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Abstract 

Clastic varves and tree-rings offer unique opportunities to decipher various 

changing paleoclimatic and environmental conditions through the past. The 

environmental signals they contain can differ greatly from one proxy to the other, but 

given their common annual resolution, these signals can be isolated, compared and 

eventually brought together to obtain a clearer picture of local, regional or global 

environmental changes. This thesis examines three different approaches by which 

climatic, paleoclimatic and sedimentary time series from northeastern North America can 

be used as proxies of changing environmental conditions. 

Using existing and new paleoclimatic records from the eastern Canadian Boreal 

biome and the Arctic, we show that common variance shared by different independent 

proxies appears to correspond to an oscillation in North Atlantic sea surface temperatures 

commonly referred as the Atlantic Multidecadal Oscillation (AMO) and demonstrate that 

the AMO can be traced back to 1550 in the Canadian Arctic. 

By comparing historical climate records with an integrated record of North 

Atlantic sea surface temperature anomalies, we show, seasonally, the extent of the North 

Atlantic influence on the eastern and Arctic climate. Our analysis demonstrate the 

relative importance of the AMO on summer and spring climate in northern Canada as 

well as its imprint along the St. Lawrence during the winter months. 

Finally at the local level, using an array of techniques, we investigate the 

sedimentary history of Temiskaming Lake (Québec/Canada). The recent clastic varve 

sediments found this lake appear to be the product of three main controls: (1) a 
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significant increase in fluvial input to the lake and accessibility to large supply of fine 

grained sediments due to historical land use changes; (2) an open, unstable landscape that 

promotes fluvial erosion and rapid streamflow during snowmelt period; and, (3) highly 

seasonal river discharge and presence of winter ice cover conditions that ensure the 

formation of annual structures within the sediments. These conditions have previously 

not been investigated or reported in the boreal region of North America and these results 

point to the potential for other recent varve records in areas with suitable lakes and post-

glacial sediment supplies. 
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Chapter 1 

 

General introduction 

1.1 Introduction 

  With the development of increasing numbers of high-resolution climate proxy 

records, considerable attention has been recently brought to mid- to high-frequency 

climate variability during the Holocene. At the global scale, this climate variability can 

be conceptualized as resulting from four main external forcings; 1) the effect of changes 

in the Earth’s orbit, which modulate the latitudinal and seasonal distribution of solar 

insolation at the millennial scale, are observed in a variety of oceanic and terrestrial 

records (IPCC 2007, Kaufman et al. 2003) and drive most of the multi-millennial changes 

in the Earth energy balance; 2) changes in solar irradiation, as recorded from fluctuations 

in isotopes of cosmogenic origin such as 14C in tree rings or 10Be in ice cores, also appear 

to be linked to changes in earth surface conditions (Bond et al. 2001; Mauquoy et al. 

2001), although the precise mechanism involved with the amplification of small changes 

in solar outputs during the Holocene are subject to debate (Muscheler and Beer 2006); 3) 

or at a shorter time scale, aerosols released by volcanic eruptions have a significant 

impact on surface temperatures and precipitation regimes over multi-annual time periods 

(e.g., Mass and Portman, 1989; Lamoureux et al. 2001);  4) and lastly, changes in the 

atmospheric concentration of greenhouse gases, particularly since the industrial 

revolution, have induced the most rapid and globally coherent temperature changes of the 



2 

present interglacial period and show an increase in the surface temperature of the 

northern hemisphere of approximatively 0.7°C during the 20th century that is 

predominantly attributed to changes in CO2 concentration and other greenhouse gases 

(IPCC 2006). In addition to these mechanisms that control the Earth’s energy budget, a 

considerable amount of variability in the climate system is generated by atmosphere-

ocean exchanges. At the decadal time scale, most of the memory of the climate system 

resides in the oceans, and anomalously warm or cool patches of ocean can be quite 

persistent, sometimes exchanging heat with the atmosphere over several years (Wu and 

Woods, 2008). Recent climate model results even suggest that internal or “natural” 

climate variation in the North Atlantic and tropical Pacific may temporarily offset the 

projected anthropogenic warming (Keenlyside et al. 2008).   

In this context, the identification of persistent and spatially coherent modes of 

climate variability is of great importance for better understanding the Earth's climate 

system and its predictability. Since the instrumental climate record available in North 

America covers approximately 120 years or less, the identification of climate variability 

occurring at a time scale longer than a few decades must rely on high-resolution, climate-

sensitive proxies.  While these have been developed in many areas using a variety of 

approaches, including annually-laminated sedimentary records, dendroclimatology and 

microfossil records (e.g. Peterson et al. 2000; Muller et al. 2003; Gray et. 2004), few high 

resolution proxy records are available from the large, boreal region of Canada (e.g. 

Larsen et al. 1998, Girardin et al. 2004).  Hence, the objective of seeking a greater 

understanding of long term climate variability requires the development of new high 

resolution proxy records to expand the spatial and temporal coverage in many regions of 
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Canada, the understanding of these changes reflect larger scale climatic forcing 

mechanisms. 

1.2 Hydroclimate variability in northeastern North America 

Recent and past climate variations over northeastern North America and the 

Canadian Arctic are primarily related to two principal modes of climate variability, the 

North Atlantic Oscillation (NAO) (Hurrel, 1995) and the Atlantic Multidecadal 

Oscillation (AMO) (Delworth and Mann 2000, Sutton and Hodson, 2005, IPCC 2006). 

The NAO is characterized by a quasi-cyclical shift of atmospheric mass between the 

Arctic and the subtropical Atlantic. During positive phases of the NAO, the winter 

meridional pressure gradient over the North Atlantic is large as a result of an enhanced 

Icelandic low pressure center and a high pressure center over the temperate North 

Atlantic (Hurrell et al. 2001). This enhanced pressure gradient induces changes in the 

mean wind speed and direction over the North Atlantic, impacting heat and moisture 

transport between the Atlantic and the surrounding landmasses. Significant relationships 

exist between the NAO winter index and winter temperature over North America, 

Europe, and Asia (Hurrell and van Loon 1997; Wettstein and Mearns 2002). In eastern 

Canada, Bonsal et al. (2001) showed that the NAO dominates climate during winter and 

up to 50% of the variance in winter temperature is explained by the NAO throughout 

Québec and the Maritime Provinces. Furthermore, Hurrell and van Loon (1997) showed a 

clear dipole of influence where positive NAO years produce a colder winter temperature 

in Québec and a warmer temperature in New England, the mid-Atlantic states, and 

interior regions of the United States. The historical NAO index is characterized by rapid 
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shifts between states (positive to negative), and the changes in NAO phase and amplitude 

from one winter to the next are generally considered unpredictable (Hurrel et al. 2001). In 

addition to the annual to decadal-scale variability in northeastern North American climate 

induced by the NAO, a multidecadal mode of variability, the AMO, has recently been 

identified as a major component of circum-Atlantic climate.  

The AMO is a c. 60-80 year oscillation in the North Atlantic (0 to 70°N) sea-

surface temperature (SST) that is apparently driven by the changes in the thermohaline 

circulation that carries warm surface water into the Northern Atlantic (Kerr, 2005). 

Although the presence of such a low frequency oscillation in the North-Atlantic system 

can be traced back in the literature to the work of Bjerknes (1964), it is only recently, 

following the work of Delworth and Mann (2000) that the oscillation has started to 

receive attention from the scientific community.  

Delworth and Mann (2000) proposed that the multidecadal variability of the North 

Atlantic could be traced back to 1650 using the fifth eigenvector of a mean annual 

temperature reconstruction based on a multiproxy network of dendroclimatic, ice cores, 

varved sediments, coral, and other historical indicators combined with the few available 

long instrumental records of Mann et al. (1998). Similarly, Fischer and Meiding (2005) 

found AMO-like oscillations in the sea-salt concentrations of Greenland ice cores during 

the past 300 years, and Lamoureux et al. (2006) also found periodic variability similar to 

the AMO in a 400-year Arctic lacustrine sedimentary record that was interpreted as a 

proxy of spring snow melt runoff. Since this renewal of interest in low frequency 

variability of North Atlantic SST, the AMO has been linked to a number of other changes 
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in terrestrial hydroclimate, including drought in the United States, Boreal summer climate 

over North America and Europe, and hurricane activity.  

Given its large amplitude and the time scale at which it occurs, understanding the 

spatial and temporal variability of the AMO is important for understanding recent and 

future climate variability. In this context, more instrumental climate records need to be 

analysed in time and space in order to identify the signature of the AMO on the circum-

Atlantic terrestrial climate. In addition, given the uncertainties in the duration of the 

oscillation and its persistence over the past few centuries, climate-sensitive proxy records 

must be combined and compared in order to extend the temporal perspective of the major 

driving mechanism of circum-Atlantic climate variability. 

1.2.1 High-Resolution climate proxies in the eastern Boreal biome of Canada 

The quality of a climate proxy can be defined by two principal properties. First, 

the proxy must be well constrained in time and offer a resolution that corresponds to the 

frequency at which the climate process of interest occurs. Second, the proxy must be, 

within a defined degree of confidence, related quantitatively or qualitatively to climatic 

or environmental variables.   

In the eastern Canadian Boreal biome, the currently available proxies of past 

hydroclimatic variability with an annual resolution are restricted to tree rings. The study 

of fire scars and community structures have allowed the development of extensive forest 

fire reconstructions that have in turn been related to changes in hydroclimatic conditions. 

Girardin (2007) showed that the increase in Northern Hemisphere land temperatures over 

the past 126 years matches the increase in annual area burned in Canada. At a smaller 
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scale, Le Goff et al. (2007) proposed that the Pacific Decadal Oscillation (PDO) might 

have a positive influence on the fire activity over northern Québec, while the NAO 

reinforces this relationship. The study of northern tree line migration also offers useful 

insight about past climate variability and population dynamics. For example, Payette 

(2007) showed that along the Labrador coast, the northernmost latitudinal and altitudinal 

tree lines responded positively to warming over the last 50 years, with spruce growing 

several tens of metres above the current tree line. In contrast, white spruce across the 

wind-exposed Labrador plateau are located much higher in altitude and have receded a 

few tens of metres beginning around AD 1740-1750 and have not yet recovered.  

The relationship between long term spruce growth and climate variability is 

obscured by several factors however. First, spruce is prone to recurrent budworm 

outbreaks that have occurred over the past 400 centuries at a period of roughly 30-40 

years (Boulager and Arsenault 2004). These outbreaks considerably modulate the growth 

dynamic of black spruce and other associated species and can obscure climate signals at 

multidecadal scales. Second, the frequent occurrences of forest fires over most of the 

Canadian Boreal biome limits considerably the length of the chronologies and also induce 

some major limitations in the interpretation of low-frequency signals in tree rings. 

However, by combining tree-ring series from insect resistant and non-resistant species 

that have not been impacted by fire, climatic inferences at the regional scale can be 

carried out. For example, a recent multi-century reconstruction of the Canadian Drought 

Code from eastern Canada (Girardin et al. 2004) showed that the Little Ice Age climate of 

the Abitibi Plains ecoregion in northern Ontario/Québec was characterized by drier 
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decades and that the early twentieth century was an unprecedented period characterized 

by a high frequency of severe drought seasons. 

Given the abundance of lakes in the Boreal biome, lake sediments have been 

commonly studied to reconstruct changes in vegetation (e.g. Richard 1980), lake levels or 

changes in diatom communities (Laird and Cumming 2008). However, no recent clastic 

annually laminated (varved) lake sediments have currently been found in the Eastern 

boreal region of Canada. Traditionally, lacustrine clastic varves are found in glacial lakes 

(Gilbert 2003) as well as associated with watersheds rich in fine-grained sediments, 

which are often of glacial, fluvioglacial, glaciolacustrine, or marine origin (Lamoureux, 

2001). Abundant sediment delivery and seasonal variability in the type of sediment are 

the fundamental conditions to varve formation (Sturm 1979). Once these conditions are 

met, several limnologic characteristics impact the sediment delivery to the lake bottom, 

the preservation of the sedimentary structures, and, eventually, the formation of clastic 

varves. In non-glacial environments, lakes that contain annually laminated sediments are 

often meromictic, a condition that can result from lake basin morphometry or from 

aquatic chemistry, particularly in the presence of a density stratification resulting from 

the presence of saline water at the bottom of the basin (Larsen et al. 1998). Larsen et al. 

(1993) proposed that the main factor controlling the absence of mixis is a high depth/area 

ratio; in a lake that is deep relative to its surface area, the bottom water is then kept away 

from turbulent mixing, usually through thermal stratification. A meromictic lake with 

seasonally changing sediment influx to the lake bed can then develop annual sediment 

units and hence an absolute and high temporal resolution chronology for reconstructing 

past changes in sediment accumulation. However, small meromictic lakes in non-
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glaciated environments often lack significant input of clastic sediment from inflows, and 

varve formation is then governed by autochthonous material of biological or chemical 

origin (Brown et al. 1977). When clastic sediment is available for fluvial transport in 

significant amounts, the formation of clastic-organic (allochtonous-autochthonous) or 

clastic varves (primarily clastic material) can take place (Ludlum 1974; Ojala et al. 

2000). 

Clastic varves have been found in numerous locations in the boreal regions of 

Sweden and Finland (Ojala et al. 2000). If their presence could be established in the 

Boreal domain of central and  eastern Canada, they would be highly valuable to the 

reconstruction of past environmental hydroclimatic variability. 

1.3 Objectives 

The main objective of this dissertation is to better understand hydroclimatic 

variability over northeastern Canada and, in particular, to contribute to the analysis of the 

spatial and temporal patterns of multidecadal climate variability in the regions of Canada 

that are influenced directly by ocean-atmosphere transfer with the North Atlantic. This 

contribution is oriented along two general approaches.  One is methodological, focusing 

on the identification and analysis of new climate proxy records, namely varves, and tree-

rings from the southern boreal biome, and the other is analytical, consisting in the 

analysis of existing instrumental and proxy climate records from northeastern North 

America. More specifically, the objectives are: 
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1.  To analyse recent instrumental climate variability in reference to the 

Atlantic Multidecadal Oscillation (AMO) in Canada.  In order to better define the 

relationship between low frequency sea surface variability and terrestrial 

hydroclimate in northeastern North America, the spatial and seasonal relationship 

between of instrumental surface climate records in Canada and North Atlantic sea 

surface temperature (SST) were investigated, based on the Adjusted Climate 

Database for Canada (Vincent et al. 2002).  

2. To perform an analysis of multidecadal climate variability in northeastern 

North America using new and existing high resolution paleoclimatic records.  This 

objective was achieved, by performing time series analysis of a network of varve and 

dendrochronological records that provide annual resolution of Boreal tree growth 

conditions and Arctic snow pack and melt variability.  

3.  To analyse of recent lacustrine varves of Temiskaming Lake, located in the 

Abitibi region of northern Ontario/Québec as a potential source for long term 

hydroclimatic information in the region.  Recent clastic varve formation in 

Temiskaming Lake was investigated using an array of laboratory analytical 

techniques, including x-radiography, XRF-analysis and high resolution grain size 

analysis.  

These objectives are developed in the chapters that follow and constitute a multi-

disciplinary approach to establish the nature and characteristics of long term and recent 

hydroclimate variability in northeastern North America. 
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Chapter 2 

Surface temperature impacts of the Atlantic Multidecadal Oscillation in 

North America 

2.1 Abstract 

The Atlantic multidecadal oscillation (AMO) constitutes an important mode of recurrent 

multidecadal hydroclimatic variability in the North Atlantic region. In this chapter, we first 

review the mechanisms that have been proposed to explain its manifestation. The different 

model experiments, as well as instrumental and proxy evidence point toward the fact that 

the AMO is associated with periodical changes in the intensity of the thermohaline 

circulation, and hence export of heat from the tropics to the North Atlantic region. In a 

second part, we present the results of an original analysis of the relationship between the 

AMO and northeastern Canadian surface temperatures from the Adjusted historic climate 

database for Canada. Our results show significant regional relationships between the 

climate index and terrestrial temperatures. During the summer this relationship extend to 

the eastern Canadian Arctic while it appears restricted to the southern St.Lawerence Gulf 

during winter time.  

