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Abstract 

 
 
 
This thesis focuses on reconstructing past temperatures using Scots pine (Pinus 

sylvestris L.) tree-ring chronologies developed from Scotland. The research aims to fill 

a spatial and temporal gap in understanding northwest European climate dynamics, thus 

providing the context for assessing future climate changes in this region. Development 

of both a spatially complete reconstruction from an extensive network of 44 'living' 

Scottish tree-ring chronologies for the last few centuries, but also a near-millennium 

length chronology from central Scotland using mainly lake-derived 'subfossil' wood 

material was undertaken. Before reconstruction development, a combination of tree-

growth modelling and disturbance removal methodologies was utilised in order to 

understand the drivers of pine growth in the Scottish Highlands, and to assess and 

remove anthropogenic disturbance and other non-climatic influences on growth. The 

advantages and limitations of utilising the relatively new 'Blue Intensity' (BI) parameter 

was also explored and assessed, particularly in relation to its possible utilization as a 

more affordable surrogate for maximum latewood density in the development of 

temperature reconstructions and for crossdating validation of undated samples. 

Although BI showed much promise for dendroclimatology, elimination of low 

frequency biases resulting from sample discolouration still requires further attention. 

Chronologies from the Cairngorms in central Scotland were identified as most suitable 

for reconstruction development, while reconstructions based on chronologies from other 

areas in the west were found to be weaker due to a range of factors including 

disturbance. In order to maximise reconstruction strength, BI and ring width (RW) data 

were combined to produce composite high-frequency BI / low-frequency RW 

chronologies. Although it was possible to develop an ~800 year reconstruction of 

temperature from central Scotland, there is substantial potential to further extend this 

reconstruction back in time. 
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1.1 Purpose of investigation and rationale 

 There is a fundamental need to understand Earth's climate due to the global 

challenge represented by current climate change. Reputable scientific investigations 

of this issue are virtually unequivocal about the scientific evidence and indicate that to 

prevent or limit severe detrimental effects of climate change in the future, significant 

reductions of global greenhouse gas emissions will be necessary and ultimately 

require fundamental changes to the socioeconomic structure of modern society (IPCC, 

2014a). The socioeconomic costs and consequences of climate related changes in the 

future have been highlighted in a review by Stern (2007) which concluded that 

although the costs associated with climate-ameliorating measures are considerable, 

they are acceptable and financially feasible but will continue to increase over time. 

 From a Scottish perspective, a report by the Royal Society of Edinburgh 

(2011) identified climate change as a central issue which will require a coordinated 

and coherent response from all sectors of society. Despite recognition of the need to 

act, the report emphasizes the disjointed policies and lack of coordination on the issue 

at various levels. In 2009, the Scottish Climate Change Act was passed by the Scottish 

Parliament in recognition of the need to limit greenhouse gas emissions in order to 

help address climate change. The legislation created a framework for mid- and long-

term greenhouse gas emission reductions by setting reduction targets at 42 % by 2020 

and 80% reduction by 2050 (Scottish Government, 2012). The UK Committee on 

Climate Change evaluated achievable reductions and presented recommendations as 

part of a possible strategy which could be adopted towards meeting those targets 

(Climate Change Committee, 2010). 

 Despite broad scientific consensus, the scientific evidence of climate change 

and the dominant role of anthropogenic emissions in recent decades have frequently 

been questioned by a vocal minority of so-called "climate sceptics". Such voices can 

overshadow the debate surrounding this important issue by bringing into question the 

validity of methodological approaches and emphasising or even exaggerating the 

uncertainties which exist. Yet Poortinga et al. (2011), who investigated public 

perception of the issue, found that climate change scepticism in Great Britain is not 

widespread, though opinions on the issue are often a reflection of personal and 

political values and beliefs (Whitmarsh, 2011). While the role of communication is 

undoubtedly important in dispelling unfounded beliefs, perhaps still more can be 

achieved by reducing the role of uncertainty in the debate. 
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 There is certainly still a fundamental need to improve our understanding and 

constrain estimates of climate variability in the past in order to provide the context for 

the current state of climate and to aid prediction of likely scenarios of future climate 

change. While modelling of the Earth's climate is an important approach for 

developing a better understanding of the global climate system, which can aid 

attribution and prediction studies, it is difficult to develop an adequate representation 

of this system. For example, differences in model parameterisation and sensitivity 

often result in a wide range of performance and the output of various simulation 

models can vary greatly. As the temporal spans of instrumental records are generally 

very limited, palaeoclimatic proxy records are required to extend these records back in 

time, allowing the evaluation of model performance (IPCC, 2014b). 

 Tree growth is an aggregate response to the surroundings and the 

environmental conditions in which the tree is located (Cook, 1985). This fundamental 

principle and the exploitation of this sensitivity, along with the possibility to precisely 

determine and absolutely date tree rings through crossdating, have made the 

foundation of dendrochronology as a discipline possible (Becker, 1992). The 

existence of locations where climatic conditions limit tree growth has led to the 

creation of the subfield of dendroclimatology (Fritts, 1976). Despite being limited to 

and only providing a representation of conditions in terrestrial environments, tree 

rings have been demonstrated to exhibit a range of climatic responses (St. George, 

2014) and are arguably the most important palaeoclimate source that is available for 

developing high resolution reconstructions of climate in the late Holocene. 

Specifically, such data feature heavily in reconstructions of hemispheric temperature 

variability (e.g. Briffa et al, 2001; 2004; Cook et al., 2004; D'Arrigo et al., 2006; 

Esper et al., 2002; Jacoby and D'Arrigo, 1989; Juckes et al., 2007; Mann et al., 2008, 

Wilson et al., 2016). However, more effort is needed at the regional level to refine 

past climate estimates. 

 This thesis focuses on expanding the understanding of climatic and 

environmental conditions in Scotland during the late Holocene. As part of this work, 

the development of an annually resolved temperature reconstruction from Scotland is 

intended to help reduce uncertainty by filling a spatial gap which currently exists in 

NW Europe (Büntgen et al., 2010; Wilson et al., 2012). Scottish tree-ring records 

(Hughes et al., 1984) have previously been included in large-scale reconstructions of 

NH temperatures and the North Atlantic Oscillation (NAO) (e.g. Briffa et al., 2002; 
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Cook et al. 2002) but their temporal coverage was restricted to recent centuries and it 

was therefore necessary to update this important dataset. 

 

1.2 Description of study region 

 

1.2.1 Characterisation of Scotland's climate 

 According to the Köppen-Trewartha climatic classification, Scotland is 

characterised by a temperate oceanic climate (Gallardo et al., 2013). The strong 

influence of the Gulf Stream, which acts as an effective mechanism for transporting 

heat from the tropics to the higher latitudes of the NE Atlantic and the release of this 

heat energy to the atmosphere (representing ~30% of atmospheric heat in the region), 

moderates and contributes to the mild climate conditions observed in Scotland 

(Dawson, 2009). Mean annual temperatures generally remain around 9-10°C in 

lowland areas of the mainland but decrease in the north and with increasing elevation, 

with lowest mean temperatures of ~1°C in high elevations in the Cairngorms (Met 

Office, 2015). For the July-August summer months, a similar spatial pattern of 

relative temperature differences in Scotland is apparent and summer temperatures are 

among the coolest in Europe with colder conditions occurring only in the European 

Alps and the Scandes (Figure 1.1a, b). 

 Precipitation is primarily controlled by distance from the Atlantic Ocean and 

topography / orography with most precipitation concentrated in parts of the west and 

northwest of the country and considerably less precipitation in the east and southeast. 

Mean annual precipitation reaches 4000 mm in parts of the west Highlands and 

amounts reaching lows of less than 700 mm per year in parts of the east coast (Met 

Office, 2015; Steven and Carlisle, 1959). A steep gradient of precipitation from west 

to east is apparent in Scotland with rates of precipitation in parts of west and 

northwest among the highest in Europe and rates in the east of Scotland that are more 

typical for the European continent (Figure 1.1c, d). 

 It has been proposed that wind is an important limiting factor in restricting the 

northern limit of pine in Scotland and also acts to lower the tree-line elevation 

(Körner, 1998; Moir, 2008). This is not surprising considering that wind stress is very 

high in the west and northwest of the country (Figure 1.2). 
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Figure 1.1: Mean July-August temperature (degrees Celsius) between 1901 and 2012 (A) for 
Europe and (B) for Scotland using 0.5° gridded CRU TS 3.22 temperature data 
(Harris et al., 2014); mean annual precipitation (mm / day) between 1901 and 
2012 (C) for Europe and (D) for Scotland using 0.5° gridded CRU TS 3.22 
precipitation data (Harris et al., 2014; KNMI, 2015; Trouet and van Oldenborgh, 
2013). 

 
 The NAO is a dominant pattern of atmospheric circulation in the North 

Atlantic and an important determinant of weather and climate in Scotland and other 

parts of Europe with the strongest influence in winter months. The NAO is commonly 

represented by an index reflecting variations in atmospheric pressure at sea level 

between the Azores high and the Icelandic low (Hurrell et al., 2003) which represent 

the relative difference in magnitude and position of the pressure systems. The NAO 

directly affects temperature, precipitation, influences the strength of westerly wind 

flow, the incidence of storms, position of storm tracks, and to a lesser extent has also 

been found to interact with the ocean (Hurrell, et al., 2003; Hurrell and Deser, 2010). 
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In Scotland, a positive phase of the NAO typically leads to increased precipitation, 

milder temperatures and increased wind-storm occurrence and severity, whereas a 

negative phase leads to more common incidence of seasonal temperature extremes 

(e.g. colder winter conditions) and reduced precipitation (Hurrell and Deser, 2010; 

Trigo et al., 2002). More recently, the summer expression of the NAO (SNAO) has 

been identified as an important influence on North Atlantic circulation in the summer 

season (Folland et al., 2009; Linderholm et al., 2009). Scotland's position in NW 

Europe and its close proximity to the NW Atlantic therefore make it an important 

source of information about the NAO and a prime location for the reconstruction of its 

historical behaviour from palaeoclimatic proxies in general. Furthermore, 

considerable potential exists for the reconstruction of the SNAO specifically from 

tree-ring data due to the summer season sensitivity of tree growth. 

 

 
 

Figure 1.2: Wind zone map of the United Kingdom. (Source: Quine and White (1993)). 
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1.2.2 Caledonian pine forest 

 Scots pine (Pinus Sylvestris L.), a shade intolerant conifer species (de Chantal 

et al., 2003), began to spread extensively across Scotland between ~8500 and 7900 

BP from other parts of the British Isles after the last glacial period, though it may have 

occurred earlier as the timing and origin of this spread has been disputed (Birks, 1989; 

Cheddadi et al., 2006; Froyd, 2005; Froyd and Bennett, 2006). In Scotland, the 

maximum extent of the Caledonian pine forest occurred some time between 7500 - 

5000 years BP and then underwent a series of spatial expansions and contractions of 

which the timings and magnitude are hotly debated (Bennett, 1984; Gear and Huntley, 

1991; Hobbs, 2009; Huntley et al., 1997).  

 

 
 

Figure 1.3: Distribution of Pinus sylvestris, (1) main range of the species; (2) isolated 
occurrences; (3) natural populations extinct due to human intervention 
(reintroduced populations established in some areas); (4) Arctic Circle. (source: 
Wikimedia, 2015). 

 
 One of the most notable contractions was the so-called mid-Holocene pine 

decline which coincided with a climatic shift around 4000 years BP towards 

wetter/cooler conditions and particularly the period between ~3900-3500 years BP 

was marked by decreased macrofossil evidence and low pollen counts (Anderson et 

al., 1998; Bennett, 1984; Birks, 1975; Smith and Pilcher, 1973). Though a possible 

link to volcanism in Iceland has been proposed (Blackford et al., 1992), this finding 

was not supported by similar evidence from Ireland (Hall et al., 1994). While natural 
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factors such as climatic shifts have been partly implicated in the decline and 

fragmentation of the forests, human woodland exploitation, which started around 

5000 years BP with the appearance of Neolithic people and substantially increased in 

intensity during the course of at least the last millennium, was another important 

factor (Macklin et al., 2000; Smout, 1997; 2003; Smout et al., 2005). This protracted 

period of deforestation, reaching an all-time high in the early/mid 19th century, was 

followed by reforestation efforts in the 20th century and particularly after the Second 

World War (Mather, 2004). The current forests consist of residual semi-natural pine 

stands and represent the NW limit of the range of Scots pine in Eurasia (Figure 1.3) 

(Kinloch et al. 1986). 

 

1.3 Research context 

 

1.3.1 Early / mid-Holocene   

 Over the last 30 years, a range of palaeoclimate studies have made inferences 

about Scotland's environmental and climatic history. Much of the research extended 

into the early and mid-Holocene, examining questions of natural environmental 

change, broad-scale climatic shifts and anthropogenic influences on the environment. 

Palynological studies have played a particularly important role in developing an 

understanding of past vegetation dynamics throughout Scotland. For example, pollen 

evidence has been used to provide insights into the history of flora species 

composition and tree population changes in Glen Affric from lake sediments (Froyd 

and Bennett, 2006) and peat sequences (Shaw and Tipping, 2006; Tipping et al., 

2006). Analyses of peat stratigraphy and preserved pollen in southern Scotland have 

also been used to make inferences about vegetational changes and climatic shifts and 

variability in the past (Chambers et al., 1997). Investigation of palynological evidence 

has also been used to interpret the timing of species dispersal throughout the British 

Isles (Birks, 1989), and to provide evidence of human presence and agricultural 

activity (e.g. Edwards and Whittington, 2001; Edwards et al., 1991; Hirons and 

Edwards, 1990). Palynological and charcoal evidence from sediment cores from the 

west coast of Scotland has been used to identify vegetation and environmental 

changes, and deforestation due to a combination of climatic influence and human 

activity during the Holocene (Macklin et al, 2000). 
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Analysis of peat bog and lake sediments has also been employed as a 

technique to reconstructing terrestrial climatic history (as well as environmental 

change) in Scotland. By performing geochemical analysis and investigating 

chironomid abundance in lake sediment cores, Battarbee et al. (2001) suggested that 

such information can be linked to climatic variations, although the causal mechanisms 

of this relationship were uncertain. A similar study was performed to investigate 

environmental change in the east Highlands, though it only noted a weak response to 

temperature change (Dalton et al., 2005). However, lake sediments from central 

Scotland were also used by Oldfield et al. (2010) to develop an interpretation of 

environmental and climatic change throughout the Holocene. Langdon et al. (2003) 

interpreted proxy records from a bog in southeast Scotland as a representation of 

precipitation and developed a reconstruction of wetter and drier periods over 7.5 ka. A 

5000 year reconstruction of summer temperature change was developed by Barber et 

al. (2013) using a chironomid record from northern England and validated against 

other lake and peat bog-derived temperature and hydroclimatic records from the 

British Isles. Such studies (as well as those mentioned above) however rely heavily on 

radiocarbon dating accuracy or the identification of tephra isochrones for dating 

constraint (Dugmore et al., 1995) and generally produce low resolution records. 

Researchers have also focused on utilizing peat preserved macrofossils of 

wood. One of the foci of this type of dendrochronological research in Scotland was on 

developing an understanding of the extent of Scots pine forest cover over time which 

has also been used to make general inferences about past climatic conditions 

throughout the Holocene. Much of this understanding came from analyses of 

preserved (macrofossil) wood material from peat (Bridge et al. 1990; Gear and 

Huntley, 1991; Lamb, 1964; Moir et al., 2010). Similar work was also carried out in 

Ireland (Pilcher et al., 1995). Although samples from trees growing on a wet peat 

substrate can be crossdated and used to develop long chronologies, their suitability for 

climate reconstruction work is probably limited as the temperature response is 

weakened due to hydrological change in the peat environment (Linderholm, 2001; 

Moir et al., 2011; Wilson et al., 2012). 

 

 1.3.2 Late Holocene 

 Northwest European and Northern Hemispheric surface temperature more 

generally is determined by a range of factors including internal climatic variability 
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(e.g. atmospheric circulation, oceanic / thermohaline circulation) and external forcings 

(predominantly solar irradiance and major volcanic events) of the climate system 

operating on a range of timescales. Variations in solar activity have been inferred 

from sunspot observations and reconstructed from cosmogenic isotopes (Usoskin et 

al., 2008). Although solar forcing also operates on shorter timescales such as the 11 

year cycle, several multi-decadal to multi-centennial timescale periods of lower solar 

activity (solar minima) have been identified in the last millennium including the Wolf 

(1270-1340), Spörer (1390-1550), Maunder (1640-1720) and Dalton minima (1790-

1830) (Usoskin et al., 2008; Wagner and Zorita, 2005). Conversely, periods of higher 

solar activity include for example the Mediaeval Solar Maximum (1100-1250) 

(Jirikowic and Damon, 1994) and the Modern Solar Maximum (1920-2000) (Usoskin 

et al., 2008).  

Volcanic activity and particularly large explosive events can induce shorter 

term (on the order of a few years) cooling even on the hemispheric or global scales by 

injecting sulphate aerosols into the stratosphere which can circulate around the globe 

and scatter incoming solar radiation. Such events have been identified from sulphate 

deposition in ice cores located in both hemispheres (e.g. Greenland and Antarctica), 

though uncertainties exist in the event timing and magnitude of such events and their 

associated atmospheric aerosol loading (Crowley and Unterman, 2013; Gao et al., 

2008; Sigl et al., 2013). 

The so-called ‘Mediaeval Climate Anomaly’ (MCA) and ‘Little Ice Age’ 

(LIA) are the most climatically distinct warm and cold periods respectively within the 

context of NH climate over the last millennium (Mann, 2002; Matthews and Briffa, 

2005). Reconstructed MCA conditions indicate that warm conditions predominantly 

affected higher NH latitudes including the north Atlantic, Europe, northern Eurasia 

and parts of North America (Mann et al., 2009). Though spatially and temporally 

variable in its expression and definition, the LIA is commonly recognised as a period 

of generally below-average temperatures primarily affecting NH continents which 

lasted from the around the 15th or 16th century until the middle of the 19th century 

(Mann et al., 2009; Matthews and Briffa, 2005; Osborn and Briffa, 2006). A recent 

reconstruction of NH temperatures identified warmer conditions associated with the 

MCA around 900-1250 and the cooler LIA conditions from 1450 to 1850 (Wilson et 

al., 2016).  
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The precise interaction of mechanisms accounting for these periods is unclear, 

though a combination of solar and volcanic forcing is likely. The relative importance 

of solar irradiance, volcanicity and internal climatic variability during the LIA and 

MCA is uncertain as the MCA was a period of both increased solar irradiance and 

decreased volcanicity while the opposite was true for the LIA (IPCCb, 2014). These 

external forcings interact with and are modulated by atmosphere-ocean dynamics via 

changes in thermohaline circulation, the expression of the El Niño-Southern 

Oscillation (ENSO) and the North Atlantic Oscillation (NAO), and various feedback 

mechanisms, leading to regional amplification or attenuation of the forcings and a 

complex spatial and temporal expression. Spatial reconstruction and modelling studies 

suggested a prevalence of more positive winter NAO / Arctic Oscillation (AO) in the 

north Atlantic (along with La Niña-like equatorial conditions during the MCA) and 

predominantly negative phases during the LIA (Diaz et al., 2011; Mann et al., 2009). 

It is currently unclear what the relative contributions of external forcing and internal 

variability are in relation to the magnitude as well as the spatial and temporal extent of 

warm / cold periods such as the MCA / LIA. However, reconstructions and model 

simulations appear to suggest a weaker influence of solar forcing compared to 

volcanicity (IPCCb, 2014). 

Research examining shorter-term late Holocene environmental change has 

focussed predominantly on atmospheric and oceanic changes, including synoptic scale 

investigations of climatic phenomena such as the NAO, as well as changes in 

temperature and hydroclimate. For example, acknowledging the importance of 

Scotland in understanding large scale climate dynamics of the Atlantic sector, several 

studies have focused on attempting to infer past NAO variability by reconstructing 

precipitation changes from a speleothem record using annually banded stalagmites in 

northwest Scotland (e.g. Baker et al., 2015; Proctor et al., 2000; Proctor et al., 2002; 

Trouet et al., 2009) and patterns of lamination have also been linked to past winter 

temperature conditions (Baker et al., 2002). Despite tree growth response 

predominantly restricted to summer conditions, the winter NAO has also been 

reconstructed using tree-ring data, which included tree-ring chronologies from 

Scotland, back to 1701 as it has been argued that patterns of sea level pressure 

associated with the NAO persist into the summer season (Cook et al., 1998). The 

NAO has also been reconstructed from historical record based reconstructions 

(Luterbacher et al., 1999; 2001) as well as by utilising multiple proxies back to 1400 
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(Cook et al., 2002). However, Schmutz et al. (2000) warned that non-stationarities can 

exist in the relationship between predictor datasets and the target NAO index. Such 

limitations can lead to time dependency of reconstruction skill which may also be 

related to the types of palaeoclimatic proxies used. 

 Researchers have also focused on reconstructing sea surface temperature 

(SST) for the northeast Atlantic region using multi-proxy marine records 

(Cunningham et al., 2013). Reconstruction of SST was also the focus of a study by 

Cage and Austin (2010) which used stable isotopes of benthic foraminifera from a 

fjord in west Scotland to infer SST for the last millennium. An attempt to reconstruct 

SST with more higher resolution information was performed in a ~200 year 

reconstruction of spring SST in the west of Scotland by Reynolds et al. (2013) by 

combining mid to high frequency variability from a bivalve mollusc chronology with 

the low frequency component of the Cage and Austin (2010) reconstruction. 

 Dendrochronological studies using tree-ring data from living trees have also 

been performed in Scotland to investigate past climate. For example, Moir et al. 

(2011) investigated the influence of substrate type on growth response to temperature, 

noting the strongest response of trees when growing on mineral soils as opposed to 

peat environments. Earlier studies (e.g. Fish et al., 2010; Grace and Norton, 1990; 

Wilson et al., 2012) also investigated the growth response of Scots pine and identified 

a broad seasonal temperature response of ring-width (RW) chronologies in Scotland 

which included the winter months, although the temporal stability of this winter signal 

has been questioned (Moir et al., 2011). Possible factors which may explain the 

presence of a positive response to winter temperature include winter browning (frost 

drought), root damage as a consequence of low winter temperatures, wind-induced 

needle damage by abrasion and/or increased photosynthetic activity related to winter 

groundwater availability (Grace and Norton, 1990). The possible effects of 

senescence on the growth trends and climatic response were investigated by Fish et al. 

(2010) who found that the temporal instability in response was stronger in young trees 

than old. The only specific tree-ring based climate reconstruction developed for 

Scotland was performed by Hughes et al. (1984) using a network of RW and 

maximum latewood density (MXD) data to reconstruct July-August mean 

temperatures for Edinburgh for the 1721-1975 period. 
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 Despite the broad range of efforts to understand past conditions in Scotland, as 

yet, no study has attempted to produce a continuous annually resolved record which 

spans the majority of the past millennium. 
 

1.4 Aims and objectives 

 The primary aim of this thesis is to build upon the work of Hughes et al. 

(1984) and develop an extended annually resolved, robust reconstruction of Scottish 

summer temperatures for the last millennium based on tree-ring data from living 

(recent) and subfossil (relict) Scots pine samples.  
 

 In order to achieve this primary aim, a series of subsidiary aims are identified 

and include; 
 

 Expansion and update of the Scottish pine tree-ring network. 
 

 Evaluation of the suitability of the blue intensity (BI) tree-ring 

parameter for developing a reconstruction of temperature. 
 

 Assessment of the suitability of Scottish ring width (RW) 

chronologies for developing a reconstruction of temperature. 
 

 The spatial assessment of RW, MXD and BI chronologies from sites 

around Scotland for spatial reconstruction of temperature. 
 

 Development of a subfossil pine chronology which can be used to 

develop a temporally extended reconstruction of temperature. 
 

1.5 Thesis outline 

 This thesis is divided into a series of chapters which investigate and discuss a 

set of topics that are fundamental to accomplishing the main aims of the thesis. The 

chapters cover the following topics; 

 Chapter 2 discusses the development of the "blue intensity" (BI) tree-ring 

parameter and its potential to yield similar information on past summer temperatures 

to maximum latewood density (MXD), but which can be produced at a substantially 

reduced cost using the CooRecorder/CDendro measuring suite (Larsson, 2014). Using 

data from selected Scottish Highland sites, a series of experiments involving a range 

of sample treatment and measuring approaches for BI investigate the advantages and 
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limitations of the BI parameter through a series of direct comparisons against MXD 

data.  

 Chapter 3 explores the influence of non-climatic disturbance, predominantly 

resulting from historic anthropogenic activity (woodland exploitation), its effects on 

the growth (i.e. growth release trends) of Scots pine and the role of disturbance trends 

in obscuring the climate signal in tree-ring width (RW) time-series. Assessment of 

disturbance history in Scottish RW chronologies is performed using a novel time-

series intervention detection method called combined curve and trend (CCT). The 

evaluation provides site-by-site information about the spatial history of disturbance 

incidence throughout the Highlands. The technique is used to not only identify the 

presence of disturbance trends but also attempts to remove them from the RW record. 

The change in chronologies before and after disturbance correction is assessed by 

comparison with instrumental temperature data, synthetic pseudo-RW data developed 

with the 'lite' version of the Vaganov-Shashkin tree-ring growth model (VS-Lite), and 

a Scottish maximum latewood density (MXD) composite. 

 By applying insights about the strengths and limitations of BI and disturbance 

effects, and the correction of such effects from the previous two chapters, multiple 

parameters from living tree samples are utilized in Chapter 4 to investigate the 

application of a spatial principal component regression technique (Cook et al., 1999) 

to reconstruct a field of temperature grids encompassing Scotland. By conducting a 

series of diagnostic tests, the chapter highlights methodological steps which can be 

performed in order to optimise reconstruction calibration and verification leading to 

the construction of robust representations of Scottish summer temperatures. At the 

same time this approach attempts to identify inadequacies of the current Scottish tree-

ring network that presently remain and proposes how such limitations could be 

reduced in the future. 

 In Chapter 5, an extended summer temperature reconstruction is developed for 

Scotland using RW and BI data from living as well as subfossil samples from 

Highland lochs (lakes) located in the northwest Cairngorms. Development of the 

reconstruction is performed by merging a set of reconstruction variants from 

chronologies based on a range of methodological approaches. Identification of colder 

and warmer periods over the last ~800 yrs is performed and the record is compared 

against an independent tree-ring based reconstruction from Scotland developed in 

Chapter 4 in addition to other instrumental records and reconstructions from Scotland, 
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the UK and other parts of Europe. Furthermore, the newly developed record, together 

with other European tree-ring reconstructions, is used to assess the European-wide 

summer temperature response to volcanic events. 

 Chapter 6 presents a summary of key findings and outcomes of the thesis and 

overall conclusions are drawn. The chapter then identifies and proposes areas of 

further research identified from the current work. 
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Chapter 2: 
 

Blue Intensity for dendroclimatology 

 
This chapter formed the basis of the following publication: 

 

Rydval, M., Larsson, L. Å., McGlynn, L., Gunnarson, B. E., Loader, N. J., 
Young, G. H., & Wilson, R. (2014). Blue Intensity for dendroclimatology: 
Should we have the blues? Experiments from Scotland. Dendrochronologia, 
32(3), 191-204. 
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2.1 Introduction 

 

Within the context of late-Holocene palaeoclimatic research, tree rings are 

among the most important proxy archives, not least for their ability to preserve 

annually-resolved climate information (Jones et al., 2009). It is possible to utilise the 

measurements of multiple tree-ring parameters, each with their own specific strengths 

and limitations. As well as more conventional parameters such as ring-width (RW), 

maximum latewood density (MXD) and stable isotopes, minimum blue reflectance or 

blue intensity (BI) is emerging as a potentially important new parameter relevant to 

dendroclimatological research. Traditionally, with respect to their ability to capture 

past climate, RW has been seen as superior to maximum latewood density (MXD) in 

the low frequency domain, while MXD was considered to better represent inter-

annual variability (D'Arrigo et al., 2014). More recently, this view has been 

challenged (Büntgen et al., 2006; Esper et al., 2012; Luckman and Wilson, 2005). 

However, the costs associated with MXD data generation are relatively high both 

from a financial viewpoint (including equipment, software and maintenance costs) 

and in terms of the time and effort required compared to the measurement of RW. 

Therefore, only a few tree-ring laboratories around the world have the ability to 

measure MXD from conifer tree-ring samples. This has undoubtedly been the primary 

reason for the limited development and utilisation of MXD chronologies compared to 

RW. The prospect of a more affordable alternative to MXD would have positive 

consequences for dendroclimatological research and the field of dendrochronology 

more generally.  

The relatively strong absorption of ultraviolet (UV) light by lignin (Fukazawa, 

1992) has been utilised in several previous studies. Lange (1954) was one of the first 

studies to utilise this property and measured the cell wall lignin content of spruce with 

UV photomicrographs. More recently, Gindl et al. (2000) explored the sensitivity of 

latewood lignin content in Norway spruce to temperature. By using UV microscopy 

they identified a significant positive relationship between the lignin content of 

terminal latewood tracheids and late summer / early autumn temperatures. 

Early attempts to utilise digital images of tree rings to identify and analyse 

anatomical features, and to recognise the potential for using reflected visible light as 

an alternative to X-ray densitometry, were undertaken by Yanosky and Robinove 

(1986) and Yanosky et al. (1987). These studies were also among the first to 
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recognise the potential of using reflectance as a substitute for MXD. A different 

approach attempted to analyse light passed through thin wood microsections (Park 

and Telewski, 1993), although this method required thin-sectioning of the samples 

with a microtome. 

Sheppard et al. (1996) utilised reflected light from the surface of latewood for 

dendroclimatic purposes. Their work reconstructed April-May temperatures back to 

the beginning of the 19th century using MXD and reflected light measurements with 

density and brightness explaining 30.8% and 29% of variance respectively during the 

1899-1976 period. The work was the first and so far only study to derive a 

temperature reconstruction using only reflected light data, although a BI chronology 

was included in a 1200 year multiparameter composite reconstruction from northern 

Fennoscandia by McCarroll et al. (2013).  

Using scanned images, McCarroll et al. (2002) examined the agreement of 

maximum, mean and minimum reflectance spectra of visible light (blue, green and red 

wavelengths), infrared and UV with MXD from the latewood of Scots pine samples 

from Finland. They observed that the strongest correlation with MXD was with 

minimum blue reflectance (r = -0.976 with raw non-detrended data for the period 

1960-1995). This result was attributed to the high sensitivity of absorbed blue light to 

lignin. 

Campbell et al. (2007) further emphasised the relevance of BI as a 

palaeoclimatic proxy parameter by comparing MXD and BI data of Scots pine 

(measured with WinDENDROTM (hereafter WinDendro)) from northern Finland to 

several climate variables including temperature. The study reported a similar response 

of both parameters to climate and a stronger correlation between BI and mean June-

August temperature from two weather stations compared to MXD (r = -0.80 and -0.65 

for BI; r = 0.59 and 0.58 for MXD). 

Additionally, Sheppard and Wiedenhoeft (2007) discussed the potential of 

measuring latewood reflectance of visible light using samples with a noticeable 

heartwood-sapwood (HW-SW) colour difference using a peroxide and ethanol 

treatment. They were then able to model and reconstruct summer (May-September) 

precipitation using latewood width and reflected light with an r2 of 0.25. An attempt 

to provide guidelines and basic protocols for sample preparation of 'optimal' samples 

(i.e. that did not contain tight-ringed segments or distinctly coloured HW-SW 

sections), was presented in a study by Babst et al. (2009). Their results suggested that 
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BI data quality may decline if samples are sanded with less than 400 grit sandpaper, 

scanned using a resolution lower than 1200 dpi and if the colour saturation level of the 

digital image is reduced below 100%. 

Although some studies (e.g. Sheppard and Wiedenhoeft, 2007; Sheppard et al., 

1996; Yanosky and Robinove, 1986) approached the issue of image capture by using 

a camera system coupled with a microscope, most were restricted to using a single 

magnification setting to avoid brightness variations due to changes in magnification. 

However, Sheppard and Singavarapu (2006) were recently able to compensate for this 

effect. Other researchers (e.g. Babst et al., 2009; Campbell et al., 2007; Campbell et 

al., 2011; McCarroll et al., 2002; Tene et al., 2011; Wilson et al., 2012) adopted a 

different approach using a flatbed scanner to capture sample images which entirely 

bypasses the magnification issue.  

Despite BI showing great promise as a cheaper alternative to MXD, only very 

limited attempts have been made to reconstruct past summer temperatures using this 

parameter. However, even without the need for an X-ray densitometer, publicly 

available software still represents a significant investment for laboratories wishing to 

commence research using this parameter. The most widely applied method for 

generating BI data from tree cores currently uses the WinDendro software package 

(WinDendro, 2013). Although this approach produces reliable results for 

dendroclimatic purposes (Campbell et al., 2007; 2011), financially, it may be beyond 

the reach of many researchers who would consider undertaking research with the BI 

parameter or who wish to use it for teaching and training purposes. If a cheaper 

software package were to be available then this would not only help broaden access to 

this powerful new proxy, but also provide a potential teaching resource for student 

projects and field courses. 

Over recent years, a low cost alternative for measuring BI has been 

incorporated into the CooRecorder/CDendro software package (Larsson, 2013). This 

software is more accessible to a wider range of individuals and organisations seeking 

to undertake BI analysis. Building on preliminary work by Wilson et al. (2012), the 

methodological steps for sample preparation and BI data generation using the 

CooRecorder/CDendro software package are presented here.  

The chapter is divided into three sections; the first describes sample 

preparation and BI data generation using CooRecorder, the second presents data 

produced using alternative measurement software and sample preparation techniques 
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including both WinDendro and the MXD parameter. Finally, the ability of each 

method to capture climatic information is explored through comparison of the BI and 

MXD parameters with monthly temperature data to assess their quality as summer 

temperature proxies through the development of well replicated living tree 

chronologies of Scots pine (Pinus sylvestris L.) from the Scottish Highlands.  

