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Abstract

Analysis of thickness time series, generated from varved sediments originating
from lakes in the Arctic, USA, Finland, Germany and Poland, and intermittently
spanning the last ca. 15,000 cal yrs BP, reveals a range of system dynamics. Lake
sedimentation leading to varve formation can be considered in terms of the quan-
tity and stratigraphic position of the sedimentary deposit. The amount of sediment
deposited is statistically represented by gamma and log-normal distributions. This
suggests sedimentation is characterised by a series of random depositional events
that are added and multiplied over time, respectively. Phase portraits qualitatively
indicate scale invariance. Power spectra, autocorrelation functions and fluctuation
analysis quantitatively confirm scale invariance over all resolvable orders of mag-
nitude, with exponents in the range ca. H = 0.6 to 0.9. Crossovers occur in the
power spectra on ca. 100 yrs timescales for some lakes, indicating the possible
presence of changes in dominant timescales of large scale climatic processes. De-
viations from established relations between scaling exponents, and differences from
the AR(1) null hypothesis, both based on random walk processes, indicate the role
of other underlying scaling mechanisms, such as (self-organised) critical phenomena
and/or multiscaling. E-folding times calculated from waiting time analysis indicates
lake systems are characterised by two states, characterising the "main” dynamics
on decadal timescales, and the ”extreme” dynamics up to centennial timescales.
The e-folding times for the main system processes compare well with some of those
calculated from the autocorrelation function and AR(1) process, again indicating
the presence of other complex dynamics. Effectively, lakes are threshold systems
with random forcing on different timescales. No relations were isolated for cor-
relations between basic physical parameters and statistical exponents, indicating
the individualistic nature of lake systems. This is confirmed by the lack of spa-
tial correlation between averaged, but unshifted lake systems. This is attributed to
insufficient atmospheric spatiotemporal smoothing, the thermal regime of lakes dis-
playing a greater response to slower long term processes, rather than faster shorter
term processes, and to the occurrence of extreme events, which ultimately control

the emergence of correlation, up to and beyond centennial timescales.
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Chapter 1

Introduction

1.1 Overview and Aims

[t is the aim of this study to apply the qualitative concepts of general systems theory,
together with robust time series analysis in order to quantify temporal and spatial
lake system dynamics, in particular aspects of sedimentation. General systems the-
ory has been advocated as the theoretical framework for describing observations and
thus developing knowledge of natural systems [1], [2], [3], [4]. General systems the-
ory is based on the premise that all systems possess four properties; (i) wholeness
and order, (ii) adaptive self-stabilisation, (iii) adaptive self-organisation, (iv) intra-
and inter-systemic hierarchies [3]. Or, stated more simply, natural systems are; (i)
wholes with irreducible properties, (ii) maintain themselves in a changing environ-
ment, (iii) create themselves in response to self-creativity in other systems, and (iv)
are co-ordinating interfaces in nature’s hierarchy [4]. General systems theory has
been successfully applied in ecology [5], [6] and geomorphology [7], [8], [9], [10], [11],
[12]. Below we outline the dynamics of natural systems and lake systems, including

the generation of the time series analysed in this study.

1.2 Natural System Dynamics
1.2.1 Structure, Thresholds and Feedbacks

Natural systems are structured sets of interconnected objects, forming an entity

embedded in an environment [13],[11]. Natural systems are characterised by; (i)

13
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Figure 1.1: Schematic diagram illustrating the arrangement of hierarchy in an open
natural system. Each level (X;) has a thermodynamic input (straight arrow) and
output (curly arrow), and dissipation of energy. After [5].

hierarchically arranged subsystems and system components, or elements [14], [15],
[16], [17] (see Figure 1.1.), (ii) coupling between fast varying local variables, and slow
varying global variables [18], [19], [20], [21], and (iii) strong internal interactions -
self-organisation processes [22], where global phenomena can emerge through syner-
gistic processes [23], [24], [25], and weak external interactions with the surrounding
environment.

These system dynamics can be characterised from a holistic perspective, i.e.,
whole, or reductionist, i.e., components. Generally, the notion of ”whole” is primary
in relation to the notion ”system”. Consequently, as Koestler [26], recognised that
each hierarchical level is both part and whole of the system, so that each system is
at the same time both a self-contained whole to its subordinated subsystems and a
dependent part of its supersystem.

