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Abstract 

The reliable prediction of the future climate change requires high-quality densely 

distributed climate records that clarify natural climate variability and its recent 

modulation by anthropogenic impacts. Stalagmites can meet those requirements; 

however, conservation concerns require new non-destructive techniques to preserve 

the natural environment of the caves. This thesis discusses two high-resolution 

Holocene climate reconstructions built using i) geochemical analyses of a Bermudan 

stalagmite and ii) novel and non-destructive Computed Tomography data from a 

Spanish stalagmite, as well as iii) supporting cave monitoring data. Considered 

together, these efforts provide a complementary view of diverse aspects of climate 

change across the North Atlantic, and provide insights into how anthropogenic CO2 

emissions may further affect climate. 
 

Monitoring of environmental conditions took place at Leamington Cave (Bermuda) 

and Conch Bar Caves (Turks and Caicos Islands). To our knowledge, these are the 

first long-term monitoring efforts at coastal sites near sea level. The results of 

continuous monitoring of these two near shore caves in the tropical western North 

Atlantic are not dissimilar to previous results derived from inland caves. The 

microclimate and ventilation dynamics of Leamington Cave and Conch Bar Caves 

are controlled mainly by seasonal temperature differences between outside and cave 

air, wind, and rainfall totals. However, because hydrological connections with the 

sea, the microclimate of these near shore caves is also modulated by the seawater 

temperature, and sea level fluctuations. 
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Following from the cave monitoring efforts, one stalagmite from Leamington Cave 

was collected. The !18O of stalagmite BER-SWI-13 provides an annually-resolved 

rainfall record for the last 700 years. The record suggests that the tropical cyclone 

activity in Bermuda following the Industrial Revolution has not exceeded its longer-

term natural variability. Higher tropical cyclone activity during Bermuda’s pre-

colonisation period is associated with more El Niño events and positive NAO phase 

and reflects the northeast-ward tropical cyclone tracks migration that coincides with 

the low TC activity in the Caribbean Sea. 

 

Finally, one stalagmite from southern Spain was used in a pilot study to assess the 

applicability of CT scanning to speleothem-based climate reconstruction. Internal 

density variability of stalagmite REF-07 (from Refugio Cave) was used to create a 

time-series record of stalagmite density, which was then linked to climate.  

The record reveals Holocene climate variability in southern Iberia, and suggests that 

the current Mediterranean climate in southern Iberia was initially emplaced at 

approximately 5.3 ka BP following gradual southward migration of the North 

Atlantic Subtropical High. 
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1.1.!Thesis aims and overview 

The study included in this thesis has been part of HURRICANE Project based at 

Durham University funded by European Research Council that aims to develop high-

resolution Atlantic tropical cyclone activity records for at least 500 years using 

speleothems, significantly lengthening existing datasets. The records will be used to 

reconstruct TC trajectory shifts and to understand mechanisms controlling them. 

This thesis contributes to this project by providing the high-resolution climate 

reconstruction from Leamington Cave in Bermuda covering the last 700 years 

supported by continuous cave monitoring that confirmed the site suitability for this 

purpose. Also this thesis provides the results of the other near-shore cave monitoring 

in Turks and Caicos Islands, and the results of using a novel technique in 

paleoclimate reconstruction on the example of stalagmite from El Refugio Cave in 

Spain. The aim of this thesis is to increase the spatial coverage of Holocene 

palaeoclimate data from terrestrial archives in Caribbean and Mediterranean regions 

and to develop a novel non-destructive technique of obtaining proxy data.  

 

This thesis consists of six chapters described briefly below: 

•! Chapter 1 includes thesis rationale and gives general information about the 

available proxy and mechanisms controlling the climate in the North Atlantic 

Basin.  

•! Chapter 2 provides the general information about four cave sites located in 

the North Atlantic basin that were studied in this thesis. The chapter also 

describes the sites’ regional geology and present climate.  
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•! Chapter 3 shows the results of continuous cave monitoring of two near-

shore tropical caves: Conch Bar Caves in Turks and Caicos Islands, and 

Leamington Cave in Bermuda.  