 

2.2 Introduction 

Analysis of instrumental temperature records, both globally and regionally, shows 

that the recent climate is not stationary at decadal to multi-decadal timescales. While 

greenhouse gas-induced global warming constitutes an increasingly important source of 

non-stationarity in global surface temperatures (Allen et al. 2006), additional patterns of 
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variability such as the El Niño Southern Oscillation (ENSO), the Pacific Decadal 

Oscillation (PDO), or the North Atlantic Oscillation (NAO) account for a significant part 

of historical and proxy-based pre-instrumental climate variability (e.g., Brook et al. 1999; 

Biondi et al. 2001) The identification of these patterns of variability along with an 

understanding of their underlying forcing mechanisms constitutes an important step 

towards the improvement of climate prediction capabilities. 

In the North Atlantic region, the NAO constitutes the dominant pattern of climate 

variability at decadal to sub-decadal timescales, explaining up to 40% of winter surface 

temperature over the coast of Labrador (Bonsal et al. 2001) while decade-long winter dry 

conditions in southern Europe and the Mediterranean and wet anomalies from Iceland 

eastward through Scandinavia appear to the persistent during positive phases of the NAO 

(Hurrell 1995). Another multidecadal pattern of surface temperature variability, the 

Atlantic Multidecadal Oscillation (AMO), has recently been identified as a fundamental 

mode of recurrent multidecadal hydroclimatic variability in the North Atlantic region 

(Sutton and Hodson 2003; Moses et al. 2006; Polyakova et al. 2006). The AMO is 

ubiquitous to the North Atlantic and its terrestrial impacts have been recorded in the 

entire circum-Atlantic region, from the Arctic to the Tropical Atlantic. These impacts 

indicates a likely association with the intensity of the thermohaline circulation (Folland et 

al. 1986; Sutton and Hodson 2003; Fisher et al. 2005; Hetzinger et al. 2008). As a 

potentially recurrent, low frequency mode of variability in the climate system, the AMO 

offers a unique potential for climate predictability (Kerr et al. 2000). 

A number of uncertainties exist surrounding the distinct nature of the AMO, its 

forcing mechanisms, and its impact on Canadian surface temperature variability.  Recent 
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work (Rogers and Coleman 2003; McCabe et al. 2004; Tootle et al. 2005) has 

demonstrated a strong correlation between low frequency climate variability, temperature 

and stream flow in the United States.  However, to date, similar analyses have not been 

specifically undertaken for Canada. The first objective of this paper is to review the 

recent advances made toward the understanding of the AMO and the challenges 

associated with the study of this newly identified mode of climate variability. In a second 

part, we present an original analysis of the relationship between the AMO and seasonal 

surface temperature in Canada using the instrumental Adjusted historic climate database 

for Canada (Vincent et al. 2002). 

 

2.3 A review of the AMO and possible forcings 

2.3.1 Definition of the AMO 

Prior to the recognition of the AMO, several researchers identified cyclic 

variability in the North Atlantic climate system.   Deser and Backmon (1993) and 

Kushnir (1994) identified AMO-like variability as the dominant mode of variability of 

North Atlantic winter air temperature and sea surface temperature (SST).  Spectral 

analyses conducted on global surface air temperature (SAT) also reveal the presence of 

65-70 yr spectral energy centered on the North Atlantic (Schlesinger and Ramankutty 

1994) that closely corresponds to the AMO index of Enfield et al. (2001).  Minobe (1997) 

described a similar oscillation in SAT and SST observations from the North Pacific 

Ocean, North America, and the tropical oceans. In 1999, a multidecadal oscillation that 

corresponds to the AMO was named the Atlantic Multidecadal Mode (Enfield et al. 1999, 
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Mesta-Nunez et al. 1999), which was defined as the third eigenvector of an ordinary EOF 

analysis of the Atlantic SST anomaly (40oS to 60oN) after the removal of a linear positive 

trend and ENSO-related variability (Enfield et al. 1999).  The current name of Atlantic 

Multidecadal Oscillation was adopted from Kerr (2000) in a review of Delworth and 

Mann (2000) where proxy temperature records were combined with a coupled ocean 

atmosphere model.  These results provided evidence to support that the AMO might be a 

characteristic climate phenomenon that predates the instrumental climate record.   

The commonly used historical AMO series (1851-2007) is derived from an index 

of monthly North Atlantic surface temperatures that averaged from 0 to 70o N (Enfield et 

al. 2001) using the Kaplan (1998) SST dataset. This North Atlantic SST index is also 

smoothed and linearly detrended (Figure 1) (e.g., Enfield et al. 2001; Gray et al. 2004; 

Knight et al. 2005; Sutton and Hodson 2005). The resultant series shows significant low 

frequency variability in North Atlantic SST centered on a period of 60-80 years and a 

range of about 0.5°C (Kerr 2000; Knight et al. 2005).  The historical AMO series covers 

approximately two full cycles of the oscillation, showing persistent warm (1851-1900, 

1930s–1960s, and after 1990) and cool SST intervals (1900s–1920s, 1960s–1980s) 

(Figure 1).   

2.3.2 Uncertainties 
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One of the main difficulties associated with the identification of the AMO in 

instrumental records is related to the relatively long timescale over which it occurs (60-80 

years). Most instrumental series are limited to one or two cycles of the oscillation.  Also, 

although the idea that the AMO index is a distinct climate feature is accepted by a large 

number of observers, the use of the index of Enfield et al. (2001) as the accepted AMO 

index remains subject to debate. As more evidence points toward the possibility that the 

AMO is the result of low frequency variability in the intensity of the thermohaline 

circulation (THC), Trenberth and Shea (2006) argue that the main difficulty with the 

AMO index is that it is not possible to discriminate between variations of the THC, other 

phenomena with North Atlantic origins (true AMO), and global anthropogenic changes 

(non-AMO). While the linear detrending used to generate the AMO index removes part 

of the global signal corresponding to the anthropogenic warming, Trenberth and Shea 

(2006) argue that the actual global warming is not a simple linear relationship and that 

detrending has no physical meaning. In an attempt to create a more meaningful AMO 

index, the authors subtracted the global mean SST from the North Atlantic SST. The 

range of this revised AMO index is reduced compared to that of the original. Further, the 

SST increase from 1995 onwards shown by the original index is strongly muted, and the 

previous claim of a warm period in the AMO from 1870 to 1900 is revealed to be an 

artefact of the detrending. The revised index, which challenges the periodic nature of the 

AMO, potentially better captures the surface temperature variability with North Atlantic 

origins. 
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Figure 1 A. North Atlantic (0-70°N) SST index (Kaplan et al. 1998)., B. Unsmoothed 

Atlantic Multidecal Oscillation index (AMO),  C. Smoothed (10 years) AMO index 

(Enfield et al. 2001). 
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2.3.3 Forcing mechanism 

Since the meridional convective overturning of the North Atlantic is largely 

responsible for the northward transport of heat from the tropics to the North Atlantic 

region (e.g. Manabe and Stouffer 1988), multidecadal variability of North Atlantic 

surface temperature is commonly understood as governed by basin-scale dynamical 

interaction between the THC and the atmosphere (e.g., Bjerknes 1964; Delworth et al. 

1993; Deser and Backmon 1993; Kushnir 1994; Schlesinger and Ramankutty 1994).  The 

presence of low frequency variability in the strength of the THC, a result of atmospheric 

and oceanic processes in the absence of external forcings such as changing concentrations 

of greenhouse gases or variable solar inputs, was tested in coupled ocean-atmosphere 

models (Delworth et al. 1993; Delworth et al. 1997; Timmerman et al. 1998; Vellinga 

and Wu 2004). Cyclical or quasi-cyclical changes in temperature and salinity at the 

surface of the North Atlantic are reproduced in a variety of these model simulations. 

However, the forcing mechanisms responsible for these low frequency processes differ 

largely between the various model experiments.  Vellinga and Wu (2004) proposed a 

conceptual mechanism responsible for centennial scale THC fluctuations involving a 

feedback mechanism between precipitation in the tropics and ocean salinity.  According 

to their model experiments, when the THC is strong, the position of the intertropical 

convergence zone (ITCZ) shifts northward in response to an enhanced SST gradient 

across the equator. Fresher surface waters are then produced by enhanced precipitation at 

the northern position of the ITCZ.  This fresh water anomaly propagates northward and 
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weakens the overturning, resulting in the weak or cold phase of the oscillation, until the 

opposite conditions trigger the reverse phase.  The SST anomalies associated with this 

THC fluctuation have an inter-hemispheric pattern that seems to correspond with the 

basin-wide anomaly observed in instrumental data: when the THC is stronger, SST over 

most of the Northern Hemisphere is higher, while over a large part of the Southern 

Hemisphere SST cools slightly.  The period and amplitude of Vellinga and Wu’s (2004) 

modelled anomaly correspond broadly to the characteristics of the instrumental AMO 

index. 

Atmospheric-induced fresh water anomalies also play a central role in the 

generation of AMO-like cycles in the model used by Timmerman et al. (1998).  

However, in this model, the salinity anomalies are forced through anomalous atmospheric 

fresh water fluxes off Newfoundland and the Greenland Sea rather than the subtropical 

zone. Here, the salinity anomalies build until density conditions are favorable to initiate 

deep convection, and, with a lag of a few years, the meridional overturning cell of the 

North Atlantic adjusts to the new density conditions. Altered northward heat transport 

follows in association with the development of surface temperature anomalies across the 

entire North Atlantic, which in turn alters atmospheric circulation. Consequently, 

freshwater flux anomalies (created mainly through evaporation) and anomalous Ekman 

transport force new salinity anomalies with opposite effects to those simulated initially. 

This completes one-half of the oscillation similar to the AMO in the coupled general 

circulation model experiments (Timmerman et al. 1998). However, the complete period 

of the simulated oscillation, about 35 years, is significantly shorter than the observed 

period of the instrumental AMO.  
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Timmerman et al. (1998) discuss the common features shared by the multidecadal 

mode expressed in their model experiments and those of the great salinity anomaly 

(GSA) (Greatbach et al. 1991). Both phenomena have a strong atmospheric forcing that 

creates salinity anomalies in the polar and subpolar regions and that, after a lag of a few 

years, changes the density conditions in the regions of the North Atlantic deep water 

(NADW) formation and subsequently modifies the strength of the convective 

overturning.  However, the GSA model appears to be driven by anomalous sea-ice 

conditions (Hakkinen 1993) through enhanced export of polar waters into the subpolar 

gyre (Dickson et al. 1988), and these are responsible for the onset of the salinity anomaly 

(Timmerman et al. 1998). Delworth et al. (1997) explored this idea in detail in a model 

experiment that supports the hypothesis that the source of fresh water originates from 

sea-ice and runoff instead of direct atmospheric precipitation. In their model experiment, 

enhanced transport of relatively fresh water and sea-ice from the Arctic that is carried by 

the East Greenland Current into the Labrador Sea region weakens THC in the North 

Atlantic. The increase of relatively fresh, low-density water in the near-surface layers of 

the Labrador Sea and neighbouring regions inhibits the convective exchange of heat 

between the cold near-surface layers and the relatively warmer sub-surface layers. The 

reduced supply of heat to the surface waters inhibits air-sea heat exchange, thereby 

reducing the supply of negative buoyancy to the near-surface layer and weakening the 

THC. In this model, it is unclear if the recurrent multidecadal nature of the THC 

oscillation originates from a recurrent fresh water forcing or if an internal oscillation in 

the THC generates the fresh water anomaly.  
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Delworth et al. (1993) also show the presence of a distinct variability in the North 

Atlantic THC with a timescale of approximately 40–80 yr emerging from the integration 

of an ocean-atmosphere coupled model. This THC variability, corresponding to 5-10% of 

the mean meridional circulation and similar to the range found by Timmerman et al. 

(1998), is associated with the advection of salt and heat into the North Atlantic gyre, 

creating periodic positive and negative density anomalies. The forcings behind this 

mechanism were further explored by Griffies and Tziperman (1995) and Delworth and 

Greatbatch (2000). These subsequent studies proposed mechanisms in which the 

atmosphere is the central forcing. Both studies found that the oscillation could be 

triggered by atmospheric circulation alone without the necessity of a complete feedback 

mechanism.  These results suggest that the modeled THC variability can arise from a 

damped mode of the ocean system that is continuously excited by random atmospheric 

forcing (Griffies and Tziperman 1995) or by low frequency atmospheric forcing 

(Delworth and Greatbatch 2000).  

As noted by Delworth and Greatbatch (2000), the existence of similar AMO-like 

patterns of variability in different models suggests that the generation of a multidecadal 

pattern of variability in the intensity of the THC is not particularly sensitive to the model 

formulation. However, several dissimilarities in the time scales and the variety of forcing 

mechanisms responsible for the oscillations found in the model experiments leave 

uncertainty in the understanding of the mechanisms responsible for a quasi-periodic 

mode of variability in the THC corresponding to the AMO.  
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2.3.4 Instrumental hydroclimatic variability and the AMO in North America 

Considerable heterogeneity can be observed in the AMO impact on terrestrial 

climate. Using monthly rainfall over the continental United States by climate division 

(1895-1999), Enfield et al. (2001) showed that, on average, the United States receives 

less precipitation than during a negative (cool) phase during positive (warm) phases of 

the AMO. The most significant correlations between AMO and rainfall, all negative, are 

found in the Mississippi basin. Negative correlations also occur west of the Continental 

Divide, while positive correlations are notable in the Pacific Northwest, the northeast, 

and Florida.  

The AMO also appears to be generally negatively correlated with winter stream 

flow in the United States. Using stream gauge data at 554 stations, Rogers and Coleman 

(2003) evaluated interactions between the AMO and other teleconnection patterns in 

producing winter discharge variations. In agreement with the findings of Enfield et al. 

(2001), they found that in the eastern United States, warm (cold) phases of the AMO 

correspond to low (high) winter stream flow, particularly in the upper Mississippi River 

basin. However, the precipitation patterns associated with the AMO in the lower portion 

of the basin reported by Enfield et al. 2001 were not observed in winter stream flow data.  

It appears that the AMO might also impact the recurrence of extreme discharge 

events. For example, Rogers and Coleman (2003) noted that, historically, AMO positive 

(warm) periods exhibited numerous extreme stream flow events in the United States, 

such as the high flow events of 1937 and 1949–1952.  Similarly, low flow events linked 

to the droughts of the 1930s and mid-1950s occurred when negative (cold) AMO periods 

were generally associated with higher base flow throughout the Mississippi River basin.  



27 

Sutton and Hodson (2005) used a composite difference of observational sea level 

pressure (SLP), precipitation, and surface air temperature (SAT) data between the warm 

phase from 1931 to 1960 and the subsequent cool phase to investigate the impacts of the 

AMO on North American and European surface temperature, precipitation, and sea level 

pressure during boreal summer. This analysis shows that during a positive (warm) AMO 

phase, two prominent low-pressure anomalies appear, one centered over the southern 

United States and the other centered west of the United Kingdom. The low-pressure 

anomaly over the southern United States is associated with as much as 20% less 

precipitation. Over Western Europe, enhanced precipitation is observed during the 

positive (warm) phase (5 to 15% of the mean summer value). The SAT fields show warm 

anomalies (0.25 to 0.75°C) over the United States and central Europe. The precipitation 

fields also show large positive anomalies in the Sahel region in North Africa and in the 

Caribbean (Sutton and Hodson 2005). 