 Through this process, identification and exploration of several potential biases 

is performed which, if not considered and addressed, could limit the ability of the data 

to represent climatic information robustly. The techniques described here were 

employed to develop a regional summer temperature reconstruction using samples of 

Engelmann Spruce from British Columbia (Wilson et al., 2014). 
 

 

2.2 Methodology 
 

Measurement of RW, MXD and BI was carried out on samples of Scots pine 

from selected sites around the Scottish Highlands (Figure 2.1) for the purpose of 

assessing the BI parameter. Although BI has been measured from a total of 21 sites, in 

order to focus on methodological aspects, this chapter focuses on data from only four 

pine woodlands (including Ballochbuie and Ryvoan for which MXD chronologies 

were also developed, Loch an Eilein, where 3 cores per tree were collected in order to 

perform signal strength tests, and Shieldaig, which was selected for experimentation 

due to the relative shortness of samples from this site) using a variety of experiments 

to assess the BI parameter. The current methods employed by the St Andrews Tree-

Ring laboratory are detailed. These methods have been developed over several years 

of experimentation but still require further examination and refinement (Table C1 in 

Appendix C summarizes differences in BI sample processing and treatment 

procedures for all sites). 

 

2.2.1 Preparation and measurement method 

This section provides the methodological steps required to generate BI data 

employing a resin extraction technique using acetone and the CooRecorder 

measurement system (hereafter referred to as the 'St Andrews' method). 5 mm tree 

core samples were taken using a Swedish increment corer, stored in slitted plastic 

straws and allowed to air dry. If left moist for an extended period of time, the growth 
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of fungi and mould could result in discolouration of the sample with the potential risk 

of degrading the quality of extractable BI data as it may change the reflectance 

properties of the sample. 
 

 
 

Figure 2.1: Scottish Pine Project network. Site names highlighted in red are used in this 
chapter. 

 

 

Prior to acetone treatment, the sample code of each core was noted and the 

approximate length of each sample measured using a ruler to permit identification of 

each core following acetone treatment. Contrary to MXD preparation methods, whole 

cores were used as it was not necessary to cut samples into thin laths. Samples were 

attached to long, thin stainless steel rods (~5-6 cores per rod) by placing them 

circumferentially around the rod and tying them with string every ~5 cm along the 

length of the cores. In this way, deformation and warping of the cores as they 
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expanded in acetone was largely prevented. The metal rods were then placed inside 

tall 1L glass cylinders permitting them to be entirely submerged in acetone (≥ 99.5%, 

Fisher Scientific UK) at room temperature. The containers were then sealed with 

rubber plugs to prevent evaporation of acetone. Metal wire or string was attached to 

the rods and placed partially outside the containers, ensuring easy removal after 

acetone treatment.  

Early experiments by Frith (2009) using 5 mm Scots pine cores found that a 

72 hour acetone treatment period was sufficient to remove extractives, although that 

result was achieved using only partial immersion. However, a longer period of 1 week 

was initially chosen here to ensure that all extractives were removed from fully 

immersed 5 mm samples. Experiments detailed later in this chapter determine that a 

shorter period of acetone immersion is adequate for resin extraction and that 

prolonged immersion can cause weakening and gradual disintegration of the wood 

structure. 

As core samples were used, as is the norm for measuring ring-width, it was 

important to maintain correct orientation of the core during mounting (i.e. vertical 

alignment of trachea cells). After mounting, samples were sanded smooth using a 

fixed rotating disc sander up to 1200 grit, which resulted in a smoother surface than 

the 400 grit considered adequate for BI analysis by Babst et al. (2009). While sanding, 

samples were periodically checked to ensure 'flatness' of the sanded surface, 

particularly while using lower grit sandpaper, as an uneven surface would result in 

sections of scanned images being out of focus.  

A Canon CanoScan 9000F flatbed scanner in conjunction with Silverfast 

(version 8.0.1.24) was used to scan cores for measurement and image analysis. 

Although a scanning resolution of 1200 dpi was suggested as adequate by Babst et al. 

(2009), a resolution of 2400 dpi facilitated working with cores containing thinner 

rings. Images were saved in the JPEG format, an image format compatible with 

CooRecorder. An even higher resolution (3200 - 4800 dpi) may be beneficial for 

scanning cores containing particularly thin-ringed sections (i.e. < 0.05 mm). However, 

as Babst et al. (2009) caution, the scanning resolution should not exceed the hardware 

resolution of the scanning device to avoid affecting BI by the creation of artefacts 

from the interpolation algorithm. Furthermore, doubling the scanning resolution 

increases scanning time and results in a quadruple increase in storage requirements, 

which may be undesirable. Scanning a large area at a very high resolution may also 
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lead to memory or software limitations during the scanning process, in which case 

either a lower resolution should be used or the sample can be scanned in sections, 

producing multiple images that can then be spliced together. 

Calibration of the scanner was necessary in order to ensure that any data 

generated are comparable between different scanners and research facilities, and to 

prevent drift of BI measurements as output from the scanner light may degrade over 

time (Campbell et al., 2011). An IT8 Calibration Target (IT8.7/2) printed on Kodak 

Professional Endura paper was used to calibrate the scanner by using the SilverFast 

Auto IT8 Calibration procedure integrated in the SilverFast scanning software. This 

procedure was repeated for each scanning session. In order to minimise any influence 

of ambient light, which may change with time and place, isolation of the scanning 

surface from its surroundings was carried out by placing a box, fitted to the shape of 

the scanner, over the scanning area. Calibration and all subsequent scanning was 

performed with this apparatus. 

 

 
 

Figure 2.2: CooRecorder BI generation window with adjustable parameters w: width, f: 
offset, d: depth, and % dark latewood (parameters w, f and d are measured in 
number of pixels) 
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Samples were cross-dated using standard dendrochronological methods 

(Stokes and Smiley, 1968). RW and BI measurements were made using the program 

CooRecorder which uses point placement to calculate RW by calculating the distance 

between successive (X,Y) coordinates. The same points are then used to generate BI 

data. The program places a window around each point according to adjustable 

parameters that include width, offset, depth and % of latewood recognised as 'dark' 

(Figure 2.2). The mean BI value of the 'dark' latewood is then calculated and used as 

the BI value for a particular ring. For more information on the basic functionality of 

CooRecorder and a detailed step-by-step guide for the generation of BI data refer to 

the Cybis website (Cybis, 2013). Individual BI and RW data series were then 

transformed using CDendro to the standard Tucson decadal format. Cross-dating of 

the time-series (using both RW and BI) was verified with COFECHA (Grissino-

Mayer, 2001) and CDendro.  

BI is inversely correlated with MXD (i.e. dense latewood will express low 

reflectance). Therefore, in order to facilitate a direct comparison between BI and 

MXD whilst also allowing the same detrending functions to be used for each 

parameter, all raw BI series were inverted prior to detrending according to Equation 

2.1.  
 

Equation 2.1:  
    

 

where xi is the raw BI value in year i. The constant 2.56 prevents xi (adj) from 

becoming ≤ 0, considering all possible values of xi {0...255}. This inversion 

step is implemented as an option for the output of BI data in CooRecorder. 

Missing rings (represented by zero values before inversion) were changed 

back to zero after inversion. 

 

Detrending the age related growth trend was undertaken using the program 

ARSTAN (Cook and Holmes, 1986). When using single series data adaptive 

detrending approaches it is common to use a linear (or negative exponential) curve to 

detrend MXD data (e.g. Davi et al., 2003; Wilson and Luckman, 2003). It has been 

assumed in other studies that BI data should also be detrended in a similar way (e.g. 
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Campbell et al., 2007; 2011; McCarroll et al., 2002). However, in many BI series 

(following inversion according to Equation 2.1) an initial increase in BI is apparent in 

the juvenile period, followed by a steady decrease thereafter (see Figure A1 in 

Appendix A). For this reason, it was determined that fitting a Hugershoff curve 

(Bräker, 1981; Cook et al., 1990a) may be more appropriate due to its extra flexibility 

to fit the early period trends. Therefore all BI data herein were detrended using this 

approach. This method was used extensively by Briffa et al. (1992a) for their MXD 

based western Northern American spatial temperature reconstruction. For this reason, 

all MXD data were also detrended using a Hugershoff curve in order to facilitate 

direct comparison between the two parameters while ensuring that any differences 

were not subject to the choice of alternative detrending methods. 

Due to the homoscedastic nature of the data, it was possible to detrend the 

series by calculating BI and MXD indices as residuals of the raw data from the fitted 

curve (Cook et al., 1990a; Schweingruber, 1988) and chronologies were calculated 

using a robust (bi-weight) mean to limit the influence of outliers (Cook et al., 1990b). 

For all series, the BI measurement of the most recent ring was excluded from analysis 

as it consistently exhibits an anomalously low BI signature due to an edge effect 

likely related to the latewood-bark boundary. 

The above description details the basic methodology used to measure and 

process the BI data. However, in order to assess potential problems or biases 

associated with BI generation, a series of experiments were performed which are 

detailed below. 

 

2.2.2 BI measurement experiments 

 

2.2.2.1 Window parameter settings  

To evaluate the influence of changing the window parameters in CooRecorder 

(Figure 2.2) on the overall BI chronology, experiments were performed using the 

Ballochbuie data. The chronology was generated multiple times with different 

parameter settings. As well as assessing the influence of modifying all parameters, 

one reason in particular for undertaking this experiment was to determine whether the 

size of the window affects the quality of the data, as a larger window should 

theoretically produce a more representative mean BI estimate for a ring than a smaller 

one.  
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2.2.2.2 Acetone immersion experiments 

As with any method intended to remove extractives using a chemical solvent, 

it should be possible to determine an immersion time which produces optimal results 

with tree cores. Although preliminary experiments were undertaken by Frith (2009), 

these results were never published and it appears that no other group has published 

such experiments for acetone. Therefore experimental results are shown here using 

samples from the Shieldaig site (Figure 2.1) used to assess the improvement in data 

quality and to identify the duration of a sufficient time period for acetone extraction 

by comparing BI results from the samples left in acetone for 0-144 hours in 48 hour 

increments. 

 

2.2.2.3 Ambient and reflected light 

As scanners are essentially designed to capture an image of a flat object such 

as a picture, as soon as a raised sample (or disc) is scanned, there is potential for 

ambient light from the surrounding room to influence the scanned image. To minimise 

this effect, a box was constructed to surround the whole scanner (without lid) to stop 

any ambient light contamination. Initially, as all scanners have a white inner surface 

on the lid, a box with a white, smooth inner surface was used. However, when 

scanning the same sample using different orientations, it was noted that the BI results 

differed slightly which initially could not be explained. It was hypothesised that light 

from the light source was reflected within the box, inducing a potential bias. To test 

whether the use of boxes with different inner surface properties (colour and texture) 

affected BI results, an image of the entire empty (no sample) scanning area was 

obtained with the scanner covered by a box with the smooth, white inner surface. BI 

measurements were then carried out along several tracks, representing a range of 

potential sample placement and orientation choices on the scanning surface. This 

process was then repeated using a box with a black, non-reflective inner surface.  

 

2.2.3 Parameter comparison 

 

2.2.3.1 Expressed Population Signal and replication 

The Expressed Population Signal (EPS) is a statistic commonly utilised in 

dendrochronology to express the extent to which a tree-ring chronology reflects a 

hypothetical perfect population chronology (Briffa and Jones, 1990). Data from cores 
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collected from the Ballochbuie and Loch an Eilein sites were examined to identify 

whether any differences in expressed signal strength existed between BI and MXD, to 

assess how overall expressed signal improves with replication and to explore any 

potential improvements in the common signal that could be gained by averaging data 

from multiple cores per tree. Up to 3 radii were sampled from each tree from Loch an 

Eilein to test both within and between tree coherence. 

 

2.2.3.2 BI vs. MXD 

To facilitate a comparison of BI and MXD, a set of 21 tree core pairs ('A'+'B' 

cores from the same tree) were sampled from Ballochbuie and 17 pairs at Ryvoan 

(Figure 2.1). To generate BI data, the first subset of 5 mm diameter cores ('A' cores) 

were processed using the St Andrews method described above. MXD was measured 

from the second ('B' core) subset of 10 mm diameter cores from both sites at the Bolin 

Centre for Climate Research at Stockholm University (hereafter referred to as 

'Stockholm' samples). The MXD data were produced using an ITRAX multiscanner 

from Cox Analytical Systems (Cox, 2013). The samples were prepared according to 

standard dendrochronological techniques (Schweingruber et al., 1978). Thin laths 

were cut from the samples using a twin-bladed circular saw (1.20 mm thickness) and 

treated with ethanol in a Soxhlet apparatus for 24 hours in order to extract resins and 

other soluble compounds. The laths were X-rayed (with 12% water content (air dry)) 

in the ITRAX equipped with a chrome tube tuned to 30 kV and 50mA, with the 

steptime at 75mS. The multiscanner produces a 16 bit, inverted grey scale digital 

image at 1270 dpi resolution. Calibration of the grey scale was done with a calibration 

wedge of cellulose acetate with a density of 1.274 g/cm3 from Walesh Electronic 

(Schweingruber, 1988). The radiographic images were evaluated using WinDendro, to 

provide ring width and density data (Guay et al., 1992).  

In addition to comparing the BI and MXD to each other, the relationship 

between the two parameters and climate was assessed using the Scottish dataset of 

mean monthly surface temperature (hereafter referred to as 'SMT') developed by 

Jones and Lister (2004). As this dataset ends in 2004, 0.5° gridded mean monthly 

temperature CRU TS3.10 data (hereafter 'CRU' - Harris et al., 2014) were used to 

extend the SMT dataset to 2009 by scaling the post-2004 period CRU temperature 

data from the region covered by SMT over the common period of overlap of the two 

datasets. For the purposes of this study, the earliest date of the SMT dataset used is 
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1866 due to potential homogeneity issues prior to this time discussed by Jones and 

Lister (2004). The combined SMT and CRU temperature data are hereafter referred to 

as 'Extended-SMT' (ESMT).  

 

2.2.3.3 Ethanol vs. acetone 

To evaluate whether BI results are influenced by the choice of chemical 

treatment, off-cuts from a subset of 9 of the ethanol treated 'Stockholm' samples were 

scanned and measured for BI with CooRecorder. Separate chronologies were 

developed using these 9 ethanol-treated 'B' cores and the 9 acetone-treated 'A' cores 

and then compared using correlation response function analysis (CRFA) to the ESMT 

dataset. 

 

2.2.3.4 CooRecorder vs. WinDendro 

To assess the performance of two alternative measurement systems, an 

independent group of 9 samples from Ballochbuie were prepared at Swansea 

University. Samples were cut into thin laths of 2 mm thickness using a twin-bladed 

saw and extractives removed using ethanol (≥ 99.5%, Fisher Scientific UK) in a 

Soxhlet apparatus for 48h followed by repeated washing in boiling deionised water 

and air drying, prior to sanding and scanning. These 9 samples were measured both 

with WinDendro (Swansea) and subsequently using CooRecorder (St Andrews). Both 

resultant BI chronologies produced from these measurement systems were compared 

with each other and to the ESMT data using CRFA.  

 
2.3 Results and discussion 

 
2.3.1 BI measurement experiments 
 

2.3.1.1 Window parameter settings  

In order to assess the sensitivity of BI data to the selection of BI window 

parameters in CooRecorder (Figure 2.2), the Ballochbuie chronology was generated 

multiple times by systematically modifying each of the adjustable parameters in turn, 

producing a range of 'raw' BI values for each year (Figure 2.3). The parameter 

selection together with the inter-series correlation (RBAR) of the detrended version of 
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each chronology is provided in Table 2.1. The results indicate that the raw BI data 

remain relatively constrained regardless of the choice of BI window parameters, 

although a wider range becomes apparent as replication decreases in the early portion 

of the chronology. 
 

 
 

Figure 2.3: Range of Ballochbuie BI chronology variants using various CooRecorder frame 
parameter choices. 

 

width-offset-depth-%blue RBAR 
5-5-10-15 0.155 

10-5-10-15 0.165 

20-5-10-15 0.176 

40-5-10-15 0.188 

60-5-10-15 0.190 

80-5-10-15 0.191 

160-5-10-15 0.196 

40-0-10-15 0.185 

40-5-15-15 0.200 

40-5-30-15 0.212 

40-5-50-15 0.221 

40-5-10-5 0.188 

40-5-10-25 0.186 

40-5-10-50 0.183 

40-5-10-75 0.176 

160-5-50-15 0.224 
240-5-50-15 0.211 

 
Table 2.1: Mean inter-series correlation (RBAR) of Hugershoff detrended Ballochbuie 

chronologies developed with a range of BI window parameters. (The optimal 
parameter option for the particular image resolution utilised in this study is in bold 
font.) 
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The results from this test suggest using a large (yet not excessively large) 

window and lower % dark latewood for optimum results. Although optimal settings 

may be species, site and sample specific, for all following analyses the optimal 

window parameters (160-5-50-15), yielding the strongest common signal, were 

utilised (Table 1).  

While the variability between the different versions remains fairly constrained 

regardless of parameter choice (Figure 2.3), the size and placement of the window 

which measures blue reflectance in CooRecorder can have a significant influence on 

the quality (in terms of inter-series agreement - RBAR) of data produced. Choosing a 

larger window size allows the derivation of the most representative BI value for the 

latewood of each ring by integrating information from as large an area as possible and 

minimising the influence of anomalous features (e.g. resin ducts). However, the 

window width should not be so large as to exceed the sample boundary or integrate 

data from previous or subsequent rings (for example when ring boundaries are 

substantially curved such as near the pith). This is also related to the orientation of the 

window since the placement of the succeeding point in CooRecorder determines the 

orientation of a given window (i.e. the wider the windows, the greater the chance that 

they become rotated - possibly leading to integration of areas from other rings than 

the one for which a value is being derived). 

 Likewise, although increasing the depth parameter will also benefit BI 

results, beyond a certain point, only earlywood will be added as the parameter 

increases and will therefore not affect the BI estimate for that ring. Similarly, the 

depth of a window will be limited if a window's edge touches the boundary of the 

previous year's window, thus preventing overlap. A small offset parameter (parameter 

f in Figure 2.2) set to ~5 pixels can in some cases be useful for including latewood 

sections at ring boundaries that have a non-uniform shape. Ultimately however, 

although the "optimal" parameter selection could theoretically vary from sample to 

sample, the BI measurements on the whole appear generally insensitive to variations 

in the window parameters (Figure 2.3). A simple rule of thumb is that a larger box 

provides a more robust mean estimate of BI. 

In general, it is important to avoid anomalously dark areas or artefacts (e.g. 

cracks) which may radically depress the measured BI value. If not avoided, such 

anomalous values may primarily affect the correlation of a sample with a master 

chronology. It is also important to maintain correct sample orientation when mounting 
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samples prior to measurement as outlined in section 2.2.1 in order to obtain unbiased 

BI measurements (see Figure A2 in Appendix A for an example of BI measurement 

results with changing core orientation). Additionally, if missing rings in individual 

series are represented by 'zero values', this may adversely affect correlations because 

while low RW or MXD values represent a poor growing season, low BI values 

correspond to generally productive years (or high RW and MXD). Thus, setting a BI 

value to zero to represent no growth would run contrary to a high BI value that would 

be expected for such a 'ring'. Unlike with RW for example, values of BI should never 

approach zero (due to the inverted nature of the parameter relative to RW). Although 

some software such as CDendro exclude missing rings from affecting analysis (e.g. 

correlation calculation), others may not. This ceases to be an issue once the data are 

inverted before any other data manipulation or analysis takes place. It is therefore 

advised that the raw BI data should be inverted according to Equation 2.1 to allow for 

the retention of missing ring information, but also to allow similar detrending methods 

to be employed as used for MXD.  

 

2.3.1.2 Acetone immersion experiments 

In order to evaluate the effect of varying periods of time used to treat the Scots 

pine samples with acetone, a chronology was developed with samples treated from 0 - 

144 hours in 48 hour increments (Figure 2.4). As the HW-SW transition occurs 

around the same point in the majority of core samples, it is possible to discern relative 

differences in the two sections of the chronology. BI changes are most noticeable in 

the heartwood portion where reflectance increases following treatment, with relatively 

little change occurring in the sapwood. That the greatest change is observed in the 

heartwood is not surprising as the darker heartwood contains a greater amount of 

extractives (Ekeberg et al., 2006). A step trend in BI is apparent around the HW-SW 

transition, which becomes reduced but does not disappear following acetone 

treatment. Treatment time tests suggest that the majority of extractable material is 

removed from the heartwood within the first 48 hours of acetone treatment. This 

result indicates that 48 hours, a time period shorter than 72 hours suggested by Frith 

(2009), is a sufficiently long treatment time (to remove extractives to the extent that it 

is possible with acetone) and so longer treatment times are unnecessary when samples 

are fully immersed. The implications of acetone treatment on changes in ring-width 

are detailed in Figure A3 and associated text in Appendix A. 
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Figure 2.4: Change in BI properties with varying acetone treatment time using samples from 
Shieldaig (measured along same tracks following each treatment). 

 
 

2.3.1.3 Ambient and reflected light 

BI measurements of several measurement tracks, using a box with a white, 

smooth inner surface, are presented in Figure 2.5a. The results reveal BI data trends, 

that should not be present, varying in shape and magnitude for different sample 

orientations. This process was repeated using a box with a black, non-reflective inner 

surface (Figure 2.5b) where all trends in essence disappeared. The results of scanning 

with a 'black' or 'white' background clearly indicate the potential of introducing a bias 

merely by the scanning process alone. Although ideally, scanning different sections in 

different ways would potentially minimise some of this potential low frequency bias, 

this would only be true if samples of the same length were scanned vertically in 50% 

of cases and upside down with the other 50%. However, this probably would not 

happen as samples would typically be scanned the same way in the majority of cases. 

If these results become systematically biased in this way, as illustrated by Figure 2.5, 

it would translate to a warmer (colder) early (late) period. (See Figure A4 in Appendix 

A for an example of BI measurements from a single sample using a 'black' and 'white' 

background.) 
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Figure 2.5: BI measurements of empty scanned image using (A) a smooth, white background  
and (B) a non-reflective, black background along various tracks to assess the 
influence of reflected light (highlighted blue line represents the most frequently 
used placement). 

 

Fortunately, the problem can be avoided entirely by using a black, non-

reflective scanning background. Although placing a box over the scanner represents 

one way of doing this, it should be possible to achieve the same results through other 

means such as covering the scanner area with a black velvet fabric. It is likely that 

earlier BI chronologies produced for Scotland (Wilson et al., 2012) were affected to 

some degree by this phenomenon and the extent of this should be assessed in future 

work and corrected for if possible.  
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2.3.2 Parameter comparison 

 

2.3.2.1 EPS and replication 

The assessment of averaging multiple cores per tree and its effect on the 

strength of common chronology signal with changing replication is presented in 

Figure 2.6a. The Expressed Population Signal (EPS - Briffa and Jones, 1990) 

increases for any given level of replication when BI data from an increasing number 

of within-tree cores are averaged. However, greatest gains occur when using an 

average of two cores instead of one, with improvement diminishing as the number of 

averaged cores increases. The EPS and sample replication results provide evidence in 

favour of using averaged data of several same-tree samples as opposed to individual 

cores when using BI data. The possibility of obtaining a stronger common signal by 

using the average of more than one same-tree sample can be useful when the number 

of tree samples is limited or the common signal is weak. This may be particularly 

helpful in the context of attempting to date undated subfossil or historic samples. 

A similar analysis of EPS using Ballochbuie BI and MXD data with only 

single cores per tree is shown in Figure 2.6b. These results demonstrate that BI data 

contain a weaker common signal than MXD when replication is equal for both. This 

observation was also highlighted by Wilson et al. (2014) using Engelmann spruce in 

the Canadian Rockies. While at the individual tree level the signal from BI can be 

improved by averaging 2 or 3 radii, MXD ultimately still has a stronger common 

signal. However, as the costs and effort associated with generating additional BI data 

are negligible compared to MXD, this does not present a problem as in most cases 

more data can easily be obtained by sampling additional trees. 
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Figure 2.6: (A) EPS estimates based on detrended BI data from 17 trees (three cores per tree) 
from Loch an Eilein with the 1901-2010 common interval for analysis. 'Worst / 
best' represents the combination of 17 series producing the worst and best RBAR 
(and EPS). One series per tree is used for the 'individual' results (i.e. 'A' or 'B' or 
'C'). Averages of two cores from each tree (i.e. 'A'+'B' or 'B'+'C' or 'A'+'C') are used 
for 'pairs', and 'triple-all' represents the average of all three samples (i.e. 
'A'+'B'+'C'). Average (worst / best) simply represents an average of the worst and 
best results of the 'individual' and 'pair' results, indicating a typical (most probable) 
scenario; (B) EPS estimates based on 21 detrended series using BI and MXD data 
from Ballochbuie with the 1901-2010 common analysis interval. (Between-tree 
RBAR is used in both (A) and (B) as effectively only one series per tree is used for 
each analysis.) 
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Figure 2.7: (A) Correlation response function analysis of BI and MXD chronologies 
composed of 21 series (same tree samples) from Ballochbuie with monthly and 
seasonal ESMT data over the 1866-2009 period and (B) time-series of the 
chronologies with EPS calculated using 30-yr running RBAR with 29-yr overlap. 

 
2.3.2.2 BI vs. MXD    

Correlation response function analysis (CRFA) of monthly ESMT data against 

detrended chronologies from Ballochbuie (Figure 2.7) and Ryvoan (Figure 2.8) over 

the 1866-2009 period reveal the highest seasonal response to mean temperature for 

the July-August (JA) season when considering BI and MXD results for both sites 

(although MXD at Ballochbuie responds marginally more strongly to the broader 

February-August season). The Ballochbuie results of the two parameters are nearly 

identical, while the Ryvoan data indicate a modestly better representation of JA 

temperatures using BI. Using the period when EPS > ~0.85, the correlation between 

the two parameters is r = 0.90 (p < 0.001) for Ballochbuie for the 1768-2010 period 

and r = 0.85 (p < 0.001) for Ryvoan for the 1811-2010 period. Furthermore, despite a 

few minor departures, very few qualitative differences are apparent between the MXD 

and BI chronologies of the two sites (Figure 2.7b, Figure 2.8b). The CRFA results and 

the chronology comparisons suggest that despite all of the potential biases highlighted 

above, given that replication is sufficiently high, BI data from acetone treated samples 
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can represent temperature similarly to MXD. The similarity and high level of 

agreement between the two parameters is also highlighted by their high between 

parameter correlations. Similar results were also reported in Wilson et al. (2014). 
 

 

  
 

Figure 2.8: (A) Correlation response function analysis of BI and MXD chronologies 
composed of 17 series (same tree samples) from Ryvoan with monthly and seasonal 
ESMT data over the 1866-2009 period and (B) time-series of the chronologies with 
EPS calculated using 30-yr running RBAR with 29-yr overlap. 

 
 

2.3.2.3 Ethanol vs. acetone  

In order to test whether different resin extraction methods may lead to 

differences in results, the response to monthly temperature data was also assessed 

using a subset of 9 sample pairs from Ballochbuie that either underwent acetone or 

ethanol treatment and were then measured with CooRecorder (Figure 2.9). MXD data 

from the same samples as 'BI Stockholm' were also included for comparison. While 

the 'Stockholm' BI chronology responds marginally better to the July-September 

season than to July-August, 'St Andrews' BI has a stronger response with JA 

temperature. MXD also mainly responds to JA temperatures, although there is also a 

strong response to a broader February-August season. On the whole, with this 

particular sample subset, 'Stockholm' BI appears to show the best response followed 

by MXD and then 'St Andrews' BI. These results appear to provide an interesting 
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indication of the relative strength of each method. However, they should be 

interpreted with caution as replication is not especially high (~20 series required for 

EPS > 0.85). Additionally, although the ethanol treated 'BI Stockholm' and MXD data 

were measured from the same samples ('B' cores), the acetone treated 'BI St Andrews' 

data were measured from 'A' cores (i.e. not the exact same samples). This caveat is 

further emphasised by the fact that the 'BI St Andrews' correlations in Figure 2.9 are 

lower compared to MXD data, although those results represent a subset of the Figure 

2.7 data which show 'BI St Andrews' and MXD correlations that are more similar. 

Nevertheless, the results suggest that BI data from hot ethanol-treated samples may 

produce marginally better results than cold acetone-treated samples. It is not, 

however, possible to draw a conclusive statement whether one method is better than 

the other based solely on these results. What these results do indicate is the stronger 

common signal of the MXD data when replication is low as already discussed in 

relation to Figure 2.6b. 
 

 

    
 

Figure 2.9: (A) Correlation response function analysis of BI and MXD chronologies 
composed of nine series from Ballochbuie with monthly and seasonal ESMT data 
over the 1866-2009 period and (B) time-series of the chronologies for the period 
when replication is more than seven series; (MXD and BI Stockholm were 
measured on same samples, while BI St Andrews was measured from same tree 
samples as the other two chronologies). 



Chapter 2                                                                            Blue Intensity for dendroclimatology 

 39

2.3.2.4 CooRecorder vs. WinDendro  

In order to evaluate any potential difference between measuring systems, a set 

of 'Swansea' ethanol treated BI samples were measured using CooRecorder and also 

with WinDendro (Figure 2.10a, b). The direct comparison of BI data treated with 

ethanol but measured separately with CooRecorder and with WinDendro 

demonstrates that, although not identical, the two methods broadly produce similar 

chronologies. Overall, the monthly and seasonal responses are very similar for both 

datasets, although the CooRecorder results display higher correlations with 

instrumental temperature data for all months prior to October compared to the 

WinDendro results, which is also reflected in the seasonalised parameters.  
 

 

   
Figure 2.10: BI chronologies from Ballochbuie consisting of nine series generated using 

ethanol Soxhlet extraction and measured either with CooRecorder or WinDendro 
(same samples used). (A) Correlation response function analysis with monthly 
and seasonal ESMT data over the 1866-2009 period; (B) full length graph of 
chronologies for the period when replication is more than seven series. 

 

Although in this case the data were generated from the same samples, these 

results should again however be viewed with some caution due to the limited sample 

replication. It is likely that results would be more comparable with higher replication. 

One additional explanation for any differences in BI data produced by each measuring 
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system is that CooRecorder integrates information from a larger area of latewood (i.e. 

using a window) to produce an average minimum value of blue reflectance while 

WinDendro generates a BI value from a single point of lowest reflectance from a 

more restricted area (i.e. along a track). It should be stressed that at this time, as the 

two systems measure BI using different approaches, the merging of BI data from the 

two systems should be approached with caution and it is recommended that they be 

checked and adjusted for method specific homogeneity issues prior to combination 

(analogous to different density measurement systems). An assessment of the relative 

merits of each system will require a more systematic and detailed examination in 

future. The Swiss Federal Institute for Forest, Snow and Landscape Research is 

currently leading an international comparative study of MXD and BI between 

different laboratories to address such issues. 

 

2.3.3 Temperature reconstruction 

Figure 2.11 (a, b) presents experimental reconstructions of JA mean 

temperature performed using the full 21 series Ballochbuie and 17 series Ryvoan 

chronologies of BI and MXD introduced in Figures 2.9 and 2.10. A comparison of the 

regular and first-differenced r2 results between each of the two parameters and JA 

temperatures indicates a higher percentage of variance explained at higher frequencies 

for both parameters. Although BI calibrates somewhat better with Ballochbuie and 

noticeably better with Ryvoan than MXD (despite a clear disturbance event in the 

early 1960s in the Ryvoan data), BI and MXD produce very similar results. These 

results are in agreement with results from previous studies (e.g. Campbell et al., 2007; 

McCarroll et al., 2002; Wilson et al., 2014). In fact, they suggest that BI is not only 

comparable to MXD, but that in some ways and under certain circumstances the 

parameter is able to modestly surpass the results obtainable with MXD, as is the case 

here and as was reported in Campbell et al. (2007).  

The first-difference results indicate that although BI data explain more of the 

JA temperature variance than MXD, proportionally more of the high-frequency 

variance is explained by BI, suggesting perhaps that at lower frequencies it does not 

perform as well. One likely contributor to this effect is the previously noted HW-SW 

colour bias that could still exist even after acetone or ethanol resin extraction has been 

performed. Based on a visual assessment of samples treated with ethanol using a 

Soxhlet apparatus, this feature does not appear to be entirely removed using this 
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treatment method either. This perhaps suggests that there may be limits regarding the 

extent to which both acetone and ethanol treatments are able to reduce wood 

discolouration and it is therefore clear that this issue requires further attention. 
 

 

 
 

Figure 2.11: BI and MXD scaled (Esper et al. 2005) reconstruction of mean July-August 
temperatures using the 1866-2009 calibration period based on (A) Ballochbuie 
(21 series) and (B) Ryvoan (17 series) MXD and BI chronologies (samples from 
same trees). 

 

 To explore these ideas further, Figure 2.12 (a, b) highlights differences in the 

trends of non-detrended BI and MXD chronologies using data from Ballochbuie and 

Ryvoan. The raw non-detrended BI data from both sites clearly show a divergence in 

trends in the 20th century related to the HW-SW colour change. In addition to earlier 

results (Figure 2.4) suggesting that a step-trend remains after immersion in acetone, 

these results further indicate that some extractives are not removed, causing a 

discolouration difference between the HW and SW. Note that this is also relevant for 

samples processed using the ethanol Soxhlet approach and regardless of which 

measuring system is used. Figures 2.7 and 2.8 suggested that the Hugershoff 
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detrended MXD and BI chronologies for both locations were very similar. However, 

Figures 2.12c and 2.12d, which show both chronologies after using a more 

conservative linear regression function for detrending, clearly highlight a potential 

bias in the recent period of the BI data where the recent warming signal, clearly 

picked up in the MXD data, is not captured in the BI chronologies. This issue was 

also highlighted in Björklund et al. (2014a) for Scots pine in Sweden. The strong high 

frequency agreement but also the differing lower frequency trends are also seen when 

comparing linearly detrended MXD and BI composites from all available Scottish 

data (Figure A5 in Appendix A). 