•! Chapter 4 reveals the results of CT scanning the un-sectioned stalagmite 

from El Refugio Cave in Spain and uses the information about stalagmite 

density to decipher climate changes in western Mediterranean during the 

Holocene. The version of the chapter was published in a Special Issue of 

Quaternary Science Reviews, “Novel approaches to and new insights from 

speleothem-based climate reconstructions” edited by Corinne Wong and 

Daniel Breecker.  

•! Chapter 5 presents the results of the longest available high-resolution 

geochemical analysis of a stalagmite from Leamington Cave, Bermuda using 

over 3000 data points that reveals the climate variability and related tropical 

cyclone activity in the North Atlantic since AD 1312 spanning the period of 

Little Ice Age and post-industrial period.   

•! Chapter 6 is a synthesis of the work presented in this thesis, its implications, 

and a discussion of the future outlook and acts to draw together the 

implications of the three studies.   

 

1.2.!Thesis rationale 

The most recent Intergovernmental Panel on Climate Change (IPCC) fourth 

assessment report states that human influence on the climate system is clear, and 

recent anthropogenic emissions of greenhouse gases are the highest in history. The 

report also says that recent climate changes, especially since the 1950s, have had 

widespread impacts on human and natural systems. Anthropogenic greenhouse gas 
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emissions have increased since the pre-industrial era, driven largely by economic and 

population growth that has led to atmospheric concentrations of carbon dioxide 

(CO2), methane (CH4) and nitrous oxide (N2O) that are unprecedented in at least the 

last 800,000 years. Also since the 1950s, changes in many extreme weather and 

climate events have been observed, e.g. an increase in warm temperature events, an 

extreme in high sea levels, and an increase in the number of heavy precipitation 

events in a number of regions (IPCC, 2014).  

 

Many climate projections (e.g. IPCC (2014), Knutson et al. (2010)), especially 

focusing on the future intensity, frequency and geographical distribution of tropical 

cyclones (TCs) are based on the instrumental data (e.g. the National Hurricane 

Centre’s North Atlantic hurricane database known as HURDAT) collected since the 

industrial era (since ca. 1850). To make better future climate predictions, it is 

essential, though, to first understand the natural climate variability before the 

industrial era. This can be achieved by using the proxy data from well-dated 

archives, e.g. speleothems, corals, sediment cores, that can preserve the climate 

signal. Recently, the number of TC reconstructions in the North Atlantic basin is 

increasing; however mostly they are relatively low-resolution and based on sediment 

cores (e.g. Donnelly and Woodruff (2007) and Liu and Fearn (2000)), tree rings (e.g. 

Miller et al. (2006)) or corals (e.g. Hetzinger et al. (2008)). Thus, there is a need for 

more high-resolution accurately dated speleothem-based TC reconstructions in the 

North Atlantic basin that could extend instrumental and historical records; and aid in 

understanding the impact of climate change on the large-scale circulation of the 

North Atlantic.  
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The oxygen and carbon stable isotopes of ancient speleothems commonly used in 

climate reconstructions, are usually gleaned from a single plane cut through a sample 

and typically attempt to follow the stalagmite’s growth axis in two dimensions. 

However, this approach ignores possible growth axis shifts that could occur out of 

this plane which in turn could dramatically affect climate interpretations, for 

example through off-axis stable isotope kinetic enrichment (Mickler et al., 2004b, 

Mickler et al., 2006). Hence, developing better techniques for extracting the climate 

signal from speleothems are necessary.  

 

This thesis focuses on climate reconstructions using speleothems from the North 

Atlantic basin and developing a novel technique of extracting the climate signal 

using Computed Tomography (CT) scanning. 

  

1.3.!Speleothems as climate archives 

Speleothems are one of the paleoclimate archives that can provide long, continuous, 

precisely U-series dated and high-resolution time series, unaffected by post-

depositional diagenetic alternation. They are crystalline deposits of calcium 

carbonate (CaCO3) formed in karstic caves. Speleothem precipitation is induced by 

degassing of CO2 from percolating waters from overlying soil and bedrock surfaces.  