2.4 Case study : Canadian climate variability and the AMO 

2.4.1 Introduction and data sources 

 

AMO-like patterns of climate variability are found in a number of records from the 

circum-Atlantic region, including sea level pressure and surface wind patterns (Kusnir 

1994, Sutton and Hodson 2005), precipitation, and stream flow (e.g., Folland 1986, 

Rogers and Coleman 2003; McCabe et al. 2004; Sutton and Hodson 2005; Tootle et al. 

2005). Due to its apparent cyclic nature and hence its degree of predictability, 

understanding the impacts of the AMO on the continental hydroclimatological cycle has 
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potential major societal and environmental significance. As described in the previous 

section, the AMO is a major source of non-stationarity in the hydroclimatic regime of the 

United States (Enfield et al. 2001; Rogers and Coleman 2003; McCabe et al. 2004; Tootle 

et al. 2005).  This section presents an analysis of the AMO signal in the Canadian 

hydroclimate and builds on existing studies. Given that the temperature and moisture 

content of tropical and polar maritime air masses of North Atlantic origins are influenced 

by AMO-related changes in SST, and these air masses directly affect eastern and 

northeastern Canadian surface climates, we hypothesize that a significant part of eastern 

Canadian surface temperature variability can be related to the AMO through direct ocean-

atmosphere transfers. The extent of the relative influence of the AMO on surface 

temperature would then reflect the relative influence of North Atlantic SST on the 

Canadian climate. In order to do so, we present an analysis of historical Canadian surface 

temperatures (seasonal mean) in relation to the AMO. The historical climate data (210 

stations) were obtained from the Historical Adjusted Climate Database for Canada 

(http://www.cccma.ec.gc.ca/hccd), which consists of adjusted and homogenized temperature 

data sets (Vincent et al. 2002). Series extend to 1895 where possible.  However, data 

availability over most of the Canadian Arctic region is restricted to the late 1940s to the 

present, which corresponds to approximately less than one cycle of the AMO. 

Winter (DJF), spring (MAM), summer (JJA) and autumn (SON) temperature 

means were calculated for each station and these time series where subsequently 

normalized to the 1970-1999 reference period. Seasonal linear correlation coefficients of 

the AMO with each seasonal temperature record were calculated individually, and the 

significance (α=0.05) of correlation coefficients was tested using a standard t-test, using 
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the unsmoothed version of the AMO (Enfield et al. 2001). Contour maps showing the 

percentage of seasonal variance explained by the AMO are presented in Figure 2. We 

replicated our analysis with the NAO as the independent variable for the four seasons. 

The analysis of the imprint of the NAO on winter temperature using a similar method is 

presented by Bonsal et al. 2001).  We obtained similar results and extended it to the rest 

of the year.  For more detailed analysis of the impacts of the NAO on the North American 

climate and maps of the results, the reader should consult Bonsal et al. (2001) and Hurrel 

(1995). 

2.4.2 Results and discussion 

Although the number of stations and often short length of the climate records, 

particularly in the Arctic and subarctic regions constitute a limit to the analysis, the, 

results suggest that surface temperature of eastern Canada responds in a spatially 

coherent manner to the AMO-related variability in SST.  In winter, the AMO explains 

more than 10% of the temperature variability over the St. Lawrence estuary and Maritime 

provinces and accounts for more than 20% of the variance in eastern New Brunswick and 

in the southern Gulf of St. Lawrence (Figure 2). In the Arctic and subarctic regions, the 

influence of the AMO is limited to southern Baffin Island, northern Quebec (Nunavik), 

and the southern Hudson Bay where the AMO accounts for 5 to 10% of the temperature 

variability. 
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In spring, the spatial pattern of influence is considerably changed. The percentage 

of variance explained remains relatively similar to the winter with a maximum of 27% of 

the spring surface temperature variability in northern Quebec being explained by the 

AMO.  However, the centre of influence shifts considerably northward and is centered 

along Ungava Bay and the coast of Labrador. During the spring months, the imprint of 

the AMO is also still significant over the Gulf of St. Lawrence, Maritimes, and eastern 

Canadian Arctic, including Baffin and Ellesmere Islands. The summer pattern is similar, 

showing increased influence over Baffin Island (Figure 2). In autumn, AMO loading is 

greatest over Labrador, Newfoundland, and the Gulf of St. Lawrence with a magnitude 

similar to the other seasons. Winter and summer time series for selected stations that are 

presented along with the AMO index illustrate the changing spatial influence of the AMO 

on surface temperature (Figure 3). These stations, Pond Inlet (NU), Kuujuaq (QC), Cedar 

Camp (NB), and Mont-Joli (QC), were selected from the two centres of influence of the 

AMO (Figure 3). While Pond Inlet and Kuujuaq show good agreement with the AMO 

during summer (r2= 0.15 and 0.22 respectively, p<0.01), Mont-Joli and Cedar Camp 

records are best correlated during the winter season (r2= 0.33 and 0.23, respectively, both 

significant at p<0.01). 

These results also confirm that the NAO remains the dominant low frequency 

influence during the winter months in northeastern Canada, as it explains over 40% of 

winter surface temperature in the Labrador-Baffin Island axis. In comparison, the AMO, 

with a more southern centre of influence than the NAO, explains over 20% of the winter 

temperature variability of the southeastern portion of the St. Lawrence River region. 

However, for the other seasons, the AMO appears to be the dominant low frequency 
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control in northeastern Canada. Indeed, the NAO is responsible for 10 to 15% of the 

spring variability along the Labrador-Baffin Island axis, whereas the AMO explains up to 

25% of the surface temperature variance in the Ungava region during the same period. In 

summer, the NAO exhibits no coherent imprint on surface temperature, while the AMO 

presents a distinctive signature in the eastern Arctic. In autumn, the NAO explains 5-10% 

of the variance in the eastern Arctic, while over 20% of the winter surface temperature of 

central Quebec and Labrador can be attributed to the AMO. SST conditions of the 

Atlantic explain a significant percentage of winter temperature variability in the Gulf of 

St Lawrence and the Maritimes, while during the summer, the variability of Atlantic SST 

is better represented in the eastern Arctic (Figure 2 and 3). 
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Figure 2 Percentage of variance in seasonal temperature (DJF, MAM, JJA and SON 

respectively) explained by a linear regression model with unsmoothed Atlantic 

Multidecadal Oscillation index (Kaplan et al. 1998) as the independent variable.   
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Figure 3 Selected comparison between summer and winter temperature (DJF and JJA 

respectively) from the Historical Adjusted Climate Database 

(www.cccma.ec.gc.ca/hccd/) and unsmoothed Atlantic Multidecadal Oscillation index 

(Kaplan et al. 1998). 
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The negative correlation between winter NAO and winter surface temperature 

over the eastern Canadian Arctic results during a positive phase of the NAO arises from a 

stronger than usual low pressure system over Iceland and eastern Greenland that  

translates into increased Labrador Sea ice cover (Wanner et al. 2001). On the other hand, 

the relationship between the AMO and seasonal surface temperature appears to be the 

outcome of SST-induced changes in the temperature of maritime air masses affecting 

coastal regions of eastern Canada and from the impacts of increased cyclonic activity of 

tropical origin on the United States Atlantic seaboard (Goldenberg 2001). These results 

are in agreements with those of Polyakov et al. (2003a, 2003b, 2004) that demonstrate a 

strong correspondence between variability of the Atlantic water conditions, Arctic air 

temperature, sea ice extent and thickness, suggesting a close connection between North 

Atlantic conditions and large-scale atmospheric conditions.  

In regard to changes precipitation patterns related to SST, the findings of Shabbar 

et al. (2004) indicate that positive phases of the AMO are associated with drought in the 

Canadian Prairie provinces, along the west coast, and in the lower Great Lakes region of 

southern Ontario and central Quebec, with the most robust impact evident over the 

northern Prairie provinces. This relationship between the AMO and summer drought 

appears to result from a deficit in precipitation associated with the AMO, since 

correlation of seasonal precipitation with the AMO index, using the NCEP-NCAR 

reanalysis, brings no significant or coherent pattern for the period 1950-2005 (analyses 

not shown).  
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2.5 Conclusion 

North American hydroclimatic variability related to the AMO appears to be 

directly mediated by North Atlantic SST and in some instances sea level pressure (SLP) 

(Sutton and Hodson, 2005). However, the AMO signal only represents a portion of the 

observed low frequency variability of the North Atlantic SST, and it is even more unclear 

whether the early and the recent warm periods are artefacts of the detrending method or 

part of a global climate signal rather than of the AMO itself (Figure 1). In this context, 

linking hydroclimatic variability with warm/cold phases of the AMO may appear as an 

oversimplification.  

Surface temperature in eastern and northeastern Canada respond in a temporally 

and spatially coherent manner to the variations of North Atlantic SST represented by the 

AMO index. Different mechanisms may account for this relationship, including more 

frequent intrusion of air masses from Atlantic origins during the winter in eastern Canada 

and changes in the temperature and moisture properties of maritime air masses in relation 

to change in SST (AMO) conditions.  Outside of the winter months, during which the 

NAO has the most significant impact on surface temperature in northeastern Canada 

(Hurrel 1995), the AMO appears to be the low frequency mode of temperature variability 

having the greatest impact on eastern Canadian surface temperatures.  A persistent 

imprint of low-frequency variability pattern corresponding to the AMO was recently 

found in varve and tree-rings records for the Canadian Arctic and the southern boreal 

forest (Fortin and Lamoureux, accepted) supporting the importance.  The relationship 

between the AMO, sea ice, and terrestrial precipitation and stream flow in Canada 
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requires further investigation to better understand the ocean-atmosphere processes that 

structure this relationship. 
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Table 1 Correlation (r2) between mean monthly temperature at 136 stations and the 

unsmoothed AMO index (Enfield et al. 2001). Values in bold are significant at α=0.001, 

normal characters indicate α=0.05 and values in italic are non-significant. Climate data 

obtained from the Historical Adjusted Climate Database (www.cccma.ec.gc.ca/hccd/). 

Station Name 

Length 

(yr) Prov Lat Long  Annual 

 

Winter  Spring  Summer 

 

Autumn 

Goose A 66 NFLD 53.32 -60.42 0.59 0.40 0.45 0.40 0.45 

Kuujjuaq A 60 QUE 58.1 -68.42 0.64 0.31 0.58 0.46 0.42 

Pond Inlet A 85 NU 72.7 -77.97 0.50 0.05 0.38 0.39 0.42 

Sable Island 110 NS 43.93 -60.02 0.51 0.37 0.29 0.34 0.43 

Sussex 109 NB 45.72 -65.53 0.48 0.37 0.19 0.31 0.35 

Natashquan A 93 QUE 50.18 -61.82 0.56 0.36 0.42 0.31 0.41 

Sydney A 112 NS 46.17 -60.05 0.54 0.40 0.30 0.28 0.40 

Clyde A 65 NU 70.48 -68.52 0.46 0.09 0.46 0.36 0.42 

Mont-Joli A 112 QUE 48.6 -68.22 0.54 0.48 0.30 0.28 0.41 

Québec 112 QUE 46.78 -71.38 0.48 0.43 0.24 0.26 0.34 

Eureka 60 NU 79.98 -85.93 0.51 0.22 0.35 0.35 0.42 

Cambridge Bay 

A 78 NU 69.1 -105.13 0.46 0.50 0.27 0.30 0.41 

Charlottetown 

CDA CS 106 PEI 46.25 -63.13 0.52 0.44 0.25 0.27 0.37 

Miramichi A 

(Chatham) 110 NB 47.02 -65.47 0.51 0.42 0.17 0.27 0.35 

Sherbrooke A 102 QUE 45.43 -71.68 0.44 0.37 0.17 0.30 0.36 

Moncton A 112 NB 46.12 -64.68 0.47 0.30 0.14 0.28 0.39 

Hall Beach A 50 NU 68.78 -81.25 0.55 0.28 0.41 0.28 0.49 

Fredericton A 112 NB 45.87 -66.53 0.44 0.36 0.19 0.23 0.32 

Gander Int'l A 70 NFLD 48.95 -54.58 0.52 0.40 0.21 0.29 0.44 

St John's A 112 NFLD 47.62 -52.75 0.46 0.34 0.15 0.22 0.39 

Gaspe A 92 QUE 48.78 -64.48 0.41 0.30 0.19 0.25 0.35 

Cedar Camp 

(Charlo) 59 NB 47.98 -66.33 0.70 0.58 0.48 0.25 0.42 

Stephenville A 65 NFLD 48.53 -58.55 0.54 0.42 0.34 0.20 0.47 

Cartwright 73 NFLD 53.72 -57.03 0.51 0.33 0.36 0.22 0.41 

Wabush Lake A 47 NFLD 52.93 -66.87 0.61 0.46 0.45 0.19 0.51 



38 

Station Name 

length 

(yr) Prov Lat Long  Annual 

 

Winter  Spring  Summer 

 

Autumn 

Greenwood A 65 NS 44.98 -64.92 0.42 0.32 0.27 0.20 0.44 

St Catharines A 100 ONT 43.2 -79.17 0.45 0.40 0.26 0.32 0.26 

Vineland 

Ritterhouse 78 ONT 43.17 -79.42 0.46 0.33 0.21 0.38 0.29 

Schefferville A 59 QUE 54.8 -66.82 0.63 0.39 0.51 0.33 0.42 

Saint John A 112 NB 45.32 -65.88 0.44 0.34 0.21 0.31 0.31 

Wawa A 67 ONT 47.97 -84.78 0.52 0.46 0.25 0.35 0.32 

Causapscal 93 QUE 48.37 -67.23 0.50 0.41 0.28 0.25 0.32 

Kentville CDA 

CS 94 NS 45.07 -64.48 0.43 0.36 0.22 0.22 0.28 

La Pocatiere 94 QUE 47.35 -70.03 0.42 0.37 0.21 0.24 0.29 

Val-D'Or A 56 QUE 48.05 -77.78 0.55 0.43 0.31 0.27 0.36 

Chibougamau 

Chapais A 91 QUE 49.77 -74.53 0.44 0.46 0.20 0.21 0.29 

Haliburton 3 111 ONT 45.03 -78.53 0.34 0.34 0.12 0.20 0.27 

Nappan CDA 92 NS 45.77 -64.25 0.41 0.32 0.19 0.24 0.30 

Ottawa 

MDonaldCartier

Int 68 ONT 45.32 -75.67 0.40 0.28 0.23 0.28 0.33 

St Anthony A 112 NFLD 51.38 -56.1 0.38 0.34 0.27 0.13 0.28 

Baker Lake A 61 NU 64.3 -96.08 0.43 0.27 0.37 0.20 0.34 

Cape Dorset A 80 NU 64.23 -76.53 0.41 0.16 0.54 0.09 0.33 

La Tuque 88 QUE 47.4 -72.78 0.49 0.48 0.29 0.16 0.30 

Sept-Iles A 59 QUE 50.22 -66.27 0.53 0.49 0.38 0.10 0.41 

Shepherd Bay A 50 NU 68.82 -93.43 0.39 0.30 0.37 0.22 0.37 

Mould Bay CS 59 NWT 76.23 -119.35 0.52 0.18 0.38 0.20 0.41 

McTavish 

(Montreal) 110 QUE 45.5 -73.58 0.50 0.61 0.22 0.14 0.25 

Deer Lake A 74 NFLD 49.22 -57.4 0.43 0.38 0.23 0.10 0.36 

Lennoxville 92 QUE 45.37 -71.82 0.38 0.32 0.13 0.18 0.29 

Sachs Harbour 

A 49 NWT 72 -125.27 0.47 0.41 0.23 0.26 0.37 

Cameron Falls 

(Aut) 83 ONT 49.15 -88.35 0.41 0.39 0.11 0.37 0.24 

London A 107 ONT 43.03 -81.15 0.42 0.35 0.16 0.35 0.25 
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Station Name 

length 

(yr) Prov Lat Long  Annual 

 

Winter  Spring  Summer 

 