 

 
 

Figure 2.12: Raw (non-detrended) MXD and BI chronologies converted to z-scores for (A) 
Ballochbuie (21 series - same as in Figures 2.7 and 2.11a), ethanol-treated 
'Stockholm' samples (nine series - same as in Figure 2.9) and ethanol-treated 
samples measured with WinDendro (nine series - same as in Figure 2.10) 
covering the 1778-2010 period, and (B) Ryvoan (17 series - same as in Figures 
2.8 and 2.11b) covering the period 1811-2010 (raw BI data were inverted for 
comparison); (C) and (D) include the full 21 series and 17 series BI and MXD 
chronologies in (A) and (B), respectively, detrended using linear regression 
(Ballochbuie chronologies were normalised to the 1778-1950 period and Ryvoan 
chronologies to the 1811-1950 period to emphasise any differences in trend post-
1950). 

 

 

In order to optimise the utility of BI from samples containing a distinct HW-

SW colour change and thus yield useful information in the low-frequency domain in 

addition to mid-to-high frequencies, an objective method must be developed to 
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minimise this non-climatic colour related trend. There are several potential solutions 

to this type of problem including (1) utilisation of a combination of hydrogen 

peroxide and ethanol treatments explored by Sheppard and Wiedenhoeft (2007), (2) 

statistical adjustment of the raw data from the HW and SW sections relative to each 

other to eliminate an artificial step or gradient in the data, (3) digital post-processing 

of the scanned images to adjust the reflectance levels of the HW relative to the SW, 

(4) using a high pass / low pass filter approach to retain the high frequency variance 

from BI and low frequency variance from RW, and then combining the two filtered 

parameters into a single composite time-series optimised at each frequency (the 

concept of using separate frequency bands for climate reconstruction was initially 

explored for example in Guiot (1981; 1985) and Guiot et al. (1982)), or (5) using the 

reflectance properties of earlywood to adjust those of the latewood for each ring as 

proposed by Sheppard et al. (1996). The last approach has recently been refined in the 

BI context by Björklund et al. (2014a; 2014b) who presented the adjusted BI 

parameter (termed ΔBI) in order to adjust for local discolouration and removal of any 

undesired trends unrelated to lignin content.  

While the chronologies presented in Figure 2.11 undeniably produce results 

that are at least as good as MXD data in their detrended form based on their 

correlations with instrumental temperature data, the utilisation of the more flexible 

Hugershoff detrending here serves to illustrate that it is possible to overlook 

limitations of the raw, non-detrended data and which the detrending process can 

mask. Although Hugershoff-detrended chronologies appear to behave well, failure to 

adequately address anomalous trends in the raw BI data could undoubtedly affect low 

frequency trends and result in the production of potentially biased chronologies and 

reconstructions, particularly if they are intended to retain low frequency variance 

using methods such as Regional Curve Standardisation (RCS - Briffa and Melvin, 

2011; Briffa et al., 1992b) or signal free detrending (Melvin and Briffa, 2008). 
 

 

2.4 Conclusion 
 

BI is a promising new parameter for the reconstruction of past climate from 

conifer tree-ring samples. Although a variety of factors can potentially affect the 

quality of BI data to various degrees, in many cases their effects can be identified and 
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minimised. The direct comparison of BI and MXD for the two sites in this study 

confirms the ability of BI data to represent summer temperatures in a similar way to 

MXD - at least at mid-to-high frequencies. However, differences in methodological 

treatment of BI data generation and their consequences for data quality should be 

explored further.  

The ability of BI to capture longer time-scale information (i.e. using RCS or 

signal free methods that better preserve mid-to-low-frequency variance) need also to 

be explored further (see Wilson et al., 2014). Although BI undoubtedly performs at 

least as well as MXD in the mid-to-high frequency domains, there is evidence to 

suggest that low frequency trends may not be fully represented. This effect is most 

likely primarily caused by the HW-SW colour difference and the inability of the 

chemical treatments as described herein to fully remove this discolouration. Such 

factors warrant further attention and require more detailed evaluation in order to 

ensure that BI data are able to adequately capture climatic variability at all 

frequencies. However, although this presents a challenge for coniferous species with 

distinct HW-SW discolouration, it should in no way affect those species that do not 

exhibit such HW-SW differences, although other sources of discolouration may still 

pose a problem. 

Discolouration of the wood surface is among the most serious biases that may 

affect BI data. This issue may have several potential causes including fungal growth 

on tree cores that are not allowed to dry adequately, use of inferior quality sandpaper 

in the sanding process, discolouration of subfossil material due to decay, and possibly 

the treatment of historical material with dyes, varnishes, etc. However, the quick, 

simple and affordable generation of BI data using CooRecorder presents a unique 

opportunity to assist with dating of historical or subfossil wood material (Wilson et 

al., 2012). In particular, the strong common signal which, at mid-to-high frequencies 

at least, is comparable to that of MXD, reduces the level of uncertainty inherent in 

attempting to crossdate material of unknown temporal origin. 

In this chapter, the methodological steps required to generate BI data using 

CooRecorder were introduced and tested. The use of this software allows the 

affordable generation of climate-sensitive data that appear to be comparable to MXD. 

In this way, BI data can be generated for more sites and at a lower cost than would 

ever be possible for MXD. In addition to refining sample preparation procedures and 

exploring signal stability through time, a challenge for further work will be to 
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overcome potential lower frequency biases in those species (e.g. Scots pine) that 

exhibit a distinct colour change between the heartwood and sapwood. Standard resin 

extraction methods do not remove this potential bias entirely and therefore other 

techniques need to be explored. Although a range of potential solutions exist to 

address this issue, the most feasible of these approaches, which will be explored in 

future research, includes generation of the ΔBI parameter (Björklund et al., 2014a) in 

order to adjust for local discolouration or by utilising the high-to-mid frequencies 

from the BI data with the low frequencies from RW in a single chronology to produce 

a combination of the two high/low-pass filtered time-series – a variation on the 

approach applied in Osborn and Briffa (2000) and Briffa et al. (2013). The latter 

approach will be used in Chapters 4 and 5 of this thesis to develop spatial and 

temporally extended temperature reconstructions for Scotland.  

Although some methodological issues still remain to be resolved, it is certainly 

not the case that there is little justification for the use of BI over MXD as suggested 

by Tene et al. (2011). On the contrary, the ease with which BI data can currently be 

generated and relatively low associated costs alone should justify the attractiveness of 

this parameter for dendroclimatological research. 
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3.1 Introduction 
 

 Non-climatic disturbance events represent an integral element of forest 

dynamics, and the identification of the occurrence and duration of such events using 

tree-ring data may serve to help understand environmental history and landscape 

change. The conceptual linear aggregate model (Cook, 1985) of tree growth describes 

the production of the growth increment as the aggregation of multiple factors 

(Equation 3.1). 
 

Equation 3.1:        Gt = At + Ct + δD1t + δD2t + Et 
 

where Gt represents total growth, At expresses the age-related growth trend, Ct 

represents the climate trend, δD1t is the endogenous tree specific disturbance internal 

to the local stand, δD2t is exogenous disturbance impacting all trees within the stand, 

and Et is variance due to random processes, in year t. From a dendroclimatic 

perspective, it is clear that the presence of non-climatic components such as 

disturbance could obscure the climate signal in tree-ring data. To achieve an 

understanding of climatic variability from tree rings it is necessary to isolate the 

desired climatic signal extant in tree-ring series while minimising the influence of 

other forcings such as disturbance. The removal of At is typically achieved by 

detrending and since Et is presumed to occur randomly in time and between trees in a 

stand, its influence can be minimised by increasing replication. Endogenous 

disturbance (δD1t) is spatially limited and results from internal stand dynamics while 

the origin of spatially more extensive exogenous disturbances (δD2t) can for example 

include wind, fire and outbreaks of disease and insects. Removal of endogenous and 

exogenous components can be complicated as such trends can mimic climatic trends. 

However, the non-synchronous nature of endogenous disturbance trends within a 

stand represents a distinguishing feature that can serve to differentiate them from 

trends which reflect the wider scale influence of climate (Cook, 1985).  

 As part of the Scottish Pine Project (SPP, 2013), a network of 44 living Scots 

pine (Pinus sylvestris L.) sites were sampled from semi-natural pine woodlands 

throughout northern Scotland (Figure 3.1). Through the development of this living 

tree network, a distinct difference was observed between trends in detrended ring 

width (RW) chronologies from sites primarily located in the west of the Scottish 

Highlands and sites in the Cairngorms. The trend differences are apparent when so-
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called standard detrending approaches are applied to create sub-regional composite 

chronologies (Figure 3.2). It is hypothesised that these differences are unrelated to 

varying climates between the two sub-regions but rather are predominantly the result 

of growth releases due to disturbance events occurring through time. Standard 

"conservative" detrending approaches not only fail to remove such releases, but they 

also can lead to biases in the resultant detrended indices. These disturbance events are 

most likely related to past anthropogenic woodland exploitation and clearance (Smout 

et al., 2005; Steven and Carlisle, 1959). As Scots pine is a shade intolerant species 

(Gaudio et al., 2011), it should be possible to detect growth releases as a result of 

canopy opening due to felling. Temporary increases in nutrient availability from 

logging residue (Hyvönen et al., 2000; Palviainen et al., 2004) and decreased 

competition following the clearance of neighbouring trees (Valinger et al., 2000) may 

also enhance this effect. 
 

 
 

Figure 3.1: Map of sampled tree-ring site network in Scotland (sites marked in red represent 
sites for which MXD chronologies were developed in addition to RW). 
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Figure 3.2: Subregional chronologies from the Cairngorms and West Highlands highlighting 
trend differences between the two composite chronologies developed with a 
standard (negative exponential or linear) detrending approach (curves in red 
represent the original chronologies smoothed with a 20-yr low-pass Gaussian 
filter to emphasise decadal variability). 

 

 Although it may be possible to remove disturbance-related trends from RW 

series with the use of flexible detrending approaches such as cubic smoothing splines 

(e.g. Cook and Peters, 1981), such an approach will also remove multidecadal and 

longer term variability. In the previous Chapter and in Rydval et al. (2014), to 

overcome low frequency biases in the Blue Intensity (BI) series related to heartwood 

and sapwood colour differences, it was proposed that a filtered composite chronology 

approach (i.e. combining filtered high-pass BI and low-pass RW chronologies) to 

calibration could lead to robust dendroclimatic reconstructions (see Chapters 4 and 5 

for more details). However, such an approach relies on the ability of RW data to 

express lower frequency variability robustly. As disturbances bias the mid- to low-

frequency components of a RW chronology, the presence of non-climatic 

(disturbance) trends needs to be addressed if RW data are to be used for temperature 

reconstruction, either separately or as a filtered composite with BI data. A possible 

solution is to identify disturbance in the RW record, quantify the contribution of these 

events to radial growth, and then attempt to isolate and remove these influences. This 

is the focus of this chapter. 
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3.1.1 Detecting disturbance 

 Detection of disturbance signatures in tree-ring data has received considerable 

attention in the context of a wide range of factors including natural and anthropogenic 

sources of disturbance such as wind and storm events (e.g. Foster, 1988; Nagel et al., 

2007; Svoboda et al., 2014), insect and pathogen outbreaks (e.g. Speer et al., 2001; 

Veblen et al., 1991), forest fires (Swetnam, 1993), snow avalanches (Veblen et al., 

1994), flooding (Yanosky and Jarrett, 2002), forest stand dynamics (Fraver et al., 

2009), environmental pollution (e.g. Elling et al., 2009; Rydval and Wilson, 2012; 

Savva and Berninger, 2010; Wilson and Elling, 2004), timber harvesting, and 

woodland clearance (Bebber et al., 2004; Nowacki and Abrams, 1997). A common 

approach to disturbance detection is based on the statistical identification of 

disturbance events manifested as either growth suppression or releases in the RW 

record with a duration of one or more years to several decades. 

 In ecological studies, disturbance detection methods have typically relied on 

the identification of growth changes determined either as absolute changes (Čada et 

al., 2013; Fraver and White, 2005) or more commonly as relative (percent) changes in 

growth (Nowacki and Abrams, 1997; Pederson et al., 2008; Svoboda et al., 2014) to 

identify prolonged periods of growth release or suppression by comparison with 

periods of growth immediately prior to the initiation of the disturbance event. 

Increasingly sophisticated approaches include or specify additional detection criteria 

or data characteristics (e.g. Speer et al., 2001), accounting for a range of variables 

related to growth release or developing more adaptable release threshold criteria 

(Black and Abrams, 2003). A set of specific growth release criteria were developed by 

Lorimer and Frelich (1989) and were later adapted by Nowacki and Abrams (1997) to 

permit the detection of multiple events in a single sample. By assessing the percent 

growth change using 10-yr radial growth averages prior to and following each year of 

growth, their approach also attempted to minimise the likelihood of falsely detecting 

climate-related variability as disturbance releases (Nowacki and Abrams, 1997).  

 The development of boundary-line release criteria offered a more flexible and 

adaptive method for the establishment of disturbance-related growth release 

thresholds by scaling releases according to the maximum physiological potential as 

determined by previous growth rates which are species-specific and may also vary 

regionally or locally (Black and Abrams, 2003). Although the possibility of applying 

more unified release criteria to a range of species in order to facilitate both cross-
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species and between-site comparisons was proposed by Black and Abrams (2004), the 

development of species-specific boundary-line functions is normally necessary, 

although a single (universal) boundary line can be developed and applied over the 

range of some species (Nagel et al., 2007).  

 

3.1.2 The Combined Step and Trend method 

 Druckenbrod (2005) and Druckenbrod et al. (2013) developed a robust 

procedure to detect disturbances called Combined Step and Trend Intervention 

Detection (CST) which accounts for temporal autocorrelation and age-related growth 

trends in ring-width data. The CST method employs a time series analysis approach 

for the identification of 'interventions' (i.e. external forcings that affect a time series 

and that can be detected as outliers from a model of that time series) manifested as 

either step outliers or trend changes. The method has been shown to successfully 

identify instances of known disturbance, and the potential application of intervention 

detection to a range of species and growth environments has been proposed 

(Druckenbrod, 2005; Druckenbrod et al., 2013). Intervention detection methods offer 

the capability to not only identify and assess the timing, duration and magnitude of 

growth attributable to disturbance, but also to quantify the contribution of these events 

to the RW record and remove their influence from the time series. 

 Druckenbrod et al. (2013) suggested that the removal of disturbance signals 

from RW series using an intervention detection approach could be applied in order to 

enhance the climate signal. This chapter details the first time that intervention 

detection has been employed in this manner. The application of this approach to RW 

chronologies from the Scottish Highlands offers an opportunity to evaluate its 

performance on an extensive network of sites without detailed a priori knowledge of 

the history of past disturbance. Here a variant of the CST method is used to detect and 

remove the disturbance 'noise' superimposed on the climate signal in the tree-ring 

record and evaluate the spatio-temporal occurrence of disturbance events in RW 

chronologies from the Scottish pine network. The climate signal in the pre- and post-

correction chronologies is assessed using both simulated chronologies from the VS-

Lite (Tolwinski-Ward et al., 2011) forward growth model and regional instrumental 

temperature data. Differences between the corrected and uncorrected RW 

chronologies are further evaluated using a maximum latewood density (MXD) 

composite chronology from multiple sites across northern Scotland. 
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Region Site Name Site 
Code 

Latitude 
(N) 

Longitude 
(W) 

Elevation 
(m.a.s.l.) 

First 
Year 

Last 
Year 

No. of 
series 

Period covered 
by ≥10 series 

          
North Highlands Alladale ALD/UAL 57°52' 4°42' 280-380 1626 2012 52 1743-2012 

 Rhidorroch RHD 57°53' 4°59' 180-230 1708 2012 24 1762-2012 
          

NW Highlands Achnashellach-East ACE 57°29' 5°15' 100-130 1711 2009 28 1750-2009 
 Achnashellach-West ACW 57°28' 5°18' 100-120 1767 2009 21 1865-2009 
 Coulin COU 57°32' 5°21' 250 1636 2009 67 1702-2009 
 Coulin (MXD) COU 57°32' 5°21' 250 1671 1978 21 1793-1978 
 Glen Grudie GRD 57°38' 5°25' 70-120 1634 2009 30 1728-2009 
 Loch Maree LM 57°37' 5°21' 100 1621 2009 70 1748-2009 
 Loch Maree (MXD) LM 57°37' 5°21' 100 1756 1978 16 1846-1978 
 Shieldaig SHG 57°30' 5°37' 10-100 1801 2011 45 1866-2011 
          

West Highlands Glen Affric GAF 57°17' 4°55' 300 1693 2013 189 1713-2013 
 Glen Affric (MXD) GAF 57°17' 4°55' 300 1728 2013 50 1758-2013 
 Glen Garry GLG 57°03' 4°56' 190 1747 2009 41 1799-2009 
 Loch Hourn HOU 57°07' 5°27' 90-240 1802 2007 10 1859-2007 
 Glen Loyne LOY 57°09' 5°05' 240-370 1458 2007 57 1559-2003 
          

SW Highlands Coille Coire Chuilc CCC 56°25' 4°42' 210-280 1686 2011 20 1828-2011 

 Glen Falloch GLF 56°22' 4°39' 160-200 1508 2011 98 1600-2011 
 Glen Orchy GOS 56°27' 4°53' 200-210 1710 2009 22 1833-2009 
 Meggernie MEG 56°34' 4°20' 325 1742 2011 20 1854-2011 
 Rannoch RANN 56°40' 4°19' 320 1703 2010 81 1784-2010 
          

NW Cairngorms Abernethy - East ABE 57°13' 3°34' 340-450 1634 2009 68 1747-2009 
 Abernethy - North ABN 57°14' 3°41' 240-340 1859 2009 84 1863-2009 
 Abernethy - West ABW 57°12' 3°38' 350-420 1735 2009 80 1783-2009 
 Abernethy - West (MXD) ABW 57°12' 3°38' 350-420 1691 2013 13 1864-2013 
 Badan Mosach BAM 57°03' 3°53' 370-420 1763 2008 25 1845-2008 
 Creag Fhiaclach CRF 57°08' 3°49' 500-550 1690 2009 61 1769-2009 
 Carn Eilrig CRNE 57°08' 3°46' 480-540 1735 2008 23 1824-2008 
 Glen Feshie GF 57°05' 3°52' 480-540 1811 2006 24 1849-2006 
 Green Loch GRN 57°10' 3°39' 370-480 1607 2013 141 1721-2013 
 Green Loch (MXD) GRN 57°10' 3°39' 370-480 1734 2013 10 1876-1909 

 
Table 3.1: Summary information for sites and site chronologies from the Scottish Highlands. (Chronologies 

which are either partly or entirely composed of data from the ITRDB are underscored.) 
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Table 3.1 (continued) 
 

Region Site Name Site 
Code 

Latitude 
(N) 

Longitude 
(W) 

Elevation 
(m.a.s.l.) 

First 
Year 

Last 
Year 

No. of 
series 

Period covered 
by ≥10 series 

          
NW Cairngorms Loch an Eilein LE 57°09' 3°49' 260 1755 2013 173 1841-2013 

 Loch an Eilein (MXD) LE 57°09' 3°49' 260 1828 2013 18 1871-2013 
 Loch Gamnha LG 57°08' 3°50' 275 1694 2010 36 1775-2010 
 Loch Gamnha (MXD) LG 57°08' 3°50' 275 1763 2013 20 1851-2013 
 Morlich MOR 57°09' 3°41' 410-450 1740 2009 26 1782-2006 
 Ryvoan RYO 57°10' 3°39' 420-480 1778 2011 25 1794-2011 
 Ryvoan (MXD) RYO 57°10' 3°39' 420-480 1769 2011 17 1828-2011 
 Upper Glen Feshie UGF 56°59' 3°52' 400-520 1718 2010 90 1754-2010 
          

SE Cairngorms Derry East GDE 57°01' 3°34' 480-530 1629 2008 54 1741-2008 
 Derry East (MXD) GDE 57°01' 3°34' 480-530 1773 1978 26 1806-1978 
 Derry North GDN 57°03' 3°35' 530-600 1477 2010 71 1617-2010 
 Derry West GDW 57°01' 3°35' 450-520 1739 2008 18 1773-2008 
 GhleannEast GLE 57°02' 3°28' 490-540 1697 2008 31 1760-2008 
 GhleannWest GLW 57°03' 3°31' 480-550 1744 2008 24 1764-2008 
 Glen Tanar GTA 57°01' 2°50' 306-379 1699 2012 25 1822-2012 
 Inverey INV 57°00' 3°31' 500-550 1706 2011 55 1720-2011 
 Inverey (MXD) INV 57°00' 3°31' 500-550 1706 1976 24 1731-1976 
 Luibeg LUI 57°01' 3°36' 460-540 1657 2008 31 1711-2008 
 Mar Lodge MAL 56°59' 3°30' 350 1828 2008 26 1837-2008 
 Upper Punch Bowl PNB 57°00' 3°28' 450-550 1681 2008 22 1839-2008 
 Quoich QUO 57°01' 3°31' 430-500 1657 2011 43 1707-2011 
          

South Cairngorms Bachnagairn BAG 56°54' 3°14' 500-560 1833 2008 20 1847-2008 
 Ballochbuie BAL 56°58' 3°19' 300-500 1589 2011 86 1677-2011 
 Ballochbuie (MXD) BAL 56°58' 3°19' 300-500 1675 2011 44 1729-2011 
 Drimmie DRIM 56°38' 3°21' 215 1824 2010 38 1832-2010 
 Drimmie (MXD) DRIM 56°38' 3°21' 215 1828 1976 22 1843-1976 
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3.2 Materials and methods 

 

3.2.1 Sampling sites and tree-ring data 

 The entire network of 44 RW Scots pine chronologies from the Scottish 

Highlands was utilised in this study (Figure 3.1). Seven of these chronologies were 

supplemented with RW data from the International Tree-Ring Data Bank originally 

used in Hughes et al. (1984) to reconstruct Edinburgh summer temperatures (ITRDB - 

Grissino-Mayer and Fritts, 1997; ITRDB, 2014). The Scottish regional maximum 

latewood density (MXD) chronology was developed from 12 individual site 

chronologies (7 of which included MXD data archived in the ITRDB). A summary of 

individual site and chronology information is listed in Table 3.1. Two sub-regional 

clusters were defined for the Cairngorms National Park (including the southeast 

Highland site 'Drimmie' - hereafter referred to as 'Cairngorms') and the sites stretching 

from the SW to the NW Highlands (hereafter referred to as 'West'). For RW 

measurement, following standard dendrochronological practice (Stokes and Smiley, 

1968), samples were air-dried, mounted, sanded and visually crossdated before 

measurement. Samples were measured to a precision of 0.001 mm with either a Velmex 

traversing measuring stage or CooRecorder (Larsson, 2014) from scanned sample 

images. With the exception of the 'older' ITRDB archived data, measurement of MXD 

followed the procedures described in Chapter 2 (Section 2.2.1) and Rydval et al. (2014). 

Crossdating was statistically validated using COFECHA (Holmes, 1983) and CDendro 

(Larsson, 2014). 

 

3.2.2 Intervention detection and disturbance correction  

 The procedure employed for disturbance correction follows Druckenbrod et al. 

(2013) and is briefly outlined below. Before detrending, power transformation (Cook 

and Peters, 1997) of the measurements was performed in order to reduce 

heteroscedasticity in the RW series (or in other words, to limit the increase in spread of 

the data with increasing level). For each series, the appropriate power transformation 

(PT) was determined from the slope (b) of the regression in logarithmic space between 

the local level and spread of the data as PT = 1 - b. Each original RW measurement in 

the series (Rt) was then transformed as Rt
PT. This form of variance stabilisation of the 

RW series was performed to permit the calculation of unbiased index estimates by 
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subtraction (Cook and Peters, 1997). The transformed measurement series were then 

detrended by fitting either negative exponential or linear regression functions.  

 The order (p) of the autoregressive (AR) model, which best fits each series and 

AR model parameters were determined according to the maximum entropy 'Burg' 

method (Barnard, 1975). A residual time series from the AR model estimates and the 

detrended series were calculated. Inverse modelling was applied for the first 'p' indices 

to permit the calculation of residuals for the full length of the series. Values for years 

with missing rings were estimated using 1-step ahead AR model predictions.  

 Instead of attempting to identify outliers from individual years, periods of 

residuals over several years were used to detect statistical outliers. Running means with 

varying window lengths (here between 9 and 30 years) were used for outlier detection. 

As the distribution of these running means should approach a Gaussian distribution, it is 

possible to identify residual means beyond a specified threshold as outliers from this 

distribution. Tukey's bi-weight mean and scale (robust equivalent of standard deviation) 

were used to give more robust measures as some distributions may only approximate a 

Gaussian distribution. A sequence of residuals was identified as an outlier when it 

exceeded a scale of 3.29 from the bi-weight mean (representing 99.9% of observations 

from the distribution) as this was considered to offer a suitable balance between limiting 

the likelihood of committing type I and type II errors.  

 From all sets of detected outliers using a range of window lengths, the largest 

outlier was used to determine the first year of the intervention and also the window 

length which can be used to best characterise it. The disturbance trend was then 

removed, the AR model re-determined and the entire process was iteratively repeated 

until no outliers were detected. For computational purposes, a maximum of 20 iterations 

were used, although it is very unlikely that so many interventions would ever be 

detected in a single RW series. In the CST method, removal of the disturbance trend 

was performed by fitting a linear regression to the outlier period. Additional details 

pertaining to the CST approach are described in Druckenbrod et al. (2013). 

 With the application of the CST method, it has been observed that on occasion 

the removal of disturbance trends in some series may lead to sections of the corrected 

series attaining negative measurement values when re-expressed in original 

measurement units (see Figure B1a in Appendix B). Since negative measurements are 

illogical, all such values are treated as if no growth occurs (i.e. zero growth). This leads 

to a possible loss of information and also creates a potential problem when attempting 
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to detrend series corrected with CST. For example, ARSTAN (Cook and Holmes, 1986) 

is widely used for detrending tree-ring measurement data. However, the programme 

does not permit fitting a detrending function to measurements if this function were to be 

negative at any point. Even with power transformed series, this issue can occur with 

series which approach or reach 'zero' measurement values (see Figure B2 in Appendix B 

for an example).  

 Although it is possible to utilise the transformed / detrended versions of the 

CST-corrected series for further analysis without the need to re-express these in original 

measurement units, this would prevent the application of alternative detrending 

approaches (which may be of particular importance for dendroclimatological analysis) 

other than the one currently integrated within the CST procedure as described above. 

Although it is possible to remove series that exhibit such characteristics (i.e. containing 

a series of zero measurement values), this would not be desirable since ~5-10% of series 

may typically be affected and their exclusion would therefore lead to further removal of 

valuable information. As an alternative approach, a constant of 1 mm was added to all 

measurements prior to commencing the disturbance detection procedure in order to 

prevent the above-mentioned issues from occurring (see Figure B1b in Appendix B). 

Although this 'shift' results in a variance reduction of the detrended chronologies, there 

is little difference between the transformed and untransformed chronologies, with the 

overall trends remaining unaffected (see Figure B3 in Appendix B). The shifted 

versions of both the pre-correction (pre-CST) and post-correction (post-CST) 

chronologies were used in all subsequent analysis. 

 Another issue occurs in situations where a disturbance event leads to a 

temporary growth release followed by a return to lower growth rates after a few years or 

decades. A positive intervention (release event) would first be detected and corrected 

(Figure B4a in Appendix B) and then a negative intervention (suppression event) would 

only be detected and corrected on the next iteration as growth rates decrease towards the 

end of the growth release (Figure B4b in Appendix B). The reverse would be true for 

periods of temporarily suppressed growth. In this two-step process, if only the first 

intervention is detected and the latter does not exceed the outlier detection threshold, 

then it may result in a series with an artificially induced positive slope (or negative 

slope for suppression events) from the year of correction onwards. Consequently, such a 

series may exhibit either artificially reduced (very small or even zero) inferred 

increment size towards the end of the series following release events (or artificial 
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inflation in the case of suppression events). In extreme cases or when occurring more 

frequently, these limitations could affect the overall structure and trends in a site 

chronology and would certainly affect attempts to develop for example a regional 

standardisation curve (Briffa and Melvin, 2011).  

For this study, a modified version of the CST method was therefore utilised. 

Unlike CST, this modified version features an improved curve-based disturbance trend 

removal mechanism (Warren, 1980) which is used to remove disturbance release events 

in a single step. This adjusted version is referred to here as 'combined curve and trend 

intervention detection' (CCT). The CCT version resolves the two-step disturbance trend 

removal issue altogether by correcting for the growth release in a single step. After 

correction, the time series data are re-expressed as raw (non-detrended) measurements 

after the original growth trends are added to the disturbance-corrected data. In this way, 

a range of detrending approaches can be applied to both the pre- and post-CCT 

corrected measurement series using commonly utilised detrending packages (e.g. 

ARSTAN - Cook and Holmes, 1986). 

 It should be noted that the initiation of disturbance-related growth releases, as 

they are detected, may not reflect the actual initiation year precisely (Druckenbrod et al., 

2013). Also, the timing of the response to a disturbance event may differ between 

individual trees as some may react earlier than others. For these reasons and also in the 

interest of simplifying interpretation, rather than presenting detected disturbance events 

on an annual scale, disturbance initiation years are grouped and presented according to 

the decade in which they were detected. 

 

3.2.3 Chronology development 

With standard data-adaptive detrending approaches, the curve fitting procedure 

can be affected by the presence of the common (presumably climatic) forcing and so the 

removal of the fitted trend risks that some of the variance, related to the influence of 

climate, will also be removed. This effect has been termed "trend distortion" (Melvin 

and Briffa, 2008). Signal Free (SF) detrending (Melvin and Briffa, 2008) was developed 

with the intention to limit chronology trend distortion resulting from commonly applied 

standardisation procedures. Essentially, the procedure removes the common (climatic) 

signal which may otherwise bias the fitting of the detrending functions. This can be 

achieved by removing the common chronology signal (determined using a traditional 

curve fitting detrending procedure) by division from individual non-detrended series to 
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produce 'signal free' series. By fitting detrending curves to the signal free series and 

applying those functions to the standardisation of the original non-detrended 

measurement series, the series can be detrended without the presence of the common 

chronology signal. The process is iteratively repeated until the difference between 

consecutive chronologies is minimal. In this way, the possibility of removing common 

external forcing trends (i.e. the climate influence), whose preservation is intended, is 

greatly reduced (Melvin and Briffa, 2008).   

 In this study, SF detrending was used to detrend all series (pre- and post-CCT). 

SF detrending was performed by fitting negative exponential or negative linear 

functions to the series. Indices were calculated as ratios by division and variance 

stabilisation (Osborn et al., 1997) of the time series was performed to minimise artificial 

changes in chronology variance primarily as a result of changing sample size, 

particularly when sample size is low. Tukey's robust bi-weight mean was used to limit 

the influence of outliers on the final mean index calculation (Cook and Kairiukstis, 

1990). An alternative, non-SF detrending approach was also explored using the more 

conventional negative exponential or linear functions with negative slope (NX) in 

ARSTAN (Cook and Holmes, 1986) with indices calculated as residuals after power 

transformation. Analysis using the NX chronologies produced broadly similar though 

generally weaker results and are shown in Appendix B (Figures B5-B7).  

 

3.2.4 Assessing CCT correction 

 In order to assess chronology changes resulting from disturbance trend removal 

and more specifically to ascertain whether improvement of the RW chronology climate 

signal had occurred, three separate approaches were utilised; 

 

3.2.4.1 Correlation with instrumental data 

 Following the procedure in Chapter 2 (Section 2.3.2.2) and Rydval et al. (2014), 

mean monthly surface temperatures for Scotland (SMT - Jones and Lister, 2004), which 

include data until the end of 2004, were extended by scaling the average of 0.5° CRU 

TS3.10 mean monthly gridded temperature data (Harris et al., 2014) covering the 

Scottish Highlands to the SMT dataset using the 1901-2004 common period of overlap. 

The 2005-2009 scaled gridded data were appended to SMT to produce an extended 

SMT (ESMT) dataset. The correlation between ESMT temperature over the January-

August (Jan-Aug) period and sub-regional or individual site chronologies is used as an 
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indicator of potential post-CCT improvement of the signal (i.e. where disturbance noise 

has been reduced). 
 

3.2.4.2 VS-Lite growth modelling 

 The application of growth simulation modelling can provide insight into 

observed growth by the production of a synthetic record of expected growth behaviour 

based on climatic forcing alone (Evans et al., 2013). Derived from the Vaganov-

Shashkin (VS) model (Vaganov et al., 2006), VS-Lite (Tolwinski-Ward et al., 2011) is a 

streamlined, monthly resolution process-based mechanistic forward model of tree-ring 

growth. The model allows for non-linear and non-stationary climate influence on tree 

growth, and therefore permits greater complexity than linear empirical statistical 

approaches to growth modelling (Tolwinski-Ward et al., 2011; Tolwinski-Ward, 2012). 

The model requires monthly precipitation and temperature data, and its relative 

simplicity offers the potential for extensive application. VS-Lite utilises only 12 model 

parameters compared to over 40 for the full VS model.  

A range of studies conducted in various regions have employed the VS (e.g. 

Anchukaitis et al. 2006 in the southeastern United States; Evans et al., 2006 in Russia 

and North America; and Touchan et al. 2011 in Tunisia, the Mediterranean and North 

Africa) and VS-Lite (e.g. Tolwinski-Ward et al., 2011 in the United States) models to 

aid the understanding and interpretation of the relationship between environmental 

variables and growth increment formation. Analysis of differences between actual and 

modelled RW data has distinct advantages over evaluating chronology performance by 

its response to instrumental climate data. Specifically, simulated growth is controlled by 

the climatic variable (temperature or precipitation, which determines moisture 

availability) that is the most limiting at a particular time. The growth response of RW 

data simulated by VS-Lite need not be constrained to reflect a particular seasonal 

window as the integration of annual growth is primarily driven by input climate data 

and the length of the growth season and the contribution to annual growth from 

individual months can vary between years. 