The external seasons can affect the quantity and chemistry of dripping water and 

may cause variation in CO2 concentration of the cave atmosphere, sometimes 

associated with differing patterns of air circulation. This leads to seasonal variations 

in speleothem precipitation (Fairchild et al., 2006). The shape and diameter of 

speleothem depends on many factors, including water flow rate, water 

supersaturation, drop fall height (Fairchild et al., 2006). Those factors, that can be 
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linked to exterior climate, also control stalagmite petrography (Frisia, 2015) and 

density (more in Chapter 4).  

 

Speleothems are widespread so their records have a direct relevance to regional 

climates and environments, and may also contribute to archaeological investigations. 

They contain several proxy parameters and many different techniques can be used to 

extract the climate signal, including the analysis of stable isotopes (especially 

oxygen and carbon), trace elements and petrography, making the speleothems a very 

reliable source of information about the past climates. There are some weaknesses to 

speleothem-based climate reconstructions that include insufficient understanding of 

the meaning of proxy variables, and frequently relying on only one proxy without 

presenting the data for others (Fairchild and Baker, 2012). 

 

1.3.1. Stable isotope composition 

The analyses of stable isotope composition are the most widely used in stalagmite-

based palaeoclimate reconstructions. Usually oxygen (e.g. Kennett et al. (2012)) and 

carbon stable isotope ratios (e.g. Ridley et al. (2015a)) from stalagmites are 

interpreted as a climate proxy, however, recently, analyses of other stable isotope 

ratios are getting more recognition, e.g. calcium (Owen et al., 2016) and magnesium 

(Galy et al., 2002). In this thesis both oxygen and carbon stable isotopes are used to 

reconstruct past climate variability. 

 

Speleothems made of CaCO3 can isotopically exchange with water: 

Eq. 1-1 
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The oxygen stable isotope ratio (!18O) is commonly measured in speleothems and 

interpreted as a rainfall proxy (Fensterer, 2011, Winter et al., 2011). Under 

equilibrium conditions, the !18O values of speleothem carbonate is related to the 

!18O value of drip water and the cave temperature through its control on equilibrium 

fractionation between water and calcite (Hendy, 1971). Fractionation occurs during 

the degassing of CO2 in the cave air and speleothem precipitation. The !18O is 

calculated from the ratio of heavy (18O) to light (16O) oxygen isotopes of the sample 

(Rsample) relative to the standard (Rstandard), as follows:  

Eq. 1-2 

 

where the Rstandard for speleothems is Vienna Pee Dee Belemnite (VPDB). 

 

Speleothems are deposits formed by precipitation from seepage water entering the 

roof or walls of the cave that ultimately reflects the !18O of meteoric waters and 

therefore can reflect the !18O of precipitation. The !18O of the rainfall, and hence the 

speleothem, varies due to fractionation occurring during phase change and diffusive 

exchange of isotopes between rain and vapour. Because H2
18O has lower saturation 

vapor pressures than H2
16O, stable isotope ratios are lower in vapour than in the 

parent water. This difference is expressed by a fractionation factor , where 

 , where R is a isotope ratio. Under the conditions of isotopic 

equilibrium at 25!C, the !18O values of the vapour phase are 10‰ lower than that of 

a liquid phase (Majzoub, 1971). Therefore during the condensation, heavy isotopes 

are concentrated in the condensate, and isotope ratios in vapor are decreased. When 

raindrops fall, their isotope ratio is not in equilibrium with the surrounding vapor, 
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and diffusive isotope exchange takes place. Because heavy isotopes diffuse to the 

condensate preferentially and falling raindrops encounter isotopically richer vapor 

near the ground, the isotope ratio of rain increases as it falls and reaches the ground 

with much higher isotope ratios then when it formed at the cloud base (Miyake et al., 

1968). This exchange process also lowers the isotope ratio of the ambient vapor near 

the ground with time, which in turn leads to a temporal decrease of isotope ratios of 

rain during a storm.  

