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Abstract

Late Holocene Sea-Level Change and Climate in Southern Britain

Robin J. Edwards, University of Durham, May 1998.

The late Holocene period has witnessed a number of widely recorded changes in climate of
comparable magnitude to those predicted to occur n the next century as a consequence of
human-induced global warming. Whilst late Holocene sea-level data may provide
information on the future response of sea level, UK records of relative sea-level change
from the last 2000 calendar years are conspicuous by their absence. This thesis redresses
this imbalance by generating high resolution records of relative sea-level change from four

study sites in southern Britain.

Vertically zoned modern saltmarsh foraminiferal distributions are employed via a transfer
function to reconstruct past water level changes from fossil sequences. These intra-core
lateral translations in depositional environment are placed in an altitudinal and temporal

context through the development of AMS radiocarbon-dated sea-level index points.

Whilst the paucity of late Holocene organic sequences in the UK frustrates development of
detailed radiocarbon-based chronologies, data collected in this study appear to indicate five
phases of relative sea-level change in southern Britain during this period. Whilst age
errors associated with both climate and sea-level data preclude the unequivocal
identification of a climate signal in the sea-level record from southern Britain, the observed
changes are consistent in timing, sequence, and magnitude with those expected to arise on
the basis of known climate change during this period. Furthermore, ocean records imply
that changes in Gulf Stream strength may play a critical role in translating atmospheric
climate variability to changes in sea level. This suggests that the volumetrically derived,

spatially homogeneous predictions of future relative sea rise employed by the IPCC may be

inappropriate at the local to regional scale.
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CHAPTER ONE

Introduction

1.1 BACKGROUND

It is now widely accepted by the scientific community that we, the most recent and
destructive version of the Homo genus, are altering the climate of the planet we inhabit.

The 1995 report of the Intergovernmental Panel on Climate Change (IPCC) embodies the

current opinion of an international scientific group and states that:

“The background of evidence suggests that there is a discernible human influence on

global climate.” (Houghton et al., 1996).

Instrumental records indicate that in the Northern Hemisphere, temperatures have generally
risen since the 18" Century (Jones & Bradley, 1992a) (Figure 1.1). Furthermore, evidence
from a range of proxy climate data suggests that the 20" Century is warmer than any
period in the last 1000 years (Bradley & Jones, 1993; Briffa et al., 1995). At the 1997
‘Earth Summit’ in Kyoto, Japan, representatives from countries around the globe met to
discuss implementing measures to combat the spectre of human-induced climate change
and its associated dangers. One of these threats is the possibility of an acceleration in the

rate of sea-level rise, and the associated flooding and land loss that will result from this

(Figure 1.2).

Climate and sea level were changing in sympathy long before human activities began to
affect the natural order. The glacial and interglacial cycles of the Quaternary Period
were characterised by temperature changes of c. 10 °C and sea-level fluctuations of c¢. 120

m (Warrick, 1993) (Figure 1.3). During the early Holocene, after the termination of the

last glacial epoch, sea levels rose rapidly as terrestrial ice masses wasted releasing
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huge volumes of water into the oceans. It is generally believed that most of this ice melt
had ceased by around 5000 to 6000 Cal. BP and that the smaller sea level variations after
this time primarily reflect redistribution of water masses (e.g. Morner, 1995). These more
subtle, natural variations in climate and sea level that typify the late Holocene period are
thought by some to provide good analogues for possible future change (Scott et al., 1995a,
1995b; Scott & Collins, 1996).

During the last 3000 to 4000 Cal. years, there have been a number of widely documented
climate variations. A general deterioration in climate around 2500 Cal. BP was inferred
from plant macrofossils contained within Scandinavian peat bogs (Blytt, 1876; Sernander,
1908). This transition from the ‘Sub-Boreal’ to ‘Sub-Atlantic’ Blytt-Sernander climate
periods was widely held as a sub-division of the Holocene Period until its
oversimplification was recognised (Smith & Pilcher, 1973; Smith, 1981). More recent
periods of climate change include the Medieval Warm Period that extended from c¢. 1400
Cal. BP to c¢. 700 Cal. BP, and the Little Ice Age, that encompassed the intervals from c.
400 Cal. BP to c¢. 100 Cal. BP (Lamb, 1979, 1984). As more detailed climate records for
this period are developed, 1t 1s becoming increasingly apparent that these warm and cold

epochs may not be globally or even regionally recorded (Jones & Bradley, 1992b) and, as

with the Blytt-Sernander scheme before them, their timing varies considerably (Briffa &
Schweingruber, 1992). Nevertheless, there 1s evidence that these changes were sufficiently
widespread in the northern Hemisphere to leave their mark in ice cores (Meese et al.,

1994), ocean cores (Hass, 1996), and a variety of terrestrial proxies (e.g. Grove &

Switsur, 1994).

The link between these small magnitude, short period fluctuations in climate and sea level
has only recently begun to be explored in North America via high resolution multi-proxy
investigations of saltmarsh environments (Varekamp et al., 1992; Fletcher et al., 1991,
1993; Nydick er al., 1995). These intimate that local relative sea-level records may
exhibit evidence of climate forcing (van de Plassche, 1991) or the influence of variations in
oceanic circulation (Fletcher et al., 1993). Such studies offer the means to examine the
relationship between sea level and climate at centennial timescales which will be significant

in facilitating accurate prediction of change in the 21* Century.
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In contrast to North America, there is a paucity of sea-level index points in the UK from
the late Holocene period in general, and the last 2000 Cal. years in particular (Figure 1.4).
This means that the relationship between past climate change and sea level during this
period is poorly understood. In this thesis, I present the first research explicitly seeking to
document and explain late Holocene sea-level change in southern Britain and its
relationship to climate. I use a combination of research methodologies previously
employed in the UK 1n conjunction with techniques recently developed in North America,
to produce a high resolution record of relative sea-level change that 1s compared with
existing climate data. A foraminiferal-based transfer function i1s used to produce
quantitative reconstructions of palaeo-mean tide level variations from fossil foraminiferal
assemblages. The results of these analyses permit investigation of trans-Atlantic
teleconnections of the relative sea-level changes recorded in Atlantic North America, and

their links to climate.