Autumn 

Maniwaki 

Airport 93 QUE 46.3 -76 0.38 0.36 0.23 0.28 0.25 

North Bay A 68 ONT 46.37 -79.42 0.47 0.34 0.24 0.36 0.31 

Dewar Lakes 45 NU 68.65 -71.17 0.49 0.21 0.32 0.39 0.36 

Les Cedres 86 QUE 45.3 -74.05 0.40 0.34 0.18 0.33 0.24 

          

Windsor A 67 ONT 42.27 -82.97 0.42 0.31 0.19 0.34 0.29 

Hopedale (Aut) 59 NFLD 55.45 -60.22 0.51 0.31 0.40 0.31 0.32 

Sault Ste Marie 

A 62 ONT 46.48 -84.52 0.47 0.37 0.25 0.31 0.27 

Ottawa CDA 113 ONT 45.38 -75.72 0.36 0.35 0.13 0.20 0.23 

Thompson A 40 MAN 55.8 -97.87 0.51 0.58 0.15 0.31 0.34 

Buffalo Narrows 

A 45 SASK 55.83 -108.43 0.39 0.42 0.05 0.29 0.37 

Coral Harbour 

A 74 NU 64.2 -83.37 0.36 0.11 0.41 0.16 0.28 

Collegeville 86 NS 45.48 -62.02 0.37 0.36 0.18 0.01 0.25 

Gillam A 64 MAN 56.35 -94.72 0.40 0.50 0.14 0.16 0.28 

Yellowknife A 65 NWT 62.47 -114.43 0.33 0.42 0.06 0.05 0.26 

Aroostook 88 NB 46.8 -67.72 0.34 0.34 0.12 0.06 0.25 

Drummondville 90 QUE 45.88 -72.48 0.31 0.33 0.19 0.15 0.21 

Earlton A 67 ONT 47.7 -79.85 0.37 0.37 0.17 0.19 0.27 

Cape Parry A 46 NWT 70.17 -124.72 0.45 0.34 0.25 0.15 0.36 

Klintonel 85 SASK 49.68 -108.92 0.22 0.24 0.12 -0.03 0.24 

Norman Wells 

A 64 NWT 65.28 -126.8 0.31 0.28 0.05 0.07 0.30 

Brochet A 57 MAN 57.88 -101.68 0.20 0.30 -0.07 0.21 0.28 

Pierson 82 MAN 49.18 -101.27 0.22 0.24 -0.01 0.15 0.26 

Alert 56 NU 82.52 -62.28 0.41 0.20 0.26 0.23 0.31 

Kugluktuk 

(Coppermine) 77 NU 67.82 -115.13 0.31 0.17 0.16 0.16 0.27 

Thunder Bay A 110 ONT 48.37 -89.33 0.39 0.37 0.19 0.34 0.18 

Moosonee UA 11 ONT 51.27 -80.65 0.40 0.43 0.25 0.28 0.13 

Fort Smith A 94 NWT 60.02 -111.97 0.41 0.38 0.23 0.31 0.18 

Hay River A 112 NWT 60.83 -115.78 0.36 0.32 0.20 0.29 0.11 

The Pas A 97 MAN 53.97 -101.1 0.35 0.36 0.17 0.26 0.12 

Winnipeg Int'l A 112 MAN 49.92 -97.23 0.39 0.40 0.16 0.28 0.15 
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Station Name 

length 

(yr) Prov Lat Long  Annual 

 

Winter  Spring  Summer 

 

Autumn 

Ridgetown ACS 80 ONT 42.45 -81.88 0.41 0.33 0.20 0.36 0.19 

Churchill A 78 MAN 58.73 -94.05 0.30 0.27 0.16 0.29 0.19 

Belleville 85 ONT 44.15 -77.4 0.46 0.60 0.20 0.24 0.16 

Dauphin A 104 MAN 51.1 -100.05 0.34 0.36 0.18 0.22 0.09 

Kapuskasing A 70 ONT 49.42 -82.47 0.43 0.40 0.20 0.27 0.23 

Kenora A 108 ONT 49.78 -94.37 0.37 0.40 0.17 0.25 0.12 

Peterborough A 110 ONT 44.23 -78.37 0.34 0.35 0.12 0.22 0.16 

Pickle Lake A 77 ONT 51.45 -90.22 0.40 0.42 0.18 0.24 0.19 

Brandon CDA 111 MAN 49.87 -99.98 0.28 0.33 0.09 0.21 0.09 

Harrow (Aut) 84 ONT 42.03 -82.9 0.33 0.34 0.11 0.27 0.14 

Sioux Lookout 

A 77 ONT 50.12 -91.9 0.33 0.35 0.12 0.28 0.17 

Swift Current A 112 SASK 50.3 -107.68 0.28 0.31 0.13 0.19 0.15 

Waseca 94 SASK 53.13 -109.4 0.24 0.24 0.14 0.25 0.10 

Inukjuak A 86 QUE 58.47 -78.08 0.32 0.18 0.41 0.19 0.13 

Morden CDA 

CS 103 MAN 49.18 -98.08 0.33 0.66 0.32 0.01 0.08 

Chesterfield 

Inlet A 90 NU 63.33 -90.72 0.28 0.22 0.33 0.08 0.15 

Birtle 97 MAN 50.43 -101.05 0.32 0.37 0.20 0.20 0.03 

Amos 87 QUE 48.57 -78.13 0.36 0.44 0.18 0.07 0.17 

Big Trout Lake 

Readac 67 ONT 53.82 -89.9 0.33 0.40 0.12 0.14 0.20 

Fort Frances A 94 ONT 48.65 -93.43 0.32 0.39 0.12 0.17 0.11 

Lansdowne 

House (Aut) 67 ONT 52.2 -87.93 0.36 0.44 0.19 0.17 0.18 

Mine Centre 90 ONT 48.77 -92.62 0.29 0.38 0.06 0.16 0.17 

Orono 74 ONT 43.97 -78.62 0.35 0.50 0.06 0.18 0.04 

Sprague 92 MAN 49.02 -95.63 0.33 0.36 0.08 0.17 0.20 

Regina A 109 SASK 50.43 -104.67 0.26 0.29 0.13 0.18 0.10 

Saskatoon A 12 SASK 52.17 -106.72 0.25 0.28 0.16 0.17 0.07 

Estevan A 7 SASK 49.22 -102.97 0.22 0.26 0.11 0.16 0.09 

Great Falls 79 MAN 50.47 -96 0.23 0.36 0.05 0.16 0.07 

Indian Head 

CDA 112 SASK 50.55 -103.65 0.19 0.28 0.05 0.10 0.05 

Uranium City 

(Aut) 48 SASK 59.57 -108.48 0.30 0.45 -0.06 0.18 0.26 
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Station Name 

length 

(yr) Prov Lat Long  Annual 

 

Winter  Spring  Summer 

 

Autumn 

Yellow Grass 95 SASK 49.82 -104.18 0.17 0.21 0.06 0.03 0.13 

Fort Reliance 44 NWT 62.72 -109.17 -0.02 0.12 -0.09 -0.19 0.07 

Island Falls 74 SASK 55.53 -102.35 0.09 0.21 -0.08 0.12 0.12 

Pennant 74 SASK 50.53 -108.23 0.02 0.11 -0.06 0.03 0.14 

Lupin A 47 NU 65.77 -111.23 0.03 0.06 -0.12 0.08 0.02 

Inuvik A 80 NWT 68.3 -133.48 0.12 0.07 0.10 -0.04 0.13 
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Chapter 3 

Multidecadal hydroclimatic variability in northeastern North America 

since 1550 AD 

A version of this chapter is published as:  Fortin, D., Lamoureux S.F. (in press) 

Multidecadal hydroclimatic variability in northeastern North America since 1550 AD. 

Climate Dynamics. DOI: 10.1007/s00382-008-0422-6. 

3.1 Abstract 

A network of varve and dendrochronological time series that provide annual resolution of 

Boreal tree growth conditions and Arctic snow pack and melt variability were used to 

investigate the imprint of the Atlantic Multidecadal Oscillation (AMO) on continental 

hydroclimatic variability in northeastern and northern North America from 1550 to 1986 

AD. The hydroclimatic proxies show a coherent, AMO-like spectral pattern active since 

the late 16th and the early 18th century in the Canadian Arctic and southeastern Boreal 

regions, respectively. Positive AMO phases are associated with more intense spring 

runoff in the Arctic and with longer growth season and increased summer moisture 

availability in the southeastern Boreal forest. These results offer new insights about the 

widespread response of North American hydroclimate to low frequency changes in North 

Atlantic sea surface temperatures (SST). 

3.2 Introduction 

Identifying the spatiotemporal modes of climate variability that were active 
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during the past few centuries has considerable importance for predicting the range of 

future climate variability. In the North Atlantic region, recent instrumental hydroclimatic 

records have been influenced, to varying degrees, by two major modes of climate 

variability superimposed on an anthropogenic warming trend. The first mode, which 

plays a significant role in European and North American annual to sub-decadal 

temperature and precipitation variability, is the North Atlantic Oscillation (NAO) (e.g. 

Knight et al. 2006). Over longer time scales, a circum-Atlantic mode of climate 

variability, the Atlantic Multidecal Oscillation (AMO), has been identified in 

instrumental records (e.g. Kushnir 1994; Schlesinger and Ramankutty 1994; Enfield et al. 

2001). The structure of the AMO is different from the pressure anomaly that defines the 

NAO. It constitutes a 50-80 year sea surface temperature (SST) anomaly with the same 

phase across the entire North Atlantic region, and is persistent over the entire year 

(Sutton and Hodson 2005). The AMO has been linked to changes in the intensity of the 

thermohaline circulation (Knight et al. 2005), although the mechanisms have not been 

fully characterized.  Enfield et al. (2001) and Sutton and Hodson (2005) showed that 

during the 20th century, the AMO is imprinted in temperature and precipitation patterns 

across North America and Europe. However, due to the multidecadal nature of the AMO, 

only two cycles can be recognized from instrumental climate data which coincide with 

the recent anthropogenic-warming trend. Thus, understanding the characteristics of the 

AMO represents an important means of further deciphering the mechanisms that cause 

this widespread climate feature. 
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We investigated the hydroclimatic imprint of the AMO on the terrestrial northeastern 

North America climate during the second half of the 20th century using the University of 

Delaware temperature dataset from the NCEP/NCAR reanalysis (Kalnay et al. 1995) and 

an unsmoothed, linearly detrended AMO annual index (Enfield et al. 2001) which 

accounts for 36% of the North Atlantic SST data set for 0 to 70°N (Kaplan et al. 1998).  

Spatially coherent and statistically significant correlation patterns of mean annual surface 

temperatures with the AMO are observed in northeastern Canada and the eastern 

Canadian Arctic for the period 1950-2000 (Figure 1). A seasonal analysis presented in 

Chapter 2 indicates that surface temperatures are significantly positively correlated with 

the AMO in northeastern North America during the spring and the late fall, while positive 

correlations are centered on the Gulf of Mexico and the southeastern United States in the 

summer months. By contrast, precipitation data (not shown) revealed no extended 

correlation patterns with the AMO across North America, although small centers of 

significant positive correlation south of James Bay and in the western and central 

Canadian Arctic are observed at the annual scale.  Negative significant correlations of the 

AMO with annual surface precipitation are found scattered across central Canada, the 

United States, and northern Mexico. This initial analysis suggests that spring and late fall 

changes in surface temperature and hydroclimatic conditions mediated by AMO-related 

temperature variability have potentially impacted the hydroclimate system in northeastern 

Canada, and we hypothesize that the climatic signal will be manifest in high resolution 

hydroclimatic proxies as well. According to the pattern observed in the late 20th century, 

the positive phases of the AMO would be related to more intense spring runoff in the 

Arctic and with changes in moisture availability and growth season length in the south of 
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the boreal forest. We test this hypothesis by analyzing the multidecadal variability found 

in a network of annually resolved hydroclimatic proxies from northeastern and northern 

North America. Results from this study indicate that a climate signal with consistent 

AMO properties can be identified during the past 450 years across a large region of the 

northeastern continent and suggests a long-term influence of AMO on hydroclimatic 

conditions in the region. 

 

3.3 Methods 

Our proxy data include three published lacustrine varve series from the Canadian Arctic 

(Hughen et al. 2000; Lamoureux 2000; Lamoureux et al. 2006) and two boreal tree ring 

width series (Archambault and Bergeron 1992 and this study) (Figure 1). The varve 

records, which represent discernable annual layers of sediment, were selected for their 

temporal resolution and their documented sensitivity to snow water equivalence (SWE) 

and melt season temperature (e.g., Hambley and Lamoureux 2006). Both tree ring series 

were derived from moisture-sensitive white cedar (Thuja occidentalis). The first series 

was composed of trees from the shore and islands of Duparquet Lake (Québec) 

(Archambault and Bergeron 1992) and was obtained from the International Tree Ring 

Data Bank (http://hurricane.ncdc.noaa.gov/pls/paleo/). We generated the new second 

series from 35 individual T. occidentalis from the rocky shores of Kinojevis Lake, 

Quebec (see Appendix 1 for details). The tree ring widths were measured with a Velmex 

micrometer (0.001 mm resolution) and cross-dated. Where possible, widths were 

measured along two cores from the same individual tree and averaged to produce a mean 

annual chronology. We only selected dendrochronological series from open canopy 
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populations and an insect-resistant species in order to minimize non-climatic low 

frequency variability induced by stand dynamics such as forest fires and insect 

epidemics. Hence, we did not incorporate spruce or fir series from central and northern 

Québec in this analysis (e.g., Boulanger and Arsenault 2004). 

Our resulting data set covers a latitude range from 49 to 78°N in two regional 

clusters (Figure 1). Only two other lacustrine high-resolution records (Bear Lake and 

Donnard Lake) are available in this transect. Both are excluded from our analysis since 

they are located in glacierized watersheds and reflect complex glacial sedimentary inputs 

(Lamoureux and Gilbert 2004) or document thresholded glacial sediment delivery 

controls (Moore et al. 2001). The varve thickness series were linearly detrended, log 

transformed and normalized (Figure 2). The period AD 1920-1986 was excluded from 

the Upper Soper Lake series due to a prominent increase in sediment accumulation of 

several orders of magnitude compared to the period AD 1550-1920. This particular 

increase in sediment yield has been attributed to recent temperature changes (Hughen et 

al. 2000) and was not evident in the other series. The tree-ring series were detrended 

using methods that preserved the low frequency variability (linear or negative 

exponential) (Cook 1985) and subsequently standardized (Figure 2). 

3.4 Results 

3.4.1 Long term spring runoff and summer moisture variability 

In order to compare the proxy series, we generated two composite records based 

on the unweighted mean of the tree ring and varve series, respectively. The resultant 

composites effectively contained only one type of proxy record and were geographically 
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Figure 1 Map of correlation between mean annual surface temperature and annual index 

of the Atlantic Multidecadal Oscillation (AMO) (Enfield et al. 2001). Correlation 

coefficients >0.4 are significant at the 95% level. Image provided by the NOAA/ESRL 

Physical Science Division, Boulder Colorado (http://www.cdc.noaa.gov).  Letters 

correspond to study sites referred to in text: A. Nicolay Lake, B. Sanagak Lake, C. Upper 

Soper Lake, D. Duparquet and E. Kinojevis. 
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Figure 2 Standardized and linearly detrended annual time series from: A. Nicolay Lake, 

B. Sanagak Lake, C. Upper Soper Lake, D. Duparquet, and  E. Kinojevis (locations 

indicated in Fig, 1). The portion of the Upper Soper Lake series not used in analysis is 

indicated as a grey line. 
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clustered.  Based on the individual record analyses, the resultant indexes are interpreted, 

as proxies of winter snow accumulation and spring snow melt intensity in the central and 

eastern Arctic (Figure 3a) and of summer moisture and growth season length in the 

southeastern boreal forest of Canada (Figure 3b), respectively.The composite series show 

high interannual variability resulting from local climate variability and noise inherent to 

the nature of the proxies. The series are also characterized by a low frequency signal, 

particularly from the late 18th century to the present, with periods of higher (or lower) 

than average sediment transport in the Arctic corresponding to increased (or decreased) 

annual growth in the southern boreal forest (Figure 3). 