The two main system mechanisms are thresholds and feedbacks [27]. Thresholds
are boundaries beyond which change occurs through the action of internal or ex-
ternal processes (see Figure 1.11.) [28], [29], [30]. It is recognised that although
thresholds are easily conceptualised, they are difficult to identify and quantify [31].
Feedback mechanisms are classified as positive, which amplify processes, or nega-
tive, which dampen processes [27] (see Figure 1.2.). They operate in accordance

with response and relaxation times, comprising a range of system parameters that

14



F;

Figure 1.2: Schematic diagram illustrating system feedback. X, is the imput, X, is
the output, Y is the transfer fucntion, and F' is the feedback.

interact additively and multiplicatively [32].

The response time is the time it takes a system to respond to a change of an input
[13]. The relaxation time is the time it takes for a system to return to an equilibrium
state following a perturbation, often characterised by a particular fraction, e.g., 1/e
[34]. These can create an instantaneous or lagged system response in time and
space. Typically, linear dynamics are characterised by an instant response, and
proportional causes and effects, while nonlinear dynamics are characterised by a
lagged response, and non-proportional causes and effects (see Figure 1.3.). The
simplest way to observe linear and nonlinear phenomena is in the dynamics of a

particle oscillating in a double well potential (see Figure 1.3.).
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tem will move away from equilibrium. Here externally derived free energy, dS, will
lead to the storage and cycling of matter, energy, and information (characterised
by a quantity - ”extent” and a quality - ”content” [38]), which move the system
further from equilibrium. This is reflected in decreased internal entropy, dS; and
increased internal order and organisation, dS, (an arrangement of selected parts so
as to promote a specific function). Entropy change in such a system is given as,
dS. — dS; < 0 [37], i.e., the entropy produced by irreversible processes within the
system is shifted as boundary outputs into the environment. This is reflected in
decreased organisation and increased entropy of the environment [39]. Prigogine
[24], termed natural open systems out-of-equilibrium as ”dissipative structures”. In
natural systems, matter can be viewed in terms of local processes, and energy in

terms of global processes.

1.2.3 Phase Space and Almost Intransitivity

The state of a natural system at any instant in time is described by the state variables
in n-dimensional phase space. As natural systems are open and dissipative (as
opposed to conservative - Hamiltonian systems with divergent trajectories), system
evolution is generally characterised by trajectories in phase space, contracting and
eventually converging to some bounded subset, i.e., an attractor [40]. There are
four types of attractor; (i) point attractors, which lead to a steady solutions, (ii)
limit cycles, which lead to periodic solutions, (iii) torus attractors, which lead to
quasiperidic solutions, and (iv) strange attractors, which lead to aperiodic (chaotic)
solutions (see Figure 1.6.).

Quantifying natural system evolution is dependent on the notion of stationarity.
In natural systems an ensemble average of an infinite number of realisations is often
not available, and they are typically represented by only one realisation, i.e., one
time series. However, if the time series is sufficiently long, and in a finite time the
system passes through all the possible states accessible to it, then it can be shown
that where " — oo, the time average Zr is equivalent to the ensemble average, and
the infinite limit can be relaxed, i.e., ergodicity [41]. In such circumstances, systems

are described as stationary, and the system is termed transitive (see Figure 1.8.)
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Important large-scale
processes and tele-
connection patterns:

ENSO
QBO

Madden-Julian-
Oscillation
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NAO
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EU

Figure 1.13: Schematic diagram illustrating the scales of spatial variation. Inter-
actions patterns, both downscaling and upscaling are shown for the global change
and the effects in the Alpine region. Abbreviations: EA Eastern Atlantic Pattern;
ENSO El Nino-Southern Oscillation; EP Eastern Pacific Pattern; EU Eastern Eu-
ropean Pattern; NADW North Atlantic Deep Water; NAQO North Atlantic Oscilla-
tion; N PO North Pacific Oscillation; PN A Pacific North American Pattern; QBO
Quasi-Biennial Oscillation; WA West Atlantic Pattern; WP West Pacific Pattern.