I conclude that the records from southern Britain exhibit fluctuations in the rate of late
Holocene relative sea-level rise consistent in timing and magnitude with those expected to
arise from documented climate change during this period. Caution should be exercised 1n
ascribing a climatic origin to these variations however, since the chronology of change

lacks sufficient resolution and precision to unequivocally date individual climate or sea

level events.

1.2 RESEARCH RATIONALE

1.2.1 Research Aims

This thesis has the following research aims:

1. To generate a high resolution record of late Holocene relative sea-level change for

southern Brnitain;

2. To investigate the hypothesis that late Holocene relative sea-level change in southern

Britain reflects documented variations in climate during this period,

3. To evaluate the applicability and efficacy of existing research techniques to the study of

late Holocene sea-level change.
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1.2.2 Research Approach

The research aims are addressed in the following manner:

1. Development of a methodology for studying centenmal, low magnitude relative sea-level

change (typically < 1 m) including the development and application of a foraminiferal-

based transfer function;

2. Application of this methodology to determine late Holocene relative sea-level change

from a number of sites in southern Britain;
3. Combination of site-specific records to provide reliable local sea-level histories;

4. Comparison of local scale sea-level records to identify any regional scale sea-level

variation;

5. Comparison of sea-level records at all scales with documented changes in climate and

reported relative sea-level variations in North America.

1.3 THESIS STRUCTURE

This thesis 1s presented in two parts:
PART I - Text and Tables

Chapter Two considers the mechanmisms by which climate and sea level are related, and
evaluates the existing evidence for late Holocene climate and sea-level change in the North
Atlantic system. On this basis, a qualitative prediction of late Holocene sea-level change in

southern Britain is developed which will be tested in Chapter Seven;

Chapter Three describes site selection criteria and the research methodology employed in

thas thesis:

Chapter Four introduces the study sites and presents a summary of results arising from

lithostratigraphic, biostratigraphic, and chronostratigraphic investigation of their fossil

deposits;
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Chapter Five describes the contemporary foraminiferal distributions of the study marshes,
and uses these data to develop a transfer function capable of making quantitative mean tide

level reconstructions from fossil foramimferal assemblages;

Chapter Six applies the foraminiferal-based transfer function developed in Chapter Five to
the fossil assemblages presented in Chapter Four in order to reconstruct late Holocene

relative sea-level change in southern Britain;

Chapter Seven compares the sea-level record produced in Chapter Six with the climate-
based predictions made in Chapter Two to investigate the relationship between late
Holocene sea-level change and climate in southern Britain. It also examines the evidence

for trans-Atlantic teleconnections with the North American studies;

Chapter Eight presents the conclusions of this thesis, evaluates the success of the research

techniques employed, makes recommendations for future work, and briefly considers the

implications for future sea level rise predictions.
PART II - Figures and Appendices
Figures in this thesis are grouped according to chapter;
Appendix One presents the full lithostratigraphy for each site with accompanying figures;

Appendix Two describes the protocol used 1n the collection and processing of foraminifera,

and presents the results for each site in tabular and diagrammatic form;

Appendix Three presents the results of the radiocarbon age estimations 1n association with
the dating strategy. It then describes the generation of new sea-level index points and an
evaluation of their reliability. In addition, existing radiocarbon dates used in this thesis are

presented in tabular form, including the source publications;

Appendix Four presents the full output of the foraminiferal-based transfer function;

In addition, a glossary is included where all terms highlighted in bold throughout the thesis
are defined.



CHAPTER TWO

Sea-Level Change and Climate

Jones & Hulme (1997) describe temperature as the fundamental measure of climate, and
its variations are of particular sigmficance to the study of climate-related sea level
movements. As noted in Chapter One, the Medieval Warm Period and the Little Ice Age
are examples of times when chimate was generally warmer or colder than today. An
important question however, is whether these changes were of great enough magnitude,
duration, and spatial extent to have influenced past sea level. Equally important is the

extent to which existing techniques used in sea-level research can detect such fluctuations.

In this chapter I consider the following issues:

¢ The mechanisms by which climate and sea level are related, and the spatial and

temporal scales at which these links operate;

* The role played by North Atlantic oceanic and atmospheric circulation in influencing

climate;
e The evidence for late Holocene climate change and its potential influence on sea level;
e The techniques used to investigate changes in sea level and their limitations;

o The existing evidence for late Holocene sea-level change in the North Atlantic region.

Climate and sea-level data are not presented in a consistent manner in the literature and
chronologies are frequently defined using the radiocarbon timescale (‘*C yr. BP),
calibrated years BP where present i1s taken as AD 1950 (Cal. BP), calendar years
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(AD\BC), and archaeological periods (e.g. Bronze Age). To facilitate comparison of
these various data, all chronologies constructed in this thesis are presented in Cal. BP.

Details concerning the calibration of radiocarbon age estimates are provided in Appendix

Three.

21 SCALES AND MECHANISMS OF CHANGE

The macroscale relationship between climate and sea level is well established. Figure 1.3
shows globally averaged changes in temperature over the last 150 000 years, and the
associated variations in global sea level. As temperature falls, water is removed from the
oceans and stored on land in the form of ice sheets and glaciers, resulting in a glacio-
eustatic lowering of sea level. This 1s concomitant with a reduction in temperature and
volume of the ocean waters, and this steric effect serves to further lower sea level. Upon

deglaciation, these processes are reversed and sea level rises, as was the case at the end of

the Devensian glaciation (e.g. Fairbanks, 1989).