 

Dansgaard (1964) described  general effects that appeared to result in gradual !18O 

decrease of meteoric precipitation: (1) towards higher latitudes (latitude effect), (2) 

with increasing altitude related to the decrease in saturation vapour pressure with 

altitude (altitude effect), (3) with increasing distance from the coast (continental 

effect), (4) with increasing amount of rainfall (amount effect), and (5) with 

temperature increase in the tropics (Vuille et al., 2003) and decrease in mid-latitudes 

(temperature effect). Some studies suggested that in the tropics !18O depends 

significantly on the precipitation amount, whereas the isotope ratios of meteoric 

waters only exhibit a weak correlation with surface air temperature (Vuille et al., 

2003). This relationship is based on monthly composite samples, such as those 

recorded in the Global Network of Isotopes in Precipitation (GNIP). Despite of 

strong negative correlation between monthly !18O and precipitation, the role of 

precipitation amount in daily-scale isotope variability in the  tropical regions like 

Central America is minor (Sánchez-Murillo et al., 2016). Moreover the shift from air 

temperature to precipitation amount controlling oxygen stable isotopic ratios is 

generally noted around 30,N/S (Bowen, 2008) which might affect the !18O signal in 

regions like Bermuda (32,N).  
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Many studies (Frappier et al., 2007, Haig et al., 2014, Malmquist, 1997) reveal 

stalagmites are capable of recording TC precipitation. However, according to the 

principles of stable isotope meteorology described above, a particular location might 

not be sensitive to all tropical cyclones that passed the site. TCs are distinguished 

from normal tropical weather not only by their strong winds and intense rainfall but 

also by the anomalously low !18O contents of their rains that reach the surface, being 

a result of the amount effect (Lawrence and Gedzelman, 1996). The TCs rainfall is 

depleted in 18O by over 6‰ relative to average monsoonal precipitation, owing to the 

recycling of water within the system, high condensation efficiency and large size and 

longevity of such cyclones as intense convective systems (Lawrence et al., 1998).  

 

The !18O during tropical cyclone event not only varies with time but also varies 

spatially within the cyclone system. Stable isotope analysis of rain and water vapor 

samples collected during flights in Hurricane Olivia (1994), Opal (1995), Marilyn 

(1995) and Hortense (1995) revealed that at all flight levels over the sea (850-475 

hPa) the lowest !18O occurred in or near regions of stratiform (formed along the 

fronts) rains between about 50 and 250 km from the eye. However, in the eyewall 

isotope ratios increased, where evaporation and isotope equilibrium of sea spray 

supplies the eyewall with up to 50% of its water vapor (Gedzelman et al., 2003).   

 

The stable carbon isotope ratios ("13C) are another measure commonly analysed in 

speleothems along with the "18O values, however they are often unreported due to 

their ambiguity in interpretation. Factors affecting speleothem "13C depends on the 

sources of carbon that include: 1) atmospheric CO2, 2) the relative proportions of C3 

and C4 vegetation above caves (Dorale, 1998), 3) the soil/vegetation productivity 
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affected by temperature and precipitation (Genty et al., 2006), 4) carbon isotope 

fractionation during decomposition of soil organic matter (Baker et al., 2011), 5) the 

proportion of host rock carbon (Fairchild et al., 2006), 6) in-cave kinetic effects 

(Mickler et al., 2004a, Mattey et al., 2010) and 7) cave air pCO2 changes and thus 

the ventilation efficiency (Boch et al., 2011, Mattey et al., 2010). Despite of this, 

they tend to be interpreted as an archive of vegetation changes above the cave 

(Dorale, 1998) because of small fractionation between HCO3
- and CaCO3 during the 

CaCO3 precipitation. Thus the variability of "13C comes from the fact that carbon 

isotope compositions in speleothem are derived from CO2 dissolved in the drip 

water, and the fact that soil CO2 is produced by plant respiration and organic matter 

decomposition. The "13C values are thus higher where C4 vegetation dominates in 

the soil. In the locations where the past vegetation is not affected by anthropogenic 

activity and/or is not experiencing temporal shifts in vegetation type (e.g. from C4 to 

C3), the "13C is sensitive to climate changes through alternating the ecosystem’s 

carbon budget (Frappier et al., 2002, Ridley et al., 2015a). The density of vegetation 

above the cave also controls the "13C, as in the absence of soil cover, the dissolution 

of limestone occurs by reaction with atmospheric CO2, leading to higher "13C values 

of DIC in recharge water compared to that produced under C3- and C4-based soils 

(Frumkin et al., 2000). More information about formation of "13C in speleothems in 

open and closed system can be found in Dulinski and Rozanski (1990).  