3.4.2 Comparison with the AMO 

The imprint of the AMO on continental hydroclimatic conditions was apparent in the 

NCEP/NCAR dataset (Figure 1) and reflects an atmospheric response to longer term 

changes in North Atlantic SST (Knight et al. 2006). However, the AMO only accounts 

for a fraction of the North Atlantic SST variability during the late 20th century (Enfield et 

al. 2001; Sutton and Hodson 2005), when most of the global SST increase is attributable 

to anthropogenic global warming (Trenberth and Shea 2006). The possibility to decipher 

the AMO variability during late 20th century from anthropogenic-induced changes in 

environmental proxies appears to be limited. However, an identifiable AMO imprint on 

continental hydroclimatic variability potentially exists nonetheless for the early part of 

the instrumental record as well as in the pre-instrumental record. 

Correlation coefficients between the AMO series and the hydroclimatic proxies  
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Figure 3 A. Arctic varve composite series, B. boreal tree ring composite series, and the C. 

AMO index (Enfield et al. 2001). All series are low-pass filtered (fifteen-year, 

unweighted) in black and raw series in grey 
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were tested with a Monte Carlo procedure where 1000 random series (with the same 

mean and variance as the original data) were generated and correlated with the 

independent series, and the percentiles of the resulting correlations were compared with 

the correlations obtained between the original series. The AMO series used was the North 

Atlantic SST anomaly series reported with a 15-year moving average applied (Enfield et 

al. 2001). Two unsmoothed subsets of the composite proxy climate series, both with 

(1856-1996) and without the second half of the 20th century (1856- 1950) (Table 1), 

were used for the correlation. All correlations are significant at the 95th or 99th 

percentile. These results suggest that the proxy series share common variability with the 

instrumental AMO series and that positive AMO phases are associated with higher 

increased sediment transport in the Arctic (discharge and snowpack in the Canadian 

Arctic) and increase radial growth (summer moisture availability and growth season 

length) in the southeast boreal forest of Canada, particularly before 1950. 

3.4.3 Spectral analysis 

For the period prior to 1856, the identification of the AMO signal relies on both 

the interpretation of the spectral characteristics of the different proxy signals and on the 

coherence of these proxy records with other inferred AMO records (Hubeny et al. 2006). 

A wavelet transform (Terrence and Compo 1998) was applied to the unfiltered proxy 

composite series (Figure 4a, b) and further evaluated with a crosswavelet transform and 

coherence spectra (4c, d) (Grinsted et al. 2004). Although the composite series represent 

different hydroclimatological signals and cover a non-homogenous climate region, 

spectral analysis shows the presence of significant power in the 50-70 year band outside 
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the cone of influence that corresponds to the historical periodicity of the AMO 

throughout both series. More specifically, the Arctic varve composite shows a persistent 

and significant (p>0.10) multidecadal signal from the late 1500s to early 1900s centered 

on the 64-year band, and a similar signal is found in the boreal tree ring composite from 

the mid-18th to early 20th century. The c. 64-year spectral power found in our series 

closely corresponds to the periodicity of the historical AMO (Schlesinger and 

Ramankutty 1994) and to the 62-year signal identified by Fisher and Meiding (2005) in 

sea salt concentrations from Greenland ice cores from the beginning of the 17th century. 

The cross wavelet transform, which renders regions in time-frequency space where the 

time series show high common variance, is characterized by a significant peak at the 95% 

level centered on the 50-70 year band level in the entire zone outside the cone of 

influence. Interestingly, the phase relationship (shown by the arrows in Figure 4c) 

indicates that the relationship is in phase (0 degrees) from 1750 to 1900 and at 

approximately 90 degrees during the earlier period (1650-1750). This is when most of the 

significant power in this band comes from the Arctic varve series. Wavelet coherence 

(Figure 4d), which finds the region in time frequency where the two time series co-vary 

(Grinsted et al. 2004), indicates that the series exhibit similar variability in the low 

frequency domains, particularly after the mid-18th century. 

 The Arctic varve composite also shows episodic significant periodicities 

in the sub-decadal band that are characteristic of a NAO signal. The wavelet spectrum of 

the tree ring composite series shows similar power prior to 1800 and during the 19th 

Century. Additionally, significant spectral power located principally between the 20-40  
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Figure 4  Wavelet power spectra for the (A) Arctic varve composite series and, (B) Boreal 

tree ring composite series. C and D, cross wavelet transform and wavelet coherence of 

the Arctic and the Boreal composite series. The cross-hatched region is the cone of 

influence.  Black contour is the 95% significance level, using a red-noise background 

spectrum (after Terrence and Compo 1998) 
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year band is apparent during the early 20th century. This may correspond to the shorter 

periodicity that Hubeny et al. (2006) recently attributed to the AMO. 

3.4.4 Hydroclimatic implications 

The approximate 64-year pattern is in agreement with the simulations of Knight et al. 

(2006) that show significant increases in precipitation over the North Atlantic and 

northeastern North America during positive phase of the AMO, particularly during the 

boreal winter and spring months (DJF and MAM) as well as with the results of McCabe 

et al. (2005) showing wet conditions in the northeastern United States when the AMO is 

positive. This suggests that a positive AMO phase results in contrasting hydroclimatic 

conditions in North America, with a decrease in streamflow in the south and an increase 

in the north. The observed pattern of increased growth rates in the southeastern boreal 

forest and more intense spring discharge and sediment transport in the Canadian Arctic 

during positive phases of the AMO contrast to the results of Enfield et al. (2001) and 

McCabe et al. (2005) that suggest that for most of the United States landmass, periods of 

positive AMO are characterized by reduced streamflow in response to decreased 

precipitation and increased evaporation (Sutton and Hodson 2005). To some extent, this 

difference may reflect hydrological seasonality as the proxy records respond to wetter 

conditions in the boreal and Arctic regions primarily through increased snowfall during 

periods when North Atlantic SST are warmer than the average. 

Contrary to other proxy-based AMO reconstructions (e.g., Gray et al. 2004; 

Hubeny et al. 2006), our results support the hypothesis that the AMO is a quasi-periodic 

signal, characterized by a spectral power centered over the 64-year band during the past 
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450 years, rather than a non-periodic multidecadal to centennial mode of variability. The 

inference that the AMO constitutes a periodic signal centered in the 64-year spectral 

 band is in concordance with the historical behavior of the AMO as well as with other 

proxy records (Delworth and Mann 2000; Hidalgo 2004; Fisher and Meiding 2005) and 

model simulations (Delworth and Mann 2000; Knight et al. 2005). It is interesting to note 

that AMO-like variability found in a 500-year Palmer Drought Severity Index 

reconstruction shows a particularly striking resemblance (Hidalgo 2004) with the 

periodicities found in our data set. 

 

3.5 Conclusion 

A network of annually-resolved hydroclimatic proxies shows a coherent, AMO-

like pattern of variability active since the late 16th and the early 18th century in the 

Canadian Arctic and southeastern boreal regions, respectively. Positive AMO phases are 

associated with more intense spring runoff in the Arctic and with longer growth season 

and moister summer conditions in the southeastern boreal forest. Both proxy signals are 

related to increased snowfall, warmer spring conditions across the area, and, potentially, 

increased summer precipitation during positive phases of the AMO. Our reconstruction 

provides support that the AMO is a persistent periodic signal centered on the 64-year 

spectral band. Additional hydroclimatic proxy series in the boreal region are necessary to 

assess whether the absence of the signal prior to 1740 is generalized across the region or 

if it is specific to the available records. These results provide further evidence that pre-

instrumental North American hydroclimatic conditions were not stationary for periods 

shorter than the duration of the AMO. 
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Chapter 4 

 

Recent clastic varve formation in boreal Temiskaming Lake, 

Ontario/Québec, triggered by land use change 

4.1 Abstract 

Detailed analysis of sediment cores, including x-radiography, grain-size analysis 

and XRF analysis as well as relative and radiometric dating methods (137Cs and pollen 

analysis) reveal that the laminae in boreal Temiskaming Lake, Ontario-Québec (47.47oN, 

79.63oW) constitute clastic varves. The onset of varve formation corresponds to the 

alteration of Temiskaming Lake into a reservoir at the beginning of the 20th century and 

varve thickness since is correlated to regional discharge variability. This record, which 

constitutes the first clastic varve record from the boreal biome, demonstrates the potential 

for clastic varve formation where catchment, sediment inflow and lake conditions are 

met.  

 

4.2 Introduction 

Recent rapid climate changes highlight the need to improve our understanding of 

past environmental response to a range of hydroclimatic conditions. Lake sediments offer 

such opportunities, as they integrate information about changes that occurred in a 

watershed and within a lake basin, in response to local, regional or global changes 

(Battarbee 2000). However, studies of lacustrine sedimentary archives face two main 
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challenges: (1) the sedimentary properties measured must be quantitatively translated into 

environmental variability; and, (2) accurate chronologies must be established so that the 

timing of events, rates of change and relationships among different sedimentary proxies 

can be established (Alverson et al. 2001).  

Annually laminated sediments, with an annual or seasonal temporal resolution, 

constitute a potentially effective way to ensure that the environmental proxies measured 

are well constrained in time and can be compared to observational records (Gilbert 2003). 

In the presence of annually laminated (or varved) sediments, changes in varve thickness 

over time can be compared to environmental variables such as precipitation, temperature 

or discharge in order to test the presence of a plausible statistical relationship between 

accumulation rates and environmental parameters. These relationships between varve 

thickness and environmental properties are often weak or non-existent with organic, 

chemical or clastic-organic varves (O’Sullivan 1983, Gäalman et al. 2006) but 

statistically significant relationship with hydroclimatic variables are frequently observed 

with clastic varves composed primarily of allochtonous material (Leeman and Niessen 

1994, Hughen et al. 2000, Sander et al. 2002). Depending on the source of the material 

from which they originate, clastic varve thickness, composition and structure can be 

related to glacial melt, snow melt rate, rainfall event, discharge intensity and other 

hydroclimatic parameters (Ohlendorf et al., 1997; Sanders et al., 2002; Cockburn and 

Lamoureux 2007) and can be used to infer past changes in key hydroclimatic or 

environmental parameters (e.g. Gilbert, 2003; Chutko and Lamoureux, 2008). 

In this paper we present a recent clastic varve record within the boreal biome of 

eastern Ontario/Québec, Canada. This record, constitutes to our knowledge the first 
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clastic varved sediment record found in the North American boreal setting.  Results of 

detailed analysis of the sedimentary sequence provide insight into the conditions that 

control the formation of clastic varves in this environment and demonstrate the potential 

for clastic varve formation. Using varve thickness derived from x-radiographs, elemental 

analysis by x-ray fluorescence core scanning, and high resolution grain size analysis, we 

explore the linkages between sediment transport and accumulation, and land-use changes 

and hydroclimatic variability in the upper watershed of the Ottawa River, Ontario-

Québec since 1910.  

4.3 Study Site 

Temiskaming Lake (47.47oN, 79.63oW) is a long, narrow, and deep lake of 

tectonic origin located along the upper Ottawa River. The lake reaches depths greater 

than 200 metres and receives inflow from a number of large rivers along its course. The 

northern end of Temiskaming Lake is divided in two bays: Wabi Bay on the western side 

and Paulson Bay, a large shallow bay, on the eastern head of the lake (Figure 1). Fluvial 

sediment inputs into Wabi Bay originate from Wabi Creek, a relatively small turbid 

watercourse that drains the area extending north of New Liskeard, Ontario.   Paulson Bay 

receives Temiskaming Lake primary inflow, the sediment-poor Ottawa River, as well as 

another turbid river, the Blanche River, the latter of which erodes sediment from the 

Little Clay belt.  The Little Clay belt, which contains the watersheds for both the Blanche 

River and Wabi Creek, is an extensive, low relief region underlain by surficial sediments 

formed from the deposits of the Late Wisconsinan proglacial Lake Barlow-Ojibway 

(Veillette 1994). The composition of Little Clay Belt is typical of the Barlow-Ojibway  
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Figure 1 A. General location B. Location of the study cores. C. Shore displacement 

between 1894 and present, as a result of water level changes after the construction of 

Temiskaming dam and urbanization. 
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glacial sediments and consists mainly in silt and clay in a proportion of 0.5 (Guillet, 

1977).  

Hence, Temiskaming Lake exhibits a clear north to south turbidity gradient, and 

turbisty declines sharply from May to July and more gradually into August, with reported 

Secchi depths ranging from of 0.4 to 1.4 metres throughout the year (Sallenave and 

Barton 1990). Because of the abundance of clay and also because the lake lies within an 

area with abundant limestone bedrock, Temiskaming Lake is moderately well buffered 

(conductivity 40-88 uS·cm-1) and circumneutral (pH 6.8-7.7) (Zettler and Carter 1986). 

The large seasonal fluctuation in turbidity results from changes in runoff and from 

changes in water level controlled by the Témiskaming dam located at the southern outlet. 

During snow melt, the lake level rises up to 2 m, enhancing the potential erosion by wave 

action of the littoral sediments situated above the accumulation zone.  Barlow-Ojibway 

glacio-lacustrine sediments that underlie the Little Clay Belt are also observed above 

wave base, in the shallow litoral zone of Wabi and Paulson Bays and are subject to 

erosion by wave action and ice planation (Gilbert 2006).  Extensive land clearance, 

agriculture expansion and related drainage began in the Wabi Creek watershed and larger 

region during the 20th century with the arrival of the Temiskaming and Northern Ontario 

Railway in 1905 (Tatley 1996). 

 

4.4 Materials and methods 

An acoustic survey of Wabi Bay was conducted in May 2006 in order to obtain a 

three dimensional representation of post-glacial and Holocene sediment infill in Wabi 

Bay. The survey was conducted with a multifrequency Datasonics Chirp system (3.5 and 
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50kHz). However, the nature of the bottom record (discussed below) limited the acoustic 

penetration and precluded a more extensive survey. 

 Four gravity surface cores were obtained from Wabi Bay with an Aquatics 

Research Instruments gravity corer from depths of 21 to 40 m  Additionally, a 1.2 m 

percussion core and 5.6 m vibracore (Smith, 1998) were retrieved from the ice surface 

(Figure 1). The surface sediments of the vibracore, which was located adjacent to surface 

core W77, were significantly perturbed and limited sedimentary investigations.   

In the laboratory, all cores were split lengthwise and stored at 4°C. The 

sedimentology was analysed through visual and x-radiograph stratigraphy, x-radiograph 

density profiles, elemental profiles and high-resolution grain size analysis (only core T5). 

 X-radiographs were obtained with an ITRAX core scanner (INRS-ETE, Québec) 

for cores P2 and T5 and with a medical X-ray apparatus (Kingston General Hospital, 

Kingston) for cores W70, W77 and W130. The ITRAX core scanner uses an X-ray line 

camera to record the intensity of the x-ray transmission through the sediment across a 20 

mm rectangular section with a pixel resolution of 0.1 mm (Croudace et al. 2006). High 

resolution x-radiographs were acquired from the other cores using medical x-ray 

equipment at 2 and 50 kV. In order to reduce the effects of uneven sediment thickness on 

density measurements, x-radiographs were obtained on sediment slabs of 70 X 20 X 3 

mm with a 20 mm overlap along the cores. X-radiograph negatives were subsequently 

scanned with a resolution equivalent to or better than 0.1 mm.  