After [59].

drological setting, i.e., lake basin status as open or closed systems. Typically, closed
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lakes respond to changes in the P — E balance more rapidly than open systems,
due to ground water inputs in closed systems being more passive than atmospheric
and catchment inputs in open systems [126]. The evolution of lakes is often charac-
terised by phases of open and closed dynamics [127]. The main driving mechanisms
of hydrological flow patterns are point-sourced river influxes, wind-driven progres-
sive surface waves, turbidity currents, and seasonal changes in air temperature [125].
These processes create temporally and spatially intermittent active confines of ener-
getic flow throughout the thermal density stratification, including the surface mixed
layer, the boundary layers on the lake sides and bottom, and patches in the interior
[128]. The thermal response of lakes is manifested in the generation of thermal den-
sity stratification. The size and morphology of the lake basin determines the extent
of the thermal density stratification and resistance to mixing [127]. The seasonal
cycles in the energy budget, and in particular the penetration of solar radiation di-
rectly affect the lake surface temperature and subsurface temperature [129]. These in
turn produce water density gradients, which create the vertical temperature profile.
The epilimnon is the upper, warm oxygenated and circulating layer, the metalimnon
is below, and the hypolimnon is the lower cooler and relatively undisturbed layer,

which maybe anoxic [127].

1.3.2 Lake Sediment Origin and Deposition

Lakes are efficient natural settling basins for allochthonous (externally derived) and
autochthonous (internally derived) particles [130]. Under certain environmental con-
ditions, such particles may form annually laminated sediments, also known as varves.
These are invaluable archives of (palaeo)environmental variability, with an exact and
independent (of radiometric and radiocarbon methods) chronology [131], [132]. The
formation of varves is dependent on several important factors; material in suspen-
sion, lake morphology, and lake stratification [131]. Suspended sediment in the wa-
ter column is derived from allochthonous and autochthonous sources. Allochthonous
particles originate from catchment process (e.g., river discharge, catchment run-off
and glacial activity), and atmospheric processes (e.g., precipitation and wind) [133].

Autochthonous particle formation is controlled by temperature and precipitation.
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Figure 1.14: Schematic diagram illustrating the concepts of hierarchy in varve form-
ing processes. Varve particle formation is displayed as a hierarchical process. In
particular, the figure highlights the interaction between the processes controlling
both allochthonous and autochthonous particle formation.

Temperature influences the solubility of carbonate minerals, organic productivity,
and evaporation rates, which influence water chemistry, and thus autochthonous
organic productivity. Precipitation controls water depth and water chemistry, and
thus affects organic productivity and carbonate mineral precipitation (see Figure
1.14.) [120], [134]. The morphometry of the basin, (e.g., shape, size, and orienta-
tion) influences the hydrological flow patterns, which ultimately determine whether
sediments remain undisturbed for varve formation [125]. Favourable characteristics
include; flat bottom, deep, bedrock basin, a small drainage area, and no signifi-
cant inflow [131], [135]. Thermal density stratification aids varve preservation by
dampening the hydrological flow patterns. Varves are known to form in monomictic
(thermal stratification only exists in one season - summer), dimictic (two seasons),
and meromictic (more than two seasons) lakes [136], [135]. Although these con-
ditions are conducive to varve formation and preservation, the principle driving
mechanism is the seasonal cycle of sedimentation, where sediment deposited during
one year must include two or more macro- or microscopically distinguishable season-
ally deposited layers [132]. These originate from the annual cycle of seasons, which
is the dominant oscillation in lake sediments (diurnal forcing may be as large, but
response times of lake temperatures are too long for it to have any effect).

