability,
extreme peaks or a trend to higher values would be expected in the model
results at the times when sand influx was higher, if the results are in agreement.
The findings, although basic, support that the ECHO-G model is not capturing
the long-term variability, or magnitude, of the changes in windspeed or
precipitation. This problem of overly high model stability and low magnitude
responses has been previously observed for other time periods and contexts
assessed by palaeoclimatic data (Valdes, 2011; Braconnot et al., 2012). Low
variability was also found in a global assessment of storminess outcomes from
several runs of the ECHAM4/HOPE-G model (Fischer-Bruns et al., 2005). The
results therefore support that models may not predict large magnitude changes

in future storminess.
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Figure 6.20: Comparison of the sand influx and weight results from Pedrido Bog
(blue line = >180 ym sand, red line = 120-180 pym sand) with modelled winter
(DJFM) 10m wind speed from cell including Galicia (43N, 7W) for the period
1000-1990 A.D.. Grey line = annual average wind speed, black line = 10-year

smoothed average wind speed, purple line = 10-year smoothed maximum wind
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Figure 6.21: Comparison of the sand weight results from the Outer Hebrides
Bogs (left: Hill Top Bog and right: Struban Bog) with the modelled average wind
speed (centre). Line colours as in Figure 6.20.

235



2000 — ; ‘ 2000

1900 1t § 11900
1800 1t 11800
1700 - 1t 11700
1600 - 1t 11600

3 g

< 1500 1t 21500 <

2 g

< <
1400 - 1t 11400
1300 - 1t 11300
1200 - 1t 11200
1100 - 1t 11100
1000 = ‘ ‘ ‘ 1000

2 10 14 16 18 2 22

Annual Precipitation -8 Annual Ln(Ca/K)
x 10
(average mm/month)

Figure 6.22: Comparison of the Ln(Ca/K) results from Loch Hosta with the
modelled annual average (black line) and maximum (purple line) precipitation.

6.6.2. Future storminess and climate change

In section 6.5. it was argued that the dominant long-term control on
storminess and storm track position is orbital forcing, which drives changes in
the latitudinal temperature gradient. The increasing temperature gradient
through the Late Holocene was driven by changes in insolation, which is
thought to have caused a northward storm track shift (section 6.5.5.). As winter
insolation in the northern hemisphere is predicted to continue to increase over
the next 1000 years (Berger and Loutre, 1991), this indicates that the Late

Holocene northward storm track shift may continue.

In addition to the orbital forcing, the findings of this research indicate that
solar changes influence storminess. Solar minima are thought to cause greater
storm intensity (as suggested in section 6.5.2.), due to a weakening of the
temperature gradient (by low latitude cooling) causing more meridional
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circulation that creates a negative NAO, steeper temperature contrasts and
cyclogenesis. Currently there is an unusually prolonged and low solar minimum,
which is projected to continue over the coming decades (Stocker et al., 2013).
Therefore solar minima may be expected to reduce the meridional temperature
gradient during winter, slowing the polar vortex and causing more meridional,

quasi-stationary circulation patterns.

On the other hand the influence of greenhouse gases will also have an
effect on the temperature gradient and circulation patterns. The latest IPCC
report states that the solar-induced radiation changes are small compared to
the proposed radiative forcing from greenhouse gases (Stocker et al., 2013).
Research has indicated that anomalous warming of the Arctic in recent decades
has altered the temperature gradient, causing slower zonal winds and changes
in the magnitude of the planetary waves, which has produced slow moving and
persistent weather extremes (Francis and Vavrus, 2012). This is the same
mechanism that is suggested here as occurring during solar minima in the Late
Holocene, but with a different, anthropogenic cause. Furthermore the IPCC
report indicates that changes to oceanic circulation may influence storminess
particularly in northern Europe, through adjustments to the latitudinal
temperature gradient (Stocker et al., 2013; Catto et al., 2011; Woolings et al.,
2012). These predictions therefore show that multiple factors, and both oceanic
and atmospheric temperature changes, may cause a change in storminess by

adjusting the latitudinal temperature gradient.