 Using VS-Lite, pseudo-ring-width chronologies were generated for the 1901-

2009 period for each site using mean monthly CRU TS3.10 gridded 0.5° temperature 

and precipitation data (Harris et al., 2014) overlapping with the location of each site, 

along with the latitude of each site. Gridded temperature data were also adjusted for site 

elevation (Mr Ian Harris, 2013, pers.comm.). Two sub-regional composite chronologies 
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‘Cairngorms’ and ‘West’, were also compared against VS-Lite models developed using 

an average of the gridded climate data covering each of the sub-regions. The average of 

the locations of all sites within each sub-region was used to determine the input latitude 

for the sub-regional models. 

Model parameters and their settings used in this analysis are listed in Table 3.2 

and a detailed description is available in Tolwinski-Ward et al. (2011) which also 

includes a general overview of VS-Lite functionality. Monte Carlo simulations (2500 

iterations) were carried out by incrementally varying the VS-Lite minimum and optimal 

growth parameters for temperature (T1, T2) and soil moisture (M1, M2) within the 

parameter range provided in Table 3.2. The optimal or 'best' models were selected based 

on highest correlation with individual site or sub-regional chronologies.     
  

Temperature response parameters   
Threshold temperature for gT > 0 T1 ∈[0°C, 8.5°C] 
Threshold temperature for gT = 1 T2 ∈[9°C, 20°C] 
   
Moisture response parameters   
Threshold soil moisture for gM > 0 M1 ∈[0.01, 0.03] v/v 
Threshold soil moisture for gM = 1 M2 ∈[0.1, 0.5] v/v 
   
Soil moisture parameters   
Runoff parameter 1 α 0.093 month-1 
Runoff parameter 2 μ 5.8 
Runoff parameter 3 m 4.886 
Max. moisture held by soil Wmax 0.76 v/v 
Min. moisture held by soil Wmin 0.01 v/v 
Root (bucket) depth dr 1000 mm 
   
Integration window parameters   
Integration start month I0 -2 (pNov) 
Integration end month If 12 (Dec) 

 
Table 3.2: VS-lite model parameters. gT and gM represents growth response function due to 

temperature and moisture, respectively - (adapted from Table 1 in Tolwinsi-Ward et 
al. (2011)). 

 

3.2.4.3 Comparison with MXD chronology  

 The previous two methods do not provide any assessment of the pre- and post-

CCT chronologies before 1866 and 1901 respectively. As individual MXD site 

chronologies possess a consistently stronger climate signal and are less variable 

between sites, it is therefore assumed that they are either not impacted at all by 
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disturbance or systematically less affected than RW. Therefore, as an additional 

assessment of the RW chronologies, the correlation between each pre- and post-CCT 

chronology is calculated (for periods with replication ≥ 10 series) against a composite 

MXD chronology utilising data from 12 Highland sites (Figure 3.1 and Table 3.1) 

extending over the period 1713-2009.  

 The MXD composite chronology was developed by fitting negatively sloping 

linear functions to the MXD series with the application of SF detrending. Detrended 

indices were calculated as residuals of the measured series and the fitted curves. To 

produce the MXD chronology, the bi-weight mean of the series indices was calculated 

and chronology variance was stabilised using a 51 year window to account for changing 

sample replication and mean inter-series correlation (RBAR) over time. The MXD 

composite chronology is displayed in Figure A5 in Appendix A. 

 
3.3 Results 

 

3.3.1 Sub-regional disturbance timeline 

 The incidence of identified disturbances in the Highlands is summarised in 

Figure 3.3 for each decade (see Figures B8 and B9 in Appendix B for individual site 

chronology disturbance assessment). These results represent the sub-regional scale 

history of years in which the initiation of disturbance related growth releases was 

detected. Even though sample replication in the West Highlands remains lower than that 

of the Cairngorms during most periods, the absolute number of identified events is 

greater in the former, particularly during the early 18th to mid-19th centuries.  

 By adjusting for changes in replication, a clearer comparison of disturbance 

frequency can be determined (Figure 3.3b). The proportion of disturbance events 

remains consistently higher in the West until ~1860. Thereafter, the proportion of 

disturbance events decreases to a lower level and remains similar for both sub-regions. 

A significant correlation (r = 0.36, p = 0.022) between the Cairngorms and West 

disturbance frequency histograms in Figure 3.3b was observed for the 1600-1999 

period. This relationship was found to be stronger when only the periods 1700-1999 (r = 

0.67; p < 0.001) and 1800-1999 (r = 0.73; p < 0.001) were considered. Using first-

differenced data the correlations were (r = 0.58, p < 0.001; r = 0.58, p = 0.001; r = 0.56, 

p = 0.011) for the three periods, respectively. 
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 Figure 3.3: Disturbance event timeline of pulse releases and total replication for the 
Cairngorms and West Highlands. Disturbance events are grouped according to the 
decade in which the disturbances were initiated. Results are displayed as (A) the 
absolute number of events (bars) including replication over time for both sub-regions 
(shaded area), and (B) the fraction of disturbed samples as a function of mean decadal 
replication, (C) chronology of the total average amount of growth attributable to 
disturbance releases and (D) mean size of growth release over time considering only 
those series which contain disturbance releases at a particular time (results in B, C 
and D are displayed only for periods when average replication is > 20 for both sub-
regional chronologies). 
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 Replication-adjusted chronologies of the mean size of disturbance-related 

growth releases provide an indication of the mean amount of additional increment 

growth attributable to disturbance releases (Figure 3.3c). The results provide further 

indication that, overall, sites in the West Highlands experienced relatively more 

disturbance-related growth release, particularly throughout the 19th century. A further 

notable difference is the presence of higher magnitude shorter-term growth release 

pulses in the West which do not occur to the same extent or degree in the Cairngorms 

network.  

Comparing the mean size of growth releases in the West and Cairngorms 

demonstrates that the magnitude of the growth release remains similar for both sub-

regions with the exception of the mid-17th and 19th century when the average size of 

released growth is greater in the West (Figure 3.3d). A similar deviation is observed 

from the second half of the 16th century until ~1620, although this observation should be 

viewed with less confidence due to very low replication in this period. 
 

3.3.2 Pre- and post-CCT comparison with instrumental, VS-Lite and MXD data 

 The seasonal response of the Cairngorms and West RW chronologies to 

temperature is primarily weighted to the July to August summer season, although a 

broader winter-summer seasonal response from January or December of the previous 

year until August is also present (Figure 3.4). The unfiltered pre-CCT response of the 

Western composite is considerably weaker than that of the equivalent Cairngorms 

(Figure 3.4 a, b). However, while the response of chronologies from both sub-regions 

improves after CCT correction, the degree of post-CCT improvement is much greater 

for the West. The high frequency (first differenced) results (Figure 3.4 c, d) show a 

similar seasonal response pattern to the unfiltered data, although in this case with only 

minor differences between Cairngorms and West, and no change is observed in the 

response between the pre- and post-CCT versions. 
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Figure 3.4: Correlation response for Cairngorms and West vs. ESMT temperature using (A) 

pre-CCT and (B) post-CCT chronologies with negative exponential or linear 
detrending and (C) high frequency (1st differenced versions) of the pre-CCT and (D) 
post-CCT vs. 1st differenced ESMT temperatures. (2 standard deviation (SD) range is 
based on correlations of all individual site chronologies in each sub-region with 
instrumental temperatures.) 
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 The general post-CCT improvement in the correlations between chronologies 

and gridded instrumental temperature data is illustrated in Figure 3.5. In general, 

greatest improvement is observed with the West chronologies while there is little 

overall change in the pre- and post-CCT Cairngorms chronologies, although the extent 

of the changes varies from site to site. While correlations for some sites are lower after 

CCT correction, these poorer results are mostly minimal in scale and generally involve 

sites that already display reasonably high pre-CCT correlations. Despite minor 

differences, primarily in the absolute magnitude of the relationship, the correlation 

changes using simulated VS-Lite chronologies mostly agree with and support in their 

sign and magnitude the correlation changes identified with the instrumental temperature 

data. 
 

 
 

Figure 3.5: Change in correlation between the pre- and post-CCT versions of individual 
site chronologies with January-August mean seasonal temperature (left bars - 
using the 1886-2009* period) and with simulated VS-Lite chronologies (right 
bars - using the 1901-2009* period). Size of green (red) bars indicates 
magnitude of post-CCT correlation increase (decrease) with instrumental or 
VS-Lite data in relation to pre-CCT versions. Rightmost results represent 
mean overall change for each sub-region (* chronologies BAG, BAM, CE, 
GDE, GDW, GLE, GLW, LUI, ML, PNB end in 2008, HOU, LOYNE end in 2007, 
and GF ends in 2006). 

 
 Sub-regional chronologies of the Cairngorms and West Highland sites (Figure 

3.6a) highlight differences in trend during several periods. Persistent departures between 

the two chronologies lasting more than a decade occur in the early 18th century, mid- to 

late 19th century and after ~1970. Correlations with the ESMT January-August mean 

temperature over the 1866-2009 period indicate that overall the West Highland 
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chronology expresses a weaker climate signal (r = 0.37) than the Cairngorms 

chronology (r = 0.62). Periods when differences occur between the regional 

chronologies coincide with patterns of disturbance release in Figure 3.3c and 

particularly events in the mid-19th century. 
 

 
 

Figure 3.6: Pre-CCT chronologies for (A) the Cairngorms and the West sub-regions, pre- and 
post-CCT chronologies for (B) the Cairngorms and (C) the West, and (D) post-CCT 
chronologies for both sub-regions using SF detrending (notable periods of pre-CCT 
disagreement are highlighted). 

 
 The comparison of pre- and post-CCT chronologies (Figure 3.6b-d) 

demonstrates that differences in the Cairngorms chronology before and after correction 

are minimal. However, a more extensive transformation is observed with the West 
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chronology. Among the most apparent post-CCT differences in the West chronology are 

the lower mid-19th century indices and also higher index values in the late 20th century. 

Increases in index values additionally occur in the early 18th century and around 1800. 

These changes also translate to a considerable improvement in the correlation with 

instrumental temperature data between 1866 and 2009 (r(pre-CCT) = 0.37; r(post-CCT) = 

0.58). Greater similarity between the Cairngorms and West chronologies after CCT 

correction over the 1650-2010 period is also observed (r(pre-CCT) = 0.64; r(post-CCT) = 0.72). 

 Comparison of real sub-regional chronologies with those simulated by VS-Lite  

(Figure 3.7) reinforce the findings of the chronology assessments performed using 

instrumental temperature data (Figure 3.6). The Cairngorms chronologies before and 

after CCT correction are nearly identical with no statistically significant change in 

agreement against the 'best' VS-Lite model (r = 0.60 and r = 0.62 against model output, 

respectively). More extensive changes to the trend of the post-CCT West chronology 

(specifically the lower post-CCT values around 1940 and a more positive trend from 

~1970 onwards) result in considerably better agreement with the VS-Lite model 

simulation (r = 0.48) compared to the pre-CCT results (r = 0.26). 
 

 
 

Figure 3.7: Pre- and post-CCT chronologies with SF detrending for (A) the Cairngorms and (B) 
the West compared against VS-lite models derived using regional grid climate data 
for the 1901-2009 period (best model is based on highest correlation with RW 
chronology; confidence limits are based on min and max ranges from 2500 Monte 
Carlo simulations). 
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Jan-Aug 

temp. MXD Agreement?   
Jan-Aug 

temp. MXD Agreement? 
         

ABE-pre-CCT 0.285 0.404   GLW-pre-CCT 0.498 0.420  

ABE-post-CCT 0.457 0.375   GLW-post-CCT 0.526 0.371  
         

ABN-pre-CCT 0.183 0.301   GRN-pre-CCT 0.492 0.454  

ABN-post-CCT 0.279 0.370   GRN-post-CCT 0.453 0.456  
         

ABW-pre-CCT 0.476 0.520   GTA-pre-CCT 0.247 0.345  

ABW-post-CCT 0.562 0.502   GTA-post-CCT 0.235 0.324  
         

BAG-pre-CCT 0.304 0.335   INV-pre-CCT 0.552 0.570  

BAG-post-CCT 0.392 0.397   INV-post-CCT 0.528 0.552  
         

BAL-pre-CCT 0.499 0.517   LE-pre-CCT 0.356 0.368  

BAL-post-CCT 0.445 0.405   LE-post-CCT 0.537 0.486  
         

BAM-pre-CCT 0.387 0.372   LG-pre-CCT -0.027 0.195  

BAM-post-CCT 0.592 0.540   LG-post-CCT 0.302 0.272  
         

CRF-pre-CCT 0.426 0.416   LUI-pre-CCT 0.355 0.351  

CRF-post-CCT 0.475 0.396   LUI-post-CCT 0.336 0.368  
         

CRNE-pre-CCT 0.412 0.333   ML-pre-CCT 0.456 0.352  

CRNE-post-CCT 0.291 0.264   ML-post-CCT 0.444 0.353  
         

DRIM-pre-CCT 0.323 0.241   MOR-pre-CCT 0.480 0.468  

DRIM-post-CCT 0.190 0.009   MOR-post-CCT 0.470 0.461  
         

GDE-pre-CCT 0.534 0.578   PNB-pre-CCT 0.358 0.293  

GDE-post-CCT 0.463 0.524   PNB-post-CCT 0.429 0.344  
         

GDN-pre-CCT 0.572 0.586   QUO-pre-CCT 0.594 0.485  

GDN-post-CCT 0.527 0.483   QUO-post-CCT 0.504 0.414  
         

GDW-pre-CCT 0.483 0.440   RYO-pre-CCT 0.480 0.470  

GDW-post-CCT 0.458 0.420   RYO-post-CCT 0.467 0.447  
         

GF-pre-CCT 0.407 0.400   UGF-pre-CCT 0.499 0.501  

GF-post-CCT 0.397 0.405   UGF-post-CCT 0.424 0.379  
         

GLE-pre-CCT 0.502 0.480       

GLE-post-CCT 0.519 0.407       
 

Table 3.3: Correlation results of individual Cairngorms site pre-CCT and post-CCT (SF) 
chronologies with instrumental temperature and the Scotland MXD chronology (SF 
detrending). Numbers in green indicate post-CCT correlation increase, red = 
correlation decrease, blue = minimal correlation change (≤ 0.01). The last column 
summarises whether the direction of change (increase or decrease) in correlation with 
instrumental temperature is in agreement (green) or disagreement (red) with the 
change in correlation with the Scotland MXD chronology (note that for each site 
where there is no considerable correlation change (marked as blue) in at least one of 
the indicators, this is not considered to constitute disagreement regardless of the 
direction of change in the second indicator). 

 
In addition to including correlation changes with instrumental temperatures (also 

presented graphically in Figure 3.5), changes in the correlation between individual site 

RW chronologies and the Scotland MXD composite chronology are presented for the 
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Cairngorms in Table 3.3 and for the West in Table 3.4. Correlation changes of RW 

chronologies evaluated with the VS-Lite simulations were not included in this 

assessment because overall results were similar to the instrumental temperature 

assessment as was already noted in relation to Figure 3.5. Regardless of the actual 

direction of the change, when comparing the RW chronology correlations with ESMT 

temperature and with the MXD chronology, there is general agreement in the direction 

of change (either correlation increase or decrease) in 21 out of 27 of the Cairngorms 

chronologies (Table 3.3). When considering correlation change results of the West 

chronologies (Table 3.4), there is agreement in 15 out of 17 chronologies, which is 

proportionally more than for the Cairngorms. 
 

 

 
Jan-Aug 

temp. MXD Agreement?   
Jan-Aug 

temp. MXD Agreement? 
         

ACE-pre-CCT 0.431 0.456   GRD-pre-CCT -0.152 -0.035  

ACE-post-CCT 0.271 0.338   GRD-post-CCT 0.323 0.326  
         

ACW-pre-CCT -0.084 0.062   HOU-pre-CCT 0.234 0.225  

ACW-post-CCT 0.103 0.224   HOU-post-CCT 0.326 0.327  
         

ALD-pre-CCT 0.283 0.480   LM-pre-CCT 0.149 0.223  

ALD-post-CCT 0.453 0.472   LM-post-CCT 0.344 0.440  
         

CCC-pre-CCT -0.011 0.116   LOY-pre-CCT 0.100 0.298  

CCC-post-CCT 0.305 0.320   LOY-post-CCT 0.182 0.384  
         

COU-pre-CCT 0.205 0.360   MEG-pre-CCT 0.256 0.261  

COU-post-CCT 0.265 0.313   MEG-post-CCT 0.218 0.231  
         

GAF-pre-CCT 0.208 0.470   RANN-pre-CCT -0.038 0.127  

GAF-post-CCT 0.453 0.564   RANN-post-CCT 0.278 0.362  
         

GLF-pre-CCT 0.374 0.282   RHD-pre-CCT 0.401 0.405  

GLF-post-CCT 0.403 0.248   RHD-post-CCT 0.398 0.387  
         

GLG-pre-CCT 0.503 0.498   SHG-pre-CCT 0.371 0.338  

GLG-post-CCT 0.422 0.441   SHG-post-CCT 0.341 0.273  
         

GOS-pre-CCT 0.193 0.008       

GOS-post-CCT 0.348 0.241       
 

Table 3.4: Correlation results of individual West site pre-CCT and post-CCT (SF) chronologies 
with instrumental temperature and the Scotland MXD chronology (SF detrending). 
Numbers in green indicate post-CCT correlation increase, red = correlation decrease, 
blue = no considerable correlation change (≤ 0.01). The last column summarises 
whether the direction of change (increase or decrease) in correlation with instrumental 
temperature is in agreement (green) or disagreement (red) with the change in 
correlation with the Scotland MXD chronology (note that for each site where there is 
no considerable correlation change (marked as blue) in at least one of the indicators, 
this is not considered to constitute disagreement regardless of the direction of change 
in the second indicator).  
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3.4 Discussion 

 

3.4.1 Seasonal temperature response 

 Although the strongest temperature response is in the summer months, previous 

studies have also identified a broader seasonal window in Scottish RW chronologies 

(e.g. Fish et al., 2010; Grace and Norton, 1990; Wilson et al., 2012). Looking at the full 

Scottish network, although there are differences in response strength between the 

Cairngorms and West sub-regions, the results in Figure 3.4 suggest that the January-

through-August seasonal response is one of the most strongly correlated seasonal 

windows and was selected here as the seasonal target since this response is consistently 

strong for trees between the two sub-regions. Minimal differences between the 

Cairngorms and West high frequency response suggests that the sub-regional 

differences are related to (presumably disturbance-affected) medium and lower 

frequency trend differences. Additionally, virtually no difference between the 1st 

differenced pre- and post-CCT versions indicates no influence of CCT correction on the 

high frequency of the RW data.  

 

3.4.2 Disturbance patterns 

 Although disturbance events were detected in the Cairngorms chronologies, the 

number of identified interventions are fewer and they are less clustered and temporally 

more evenly spread out than in the West. Minor changes to the Cairngorms chronology 

after CCT correction (Figure 3.6a) suggests limited influence of disturbance on the 

climate signal, which is supported by comparison to the VS-Lite simulations (Figure 

3.7a). Conversely, our results indicate a substantial degree of disturbance at sites in the 

west of the Highlands, which partially obscures the climate signal and specifically the 

longer term trends. 

 Differences between the West and Cairngorms disturbance records can be 

interpreted to reflect the disparity of woodland exploitation. This suggests a greater 

scale and extent of exploitation in the West from the beginning of the 18th until the mid-

19th century, which is also apparent in the RW chronology. The timing of disturbance 

events occurs systematically in the West Highlands around the mid-19th century. The 

presence of inflated RW indices in the West chronology (Figure 3.6b) at ~1850 affects 

the empirical statistical fit of the detrending curve, biasing the calculation of indices 

towards the end of the time series (Melvin and Briffa, 2008). This results in an 
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underestimation of indices in the latter part of the West chronology, which is most 

apparent in the recent ~40 year period.  

 After CCT correction, lower mid-19th century indices in the West chronology 

translate into higher index values in the late-20th century, resulting in considerable 

chronology and climate signal improvement (Figure 3.6c). The evaluation of West and 

Cairngorms chronologies before and after CCT correction against VS-lite model 

simulations supports the instrumental correlation results by validating the general 

improvement of the climate signal in the post-CCT chronologies. 

 Using two approaches to assess corrected and uncorrected chronologies (see 

results in Tables 3.3 and 3.4), some additional insight can be gained about whether the 

full length of post-CCT chronologies display improvement or whether any apparent 

improvement is restricted to the recent period. Based on this information, a more 

informed decision can be made regarding the suitability of pre-CCT or post-CCT 

chronologies for climate reconstruction. In the majority of cases both assessment 

methods favour the same chronology version. However, in the few instances where 

there is disagreement, the magnitude of the correlation change of each assessment 

approach was considered when deciding which version of the chronology should be 

used for reconstruction development. 

 

3.4.3 Disturbance synchronicity  

 The synchronicity of detected disturbance events in the Cairngorms and West 

chronologies (particularly after ~1700 and even more so after ~1800) may be the result 

of three possible scenarios; 1) the record of inferred disturbance is exogenous (i.e. δD2t 

in Equation 3.1) and specifically the result of a similar pattern and timing of woodland 

exploitation that occurred throughout most of the Scottish Highlands over recent 

centuries; 2) at least some of the disturbance events are related to exogenous causes 

other than timber clearance which simultaneously affect larger areas or the entire region 

(for example this may include damage to forests as a result of wind and storms); 3) 

some of the trends that are being removed are in fact related to climatic variability and 

their identification and removal from site chronologies throughout the network is 

reflected in spatially synchronous patterns misinterpreted as disturbance. 

 The observed synchronous relationship is likely the result of some combination 

of all three factors. It is not generally possible to definitively attribute a given 

disturbance event to a specific causal factor with the exception of instances which are 
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corroborated by documentary evidence. Detailed observations may not exist for many 

locations, but an overview of available historical information clearly identifies forest 

clearance as the dominant acting force shaping the landscape of the Scottish Highlands 

over many centuries (e.g. Lindsay, 1974; Smout, 2003; Smout et al., 2005). While an 

assessment of the site-specific disturbance histories recorded in historical 

documentation is beyond the scope of this study, some general patterns of woodland 

exploitation offer some insight.   

 

3.4.3.1 Historical interpretation 

 The history of woodland exploitation in Scotland is complex. The lower relative 

amount of disturbance detected after the mid-19th century coincides with a general 

decrease in the overall 'intensity' of wood extraction in the late 19th and 20th century. 

Although some periods of felling also occurred in the 20th century, in particular during 

the First and Second World War, such activities were arguably perhaps more localised, 

less extensive and of a lower magnitude when compared to the scale, extent and 

duration of exploitation in the 1800s and earlier centuries. Furthermore, it is also 

possible that records of the 20th century events preserved in tree rings may be scarcer 

due to large scale forest clearance where no seeding trees were left behind in some areas 

(Smout, 1997). It has also been suggested that large surviving trees may become less 

sensitive to more recent disturbance events as they become the dominant canopy trees 

(Neil Pederson, 2014, pers.comm.). 

 Large-scale timber extraction in the Highlands was dependent on a combination 

of factors, primarily determined by the profitability of such efforts and largely driven by 

demand for wood and the availability and price of foreign timber imports, with 

accessibility and ease of extraction also playing an important role. For these reasons, 

periods of more intensive, accelerated exploitation occurred during times of war or 

other instances of the limited availability / higher cost of timber imports (Oosthoek, 

2013; Smout et al., 2005; Steven and Carlisle, 1959).   

 As a consequence of trade tariffs imposed in relation to the Napoleonic Wars, 

the beginning of the 19th century saw increased demand for local Scots pine timber 

which was generally of inferior quality to imported timber of predominantly 

Scandinavian and Baltic origin (Oosthoek, 2013; Smout et al., 2005). Despite its 

inferior quality, local pinewood had a range of uses including railway sleepers, coal 

mine props, shipbuilding, beams, planks and other building material or as fuel (Lindsay, 
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1974; Smout, 1997; Smout, 2003). Additional pressure on forests came from the 

clearance of land, particularly for sheep farming. Grazing of livestock also limited 

regeneration, compounded in recent centuries by extensive grazing of deer (Lindsay, 

1974; Steven and Carlisle, 1959). 

 Though not explicitly acknowledged, there are indications that some western 

locations may have been more heavily exploited at certain times (Smout, 1997; Smout 

et al., 2005). This is supported by suggestions that woodland exploitation in the West 

Highlands was also generally less well managed and controlled. Exploitation in general 

may have also been further exacerbated by land ownership changes after the Jacobite 

rebellion in 1745 (Callander, 1986; Hobbs, 2009). Among various ventures, including 

those of the York Building company, which operated in both the Cairngorms and West 

Highlands, Irish speculators were active in the West Highlands from the 1660s until the 

late 1730s (especially in the latter part of this period). Their activities included the 

purchase and indiscriminate exploitation of woodlands including pinewoods which were 

purchased for timber to be marketed in Ireland where building timber was a scarce 

resource at the time (Smout et al., 2005). Unsurprisingly, this period of extensive felling 

coincides with early to mid-18th century disturbance pulses in the West Highland record 

(Figure 3.3). 

 

3.4.3.2 Wind disturbance 

 A plausible alternative source of some of the disturbance events identified from 

the RW series is severe wind and storm events. Furthermore, at least some of the 

detected disturbance was also caused by natural endogenous processes including stand 

dynamics. The importance of the limiting effects of wind on growth of Scots pine in the 

Scottish Highlands has previously been recognised (Moir, 2008). There is certainly 

evidence for the occurrence of severe storms in the past as well as in recent decades 

(Dawson, 2009), but records also exist of the widespread damaging effects that some of 

these events have had on forest stands in the Highlands (e.g. Ballochbuie in 1953 - 

Steven and Carlisle, 1959). For example, the 1840s were described as a time of frequent 

storms with violent gales and hurricane force winds recorded on several occasions (e.g. 

in June 1844 affecting western and southern parts of Scotland, or in April 1847) causing 

widespread damage particularly to ships (Dawson, 2009).  
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 The strong gradient in wind intensity between eastern and (north-) western 

Scotland as summarised by wind zone scores for the United Kingdom (see Figure 1.2 in 

Chapter 1) would support the greater susceptibility of the West to windier conditions. 

This increases the possibility of more extensive and severe wind damage occurring at 

sites in the western and northwest Highlands during severe storm events, which would 

partially also help to explain the greater disturbance in that sub-region, but also some 

degree of synchronicity of detected disturbance events in the Highlands as a whole. It is 

quite possible that anthropogenic woodland exploitation may have in fact promoted 

windthrow by weakening remaining stands and increasing exposure to wind by reducing 

the size and density of forest cover. 

 

3.4.3.3 Additional factors 

 On a more local level, forest fires (not uncommon in the Highlands) or insect 

outbreaks (though not widespread in Scotland) may also have acted as an additional 

source of disturbance. For example, the incidence of fire damage to pinewoods has been 

documented in forests including Abernethy, Alladale, Ballochbuie, Glen Derry, Glen 

Garry, Glen Tanar, Loch Maree, Loch Morlich, Quoich, Rothiemurchus, Shieldaig and 

others (Steven and Carlisle, 1959). The presence of larger pine shoot beetles 

(Myelophilus piniperda), which can cause appreciable damage, has been noted in many 

locations, though widespread damage, as recorded for example in one forest following a 

severe storm in 1879, is relatively uncommon (Steven and Carlisle, 1959). 

 Regarding the potential removal of common climatic information, individual site 

pre- and post-CCT changes perhaps indicate some degree of over-correction (type-I 

errors) in those instances where chronologies display weaker agreement with 

instrumental and synthetic chronology data after CCT correction. From a 

methodological perspective, CCT is a relatively new approach for detecting 

disturbances. As such, the method is undergoing continued development and is evolving 

in its capability to detect and remove disturbance events. Nevertheless, the considerable 

improvement of chronologies from the west of Scotland, which are known to have 

experienced extensive episodes of disturbance, and also some Cairngorm sites is 

encouraging and indicates its ability to improve the climate reconstruction potential of 

RW chronologies affected by disturbance. 
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3.4.4 Average disturbance releases  

 The average size of additional growth due to disturbance in each of the sub-

regions indicates that in most time periods the average size of disturbance-related 

growth is the same or similar (apart from the 19th century period when more growth as a 

result of disturbance is observed in the West). One possible interpretation of this effect 

is that rather than experiencing a greater degree of disturbance, it is also possible that 

differential responses to disturbance exist at sites in the two sub-regions. In the periods 

when additional growth from disturbances is greater in the West, trees in the western 

sites may be showing a greater response (or greater sensitivity) to disturbance events. 

This could arguably be related to a differential elevational response by less temperature 

limited stands to decreased competition, and the greater availability of light and 

nutrients as neighbouring trees are removed. Other factors could certainly also be 

involved including differences due to genetic variation in Scots pine throughout 

Scotland (Forrest, 1980), variations in soil type or differences in water balance and soil 

moisture between the Cairngorms and parts of western Scotland with considerably 

wetter conditions in the west of the country (Oosthoek, 2013; Figure 1.1 in Chapter 1).  

 However, this interpretation is unlikely considering that the mean response to 

disturbance is similar in other periods. Replication does not appear to be a significant 

factor either since a similar response in the West and Cairngorms chronologies can be 

observed during periods of high, intermediate and low replication and also when total 

replication of one of the sub-regional chronologies is higher than for the other. 

 Alternatively, because the largest deviations between the two disturbance 

chronologies occur during or immediately after those decades when the difference in the 

relative number of disturbance events between the Cairngorms and the West is greatest, 

it could be the case that because a larger number of trees experience disturbance-related 

growth releases at a similar time (i.e. in the early 18th century and to a greater extent 

around the beginning and middle of the 19th century), this simultaneous (multi-site) 

cluster of detected disturbances and the subsequent growth release may be the cause of 

the larger size of expressed mean growth release in those periods. In other words, 

because the initial growth increase following a disturbance is relatively large, if these 

releases occur concurrently in many trees, then the mean size of the growth release 

around that particular time will appear greater than at other times. This would further 

indicate that the incidence of disturbance events is more synchronous at sites in the 

West than in the Cairngorms. 
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3.5 Conclusion 
 

3.5.1 General conclusions  

 The modern Scottish landscape reflects a long history of human modification of 

the environment. People have inhabited Scotland for at least 9000 years (Wickham-

Jones and Woodman, 1998) and have accelerated their influence on the landscape over 

recent millennia. During the last millennium, anthropogenic interactions with the 

landscape have had a particularly profound effect on the pine woodlands of Scotland, 

leading to potential biases affecting tree-ring series with non-climatic disturbance 

trends.  

 The aim of this chapter was to attempt to identify disturbance related growth 

releases in RW data and remove such trends from RW chronologies using the CCT 

method with the aim to improve the climate signal from those records. CCT is a 

valuable new method for uncovering and reconstructing the ecological and 

environmental history of forested environments. As demonstrated in this study using 

site chronologies from around the Scottish Highlands, it is possible to develop records 

of the spatial and temporal patterns of disturbance, with applications for the 

interpretation of woodland history.  

 In addition to identifying the presence of non-climatic disturbance events in the 

RW record, the CCT method has been demonstrated to offer a useful approach for the 

identification and removal of disturbance influences to "improve" RW series for 

dendroclimatological purposes. While the CCT method should not be considered a 

panacea for identifying and correcting for disturbance events, it does provide the 

capability to enhance the climate signal in RW data from sites that have experienced 

these events in the past. Conclusions from this study are: 
 

• The CCT method enhances the climate signal in otherwise noisy RW 

chronologies affected by disturbance. 
 

• Based on instrumental temperature data and VS-Lite model simulations, the 

Cairngorms were less systematically disturbed and therefore only limited 

improvement was observed with the post-CCT chronologies. In contrast, the 

more disturbed West Highland sites showed considerable improvement after 

correction. 
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• Greater agreement between the two sub-regional chronologies was observed 

after CCT correction.  
 

• Instrumental and VS-Lite model data could only be used to assess chronology 

performance from 1866 and 1901 onwards, respectively. Evaluation of the full 

length of individual pre- and post-CCT site chronologies was performed by 

comparison to a Scotland wide MXD composite chronology. The results of 

chronology comparisons with instrumental temperature data were in general 

agreement with VS-Lite based assessments. 
 

• Identified disturbance patterns were primarily attributed to woodland harvesting 

and clearance, although storms, and to a lesser extent natural stand dynamics, 

forest fires and insect outbreaks may have also had a contribution. 

 
3.5.2 Future research 

• Future research should focus on further development of the CCT method, such 

as the inclusion of alternative detrending curves, additional efficiency 

optimisation of the disturbance detection and removal mechanisms plus the 

addition of the detection of growth suppression events. 
 

• In addition to further development of the method itself, its application to other 

types of disturbance events (e.g. pollution, insect or pathogen attacks, storm and 

wind events) resulting in either prolonged release or suppression signatures 

should also be investigated as well as its implementation using a variety of 

species in a range of environments. 
 

• As part of further work, it may be beneficial to determine whether disturbance 

events could also be detected in additional tree-ring parameters such as MXD 

and BI. Herein, it was assumed that MXD would not be impacted by such 

disturbance. If detection in other parameters were possible, then the concurrence 

(or lack thereof) in these events between parameters could potentially yield 

additional useful information. 
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• Artificial or pseudo-proxy time series could also be used to assess CCT 

performance in more detail, including the likelihood of false detection or failure 

to detect actual disturbance events.  
 

• A more detailed examination of historical records for individual sites (where 

available) could be undertaken in the future in order to assist with the 

interpretation of the findings of this study. Assessing the role of additional 

natural factors such as soil moisture and wind on growth, particularly in western 

Scotland, may also prove useful.  
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4.1 Introduction 

 

 Anthropogenically induced climate change presents a monumental challenge 

for the international community (IPCC, 2014a). To provide a context for recent 

climatic trends and their link to anthropogenic activity, it is essential to continue 

improving our understanding of ‘natural’ climatic variability and mean state changes 

in the past. Considering the temporal and spatial limitations of the available network 

of instrumental measurement stations, which provide direct records of past 

temperature variability, palaeoclimatic proxy archives in general, and in particular 

annually resolved and absolutely dated tree-ring records, represent a valuable resource 

for extending and improving our understanding of climatic behaviour in the past. Data 

from tree rings can additionally offer valuable information about climatic and 

environmental conditions in locations for which no instrumental records exist. 