A general model can be outlined for varve formation. Spring and summer is char-
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acterised by temperature warming, melting any snow that may have accumulated
in the catchment and on the lake surface over the winter. The melt-water discharge
and related erosion leads to the influx of particulate matter, which forms a distinctly
light, coloured fine sand to silt mineral rich lower layer. This minerogenic layer may
also be rich in planktonic diatoms and chrysophyte cysts. The spring and summer
is characterised by increased biological activity in the lake water column and catch-
ment. Phytoplankton dynamics, (e.g., diatom blooms) begin in spring after any ice
melt and continue into the summer. These are often associated with concomitant
high inputs of dissolved silica into the lake [137]. Darker amorphous organic matter
may also form, composed of plant fibres, algae, and pollen [136]. Also, lighter layers
may form due to authigenic calcite crystal growth. The calcite is precipitated if
the lake is supersaturated with calcium carbonate, as a result of algae and bacteria
photosynthetic uptake of dissolved CO,, which is itself temperature dependent [137].
In addition, dolomite and aragonite, as well as siderite crystals may form. These
particles form the lower laminae of the varve. Autumn and winter is characterised
by the cessation of algal activity and carbonate precipitation due a reduction in wa-
ter temperature. In the calm waters fine-grained clay and silt material (comprising
organic detritus, diatom frustules, faecal pellets, iron sulphides, plant debris, and
clay minerals - which has been in suspension during the year) settles out during this
quiescence, forming a quite distinct dark, almost black layer [136]. These particles
form the upper laminae of the varve. ”Structural extras” exist within this deposi-
tional framework [138]. Typically, allochthonous material is the dominant source,
originating from rainstorms or turbidity currents, often occurring in autumn [138],
whereas wind derived material is a year round process. In addition, authigenic chem-
ical precipitates, such as iron and CaCOj, and biogenic or autochthonous extras,
such as algal blooms (both seasonally and non-seasonally specific) may also occur

[138).

1.3.3 Review of Lake Sediments and System Dynamics

Lake sediments, and in particular varve thickness variations are sensitive to a range

of linear and nonlinear environmental fluctuations [139], [50]. In Baldeggersee,
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Switzerland, dark laminae thickness and total varve thickness are correlated with
annual precipitation, whereas light laminae thickness is correlated with summer pre-
cipitation [132]. Conversely, varve thickness fluctuations in Nicolay Lake, Nunavut,
Canada are sensitive only to rainfall [140]. Varve thickness variations in Lake Sil-
vaplana, in the Swiss Alps are also correlated with mean summer temperatures,
but can only be fully explained by the additional factors of summer precipitation
and the number of days with snow per year [141]. Similarly, in Lakes Paajarvi,
Paijanne, and Pyhajarvi, in Finland, varve thickness variations are controlled by
both temperature and precipitation [142]. In addition, varve thickness is correlated
with summer temperature in three small glacier-fed lakes, in the Southern Canadian
Cordillera [143], as well as in Lake C2-8 in the Canadian Arctic [144], and Upper
Soper Lake, Baffin Island, where dark laminae thickness is correlated with average
summer temperature [145]. Interestingly, in Holzmaar, Germany, varve thickness
was found to correlate with spring temperatures, as well as pollen, indicating a link
between landscape openness and sediment delivery [133], [146].

In Lake Kassjon, northern Sweden, diatom fluctuations reveal a 20 yr lag with
respect to a regional dendrochronological temperature proxy record, which is at-
tributed to temperature changes driving biogeochemical processes in the catchment
[147]. Scale invariance has been isolated in a range of varve thickness time series. In
their classic studies, Hurst [118], and Mandelbrot and Wallis [119], isolated scaling
by applying the rescaled range method. Scale invariance was also isolated in minero-
genic fluctuations in Holzmaar, Germany, from 3000 to 10,000 cal yrs BP [12]. In
addition, in studies of Lake Ojibway, Canada [148], various New England lakes,
USA [149], and Lake Gosciaz, Poland [150], autoregressive (AR) models isolated

long temporal correlation in varve sedimentation.

1.3.4 Time Series Construction

Lake Name and Altitude Area  Depth  Volume Catchment
Grid Reference (masl) (km?) (u) (m) (m?) Area (Km?)
Belauersee, 54 06 N, 10 56 E 29 1.14 9 10.26 4.47
Buchsee, 48 04 N, 12 10 E 493 0.08 0.8 0.06 2.5
C2-8,82 50 N, 78 00 W 2 1.8 43.4 77.94 26.6