 Geochemical analysis of major chemical-element profiles along cores P2 and T5 

were also obtained with the ITRAX core scanner. The radiation of X-ray fluorescence 

emitted by the sample is measured by a Si-drift chamber detector with an angle of 45° 
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relative to the incident X-ray source. This detector is mobile to keep a constant distance 

with the surface sediment topography of the sediment. Detection limit depends on the 

element, the time of analysis and the composition of the matrix (Croudace et al. 2006). 

The analysis was performed at 30 kV, 25 mA and 10 second exposure time.  Elements 

analysed included:  Si, Ar, K, Ca, Ti, Mn, Fe, Zn, As, Se, Rb, Zr and Ta. Values are 

given in counts per second, which are proportional to concentrations of the different 

elements within the sediment (Rothwell 2006; Cuven et al. in review). 

Grain size measurements were obtained with a Beckman Coulter LS200 laser 

diffraction particle size analyzer.  Sediment samples of approximatly 300 mg were 

repeatedly pretreated in 30% hydrogen  peroxide for a period of four days to remove 

organic matter, followed by addition of sodium hexametaphosphate as a dispersant. 

During the analysis, samples were sonicated for 60 seconds and then analyzed with 

sonication three successive times for 60 seconds each.  The last sample was retained 

unaveraged after visual verification with the other sample runs (e.g., Chutko and 

Lamoureux 2008).  

 Samples for 137Cs from cores P2 and W77 were oven dried at 100°C, ground, 

packed into plastic vials, and counted with a Ortec high sensitivity gamma spectrometer 

(Schelshe et al. 1994) in the Biology Department of Queen’s University for a minimum 

of 80 000 s (~1 day).  The age of the laminated sediments (<100 years) precluded the use 

of radiocarbon dating.  Pollen analysis was performed on the upper 75 cm of core WW in 

order identify historical changes in the vegetation cover associated with the onset of the 

agriculture in the watershed and with the logging activity that took place in the Ottawa 

River valley from the mid 19th to early 20th century. Pollen was extracted following 
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standard protocols (Faegri and Iversen, 1989) and pollen percentages were calculated on 

the sum excluding hydrophilous taxa and Pteridophyta (Berglund and Ralska 

Jasiewiczowa, 1986). A minimum of 350 pollen grains were counted. The taxanomic 

nomenclature follows Birks and Birks (1980).  

 

4.5 Results 

4.5.1 Wabi Bay basin 

An acoustic transect across the western part of Wabi Bay, which is representative of 

the sedimentary fill observed across the basin is presented in Figure 2. The record shows 

two distinct facies: a shallow water zone in less than approximately 5 m water depth with 

substantial acoustic penetration, and a deeper region of the lake where there was almost 

no acoustic penetration. The shallow water zone is characterized by a thick accumulation 

of well-stratified sediments that likely correspond to Late Glacial Barlow-Ojibway deep 

water glacio-lacustrine sediments (Figure 2) (Veillette 1994). The laminated, near-

horizontal sediments have a thickness of approximately 40 m in Wabi Bay. An 

unconformity of the Barlow-Ojibway sediments along a clearly defined failure plane, 

with deposition of slumped sediment offshore is also present (Gilbert 2006). Sedimentary 

gas masks the overlying sediments above the slump as well as sediments below wave 

base in the deeper zone of the bay, and impedes acoustic penetration substantially.  The  
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Figure 2 Acoustic profile of a section of Wabi Bay, the location of the transect is 

indicated on Figure 1.B 
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gas likely represents diagenetic methane formed from the decomposition of organic 

material. Because of this poor penetration in most of Wabi Bay basin, it was not possible 

to acoustically infer the sedimentary record or to map the thickness of modern or post-

glacial deposition. 

4.5.2 Recent sediments 

Clear laminae are observable over the entire length of all gravity cores and in the 

upper 63 and 51 cm of of the longest cores, P2 and WW, respectively.  In both long 

cores, the laminae become visible above a 1 cm-thick horizon of organic and wood 

detritus, underlain by massive clastic sediments for the remainder of the cores.  In order 

to establish the sedimentary characteristics of these laminae, analysis comprised of digital 

photographs, x-radiographs, high-resolution grain size analysis and selected element 

profiles obtained with the ITRAX core scanner was carried out on subsections of the 

cores.  

 A digital image and an x-ray negative of a 70 mm subsection of core W70 

illustrates the typical laminae observed in the upper sediments of Wabi Bay (Figure 3). 

Visual inspection of the lamination structure indicates the presence of regular couplets of 

silty clay rich in organic detritus, conformably overlain by a lighter coloured, thinner clay 

unit with little or no coarse detrital organic matter (Figure 3A). The x-radiograph of the 

subsection (Figure 3B) shows the same laminated structures of the less dense (dark) 

material overlain by the typically thinner, denser (light) material.  

 The comparison of x-ray images, density profiles, and high-resolution (1 mm 

interval) grain size analysis performed on a 48 mm section of core T5 permits further  
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Figure 3 Texture and density properties of a 7 cm subsection of core W70, 15-22 cm. A. 

Digital photography. B. Negative X-radiograph. 
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evaluation of the sedimentology of the laminae structures (Figure 4). The alternating 

couplets visible on the negative x-radiograph and density profile closely match the 

variability in the modal grain size. The less dense, darker laminations, correspond to the 

finest grain size mode (~4 µm) while the denser, paler laminae, represent coarser clastic 

material with a modal grain size of 6-10 µm (Figure 4). Due to the thickness of the grain 

size subsamples (1 mm), the maximum grain size value of the coarse, dense layers is 

likely underestimated. The grain size properties of the less dense samples represent the 

grain size distribution of individual 1 mm subsamples (Figure 4D). While the dense 

layers are generally composed primarily of clay (less than 4 µm), the underlying less 

dense layer was composed of a mix of clay and silts (Figure 4). 

A detailed examination of the laminations was also performed on a subsection of 

core P2 where a high-resolution (100 µm) elemental analysis was obtained along with the 

x-ray analysis (Figure 5). In the first subsection (250-300 mm depth), the positive x-

radiograph shows the same alternating patterns of densities that are observed on the other 

cores and represent recurrent couplets of clay and silt-rich clastic material.  By contrast, 

this pattern is not visible in the deeper part of the core (1100-1150 mm depth). In the 

laminated subsections, sedimentary Ca covaried with density, with maximum values 

coincident with the denser, silt-rich layers (Figure 5). An examination of the entire profile 

(Figure 6) indicates that Ca-rich layers are found in the entire laminated section of the 

core and closely match the micro-density patterns obtained from the x-ray images. 

 These detailed analyses are indicative of the overall properties of the sedimentary 

couplets found in the upper portion of the sedimentary record of Wabi Bay (Table 1).   
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Figure 4 Density and grain size patterns on a 48mm subsamble of core T5, depth 302-

349 mm. A. X-radiograph negative image. B. Micro-density profile. C. High resolution 

grain-size analysis (resolution 1mm). D. Grain size distribution of two 1 mm intervals, 

interval location is indicated on C. 
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Based on these properties, we hypothesize that the laminae represent varves, and that 

their thickness is potentially controlled by changes in discharge volume or intensity of 

Wabi Creek. 

Table 1  Properties of recent sedimentary laminae in Wabi Bay, Temiskaming Lake. 

Parameter Unit 1 Unit 2 

Sediment 

colour 

Pale gray, occasional white 

traces 

Dark gray, organic 

fragments, some oxidation 

Grain size Coarser, frequently bi-modal, 

up to 60 µm 

Usually unimodal, less 

than 10 µm 

x-ray density Dense Less dense 

Ca concentration Higher Lower 

Interpretation Spring silt layer (high 

discharge) 

Summer- fall and winter 

clay cap (low discharge) 

4.6 Sedimentary chronology 

4.6.1 Image processing 

In order to develop varve chronologies from the x-radiographs, a preliminary 

image processing procedure was applied. This procedure was necessary to remove 

substantial non-stationarities in the x-ray series due to changes in water content and 

acquisition variations related to the position of the x-ray beam and minor differences in 

the thickness of the sediment samples.  

Digitized x-radiographs were first transformed into density profiles with ImageJ 

software (Abramoff et al. 2004) based on mean pixel values over a 10 mm width 

perpendicular to the depth axis (Lamoureux and Bollmann 2004). Continuous density  
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Figure 5 Density and elemental composition of two 5 cm subsections of P2. Section 1 is  

from the laminated section of the core, depth 250-300 mm; section 2. is from from the 

non laminated part of the core, depth 1250-1300 mm. X-ray images and elemental 

profiles were obtained with the ITRAX core scanner. A. Positive X-ray images, B. 

calcium relative abundance (counts/s). 
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Figure 6 Removal of low-frequency density signal in microdensity profile of core P2 A. 

Microdensity profile before pretreatment. The density profile was calculated from a 

positive X-ray image obtained with the ITRAX core scanner. B. Microdensity profile 

after removal of the low frequency signal. C. Ca abundance (counts/s) in core P2 

obtained with the ITRAX core scanner. 
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profiles were obtained for the two cores analyzed with ITRAX (cores P2 and T5) while 

overlapping 70 mm-long profiles were obtained for each subsample of W70, W77 and 

W130. The former density profiles show low frequency nonstationarities due to changes 

in core thickness, water content, and compaction (Figure 6). These low frequency 

variations were removed by subtracting a 400-pixel (40 mm) mean from individual pixels 

values. 

 Differences in the pixel ranges obtained in individual x-radiographs (cores W70, 

W77 and W130) were further removed by subtraction of the mean pixel value of each 

subsection from individual pixels values prior to compilation as a continuous series from 

the overlapped x-ray sections. The resultant density profiles were further treated in order 

to remove the noise ratio by applying a 50-pixel (0.5 mm) unweighted moving average 

for cores W130, W77, and W70. The resulting density profile and x-radiographs are 

presented in Figure 7. 

4.6.2 Chronology preparation from x-radiographs 

 
After removal of the low frequency signal of the x-ray density series, a 

preliminary varve count was developed by manually establishing inferred annual 

boundaries on x-ray density profiles assembled in stratigraphic order in CorelDraw X3. 

Varve chronologies for the five sedimentary profiles were developed concurrently by 

cross-correlation of the cores, and raw x-radiographs were used to clarify uncertainties in 

the density profiles that were caused by local unconformities, cracks or imperfections in 

the x-radiographs (Figure 8).  Some individual layers contain distinct sedimentary  
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Figure 7  X-radiographs and corresponding micro-density curves for all cores. 
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features that allow cross-correlation along the cores with a high degree of confidence. For 

example, the estimated 1988 varve exhibits a characteristic pattern defined by a sharp rise 

in density (increase in grain size), a well-defined maxima and a relatively thick density 

minima. Conversely, the previous unit, estimated as 1987, shows substantially more 

variability between cores, with double density maxima in cores W70 and W130 and 

single density maxima in the other cores (Figure 8). Cross correlation of these marker 

varves between the cores permitted the reduction of errors associated with false varves 

and double-density minima, and to anchor the individual chronologies within common 

sedimentary boundaries.   

4.6.3 Chronology validation 

The varve chronologies were compared with 137Cs profiles obtained on core P2 

and one of the proximal cores (W77) (Figure 1).  Both profiles show a clear, defined 

137Cs peak that corresponds to the expected maximum fallout from nuclear bomb testing 

in 1963/4 and matches the estimated corresponding varve ages (Figure 9). The onset of 

measurable 137Cs activity corresponds in both cores to the estimated varve years 1955-

1957, which appears to be slightly late compared to known 137Cs release into the 

atmosphere (Appleby 2001). However, the cesium chronology provides independent 

verification that the laminae observed in both of these cores likely represent varves.  

Hence, the other cores that were cross-correlated with marker beds also likely constitute 

clastic varves as well.  

 Pollen analysis was also carried on core WW in order to use vegetation changes 

and known land use changes to further constrain the sedimentary record.  The regional  
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Figure 8 Example of chronology building using the microdensity cross-correlation 

method for years 1988-1983. The individual subsections have been scaled to the same 

length. Lower panel: annual daily hydrograph of the Blanche River for the corresponding 

years (1988-1983). 
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decline of Pinus strobus (white pine) due to logging activities in the Ottawa River valley 

from the end of the 19th century until the beginning of the 20th century, and the rise of 

Ambrosia sp. (ragweed) that corresponded to the onset of agricultural practices in the 

watershed at the beginning of the 20th century were predicted to represent potential 

vegetation signals that could be resolved by the sedimentary pollen record.  Pollen 

markers, given the chronological range for vegetation changes and in the source of the 

pollen preserved in the sediments, constitute a sub-optimal dating tool. However, in the 

presence of well-documented vegetation changes, high resolution historical pollen 

analyses can provide useful chronological boundaries.  

White pine logging started around 1830 in the southern Ottawa valley river 

watershed and reached Temiskaming at the end of the 19th century. Historical accounts of 

white pine logging mention that the last significant amount of white pine was floated on 

upper Temiskaming Lake in 1922 (Tatley 1996). The onset of agriculture in Wabi Creek 

watershed dates to the end of the 19th century and with considerable expansion of 

cultivation during 1905-1915 following construction of a railroad into the area (Tatley 

1996). 

 Although no varve chronology is available for core WW due to core disturbance, 

the core shows the same transition from massive to laminated sediments directly after a 

woody organic deposit at a depth of 53 cm to which age of 1905 is attributed in core P2. 

The rise of Ambrosia sp. is found within several centimetres of this lithologic boundary, 

and supports the hypothesis that the onset of varve formation in Wabi Bay corresponds 

closely to the initial colonization and vegetation clearance of the area at the beginning of 

the 20th century (Figure 9).   However, the decline of the white pine is less clear, although 
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a prolonged minimum occurred between 46 and 10 cm depth (Figure 9).  This late 

decrease in white pine pollen could correspond to the logging of Wabi Creek and the 

Blanche River watersheds during the colonization period of the early 20th century.  

Regardless, the pollen record is consistent with the known history of the land use changes 

in the area and provides additional general support for the varve age model. 

 In addition, two AMS 14C dates of terrestrial plant remains were obtained on core 

WW in order to evaluate changes in accumulation rates prior to the onset of varves. The 

radiocarbon ages were calibrated to calendar years using the program CALIB 4.3 (Table 

2). The relatively large uncertainty associated with both dates limits the accuracy of 

accumulation rates for the inferred pre-anthropogenic core sediments. However, 

maximum and minimum accumulation rates between 210 and 53cm are estimated as 

0.20-0.35 cm·a-1 while the accumulation rate for the period post-1905 based on the varve 

chronology is 0.55cm·a-1. 

 

Table 2 Radiocarbon ages determined for core WW. Radiocarbon calibration was based 

on CALIB 4.3 (http://calib.qub.ac.uk/calib/). 

Lab 

Identification 

Depth cm Sample 

description 

AMS 14C ages 

(years BP) 

Calibrated age 

interval (2б) 

(years BP) 

TO-12438 210.5 Thuja 

occidentalis  

750 ±60 634-790 

TO-12439 293 Vaccinium sp  850 ±60 677-914 
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Figure 9 137Cs Profiles (bars) and estimated depth-age (curve) for (A) Core P2, (B) Core W77, 

(C) Pollen diagram of core WW in percentage. 
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4.6.4 Inter-core varve comparison 

Five varve chronologies were obtained, the lengths of which are limited due to the 

physical length of the sediment from the cores (e.g., the shortest core (W130) covers 46 

years (1954-2000) over 39.5 cm), and to the onset of varves after ~1910 in core P2, at a 

depth of 63 cm, below which no regular laminations could be observed visually, by x-ray 

density, or from the Ca profiles (Figure 6).  

Among the three cores retrieved along the axis of Wabi Creek, W77 and W130 

show the most similar trends, while accumulation patterns in cores P2 and T5 appear to 

behave relatively independently from the other varve thickness records. When looking at 

the varve series during their common period (1954-2000), W77 appears to have the 

lowest sedimentation rate (0.49 cm/a) while T5 has the highest (0.85 cm/a) (Table 3). 