 While large-scale hemispheric reconstructions of climatic variability have 

received considerable attention, the importance of moving the focus towards the 

development of finer scale, denser networks of regional reconstructions has been 

highlighted (e.g. Ahmed et al., 2013; Jones et al., 2009; Wilson and Luckman, 2003). 

By increasing the spatial resolution of reconstructions, a more accurate understanding 

of local and regional-scale climatic variability can be achieved if actual regional 

variations are captured.  

 A range of techniques have been developed to investigate large scale spatial 

patterns of recent and pre-instrumental climatic variability. Researchers have in the 

past utilised a range of methods for the development of spatial climate 

reconstructions, including for example regularized expectation maximization (RegEM 

- Schneider, 2001; Zhang et al., 2004), Canonical Regression / Canonical Correlation 

Analysis (CCA - Barnett and Preisendorfer, 1987; Fritts, 1976) and orthogonal spatial 

regression (OSR – Briffa et al., 1986; Cook et al., 1994).  

 The point-by-point regression (PPR – Cook et al., 1999) method is used here 

to reconstruct summer temperature grids covering Scotland. PPR utilises principal 

component regression (PCR) to reduce a network of site chronologies to the dominant 

modes of variance and these PC scores are used for regression based reconstruction of 

the target predictand. PPR is a nuance over OSR methods as it only utilises sites for a 

particular location within a specified distance. Therefore, one important characteristic 

of PPR is that it utilises 'local' chronologies proximal to the reconstructed grids and, 
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unlike some approaches, does not rely on large scale teleconnections (Dannenberg 

and Wise, 2013). The PPR method was initially developed and applied by Cook et al. 

(1999) to reconstruct nearly 300 years of drought over the conterminous United States 

as expressed by gridded Palmer Drought Severity Index (PDSI) data. This work has 

since expanded to investigate up to 1200 years of drought history in the western 

United States (Cook et al. 2004). Building on this earlier work, Stahle et al. (2007) 

performed a more extensive examination of North American drought history with a 

particular focus on the western United States using reconstructed PDSI. More 

recently, the approach was also applied outside North America to reconstruct spatial 

patterns of monsoon variability and drought in Asia (Cook et al., 2010) and Europe 

(Cook et al., 2015). Using the same method, a hydroclimatic reconstruction was also 

performed by Seftigen et al. (2014) for Fennoscandia and Fang et al. (2011) applied 

the approach to reconstruct precipitation patterns in China. A spatial reconstruction of 

drought was also performed by Touchan et al. (2011) for northwest Africa.  

 Despite its origins and predominant application in the context of hydroclimate 

(and drought) reconstruction, the utilisation of PPR to reconstruct temperature, though 

more limited, has also been successfully undertaken. For example, the method has 

been used to reconstruct temperature for China (Shi et al., 2012) and the broader East 

Asian region (Cook et al., 2013). A modified version of PPR has also been used to 

develop a 500 year multi-proxy temperature reconstruction for China (Yang et al., 

2013).  

Utilisation of the PPR approach for the reconstruction of European climate has 

so far been limited and although Luterbacher et al. (2004) used OSR to perform a 

climate field reconstruction of European temperature, the work described in this study 

is the first instance of a PPR based spatial reconstruction of temperature in Europe. 

NW Europe is particularly sensitive to the influences of synoptic scale atmospheric 

and oceanic phenomena and climatic modes of variability such as the North Atlantic 

Oscillation (NAO - Hurrell, 1995; Hurrell and van Loon, 1997), the Arctic Oscillation 

(Thompson and Wallace, 1998) and the Atlantic Multidecadal Oscillation 

(Schlesinger and Ramankutty, 1994). Climate in Scotland is strongly affected by 

weather patterns associated with the influence of north Atlantic climate and Scottish 

tree-ring chronologies are ideally suited (due to their location and seasonal response) 

to the reconstruction of the summer counterpart of the NAO (SNAO), whose southern 

node is centred on Scotland (Folland et al., 2009; Linderholm et al., 2009).  
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Figure 4.1: Map of Scotland and location of field containing 76 individual 0.5° 
reconstruction grids along with the location of RW, BI, MXD and combined 
BI/RW site chronologies used for spatial reconstruction. (Locations of weather 
stations are marked in the inset map.) 

 

 Herein, a series of experiments is presented in which summer temperature 

grids are reconstructed as a spatial field spanning 54.5°N - 59°N and 1.5°W - 7.5°W 

representing Scotland (Figure 4.1). Rather than primarily focusing on the 
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methodological subtleties of the PPR process itself, which have already been 

extensively investigated (e.g. Cook et al., 1999; 2013), this chapter focuses on 

differences in reconstruction characteristics as a result of selecting particular sets of 

tree-ring parameters and applying various methods for the development of tree-ring 

chronologies (including standardisation and non-climatic disturbance trend removal – 

see previous chapter). Additionally, this work applies the method on a smaller scale 

than has typically been performed in the past by reconstructing a field with a 0.5°-by-

0.5° grid resolution, which is appropriate considering the relatively small size of the 

investigated region. The purpose of this research is therefore not merely to attempt the 

development of a robust spatial temperature reconstruction, but also to develop an 

understanding of the strengths and weaknesses of the current tree-ring network used 

to develop the reconstructions. The subsequent implications of differences in the 

strength and robustness of individual grid reconstructions allows PPR to be applied 

here as a diagnostic tool, indicating where chronology improvement needs to be made 

in the future. 

 
 

4.2 Methods 

 

4.2.1 Tree-ring network and chronologies 

 Based on a network of 44 living Scots pine sites around Scotland (Figure 4.1), 

40 ring width (RW), 16 blue intensity (BI) and 8 maximum latewood density (MXD) 

chronologies were used to develop a spatial temperature reconstruction for Scotland 

(see Table 4.1). Chronologies from 4 sites in the northwest Cairngorms were excluded 

from analysis and retained for the development of an independent temperature 

reconstruction extended with subfossil samples from that area (see Chapter 5). 

Additionally, 14 chronologies consisting of composite high frequency (highpass) BI 

and low frequency (lowpass) RW data from 14 of the sites were also used for the 

reconstruction of the temperature field. RW and MXD chronologies were 

supplemented with data from 7 sites previously used in the Hughes et al. (1984) 

Edinburgh summer temperature reconstruction, and which are available from the 

International Tree-Ring Data Bank (ITRDB, 2014). 
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Site name Site 
code 

RW version 
used RW range BI range composite 

RW/BI range MXD range 

Abernethy - east ABE post-CCT 1749-2009 - - - 
Abernethy - north ABN post-CCT 1863-2009 - - - 

Achnashellach East / 
West * ACEW pre-CCT / post-

CCT 1742-2009 - † 1872-2008 ‡ - 

Alladale ALD post-CCT 1731-2012 1768-2011 1737-2012 - 
Bachnagairn BAG post-CCT 1838-2008 - - - 
Ballochbuie BAL pre-CCT 1663-2011 1736-2010 1733-2010 1727-2010 

Badan Mosach BAM post-CCT 1840-2008 - † - - 
Coille Choire Chuilc CCC post-CCT 1825-2011 1825-2011 1830-2010 - 

Coulin COU post-CCT 1697-2009 1763-2008 1764-2008 1765-1978 
Creag Fhiaclach CRF post-CCT 1756-2009 1792-2008 1792-2008 - 

Carn Elrig CRNE pre-CCT 1821-2008 - - - 
Drimmie DRIM pre-CCT 1831-2010 - - 1837-1976 

Glen Affric GAF post-CCT 1712-2013 1763-2012 1747-2012 1769-2012 
Glen Derry East GDE pre-CCT 1742-2008 - - 1784-1978 

Glen Derry North GDN pre-CCT 1604-2010 1621-2009 1621-2009 - 
Glen Derry West GDW pre-CCT 1768-2008 - - - 

Glen Feshie GF pre-CCT 1847-2006 - - - 
Ghleann East GLE pre-CCT 1749-2008 - - - 
Glen Falloch GLF pre-CCT 1595-2011 1628-2010 1624-2010 - 
Glen Garry GLG pre-CCT 1793-2009 - - - 

Ghleann West GLW pre-CCT 1760-2008 - - - 
Glen Orchy South GOS post-CCT 1829-2009 1845-2008 1864-2008 - 

Grudie GRD post-CCT 1716-2009 - - - 
Glen Tanar GTA pre-CCT 1803-2012 - - - 
Loch Hourn HOU post-CCT 1853-2007 - - - 

Inverey INV pre-CCT 1730-2011 1725-2010 1733-2010 1735-1976 
Loch Maree LM post-CCT 1745-2009 1824-2008 - § 1808-1978 
Glen Loyne LOY post-CCT 1542-2007 - - - 

Luibeg LUI pre-CCT 1702-2008 - - - 
Meggernie MEG pre-CCT 1848-2011 1848-2010 - § - 
Mar Lodge ML pre-CCT 1835-2008 - † - - 

Loch Morlich MOR pre-CCT 1775-2009 - - - 
Punch Bowl PNB post-CCT 1837-2008 - - - 

Quoich QUO pre-CCT 1704-2011 1765-2010 1764-2010 - 
Rannoch RANN post-CCT 1788-2010 - - - 

Rhiddoroch RHD pre-CCT 1760-2012 1766-2011 - § - 
Ryvoan RYO pre-CCT 1790-2011 1797-2010 1792-2010 1800-2010 

Shieldaig SHG pre-CCT 1860-2011 - † - - 
Upper Glen Feshie UGF pre-CCT 1761-2010 1758-2009 1761-2009 - 

 

Table 4.1: Summary of RW chronology versions (pre- or post-CCT correction) used for 
temperature reconstruction and RW, BI, composite RW/BI and MXD chronology 
range used for reconstruction after truncation - EPS ≥ 0.7 and minimum number of 
RW, BI series ≥ 8 and MXD series ≥ 5 (* For this chapter both Achnashellach sites 
were composited together to improve replication.) 

 
4.2.2 RW chronology development 

 Measurement of samples was performed according to established 

dendrochronological practices (Stokes and Smiley, 1968) with either CooRecorder 

using scanned images (Larsson, 2014) or a Velmex traversing measuring stage 

(directly from sample) to a precision of 0.001 mm. CDendro (Larsson, 2014) and 

                                                
* For this chapter both Achnashellach sites were composited together to improve replication. 
† BI chronology not used due to poor signal strength and / or insufficient chronology length. 
‡ Signal strength sufficiently strong to include BI high frequency in composite RW/BI chronology. 
§ Composite RW/BI chronology not developed due to poor coherence of RW low frequency with climate. 
 
 
 
 
 



Chapter 4                                          Spatial reconstruction of Scottish summer temperatures 

 85

COFECHA (Holmes, 1983) were used to verify series crossdating. Ring-width 

chronologies were developed by detrending measurement series using negative 

exponential or linear functions (NX) in ARSTAN (Cook and Holmes, 1986) or NX 

with signal free standardisation (SF) (Melvin and Briffa, 2008) as described in 

Chapter 3 (Section 3.2.3).  

 The potential presence of disturbance trends (hypothesised to be primarily 

related to timber extraction and clearance) in some chronologies of the Scottish tree-

ring network was assessed using the combined curve and trend (CCT) intervention 

detection method (see Chapter 3 for details). The choice of whether the before 

correction (pre-CCT) or after correction (post-CCT) versions of SF chronologies 

should be utilised to reconstruct summer temperature was based on results of 

correlation analysis of the chronologies with instrumental temperature data and a 

Scotland-wide MXD chronology composite (see Tables 3.3 and 3.4 in Chapter 3). For 

those site chronologies where comparisons with instrumental and MXD data did not 

indicate a clear advantage of using either the pre-CCT or post-CCT version, the 

magnitude of the correlation change of each assessment approach was considered 

when selecting a version for further analysis. The results of this selection process are 

summarised in Table 4.1. 

  

4.2.3 BI and MXD chronology development 

 The process for the development of BI chronologies and the set of procedures 

associated with it have evolved over time (i.e. sample treatment and measurement 

techniques have changed and developed). A summary of sample treatment and 

processing for each chronology is shown in Table C1 - Appendix C. Wilson et al. 

(2012) noted that limitations in the low frequency component existed in some of the 

earlier generated Scottish BI chronologies because of inadequate resin extraction and 

this observation was supported by a more detailed examination of BI in Chapter 2 

(Rydval et al., 2014). Consequently, the expression of low frequency trends in these 

data may be limited and express non-climatic trends related to colour differences 

between the heartwood and sapwood. 

 Although older MXD series data (Hughes et al., 1984) were obtained from the 

ITRDB tree-ring archive (see Table 3.1 in Chapter 3), the remaining (more recently 

developed) MXD and BI chronologies were developed following the procedures 

described in Chapter 2 (Rydval et al., 2014). For the purposes of this study, 
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detrending of MXD and BI series (after inversion) was performed by fitting 

negatively sloping (or zero slope) linear functions. Index calculation was carried out 

by subtraction in ARSTAN and stabilisation of chronology variance was performed 

(Osborn et al., 1997). 

 All chronologies used for further analysis were truncated to periods with EPS 

≥ ~0.7 and replication ≥ 8 series for BI and RW (Table 4.1). The same EPS limit and 

replication of ≥ 5 series was used as the cut-off for MXD data. Although an EPS 

threshold of 0.85 is commonly used, a lower limit of 0.7 was adopted to maximise the 

useable chronology span and due to the fact that the common regional signal is 

effectively increased as a result of the utilisation of PCR rather than utilising 

chronologies individually. 

 

4.2.4 Combined highpass BI / lowpass RW chronology development 

 Previous research by Guiot (1985) demonstrated that it is possible to develop 

improved reconstructions (with higher explained variance) by applying spectral 

canonical regression instead of a simple regression approach. The study applied 

digital filtering techniques to perform a climate reconstruction by decomposing 

predictors and predictands into separate frequency bands using mutually exclusive 

filters. This technique was further explored by Osborn and Briffa (2000) who 

investigated timescale-dependence in the context of temperature reconstruction 

development by performing regression separately on several frequency bands of 

decomposed predictor / predictand timeseries, noting that this can lead to improved 

estimation of past temperature. The approach of Guiot (1985) was also successfully 

applied by Guiot (2012) to perform a multi-proxy reconstruction of April to 

September European temperature. Briffa et al. (2013) adopted an alternative approach 

by combining chronologies of two parameters (RW and MXD) filtered with mutually 

exclusive low-pass / high-pass filters to preserve high to medium frequencies of the 

MXD data and medium to low frequencies of the RW. Herein, a similar approach to 

that performed in Briffa et al. (2013) is explored by combining filtered chronologies 

of BI and RW parameters. This procedure was performed in an attempt to exploit 

some of the advantages of BI (i.e. stronger high frequency response to temperature 

than RW - see Chapter 2) and RW chronologies (i.e. stronger expression of low 

frequency trends and not biased by colour changes in the wood) after undertaking 

non-climatic disturbance trend removal (see Chapter 3). 
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 For each site where sufficiently long and well replicated BI and RW 

chronologies were available (based on criteria discussed above - see Section 4.2.3), 

new composite time-series were developed by combining high to intermediate 

frequencies of high-pass filtered BI chronologies with low to intermediate frequencies 

of low-pass filtered RW chronologies using the program AnClim (Štěpánek, 2008). 

Although the optimal seasonal response of the two tree-ring parameters differed for 

some site chronologies, in such cases a compromise was reached to find a common 

climatic season in order to assess coherency at a range of frequencies between the 

tree-ring and instrumental temperature data of the respective 0.5° grid. For this 

purpose, coherence analysis was applied to predictor (BI / RW) and predictand (mean 

seasonal temperature) data to determine a common frequency cut-off. This cut-off 

was identified for each pair of site chronologies as the intersection of decreasing 

coherence between BI and instrumental data from higher to lower frequencies and 

decreasing coherence between RW and instrumental data from lower to higher 

frequencies (see example - Figure D1 in Appendix D). The RW (BI) chronologies 

were then lowpass (highpass) filtered using a Gaussian filter with the identified 

frequency cutoff. The 0.5° grid seasonal instrumental temperature series were also 

filtered to produce lowpass and highpass filtered versions using the same cutoff for 

the common season identified for each respective pair of RW / BI chronologies. The 

lowpass (highpass) filtered RW (BI) series were then scaled (same mean and standard 

deviation; Esper et al., 2005) to their corresponding lowpass (highpass) filtered 

seasonal temperature series and the lowpass RW and highpass BI components 

subsequently added together to form a single combined BI / RW chronology. The 

combined BI / RW chronologies were rescaled to the original detrended, unfiltered 

RW chronologies to allow conversion into Tuscon chronology format for PPR 

processing. 

 

4.2.5 Reconstruction procedure 

 The PPR method was used here to reconstruct spatial patterns of past 

temperature variability within a grid consisting of 76 individual 0.5° CRU TS3.10 

mean temperature boxes (Figure 4.1; Harris et al., 2014). Additional reconstruction 

assessments were also performed using Scottish mainland temperature (SMT) data 

published by Jones and Lister (2004), which are composed of instrumental records 

from 5 mainland stations (Auchincruive, Braemar, Eskdalemuir, Leuchars and Wick - 
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see inset map in Figure 4.1 for station locations). The SMT temperature data were 

extended beyond 2004 to produce an extended SMT (ESMT) dataset by appending 

CRU TS3.10 temperature data for the Scottish Highlands scaled to SMT over the 

common period of overlap of the two datasets (see Section 2.3.2.2 in Chapter 2 for 

details). Although some variability regarding the optimal season for the range of site 

and parameter chronologies was identified, overall, July-August (JA) was found to be 

the predominant consistent optimal season for BI, MXD and composite (highpass BI / 

lowpass RW) chronologies. A good response to JA temperatures was also evident in 

the RW data (see Chapter 3: Figure 3.5 and Section 3.3.2) and although a higher 

correlation was found between RW and the longer January-August season in Chapter 

3, reconstructing the mid-to-low frequency component of JA temperatures using RW 

data is warranted as the trends of JA and January-August temperature data are very 

similar (see Figure C1 in Appendix C). The JA season was therefore selected as the 

compromise reconstruction target. This selection was also partly motivated as Hughes 

et al. (1984) reconstructed this season.  

 For the PPR procedure, an initial search radius of 35 km was used to identify 

chronologies within or in close proximity to each reconstructed grid. If within this 

search radius a suitable number of chronologies could not be found, the radius was 

expanded by an additional 50 km. By restricting the search radius in this way and 

including only proximal chronologies, a more spatially explicit spatial reconstruction 

can be achieved. 

 Prior to entering into the principal component analysis procedure, 

chronologies were screened in the interest of removing chronologies weakly 

correlated or uncorrelated with instrumental data. Using correlation analysis, the 90% 

(1 - α) screening probability previously implemented by Cook et al. (2013) was 

adopted for screening chronologies with a one-tailed test based on the assumption that 

only chronologies positively correlated with temperature were relevant for the 

analysis. Only tree-ring data for the 'current year' (t = 0) were used as predictor 

variables. Lagged predictors (i.e. from previous or subsequent years relative to the 

reconstructed year) were not considered in the analysis as no significant influence of 

previous year's climate was found. This observation is in line with Grace and Norton 

(1990) who also found no significant positive relationship with climate of the prior 

summer season relative to the year of ring formation. In order to maximise the 

temporal extent of each grid-box reconstruction, a nested approach was performed. 
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This procedure iteratively re-calculates the PCR as each shorter series is removed, 

producing an ensemble of multiple reconstructions for each grid-box, each based on 

decreasing numbers of predictor chronologies back in time (Cook et al., 2002). The 

different sections of reconstructions were scaled and spliced to the most recent 

(maximum predictor) reconstruction in order to correct for systematic changes in the 

variance structure which can occur due to changing (likely weakening) calibration 

strength related to the reducing number of predictors back in time (Edward Cook, 

2012, pers. comm.). 

 

4.2.6 Reconstruction calibration and verification 

 For initial tree-ring parameter and detrending tests, the 1901-2006 period was 

used for an assessment of reconstruction skill with a split (1901-1953) calibration and 

(1954-2006) verification period followed by a repeat of the exercise with a 'reversed' 

(1954-2006) calibration and (1901-1953) verification period. Calibration and 

verification statistics were then computed using an average of the 'forward' and 

'reverse' results. The r2 statistic was calculated for the calibration (CRSQ) and 

verification (VRSQ) periods, and the Coefficient of Efficiency (CE - see Equation C2 

in Appendix C) determined for the verification period. The CE statistic is related to 

the Reduction of Error (RE - see Equation C1 in Appendix C) statistic which 

measures whether a reconstruction provides a better estimate of climatic variability 

than the mean of the instrumental data in the calibration period. However, CE can be 

viewed as a true representation of regression r2 when applied to independent data and 

is more difficult to pass because the verification period (rather than the calibration 

period) is used as the reference (Briffa et al., 1988; Cook et al., 1994). Although most 

studies that include some assessment of reconstruction skill frequently also report RE, 

this metric was omitted in this chapter in favour of utilising the more stringent CE 

metric. An additional 'early' independent verification period (1872-1900) was used to 

further assess reconstruction performance using the full (1901-2006) calibration 

period. For this early (1872-1900) independent period, all gridded July-August mean 

temperature series were extended by scaling the SMT data to each gridded 

temperature series according to their common period of overlap. 

 To allow the incorporation of 'older' MXD chronologies not updated since the 

late 1970s, while simultaneously also providing an even more stringent verification 

procedure, the 1901-1976 period was used for calibration and verification for the final 
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reconstruction. For this set of reconstructions, 'forward' (1901-1938 cal. / 1939-1976 

ver.) and 'reverse' (1939-1976 cal. / 1901-1938 ver.) split period calibration and 

verification was performed followed by a final calibration over the full 1901-1976 

period. In this case, two independent verification periods (late: 1977-2006 and early: 

1872-1900) were used for an additional evaluation of reconstruction skill outside the 

full 1901-1976 calibration period. 
 

 

4.3 Results 

 

 A summary of PPR reconstruction tests, which demonstrate the effect of 

varying the minimum number of site chronologies required to perform a 

reconstruction for each grid-box using calibration and verification statistics, is 

presented in Figure 4.2. Apart from the early independent period verification r2 

(VRSQ) results, all other results show that the greatest overall improvement and 

decrease in the inter-quartile range occurs when the minimum number of chronologies 

is increased from three to four. Thereafter, any improvements due to further increases 

in the number of chronologies are more subtle. Oddly, the early (1872-1900) period 

verification r2 results show a decrease in the median when increasing the number of 

chronologies from three to four. There is also a decrease in the upper quartile as the 

number of chronologies increases to six and decreases further still with seven 

chronologies. Based on this ensemble of calibration and verification test results, a 

minimum of four chronologies was selected as a suitable limit to perform PPR. For all 

further PPR analysis, the search radius was therefore iteratively expanded until a 

minimum of 4 chronologies were identified and entered into the PCR procedure. 

 The spatial representation of a series of tests involving calibration and 

verification statistics (Figure 4.3), using various tree-ring parameters and 

standardisation techniques, indicates a sensitivity of results to the characteristics, 

treatment and type of the input data used. Specifically, the weakest results are 

obtained when only using RW chronologies with NX detrending and without CCT 

correction, with the vast majority of grids portraying weak calibrated coherence and 

failing verification CE (VCE).  
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Figure 4.2: Calibration and verification statistics for an ensemble analysis with varying 
minimum required number of site chronologies for grid reconstruction. Each box 
comprises data from all 76 grids (Q1, Q3 represents the inter-quartile range). 
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a) RW (NX, pre-CCT): 
 

         
                CRSQ                               VRSQ                              VCE           VCE-early (1872-1900)         
      
b) RW (SF, pre/post-CCT): 
 

       
                CRSQ                               VRSQ                              VCE           VCE-early (1872-1900)         

 
c) RW (SF, pre/post-CCT) & BI - separate chronologies:  
 

       
                CRSQ                               VRSQ                              VCE           VCE-early (1872-1900)         
 

 
 

Figure 4.3: Mean of forward (cal. 1901-1953 / ver. 1954-2006) and reverse (cal. 1901-1953 / 
ver. 1954-2006) calibration (CRSQ), verification (VRSQ) r2 and verification CE 
(VCE), and early independent verification period CE (VCE 1872-1900).   
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Figure 4.3 (continued): 
 
d) RW (SF, pre/post-CCT) + BI - composite chronologies: 
 

       
                CRSQ                               VRSQ                              VCE           VCE-early (1872-1900)         
 
e) RW (SF, pre/post-CCT) + BI - composite chronologies & separate MXD chronologies: 
 

        
                CRSQ                               VRSQ                              VCE          VCE-early (1872-1900)         

 

 
 

 

 Limited improvement is observed both in the strength of calibration and 

verification when signal free and selected CCT-corrected versions of RW 

chronologies are used (Table 4.1; Figure 4.3b). The addition of BI data (Figure 4.3c) 

considerably improves the calibration and verification r2 results, although in general 

the verification and early independent period verification CE do not exhibit any 

improvement. A further marked improvement in all statistics is apparent with the 

application of only the composite chronologies (Figure 4.3d). Importantly, with a few 

exceptions, the vast majority of grids pass verification (CE > 0), although with weaker 

results in the west and northwest. Compared to the analysis in Figure 4.3d, which only 

includes the composite chronologies, the inclusion of new MXD data in addition to 

the composite chronologies (Figure 4.3e) in general yields similar results. However, 

in the latter version all reconstructions pass the verification tests despite slightly 

weaker overall verification. 
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                              CRSQ                                      VRSQ                                      VCE 
 

   
                                      VCE-early (1872-1900)          VCE-late (1977-2006) 
 

 
 
Figure 4.4: Mean of forward (cal. 1901-1938 / ver. 1939-1976) and reverse (cal. 1939-1976 / 

ver. 1901-1938) calibration (CRSQ), verification (VRSQ) r2 and verification CE 
(VCE), and early (1872-1900) and late (1977-2006) independent verification period 
CE. Reconstructions are based on RW (SF, pre/post-CCT) + BI - combined 
chronologies & separate MXD chronologies. 

 
 To allow the inclusion of additional MXD data used by Hughes et al. (1984), 

the analysis from Figure 4.3e was repeated with a shorter (1901-1976) calibration and 

verification period (Figure 4.4). The calibration and verification r2 and VCE are 

broadly similar to their Figure 4.3e counterparts, although notably somewhat weaker 

for southern and northwest Scotland. In contrast to the results of Figure 4.3e, early 

period VCE results appear stronger in the west and northwest and weaker in the east 

and south of Scotland. A pattern of weaker late independent period VCE is apparent 

in the northwest and also in southern Scotland.  
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VCE (1977-2006 independent verification period): 
 

     
                             VCE-late 1850                 VCE-late 1800                 VCE-late 1750 
 

   
 VCE-late 1700                 VCE-late 1650 

 

 
 

VCE (1872-1900 independent verification period): 
 

      
                           VCE-early 1850              VCE-early 1800               VCE-early 1750 
 

   
 VCE-early 1700               VCE-early 1650 

 
Figure 4.5: Early (1872-1900) and late (1977-2006) independent verification period CE 

(VCE) for reconstruction nests in 50 year intervals. Reconstructions are based on 
RW (SF, pre/post-CCT) + BI - combined chronologies & separate MXD 
chronologies. (White grids signify no available data for a specific period. Gray 
grids represent VCE ≤ 0.)  
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 The distribution of many Scottish mainland instrumental temperature records 

is spatially biased to locations in (north-)eastern and southern Scotland, as is also 

reflected in the composition of the SMT temperature dataset (see inset map in Figure 

4.1). For this reason, gridded temperature data in NW Scotland may include a possible 

bias to the Stornoway station in the Outer Hebrides with more of a maritime 

influence. To explore spatial variations in reconstruction skill as a function of site 

chronologies while disregarding differences in the gridded temperature dataset, an 

additional reconstruction of the field was performed. By undertaking the analysis 

presented in Figure 4.4 with a single common instrumental temperature series for all 

grid boxes (i.e. using the Jones and Lister (2004) ESMT July-August temperature data 

- see Figure C2 in Appendix C) the influence of differences between local gridded 

temperature series on reconstruction results is removed and so differences arising only 

from variations in the tree-ring chronologies can be assessed more clearly. Any 

limitations of using a single temperature series for this analysis should be minimal 

considering the high degree of agreement of the ESMT series with the gridded 

temperatures (r > 0.96 with the majority of Scottish mainland grid boxes and r > 0.9 

with all investigated grid boxes – see Figure C3 in Appendix C). In this way, a sense 

of any limitations of the instrumental temperature datasets, as well as the relative 

strengths and weaknesses of the tree-ring chronologies, can be gained. Despite some 

minor differences, these results broadly agree with the patterns identified in Figure 

4.4.  

 Using the same input chronologies as in Figure 4.4, the early (1872-1900) and 

late (1977-2006) verification CE displayed in 50 year steps from 1850 back to 1650 

express the decreasing spatial coverage and (generally) decreasing strength of the 

nested reconstructions as the number of chronologies in each nest declines in earlier 

time periods (Figure 4.5). While the VCE results for 1850 are largely comparable to 

those of the most recent nest in Figure 4.4, by 1800 a group of grids in the south do 

not pass late independent period VCE. For the reconstruction nests extending back to 

1750, weakening of the verification results is apparent, with early independent 

verification period CE dropping to ≤ 0 in a set of grids in the east and northeast of 

Scotland. Most of the grid reconstructions in northern and northeast Scotland end 

between 1700 and 1750, although VCE results for most of the remaining grids do not 

show any considerable weakening and in fact some show improvement compared to 

the 1750 nests in certain areas (e.g. eastern Scotland). 
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Figure 4.6: Reconstructions for selected grids from the central-east, northwest and south of 
Scotland. Reconstructions are displayed as absolute reconstructed July-August 
temperatures (A) over the 1872-2006* period together with the respective 
instrumental temperature for each grid, (B) for the full reconstruction length 
including low-pass filtered (20-yr Gaussian filter) versions, (C) with moving 31-
year correlation windows for each reconstruction pair, and (D) as temperature 
anomalies relative to the 1961-1990 period including low-pass filtered versions. (* 
Instrumental temperatures before 1901 are represented by Jones and Lister (2004) 
temperature data scaled to each gridded temperature series over the common period 
of overlap.) 
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 Individual grid reconstructions from three example regions are presented in 

Figure 4.6. Absolute reconstructed temperatures (Figure 4.6a and 4.6b) show highest 

levels in the south, lower values in the northwest and the lowest temperatures in the 

central-east part of Scotland (see Figure C4 in Appendix C for separate plots of 

instrumental and reconstructed series for each of the three grid boxes). When 

expressed as temperature anomalies (Figure 4.6d), different trends and departures can 

be discerned in the regional patterns of temperature variability over time. In relation 

to the other two reconstructions, the amplitude of the central-east reconstruction is 

greater. While the general trends are similar between the three variants, some notable 

differences are apparent. Temperatures are reconstructed as relatively higher from 

~1730 until 1900 for the south in relation to reconstructions from the two regions 

farther north, which also exhibit greater overall similarity. Additionally, the late 19th 

century stands out as a relatively cooler period in the central-eastern Highlands. 

Although 1799 is reconstructed as the coldest year for the July-August season in the 

nearly 400 year reconstruction for central-eastern Scotland, this negative departure is 

less prominent in the northwest version and virtually absent in the southern 

reconstruction. Furthermore, some differences in trend are apparent, particularly in the 

southern grid reconstruction, around the mid-20th century and also in the early and 

mid-18th century. These differences may represent an expression of the weaker 

calibration / verification results of the southern grids (Figure 4.4 and 4.5). 

 Differences in reconstructed late 20th century temperatures are characterised 

by the greatest temperature increase for the central-east, a less prominent increase for 

the northwest and an even flatter reconstructed recent period for southern Scotland. 

Accordingly, correlations between reconstructed and gridded instrumental 

temperatures for the 1901-2006 period indicate that agreement with observed 

temperature is strongest for the central-east reconstruction (r = 0.795; p < 0.001) 

followed by the northwest (r = 0.696; p < 0.001) and weaker still for the south of 

Scotland (r = 0.672; p < 0.001). Examination of the regression residuals also indicates 

significant linear trends for the northwest and south Scotland reconstructions 

(correlation between residuals and time - r(south) = 0.35, p < 0.001; r(northwest) = 0.39, p < 

0.001; r(central-east) = 0.07, p = 0.508). Sliding correlations between each reconstruction 

pair (Figure 4.6c) indicate strong agreement between the central-east and northwest 

reconstructions for most of their common period. Agreement between the south and 

central-east reconstructions is generally weaker than between the south and northwest 
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versions, although weaker agreement of the southern reconstruction in relation to the 

other two versions is evident in the second half of the 20th century. The correlation 

between the south and central-east reconstructions decreases markedly for much of 

the period prior to ~1760. 
 

 

4.4 Discussion 

 

 Ensemble test results have been shown to enable an informed decision about 

selecting a suitable minimum number of input chronologies while also attempting to 

retain information about patterns of spatial variability which may otherwise be lost 

with the integration of information from chronologies over a larger area. The greatest 

gains are achieved when the minimum number of chronologies used increases from 

three to four. Increasing the number of chronologies beyond four may still result in 

some, though limited, improvement (Figure 4.2). One exception are the weaker VRSQ 

(1872-1900) results as the number of predictor chronologies increases. This may 

simply reflect inclusion of chronologies, which happen to be weaker over this 

particular period, in a larger number of grid-box reconstructions. For the 

reconstruction of this particular grid of temperature data, the selection of four 

chronologies as the minimum number of predictor chronologies is, therefore, a 

reasonable compromise between preserving the potential for regional detail in spatial 

patterns of variability and developing statistically robust temperature reconstructions. 

 Clearly, it is not possible to develop reliable reconstructions for the majority of 

Scotland using only RW data and standard NX detrending (Figure 4.3a). Although the 

application of more refined methods such as signal free detrending in combination 

with CCT-based disturbance correction improves results, indicating that disturbance is 

a contributing factor to the poor results, they still remain relatively weak due to the 

limited strength of RW as a predictor of high frequency temperature (Figure 4.3b). 