The relationship between chimate and sea level during the late Holocene is less easy to

quantify. Atmospheric and oceanic circulation are important agents of sea-level change at

the multi-decadal to centennial timescale, and this introduces a significant element of
temporal and spatial variability. As a consequence of this, it is no longer appropriate to
consider global changes in single variables such as temperature or sea level; instead
regional to local scale fluctuations must be evaluated. The importance of regional to local
scale sea-level records is particularly note-worthy given that the earth’s crust is still
experiencing the effects of the Devensian glaciation and its spatially heterogeneous
distribution of terrestrial ice. This legacy of differing glacio-isostatic movements is
further complicated by hydro-isostatic and sedimento-isostatic processes. These factors
are influential in producing a wide variety of relative sea-level histories from around the

UK (Figure 2.1).

A final complication associated with, and perhaps instrumental in, changing oceanic
circulation is the equipotential surface of the oceans, termed the geoid (Mérner, 1976).
The geoid imparts vertical relief to the ocean surface even before the influence of waves
and currents is considered, and means that the altitude of sea level determined by geodetic

methods varies around the globe (Figure 2.2). This led M&rner (1976) to speculate that
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any variation in the earth’s equipotential surface would instil a regional change 1n sea

level, a process he termed geoidal-eustatic change.

Whilst it is evident that relative sea-level change must be approached via local records,
the scale at which climate must be considered is less obvious. Modern climate 1s spatially
variable and, as the quality and distribution of palaeo-climate records increases, there 1s
growing evidence that past climates were equally inconstant (Grove, 1988). Whilst
relative sea-level records are constructed at the local scale, their climatic component
(eustatic changes in ocean level) is regional to global in extent. It 1s therefore important
to compare sea-level records with a vanety of climate data collected from a wide

geographic area.

22 ATMOSPHERIC AND OCEANIC CIRCULATION

In this section, the modern relationship between oceanic and atmospheric circulation and
its influence on the present climate of northwest Europe is described. This review

concentrates on identification of the principal mechanisms most likely to cause climate

change.

2.2.1 The Gulf Stream

The climate of the UK is mild in comparison with areas at similar latitudes on the western
margin of the North Atlantic. This situation arises as a result of the northward flowing

Gulf Stream and its extension, the North Atlantic Drift (Figure 2.3), which are

responsible for the transport of warm equatorial water to the west coast of the UK (Klein

Tank & Konnen, 1997). The effect of this northerly heat transport is apparent when
comparing sea surface temperatures (SST) on either side of the Atlantic. In the west, the
difference in SST between Florida and Labrador is around 25 °C, whilst between the
same latitudes in the east (between North Africa and Scotland), the difference is only

10 °C (Pickard & Emery, 1990). This northward heat transport means that the northern
North Atlantic i1s around 4 °C warmer than comparable regions in the Pacific (Levitus,

1994). Intuitively therefore, the climate of the UK and northwest Europe will be
particularly sensitive to variations in the strength of the Gulf Stream and North Atlantic

Drift.
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Variability of the Gulf Stream has added significance since it forms an integral part of the
‘Great Ocean Conveyor’, a density driven thermohaline circulation implicated in major
climate change (Broecker et al., 1985; Broecker & Denton, 1989, 1990; Broecker, 1991).
Convective overturning of water in the Labrador, Greenland, and Norwegian Seas results
in a subsurface outflow of cold, dense water termed North Atlantic Deep Water
(NADW). This deep, southward outflow requires a surface, northward inflow, and is
thought to be one of the reasons why the Gulf Stream extends much further north, and
transports so much more water in comparison to the western boundary current in the
Pacific (Rossby, 1996). If this thermohaline circulation were to weaken or completely
shut down, the Gulf Stream and North Atlantic Drift would no longer bathe the British
Isles in warm water, and the accompanying reduction in polar heat transport would result
in dramatic high latitude cooling. In addition, the act of deepwater formation releases
heat equivalent to around 30% of the yearly direct input of solar energy to the surface of

the North Atlantic (Broecker & Denton, 1990), and is therefore a powerful climate

forcing in its own right.

Toward the end of the last glacial period, during a time of ameliorating climate, there was
an abrupt return to cold glacial conditions termed the Younger Dryas event. Evidence for
this 1s found in ocean sediments (e.g. Ruddiman & MclIntyre, 1981), ice core data (e.g.
Dansgaard et al., 1989), and terrestnal records (e.g. Watts, 1980). Boyle & Keigwin
(1987) suggest that ocean foraminifera indicate a dramatic reduction in NADW formation
at this time, which was most likely caused by a high latitude freshening of surface waters

instigated by huge meltwater inputs from ablating glacial ice (Broecker et al., 1985).

In Chapter One it is noted that during the late Holocene period, ice melt was a less
significant forcing of sea-level change than it was at the beginning of the Holocene.
Nevertheless, it is conceivable that subtle variations in the salinity of the Greenland,
Norwegian, and Labrador seas could produce significant changes in ocean circulation
and, in turn, abrupt climate change via fluctuations in the thermohaline circulation
(Rahmstorf, 1997). Many computer models have sought to investigate the effects of high
latitude freshening on oceanic circulation (e.g. Rahmstorf, 1994, 1995; Manabe &
Stouffer, 1995). The necessary simplifications associated with modelling such a complex
system means that these simulations are not well suited to making quantitative predictions

(Rahmstorf, 1997); rather their strength lies in 1dentifying patterns and trends that give
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clues to the qualitative response of the system. These modelling studies are in general
agreement that high latitude freshening does reduce convective overturning, resulting in a
weakened thermohaline circulation and a reduction of SST across the North Atlantic
(Rahmstorf, 1995, 1997; Manabe & Stouffer, 1995). The simulations also seem to
suggest that the ocean conveyor can recover relatively rapidly, and that prolonged periods
of change require large inputs of freshwater. Alternatively, smaller volumes of freshwater

could be applied over prolonged periods, such as would result from increased

precipitation (Weaver & Hughes, 1994).