Overall the orbital forcing in the future would be expected to strengthen
the circumpolar vortex and cause more zonal and northerly storm track
positions. However in the coming decades this may be counteracted by solar
minima and greenhouse gas increases, both of which may reduce the latitudinal
temperature gradient. This would be expected to cause more meridional

circulation patterns and therefore heightened storminess in future.

Since the industrial revolution greenhouse gas concentrations in the
atmosphere have increased, with global temperatures rising steeply since 1900
A.D. (Stocker et al., 2013). Using storminess reconstructions the effect of this
recent anthropogenic climate change can be observed and placed in the

context of natural variability. Unfortunately the surface peat acrotelm was not
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well preserved by coring and was not consolidated, meaning the peat bog
reconstructions are not reliable during the last 100 years. However the Loch
Hosta reconstruction correlated with instrumental measurements spanning the
last ¢.120 years, so can be used to assess anthropogenic storminess changes.
As shown in Figure 6.22, storminess was low between 1920 and 1970 A.D.
before it steadily increased to a maximum in the 1990’s A.D.. This maximum
was the second highest in the Loch Hosta reconstruction, indicating the storms
were of similar magnitude to those during the LIA; the most recent cool event of
the Holocene ¢.1450 year cycle (Bond et al.,, 2001). This makes the recent
storminess unusual, as it occurred during a warm climate period and the Loch
Hosta reconstruction indicates that previous warm climates such as the MCA
(950-1400 A.D.) had low storminess (Figure 6.22). Based on this assessment it
is possible that during the late twentieth century storminess changes have

begun to be anthropogenically enhanced.

The winter of 2013-14 may be analogous to climate extremes in the
future, as there was an anomalous southward excursion of the storm track
across America, which produced a persistent period of storminess affecting
northern Europe. High storminess was caused by the temperature contrast
between air-masses in the western Atlantic that accelerated the jet stream
across the Atlantic and Europe, as well as anomalously warm ocean conditions
in this region of cyclogenesis (Slingo et al., 2014). This demonstrates how
heightened storminess can result from meridional and quasi-stationary
circulation patterns as well as oceanic changes. A Met Office report on this
could not prove that climate change was directly responsible (Slingo et al.,
2014), however it is feasible that this winter weather was caused by a reduced
temperature gradient as the result of Arctic warming (due to greenhouse gases)

in combination with mid- and low- latitude cooling (due to solar minima).
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6.7. Limitations and future research

In retrospect there are a number of limitations to the research; some of
these were unavoidable and a result of limitations in available methods,
whereas others could be investigated in future research. The nature of the
reconstructions, particularly the lower resolution peat bog reconstructions,
meant that it was unclear whether sand deposition reflected: seasonal climate
changes (with possibly greater sand transport in dry summers rather than winter
storms), storm frequency vs. intensity (multiple, low magnitude storms or few,
extreme storms), locational factors (e.g. the influence of lakes as barriers to
sand transport or variable distances of the sand sources) or vegetational
changes (providing increased sand sources and caused by climatic changes or
humans). These factors were addressed as far as was possible using available
results and other research (e.g. pollen data and archaeological findings),
however there are other potential solutions. Sand traps placed on the peat
bogs, and analysed over a year or longer, may help to relate sand deposition
with climate variables including wind speed and direction, precipitation and
temperature. Alternatively current understanding of sand transport with wind
speed and surface wetness (as briefly outlined in section 2.7.1) could be used
to model sand transport inland, if forced by meterological wind, temperature and
precipitation data, potentially with obstacles such as lakes added. Similarly lake
dynamics could potentially be modelled to investigate the contributions of
aeolian suspended sediment and inwashed material to the sediment in the
centre of lakes during storms, again forced by meteorological data from the site.
Process-based models such as LakeMab may be suitable for this purpose
(Mooij et al., 2010). These suggestions were beyond the time and financial
limits of this research, but linking palaeoenvironmental and modelling
approaches can provide a means of understanding and interpreting past

changes (Anderson et al., 2006).