The addition of BI chronologies helps to improve the strength of the CRSQ and 

VRSQ results (Figure 4.3c) due to the relatively stronger high to intermediate 

frequency response of BI to temperature. However, (as utilised in their current form) 

BI chronologies alone do not augment the results of the verification tests (i.e. VCE) 

due to the weaker expression of lower frequency trends related to heartwood / 

sapwood colour differences (Chapter 2 and Rydval et al., 2014). The combination of 
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BI and RW data to form high-pass/low-pass composite chronologies substantially 

improves both calibration and verification results (Figure 4.3d) beyond that achieved 

using each parameter separately by reducing some of the limitations of each 

parameter. In the absence of MXD data, this BI / RW combination still provides 

improved temperature reconstructions for most parts of Scotland, although the 

addition of MXD chronologies (Figure 4.3e) does improve verification of some grids 

in the northwest of Scotland. Thus, the latter option is currently the most appropriate 

for reconstructing temperature with tree-ring data in Scotland. 

 Absolute differences in reconstructed temperature from the three selected 

regions (Figure 4.6) are related to latitudinal and elevational differences reflected in 

the selected gridded temperature data. The good relative agreement between central-

east and northwest reconstructions approximately before the year 1990 suggests that 

any limitation of the northwest reconstruction is restricted to the most recent ~20 year 

period. The generally good agreement between chronologies back to the mid-18th 

century indicates that considerable confidence can be placed in the reconstructions 

back to that time. However, greater disagreement between the reconstructions before 

~1750 suggests that the reliability of these earlier reconstructed segments should be 

questioned. This may primarily be a consequence of both the lower replication and 

small number of chronologies which extend over these ‘early’ periods. As is also 

indicated by the calibration and verification assessment statistics, the southern 

reconstruction is likely the least reliable due to periods of disagreement with the other 

two reconstructions, weaker agreement with instrumental temperature data and its 

failure (as well as that of the northwest reconstruction) to capture the late 20th century 

temperature increase as indicated by the linear residual trend. 

 Although some grid-box reconstructions represent an interpolation of 

chronology predictors located outside the grid, others (such as the example southern 

grid-box series in Figure 4.6) are essentially spatial extrapolations with respect to the 

location of sites used to reconstruct them (i.e. none of the site chronologies are located 

near the outer grid boxes – Figure 4.1). Although the distances involved are relatively 

small, this could still have implications for the ability of such chronologies to 

reconstruct temperature for locations that are more distant. 

 Also, because the longer SMT record (extending back to 1866) was developed 

with instrumental records from southern and eastern parts of mainland Scotland (see 

inset map in Figure 4.1), one might argue that the record may not be representative of 
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temperatures in the northwest or far north of Scotland and therefore may not be a 

suitable dataset for extending the gridded temperature series before 1901. The strong 

early independent period (1872-1900) VCE results in Figure 4.4 for the north and 

northwest suggest that this is not the case and that this record is still of relevance to 

those areas. At the same time, the relatively weak late period VCE results (which 

reflect analysis involving only gridded temperature data) again suggest that it is the 

post-1976 period which is the source of the weaker results for the northwest and 

therefore likely reflects limitations in the tree-ring data. One may also argue that 

rather than being a limitation of the site chronologies, a possible alternative 

explanation for weaker results in the northwest may relate to a limitation of the 

gridded instrumental dataset itself which may not be representative of the local 

conditions in this area due to limited spatial and temporal coverage of instrumental 

records in some (particularly the marginal) areas of Scotland. However, because 

similar results to those achieved when using the CRU TS3.10 gridded temperature 

data (Figure 4.4) were obtained when using only ESMT data for each grid (Figure C2 

in Appendix C), this again suggests that areas with weaker calibration and verification 

results likely reflect limitations of the tree-ring chronologies rather than any 

limitations of the actual instrumental data. 

 Calibration and verification is strongest around central Scotland and generally 

weakens towards the northwest and especially the south. The weaker northwest and 

south results are expressed in Figure 4.6 by flatter late 20th century reconstructed 

temperatures and additionally a relatively warmer 19th century in the south Scotland 

reconstruction. One possible interpretation of the relatively weaker reconstructions 

(particularly in the south) is that they are attributable to some combination of three 

primary factors including; 1) differences in elevation (and perhaps to some extent 

latitude) of sites (see Table 3.1 in Chapter 3) that may impact the potential 

temperature limitation on growth, 2) limitations of the disturbance trend removal 

procedure (which would arguably affect West Highland sites more as they generally 

experienced a greater degree of disturbance related to human impact particularly 

around the time of the Napoleonic Wars at the beginning of the 19th century than sites 

in the Cairngorms - see Section 3.3.1 in Chapter 3), and 3) differences in the number 

of chronologies which enter PCR analysis.  

 It is interesting to note that reconstruction strength coincides with elevational 

(and latitudinal) variations reflected by differences in mean temperature across 
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Scotland (Figure 4.6a), with higher mean temperatures in the northwest and higher 

still in the south. While it is true that some grid-box series are reconstructed using 

chronologies from sites that are not in their immediate vicinity, sites in the 

(north-)west and south are generally located at lower elevations than sites in the 

central-east area (see Table 3.1 in Chapter 3). Therefore, because reconstructions in 

the northwest and the south are primarily developed with chronologies from lower 

elevation sites, the weaker reconstruction results may partly be related to a potentially 

weaker temperature signal in chronologies from sites located at lower elevations and / 

or more southern locations (i.e. farther away from the treeline). 

 Likewise, differences in the variance of the reconstructions in Figure 4.6 could 

also be explained by differences in site elevation / latitude and perhaps related 

differences in chronology sensitivity to temperature since the southern reconstruction 

is the least variable (σ2
(1901-2006) = 0.26) followed by the northwest reconstruction 

(σ2
(1901-2006) = 0.32) while in contrast the central-east reconstruction contains the most 

variance (σ2
(1901-2006) = 0.71). This would presumably be due to variations in the ability 

(of stands at different sites) to capture temperature information. Although the variance 

of the gridded instrumental data (σ2
(northwest) = 0.69; σ2

(central-east) = 1.02; σ2
(south) = 0.93 

for 1901-2006) also differs and a lower amount of explained variance from the 

regression (Figure 4.6d) would also lead to a reduction in variance, the differences 

alone are not sufficient to explain these variations, particularly between the central-

east and south reconstructions. However, these factors may largely account for the 

lower variance of the northwest reconstruction. Although previous research has 

suggested that differences in site elevation may not have a strong influence on growth 

response to temperature in Scotland (Grace and Norton, 1990), these conclusions were 

reached from only a small number of sites in the NW Cairngorms where calibration is 

strong. Although a detailed examination of such effects is beyond the scope of this 

study, the importance of such factors should, however, be investigated and re-

evaluated in the future using a more extensive network of sites.  

 A comparison of the southern reconstruction with the other two in Figure 4.6d 

suggests that the influence of disturbance is either not entirely removed or that growth 

was affected by other influences. The limited performance of southern reconstructions 

can, in part, be accounted for by the versions of RW chronologies used for these 

reconstructions. Although a general improvement was observed using CCT-corrected 

chronologies, the method may not have accurately identified all disturbance events. 
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More importantly, some disturbance trends may not have been removed because the 

pre-correction versions of some RW chronologies were used for reconstruction (see 

Table 4.1) where no improvement was observed with the post-correction versions 

(refer to chapter 3, section 3.3.2). One example of this is Glen Falloch which is the 

longest of the southern site chronologies. For further improvement in the South there 

is therefore a need to focus on updating and extending chronologies at other sites such 

as Glen Orchy and Coille Coire Chuilc where additional suitable older stands exist (or 

which could be extended with historical material) in order to develop 'cleaner' 

reconstructions from these areas. 

 While not specifically assessed as part of the work presented herein, the 

importance of additional factors, which may for example include high wind stress and 

high rates of precipitation leading to excessive soil moisture in parts of the Highlands 

(see discussion in Chapter 3), should not be underestimated and should also be 

explored in the future. The most practical approach that would lead to reconstruction 

improvement in areas with currently weaker results or limited reconstruction length 

would therefore include the development of additional chronologies and increasing 

early period replication in some chronologies which currently include relatively few 

older tree series. These could include new sites from more marginal locations in 

relation to the extent of the present network (where the availability of living stands 

would permit this) or extension of existing chronologies using subfossil or historical 

material. Extending the length of currently available chronologies would be 

particularly beneficial for developing longer temperature reconstructions for 

northwest Scotland and this may be possible for example by sampling additional 

treeline pines at existing sites such as near Coulin and Loch Maree and other parts of 

the NW Highlands (Figure 4.1). 

 As suitable subfossil locations in the Highlands are rare, one important finding 

of this study relates to the fact that sites where subfossil samples have primarily been 

collected from lochs (lakes), and used to develop a continuous ~800 year chronology, 

are located in the central-east region (i.e. N and NW Cairngorms). As indicated by the 

strong calibration results of this study, this is probably the most suitable area in 

Scotland for the development of a longer reconstruction (see next chapter). Temporal 

extension of chronologies from around the same area and also the SE Cairngorms may 

also be possible using samples from historical structures. In NW Scotland the 

chronology from Glen Affric has also been extended to 1260 using lake-preserved 
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subfossil material from that area. However, severe disturbance effects at this location 

(see Figure 3.5 and Table 3.4 in Chapter 3), which may not have been completely 

removed using CCT, are still an issue which would need to be addressed in the future. 

To improve reconstruction results in other areas, there is some potential for 

developing new living chronologies where little data exists as for example between 

the SW and W Highlands (i.e. the area between Glen Garry and Rannoch-Blackwood 

(Figure 4.1) which is currently a spatial gap in the tree-ring network). Additional 

chronologies could also be developed in the south from sites around Glen Nevis. A 

further effective option to improve the quality of reconstructions would involve re-

processing existing samples to develop either new MXD chronologies or developing 

additional BI chronologies in order to increase the total number of sites for which 

composite BI-high-pass / RW-low-pass chronologies could be produced. 

 On the whole, the analysis presented herein highlights the importance of 

developing an awareness and appreciation of tree growth response within the interplay 

of often confounding climatic, ecological and anthropogenic factors in order to 

appropriately assess the suitability of tree-ring data for climate reconstruction. Such 

intricacies have often been ignored by dendroclimatologists in the past.  

 
 

4.5 Conclusion 

 

 The focus of this study was to utilise an extensive Scottish pine tree-ring 

network to derive spatial field information. The reconstruction approach adopted here 

was specifically intended to preserve sub-regional variations and assess the 

temperature reconstruction potential within the tree-ring network. The reconstruction 

of spatial temperature grids using only conventionally detrended RW data resulted in 

weakly calibrated and poorly verified models. Calibration and verification results 

generally showed improvement after the application of CCT disturbance correction 

(see Chapter 3) and signal free detrending (Melvin and Briffa, 2008), and also with 

the addition of BI chronologies. Further improvement in reconstruction 'quality' was 

observed by using composite chronologies and also with the addition of MXD data. 

 It is highly likely that weaker calibration results in the northwest are the result 

of limitations in the currently available tree-ring data rather than a limitation of the 

gridded temperature data. Limited improvement of some of the Scottish grid 
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reconstructions can be partly attributed to imperfect disturbance detection in CCT-

corrected chronologies, but also to the use of pre-correction versions of RW 

chronologies in some instances. However, while not perfect, the CCT approach 

generally improved temperature reconstruction results. Additional factors probably 

also contributed to weaker results in some areas and so the importance of relationships 

between growth and climatic and non-climatic factors should be investigated further 

as part of future research. 

 Further improvement of reconstruction length and robustness can also be 

achieved by sampling new sites as well as developing chronologies for additional 

parameters (e.g. BI / MXD) from existing samples. Additionally, the limited length of 

some of the gridded reconstructions can be remedied with the inclusion of additional 

samples by sampling both longer lived trees and collecting subfossil material in key 

locations (where material exists). Importantly, reconstructions for the central-east 

sector, which produced the strongest calibration / verification and overall best 

reconstruction results, were developed using sites from the Cairngorms region. This is 

an encouraging finding as the majority of subfossil material comes from this region 

and is used to develop an extended temperature reconstruction for Scotland (see 

Chapter 5). More generally, this work emphasises the importance of recognising and 

appreciating the interaction of climatic and non-climatic factors in climate 

reconstruction work. 
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5.1 Introduction 
 

 In the past few decades investigations aimed at understanding recent climate 

change have received considerable attention, focusing on the relationship of these 

changes to pre-industrial 'natural' climatic variability and particularly on the role and 

extent of anthropogenic forcing (IPCC, 2014b). To gain insight into these broad-scale 

changes, the attention of researchers has been focused on utilizing palaeoclimatic 

proxy records to develop global (e.g. Mann and Jones, 2003; Mann et al., 2008), but 

also more commonly hemispheric scale reconstructions of surface temperature which 

frequently focus on the northern hemisphere (NH) - a reflection of data availability 

(e.g. Briffa et al., 2001 Briffa et al., 2002; Christiansen and Ljungqvist, 2011; Cook et 

al., 2004; D'Arrigo et al., 2006; Esper et al., 2002; Hegerl et al., 2007; Jones et al., 

1998; Moberg et al., 2005; Osborn and Briffa, 2006). 

 Trees growing in climatically limiting environments are well known for their 

ability to record climatic conditions in the patterns of their tree rings and so act as 

palaeoclimatic proxy archives (Fritts, 1976). Tree-ring samples from environments 

where temperature predominantly limits growth have been used extensively to 

reconstruct past temperature at various locations around the world. These 

palaeoclimatic records have played an important role in the reconstruction of 

temperature on regional and hemispheric scales, and long tree-ring chronologies form 

a vital component of annually resolved NH reconstructions of temperature (Jones et 

al., 2009). 

 Despite the existence of a dense network of tree-ring chronologies in Europe, 

the availability of long tree-ring based temperature reconstructions still remains 

limited with only a handful of millennial (or near millennial) records existing at 

present. In Europe, tree-ring based reconstructions of temperature have thus far been 

developed for northern Scandinavia (e.g. Briffa et al., 1990; 1992b; Esper et al., 2014; 

Grudd et al., 2002; Grudd, 2008; McCarroll et al., 2013), central Sweden (e.g. 

Gunnarson et al., 2011; Linderholm and Gunnarson, 2005; Zhang et al., 2015), the 

whole of Scandinavia (Linderholm et al., 2014a), Finnish Lapland (Helama et al, 

2002) and southern Finland (Helama et al., 2014), the European Alps (Büntgen et al., 

2005; 2006), the Tatra Mts. (Büntgen et al., 2013), and the eastern Carpathians (Popa 

and Kern, 2009). The development of additional, especially long, records is therefore 
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vital to help constrain estimates of past temperature variability by reducing spatial and 

temporal uncertainty and so expanding our understanding of climatic conditions in the 

late Holocene. 

 In Scotland, similar efforts to those cited above are less advanced and the 

development of a similarly long continuous tree-ring record has not been undertaken 

until now. From the perspective of understanding NH temperature change, a long tree-

ring based reconstruction of temperature from the British Isles is currently 

unavailable. The location and close proximity of Scotland to the northeast Atlantic 

translates to a strong influence of north Atlantic climate dynamics in this region and 

sensitivity to modes of variability such as the summer expression of the North 

Atlantic Oscillation (SNAO) (Linderholm et al., 2009). Also, considering the current 

absence of any other annually resolved near millennial temperature record from this 

region, the development of a long temperature record and reconstruction from this 

region would undoubtedly be of considerable value as it would fill an important 

spatial gap in the global mosaic of high resolution proxy archives. This prospect 

provides the rationale for the development of such a record. 

 Until recently, the number of studies attempting to reconstruct temperature in 

Scotland using tree rings has been minimal. However, despite the very limited extent 

(~1%) of remaining semi-natural forest cover in Scotland at present (Crone and Mills, 

2002), previous research has demonstrated that chronologies using tree-ring samples 

from temperature-sensitive sites can be developed and used to reconstruct 

temperature. A summer temperature reconstruction was developed for Edinburgh for 

the period AD 1721-1975 by Hughes et al. (1984) using ring-width (RW) and 

maximum latewood density (MXD) from living Scots pine (Pinus sylvestris L.) 

samples from the Scottish Highlands. However, no substantial update has been 

published since that time. Recent research by Wilson et al. (2012) emphasised the 

potential for the development of a continuous millennial-length (or longer) tree-ring 

based temperature reconstruction from Scots pine samples from the Cairngorms in 

central Scotland utilising subfossil wood preserved in Highland lochs. It has also been 

suggested that historical buildings represent a further potential source which could be 

utilised (Mills, 2008). 

 The present work demonstrates that not only is it possible to expand on the 

work of Hughes et al. (1984), both spatially and temporally, but also that modern 

methodological improvements in chronology development can be used to produce a 
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more refined reconstruction. The suitability of a spatially expanded network 

incorporating a large number of tree-ring sites around Scotland was investigated and 

assessed in detail in the previous chapter. This showed that the Cairngorms area in 

central Scotland is the best possible location from which a reconstruction of 

temperature can be developed due to the strong temperature response of trees in that 

area and minimal disturbance impact from timber extraction. 

 The influence of non-climatic disturbance on the growth of Scots pine has 

been identified and recognised as a considerable challenge to reconstructing 

temperature in Scotland. The impact of these disturbance events on RW series was 

discussed and accounted for in Chapter 3, where it was demonstrated that the climate 

related variability in RW series from trees affected by disturbance can be improved. It 

was also demonstrated in Chapter 4 that such disturbance-corrected chronologies can 

be used to derive an improved reconstruction of temperature. This disturbance 

correction approach is also applied here in the development of a temporally more 

extensive temperature reconstruction. 

 This chapter presents an 800-year tree-ring based reconstruction of summer 

temperatures for Scotland using ring width (RW) and blue intensity (BI) data. The 

newly developed Scottish reconstruction provides an indication of the timing and 

magnitude of significant cold and warm events in Scotland's recent history. The 

reconstruction is evaluated against other temperature records, including a separate and 

independent reconstruction from other sites in the Cairngorms, long instrumental 

(Parker et al., 1992) and other reconstructed temperature records for the UK (Hughes 

et al., 1984; Lamb, 1965; Luterbacher et al., 2004), and other relevant European 

temperature reconstructions including records from central Europe (CEU - 

Dobrovolný et al., 2010), the Pyrenees (PYR - Liñán et al., 2012), the European Alps 

(ALPS - Büntgen et al., 2006), Jämtland in central Sweden (JÄM - Zhang et al., 2015) 

and northern Fennoscandia (N-EUR - Esper et al., 2014; Matskovsky and Helama, 

2014). From an extensive set of records, the selection of the European tree-ring-based 

temperature reconstructions for comparison was restricted to a few records 

representing several regions within Europe. It includes only long records (> 500 

years) that can reasonably be expected to potentially contain some common variance 

with the Scotland reconstruction (i.e. records with a similar reconstructed season from 

locations within a radius of < 2000 km spanning central, west, southwest and north 
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Europe). This selection also took account of records included in the most recent tree-

ring based northern hemisphere temperature reconstruction (Wilson et al., 2016). 

 This new reconstruction extends the previously published Scotland 

dendroclimatic record by nearly 500 years and the combined utilisation of BI and RW 

data ensures the establishment of a strong climate-growth relationship. The analysis 

presented here therefore represents an important contribution to developing a better 

understanding of past temperature in the region and its relation to historical 

temperature trends in other parts of Europe. 

Recent work has suggested a weak influence of solar forcing on global 

temperatures over the last millennium and a more important role of volcanic forcing 

(e.g. IPCC, 2014b; Moberg et al., 2015; Schurer et al., 2014). In this study we 

therefore also examine the response to volcanic forcing in reconstructed temperatures 

from the new Scottish and other European records without specifically considering the 

role of solar forcing. The short-term climatic effects of large volcanic eruptions that 

inject significant amounts of SO2 into the stratosphere, subsequently forming sulphur 

aerosols, is well known. These aerosols can disperse around the globe and persist in 

the stratosphere for several years where they have a cooling effect by scattering 

incoming solar radiation (Gao et al., 2008; Sigl et al., 2013).  

Recently, there has been some debate as to how well tree-ring chronologies 

respond to volcanically forced cold summers. Mann et al. (2012) hypothesised that 

some large volcanic events have resulted in widespread prevalence of missing rings in 

NH tree-ring records, leading to loss of absolute dating accuracy, smearing of the 

climate signal and underestimation of volcanic cooling from tree-ring data, though 

this interpretation has been questioned (e.g. Anchukaitis et al., 2012; D'Arrigo et al., 

2013; Esper et al., 2013). Nevertheless, these discussions have highlighted a need to 

develop more detailed assessments of the sensitivity of various tree-ring variables to 

volcanism. Ultimately, it cannot be expected that tree-ring records from different 

locations will respond to volcanic events in a similar way and it is therefore important 

to assess the regional response and sensitivity to volcanic forcing. This analysis 

represents the first time that the response of Scottish climate to volcanic forcing has 

been assessed.  
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5.2 Methods 
 

5.2.1 Sampled sites and data 

 From a wider network of 44 Scots pine (Pinus sylvestris L.) sites from the 

Scottish Highlands, tree-ring chronologies (comprising 430 series / 347 trees) from 

four living tree sites in the Rothiemurchus (Loch an Eilein and Loch Gamnha) and 

Abernethy (Green Loch and West Abernethy) areas (see Table 3.1 in Chapter 3 for 

site information) were extended with 249 subfossil wood series (109 trees) collected 

from lochs (lakes) located near these living sites (Figure 5.1). The four living 

chronologies (and associated sub-fossil data) were not included in the spatial 

temperature reconstruction for Scotland (Chapter 4) to ensure independent 

comparison and mutual validation between both reconstruction products. 

 

 
 

Figure 5.1: Location of the Cairngorms National Park and sampled sites.  
 

 To generate RW and BI measurements, living samples were prepared, 

processed, cross-dated and measured according to the procedure described in Chapter 

2 (section 2.2.1). Subfossil samples (discs and cores) were surfaced with razor blades 

and chalk was applied to the surfaced sections to enhance visibility of ring 



Chapter 5                               Reconstructing 800 years of summer temperatures in Scotland 

 112

boundaries. RW was measured from wet samples using a traversing measuring stage. 

Samples were then air-dried and the discs were cut into smaller block laths along 

previously measured radii using a bandsaw. Samples were then fully immersed in 

acetone for 72 hours to extract any remaining resins from the wood. The samples were 

then dried, re-surfaced, scanned and measured following the steps outlined in Chapter 

2 to produce BI and RW.  

 Verification of relative dating consistency was performed by comparing the 

'wet' and 'dry' RW measurements. Independent crossdating of RW and BI series was 

performed in COFECHA (Grissino-Mayer, 2001) and CDendro (Larsson, 2014), and 

dating agreement using both parameters was interpreted as validation of the 

crossdating. In addition to crossdating validation of subfossil series using both RW 

and BI data, radiocarbon (14C) dating of select samples was also performed. 

  

5.2.2 Chronology development 

 Considering the relatively close proximity of the living sites and lochs from 

which the subfossil samples were extracted, both the living and sub-fossil data for all 

4 locations were combined into a single dataset to maximise chronology signal 

strength. An overview of RW and BI replication and expressed population signal 

(EPS) of the living and subfossil series is presented in Figure 5.2 (see Figure D2 in 

Appendix D for full chronology replication and temporal span of individual samples). 

The period 1200-2010 was used for the reconstruction as replication was > 10 series. 

 

5.2.2.1 RW detrending 

 A range of RW chronology variants was constructed by applying a set of 

standardisation procedures. Düthorn et al. (2013; 2015) discussed the possible 

introduction of biases when attempting to reconstruct past climatic conditions from 

living and subfossil samples which are not from the same immediate area where trees 

may have experienced differing micro-site conditions (i.e. at the lakeside vs. several 

meters away from shore). Since many of the living samples could not be obtained 

from the immediate shoreline and the exact origin of subfossil samples could also not 

be determined (i.e. transportation of some samples to the lochs may have resulted 

from logging activities in areas proximal to the lochs) the data from living and 

subfossil samples were detrended separately before pooling for the final composite. A 

total of four RW chronology variants were developed. 
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Figure 5.2: (A) RW and (B) BI living and subfossil sample replication with EPS for the 
combined chronologies (EPS in (B) is shown for the high frequency component 
of BI). The 95% confidence range of 14C-dated samples and the actual RW and BI 
cross-date are also included in (A). 

 
5.2.2.1.1 Detrending variants 

 1) Living and subfossil series were detrended separately with signal free (SF) 

detrending and fitting of a negative exponential function, calculation of indices was 

performed by division and by applying variance stabilisation using a 51-year window 

(see section 3.2.3 in Chapter 3 for details). The choice to only use SF chronologies is 

consistent with the approach adopted in Chapter 4 where the application of SF 

detrending generally achieved superior reconstruction results compared to more 

traditional detrending approaches. Indices of the individual subfossil series were 

scaled to the living chronology according to the relative difference in mean and 

variance of the subfossil and living chronologies over their common well replicated 

period of overlap (i.e. where EPS was generally > 0.85). Following this subfossil re-

scaling, all living and subfossil indices were combined to produce a single RW 

chronology. 

 2) Conventional data adaptive detrending approaches restrict the amount of 

extractable low frequency information to the mean length of the individual series from 

which a chronology is composed. This occurs because the indices of detrended series 

have the same mean and cannot retain overall trend exceeding the length of the 
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individual series. This limitation has been termed the 'Segment Length Curse' (Cook 

et al., 1995) and represents a considerable difficulty in the development of long tree-

ring based climate reconstructions. At the basic level, RCS detrending (Briffa and 

Melvin, 2011; Briffa et al., 1992b) is designed to help address these issues by creating 

a single empirically derived 'regional' detrending curve for all series. With this 

approach it is possible to extract long term changes in mean as each individual series 

is not confined to the level of the detrending curve. With a mean series length of about 

144 years in the North Cairngorms dataset (see Figure D2 in Appendix D), it is 

necessary to utilise RCS detrending in order to extract low frequency temperature 

information from the tree-ring data at timescales greater than centennial.  

 The second detrending procedure followed the steps described above with the 

exception that SF with RCS detrending was applied to the subfossil series (Melvin 

and Briffa, 2008). However, RCS detrending was not performed with the living data 

in order to avoid a potential modern sample bias (Briffa and Melvin, 2011) which can 

arise from applying RCS to living tree data. RCS detrending is used in dendroclimatic 

reconstructions to allow the potential retention of more low frequency information in 

tree-ring series compared to standard detrending approaches (e.g. Anchukaitis et al., 

2013; Briffa et al., 1992b; Büntgen et al., 2005; D'Arrigo et al., 2006; Esper et al., 

2002; Wilson et al., 2005). This was performed by splitting the subfossil series into 

two equal groups of high and low growth rates based on the mean growth rates of the 

first 50 years of growth (a shorter period was used in a few exceptional cases where 

samples consisted of < 50 rings) and developing two mean RCS curves. Pith offset 

(PO) estimates were used to help limit distortion of each regional curve. For a small 

minority of samples (~3%) the PO was either not known or could not be estimated. In 

such cases PO was assigned a zero value. 

 

5.2.2.1.2 CCT variants 

 The presence of disturbance-related growth release 'trends' resulting from 

centuries of woodland exploitation, which can weaken the climate signal in RW 

chronologies, was extensively discussed in Chapter 3. Although such effects were 

found to be limited in the Cairngorms as a whole, CCT correction was performed as 

considerable disturbance responses were present in the trees of the Loch Gamnha site 

(see Figure 3.5 in Chapter 3). As the presence of low frequency disturbance related 

biases would have resulted in only very limited skill of a reconstruction developed 
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from uncorrected (pre-CCT) data, only disturbance corrected (post-CCT) versions 

were used to reconstruct temperature as the corrected versions were on the whole 

found to produce considerably stronger calibrations than the uncorrected versions. 

The same overall approach for disturbance identification and correction was 

employed here as in Chapter 3. 

 Two disturbance correction versions of each of the two detrending variants 

described above (in section 5.2.2.1.1) were developed. The first of these disturbance 

correction variants (Combined Curve and Trend - CCT) was introduced in Chapter 3 

and is hereafter referred to as CCT-v1. The second disturbance correction variant is an 

updated version and is referred to as CCT-v2. The primary difference between the two 

versions is that CCT-v2 applies a slight modification in the disturbance detection 

algorithm by performing autoregressive modelling on each series with a mean of 'zero' 

instead of 'unity'. While the former facilitates more effective fitting of the Warren 

curve (Warren, 1980) to the disturbance-related growth trends, a more conventional 

approach is to apply autoregressive modelling to a zero-mean series as incorporated in 

CCT-v2. 

 In all, a total of two living (SF+CCT-v1 and SF+CCT-v2) and four subfossil 

(SF+CCT-v1, SF+CCT-v2, SF-RCS+CCT-v1, SF-RCS+CCT-v2) chronology 

variants were developed. Each of the living chronology variants was combined as 

described above (section 5.2.2.1.1) with the SF and SF-RCS subfossil variants of the 

same CCT version (i.e. not mixing different CCT versions between living and 

subfossil data) to produce four RW chronologies. 

 

5.2.2.2 BI detrending 

 Living and subfossil BI series were detrended separately and detrending was 

performed with linear regression functions after inversion as outlined in Chapter 4 

(section 4.2.3). The indices of individual subfossil BI series were then scaled to the 

living data according to their common well replicated period of overlap (with EPS ≥ 

~0.85) and combined into a single chronology. Although recent research has 

demonstrated that it is possible to correct for potential low frequency biases in BI 

(Björklund et al., 2014a; 2014b) when applied to subfossil 'drywood', it remains 

unclear whether a similar procedure can be applied to 'wet' subfossil wood, which was 

used in this study, since material preserved in this way may be affected by additional 
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discolouration issues leading to as yet unidentified biases (Björklund et al., 2014b). 

For this reason, development of a BI only reconstruction was not performed. 

 

5.2.3 Composite BI and RW chronologies 

 After detrending, composite versions of the full-length BI and RW 

chronologies were produced by combining high frequency (highpass) BI and low 

frequency (lowpass) RW according to the procedure described in Chapter 4 (see 

section 4.2.4 in Chapter 4 for details). A frequency cut-off of 18 years was determined 

by the intersection of decreasing coherency strength between BI and RW with July-

August instrumental temperature data and applied for the highpass / lowpass filtering 

procedure (see Figure D1 in Appendix D). After filtering, the high-pass (low-pass) BI 

(RW) series were scaled to the instrumental data filtered in the same way and 

thereafter the RW and BI series were combined by addition into a single chronology 

and rescaled to the original (unfiltered) instrumental temperature series. 

 

5.2.4 Climate data 

 For the reconstruction target the July-August season of the Jones and Lister 

(2004) mean temperature dataset for mainland Scotland (SMT) was used back to 1866 

and extended to 2009 with the CRU TS3.10 mean monthly (0.5°) gridded temperature 

data (57.25°N, 3.75°W) (Harris et al., 2014) as described in Chapters 2 and 3. 

Although CRU TS3.22 is now available, extension was performed using this older 

CRU TS3.10 temperature dataset in order to remain consistent with analysis 

performed in earlier chapters. 

 

5.2.5 Calibration and verification 

 The skill of each reconstruction variant was assessed by performing a set of 

regression-based calibration and verification procedures. The period from 1901 to 

2009 was split into two calibration (1901-1954) and verification (1955-2009) periods. 

The assessment was repeated by reversing the two periods. A final full 1901-2009 

period calibration was undertaken and the period from 1866 to 1900 retained for an 

independent assessment of the full calibration. A range of calibration and verification 

statistics, including the r2 for the calibration and verification periods, the coefficient of 

efficiency (CE) and the root-mean-square error (RMSE), were calculated. A final 

reconstruction was developed as a weighted mean (weighted according to the RMSE 
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over the 1866-1900 independent verification period) of all four reconstruction variants 

covering AD 1200-2010. 

 A confidence interval was determined firstly by calculating the 2 sigma 

standard error of the estimate from the regression for each of the four individual 

reconstructions based on the 1901-2009 period calibration. The full range between 

these four error estimates was used to derive the confidence interval for the final 

reconstruction. Although this is a rather conservative assessment of the error range, it 

attempts to take into account periods of individual reconstruction agreement and 

disagreement by combining detrending error with calibration uncertainty (Esper et al. 

2007). 
 

5.2.6 Superposed Epoch Analysis 

Superposed Epoch Analysis (SEA) is a technique which has often been used to 

assess the general response following some type of perturbation event occurring at 

different times. One common application of this technique includes analysis of the 

mean tree growth temperature response following volcanic eruptions. It has been 

utilised in this way for example by D'Arrigo et al. (2013), Esper et al. (2013) and 

Jones et al. (2003) to assess (and infer) regional and NH temperature responses to 

major eruptions from instrumental and reconstructed temperature records. By aligning 

sections of reconstructed temperature estimates in the Scottish record for multiple 

volcanic events relative to the year in which each event occurred and calculating an 

average, a general response to these events can be determined. Here the response to 

volcanic forcing in the newly developed North Cairngorms and other European tree-

ring reconstructions is investigated. Two lists of significant volcanic eruptions are 

assessed using a selection of events based on a stratospheric sulphate aerosol injection 

index > 15 Tg for the NH (Gao et al., 2008) and an alternative set of events based on 

sulphate deposition data from Greenland ice core records (Sigl et al., 2013). 

 

5.3 Results and discussion 
 

5.3.1 North Cairngorms reconstruction 

 Very good expressed signal strength coinciding with high replication is 

evident in the RW and BI data back to the mid-1500s (Figure 5.2). With generally 

lower replication before the mid-16th century, EPS for the RW data (Figure 5.2a) 

nevertheless generally remains reasonably high with a few weaker periods around 
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1400 and 1500 and in particular before ~1280 when replication decreases and EPS 

drops more noticeably below 0.85. The BI chronology replication and signal strength 

(Figure 5.2b) generally mirror the RW results with the exception of an additional 

weak period around 1425-1550 (a particularly weakly replicated period with relatively 

short samples). Although in an ideal situation chronologies should be used for the 

period with high signal strength, the pre ~1550 period, where replication is > 10 

series, is used to allow extension of the reconstruction further back in time - but with 

caveats of decreased confidence for these earlier periods. The full period of the 

reconstruction is therefore 1200-2010. 