Lehman & Keigwin (1992) suggested that variations in the strength of the thermohaline
circulation could be triggered by relative changes in discharge from the Norwegian and
Labrador Seas. Norwegian Sea outflow is colder and deeper than that of the Labrador

Sea and consequently a reduction in Norwegian NADW output would lead to cooling in

the North Atlantic. Furthermore, the resuits of ocean-atmosphere models suggest that
decreases in outflow from the Norwegian Sea are concomitant with increases in discharge
from the Labrador Sea (Rahmstorf, 1994). Recent studies of convective overturning in

the Greenland and Labrador Seas reveal changes of a compensatory nature have taken

place during the last few decades (Sy et al., 1997; Dickson, 1997). Furthermore, these

data indicate that the Sargasso Sea which is another important source of mode water, has
experience variations in convective overturning that are in-phase with those noted in the
Greenland Sea (Dickson, 1997). From this it follows that localised atmospheric

fluctuations in critical areas such as the Greenland, Norwegian or Labrador Seas have the

potential to cause widespread adjustments of the ocean system capable of influencing

climate.

2.2.2 Atmospheric Pressure in the North Atlantic Region

The oceans are not the only factor directing the climate across northwest Europe:
atmospheric circulation is also significant, and its influence is best summarised in terms
of pressure systems since they control the strength and direction of winds that, in turn,

determine temperature and precipitation.

In the upper troposphere of the mid-latitudes, atmospheric circulation is dominated by
the Ferrel westerlies which flow around the polar high pressure 1n a ‘circumpolar vortex’

(Lamb, 1972). These upper winds arise 1n response to the temperature differences

10
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experienced between polar and equatorial regions and are at their strongest during the
winter months. Surface features such as mountain ranges deflect the circumpolar flow
and induce long ‘Rossby’ waves in the westerlies (Rossby 1939, 1941). Wave troughs
formed by geographical features such as the Rocky Mountains, vary little in position
throughout the year, but the secondary troughs such as that located over eastern Europe,
migrate with changes in flow strength (Lamb, 1972). When velocities are high, Rossby
Waves are few, flow 1s more zonal and located toward higher latitudes. In lower velocity
situations, the number of Rossby waves increases and the flow experiences much larger

meridional swings that can produce cellular pressure distributions (Namais, 1972).

The importance of upper atmospheric flow is that it exerts a strong influence on the
pressure patterns experienced at the earth’s surface, and therefore on climate. The three
major features of surface pressure distribution that influence the climate of Europe are the
Icelandic Low, the Azores High, and the Siberian Winter High (Barry & Chorley, 1995).
The Icelandic Low 1s formed by the westerly passage of depressions that originated in the
zone of cyclogenesis associated with the Rossby wave trough in the lee of the Rocky
Mountains (Davies et al., 1997). The Azores High is an extension of the of the
permanent tropical high pressure over the Atlantic, whilst the Siberian Winter High owes

its existence in part to flow in the westerlies, but is intensified by extensive winter snow

cover (Barry & Chorley, 1995).

Walker (1924) noted that the Icelandic Low and Azores High strengthened and weakened
simultaneously, and termed this phenomenon the North Atlantic Oscillation (NAO). The
NAO is most pronounced during the Northern Hemisphere winter (Barnston & Livezey,
1987) and accounts for more than one-third of the total variance in the sea-level pressure
field over the North Atlantic (Deser & Blackmon, 1993). During periods when the North
Atlantic Oscillation Index i1s high, a large pressure difference exists between the
Icelandic Low and the Azores High, and both pressure systems migrate northwards
(Angell & Koshover, 1974). This situation is associated with strong westerlies, higher
SSTs in the North Atlantic Drift, and relatively mild winters in northwest Europe (van
Loon & Rogers, 1978; Rogers & van Loon, 1979; Kelly et al., 1997). At the same time,
Greenland experiences colder conditions and cyclones occur at higher latitude with greater
intensities (Carleton 1988; Serreze et al., 1997). Hurrell (1995) demonstrated that during

phases of high NAO index, northern Europe and Scandinavia experiences more

11
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precipitation whilst there is a reduction in moisture reaching southern Europe and the

Mediterranean.

Conversely, during periods of low NAQO 1ndex the pressure systems become less intense
and migrate southwards, westerlies weaken, SSTs fall, and the stronger meridional winds
bring warmth to Greenland whilst northern Europe experience cold conditions. Periods of
weakened westerlies are more common in early spring and summer, and the cellular
pressure patterns can give rise to ‘blocking anticyclones’. These high pressure celils can
persist for several weeks to months and bring prolonged periods of stable weather. Whilst
the precise position and timing of anticyclone development determines the type of weather
experienced at the surface, blocking anticyclones over northern Europe have been invoked
as causes of climate change during the late Holocene (Lamb, 1977). A recent example is

the UK drought of 1975 to 1976, when a blocking anticyclone caused one of the driest 18

month periods ever recorded (Davies et al., 1997).