31



Deep, 47 41 N, 95 23 W 421 01 20 2 25

Degersee, 47 44 N, 09 29 E 495 0.33 5.4 1.8 1.37
Donard, 66 40 N, 61 21 W 450 0.36 10 3.6 7.8
Elk, 47 15 N, 95 15 W 427 1.01 11.2 11.3 2
Gosciaz, 52 30 N, 10 20 E 64 0.45 5 2.25 5.88
Hamelsee, 52 46 N, 09 19 E 20 0.07 23 0.16 0.25
Heinalampi, 63 07 N, 2739 E 90 0.03 8 0.24 3.6
Illmensee, 47 52 N, 09 22 E 747 0.76 7.8 5.93 8
Karhun’lpi, 62 19 N, 30 20 E 92 0.03 10 0.3 22
Meerfelder, 50 06 N, 06 45 E 337 0.25 9.2 2.3 5.76
Muttelsee, 47 37 N, 09 40 E 492 0.08 2.8 0.22 0.36
Paajarvi, 60 46 N, 24 03 E 103 13.1 15.2 199.1 244
Paijanne, 62 15 N, 26 00 E 78 85.6 21.3 1823.3 320
Pyhajarvi, 60 30 N, 27 01 E 40 12.9 21 270.9 460
Pyoreal’pi, 62 15 N, 30 29 E 76 0.04 18 0.72 9
Ristijarvi, 63 37 N, 28 57 E 106 0.29 20 5.8 3.5
Schleinsee, 47 37 N, 09 39 E 474 0.18 6.4 1.15 0.6
Siethenersee, 52 16 N, 13 13 E 41 0.3 2.8 0.84 1.5
Tervalampi, 61 41 N, 2922 E 94 0.02 11 0.22 1.7

Table 1.1: Summary of lake parameters in this study.

The thickness time series in this study originate from a range of sources (see Fig-
ure 1.15. and Table 1.1.). Dr’s Salonen (Paijanne, Pyhajarvi, Paajarvi), Hughen
(Donard), Lamoureux (C2-8), Goslar (Gosciaz), Brauer (Meerfelder Maar), Slaw-
inski (Deep), and Anderson (Elk) provided existing thickness time series. The re-
maining time series were generated by the author from core surface and thin section
photographs, provided by Dr Heikki Simola, of the University of Joennsu, Finland
(Ristijarvi, Pyorealampi, Tervalampi, Heinalampi, and Kaarhunpaanlampi) and Dr
Josef Merkt, of the German Geological Survey, Hannover, Germany (Belauersee,
Buchsee, Degersee, Hamelsee, [llmensee, Muttelsee, Schleinsee, and Siethenersee).
The annual nature of the varves was verified by the author, as well as by Dr’s Merkt
and Simola (see Figures 1.16. to 1.21. and Table 1.2.). In terms of the lake basin ge-
ology, the US lakes, Finnish lakes, and Lake C2, in the Arctic, lie totally with glacial
deposits (moraines, etc), as do the northern German lakes of Belauersee, Hamelsee,
and Siethenersee. Lake Meerfelder Maar lies in a volcanic provence while the south-

ern German lakes, Buchsee, Illmensee, Muttlesee, Degersee, and Schleinsee, lie in a
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metamorphic provence associated with the Alps.

An important component of varve identification and subsequent time series anal-
ysis, is the minimum thickness value. The general consensus is that ca. 0.20 mm
is the most appropriate [151], [152], [153], and as such was applied in this study
(although variations exist from author to author). The reasoning for the 0.2 mm
lower limit is based on the ”typical” thickness of a distinctive seasonal laminae. For
example, a spring diatom layer composed of only four to five medium sized diatoms
would already be ca. 0.2 mm thick [151], and considering the fragile nature of di-
atoms this may not be preserved [153]. Similarly, the upper limit of a particle size
of a winter layer composed of fine-grained organic detritus is ca. 0.2 mm. Thus, if
little more than this is deposited during the year, seasonally distinct layers are not
possible, and the potential varves would be thinner than the grain of the matrix
[152]. Also, such sublaminae would consist of only one line of silt particles, and
there is no environment so calm as to preserve such a deposit [153]. In addition, a
thin layer may represent only one part of a varve. This is not unusual, for example,
if minerogenic influx is ceasing due to catchment conditions. This makes it very
difficult to see the limit between the summer diatom blooms of two succeeding years
[153].