Future research in this field would benefit from more high resolution
storminess reconstructions from areas around the North Atlantic basin
influenced by the NAO and North Atlantic storm track. Well distributed sites
would help to account for possible spatial shifts of the NAO pressure cells over

time (see section 1.3.2.), which is a limitation of this research, as with just two
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study sites spatial shifts of the NAO (unrelated to the sign of the NAO index)
cannot be identified. Furthermore regional syntheses of records would improve
confidence that the observed results are due to climatic factors rather than
local, possibly human, activities. In particular further reconstructions from
southern Europe would be beneficial, as time and financial restraints prevented
multiple sites being assessed in this project. In addition the reconstructions here
are relatively short for assessing changes such as orbital and solar variability.
For instance, it is possible that a comparison of longer reconstructions would
show that the observed south-north storm track shift was not the result of orbital

changes.

The discussion of the causes of storminess variability in this research
has focused on how changes in the forcings resulted in storminess changes. As
such the influence on the temperature gradient has been suggested frequently.
Future research could therefore use temperature reconstructions from terrestrial
proxies to reconstruct the latitudinal temperature gradients and then link these
with storminess reconstructions that capture zonal or meridional circulation
patterns. However these would need to be hemispheric averages, as regional
circulation patterns like the NAO can influence some temperature

reconstructions (e.g. Davis et al., 2003), as was shown in section 6.5.5.

6.8. Chapter summary

In this chapter the results of storminess reconstructions from Galicia and
the Outer Hebrides have been compared, integrated into a north-south storm
track index and compared with other storminess and NAO reconstructions.
These results, and others which capture storm track changes, indicate a
transition from southerly to northerly storm track position through the Late
Holocene. The period before 1800 cal yr BP appears to have had higher
storminess in southern Europe at a time of reconstructed negative NAO (Olsen
et al., 2012). Some reconstructions from high latitudes also indicate high and
variable storminess at this time, which it is suggested was due to meridional
circulation patterns. After ¢.1800 cal yr BP it is suggested that storminess
gradually increased in northern Europe during a time with positive NAO (Olsen

et al., 2012). These support a consistent NAO-storminess relationship during
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the Late Holocene, however on centennial timescales negative NAO events

appear to cause increased storminess in both northern and southern Europe.

The forcings on storminess from orbital, solar, oceanic and volcanic
changes were considered. Overall the transition of the storm track from
southern to northern Europe through the Late Holocene is thought to be due to
gradual orbital changes and increased winter insolation in the low- and mid-
latitudes. This is thought to have increased the meridional temperature gradient,
causing a transition from meridional to zonal circulation, negative to positive
NAO anomalies and a northward storm track shift. Superimposed on this long-
term change were shorter variations in reconstructed storminess, which are
thought to have been caused most often by solar minima. It is suggested that
there was a reduced latitudinal temperature gradient and weaker and more
meridional circulation of the circumpolar vortex, with the result that there was
increased storminess (due to temperature contrasts between southward polar
airmasses and subtropical air). These changes may have been associated with
oceanic reorganisations that reinforced temperature contrasts and
cyclogenesis. Internal variability such as the Atlantic Multidecadal Oscillation
are likely to also have caused enhanced storminess at times. The forcing from
volcanic eruptions appears minimal, at least at the age resolutions of the
storminess reconstructions, aside from ¢.800 cal yr BP. With these forcings in
mind the future storminess changes could depend on the balance between
natural and anthropogenic forcing of the latitudinal temperature gradient: with
orbital forcing encouraging northward storm tracks and a stronger circumpolar
vortex (with more westerly airflow), but with solar forcing over the coming
decades and greenhouse gases (with polar amplification of temperature)

causing more meridional circulation and increased storminess.
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Chapter 7: Conclusion