2.2.3 Atmosphere-Ocean Interaction

The ocean and atmosphere interact though exchanges of heat, mass and momentum, but
the nature of this linkage 1s extremely complex and imperfectly understood (Rahmstorf,
1995; McCartney, 1997). Winds and atmospheric pressure influence the strength and
direction of oceanic currents and can also affect SST via Ekman pumping. Lamb &

Johnson (1959) suggested that cyclonic wind stress across the northwest Atlantic would

enhance the poleward flow of warm water in the North Atlantic Drift, elevating SSTs in
the northeast Atlantic. Lamb (1972) speculated that such a change in SST would alter
the thermal gradient across the North Atlantic, steering cyclones further north into the
Greenland and Norwegian Seas whilst permitting the northerly expansion of the Azores
High. The resultant situation would be similar to that observed during phases of high

NAO index, bringing warm weather to northwestern Europe.

Hansen & Bezdek (1996) presented evidence that SST anomalies are advected along the
path of the North Atlantic Drift and, since their thermal signature extends below the
seasonal thermocline, they have the ability to persist for a number of years. Sutton &
Allen (1997) identified coherent SST fluctuations propagating across the Atlantic from
ship-board SST observations compiled between 1945 and 1989. They noted that

variations in SST in the ‘storm forming region’ between Florida and Cape Hatteras, are
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closely correlated to changes in the North Atlantic sea-level pressure. In this way, the
propagation of SST anomalies has been linked with the NAQO, opening the possibility of
predicting general weather patterns many years in advance (McCartney, 1997).
Irrespective of whether climate 1s driven by oceanic or atmospheric forcing, it 1s clear that
the oceans are potential mechanisms by which short-period atmospheric variations can be

attenuated to slower, longer period climate change (Dickson, 1997).

2.3 THE MODERN RELATIONSHIP BETWEEN CLIMATE AND SEA

LLEVEL

Instrumental records of sea level and climate extend back over last 200 years and, whilst
strongly biased to the Northern Hemusphere, provide information on their relationship at
the decadal timescale. An mmportant question is whether these short period records

accurately reflect the interaction between sea level and climate at centennial to millennial

timescales.

2.3.1 The Instrumental Record of Temperature Change

The ‘Central England Temperature’ record developed by Manley (1974), is the longest
homogeneous temperature series of any region in the world, extending back to 1659 AD
(Jones & Hulme, 1997). The record indicates that temperatures have risen during this
period, with the 1980s and 1990s being around 0.8 °C warmer than the 1660s (Jones &
Hulme, 1997). Jones & Bradley (1992a) combine data from 12 stations in the Northern
Hemisphere to investigate temperature changes from 1700 AD (Figure 1.1). All records
show a warming between 1851 and 1980, and suggest that from the mid 19" Century,
there has been a rise in temperature of around 0.5 °C throughout the Northern (and indeed
Southern) Hemisphere (Jones & Bradley, 1992a). Whilst the greatest rise in Northern
Hemisphere temperatures occurred between 1920 and 1940, the Central England

Temperature record shows that three of the six warmest years have occurred since 1989

(Jones & Hulme, 1997).
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2.3.2 The Instrumental Record of Sea-Level Change

Tide gauges measure relative sea-level change, and so a method of filtering out land level
movements is required if eustatic (chmate driven) sea level changes are to be
discriminated. The exact length of record required to achieve this is a moot point.
Warrick & Oerlemans (1990) suggest a minimum record length of 15-20 years, whilst
Pirazzoli (1986) and Douglas (1991) prefer the longer periods of 50 and 60 years
respectively. Ultimately, a compromise has to be reached between selecting longer

records and maintaining sufficient numbers to ensure representative spatial coverage.

There are also differences in the methods used to distil the eustatic signal from tide gauge
records. Many early studies hmited data screening to the removal of stations located in
areas of known uplift, subsidence, or tectonic activity, and assumed that by using a
sufficiently large number of tide gauge stations, crustal movements would be
compensated for over the large spatial scales involved (e.g. Fairbridge, 1961; Lisitzin,
1974). Other studies attempted to filter out the isostatic component through the use of

geophysical models, or by establishing the long term rate of change from geologically

based sea-level reconstructions (e.g. Gornitz et al., 1982; Gornitz & Lebedeff, 1987;
Douglas, 1991).

Despite the different approaches employed, there is general agreement that ocean levels
are rising at a rate of 0.5 to 3.0 mm a’', with most values in the range 1.0t0 2.0 mm a™
(Douglas, 1991; Gornitz, 1993; Pirazzoli, 1996). It is tempting to view this similarity as
giving added credence to the results of such studies, but Pirazzoli (1986) warns that an
inherent bias exists within the tide gauge dataset. The majority of tide gauge stations are
situated on continental shelves and margins that are liable to subsidence as a result of
human activities, hydro- and sedimento-isostasy. The result is an artificially elevated
calculated rate of eustatic sea level rise. Fairbridge (1987) echoes this concern,
describing the database as “hopelessly flawed”. Therefore, whilst it is clear that the rate
of temperature rise has increased during the last 100 to 150 years, there is currently no
conclusive evidence of an associated acceleration in the rate of relative sea-level riSe
(Woodworth, 1990; Douglas, 1992; Gornitz, 1995). This may be due to difficulties in
separating the eustatic and isostatic components of the tide gauge records, or may reflect

the slower operation of the ocean system and associated lag effects.
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2.4 THE EVIDENCE FOR LATE HOLOCENE CLIMATE CHANGE

Computer model simulations of surface air temperature anomalies indicate that high
frequency changes tend to have relatively small spatial scales and contribute little to the
variability of global mean surface air temperature (Manabe & Stouffer, 1997).
Conversely, at multi-decadal to centenmal scales, surface air temperature anomalies
observed across the continents are more representative of larger scale conditions.
Therefore, whilst many climate records are characterised by high frequency interannual to
decadal variations in temperature (e.g. Pfister, 1992), it i1s their multi-decadal to
centennial signals that are most likely to exert an influence on sea level. In this section

late Holocene changes in temperature and precipitation derived from a number of different

sources are examined to identify general patterns of variability.