  

1.3.2. Stalagmite density 

X-ray computed tomography (CT scanning) is a non-destructive technique 

commonly applied in medicine, and recently also in geosciences (Carlson et al., 

2003, Ketcham and Carlson, 2001, Mees et al., 2003). CT images (termed slices) are 
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created by directing a planar fan beam at an object from multiply angular 

orientations. They correspond to what would be observed if the object were cut open 

along the image plane. The greyscale in CT images correspond to relative X-ray 

attenuation, which is a function of elemental composition and density. A series of 

continuous slices for an object allows for a complete three-dimensional volume 

projection (Mickler et al., 2004b). More information about different types of CT 

scanners can be found in Ketcham and Carlson (2001). 

 

The interpretation of the obtained CT images can be complicated by various artifacts 

like beam hardening, ring artifacts, or streaks traversing the longest axes of the 

object. Beam hardening is the most frequently encountered artefact which causes the 

edges of an object to appear brighter than the centre. The simplest remedy for that 

would be to use a high energetic X-ray beam to ensure that beam hardening is 

negligible. However, most geological materials are attenuating enough that beam 

hardening is noticeable, unless the sample is quite small (Ketcham and Carlson, 

2001).  

 

CT scanning, through internal three-dimensional density mapping of opaque objects, 

is able to provide information about stalagmite growth axis shifts (Mickler et al., 

2004b) and internal porosity (Zisu et al., 2012). Moreover, CT scanning provides 

rapidly acquired quantitative information about stalagmite density, a variable that 

until now could be obtained at low spatial resolution only through calculations based 

on the mass of cut stalagmite blocks (Zhang et al., 2010). Despite numerous studies 

using CT scanning to derive quantitative density data from sediment cores (Tanaka 
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et al., 2011, Wirth et al., 2013, Mees et al., 2003), the technique has not previously 

been used to derive time-series data from stalagmites.  

 

The relationship between stalagmite density and environmental factors such as 

meteoric precipitation, temperature, soil, and vegetation above a cave, is complex. 

These factors directly control water flow dynamics, and consequently drip-water 

saturation state (with respect to calcium carbonate) that is the predominant 

determinant of stalagmite density (Zhang et al., 2010, Dreybrodt, 2008, Frisia et al., 

2000). In addition, cave ventilation regimes also complicate it by affecting the 

intensity of CO2 degassing from drip-water entering a cave (Boch et al., 2011, 

Mattey et al., 2010). However, because environmental change during stalagmite 

growth drives calcite density variability, stalagmite calcite density is interpretable in 

terms of climate (Zhang et al., 2010). In a study of the East Asian Monsoon, Zhang 

et al. (2010) demonstrated that rainfall amounts (inferred from stalagmite "18O) and 

calcite density variations (derived by conventional non-CT scanning methods) were 

positively correlated, which is also consistent with studies of calcite textures (Frisia 

et al., 2000, Frisia, 2015). By calculating stalagmite density from the measured mass 

of stalagmite blocks cut every 5 mm, Zhang et al. (2010) achieved a resolution of 87 

years. CT scanning therefore offers a novel means to produce comparable density 

data quickly and non-destructively, and at a considerably higher spatiotemporal 

resolution than is achievable using conventional density measurements. 

 

1.3.3. Other proxies 

Many other proxies are available from stalagmite archives including trace elements 

(Boch et al. (2011), Ortega et al. (2005)) and petrography (e.g. Frisia (2015)) 
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analysis. Among these, trace elements are probably the most commonly used and 

usually interpreted as climate proxy (Huang et al., 2001) and/or reflection of prior 

calcite precipitation (PCP), that is a consequence of water degassing into air spaces 

before the drip reaches the cave. Because the trace elements were not measured as a 

part of this study, there are not discussed further here.  