This research on Late Holocene storminess in Europe has had two main
aims. The first was to create Late Holocene storminess reconstructions in
Europe; as the Late Holocene patterns of storminess are unclear, with
variations depending on the method used and the region studied. To address
this aim two research questions were selected: 1) What are the patterns of
storminess during the Late Holocene in northern and southern Europe? 2) Do
the storminess reconstructions capture storm track changes or widespread
storminess variations? The second aim was to assess the causes of storminess
variability, in particular the role of the NAO. This was selected as the
relationship between storminess and the NAO appears to have varied over the
last 1000 years (Trouet et al., 2012; Dawson et al., 2002) and over longer
timescales the causes of storminess variability are debated, with research
supporting forcing from orbital (Bakke et al., 2008), solar (Sabatier et al., 2011;
Wirth et al., 2013) and oceanic changes (Sorrel et al., 2012; Van Vliet-Lanoé et
al., 2014; Fletcher et al., 2012). To address this aim two further research
questions were selected: 3) What do the patterns of storminess and inferred
storm track changes tell us about the storm-NAO relationship? 4) What do the

results tell us about the causes of storminess variability?

As the relationship between storminess and the NAO was a key part of
this research, the storminess reconstructions were made from two locations that
have had a strong relationship between the NAO and storminess during the
instrumental period (Andrade et al., 2008; Trigo et al., 2002; Pirazzoli et al.,
2010). To capture the periods when there was a southerly storm track caused
by negative NAO events a storminess reconstruction was made from the
Pedrido Bog site in Galicia (northwest Spain). To capture the periods when the
storm track was in a northerly position, in association with dominant positive
NAO anomalies, storminess reconstructions were made from three locations on
the Outer Hebrides: Struban Bog (North Uist), Hill Top Bog (South Uist) and
Loch Hosta (North Uist). Peat bog reconstructions were made in each location
using measurements of sand content. As the bog sites are ombrotrophic in
nature sand must have been deposited by aeolian transport and therefore can

be used as a storminess proxy (Bjorck and Clemmensen, 2004; De Jong et al.,
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2006). As lakes are influenced by both aeolian and fluvial inputs of sediments,
the Loch Hosta reconstruction of storminess was the result of strong winds and
high precipitation during storms.

The first research question, on the patterns of storminess in northern and
southern Europe, was addressed by the results of the four reconstructions. The
Struban Bog, Hill Top Bog and Pedrido Bog reconstructions all span the period
since 4000 cal yr BP, thus allowing inference of storminess changes through
the Late Holocene. The Loch Hosta reconstruction spanned the period since
1750 cal yr BP, and provides a precipitation-sensitive storminess

reconstruction.

Two cores of sediment were sampled from Loch Hosta to make the
storminess reconstruction (Chapter 3). This was made using ITRAX XRF core
scanning technology, which was used to identify element changes that reflect
sand content, with more traditional techniques (grain size analysis, C:N analysis
and loss-on-ignition), instrumental data comparisons and element analysis of
catchment sediments used to complement this interpretation. The Ln(Ca/K)
results reflect influxes of shell sand into the lake, originating from both the
catchment sediment and beach and machair sand. The Ln(Ca/K) of one core
correlated strongly with instrumental precipitation and low pressure records,
which is thought to be due to the proximity of the core to the lakes tributaries
and therefore sediment deposition during storms. The reconstruction indicated
that there was high storminess at 1750-950 cal yr BP and 350-50 cal yr BP.

The methodological limitations of high resolution ITRAX analysis were
also investigated in Chapter 3, to establish how far sediment disturbances (e.g.
from bioturbation) had degraded the ITRAX data. This was done by correlating
the Ln(Ca/K) results with the instrumental data at different resolutions, to see at
what resolution the maximum correlation occurred, and by identifying the
highest frequency cycles present, as sediment disturbance would remove
cyclical changes in the core. Furthermore as there was limited age-control,
these analyses were carried out using a range of possible age-depth curves.
Both the methods indicated that the optimum resolution of the ITRAX data in
this lake was c.10 years, equivalent to 3-5 mm of sediment. However the

sensitivity analysis showed that these results were dependent on the age-depth
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model selection, for example the highest frequency cycle (c.20 years) was only

present in the results using one of the tested age-depth models.