2.4.1 Temperature

Late Holocene temperature variations can be reconstructed from a range of sources

including ice core data, tree ring records, periods of glacial advance or retreat,

documentary and instrumental records. For the purposes of this study, records are

selected that possess long time series and which exhibit some evidence of multi-decadal to

centennial variability.
2.4.1.1 The Ice Core Record

Ice core records are commonly analysed for variations in oxygen isotopes (8'°0) since

these are related to temperature (Dansgaard & Tauber, 1969). The relationship is
frequently expressed in the form of a linear function with constants being derived from the
modern correlations between temperature and isotopic composition at a variety of
locations (Robin, 1983). Oxygen i1sotope values are influenced by factors other than
temperature, including moisture source, transport pathways, altitude, latitude, seasonal
effects and ice movement (Dansgaard et al., 1969, 1973; Koerner & Russell, 1979). As a
result of these limitations, some workers suggest that 1ce core records are best interpreted
as showing relative changes in temperature (Meese et al., 1994). Alternative approaches
include attempting to quantify the influence of other factors via general circulation models

(Charles et al., 1994), or by using direct measurements of borehole temperature (Cuffey
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et al., 1992). Bradley (1985) suggests that since many of the complicating variables can

be considered constant in short period ice core records, direct temperature estimations

during the last c. 1000 years are reasonable.

Analysis of the Camp Century ice core (north-west Greenland) indicates that a marked
cooling in climate occurred between c. 3500 Cal. BP and 3000 Cal. BP, and that
relatively cold conditions persisted until ¢. 2000 Cal. BP (Dansgaard et al., 1984). The
interval from ¢. 2000 Cal. BP to ¢. 800 Cal. BP appears to have been slightly milder than
the preceding cold period, but remained cool nevertheless. A second, abrupt shift to very
cold conditions is intimated by the low 8'°0 values recorded between ¢. 800 Cal. BP to c.

100 Cal. BP (Dansgaard et al., 1984).

Dansgaard et al. (1975) examined variations in 8'°O extending back to before 1350 Cal.
BP from the Créte ice core from central Greenland (Figure 2.4). The record indicates that
between c¢. 1350 Cal. BP and c¢. 750 Cal. BP conditions were relatively mild, but that

after this point there was a transition to a phase of colder climate. Conditions appear to
have been particularly severe from c. 600 Cal. BP to 450 Cal. BP, and from c¢. 200 Cal.
BP to 50 Cal. BP. There 1s some evidence that these two cold phases were separated by a

pertod of relative warmth although conditions still appear to have been cooler than the

warmth that characterised the early portion of the record.

Meese et al. (1994) analysed the GISP-2 core (central Greenland) and used accumulation
rate as an indicator of temperature change (Figure 2.5). These results closely mirror the

changes identified from the 8'°O records of Camp Century and Créte. The period

between 1325 and 800 Cal. BP appears to have been typified by mild conditions with a
higher incidence of melt layers. Meese et al. (1994) proposed that this could be an early
indication of the warm phase identified 1n Iceland around 1150 Cal. BP by Lamb (1977),
which he attributed to the beginning of the Medieval Warm Period. After 800 Cal. BP,
there was a dramatic reduction in accumulation, indicating a fall in temperature until 700
Cal. BP, after which temperatures oscillated significantly until ¢. 200 Cal. BP (Figure
2.5). Once again there appears to have been a phase of relative warmth between c. 400

Cal. BP and 250 Cal. BP when accumulation rates were only slightly below those in the

early part of the record.

16



Chapter Two Sea-Level Change and Climate

A record of summer melt from the Lomonosov Ice Cap, Spitzbergen, extends back to 550
Cal. BP, and reveals that most of the last 600 years have been typified by cool conditions
relative to the last century (Tarussov, 1992). The climate appears to have been
particularly cold between 400 Cal. BP and 200 Cal. BP, after which there is a definite
warming to the present day. The record from Spitzbergen is important since it is located

near the deepwater forming areas of the Greenland and Norwegian Seas.
2.4.1.2 Glacial Evidence

Glacier advance or retreat i1s driven by changes in mass balance that reflect variations in
temperature and precipitation, modified by the physical properties of the glacier itself and
the surrounding terrain (Grove, 1988). The timing of changes in glacier extent can be
determined via lichenometric dating of moraines (e.g. Beschel, 1961) or by
dendrochronological analysis of trees growing on them or damaged by their advance (e.g.
Carrara & McGimsey, 1981). Alternatively, organic material underlain or overlain by
glacial deposits can be radiocarbon dated (Grove, 1988). A full discussion of these
various dating methods and their associated errors is given in Porter (1981) and Bradley
(1985). The biggest problem with glacial evidence when examining changes at the multi-
decadal to centenmial scale 1s that advances and retreats reflect variations in both
temperature, precipitation and local glaciological conditions. However, the fact that

variations in glacial extent is one of the proposed mechanisms by which climate and sea-

level may be linked means that this record is still important (Houghton et al., 1996).

The Swiss Alps possess the most detailed history of glacial changes during the Holocene
(Grove & Switsur, 1994). Patzelt (1974), identified three periods of widespread glacier
advance during the late Holocene (Figure 2.6). The Lobben advance, which occurred
between 3800 Cal. BP and 3300 Cal. BP in the eastern Alps, was bigger than any
advance to have occurred in recent centuries. Glaciers that expanded during the
succeeding Goschener I advance (c. 3000 Cal. BP to 2300 Cal. BP) probably remained in
their advanced positions until 1900 Cal. BP. A third advance (Goschener II) is also
suggested to have occurred around 1600 Cal. BP to 1200 Cal. BP, a proposition
supported by evidence from Bezinge & Vivian (1976).