 

1.4.!Climate controls in the North Atlantic Basin 

The climate of the North Atlantic Basin is influenced by many atmospheric 

processes including oscillations like the Atlantic Multidecadal Oscillation, the North 

Atlantic Oscillation, the El Niño–Southern Oscillation, and natural global wind 

distributions e.g. the Intertropical Convergence Zone (ITCZ) where trade winds 

converge near the Equator and Westerlies, prevailing winds from the west toward the 

east in the mid-latitudes.  The Atlantic Ocean has been suggested as an important 

driver of climate variability both in western Europe and North America on 

multidecadal timescales, probably related to thermohaline circulation (Sutton and 

Hodson, 2005, Knight et al., 2006, Goldenberg et al., 2001).  

 

The Atlantic Multidecadal Oscillation (AMO) index is defined as the average sea 

surface temperature (SSTs) in the region from 0! to 60!N, 80!W to 0!, detrended to 

isolate the natural variability. The index values calculated based on the observed data 

since AD 1856 are provided by National Oceanic and Atmospheric Administration 

(NOAA) (Bender et al., 2010). During the instrumental record, the AMO exhibits a 

65-80 year cycle with a 0.4!C SSTs range. The warm phases of AMO occurred 

during 1860-1880 and 1940-1960, and cool phases during 1905-1925 and 1970-1990 

(Bender et al., 2010). A tree-ring based AMO reconstruction extends this record to 



Chapter 1| Introduction and background 
 

14 
 

AD 1567 (Gray et al., 2004). Studies show that the primary source of this 

multidecadal AMO variability is the changes in the strength of the thermohaline 

circulation. The correlations between temperature based indices during the period 

1961-2010 and AMO suggest that temperature variability and, to a lesser extent, 

precipitation extremes are related to the AMO signal of the North Atlantic SSTs 

(Stephenson et al., 2014). 

 

The North Atlantic Oscillation (NAO) is one of the most prominent and recurrent 

patterns of seasonal and interdecadal atmospheric circulation variability associated 

with changes in the surface westerlies across the North Atlantic to Europe 

(McCloskey et al., 2013, Hurrell, 1995). The NAO phase is calculated based on the 

surface pressure data between Iceland Low and North Atlantic Subtropical High 

(NASH). The resulting index is a measure of the strength of the westerly flow and is 

also an indicator for winter climate in Europe (Wanner et al., 2001). Positive NAO 

phase (intensified NASH and deeper Iceland Low) is associated with strong 

westerlies that lead to unsteady weather conditions over Western and Central 

Europe, characterized by succession of low pressure centres and warmer and wetter 

conditions over Northern Europe and dryer conditions over Southern Europe. During 

the negative NAO phase (weak NASH and shallower Iceland Low) meridional 

pressure gradient is reduced, hence weaker westerlies over the North Atlantic and 

Western Europe lead to unsteady weather and wetter conditions in Southern Europe, 

and dryer and colder conditions over Northern Europe, typically associated with a 

blocking (stationary high) situation extending from Eastern to Western/Central 

Europe (Pinto and Raible, 2012). Many studies show that NAO phase also affects 

tropical cyclones track (Elsner et al., 2000) and vegetation activity in the following 
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spring and summer seasons (Gouveia et al., 2008). The NOAA provides monthly 

mean NAO index since January 1950. In general the decades between 1950 and 1970 

were characterised by negative NAO index (weaker NASH) unlike the decades 

between 1970 and 1994. Many NAO reconstructions exist extending the 

instrumental record to mid-Holocene (e.g. Trouet et al. (2009), Baker et al. (2015), 

Olsen et al. (2012), Ortega et al. (2005). 

 

The El Niño–Southern Oscillation (ENSO) is one of the largest drivers of 

interannual variability in a present-day global climate. It is a climate phenomenon on 

the timescale of two to seven years (Collins et al., 2010), consisting of two, warm (El 

Niño) and cold (La Niña), phases related to SSTs anomalies in the tropical Pacific. 

The El Niño event is associated with positive SSTs anomalies in the central and east-

central equatorial Pacific that weakens the Walker circulation and shifts it eastward. 