In order to generate varve thickness time series, the existing core surface and thin
section photos were enlarged using a flat bed scanner and measured with a standard
ruler. Each original photo had an overlap of ca. 10% in order to maintain continuity
between respective photos. Varve counts were then made on the enlarged images
in three single vertical axis, left, centre, and right. Where a disturbance occurred
on one axis, an adjoining axis was counted to provide continuity. The recorded
thickness was the mean of three measurements for total varve thickness. Although
counting errors are minimal where the boundaries of the individual varves can be
clearly identified, the estimated thickness error is ca. 10% (see Figures 1.22. to 1.28.
and Table 1.3.). In chapter two we highlight the methods applied to analyse the
generated varve thickness time series. All numerical analysis was carried out using

existing IDL programming code.
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The varve chronologies for some lakes were not counted from the sediment water-
interface (i.e., not "nailed” chronologically to the present day), but were "floating”.
In such instances, the chronology was anchored primarily by tephra layers. The most
notable are; the LCR tephra at 9407 cal yrs BP [151], the Saksunarvatn tephra at
10,090 cal yrs BP [154], and the Laacher See Tephra (LST) at 12,880 cal yrs BP [155].
Intermittent radiocarbon dates were used where available for extra clarification of
the tephra based chronology [151]. Belauersee was anchored by the notable ”Elm
decline”, dated at 5660 cal yrs BP [151]. Only single cores from each lake were
available for study. In addition, in this study we focus only on the varve thickness
time series, as availability of varve geochemical and physical data was limited, and
not viable for time series analysis. Evidence suggests that human activity has been
a feature of some of the lakes in this study, particularly in the recent sediments of
the Finnish lakes. In addition, with respect to the preservation of varves, the lake

basins are not affected by vegetation, or large depth variations, which may cause

resuspension.
Lake Varve Age Length Depth Investigator
(cal yrs BP)  (yrs) (m)
Belauersee 2783-8165 5382 11.382-21.59384 Herron/Merkt
Buchsee 12,231-12,998 768 14.76-15.15804 Herron/Merkt
C2-8 -42-280 323 0-0.06549 Lamoureux
Deep 7644-10,487 2844 29.8989-32.8 Slawinski
Degersee 7447-9509 2063 21.395-21.94723 Herron/Merkt
Donard -42-1198 1241 0-0.96454 Hughen
Elk -23-10,246 10,224 0-21 Anderson
Gosciaz 3197-12,861 9665 0-9.8638 Goslar
Hamelsee-a 7798-11,527 3730 16.26024-18.82398 Herron/Merkt
Hamelsee-b 12,622-13,299 678 19.63364-20.09454 Herron/Merkt
Heinalampi -33-349 383 0-0.40531 Herron/Simola
[llmensee 7224-9513 2290 19.665-20.42998 Herron/Merkt
Karhunpaanlampi -37-180 218 0-0.83203 Herron/Simola
Meerfelder-a 11,000-11,584 585 6.91-7.24 Brauer
Meerfelder-b 11,636-13,540 1905 7.30-8.9 Brauer
Muttelsee 12,589-13,036 448 14.9-15.1233 Herron/Merkt
Paajarvi -39-799 839 0-1.1329 Salonen
Paijanne -39-1025 1065 0-1.3892 Salonen
Pyhajarvi -40-592 633 0-1.0954 Salonen
Pyorealampi -42-2042 2085 0-1.43764 Herron/Simola
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Ristijarvi
Schleinsee
Siethenersee
Tervalampi