 

Table 3 Annual accumulation rates (cm/a) for Temiskaming Lake cores. 

 W70 W77 W130 T5 P2 

Mean thickness 

(cm) 

0.68 0.49  0.85 0.69 

Standard 

deviation (cm) 

0.24 0.14 0.25 0.33 0.20 

 

4.7 Hydroclimatic signal contained in the varves 

A comparison of interannual varve thickness and historical regional discharge 

variability was carried out in order to explore the linkages of sediment transport with 
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regional hydroclimatic variability. As no discharge record is available for Wabi Creek, 

we used two regional discharge series from the nearby Blanche and more distant 

Harricana Rivers (80 km northeast). The Blanche River daily discharge series covers the 

period 1974-1997 while Harricana River discharge data is available from 1933 to 1996. 

Both rivers have a typical annual hydrograph for the region, dominated by high spring 

discharge during the snow melt, followed by a low discharge period during the summer 

and small discharge increase during the autumn due to increased precipitation. Maximum 

annual daily discharge for the Harricana River varied from 99-317 m3·s-1 with a mean of 

188 m3·s-1 during the 1933-1996 period, while the Blanche River maximum annual 

discharge varied from 88-221 m3·s-1 for the period 1974-1997, with an mean maximum 

daily discharge of 166 m3·s-1. Comparisons, for the common period show that both river 

series are well correlated (mean daily discharge, 1974-1997, r2 = 0.56, n=8760, p<0.01).  

However, given its longer length, the Harricana River series was used for comparison 

with the varve records, despite the greater distance and the difference in watershed size 

between Wabi Creek and the Harricana River.  The Harricana River record was 

anticipated to offer a reasonable approximation of regional discharge variability during 

much of the 20th century, and especially of the intensity of regional spring discharge 

associated with the spring melt.  

Individual varve thickness series were compared with maximum daily peak 

discharge.  Additionally, the number of days during which the river discharge exceeded 

specific discharge thresholds was assessed as an approximation of the duration of 

significant discharge events with potential high sediment transport competency. Several 

thresholds were tested and the highest correlations were obtained for the number of days 
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during which the mean discharge was equivalent or greater than 70 m3·s-1 (Table 4).  

Significant correlations with these variables where found only for cores W70 and W130 

(Figure 10).  The strongest correlations were noted for the number of days when the mean 

discharge of the Harricana River exceeded 70 m3·s-1 (Table 3), which explained up to 

38% of the varve thickness variability in core W70 

 

Table 4 Coefficient of determination (r2) of the number of days each year during which 

the Harricana River, QC (station 04NA001, 48.69°N 78.10°W ) discharge exceeded, 50, 

70, 90 m3·s-1 and varve thickness and correlation between maximum annual discharge (Q 

maximum) and varve thickness 1933-2000 (n=67). Significant values (p<0.05) are shown 

in bold. 

Discharge threshold 

(m3·s-1) 

W70 W77 W130 T5 P2 

Q>50  0.28 0.01 0.10 0.07 0.00 

Q>70 0.38 0.04 0.23 0.02 0.01 

Q>90 0.34 0.05 0.27 0.01 0.01 

Q maximum 0.06 0.09 0.01 0.02 0.00 
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Figure 10 Varve thickness series for cores W70, W77, W130, P2 and T5. Number of days 

during which Harricana River discharge exceed 70 m3·s-1 and max daily annual discharge 

for the same river. 
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Varve thickness in general presents a decreasing trend over time in all cores, but 

the trend is significant (p<0.05) only in cores W70 and W130. No significant trend in 

river discharge was observed during the same period hence, it appears that the 

accumulation decrease is potentially attributable to decreased sediment delivery by Wabi 

Creek.  

 

4.8 Discussion 

4.8.1 Image analysis and varve properties 

Building on previous studies (Ojala and Francus 2002, Tiljander et al. 2003) that 

showed the sum of all gray-level values (or light sum) within the x-radiograph of a 

clastic-organic varve can be used as a proxy for the detrital input of mineral matter, the 

analysis of Temiskaming Lake sediment shows that x-ray values can are related to grain-

size variability within clastic varves. In this study, the limited thickness of the varves, 

their relatively low grain size range, as well as x-ray acquisition errors precluded the 

development of an unique calibration curve between x-ray density and grain size. If the 

acquisition error and nonstationarities of x-radiographs can be effectively removed, it 

appears that images could be effectively used to estimate high resolution grain size 

variability within varves and sub-annual laminae.  

 Similarly, our study also demonstrates the utility of the ITRAX core scanner for 

the study of clastic varves. In this case, the difference between the Ca content of the clay 

and the silt component of Temiskaming Lake varves can be used to delimitate varve 

boundaries as effectively as from the x-ray density profiles. In this context, high-
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resolution XRF profiles are a rapid and non-destructive method to establish sedimentary 

and varve boundaries that can be used in conjunction with conventional techniques such 

as core-face, thin section and x-ray or digital images (Haug et al. 2001).  However, 

similarly to density profiles obtained from x-radiographs, elemental profiles are not 

subject variability related to changes in density and water content. 

4.8.2 Onset of varve formation in Wabi Bay, Temiskaming Lake 

The sedimentology of the long cores shows substantial recent sedimentary 

changes, including an increase in sedimentation rate at the beginning of the 20th century 

that resulted in the onset of clastic varve formation c. 1910. Varve formation followed a 

widespread depositional event of unknown duration that delivered large amounts of wood 

and organic debris along with clastic sediment to the lake. This chronology corresponds 

closely to the colonization of the Little Clay Belt, the agricultural region that extends 

north of New Liskeard and from which Wabi Creek originates. The arrival of the first 

European settlers in the watershed dates from 1891, and the town was incorporated as 

New Liskeard in 1903 (Tatley 1996). In 1905, the Temiskaming and Northern Ontario 

Railway arrived in order to encourage new settlers to develop farming in the Clay Belt 

and farms began to be established in the Wabi Creek watershed a few years later 

(Engelhart et al. 1910). The first decade of the 20th century coincided with extensive 

deforestation and the development of a drainage network along Wabi Creek which 

coincided with downstream inception of varve formation in Wabi Bay. The clearance of 

forest, along with the ditches created to drain the clay soils, likely increased winter snow 
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pack thickness by limiting interception losses by the forest cover, accelerated the spring 

melt and runoff, and hence, the peak discharge and sediment transport from Wabi Creek.  

Another mechanism that could have facilitated the formation of clastic varves in 

upper Temiskaming Lake in the beginning of the 20th century was the construction of a 

dam in 1911 at the village of Temiskaming (90 km south of New Liskeard) to improve 

navigation and control downstream flooding.  The dam raised the maximum lake level by 

approximately 2 m (Tatley et al. 2006) and displaced the Wabi Bay shoreline up to 200 m 

inland (Figure 1).  The dam also resulted in substantially increased inter-seasonal water 

level variability.  The current water level of Temiskaming lake reaches its minimum at 

the end of the winter and its maximum shortly after snowmelt, flooding the flat muddy 

shores of Wabi Bay that were exposed during winter. This seasonal flooding of large 

shallow flats composed of Barlow-Ojibway glaciolacustrine sediments likely has a 

substantial impact on shoreline erosion and sediment remobilization (Gilbert 2006). 

Varve formation has been reported in many reservoirs (O’Sullivan 1983), likely through 

enhanced shore erosion and reduced flow velocity in the lake during infilling periods, 

which promotes faster settling of relatively coarse clastic material.   

 The Little Clay Belt sediments that are currently mobilized by the Wabi Creek 

and the Blanche River are sourced from the postglacial clastic sediments of Lake Barlow-

Ojibway that draped the region to an altitude of 173 m asl 8500 years BP (Veillette 

1994). These post-glacial glaciolacustrine sediments, that can still be observed in the 

watershed (Guillet et al. 1977), have been eroded by Wabi Creek and deposited in 

Temiskaming Lake prior to the arrival of settlers to the region.  However, sediment 

transport and deposition prior to settlement did not meet the conditions necessary for 
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visual varve formation in terms of quantity and seasonal variability of the sediment 

inputs.  Hence, increased erosion and a reduction in the duration of snow melt and 

increased peak discharge has allowed the formation of clastic varves. 

 It appears that recent sediments of Wabi Bay represent an relatively unique 

occurrence of clastic varve formation triggered by land use changes that caused not only 

an increase in clastic material transport and deposition, but also changes in the seasonal 

deposition pattern. These varves correspond to the strict definition of clastic varves in 

that they consist of coarser sediment in response to high inflow during the spring and 

fine-grained sediment deposited during low energy conditions when sediment input is 

low or under seasonal ice cover (Gilbert 2003). Although the thermal regime of Wabi 

Bay is unknown, a polymictic regime is assumed, given the large potential fetch and the 

relatively shallow depth of Wabi Bay. In the absence of permanent stratification and a 

discontinuous influx of sediments, these varves bear resemblance with non-glacial clastic 

varves found elsewhere, including the Arctic (e.g., Lamoureux 1999).  Hence, the setting 

at Wabi Bay broadly corresponds to Sturm’s (1979) third model of varve formation, 

which should produce a graded sedimentary unit for each major pulse of sediment into 

the lake. Multiple graded structures can be observed in the Wabi Bay sediments as sub-

annual density features, particularly in the most proximal cores, W70, W77 and W130 

(Figure 8).  In the presence of these sub-annual structures, the varve boundary is defined 

by the presence of a well-defined clay cap formed under ice cover, through flocculation 

and suspension settling under low energy conditions (Hodder et al. 2007).  

 These results provide an expanded perspective on the conditions for varve 

formation in boreal regions proposed by Larsen and MacDonald (1993), Larsen et al. 
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(1998), and Ojala et al.(2000), who concluded that the presence of clastic varve cannot be 

predicted with a high degree of confidence from lake/depth ratio or water column 

stratification conditions.  First, Wabi Bay varves appear to be predominantly controlled 

by fluvial conditions, in terms of discharge intensity and sediment availability, rather than 

by lake morphometry and stratification. This compares to documented boreal laminated 

lakes in the Larsen et al. (1998) database that present clastic-organic, biogenic or 

chemical varves and which typically require strong seasonality and meromictic 

conditions to preserve the sedimentary structures. Second, the recent onset of varve 

formation in Temiskaming Lake demonstrates that Wabi Bay morphometry or the 

presence of fine sediments in the watershed did not predict of the presence of varves 

since their formation was triggered by substantial landscape perturbation during 

settlement. Changes in flow conditions and overall detrital inputs characteristics 

associated with land use changes have been reported in numerous other 

paleolimnological studies. Keinel et al. (2005), in a study of the climatic and 

anthropogenic influence on the varve properties of Lake Holzmaar, Germany, found an 

increase in varve thickness at the end of the 18th century due to high detrital input 

corresponding to increased iron production in the region. Similarly, van der Post et al. 

(1997) reported an exponential increase in sedimentation rates in recent sediments of 

Blelham Tarn in the English Lake district in response to landscape perturbation caused by 

increased sheep grazing.  Forest clearance and inferred changes in surface hydrology also 

increased deposition rates and produced erosional pulses in three clastic-organic varved 

lakes in Sweden (Itknonen and Salonen, 1994). Additionally, as was the case in 

Temiskaming Lake, Itkonen and Salonen (1994) report that the sedimentological 
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hydroclimatic signals due to anthropogenic impacts on the sedimentary and limnological 

systems became stronger in the past 50 years, and it is now possible to distinguish them 

from the natural background. 

4.8.3 Hydroclimatic record contained in Wabi Bay and boreal clastic varves 

Processes that govern varve formation in other boreal records (Itkonen and 

Salonen, 1993, Petterson et al. 1993, Petterson 1999, Tiljander et al. 2003, Ojala and 

Alenius 2005, Gäalman et al. 2006) appear to be numerous. First, the clastic-organic 

nature of the other documented annually laminated lake sediments in the boreal 

environment, in comparison to the clastic varves present in Temiskaming Lake, limits the 

interpretation of total varve thickness as an integrated proxy of hydroclimatic variability. 

The organic lamina is typically formed from autochthonous material and can be 

interpreted as a proxy for biological primary production in the lake (Ojala and Alenius, 

2005). On the other hand, the clastic portion of the couplet, which is typically deposited 

during peak discharge, may represent several processes. Petterson et al. (1999) proposed 

that the clastic material that formed the spring couplet of Lake Kassjön sediments 

(Sweden) originated from channel bank erosion of the lake inflows.  Thus, interannual 

variability in the clastic component of the varve series represented changes in fluvial 

competency and processes. At Lake Nautajärvi (Finland), Ojala and Alenius (2005) 

interpreted the clastic component of clastic-organic varves to originate from surface 

runoff and hill-slope erosion rather than solely from stream bank erosion. In this case, 

vegetation cover played a significant role over sediment erosion and delivery to the lake 

bed, as illustrated by the increased erosion rates observed immediately after the isolation 
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of the Lake Nautajärvi basin. However, in this study, no significant correlation was found 

between the thickness of clastic and organic couplets, or between each couplet and 

hydroclimatic variability. In the study of two adjacent varved lakes in Sweden, Gälman et 

al. (2006) observed that a large part of the varve thickness variability was not explained 

by the accumulation rates of the major sediment components (mostly clay and gyttja).  

They found that the size and shape of mineral grains, the composition of diatom 

assemblages, the structure of organic matter, and the presence of iron hydroxide all had 

impacts on varve thickness.  This complex set of influences reflect different limnologic 

and hydroclimatic parameters, and hence, deciphering the different environmental signals 

in the varves constitutes a significant challenge.  

Core location appears to play a crucial role in the type and the strength of the 

hydroclimatic signal contained in the sedimentary sequence of Temiskaming and likely 

reflects localized distribution and deposition of sediment in the lake (Lamoureux, 1999; 

Schiefer, 2006). For example, cores W70, W77 and W130 are located along a proximal-

distal transect and do not demonstrate the expected distal thinning associated with 

distance from the inflow. Physical post-depositional disturbance by human activities 

might explain some incongruities between the cores, although the integrity of the 

laminated structures in most cores do not suggest substantial disturbance.  Rather, 

variations in sediment accumulation likely reflect the differential impact and deposition 

from turbidty currents along the slope of Wabi Bay. Along this transect, the lowest 

annual accumulation rates are observed in core W77, located on the steepest part of the 

slope where turbidity flows are expected to gain the most energy and deposit less 
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sediment, while the most distal core W130, is characterized by higher annual 

accumulation than the two other cores (Table 2). 

 Clastic varves can also contain a multitude of environmental signals, which 

depend on the nature of processes responsible for sediment transport and deposition such 

as snow melt, rainfall or near shore erosion (Hodder et al. 2007). Sediment transport in 

Wabi Bay appears to be in large part, controlled by discharge variability of the Wabi 

Creek, as estimated by the regional discharge signal contained in the Harricana River. On 

an annual time scale, this variability was characterized by a well defined maxima during 

the snow melt period and a prolonged minima during the winter under ice cover. This 

relatively simple model of hydrological variability and sediment transport is reflected in 

the varve structure of all cores as well as in the varve thickness of cores W70 and W130. 

However, the sediments in Temiskaming Lake reveal a complex record that reflect both 

the variability in spring discharge and the interplay between land cover changes, 

hydroclimatic variability and limnological process. 