This leads to weaker trade winds that would normally push the warm water 

westward, so consequently, waters in the central and eastern Pacific heat up and the 

thermocline tilt diminishes preventing upwelling. This results in stronger upper-level 

westerlies winds over the Caribbean. Many studies show that ENSO affects rainfall 

in the Caribbean and North Atlantic region (Giannini et al., 2001, Jury et al., 2007, 

Klotzbach, 2011b, Rodrigues and McPhaden, 2014) and seasonal levels of Atlantic 

basic TC activity (Klotzbach, 2011b, Klotzbach, 2011a) but also the strength of the 

monsoons in east Asia (e.g. Rodysill et al. (2013)) and coral mortality (Yu et al., 

2012). NOAA provides historical ENSO record only since AD 1950, but a variety of 

proxies have been used to reconstruct ENSO variability during the Holocene (e.g. Li 

et al. (2013), Cobb et al. (2003), Moy et al. (2002), McGregor et al. (2013)) 

indicating that the most intense ENSO activity during the last millennium occurred 



Chapter 1| Introduction and background 
 

16 
 

during the mid-seventeenth century. Despite considerable progress in understanding 

the impact of climate change on many processes that contribute to ENSO activity, 

the future ENSO variability is unclear (Collins et al., 2010).  

 

Most of the instrumental records of the climate variables and oscillations mentioned 

above that are incorporated in future climate projections, started less than two 

centuries ago. Also since AD 1850, the concentrations of naturally occurring 

greenhouse gasses (GHG) like carbon dioxide (CO2), methane (CH4) and nitrous 

oxide (N2O) have increased substantially and are attributed to human activities since 

the Industrial Revolution. The increased GHG are responsible for climate and ocean 

warming, diminishing of amounts of snow and ice, and sea level rise (IPCC, 2014). 

Understanding the past climate changes before the Industrial Revolution, that would 

reflect natural climate variability, is essential in the future climate changes 

predictions. The low-lying Caribbean area and North Atlantic islands are particularly 

sensitive to observed global warming, according to the IPCC 2014 report, because it 

increases not only air and sea surface temperature but also can change the 

precipitation amount and increase the frequency of extreme events and result in sea 

level rise (Table 1.1). This could pose a threat to the survival of mangroves in 

Bermuda, as they are unable to tolerate increased water depth at the seaward margin 

(Ellison, 1996). 
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Table 1.1. Potential impacts of climate changes in the Caribbean area. 

Potential climate change impact Effects 

Temperature increase •! Loss of terrestrial and marine species 

•! Reduced fish stocks 

•! Human health impacts including heat stress and increased vector 

borne disease 

 

Increased extreme events •! Damage to physical infrastructure and natural assets such as coral 

reefs and vegetation 

 

Increased sea surface temperature •! Coral bleaching 

•! Ocean acidification 

•! Movement of marine species away from traditional habitats 

 

Sea level rise •! Erosion of coastal areas including beaches, wetlands and coastal 

settlements 

•! Saline intrusion 

 

Changes in precipitation •! Freshwater shortages and drought 

•! Changes in water quality 

•! Human health impacts increased vector borne disease 

Source: Turks and Caicos Islands Climate Change Policy 
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2.1.! Introduction 

This thesis presents research based on four different cave sites located within the 

North Atlantic Basin: (1) El Refugio Cave, Spain, (2) Leamington Cave, Bermuda, 

(3) Conch Bar Caves, Turks and Caicos Islands and (4) Yok Balum Cave, Belize. 

The first site is located on the northeast side of the NASH system (also known as 

Azores High or Bermuda High), where air subsidence produces stable conditions and 

aridity. The latter three sites are situated on the western and southwestern flank of 

the NASH, where air convergence and uplifting promotes instability. As a result 

those regions experience different climates according to the Köppen-Geiger 

classification (Peel et al., 2007) (Figure 2.1). 

 

 

Figure 2.1. The study sites location in the global context: (1) Refugio Cave, Spain; (2) 

Leamington Cave, Bermuda, (3) Conch Bar Caves, Turks and Caicos Island and (4) Yok 

Balum Cave, Belize. The distribution of the climate types characteristic to the studied sites 

are based on the Köppen-Geiger classification (Peel et al., 2007): orange – temperate climate 

with dry and hot summer (Csa; Mediterranean); light green – temperate climate without dry 

season with hot summer (Cfa); yellow – tropical savannah (Aw); dark green – tropical 

rainforest (Af). July and January location of ITCZ marked as orange and blue stripes, 
















































































































































































































































































































































































































































