Data from Scandinavia are less abundant and more widely scattered than the Alpine

record (Grove & Switsur, 1994) with much of the work being conducted by Karlén and
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co-workers (1973, 1976, 1979, 1995). Karlén (1973) noted that Holocene moraines from
53 systems in northern Sweden could be divided into four groups on the basis of age. In
the late Holocene period, there 1s evidence for glacial advance around 2800 Cal. BP to
2200 Cal. BP, and a later set of moraines which Karlén (1973) attributed to the Little Ice
Age. Karlén (1976) mentions intermediate advances c. 3300 Cal. BP, between 2000 Cal.
BP and 1800 Cal. BP, ¢. 1600 Cal. BP, from 1300 Cal. BP to 1000 Cal. BP, and
between 700 Cal. BP and 400 Cal. BP (Figure 2.6), although questions about the
reliability of this lichenometric chronology have been raised (Innes, 1984). Later work in
Sweden by Karlén et al. (1995), identified periods of glacier advance from postglacial
lake sediments (Figure 2.6). General periods of advance occurred around 3300 Cal. BP
to 3000 Cal. BP, 2600 Cal. BP, 2000 Cal. BP, 1700 Cal. BP, 1200 Cal. BP, and from
800 Cal. BP to the present, broadly supporting the earlier findings.

Studies of the Okstindan glacier on the Swedish Border, indicate it advanced between

3200 Cal. BP and 2600 Cal. BP, and again around 1900 Cal. BP and 1500 Cal. BP
(Griffey, 1975, 1976), whilst there 1s evidence for a number of intervening, short-lived
warm periods (Figure 2.6). Karlén (1979) in a study of the Svartisen, Okstindan, and

Saltfjell areas of northern Norway, suggested glacial advances around 2800 Cal. BP,
1900 Cal. BP, 1500 to 1300 Cal. BP, 1100 Cal. BP, and throughout the last 600 years
(Figure 2.6).

The Greenland ice sheet has particular significance since it is the largest ice mass in the
northern Hemisphere (Kelly, 1980). Ice core data from the GISP-2 core has already been
mentioned (Section 2.4.1.1) but records of advance and retreat are also available for the
ice sheet’s peripheral glaciers. Reviews by Weidick (1972) and Kelly (1980) suggested
that for a long period between ¢. 6000 Cal. BP and ¢. 3000 Cal. BP, conditions were
generally warmer than those currently experienced in the region and the ice sheet was
diminished in extent. Between 3500 Cal. BP to 3000 Cal. BP, glacier advance appears to
have commenced in response to the climate deterioration noted in the Camp Century ice
core (Weidick et al., 1990). This apparently culminated c. 2000 Cal. BP before the
climate warmed slightly between c. 1500 Cal. BP and 1000 Cal. BP (Kelly, 1980). A
return to cold conditions accompanied by glacier advance is recorded after 1000 Cal. BP

(Fredskild, 1973; Kelly, 1980) which became particularly pronounced after ¢. 700 Cal.
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BP to 400 Cal. BP (Weidick, 1972; Kelly, 1980). The last 100 years have witnessed the
end of this ‘Little Ice Age’ period and the onset of glacier retreat (Weidick et al., 1990).

In North America, glacier data are abundant on the western coast (the Rockies and
Cascades), moving northward into Alaska (Brooks Range). Data are less abundant on the
Atlantic coast, with much of the information being restricted to the Cumberland
Peninsula, occupying the southernmost region of Baffin Island and extending into the
Labrador Sea. Here, Miller (1973) suggested a number of glacial advances which are
shown in Figure 2.8 along with the palynologically-based temperature curve of Nichols
(1967). Davis (1985) noted a similar chronology of advances (Figure 2.6), whilst
Andrews & Barnett (1979) recorded advances in the northern part of Baffin Island at
3100 Cal. BP to 2800 Cal. BP, 2100 Cal. BP, 1500 Cal. BP, 1000 Cal. BP and 750 Cal.

BP, and suggested that these provide evidence for Island-wide, synchronous changes in

glacier extent.

Rothlisberger (1986) compared the Holocene fluctuations of glaciers from both the
Northern and Southern Hemuspheres and suggested that they exhibited broadly
synchronous changes (Figure 2.8). Inspection of Figure 2.8 reveals that during the late

Holocene period a greater variety of glacier responses is apparent. Rothlisberger (1986)

attributed these differences to variations in sample material, carbon content and from the

greater body of data. The latter fact however, may indicate that apparent global

synchroneity is simply an artefact of poor data coverage. Alternatively, the more detailed

records from this period may reveal the modifying influence of other controls such as
precipitation which is known to exhibit marked spatial variability. Indeed, Grove (1988)
suggested that whilst global temperature was the dominant control on glacier extent,

variations in precipitation could give rise to departures from the general pattern.
2.4.1.3 The Tree Ring Record

Tree ring data are routinely used to reconstruct temperature and precipitation (e.g.
Graybill & Shiyatov, 1992; Briffa et al., 1995). Factors other than chmate variables also
affect tree growth, such as site location and ecology, competition, interference or damage,
and disturbance (Briffa & Atkinson, 1997). Composite records are therefore constructed

using many trees from different sites to produce a more reliable chronology for the area or
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W

region under investigation. The compilation and interpretation of such chronologies is

discussed in detail by Cook & Kairiukstis (1990).

Briffa et al. (1995) constructed a 1000 year record of mean summer temperature (May to
September) for the northern Urals (Figure 2.9). The time series exhibits variations that
persist for 100 to 200 years, upon which are superimposed decadal to annual scale
fluctuations. In general terms, the interval from 1100 Cal. BP to 800 Cal. BP was cooler
than the modern reference period (1951-1970). Between 800 Cal. BP and 500 Cal. BP,
temperatures were similar to the present day, but after 500 Cal. BP there was a return to

cold conditions which extended until the recent warming phase at the turn of the century.