 Examining the four individual BI-high-pass/RW-low-pass composite 

chronologies presented in Figure 5.3, as expected the two RCS-SF chronologies 

express more low frequency variance than their SF-only counterparts. Increased 

spread in the chronologies is apparent before ~1740 and most evident in the period 

around 1300 and from the late 1500s until ~1700. The period 1280-1300 also appears 

as a distinct episode of peak tree establishment and other similar periods of increased 

establishment occur in 1540-1560 and between about 1680 and 1760. 
 

 

  
 

Figure 5.3: Four versions of composite (BI+RW) chronologies (A) untransformed and (B) 
smoothed with a 20-yr low-pass Gaussian filter. Chronologies are expressed as 
Z-scores relative to the 1901-2009 period. Tree establishment represents the 
number of established dates (using pith estimates) in 20 year blocks divided by 
the mean replication in each respective period. (Note that because the pairs of 
CCT v1.0 and CCT v2.0 chronologies are virtually identical after ~1850, the 
figure appears to show only two chronologies after that time.) 
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The instrumental record together with reconstructed temperatures using the 

full 1901-2009 calibration period are presented in Figure 5.4. The results highlight 

very good agreement between observed and reconstructed temperatures during the 

1901-2009 full calibration period (r2 = 0.57) as well as over the 1866-1900 

independent verification period (r2 = 0.56). A range of statistics from a set of 

calibration and verification exercises is detailed in Table 5.1 and demonstrates that the 

four reconstruction variants contain a similar level of reconstruction skill as expressed 

by the very similar calibration (r2 (1901-2009) = 0.54-0.56) and verification (r2 (1866-1900) = 

0.54-0.57) results. However, to some extent the similarity of the results is partly a 

reflection of the limited length of instrumental data which restricts an assessment of 

the reconstructions to the period covered predominantly by living data (and hence 

why detrending uncertainty was included in estimation of the reconstruction error 

range). Nevertheless, a visual assessment of the chronologies in Figure 5.3b suggests 

a high degree of similarity of the chronology variants back to ~1750.  
 

 
 
Figure 5.4: Untransformed and 10-yr low-pass filtered NCAIRN reconstruction (1901-2009 

calibration) and observed instrumental July-August temperature including split 
1901-1954 and 1955-2009 calibration and verification periods and an 1866-1900 
independent verification period. 
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 SF - CCT v1 SF + 2 RCS-SF CCT v1 SF - CCT v2 SF + 2 RCS-SF CCT v2 
1901-1954 
calibration     

calibration r2 0.553 0.555 0.588 0.586 
verification r2 
(1955-2009) 

0.530 0.531 0.500 0.500 

verification CE 0.523 0.524 0.429 0.428 
     

1955-2009 
calibration     

calibration r2 0.530 0.531 0.500 0.500 
verification r2 
(1901-1954) 0.553 0.555 0.588 0.586 

verification CE 0.548 0.549 0.507 0.504 
     

1901-2009 
calibration     

calibration r2 0.560 0.561 0.542 0.541 

mean CE 0.536 0.536 0.468 0.466 
regression 

standard error 0.601 0.601 0.614 0.614 

     
1866-1900 

independent 
verification 

    

verification r2 0.568 0.568 0.547 0.544 

verification CE  0.552 0.551 0.499 0.494 

RMSE 0.537 0.538 0.568 0.571 
     

 

Table 5.1: Calibration and verification statistics of the individual reconstructions. 
 
 
 The final North Cairngorms (NCAIRN) reconstruction is presented in Figure 

5.5 and the warmest and coldest reconstructed years and decades summarised in Table 

5.2. Importantly, although the range of uncertainty is quite small over the instrumental 

period and generally also back to the mid-1700s, before that time there is a wider 

spread in the confidence limits with variations in the error range reflecting periods of 

greater and lesser agreement of the individual reconstruction variants apparent from 

the chronologies (Figure 5.3). In general however, the reconstruction captures well the 

late 20th and early 21st century warming. Other notably warm reconstructed periods 

include two shorter periods (1280-1290 and 1300-1320) in the early part of the record, 

suggesting the possibility of warmer conditions than at present and another warm 

period between about 1490 and 1510 when temperatures may have been similarly 

high to present conditions and shorter periods also in 1370-1380 and 1730-1740. 
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The most evident extended cold period is centred on the 17th century and 

extends from the late 16th until the early 18th century (although this is also one of the 

periods of greatest uncertainty in the record). This cold period coincides with the so-

called Little Ice Age (LIA - Matthews and Briffa, 2005) reported in historical and 

other proxy records from both the Northern and Southern Hemispheres (Büntgen and 

Hellmann, 2014; Neukom et al., 2014) and is described as a period of deteriorating 

climate in Scotland after ~1550 (Lamb, 1964). Three of the five coldest reconstructed 

decades (1631-1640, 1661-1670 and 1691-1700) occurred in the 17th century with the 

1690s representing the coldest decade in the record (Table 5.2). The period from 

approximately 1693-1700 was marked by exceptionally cold and wet summers with 

widespread famine in Scotland, failed or delayed harvests and southward expansion of 

sea ice in the northern North Atlantic, coinciding with the effects of volcanic 

eruptions including the Mt Hekla eruption in 1693 and an unidentified event in 1695 

(Dawson, 2009; Lamb, 1964; Plummer et al., 2012). Other noteworthy colder periods 

in the reconstruction include the middle of the 15th century and the second half of the 

1700s as well as the pre-1270 period, although the latter should be interpreted with 

caution because replication and signal strength are weak during that time. However, 

historical accounts do suggest that severe cold winters and famine were frequent 

before the late 13th century and also occurred leading up to and after the middle of the 

15th century with widespread crop failure in some years (Dawson, 2009), which 

coincides with cold periods in the NCAIRN reconstruction. 
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Figure 5.5: NCAIRN (A) untransformed and (B) 20-yr low-pass filtered reconstruction of Jul-Aug temperatures. 
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Warm years Cold years Warm decades Cold decades 

Year Temp. 
anomaly Year Temp. 

anomaly Year Temp. 
anomaly Year Temp. 

anomaly 

1284 2.15 1232 -2.61 1301-1310 1.07 1691-1700 -1.30 

1285 1.86 1782 -2.52 1281-1290 1.06 1631-1640 -1.27 

1307 1.74 1698 -2.38 2001-2010 0.82 1221-1230 -1.11 

1310 1.64 1799 -2.32 1501-1510 0.77 1231-1240 -1.03 

1282 1.53 1227 -2.30 1981-1990 0.67 1661-1670 -0.96 

2010 1.52 1639 -2.04     

2003 1.50 1667 -2.03     

1859 1.39 1441 -1.86     

1990 1.37 1202 -1.85     

1949 1.37 1696 -1.84     
        

 
Table 5.2: 10 coldest and warmest reconstructed years and 5 warmest and coldest reconstructed 

decades (anomalies relative to 1961-1990).  
 

 Although the recent warm period is among the warmest in the ~800 year 

reconstruction (with 2001-2010 the third warmest decade in Table 5.2), within the range 

of uncertainty of the reconstruction it is not unique in relation to other reconstructed 

warm periods such as the 1730s, 1500s or the period around 1300. Similarly, although 

including two of the warmest decades (Table 5.2) in the reconstruction, it was not 

possible to determine with any certainty whether the interval around 1300 was truly an 

unusually warm period, especially as it is one of the periods of greatest uncertainty. 

Furthermore, it is likely that the interpretation of this period was affected by a 

concentrated period of recruitment around 1300 as this may have introduced a potential 

bias in the RCS reconstruction versions (although all reconstruction variants (including 

non-RCS) suggest conditions at least as warm as, if not warmer than, those experienced 

in recent decades and in other warm periods). Historical records indicate that the 1280s 

were marked by climatically favourable conditions with hot, dry summers, though the 

early 1300s were characterised by deteriorating climate with poor harvests, famine and 

wet conditions (Dawson, 2009; Lamb, 1964). It is therefore not clear to what extent this 

reconstructed warm period is real. Likewise, the 1730s warm interval may partly 

represent a residual disturbance-related bias which may not have been entirely removed 

in the disturbance correction procedure (see Chapter 3). 
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When examining extreme individual summers in Table 5.2, the top five warmest 

years occur in 1284, 1285, 1307, 1310 and 1282. However, as discussed above, if the 

1300 period is excessively inflated, this representation of warmest years inferred from 

the reconstruction may be misleading and caution is advised when assessing individual 

years as the expression of extreme years in reconstructions may be limited (McCarroll 

et al., 2015). An examination of historical accounts for unusually warm years may offer 

little help as documentary archives tend to focus on societally stressful extreme events 

which may translate into an under-representation of anomalously warm conditions in 

Scotland. This is because (unless linked to severe drought) warm extremes were less 

likely to lead to societal disruption and hardship in a country such as Scotland and were 

therefore less likely to be recorded than for example cold or wet extremes (Dawson, 

2009; Dobrovolný et al., 2010). Exceptionally cold years appear to be well expressed. 

Of the most extreme single reconstructed years summarised in Table 5.2 the five coldest 

are 1232, 1782, 1698, 1799 and 1227. While early accounts are scarce and focus 

predominantly on cold winters, historical evidence of more recent summers, 

characterised by low temperature extremes, is insightful. Historical accounts suggest 

that the year 1799 (fourth coldest reconstructed year) was characterised by a "... 

remarkably cold summer ..." with temperatures well below average (Dawson, 2009: 

151). Similarly, 1782 and 1698 are described as years of famine with very late and poor 

harvests and with very cold conditions overall (Dawson, 2009; Walton, 1952). 

 

5.3.2 Scotland reconstruction and other records 

 Spatial correlations of the NCAIRN reconstruction with gridded 0.5° CRU TS 

3.22 (Harris et al., 2014) mean temperature for July-August in Figure 5.6a and b 

highlight strong agreement of reconstructed and instrumental temperatures over the 

British Isles, particularly over Scotland and much of east and northeast England with 

correlations > 0.72. Although the strength of this relationship decreases with increasing 

distance, it nevertheless still remains high (r > 0.64) over western France, Belgium and 

the Netherlands and a correlation > 0.4 is observed as far away as central Spain and 

Portugal, parts of central Europe, western parts of the Baltic states, southwest Finland 

and central Sweden. Though understandably weaker, the character of this spatial pattern 

is similar when compared to the correlation of the central Scotland instrumental 

temperature grid box with gridded temperature series around Europe (Figure 5.6c). 
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 Comparison of the NCAIRN reconstruction against other temperature records 

for the UK (Figure 5.7 – see Figure D3 in Appendix D for a comparison using 20 year 

low-pass versions) reveals periods of agreement as well as disagreement in the records. 

In Figure 5.7a, the 'rest of Cairngorms' (living tree only) reconstruction (hereafter 

referred to as ROC) developed from all Cairngorms chronologies following the 

approach in Chapter 4 (with the exception of chronologies used for the NCAIRN 

reconstruction) shows excellent agreement with NCAIRN back to ~1740. Earlier 

sections show minor trend differences and deviations in the mean level which can be 

explained as a consequence of applying RCS detrending to the subfossil series in the 

North Cairngorms record, whereas non-RCS detrending was applied to ROC. To some 

extent this may also reflect lower replication in early sections of the living chronologies 

used in the ROC reconstruction. A period of particularly weak agreement occurs 

immediately prior to 1720. However, this period of decreased correlation does not 

appear in comparisons of the NCAIRN reconstruction with the CET and Luterbacher 

records, suggesting that it may not be a limitation of the NCAIRN reconstruction. 

 
 

Figure 5.6: Spatial plot of correlations between gridded CRU TS 3.22 (Harris et al., 2014) July-
August mean temperatures and (A) the NCAIRN reconstruction for the United 
Kingdom and Ireland (B) the NCAIRN reconstruction for Europe (C) and the 
extended SMT temperature series for Europe over the 1901-2009 period.  
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Figure 5.7: Comparison of the NCAIRN reconstruction with (A) a reconstruction produced 
using all other living chronologies from the Cairngorms, (B) CET July-August mean 
temperature, (C) Luterbacher et al. (2004) 0.5° summer season (June-August) 
reconstruction for central Scotland, (D) Hughes et al. (1984) July-August 
reconstruction for Edinburgh and (E) the Lamb (1965) reconstruction of July-August 
temperature (digitised from Lamb, 1965) - note x-axis scale change. 
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 Considering the distance (~ 500 km) of the North Cairngorms from central 

England, good agreement between the records is observed back to ~1800 (Figure 5.7b), 

but weakens in the late 20th century. Overall, NCAIRN shows reduced variance 

compared to the instrumental / historical CET record, which is likely a result of the least 

squares fitting procedure performed in linear regression. The 1750-1800 period appears 

relatively warmer in CET and a weaker correlation is also observed around that time. 

The records diverge before ~1720 with CET showing generally warmer conditions and 

the correlation over time is also lower in the earliest part. While uncertainties in the 

CET record have been extensively examined and discussed by Parker and Horton 

(2005) for the period after 1878, no such exercise has been undertaken (and may not in 

fact be possible) for the ~200 years prior to that time. Uncertainty in the record 

invariably increases back in time with the incorporation of a diverse range of sources 

and increasing reliance on non-instrumental data such as diaries in the early parts of the 

record or the placement of some thermometers indoors before 1760 (Manley, 1974). 

These circumstances present a considerable challenge to producing a single 

homogenised and unbiased temperature record. Such considerations have been 

investigated and discussed in relation to other long European instrumental temperature 

records as for example in Sweden (Moberg et al., 2003), the European Alps and for the 

Northern Hemisphere more generally (Frank et al., 2007). Manley (1974) states that the 

earliest part (first ~60 years) of the record in particular should be considered less 

reliable. Considering the deviation of the two records, this uncertainty in CET raises 

questions about whether early values constitute overestimates of temperature. 

 The generally flatter Luterbacher et al. (2004) reconstruction (Figure 5.7c) 

shows a centennial departure of the mean centred around the mid-1600s and may 

possibly also be an expression of limited low frequency information contained in that 

record which also includes historical documentary evidence. Limitations in the use of 

historical indices to capture low frequency trends is a known issue (Dobrovolný et al., 

2010). Additionally, it is uncertain whether truncation of tree-ring records was 

performed in Luterbacher et al. (2004) for weakly replicated early sections of the 

records as this would also affect reconstruction quality in the earlier periods. In general, 

the correlation between the two series decreases back in time with particularly weak 

agreement around 1600 and the late 17th century, although this improves again in the 

16th century. The variable degree of agreement can partly be explained by the changing 

representation of various predictor records from different locations through time in the 
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Luterbacher reconstruction. The excellent agreement with NCAIRN after ~1800 is 

undoubtedly due to the inclusion of Scottish instrumental temperature records 

(including Edinburgh from 1764 onwards and Aberdeen from ~1870). As CET is also 

included as a predictor in the Luterbacher reconstruction, it undoubtedly strongly 

influences the late 17th to late 18th century estimates. Luterbacher et al. (2004) 

acknowledged that inhomogeneities in early (mid-18th to mid-19th century) instrumental 

records are a potential source of uncertainty, possibly causing a bias towards warmer 

estimates. The good early period agreement is surprising, particularly as this part of the 

Luterbacher record appears to be based on tree-ring data from northern Norway and 

documentary evidence from the Low Countries, which may account for the greater 

reconstruction variance in that period. It is also surprising because the 16th century is a 

period of greater high frequency uncertainty in NCAIRN based on EPS results (Figure 

5.2b) and offers some re-assurance about the reliability of this particular period in 

NCAIRN. 

Given that NCAIRN and the Hughes et al. (1984) reconstruction are entirely 

independent, agreement with Hughes is good over most periods (Figure 5.7d), though 

weaker in the earliest common period. The most apparent departure after 1800 occurs 

during a known period of increased disturbance associated with the Napoleonic Wars 

(see Figure 3.3 in Chapter 3), which may be partly reflected in the Hughes record. The 

utilisation of polynomials to detrend tree-ring series in the Hughes reconstruction 

presumably severely restricted the retention of any lower frequency trends. However, 

there is no indication of divergence when compared to NCAIRN as there appears to be 

little long-term trend in the period of overlap, although poor verification results in the 

Hughes record before 1810 are reported and the study cautions that the earliest section 

of the reconstruction may be less reliable (Hughes et al., 1984). Interestingly, although 

more qualitative in nature, the Lamb (1965) historical observation-based reconstruction 

suggests that the 17th century was a colder period (Figure 5.7e) and also indicates the 

existence of a warmer period centred on 1300. While this qualitative agreement with 

NCAIRN is only indicative and does not in any way substantiate the existence of a 

warmer period around that time, it also highlights that such a possibility cannot be ruled 

out without careful consideration and evaluation.  

 Correlations between the UK instrumental and proxy temperature records 

discussed above (excluding the Lamb reconstruction) are presented in Table 5.3. The 

high correlation between CET and the Luterbacher et al. (2004) reconstruction and the 
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relatively weaker agreement with the three Scottish reconstructions indicates a high 

degree of dependence of the Luterbacher record on CET. The observation that the ROC 

reconstruction correlates more strongly with other records than NCAIRN is not 

surprising as the former includes data from 11 site chronologies also including MXD 

data. Overall, the Hughes record shows the lowest correlation of the Scottish 

reconstructions with other records - indicating that the new data express a substantial 

update on this original work. 
   

 NCAIRN ROC CET Luterbacher 
1721-1969     

ROC r = 0.867 
p < 0.001 - - - 

CET r = 0.400 
p < 0.001 

r = 0.418 
p < 0.001 - - 

Luterbacher r = 0.479 
p < 0.001 

r = 0.509 
p < 0.001 

r = 0.740 
p < 0.001 - 

Hughes r = 0.489 
p < 0.001 

r = 0.546 
p < 0.001 

r = 0.363 
p < 0.001 

r = 0.467 
p < 0.001 

1659-2002     

ROC r = 0.786 
p < 0.001 - - - 

CET r = 0.367 
p < 0.001 

r = 0.400 
p < 0.001 - - 

Luterbacher r = 0.441 
p < 0.001 

r = 0.519 
p < 0.001 

r = 0.760 
p < 0.001 - 

     
 
Table 5.3: Correlation matrix of NCAIRN reconstruction and other UK temperature records. 
 

By examining the NCAIRN instrumental temperature target with those of 

several European temperature records (Figure 5.8) while also comparing the longer term 

trends of the respective reconstructions (Figure 5.9), it is possible to distinguish 

multidecadal scale periods of reconstruction agreement and disagreement within the 

context of the degree of agreement that might be expected based on the location of those 

records. Large differences exist in the magnitude and timing of warmer and colder 

episodes between most of the examined reconstructions, which can be expected 

considering the decreasing spatial correlation of Scottish tree-ring and instrumental data 

over Europe with increasing distance (Figure 5.6b, c). However, it is also important to 

examine agreement and disagreement between records in the context of the 

reconstructed target season (which is broader than July-August in the case of the 

Jämtland, Pyrenees, Alps and N-EUR), standardisation method applied and 

reconstruction uncertainty as such factors can also affect coherence between the series.  
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Figure 5.8: Comparison of unfiltered and 10-yr Gaussian low-pass (LP) filtered instrumental 
temperature target used for NCAIRN calibration with instrumental temperature 
series used to calibrate other European temperature reconstructions including (A) 
Northern Europe (N-EUR), (B) Jämtland (JÄM), (C) Central Europe (CEU), (D) 
European Alps (ALPS), (E) and the Pyrenees (PYR). 
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Figure 5.9: Comparison of temperature reconstructions including (A) NCAIRN, (B) Northern 

Europe, (C) Central Scandinavia, (D) Central Europe, (E) the European Alps (F) 
and the Pyrenees. (Periods of solar minima and maxima are highlighted.) 
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 NCAIRN N-EUR JÄM ALPS CEU 
1500-2002      

N-EUR 
r = 0.207 
r(HP) = 0.119 
r(LP) = 0.314 

- - - - 

JÄM 
r = 0.379 
r(HP) = 0.319 
r(LP) = 0.427 

r = 0.630 
r(HP) = 0.656 
r(LP) = 0.630 

- - - 

ALPS 
r = 0.458 
r(HP) = 0.367 
r(LP) = 0.543 

r = 0.106 
r(HP) = -0.032 
r(LP) = 0.245 

r = 0.196 
r(HP) = 0.052 
r(LP) = 0.302 

- - 

CEU 
r = 0.307 
r(HP) = 0.365 
r(LP) = 0.296 

r = 0.022 
r(HP) = -0.013 
r(LP) = 0.124 

r = 0.167 
r(HP) = 0.102 
r(LP) = 0.294 

r = 0.395 
r(HP) = 0.560 
r(LP) = 0.329 

 

PYR 
r = 0.210 
r(HP) = 0.188 
r(LP) = 0.278 

r = -0.041 
r(HP) = -0.062 
r(LP) = 0.032 

r = -0.007 
r(HP) = -0.040 
r(LP) = 0.085 

r = 0.449 
r(HP) = 0.434 
r(LP) = 0.563 

r = 0.269 
r(HP) = 0.279 
r(LP) = 0.277 

1260-2002      

N-EUR 
r = 0.211 
r(HP) = 0.112 
r(LP) = 0.313 

- - - - 

JÄM 
r = 0.326 
r(HP) = 0.322 
r(LP) = 0.336 

r = 0.580 
r(HP) = 0.596 
r(LP) = 0.591 

- - - 

ALPS 
r = 0.390 
r(HP) = 0.308 
r(LP) = 0.465 

r = 0.100 
r(HP) = -0.056 
r(LP) = 0.244 

r = 0.148 
r(HP) = 0.032 
r(LP) = 0.242 

- - 

PYR 
r = 0.120 
r(HP) = 0.119 
r(LP) = 0.139 

r = 0.003 
r(HP) = -0.048 
r(LP) = 0.111 

r = 0.026 
r(HP) = -0.043 
r(LP) = 0.138 

r = 0.350 
r(HP) = 0.386 
r(LP) = 0.386 

- 

      
 

Table 5.4: Correlation matrix of the NCAIRN reconstruction and European temperature records 
using untransformed, 10-yr Gaussian-filtered high-pass (HP) and low-pass (LP) 
series (results significant at the 95% confidence level are highlighted in bold font). 

 

Based on the correlation between NCAIRN target season instrumental data with 

instrumental target series of the other reconstructions (Figure 5.8), best agreement 

would be expected with CEU (r = 0.55) followed by PYR (r = 0.52), ALPS (r = 0.47), 

JÄM (r = 0.44) and N-EUR (r = 0.28). Correlations between the European 

reconstructions (Table 5.4) are largely consistent with geographical distance between 

the locations as reflected for example by very good agreement between N-EUR and 

JÄM or the high frequency coherence between CEU and ALPS. Interestingly, although 

some of the European records are not significantly correlated (or only correlate very 

weakly) with each other, the new Scotland reconstruction correlates significantly with 

all examined records and most strongly with the Alps and central Scandinavia followed 

by central Europe, N-EUR and the Pyrenees.  

The reason for the weaker than expected correlation with PYR is unclear, though 

it may be related to the broader seasonal window (May-September) of that 
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reconstruction and its weaker lower frequency match with instrumental data as indicated 

in Liñán et al. (2012). Poor late 18th century summer season verification statistics and 

weak EPS for the month of August around the 1650-1700 period in CEU may also 

account for the weaker correlation with NCAIRN at this time. While some degree of 

agreement with the other European records is expected considering Scotland's location 

(Figure 5.6), it also suggests that the record from Scotland is relatively unique in that it 

contains information about climate variability affecting a large part of Europe and is 

something of an intermediary as it shares common variance with the other records. 

NCAIRN arguably must also express unique variability related to the North Atlantic, 

which may partly account for the observed differences in low frequency trends.  

The greater variance of N-EUR and Central Europe (CEU) in Figure 5.9 relative 

to the other reconstructions can be explained by the application of scaling in the case of 

N-EUR (instead of regression used for calibration of the other records with the 

exception of ALPS which also used scaling and PYR which used various approaches) 

and because CEU was based on historical documentary evidence. With the exception of 

CEU (and PYR which employed several methods), standardisation of all other records 

was performed using various forms of RCS standardisation and so would be expected to 

express low frequency trends well. Although Büntgen et al. (2006) argue that an offset 

between warmer instrumental and cooler reconstructed temperatures before ~1820 may 

be a consequence of unreliable early instrumental temperature data, it is also possible 

that the reconstruction may over-estimate the extent of cooling prior to that time. 

All six records show a warmer interval in the period leading up to the 1950s, 

although it is less distinct in the Central Europe (CEU) reconstruction. While largely 

absent from other records, the ~1500s warming in the Scotland reconstruction is also 

present in the central Sweden and CEU records. Although the two Scandinavian records 

indicate warmer conditions before ~1200, only the Jämtland reconstruction suggests a 

warmer period around the mid-13th century that is comparable to the 20th / 21st century 

warming in that record, though it is present ca. 50 years earlier than in NCAIRN – a 

period which also coincides with greater uncertainty (lower EPS) in the Jämtland record 

and so should also be interpreted with caution. The absence of a distinct warm episode 

around 1300 in any of the other records other than the Scottish one supports the notion 

that the warm estimates for this period may be an artefact of juvenile detrending bias in 

a period of low replication. Nonetheless, its existence cannot be entirely ruled out based 

on this evidence alone as there is also some disagreement between the two 
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reconstructions from northern Europe regarding the timing and magnitude of warm and 

cold events especially in the early periods. 

 There is reasonable agreement in general between the records regarding 

protracted cold periods which occur during the LIA and specifically around the 

Maunder solar minimum centred on the second half of the 17th century and to some 

extent also around the latter part of the 15th century coinciding with part of the Spörer 

minimum (Usoskin et al., 2007). The second half of the 1400s appears as a notably cold 

period in all of the records with the exception of the Pyrenees where it is less 

pronounced. However, although the exceptional cold period around 1700 in NCAIRN 

also stands out in the European Alps and Pyrenees records, the period is less apparent in 

the CEU, Jämtland and N-EUR reconstructions. There are also greater regional 

differences in the Dalton minimum period (Wagner and Zorita, 2005). Specifically, the 

period of greatest cooling around that time is before 1800 in the NCAIRN and Jämtland 

reconstructions but after 1800 in the Central Europe, European Alps and Pyrenees 

records and there is no considerable cooling around that time in the N-EUR record. 

  

5.3.3 Superposed Epoch Analysis 

 Superposed epoch analysis (SEA) of selected volcanic events presented in Sigl 

et al. (2013) (hereafter SIGL) and an alternative set of events identified from the Gao et 

al. (2008) (hereafter GAO) index is presented in Figure 5.10 (see Table 5.5 for a list of 

events). As the geographical location of eruptions could affect the timing of the cooling 

response in the examined records, the more numerous SIGL list was also divided into 

high (HL) (> 30°N) and low latitude (LL) events to investigate the response of tropical 

and (northern hemisphere) extra-tropical eruptions. The GAO results (Figure 5.10a) 

indicate a significant cooling response relative to pre-eruption conditions in the first 

post-eruption year in the NCAIRN record. In contrast, though reconstructed 

temperatures on average decrease in the first post-eruption year in the SIGL (Figure 

5.10c) and SIGL LL (Figure 5.10g) events and a reduction is observed in the year of the 

event in the SIGL HL (Figure 5.10e) results, none of the SIGL analyses show a 

significant response. While the SEA results are noisy, the response to some individual 

events may be clearer. For example, the single largest temperature reduction (on the 

order of ~2°C) compared to pre-eruption conditions occurred in 1816 following the 

eruption of Tambora in 1815, although this year is only the 15th coldest reconstructed 

year in NCAIRN.  
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Figure 5.10: Superposed Epoch Analysis of the response to volcanic eruptions in (A, C, E, G) 
the NCAIRN reconstruction and (B, D, F, H) other European temperature 
reconstructions for the 1300-2000 period. (A, B) represent all events based on the 
Gao et al. (2008) and (C, D) Sigl et al. (2013) records; (E, F) as in (C, D) but high 
latitude events only; (G, H) as in (C, D) but low latitude events only. See Table 
5.5 for details. Coloured dots in B, D, F and H indicate significantly (2 sigma) 
cooler post-eruption years in each record. Year ‘zero’ on the x-axis represents the 
year of the recorded event. Note panel (E) y-axis change.  
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Event name location HL / LL GAO S. injection  

(Tg) SIGL season S. deposition 
(kg km-2) 

Unknown Unknown ?? 1328 19.7 1328 autumn 32.1 
Unknown Unknown ??   1344 autumn 22.4 
Unknown Unknown ?? 1452 44.6 1453 winter 21.6 
Kuwae Vanuatu LL 1459 21.9 1459 winter 36.6 
Hekla Iceland HL   1512 spring 19.8 

Colima Mexico LL 1584 24.2 1584 autumn 24.7 
Ruiz Columbia LL   1595 winter 18.5 

Huaynaputina Peru LL 1600 46.1 1601 winter 30.4 
Parker Peak Philippines LL 1641 33.8 1641 winter 46.8 

Shiveluch Kamchatka HL   1646 winter 21.5 
Tarumai Japan HL   1667 summer 25.6 
Unknown Unknown ??   1694 summer 20.0 
Unknown Unknown ?? 1719 31.5    
Lanzarote Canary Islands LL   1729 winter 27.0 
Tarumai Japan HL   1739 winter 24.6 

Laki Iceland HL 1783 93.0 1782 autumn 178.6 
Unknown Unknown ?? 1809 27.6 1809 summer 30.6 
Tambora Indonesia LL 1815 58.7 1815 summer 39.0 
Babuyan Philippines LL 1831 17.0 1831 spring 21.9 
Cosiguina Nicaragua LL 1835 26.4    

Makian Indonesia LL   1862 winter 19.3 
Krakatoa Indonesia LL   1883 summer 18.5 
Katmai Alaska HL   1912 autumn 27.6 

Pinatubo Indonesia LL 1991 15.1 1991 summer 37.2 
        

 
Table 5.5: Overview of volcanic event years for SEA in Figure 5.10 including NH sulphate 

aerosol injection events > 15 Tg from Gao et al. (2008). SIGL represents volcanic 
events in Sigl et al. (2013) with Greenland sulphate deposition > 15 kg km-2. (HL = 
high latitude, LL = low latitude.) 

 
 While the response of NCAIRN to volcanic events appears limited in terms of 

magnitude using the GAO events and insignificant with the SIGL lists, this is not true in 

the case of several other European records. The Pyrenees record consistently shows 

significant cooling one years following volcanic events regardless of whether the GAO 

or SIGL lists are used with the exception of SIGL HL events where no significant 

relationship was observed. In contrast, the European Alps record does not exhibit any 

considerable cooling with the exception of the response in the third post-event year with 

SIGL HL events, though 1816 appears as the coldest year in that record. The pattern of 

greatest cooling is seen after two years in the Scandinavian reconstructions (NEUR and 

Jämtland) using the SIGL and SIGL LL results and is consistent with the findings of 

Esper et al. (2013) where MXD chronologies from Scandinavia were examined with an 

alternative set of volcanic eruptions. However, in contrast to that study, here significant 

cooling was observed in the first two post-eruption years (in both the GAO and SIGL 

analyses). In comparison to the other records, the NCAIRN response to volcanic events 

is muted, which may perhaps be an expression of the oceanic influence on climate in 

Scotland. However, from this analysis it is also quite clear that the SEA results are 

sensitive to the specific list of events selected.  
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The results may additionally be affected by factors such as the temporal 

uncertainty of the sulphate deposition records and (when examining individual regional 

temperature reconstructions) differences in the spatial distribution (and therefore also 

the light scattering influence) of stratospheric sulphate aerosols which will also differ 

from event to event (Gao et al., 2008). It can therefore be expected that the expression 

of post-volcanic cooling from individual regional records may be less clear compared to 

one based on a larger scale (e.g. hemispheric) analysis (Schneider et al., 2015; Stoffel et 

al., 2015; Wilson et al., 2016). This has been discussed for example in a study by Jones 

et al. (2003) which reported greater variability in the response of regional instrumental 

series compared to a hemispheric mean series. The temporal uncertainty associated with 

the sulphate deposition record can also be considerable. The deposition season reported 

in Table 5.5 is associated with an error range of ± 3 months (Sigl et al., 2013) and so 

this information should only be considered as a rough approximation. The reduction of 

the number of events included in the SEA by splitting the events into HL and LL may 

contribute to the observed lack of statistical significance. Furthermore, although limited 

to a small number of instances and unlikely to produce a significant bias, some 

additional limitation of the SEA analysis may result from overlapping windows of 

certain events (e.g. 1809 and 1815) which means that the response to some eruptions 

may not be entirely independent of others.  

 

5.3.4 Further discussion 

 Other researchers have highlighted potential limitations of using subfossil 

material from lakes to make inferences about past climatic conditions. For example, 

Linderholm et al. (2014b) cautioned that the sensitivity of lakeshore pine trees to 

temperature can be reduced in periods with wetter conditions as they may respond 

differently when compared to trees growing at tree-line. Although in Scandinavia there 

is some bias potential of lakeshore and non-lakeshore material, this is less relevant in 

the Scottish case since the provenance of both living and subfossil samples is more 

heterogeneous. For example, many of the lake-preserved samples contained clear 

evidence of felling such as axe marks and were also likely felled from a wider region 

(i.e. non-lakeshore areas) and transported to the lochs via lakes and rivers as a result of 

logging activities. It would also be difficult to evaluate whether using lakeshore and 

non-lakeshore samples is of any significance in this study. It is worth mentioning that 

availability of subfossil material in Scotland is more limited in the sense that sampling 
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sites cannot be strategically selected but rather are restricted to specific localities with 

suitable conditions for preservation. It is also true that sites included in the NCAIRN 

reconstruction are located at an elevational range of 260-420 m a.s.l. and are therefore at 

least 200 m below the theoretical tree-line (Miller and Cummins, 1982). Nevertheless, 

strong calibration and verification results and the generally good agreement with the 

ROC reconstruction in Figure 5.7a implies good overall reconstruction performance and 

does not indicate the existence of any systematic weakening of reconstruction fidelity 

because of the lower elevation situation. 