 

4.9 Conclusion 

Analysis of the recent accumulation of sediments in Wabi Bay, Temiskaming 

Lake, demonstrates the advantages of x-radiography as a non-destructive means to 

qualitatively assess grain-size related density changes in clastic sediments. Elemental 

profiles obtained with the ITRAX core scanner also provided a rapid, non-destructive and 

consistent assessment of varve characteristics and aided in chronology construction 

where the varve structures are associated to changes in sedimentary geochemical 

composition. 
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 The recent clastic varve sediments found in Wabi Bay appear to be the product of 

three main controls: (1) a significant increase in fluvial input to the lake and accessibility 

to large supply of fine grained sediments due to historical land use changes; (2) an open, 

unstable landscape that promotes fluvial erosion and rapid streamflow during snowmelt 

period; (3) highly seasonal river discharge and presence of winter ice cover conditions 

that ensure the formation of annual structures within the sediments.   These conditions 

have previously not been investigated or reported in the boreal region of North America 

and these results point to the potential for other recent varve records in areas with suitable 

lakes and post-glacial sediment supplies.  Further, cases where pre-anthropogenic 

disturbances supplied sufficient sediment may represent an opportunity for long term 

paleohydrological reconstructions in this large and ecologically significant region.  
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Chapter 5 

Conclusion 

The results presented in this dissertation can be divided into two categories: 1) 

addressing the relationship between North Atlantic SST and terrestrial climate variability 

in northeastern North America, and 2) dealing with the impact of land and hydrologic 

variability on clastic sediments accumulation in Temiskaming Lake (Ontario/Québec).  If 

both aspects bring new elements and theoretical advances to the understanding of spatio-

temporal climate variability in instrumental and natural proxies, they also identify several 

methodological limitations. 

Until recently, climate variability of northeastern North America, including the 

Arctic, was understood as being primarily impacted by the North Atlantic Oscillation 

(NAO) and its Arctic manifestation, the Arctic Oscillation (AO), as well as by 

anthropogenic global warming. Indeed, it has been shown that the NAO winter index is 

linked to winter temperature over North America, Europe, and Asia (Hurrell and van 

Loon 1997; Wettstein and Mearns 2002). Notably, the NAO dominates climate during 

winter in eastern Canada (Bonsal et al. 2001), and explains up to 50% of the variance in 

winter temperature in Québec and the Maritime provinces. A clear dipole pattern is also 

observed, with positive NAO years resulting in colder winters in Québec and warmer 

temperature in the northeastern and interior regions of the United States (Hurrell and van 

Loon, 1997). However, outside of the winter season, the NAO appears to have a very 

limited impact on terrestrial surface temperature of eastern and northern Canada.  
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The understanding of climate variability in northeastern North America recently 

entered a significant shift, which coincides with the growing interest for the effect of low 

frequency variability in North Atlantic SST on circum-Atlantic climate (Kerr 2005). The 

newly identified Atlantic multidecadal oscillation (AMO) has since then been related to 

an array of phenomenon, including changes in hurricane activity in the Atlantic 

(Goldenberg et al. 2001), drought in the US (McCabe et al. 2004) and summer 

precipitation and temperature in Europe and America (Sutton & Hodson 2003). In the 

Chapter 3, we investigated, using high quality, annually resolved proxy, the presence of 

this low frequency pattern of variability in the eastern boreal forest and Canadian Arctic. 

A spectral pattern resembling that of the AMO is depicted by the proxies, back to the late 

16th century in the Canadian Arctic, and to the early 18th century in southeastern boreal 

regions. Positive AMO phases result in enhanced spring runoff in the Arctic, while they 

are characterized by extended growing season and higher summer moisture in the 

southeastern boreal forest. These results contribute to the understanding of the influence 

of low frequency North Atlantic SST changes on the North American hydroclimate but 

also come with significant limitations. The principal limitation of such studies is related 

to the scarcity of suitable high-resolution hydroclimatic proxies for the analysis of low 

frequency climate variability, particularly in the boreal and subarctic regions where such 

data are limited to disturbance-prone dendrochronological series. Hence the spatial 

coverage of multiproxy and multi-site paleoclimatic studies remains sub-optimal. 

Another major challenge that comes with the identification of common modes of 

variability between proxies is the isolation of the studied signals from the recent 

anthropogenic warming trend and associated climate changes, as well as nitrogen 
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fertilization that impacted varve deposition in the Arctic and tree growth patterns in the 

boreal forest, respectively (Innes 1991). Such limitations are intrinsically associated with 

the sub-optimal nature of climate proxies and can only be reduced through a better 

understanding of processes and factors relating environmental variability and individual 

proxy response. Finally, another important limitation is the interpretation of the climatic 

significance of common variance from individual proxy series. While we can attest with a 

significant degree of confidence that different time series share a common signal that 

corresponds to a low frequency signal in North Atlantic SST, fully understanding the 

quantitative nature of the hydroclimate signal (snow water equivalent, precipitation, 

temperature, seasonality, etc.) for each proxy and location remains subject to some 

degree of uncertainty. It is in order to overcome this difficulty to that Chapter 4 of this 

dissertation was undertaken.  

First, a review of published research related to the physical mechanisms involved 

in the generation of the multidecadal SST anomaly and of its effect on North American 

hydroclimate clarified the nature of the AMO and of its manifestation. This review 

reveals how little is known about the relationship between North Atlantic SST and 

terrestrial climate in Canada, a relationship that is at the core of the signal identified in 

Chapter 2 of this dissertation. The seasonal imprint of North Atlantic SST on Canadian 

terrestrial climate was then investigated in the second part of this second chapter. The 

analysis compares Kaplan (Kaplan et al. 2003) North Atlantic SST series to seasonal 

surface temperature calculated from the adjusted historical Canadian climate database 

(Vincent et al. 2002). The results show statistically significant relationship between North 

Atlantic SST and surface temperature around the St. Lawrence valley during the winter. 
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During the during the spring and summer, this zone of influence expand to the subarctic 

and arctic regions, explaining up to 25% of the seasonal variability in surface 

temperatures over the coast of Labrador. This analysis should now be expanded to other 

climatic variables, including precipitation, atmospheric pressure and wind patterns. 

Chapter 4 illustrates the crucial need for more high-resolution paleoclimatic 

records in northeastern North America when comes to understanding the spatio-temporal 

climate variability of this vast region. It is in this context that a search for varved 

lacustrine sediments was undertaken in the Abitibi-Temiskaming region of Ontario-

Québec, which, given its abundance of lakes and fine grained sediments originating from 

deglacial lake Barlow-Ojibway, showed good potential for varve formation (Ojala et al. 

2000) Although several lakes were indentified as having potential and subsequently 

cored, this work did not resulted in any long laminated sequence that could be used as 

high-resolution climatic proxy. However, it permitted the identification for the first time 

in the boreal region, recent clastic varved sediments at Temiskaming Lake covering about 

100 years. Recent varve formation there is attributed to significant increase in sediment 

input to the lake and accessibility to large supply of fine grained sediments due to: (1) 

historical land use changes; (2) an open, unstable landscape that promotes fluvial erosion 

and rapid streamflow during snowmelt period; and (3) highly seasonal river discharge 

and presence of winter ice cover conditions that ensure the formation of annual structures 

within the sediments. This study sheds light on control on clastic varve formation in the 

temperate/Boreal setting. This unusual occurrence is primarily attributed to landscape 

perturbation and was made possible given the major sediment availability in the 

watershed, rather than by lake morphometry or absence of mixing. These results confirm 
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that varve formation is difficult to predict from simple criteria such as depth/area or mixis 

regime; Larsen et al. (1998) showed that lakes presenting clastic-organic, biogenic or 

chemical varves typically require strong seasonality and meromictic conditions to 

preserve the sedimentary structures.  This last chapter nevertheless demonstrates that 

sediment rich area of the boreal forest have the potential for clastic varve formation 

which could be used as hydroclimatic proxies.  

In conclusion, this dissertation brings new perspective on (1) low frequency climate 

variability in the northeastern North America during the past few century and (2) recent 

formation of clastic varves in a boreal setting. Nevertheless, numerous related questions 

remain to be investigated, particularly through the development of new paleo-

precipitation proxies and their interpretation in understudied regions of North America. 
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Appendix A 

Kinojevis tree rings 

The Kinojevis tree-ring series was sampled on 40 living individuals trees (Thuja occidentalis) 
from the rocky shores of Kinojevis Lake (48.09 N, -78.84). 

 

Year 
Kinojevis 

Index 
Kinojevis 
Index Std  Year 

Kinojevis 
Index 

Kinojevis Index 
Std 

1986 0.90 -0.52  1953 0.94 -0.29 
1985 0.98 -0.07  1952 0.99 0.02 
1984 0.93 -0.35  1951 0.95 -0.19 
1983 0.85 -0.92  1950 0.83 -1.04 
1982 0.83 -1.06  1949 0.64 -2.61 
1981 0.80 -1.23  1948 0.79 -1.30 
1980 0.88 -0.68  1947 0.75 -1.67 
1979 1.00 0.10  1946 0.87 -0.73 
1978 0.99 0.01  1945 1.07 0.47 
1977 0.91 -0.49  1944 1.10 0.67 
1976 0.95 -0.24  1943 1.06 0.42 
1975 0.82 -1.08  1942 1.29 1.60 
1974 1.01 0.16  1941 1.20 1.17 
1973 0.89 -0.63  1940 1.02 0.19 
1972 1.03 0.26  1939 1.06 0.41 
1971 1.07 0.46  1938 1.06 0.43 
1970 0.99 0.04  1937 0.85 -0.86 
1969 0.85 -0.87  1936 0.92 -0.40 
1968 0.89 -0.63  1935 0.95 -0.24 
1967 1.11 0.73  1934 1.00 0.07 
1966 1.04 0.32  1933 1.04 0.30 
1965 1.04 0.35  1932 1.20 1.18 
1964 1.19 1.14  1931 1.01 0.13 
1963 1.26 1.46  1930 1.13 0.82 
1962 1.09 0.58  1929 1.14 0.86 
1961 1.00 0.10  1928 1.02 0.21 
1960 1.24 1.37  1927 0.97 -0.12 
1959 1.03 0.24  1926 0.95 -0.19 
1958 1.23 1.34  1925 1.07 0.48 
1957 1.25 1.40  1924 0.87 -0.75 
1956 1.01 0.16  1923 0.84 -0.96 
1955 0.88 -0.68  1922 0.79 -1.31 
1954 1.09 0.59  1921 0.82 -1.14 

 



116 

Year 
Kinojevis 

Index 
Kinojevis 
Index Std  Year 

Kinojevis 
Index 

Kinojevis Index 
Std 

1919 0.73 -1.77  1874 0.96 -0.17 
1918 0.69 -2.11  1873 1.03 0.27 
1917 0.88 -0.70  1872 1.05 0.38 
1916 0.72 -1.89  1871 1.09 0.59 
1915 0.81 -1.20  1870 1.32 1.75 
1914 0.89 -0.58  1869 1.12 0.76 
1913 0.93 -0.32  1868 1.20 1.18 
1912 1.03 0.25  1867 1.26 1.47 
1911 1.03 0.27  1866 1.27 1.51 
1910 0.91 -0.50  1865 1.30 1.67 
1909 0.90 -0.58  1864 1.13 0.81 
1908 0.87 -0.77  1863 1.02 0.20 
1907 0.90 -0.57  1862 1.06 0.41 
1906 0.74 -1.75  1861 1.03 0.26 
1905 0.85 -0.92  1860 1.01 0.17 
1904 1.07 0.49  1859 0.95 -0.20 
1903 1.34 1.81  1858 1.03 0.25 
1902 1.14 0.88  1857 1.01 0.15 
1901 1.06 0.42  1856 0.96 -0.17 
1900 1.04 0.34  1855 1.03 0.25 
1899 0.96 -0.19  1854 0.99 -0.01 
1898 0.97 -0.07  1853 0.88 -0.69 
1897 0.98 -0.04  1852 0.79 -1.34 
1896 1.04 0.32  1851 0.87 -0.72 
1895 1.13 0.80  1850 0.85 -0.87 
1894 0.98 -0.02  1849 0.87 -0.73 
1893 1.15 0.90  1848 0.71 -1.93 
1892 1.23 1.34  1847 0.79 -1.36 
1891 1.10 0.68  1846 0.93 -0.37 
1890 0.92 -0.39  1845 0.86 -0.84 
1889 1.01 0.12  1844 0.90 -0.57 
1888 1.17 1.03  1843 0.88 -0.69 
1887 1.14 0.87  1842 0.98 -0.05 
1886 0.96 -0.14  1841 0.91 -0.51 
1885 1.14 0.88  1840 0.88 -0.67 
1884 1.21 1.24  1839 0.83 -1.01 
1883 1.05 0.39  1838 0.94 -0.30 
1882 1.19 1.14  1837 0.86 -0.85 
1881 1.06 0.42  1836 1.14 0.87 
1880 1.08 0.56  1835 1.09 0.62 
1879 1.15 0.91  1834 1.05 0.37 
1878 1.06 0.40  1833 1.16 0.99 
1877 0.98 -0.03  1832 1.03 0.29 
1876 0.75 -1.67  1831 1.40 2.09 
1875 0.95 -0.20  1830 1.05 0.36 
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Year 
Kinojevis 

Index 
Kinojevis 
Index Std  Year 

Kinojevis 
Index 

Kinojevis Index 
Std 

1829 1.10 0.63  1786 1.11 0.72 
1828 1.10 0.63  1785 0.94 -0.31 
1827 1.30 1.67  1784 0.78 -1.41 
1826 1.11 0.73  1783 0.86 -0.84 
1825 1.09 0.62  1782 0.99 0.00 
1824 1.03 0.27  1781 0.99 0.05 
1823 0.96 -0.17  1780 0.88 -0.71 
1822 1.08 0.52  1779 0.84 -0.97 
1821 0.95 -0.21  1778 1.13 0.84 
1820 0.83 -1.03  1777 0.99 0.03 
1819 1.10 0.67  1776 0.78 -1.37 
1818 0.89 -0.64  1775 0.70 -2.08 
1817 1.13 0.83  1774 0.67 -2.32 
1816 0.86 -0.80  1773 0.78 -1.40 
1815 0.96 -0.17  1772 1.02 0.22 
1814 1.18 1.05  1771 0.93 -0.37 
1813 1.01 0.13  1770 0.74 -1.75 
1812 1.17 1.00  1769 1.14 0.87 
1811 0.98 -0.06  1768 1.41 2.15 
1810 1.21 1.23  1767 0.73 -1.81 
1809 1.26 1.49  1766 0.84 -0.96 
1808 1.32 1.75  1765 0.74 -1.73 
1807 1.13 0.84  1764 0.98 -0.04 
1806 1.46 2.34  1763 1.09 0.60 
1805 1.50 2.49  1762 1.00 0.10 
1804 1.26 1.48  1761 1.41 2.14 
1803 1.17 1.04  1760 0.98 -0.04 
1802 1.68 3.19  1759 1.04 0.34 
1801 1.02 0.22  1758 1.06 0.45 
1800 1.17 1.03  1757 1.20 1.17 
1799 1.10 0.64  1756 0.99 0.02 
1798 0.94 -0.29  1755 0.89 -0.64 
1797 1.08 0.54  1754 0.88 -0.70 
1796 0.81 -1.18  1753 1.07 0.47 
1795 0.89 -0.60  1752 1.10 0.64 
1794 0.77 -1.46  1751 1.38 2.03 
1793 0.79 -1.32  1750 0.95 -0.25 
1792 0.93 -0.34  1749 1.28 1.56 
1791 0.91 -0.48  1748 0.91 -0.45 
1790 0.99 0.04  1747 1.11 0.69 
1789 0.98 -0.03  1746 0.91 -0.45 
1788 1.02 0.18  1745 0.85 -0.88 
1787 1.26 1.45  1744 1.02 0.20 
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Year 
Kinojevis 

Index 
Kinojevis 
Index Std 

1743 1.00 0.09 
1742 1.02 0.22 
1741 0.71 -1.95 
1740 0.80 -1.27 
1739 0.89 -0.61 
1738 0.61 -2.87 
1737 0.58 -3.15 
1736 0.75 -1.64 
1735 0.83 -1.00 
1734 1.08 0.57 
1733 1.11 0.72 
1732 0.92 -0.42 
1731 0.97 -0.07 
1730 0.75 -1.61 

 