The Struban Bog and Hill Top Bog reconstructions (Chapter 4) were
based on aeolian sand deposition, with two bogs used to reduce the likelihood
that local human activities caused the sand peaks. Both reconstructions
indicated that there was relatively low storminess until ¢.1500 cal yr BP followed
by increasing storminess, with peaks particularly at ¢.900-700 and 500-200 cal
yr BP. Storminess in the Outer Hebrides appears to have increased at ¢.3500,
2800, 2400, 1900, 1600, 1300-1100, 800 and 500 cal yrs BP. Transects of
cores were analysed from across each bog to investigate the intra-bog
variations in sand content. These cores were not dated however it was apparent
that the trends were broadly similar between cores, but the low-magnitude, high
frequency variations were different. As such only the centennial-scale changes
in sand content were considered in the main cores. The inferred peaks in
storminess at both sites reflected reconstructed storminess elsewhere in
Scotland and northern Ireland. As there are differences in the magnitude of the
peaks, it is considered that each reconstruction may be sensitive to storms from

different directions, as a result of the environs of the bogs.

The Pedrido Bog reconstruction (Chapter 5) from southern Europe
indicated that storminess was generally high between 4000-1800 cal yr BP, with
six peaks during this time at 3900-3700, 3550-3450, 3300-3100, 2950-2650,
2550-2100 and 2000-1850 cal yr BP. After 1800 cal yr BP storminess appears
to have decreased, although there may have been a small increase during the
Little Ice Age, since 400 cal yr BP. That these peaks in sand were the result of
anthropogenic deforestation and sediment disturbance was considered unlikely,
as there were often asynchronous changes between tree-pollen declines and
sand peaks, and the long-term decrease in tree pollen was not accompanied by
an increase in sand influx. It was suggested instead that climatic deteriorations
could have caused both peaks in storminess and abrupt vegetation declines in
this highland area, the latter due to temperature drops and altered human
activities. A climatic control was supported by a good correlation between the
storminess reconstruction and NAO reconstructions (Trouet et al., 2009; Olsen
etal., 2012).
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The second research question was: does comparison of the storminess
reconstructions from northern and southern Europe reveal storm track changes
or show synchronous storminess variability? In the discussion chapter (section
6.2) the results were compared and a north-south index was created using the
peat bog reconstructions. High storminess indicated by the Pedrido Bog
reconstruction coincided with low storminess suggested by the Outer Hebrides
reconstructions until 1800 cal yr BP. During this time the peaks in reconstructed
storminess in Galicia coincided with small increases in storminess in the Hill
Top Bog reconstruction, that indicate there may have been simultaneous
increases in storminess in northern and southern Europe. After 1500 cal yr BP
the magnitude of storminess peaks in the Outer Hebridean reconstructions
increased at a time of seemingly low storminess in the Pedrido reconstruction.
These and the north-south index supported that the storm track was across
southern Europe prior to ¢.1800 cal yr BP, before a northward shift towards
northern Europe, particularly since 1500 cal yr BP. This shift has been mirrored
in some storminess reconstructions from elsewhere in Europe, especially those
that are sensitive to changes in the storm track (e.g. Bakke et al., 2008; Wirth et
al., 2013; Giraudeau et al., 2010).

The third research question was: what do the patterns of storminess and
inferred storm track changes tell us about the storm-NAO relationship? This
was discussed in section 6.4. The above described storm track shift coincides
with the transition from negative to positive NAO, which has recently been
reconstructed (Olsen et al., 2013) and supports that during the Late Holocene
there was a consistent relationship between the NAO and storminess. On the
other hand, over centennial timescales storminess is suggested as increasing in
both northern and southern Europe during negative NAO events. This has
previously been suggested as occuring during the LIA as the result of a
steepened temperature gradient causing storm intensification (e.g. Trouet et al.,
2012; Raible et al., 2007). Finally the spectral analysis of the reconstructions
showed some cycles that may have resulted from cyclicity of the NAO. The only
Late Holocene NAO reconstruction has cycles of 300 and 170 years (Olsen et
al., 2012); the 300 year cycle resembles the 290 and 330 year cycles in the Hill
Top Bog reconstruction. The high resolution Loch Hosta reconstruction also

showed cycles of 50-58 years, which are similar to cycles found in NAO
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reconstructions, and cross-spectral analysis with the Trouet et al. (2009) NAO
reconstruction had a significant 60-year cycle. These results therefore support
that there has been an NAO influence on storminess over the Late Holocene.