 Although limitations in the ability of regression-based approaches to accurately 

represent the full amplitude in reconstructions have previously been highlighted (Esper 

et al., 2005; von Storch et al., 2004), the strong calibration results should counteract 

such methodological limitations to some extent. However, it is worth considering that 

the NCAIRN reconstruction may under-represent the absolute magnitude of past 

temperature changes. 
 

 

5.4 Conclusion 
 

5.4.1 Summary 

In this chapter, an 800+ year summer temperature reconstruction, derived from 

temperature-sensitive Scots pine trees, was presented. Despite isolated periods of 

weaker signal strength (namely around AD 1500 and before AD 1300), a strong 

calibration with July-August mean temperatures was achieved, providing a good 

indication of summer temperature conditions in Scotland over much of the last 

millennium. Despite uncertainty of the reconstruction (which generally increases back 

in time), it is possible to draw some conclusions about summer temperature in Scotland 

over the past ~800 years as follows; 
 

1)  Within the context of reconstruction uncertainty, recent warming is 

not significantly greater in relation to other reconstructed warm 

periods (e.g. around 1300 and 1500). However, it may be possible to 

further constrain uncertainty of those earlier periods with additional 

sampling in the future. 
 

 



Chapter 5                                   Reconstructing 800 years of summer temperatures in Scotland 

 139

 

2)  The coldest protracted period during the LIA occurred from the mid-

16th century until the early 18th century with the 1690s representing 

the coldest decade and colder conditions generally prevailed until the 

early 1800s. A shorter cold period was also observed before ~1270 

but uncertainty is rather large for this period. Another substantially 

cold period in the record was observed in the last decade of the 1600s 

and is corroborated by documentary and historical evidence. 
 

3)  Superposed Epoch Analysis indicated that mean cooling response to 

volcanic forcing in NCAIRN was expressed one year following an 

eruption when examining volcanic events based on Gao et al. (2008). 

However, no significant cooling was observed following events based 

on Sigl et al. (2013) even when dividing the eruptions into high and 

low latitude events. Though the magnitude of response was sensitive 

to the set of events examined, the timing of significant cooling in 

European records (consistent between the GAO and SIGL events) 

generally occurred 1 to 2 years following eruptions with the exception 

of the Büntgen et al. (2006) ALPS record. The NCAIRN 

reconstruction generally also showed a diminished cooling response 

compared to most of the other European temperature records which 

may be related to Scotland’s maritime climate with the caveat that 

uncertainties exist in eruption timing and the spatial influence of 

sulphate aerosols. 
 

4)  Reconstruction of individual extreme cold years showed good 

agreement with instrumental observations and historical accounts (e.g. 

1698, 1782 and 1799). However, agreement of anomalously warm 

summer conditions with historical observations is poorer, likely 

reflecting an under-representation of warm summer extremes in 

historical documentation and a possible recruitment-related inflation 

bias of reconstructed years around 1300 in the tree-ring record itself.  
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5)  Comparing the new Scotland reconstruction with other UK and 

European temperature records reveals some similarities such as the 

generally colder LIA conditions and late 20th / early 21st century 

warming. However, differences are also observed predominantly 

related to the distance between locations and expected spatial decay in 

agreement between temperature records, but also due to additional 

uncertainties such as different target seasons, standardisation 

approach and the type of records or proxies used.  

 

5.4.2 Further research 

 While the reconstruction presented herein spans ~800 years, several other 

radiocarbon dated floating chronologies indicate multiple clusters of subfossil material 

within the common era and before with the oldest subfossil samples preserved in 

Highland lochs dated to nearly 8000 cal yr BP (Wilson et al., 2012). This demonstrates 

the prospect of developing an even longer (perhaps at least 2000 year long) 

reconstruction. The inclusion of additional data within the span covered by the current 

reconstruction would be of value, particularly for periods which are currently less well 

replicated, as this would lead to an improved expression of the climatic signal with 

overall signal strength improvement and reduce reconstruction uncertainty. 

 Extending the reconstruction (both in terms of temporal extent and replication) 

will be possible by increasing the availability of samples through the identification of 

additional suitable locations in other areas within or outside of the Cairngorms and 

sampling loch-preserved subfossil material from other parts of the Highlands. Promising 

new sites with lochs containing subfossil material have already been discovered and 

include for example lochs in Glen Affric (inset map in Figure 5.1) from which new 

samples have already been collected as part of the Scottish Pine Project (SPP, 2013). 

The Glen Affric subfossil samples have already enabled the extension of the living 

chronology to the 1260s. Further extension can also be achieved by the addition of RW 

and BI data from existing samples (already collected and measured) that cannot 

currently be accurately dated but where dating may become possible as the chronology 

expands. The long Scottish chronology represents a valuable new resource which will 

also make it easier to identify and date samples from historical wooden buildings and 

structures built with pine of Scottish origin within the last millennium and, therefore, 
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the inclusion of dated series from historical and archaeological sources will assist with 

the further expansion of the long chronology.  

 Ongoing measurement of MXD on living and subfossil samples will lead to the 

development of an independent parameter reconstruction of past summer temperature 

allowing mutual validation between the current RW/BI version and a planned MXD 

reconstruction. This additional record should provide further insight into late Holocene 

temperature variability in Scotland. In any case, the summer season information, which 

is already captured in the reconstruction presented herein, will undoubtedly lead to 

further advanced and detailed investigations with the aim to infer and understand 

mechanisms of past climate dynamics in NW Europe and the northeast Atlantic sector. 

In particular, the new NCAIRN record can be used to develop a reconstruction and 

more detailed understanding over much of the last millennium of the Summer North 

Atlantic Oscillation which is an important determinant of summer weather conditions 

particularly in northern Europe. The inclusion of NCAIRN in a recent tree-ring-based 

reconstruction update of northern hemisphere temperatures by the Northern Hemisphere 

Tree-Ring Network Development consortium (N-TREND - Wilson et al., 2016) further 

indicates the importance and utility of NCAIRN as a record that is helping to reveal the 

history of temperature variability before the availability of instrumental records in the 

northern hemisphere as well as NW Europe. 
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6.1 Summary of thesis  

 The primary aim of this thesis was to develop a robust annually resolved 

reconstruction of summer temperatures for Scotland using tree-ring data derived from 

Scots pine trees growing in the Scottish Highlands. The achievement of this aim was 

made possible by developing an extensive network of living tree chronologies from 

locations in Scotland where temperature is the dominant limiting factor for growth. 

Extension of these ‘living’ chronologies was performed through the utilisation of 

preserved macro-fossil pine material preserved in lochs in the North Cairngorms. 

With regards to the original reconstruction of Hughes et al. (1984), which 

reconstructed summer temperature over the 1721-1975 period using 9 Scottish sites, 

the present reconstruction is methodologically more refined and, spanning the period 

1200-2010, represents a significant temporal extension of that earlier work. A 

considerable expansion of the early network, which includes 44 sites throughout the 

Scottish Highlands, is a further key achievement. 

 This thesis has demonstrated that the cheaper blue intensity (BI) parameter 

possesses a strong climatic signal that can be used to produce a representation of late 

summer temperatures equivalent to maximum latewood density (MXD). BI therefore 

represents a potential replacement variable to MXD as long as correct sample 

treatment, preparation and measurement procedures are followed. This thesis has also 

demonstrated the feasibility of using a more affordable method to generate BI data by 

introducing and utilising the CooRecorder/CDendro software package as an 

alternative to the WinDendro measurement system. It is hoped that this development 

will lead to the more widespread adoption of the BI parameter in dendrochronology 

generally, and particularly in dendroclimatological research, so helping to further 

develop knowledge of past climate.  

In the Scottish BI dataset, low frequency limitations (related to heartwood-

sapwood colour differences in living pine samples, but also discolouration of lake 

preserved subfossil wood) at present prevent the utilisation of these BI data for a 

stand-alone reconstruction of multi-centennial or longer time-scale temperatures. 

However, the low frequency trends of ring width (RW) were shown to be controlled 

mainly by summer temperatures and the resultant composite RW-BI based 

reconstructions calibrate as well (>50%) as MXD based reconstructions across 

Scandinavia (e.g. Esper et al., 2012; Linderholm et al., 2014a; Zhang et al., 2015). 

Despite the lower frequency limitation of BI, the strong high frequency signal of BI 
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can greatly facilitate crossdating, which is problematic using RW alone due to the 

relatively short sample lengths (ca. 100 years, Wilson et al. 2012) and strong 

autocorrelation. This advancement may lead to the future application of BI-based 

dating in archaeology and improving the likelihood of successfully dating historical 

buildings or artefacts which were constructed with conifer wood. 

 As the low frequency trends in RW are so important for the derivation of the 

reconstructions, disturbance (primarily related to timber felling activities) was 

identified as a significant source of potential uncertainty. This source of disturbance 

has had a substantial influence on the growth trends within stands in many parts of the 

Highlands, resulting in the presence of non-climatic growth releases which can 

obscure the climate signal and therefore limit the utility of samples from such 

locations in the development of a temperature reconstruction. Data from affected 

samples must be treated with caution to avoid misinterpretation and inaccurate 

inferences about past climatic conditions.  

None of the previously available detrending methods have been capable of 

removing disturbance trends without also affecting the retention of long-term climate 

trends. A novel intervention detection time-series analysis method called Combined 

Curve and Trend (CCT) was employed to identify and correct for disturbance growth 

biases. On the whole, West Scotland sites exhibited a greater degree of disturbance 

compared to the Cairngorms, although Loch Gamnha (from the Cairngorms) was the 

most improved individual chronology after CCT correction. Although, as expected, 

overall improvement in chronology correlation with instrumental temperatures was 

negligible for the Cairngorms sub-region (r(pre-CCT) = 0.62; r(post-CCT) = 0.63), the West 

improved considerably from r = 0.37 to r = 0.57 after disturbance correction, which 

also resulted in improved agreement between the sub-regional chronologies (r(pre-CCT) 

= 0.64; r(post-CCT) = 0.72). This work has demonstrated that it is possible to objectively 

identify and partly remove the presence of disturbance trends from such tree-ring 

records, resulting in overall improvement of reconstructed temperature estimates. 

Because the presence of disturbance trends is certainly not restricted to just Scottish 

tree-ring series, this successful demonstration of disturbance trend identification and 

removal suggests that this method could serve as a widely used diagnostic tool to 

assess the influence of disturbance on tree-ring data and potentially improve the 

extractable climatic signal in tree-ring chronologies from closed canopy forests 

elsewhere. 
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Spatial evaluation of climate reconstruction potential revealed that 

chronologies from the Cairngorms region in central Scotland are the most suitable for 

developing a temperature reconstruction based on the better agreement and calibration 

of these chronologies with instrumental temperature data in comparison to 

chronologies from other locations. Best results (reaching calibration r2 = 65.8% and 

verification r2 = 63.7% in central Scotland for the 1901-1976 period) were achieved 

by using disturbance corrected and signal free detrended RW chronologies (Melvin 

and Briffa, 2008) merged with BI data after low-pass (high-pass) filtering the RW 

(BI) chronologies and in this way combining the strengths of each parameter. 

However, the full potential to develop reconstructions from some locations outside the 

Cairngorms is reduced either due to residual disturbance trends undetected by CCT or 

due to other climatic or non-climatic factors which may adversely affect the strength 

of the climate signal. Despite this, calibration and verification r2 > 50% was attained 

for central, north and east Scotland, > 40% in west and northwest and > 30% in 

southern Scotland with verification for nearly all grids producing CE values > 0. 

 The extended reconstruction from the North Cairngorms (NCAIRN), 

developed from a set of composite BI-high-pass and RW-low-pass chronologies with 

a range of detrending and disturbance correction treatments, produced estimates of 

July-August mean temperature extending more than 800 years into the past with 

56.4% explained variance over 1866-2009. Calibration with instrumental data 

revealed strong spatial coherence with temperatures over the British Isles, parts of 

western Europe, southern Scandinavia and northern parts of the Iberian Peninsula. 

These estimates placed recent warming in the context of the last 800 years and 

showed that recent warming is likely not unique when compared to multi-decadal 

warm periods around the 1300s, 1500s, and 1730s. Although the reconstruction 

identified the 1280s as the warmest decade from the reconstruction, with 1284, 1285, 

1307, 1310 and 1282 as the warmest individual years, caution is advised for the late 

13th century and 1300s warm periods as they may represent an overestimation related 

to a predominance of juvenile RW values at that time.  

 Prominent cold periods and individual cold year extremes were identified 

during the Little Ice Age particularly from the latter part of the 16th century until the 

early 1800s. The 1690s were identified as the coldest decade in the record and the five 

coldest years were 1232, 1782, 1698, 1799 and 1227. Some agreement of these cold 

periods and individual years with contemporary documentary evidence and anecdotal 
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observations from Scotland was also identified. The Little Ice Age was the most 

notable cold interval observed to broadly coincide with other European temperature 

records, which also showed the late 20th / early 21st century warming. A significant 

mean cooling response was detected in the temperature reconstruction one year 

following volcanic eruptions based on the Gao et al. (2008) set of events, though no 

significant relationship was found using an alternative set of events (Sigl et al., 2013). 

In comparison with other European temperature reconstructions a dampened cooling 

response was evident in the NCAIRN record. 

Overall, despite some limitations, this new reconstruction represents an 

important addition to the northern hemispheric collection of temporally longer and 

annually resolved proxy records. Considering the widespread efforts to provide a 

longer-term context to recent climate change, its inclusion as one of the records in a 

recent update of northern hemisphere temperature variability as part of the Northern 

Hemisphere Tree-Ring Network Development consortium (N-TREND - Wilson et al., 

2016) highlights the significant role of this new reconstruction in improving our 

understanding of temperature variability prior to the availability of instrumental 

temperature data not only in NW Europe but also on the hemispheric scale. 

 

6.2 Further research  

 The present work underscores the vast potential of utilising the BI parameter 

for dendroclimatology. However, further refinement of the methods currently used to 

measure and utilise this parameter is necessary if it is to be commonly applied as a 

standalone representation of past climate. The development of improved techniques 

will be required particularly in order to achieve extraction of reliable low frequency 

(multi-decadal and longer timescale) information. Recent promising advances in the 

correction of latewood BI measurements using earlywood BI of each ring to correct 

for discolouration by producing an adjusted ∆BI parameter as detailed in Björklund et 

al. (2014a) have been applied for the development of temperature reconstructions for 

Scandinavia in Björklund et al. (2014b). Although it is currently not possible to 

generate ∆BI in CooRecorder (Larsson, 2014), this functionality will be added in 

future versions of the software. The relatively straightforward and inexpensive 

production of this tree-ring parameter should prove to be a strong incentive for more 

widespread adoption of the parameter in the future, particularly as new sites are 

sampled and by updating older sites over time or even from existing sample archives.  
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 The disturbance detection and removal approach utilized here has proved to be 

a useful tool for reducing the obscuring influence of non-climatic disturbance trends 

on the climatic signal preserved in tree rings. The notion that a method such as this 

can ever perform this function flawlessly is undoubtedly false. There is still room to 

further improve detection and disturbance trend removal capabilities of this method. 

Exploration of potential improvements may include the addition of alternative 

detrending functions, improvement of computational efficiency, detection of growth 

suppression events and the method should be further tested with other species from a 

range of environments and with artificial or pseudo-proxy time-series. 

 Despite a limited attempt to contextualise the identified history of stand 

disturbance and exploitation within the setting of historical events as part of this work, 

this new source of information could be exploited further. A more detailed 

investigation could be conducted to examine the links between societal and 

socioeconomic changes and woodland utilization, for example in order to develop a 

better understanding of past land use and management practices in Scotland. 

Additionally, there is potential for the wider scope of application of disturbance 

detection (and correction) which is of relevance for other regions (e.g. in other parts 

of Europe and beyond) where disturbance (whether anthropogenic or otherwise) may 

significantly affect tree-ring chronologies.  

 While most locations in the central Highlands are well sampled and do not 

require further sampling other than temporal extension of existing chronologies using 

sub-fossil or historical material (where possible), further improvement of chronology 

availability can be achieved in the southern Highlands and parts of west and northwest 

Scotland. Additional improvement of the currently available datasets could also be 

achieved by measuring BI or MXD on both living and subfossil samples which have 

already been collected. Although increasing the number of sampled sites or the 

measurement of MXD may lead to improvement in some areas, ultimately it is 

uncertain whether a clean climate signal can be extracted from some locations if tree 

growth there has been affected by mixed influences of multiple non-climatic factors. 

 Over the past decade the extent of the pine network in Scotland has expanded 

considerably, targeting the majority of available semi-natural pine sites. Although few 

potential semi-natural sites remain unsampled in the west, further expansion of the 

network by incorporating chronologies from any remaining stands will be important 

in order to provide a more complete representation of the spatial history of not only 
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climatic but particularly past ecological and environmental change in Scotland. The 

limited number of additional suitable sites may require a shift of focus from semi-

natural stands towards the inclusion of older pine plantations, some of which are 

known to consist of trees which are more than two centuries old. 

 The extension of the living Scottish pine record as part of the work presented 

here is a significant advancement for research examining the history of northeast 

Atlantic atmospheric dynamics. It will be of particular use to reconstruction and 

modelling studies attempting to understand past variability and behaviour of the 

Summer North Atlantic Oscillation which especially affects north European summer 

weather. It additionally represents an important resource for archaeological 

investigations attempting to accurately date and provenance pine material used for 

construction of historical structures. The ‘cleaner’ climate driven signal of BI will 

enable the theoretical dating of material through possible cross matching not only 

with Scottish BI records, but also with inverted European MXD records. Accurate 

dating of such material could in turn facilitate the inclusion of historical series leading 

to further expansion of the pine chronologies. As part of continuing work within the 

Scottish Pine Project (SPP, 2013), an extended MXD record is in development using 

living and subfossil series included in the NCAIRN reconstruction presented here. 

This upcoming record will provide additional validation of the NCAIRN 

reconstruction. 

 Further extension of the subfossil chronology should be seen as a priority for 

the future. In order to find sufficient amounts of relict material to further extend and 

expand the long record presented here, the search will need to expand beyond the 

North Cairngorms to other parts of the Highlands. Collection of additional samples 

has already been achieved successfully from a series of smaller lochs in Glen Affric in 

the central-west Highlands containing considerable amounts of preserved subfossil 

pine wood, which has already helped to extend the RW (BI) records from this location 

back to the 1260s (1530s). A shift in the focus of continuing research to promising 

new areas such as Glen Affric and beyond will be required to achieve further 

progress.  

The findings of this study raise new questions about the suitability of some 

chronologies to accurately portray a temperature signal and to provide an accurate 

image of past temperature variability in Scotland and the wider NW European / NE 

Atlantic sector. Indeed, more work is required to investigate the role of excess 
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precipitation (through the presence of excessive soil moisture) and wind as further 

possible limiting factors on the growth of Scots pine in Scotland at present and also in 

the past. More work is also required in order to better understand whether signal 

strength issues are solely caused by disturbance-related effects or whether other 

climatic or non-climatic factors, which are not attributable to disturbance, contribute 

to differences in the strength of the climate signal throughout Scotland. Such 

investigations can for example be aided by utilising forward models of tree growth 

such as VS-lite. 

 Provided that continued long-term interest and financial support can be 

secured and maintained towards realising one of the primary aims of the Scottish Pine 

Project (SPP, 2013) regarding the extension of the Scots pine chronology further back 

in time, a multi-millennial tree-ring record from Scotland is theoretically achievable. 

While this thesis has investigated late Holocene environmental conditions and climate 

in Scotland over recent centuries from the changing growth response of Scots pine 

over time, another fundamental question presents itself regarding the response of 

Scottish woodlands to upcoming unprecedented climatic and related environmental 

and ecological changes expected in the near future. With the help of forward process 

modelling, future research can try to develop an understanding of the likely future 

response of the Scottish pine woodlands in order to aid future conservation and 

management strategies of this resource. Ensuring the preservation of this valuable 

resource for future generations is paramount. 
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Appendix A 
 
 

 
 

Figure A1: All Ballochbuie (acetone) BI data aligned by pith. 
 
 
 

 
 

Figure A2: Influence of core twisting on mean and variance of BI data (results from single core). 
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 In addition to providing better visibility of rings for measurement, correct 
sample orientation ensures that the reflectance properties of the samples are 
unaffected by the orientation of the sample. Figure A2 presents an example of a 
situation where BI data are generated from a single core with a changing radial angle 
which affects tracheid orientation and may be a result of core twisting or an 
incorrectly mounted sample. As the angle from vertical orientation increases, the 
mean increases and variance as well as correlation with the site chronology decreases. 
The employment of best common practice when mounting samples should avoid a 
bias associated with core twisting. However, it should be mentioned that if a 
systematic bias results from incorrectly mounted samples or twisted sections, this may 
reduce BI data quality and precision.   
 
 

 
 

Figure A3: Post-acetone sample shrinkage. 
 
 

One consequence of acetone treatment prior to BI generation is the shrinkage 
of cores following treatment relative to the pre-treatment size. 142 samples were 
measured dry prior to and following acetone treatment. The percentage difference 
between pre- and post-treatment sample size is expressed in Figure A3. The results 
show a decrease of ~0.5% (mean = 0.54%, median = 0.46%), although with a fairly 
large spread of data. While sample shrinkage does affect the absolute RW size, it 
should have no influence on BI results. It is hypothesised that the majority of this 
shrinkage occurs in the heartwood section of the core as that is the part from which 
most extractive material is removed. However, as the overall effect is nearly 
negligible, it should not play a significant role for the purposes of most 
dendrochronological research.  
 
 



Appendix A 

 176

 

 
Figure A4: BI measurements of a single sample (RYO02) scanned vertically (bark at top of 

scanner) using a white and black scanning box background along 3 distinct tracks. 
 
 

The results of an exercise in which a single tree core was scanned using both 
the 'black' and 'white' scanning box backgrounds that were then measured along 3 
different tracks but following the same paths on the 'black' and 'white' scans are 
presented in Figure A4. Although little or no difference is apparent in the post~1910 
period, BI results of the 'black background' image are generally higher in the early 
(heartwood) section compared to the 'white background' data. 
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Figure A5: Comparison of (A) linearly detrended and (B) 20-yr Gaussian high-pass (HP) 
filtered Scottish composite MXD chronology including data from all MXD site 
chronologies presented in Table 3.1 and an equivalent BI chronology (the BI 
chronology does not include data from Drimmie and Abernethy-West as no BI 
data were generated for these sites). 
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Appendix B 
 
 

 

 
 
Figure B1: Example series from site GAF showing (upper) pre- and post-correction power 

transformed / detrended measurements and (lower) pre- and post-correction 
untransformed 'raw' measurements (A) non-shifted and (B) shifted (+1 mm added 
to all measurements). 
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Figure B2: Example of problematic detrending in ARSTAN with fitted negative sloping 

linear curve dropping below 0 after ~1965. In this example detrending of the RW 
series would not be possible.  

 
 
 
 

 
 
Figure B3: (A) Comparison of the untransformed and shifted (+1 mm added to all 

measurements) West chronology and (B) the same chronologies converted to Z-
scores. 
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Figure B4: Two-step disturbance trend correction with (A) positive slope / growth release 

correction and (B) subsequent negative slope / growth suppression correction. 
(Black curve = before correction, red curve = after correction.)  

 

    

Figure B5: Individual site correlation changes between pre- and post-CCT chronologies 
developed with NX detrending against January-August mean seasonal 
temperature (left bars – 1866-2009*) and VS-lite chronologies (right bars - 1901-
2009*). - green (red) bars indicate magnitude of post-CCT correlation increase 
(decrease), rightmost results represent overall change for each sub-region (* 
chronologies BAG, BAM, CE, GDE, GDW, GLE, GLW, LUI, ML, PNB end in 
2008, HOU, LOYNE end in 2007, and GF ends in 2006). 
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Figure B6: Pre-CCT chronologies for (A) the Cairngorms and the West sub-regions, pre- and 
post-CCT chronologies for (B) the Cairngorms and (C) the West, and (D) post-
CCT chronologies for both sub-regions using NX detrending (notable periods of 
pre-CCT disagreement are highlighted). 
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Figure B7: Pre- and post-CCT chronologies with NX detrending for (A) the Cairngorms and 

(B) the West compared against VS-lite models derived using regional grid 
climate data for the 1901-2009 period (best model based on highest correlation 
with RW chronology; confidence limits based on min and max ranges from 2500 
Monte Carlo simulations). 
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Jan-Aug 

temp. MXD Agreement?   
Jan-Aug 

temp. MXD Agreement? 
         

ABE-pre-CCT 0.266 0.342   GLW-pre-CCT 0.416 0.319  

ABE-post-CCT 0.382 0.324   GLW-post-CCT 0.402 0.254  
         

ABN-pre-CCT 0.153 0.247   GRN-pre-CCT 0.432 0.429  

ABN-post-CCT 0.268 0.344   GRN-post-CCT 0.417 0.423  
         

ABW-pre-CCT 0.413 0.469   GTA-pre-CCT 0.257 0.354  

ABW-post-CCT 0.480 0.427   GTA-post-CCT 0.317 0.394  
         

BAG-pre-CCT 0.190 0.236   INV-pre-CCT 0.524 0.444  

BAG-post-CCT 0.214 0,291   INV-post-CCT 0.498 0.416  
         

BAL-pre-CCT 0.441 0.383   LE-pre-CCT 0.319 0.313  

BAL-post-CCT 0.456 0.359   LE-post-CCT 0.427 0.417  
         

BAM-pre-CCT 0.519 0.501   LG-pre-CCT -0.008 0.151  

BAM-post-CCT 0.480 0.487   LG-post-CCT 0.267 0.183  
         

CRF-pre-CCT 0.349 0.325   LUI-pre-CCT 0.346 0.242  

CRF-post-CCT 0.407 0.334   LUI-post-CCT 0.373 0.253  
         

CRNE-pre-CCT 0.353 0.296   ML-pre-CCT 0.432 0.334  

CRNE-post-CCT 0.331 0.283   ML-post-CCT 0.418 0.337  
         

DRIM-pre-CCT 0.153 0.108   MOR-pre-CCT 0.394 0.366  

DRIM-post-CCT 0.201 0.071   MOR-post-CCT 0.414 0.354  
         

GDE-pre-CCT 0.496 0.547   PNB-pre-CCT 0.327 0.270  

GDE-post-CCT 0.500 0.535   PNB-post-CCT 0.322 0,263  
         

GDN-pre-CCT 0.550 0.506   QUO-pre-CCT 0.575 0.441  

GDN-post-CCT 0.528 0.469   QUO-post-CCT 0.541 0.421  
         

GDW-pre-CCT 0.448 0.330   RYO-pre-CCT 0.459 0.471  

GDW-post-CCT 0.395 0.294   RYO-post-CCT 0.468 0.466  
         

GF-pre-CCT 0.311 0.334   UGF-pre-CCT 0.438 0.466  

GF-post-CCT 0.380 0.385   UGF-post-CCT 0.407 0.435  
         

GLE-pre-CCT 0.428 0.374       

GLE-post-CCT 0.489 0.345       
 
Table B1: Correlation results of individual Cairngorms site pre-CCT and post-CCT (NX) 

chronologies with instrumental temperature and the Scotland MXD chronology 
(NX detrending). Numbers in green indicate post-CCT correlation increase, red = 
correlation decrease, blue = no considerable correlation change (≤ 0.01). The last 
column summarises whether the direction of change (increase or decrease) in 
correlation with instrumental temperature is in agreement (green) or disagreement 
(red) with the change in correlation with the Scotland MXD chronology (note that 
for each site where there is no considerable correlation change (marked as blue) in 
at least one of the indicators, this is not considered to constitute disagreement 
regardless of the direction of change in the second indicator). 
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Jan-Aug 

temp. MXD Agreement?   
Jan-Aug 

temp. MXD Agreement? 
         

ACE-pre-CCT 0.329 0.336   GRD-pre-CCT -0.086 0.081  

ACE-post-CCT 0.276 0.302   GRD-post-CCT 0.253 0.251  
         

ACW-pre-CCT 0.032 0.188   HOU-pre-CCT 0.183 0.206  

ACW-post-CCT 0.145 0.288   HOU-post-CCT 0.248 0.264  
         

ALD-pre-CCT 0.307 0.453   LM-pre-CCT 0.194 0.280  

ALD-post-CCT 0.429 0.414   LM-post-CCT 0.319 0.422  
         

CCC-pre-CCT 0.113 0.258   LOY-pre-CCT 0.135 0.333  

CCC-post-CCT 0.411 0.424   LOY-post-CCT 0.199 0.359  
         

COU-pre-CCT 0.242 0.393   MEG-pre-CCT 0.162 0.154  

COU-post-CCT 0.303 0.386   MEG-post-CCT 0.171 0.146  
         

GAF-pre-CCT 0.199 0.391   RANN-pre-CCT 0.099 0.240  

GAF-post-CCT 0.404 0.454   RANN-post-CCT 0.264 0.327  
         

GLF-pre-CCT 0.352 0.257   RHD-pre-CCT 0.317 0.302  

GLF-post-CCT 0.397 0.246   RHD-post-CCT 0.387 0.305  
         

GLG-pre-CCT 0.441 0.417   SHG-pre-CCT 0.287 0.267  

GLG-post-CCT 0.392 0.366   SHG-post-CCT 0.360 0.277  
         

GOS-pre-CCT 0.386 0.232       

GOS-post-CCT 0.376 0.230       
 

Table B2: Correlation results of individual West site pre-CCT and post-CCT (NX) 
chronologies with instrumental temperature and the Scotland MXD chronology 
(NX detrending). Numbers in green indicate post-CCT correlation increase, red = 
correlation decrease, blue = no considerable correlation change (≤ 0.01). The last 
column summarises whether the direction of change (increase or decrease) in 
correlation with instrumental temperature is in agreement (green) or disagreement 
(red) with the change in correlation with the Scotland MXD chronology (note that 
for each site where there is no considerable correlation change (marked as blue) in 
at least one of the indicators, this is not considered to constitute disagreement 
regardless of the direction of change in the second indicator).  
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Figure B8: Chronologies before and after CCT correction and disturbance chronologies for the 
Cairngorms sites: 
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Figure B9: Chronologies before and after CCT correction and disturbance chronologies for the West 
Scotland sites: 
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Appendix C 
 

 
Figure C1: ESMT January-August and July-August mean temperatures smoothed with a 20-

yr low-pass Gaussian filter. 
 

     
                              CRSQ                                      VRSQ                                      VCE 
 

   
                                       VCE-early (1872-1900)          VCE-late (1977-2006) 
 

 
 

Figure C2: Mean of forward (cal. 1901-1938 / ver. 1939-1976) and reverse (cal. 1939-1976 / 
ver. 1901-1938) calibration (CRSQ), verification (VRSQ) r2 and verification CE 
(VCE), and early (1872-1900) and late (1977-2006) independent verification 
period CE. Reconstructions are based on RW (SF, pre/post-CCT) + BI - combined 
chronologies & separate MXD chronologies. In contrast to Figure 4.4, the ESMT 
mean July-August temperature served as the reconstruction target for all grids. 
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Figure C3: Spatial correlation plot of Jones and Lister (2004) ESMT July-August mean 

temperature series with 0.5° CRU TS3.10 mean temperature grid boxes for the 
1901-2006 period. 
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Figure C4: Local CRU TS3.10 mean July-August instrumental and reconstructed 

temperatures for grid boxes in (A) central-east, (B) northwest and (C) south 
Scotland. 

 
 

 



Appendix C 

 203

Equation C1: The reduction of error (RE) statistic is defined as; 
 

 
   
where      and      are the actual and estimated data in year i of the verification period and      is 
the mean of the actual data in the calibration period (Cook et al., 1999). 
 
 

 

Equation C2: The coefficient of efficiency (CE) statistic is defined as; 
 

 
  
where      and      are the actual and estimated data in year i of the verification period and       is 
the mean of the actual data in the verification period (Cook et al., 1999). 

  
 

 site code colour 
calibration 

sample surfacing 
(sanding / blading) 

scanner white 
box cover 

scanner black 
box cover 

optimal CooRecorder 
settings used 

Cairngorms BALbi yes rotating disc sanding yes no yes 

 BAMbi no belt sanding no no no 

 CRFbi no rotating disc sanding no no no 

 CRFbi - update yes rotating disc sanding yes no yes 

 GDNbi no rotating disc sanding no no no 

 GDNbi - update yes rotating disc sanding yes yes yes 

 INVbi no belt sanding no no no 

 INVbi - update yes rotating disc sanding yes yes yes 

 LEbi no belt sanding no no yes 

 LEbi - update yes rotating disc sanding yes no yes 

 LGbi no belt sanding no no yes 

 LGbi - update yes rotating disc sanding yes no yes 

 GRNbi no rotating disc sanding no no no 

 MLbi no belt sanding no no no 

 QUObi yes rotating disc sanding yes yes yes 

 RYObi yes rotating disc sanding yes no yes 

 UGFbi yes rotating disc sanding yes no no 
       

West ACWbi no blading no no no 

 COUbi no blading no no no 

 GAFbi no blading no no no 

 GLFbi no blading no no no 

 GLFbi - update yes rotating disc sanding yes yes yes 

 GOSbi no blading no no no 

 LMbi no blading no no no 

 CCCbi yes rotating disc sanding yes no yes 

 MEGbi yes rotating disc sanding yes no yes 

 SHGbi yes rotating disc sanding yes no yes 
 

Table C1: Summary of sample treatment and processing approaches for BI chronology 
development.
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Appendix D 
 

 

 
 

Figure D1: Coherency analysis of RW and BI chronologies used in the North Cairngorms 
reconstruction with July-August ESMT temperature data, highlighting coherence 
intersection of the RW and BI data. 
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Figure D2: NCAIRN (A) sample replication and (B) temporal span of individual samples. 
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Figure D3: Comparison of 20-yr Gaussian-filtered low-pass (LP) NCAIRN reconstruction 
with LP filtered (A) reconstruction of all other living chronologies from the 
Cairngorms, (B) CET July-August mean temperature, (C) Luterbacher et al. (2004) 
0.5° summer season (June-August) reconstruction over central Scotland, (D) 
Hughes et al. (1984) July-August reconstruction for Edinburgh and (E) the Lamb 
(1965) reconstruction of July-August temperature (digitised from Lamb, 1965) - 
note x-axis scale change. 
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