Briffa et al. (1992) also reconstructed summer temperatures for Fennoscandia. These
show significant annual to decadal scale variability making it difficult to discern any

longer period changes. In general, temperatures were cooler between 1600 Cal. BP and c.

1100 Cal. BP, and then warmed slightly from 1100 Cal. BP to 800 Cal. BP. The
following four centuries showed temperatures oscillating around those similar to today,

before cooling quite dramatically around 400 Cal. BP. The last 400 years have seen a

progressive warming trend, although this i1s most pronounced at the beginning of this

century.

Serre-Bachet (1994) examined the record from a number of locations in southwestern
Europe and the western Mediterranean. These reveal that from 1000 Cal. BP to 800 Cal.
BP it was predominantly cold. These cold condition were succeeded by a phase of
oscillating temperatures around the mean, with these fluctuations becoming increasingly
large and frequent between 400 Cal. BP and 200 Cal. BP. The record then suggests
warming after ¢. 1850 AD.

2.4.2 Precipitation

Variations in precipitation are both indicators of changing atmospheric circulation
patterns (Section 2.2.2) and potential causes of oceanic circulation changes (Section
2.2.1). In the same way that some of the temperature proxies mentioned above are
influenced by precipitation, climate records from lakes and bogs reveal an integrated

signal of wet and/or cool, or warm and/or dry conditions.
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Some of the most detailed records of changing precipitation have come from raised peat
bogs or mires. Ombrotrophic bogs obtain their moisture from the atmosphere, and
climate change results in variations in moisture supply. As the bog shifts between wet
and dry phases, the plant species growing on its surface alter in sympathy. Changes in
water table also cause variations in peat humification, manifest as darker or lighter
accumulations. Across Europe many raised bogs show distinct transitions from dark,
well-humified peat into overlying light, less humified accumulations reflecting changes in
precipitation regime (Svensson, 1988). In southern Sweden these transitions, termed
‘recurrence surfaces’, show shifts to wetter conditions ¢. 3200 Cal. BP, 2600 Cal. BP,
1600 Cal. BP and 800 Cal. BP. A transition ¢. 2500 Cal. BP is also recorded in many
British raised bogs (Godwin, 1975, 1981) and is associated with the shift to wetter and

cooler conditions at the Sub-Boreal/Sub-Atlantic transition of the Blytt-Sernander climate

period (see Chapter One).

Recent research indicates that the age of some of these recurrence surfaces varies by
several hundred years (e.g. Blackford, 1993), and is probably influenced in part by local

changes 1n climate and possibly by site specific factors such as mire hydrology (Moore,

1986, 1993). Nevertheless, the evidence for a general deterioration in climate c¢. 3000
Cal. BP remains compelling (e.g. Godwin, 1975). For example, in a study of Bolton Fell
Moss, Cumbria, Barber (1981) developed a surface wetness curve reflecting changes in
climate from c. 2880 Cal. BP (Figure 2.10). This demonstrates that the last 3000 years

have been predominantly wet and/or cool with particularly pronounced periods between

700 Cal. BP and 500 Cal. BP, and 425 Cal. BP to 100 Cal. BP. The period between
1900 Cal. BP and 1400 Cal. BP reflects a prolonged period of drier and/or warmer
climate, after which conditions deteriorate again. Blackford & Chambers (1991) studied
five upland blanket mires ranging from western Ireland to North Yorkshire, and noted that

all appeared to show a similar shift to wetter conditions around 1400 Cal. BP.

A similar sequence of events is recorded in Burnfoothill Moss, eastern Dumifriesshire, by
Tipping (1995), who used a multi-proxy approach to identify wet or dry periods. Tipping
(1995) noted a shift from wetter/cooler conditions between 3000 and 1900 Cal. BP to a
warmer/drier climate between 1900 and 1200 Cal. BP. The remainder of the period
indicates a return to predominantly wet/cool conditions, although some proxies appear to

indicate a possible brief dry/warm period between 600 and 400 Cal. BP.
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Anderson et al. (1998) using a combination of data from mures and lakes, noted a
pronounced shift to wetter conditions between 3900 Cal. BP and 3500 Cal. BP. This is
supported by evidence of rising lake levels in Scotland between 4400 Cal. BP and 3200
Cal. BP (Yu & Harrison, 1995).

Van Geel et al. (1996) noted an abrupt climate deterioration around 2850 to 2760 Cal.
BP in the Netherlands, where many settlements were abandoned due to waterlogging of
the soil. This period coincides with a sharp rise in the C'* content of the atmosphere,
perhaps indicating a change in solar activity, the earth’s magnetic field, or the exchange
between carbon reservoirs (van Geel er al., 1996). There i1s evidence that at this time a
number of settlements were established around the coastal marshes of the Netherlands
(Boersma, 1983), and that this may have been related to migration from the flooding river
areas (Waterbolk 1959, 1966). This led van Geel et al. (1996) to postulate that

exploitation of the saltmarshes was made possible because of a slowing in sea-level rise

that was responsible for the ‘Holland-VI’ regression (Roeleveld, 1976; Griede, 1978).
They further proposed that climate deterioration lead to thermal contraction of the ocean

and/or a reduction in Gulf Stream strength, coupled with an increase in water stored on

land in glaciers, fens, bogs, and as groundwater.

2.4.3 Changes in Ocean Temperature and Salinity

The previous sections have considered changing climate in terms of atmospheric
variations detected on land. Of perhaps greater significance to the issue of climate and
sea level are climate related vanations in oceanic variables such as temperature and
salinity. As well as providing information on the lag between atmospheric and oceanic
change, these data can also provide evidence of variations in oceanic circulation. This
type of information is commonly obtained by examining the lithofacies of ocean sediments<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>