The fourth research question was: what do the results tell us about the
causes of storminess variability? This was discussed in section 6.5., where the
influence from orbital, solar, oceanic and volcanic forcing on storminess was
considered. The influence of each of these forcings on the latitudinal
temperature gradient was assessed, as this drives the zonal or meridional
nature of the circumpolar vortex and thus the storm track position and NAO
index. It is considered that changes in the latitudinal insolation receipt caused
by orbital changes can explain the inferred northward storm track shift through
the Late Holocene, as also suggested by Bakke et al. (2008). Increasing winter
insolation at low- and mid- latitudes could have gradually increased the
latitudinal temperature gradient, resulting in stronger zonal airflow and
northward storm tracks (Barry and Chorley, 2010; Lamb, 1995; Walter and Graf,
2005).

Superimposed on this long-term storm track shift are variations in
storminess. Spectral analysis was carried out on each storminess
reconstruction, as cycles can be a means of identifying the forcings behind
climate variations (Gray et al., 2010). Many of the reconstructions had solar
cycles. The Pedrido Bog in particular had cycles of 2050, 510 and 220 years, all
of which are recognised in solar reconstructions (Stuiver and Braziunas, 1989;
Steinhilber et al., 2012). Comparison with reconstructions of solar activity
(Steinhilber et al., 2012) indicated that peaks in storminess in both the southern
and northern Europe reconstructions often coincide with solar minima.
Therefore reduced solar radiation during winter may have reduced the
latitudinal temperature gradient, causing more meridional circulation patterns.
These are associated with quasi-stationary pressure systems (causing
persistent weather conditions) and southwardly displaced storm tracks, which
not only cause storms to occur further south but also produce large temperature
contrasts between airmasses that encourage cyclogenesis (Barry and Chorley,
2010; Lamb, 1995; Van Vliet-Lanoé et al., 2014; Betts et al., 2004).
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The solar changes also coincide with some periods of reconstructed
weaker North Atlantic circulation and southward shifts of polar water (Bond et
al., 2001). It is speculated that the resulting increased temperature contrasts
may have further increased cyclogenesis and storm intensity (Van Vliet-Lanoé
et al., 2014; Betts et al., 2004). The forcing from the Atlantic Multidecadal
Oscillation was indicated by the presence of 50-58 and 77-87 year cycles in the
Loch Hosta reconstruction, as well as by visual comparison with an AMO
reconstruction. Previous research suggests that positive AMO conditions (warm
oceans) encourage cyclogenesis and more intense storms (Van Vliet-Lanoé et
al., 2014; Betts et al., 2004; Knight et al., 2006) and this is supported by
comparison with the Loch Hosta reconstruction, especially during the LIA
period. Therefore this appears to be a mechanism of internal ocean variability
(Wei and Lohmann, 2012) that influences storminess. Furthermore as the AMO
is a multi-decadal cycle, it may have immediate implications for future

storminess.

In summary: over millennial time-periods orbital forcing is suggested as
causing a northward shift in storminess (more zonal airflow). Over decadal to
centennial time-scales it is suggested that solar minima cause greater
storminess across Europe, as reduced temperature gradients cause meridional
circulation of the circumpolar vortex and negative NAO anomalies, causing
southward storm track excursions and greater storm intensities. As well as this
increased storminess appear influenced by variations in ocean temperature that

cause temperature contrasts and therefore increased cyclogenesis.

In the future it has been predicted that global warming will cause more
meridional and persistent circulation patterns, due to a reduced temperature
gradient caused by amplified high latitude warming (Francis and Vavrus, 2013).
This prediction is supported by the findings of this research, as speculated
reductions in the temperature gradient during the Late Holocene that have
occurred from natural forcings (solar minima) appear to have caused increased
storminess in Europe. Therefore future changes to the temperature gradient
may cause increased storminess in Europe, with more frequent stormy winters
(such as that of 2013-2014).
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