-39-5550
6226-10,245

-30-136

5590
4020
12,620-13,107 488

167

0-5.27028
19.67-21.00889
23.95-24.90024
0-0.27704

Herron/Simola
Herron/Merkt
Herron/Merkt

Herron/Simola

Table 1.2: Summary of time series parameters in this

study.
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Lake i Min. Max. o 0! Y2
Belauersee 1.9 0.22 4.96 0.37 0.83 4.48
Buchsee 0.52 0.21 1.06 0.02 0.27 2.87
C2-8 0.2 0.05 2.72 0.04 7.13 80.39
Deep 0.1 0.02 1.89 0.01 6.18 63.77
Degersee 0.27 0.19 0.52 0.003 1.1 4.06
Donard 0.78 0.16 2.01 0.137 1.27 4.78
Elk 1.89 0.08 21.64 2.009 3.57 26.73
Gosciaz 1.02 0.26 3.13 0.1 1.17 6.17
Hamelsee-a 0.69 0.09 2.07 0.08 0.68 3.57
Hamelsee-b 0.68 0.19 2.78 0.17 1.58 5.97
Heinalampi 1.06 0.24 25.19 3.74 8.7 94.97
Illmensee 0.33 0.21 0.67 0.01 0.64 3.42
Karhunpaanlampi 3.82 0.18 14.09 4.64 1.95 8.29
Meerfelder-a 0.55 0.23 1.73 0.05 1.61 7.16
Meerfelder-b 0.8 0.13 3.39 0.16 1.56 7.69
Muttelsee 0.5 0.2 0.99 0.02 0.55 3.25
Paajarvi 1.35 0.1 12.5 0.83 5.76 58.23
Paijanne 1.3 0.2 6.5 0.41 2.61 16.94
Pyhajarvi 1.73 0.2 4.2 0.37 0.71 3.94
Pyorealampi 0.69 0.2 9.38 0.6 6.13 49.3
Ristijarvi 0.94 0.25 4.24 0.14 2.33 14.92
Schleinsee 0.33 0.18 0.93 0.01 1.3 4.7
Siethenersee 1.94 0.3 8.23 1.03 1.46 7.09
Tervalampi 1.66 0.44 6.04 0.77 1.48 6.37

Table 1.3: Summary of time series statistics in this study.
Mean - g, Minimum - min., Maximum - max., standard
deviation - o2, Skewness - 7;, Kurtosis - .
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Chapter 2

Method

2.1 Preprocessing

2.1.1 Sampling

Natural systems are characterised by variability on all timescales. As such an inher-
ent problem of generating a time series from natural systems is that the sampling
resolution, At, rarely matches the actual resolution. Such undersampling mani-
fests itself in the power spectrum, whereby high frequency components beyond the
Nyquist frequency, Ay = wAt, can ”fold-back” contaminating spectral components,
i.e., aliasing [156]. In this study, although sub-seasonal variability is apparent, the
annual nature of the sampling is thought to sufficiently capture the variability under

investigation.

2.1.2 Stationarity

Typically, natural systems display non-stationary signatures. The two main forms
of non-stationarity in a time series are trends and abrupt changes. A trend is repre-
sented by a parameter changing in a continuous and systematic manner, comprising
all the frequency components whose wavelength is greater than the length of the
observed series. The harmonics that characterise a trend are inversely proportional
to frequency. So when a trend is transformed into a contribution to the power
spectrum, it will subsequently be inversely proportional to the square of the fre-
quency. This will influence the low frequency range of the power spectrum, and

mask variability at higher frequencies [157].
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A time series in which there is a single abrupt change of a statistical moment,
constitutes a basic example of non-stationarity. Abrupt changes occur between one
or more regimes, when the period of the change is substantially shorter than states
before and after this change [158]. In this study, the time series are not detrended,
as any trends that exist (along with the cyclic and noise components) are considered
valuable statistical components of natural system variability. In addition, the time
series are not partitioned according to abrupt changes, as the mean (frequently
removed in standardising) and variance are considered important natural system
statistical variables. In addition, partitioning time series into stationary subsets is

complicated by the scale dependent definition of abrupt change.

2.2  Quantifying Distributions
2.2.1 Mean, Variance and Covariance

A time series representing a natural system is given as, z(t) = o, z1,%Z2, ..., TT,
where zg, 21,29, ...,27, etc., are successive observations of a given parameter at
equally spaced intervals at times 0, At, 2At, etc.

Such a time series can be classified according to the underlying component parts

(see Figure 2.1.), e.g.,

1. z, = D, + Ny, where D, is a deterministic component, and V; is a stochastic

component [159].

2. 2y = S, + Ny, where S is a signal component and NV, is a noise component

[160]

3. zy = Cy + T + Ny, where, C, is a cyclic component, T; is a trend and NV, is a

noise component [161].

The series z(t) in terms of fluctuations around a mean value Z(t), defined over

time 7T, are given as,

_ 1
rr = sz(t)

t=1
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