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Lake Level Variations and Global Hydrological Change: A Spatio-Temporal Analysis

André E. Viau

Abstract

Variations in the global hydrological cycle occur at many time and space scales. An important
source of evidence about past variations in the hydrological balance are records of lake level
fluctuations. The spatial extent and depth of a lake varies in response to changes in the water
balance over its surface and catchment. These variations may result from local factors or climate
change. However, spatial climatically-induced patterns can be identified when most lakes in a region
change in a similar way. These regional patterns can be used to reconstruct sub-continental to
global variations in the hydrological cycle and can be interpreted as shifts in atmospheric circulation
pattems. However, in previous studies, these regional patterns have been identified in a qualitative,
or semi-quantitative way at best.

A global lake-level database was constructed from three previously developed databases, and used
to investigate large-scale patterns present in the lake-levei data during the Holocene. Using the
geostatistical approach, regional patterns were objectively identified by examining the spatial
correlation between sites and gridded using ordinary and indicator kriging at 3,000 year intervals.
These maps were produced using two assumptions. First, the data were used under the assumption
that climate is continuous in space, and hence, the data were treated as spatial continuous interval
data. Then, the data were used under the assumption that the data is spatial categorical and that
the classes are mutually exclusive.

The two griding methodologies show overall similar estimated regional pattems, thus suggesting
robust estimations of the patterns of lake-level variations for four periods of the past 12,000 ka
years. Comparisons were made with four Atmospheric General Circulation models (AGCMs) at 0
ka and 6 ka, in order to objectively study their agreements. While CCM1and CCMO show overall
better results in the data-model comparison, these models are coarser resolution, thus capture the
broader-scale patterns in lake status change. The high resolution CCCMA experiments show some
similarities spatially, however, they do not seem to capture the broad-scale patterns in lake status
change.
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Les Variations des Niveaux Lacustres et le Cycle Hydrologique Panétaire:
Une Analyse Spatio-Temporelle.

André E. Viau

Résumé

Les variations du cycle hydrologique planétaire se manifestent a plusieurs échelles de temps et
espace. Une source importante qui renseigne sur les variations de I'équilibre hydrologique sont les
fluctuations des niveaux de lacs. L'extension spatiale et la profondeur d'un lac varie selon les
changements dans I'équilibre hydrologique au-dessus de sa surface et de son bassin versant. Ces
variations résultent de facteurs locaux ou de changements climatiques. Cependant, lorsque la
maijorité des lacs d'une region démontrent les mémes variations, ceci ne peut-étre qu’ une réponse
a un changement climatique. Ces patrons régionales peuvent étre utilisés pour reconstruire les
variations du cycle hydrologique sub-continentale et planétaire, et aider dans l'interprétation des
variations au niveau de la circulation atmosphérique générale. Cependant, les études passées
révélent ques ces pairons régionales n'ont jamais été quantifiés, l'interprétation demeurant plus ou
moins qualitative ou semi-quantitative.

Une base de données planétaire a été assemblée et utilisée afin d'identifier les patrons spatials a
grande échelle présente dans les données des niveaux de lacs durant 'Holocéne. L'approche
géostatistique a permis d'identifier les patrons spatials en examinant I'autocorrelation spatial a
échelle local et de les cartographier objectivement en utilisant le krigeage ordinaire et le krigeage
par indicateurs a 3,000 ans d'intervalles. Deux prémisses sont utilisées afin de produire les cartes
finales. Premiérement, les données sont utilisées sous la premisse que le climat est continu dans
I'espace, et donc, les données sont traitées comme spatialement continues par intervalles. Par
suite, les données sont traitées comme étant spatiales et catégoriques, dont les classes sont

mutuellement exclusives.

Les deux méthodes de krigeage démontrent des similarités générales qui suggére une estimation
rigoureuse des patrons régionales au niveau des variations de niveau lacustres pour quatre
périodes durant I' Holocéne. Des comparaisons avec des modéles de circulation atmosphérique
générale (AGCMs) ont été entreprit pour les périodes de 0 ka et 6 ka, afin d'étudier leurs similarités.
Les modéles CCMO et CCM1 démontrent les meilleurs résuitats, par contre, ces modéles ont une
faible résolution, et donc, capture les patrons a grande échelles dans les variations des niveaux
lacustres. Les simulations a haute résolutions du CCCMA révélent certaines similarités spatiales.
Cependant, ces modéles ne capture pas les patrons & grandes échelles.
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Chapter 1

introduction

*From the time when written records began, and doubtiess iong before that, mughlfulmnhavohoduvopvmupuionxmomand
the future. 1t is this impelling sense of time and process that distinguishes such individuals from the ‘practicsl man’, sbsorbed as he is
hhMbMAMuWMwmustimdmwﬂM the birth of modem science has been,
in & curicus way, the result of their fusion. For man has, at length, loamt that the key fo past and future lies in the scrutiny of evidence
that is before his eyes, here and now...."

Seers, 1964

This thesis presents the results of a spatial analysis of lake-level data which is a proxy for
precipitation and temperature. The data is global in extent and covers the past 12,000 years. This
data has been extensively used by the scientific community for paleoclimate studies. In this study,
the spatial autocorrelation is analysed in order to more objectively identify spatial patterns in lake-

level data.

Lake level data have been extensively used in paleoclimate reconstructions (Street and
Grove, 1976, 1979; Street-Perrott and Harrison,1984; Harrison and Metcalfe,1985a,b;
Harrison,1989: Guiot et al.,1993; Yu and Harrison,1995 a,b; Prentice et a/.,1996; Cheddadi et
al.,1997) for describing the climate of various periods in the past. Some attempts have been made
to validate General Circulation Models (GCMs) using this data (COHMAP, 1988; Harrison and
Dodson, 1992; Kutzbach, 1993; Yu and Harrison, 1996; Qin et al.,1998). However, these
paleaclimate reconstructions and comparisons with GCMs have remained qualitative due to the
nature of the data, as will be discussed below. With the exception of a multidimensional scaling
analysis that identified spatial clusters in North America (Harrison et al., 1988), littie has been done
to quantitatively determine the spatial continuity within the data.
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The purpose of this thesis is to model the geographical pattems in the lake-level data in order to
objectively study the spatio-temporal variability of the data. it is assumed that large-scale patterns
are associated with climate changes, and that this can be found by identifying the spatial

autocorrelation.

Spatial autocorrelation looks at the degree of similarity between localities in space. In climate
research, the lack of spatial autocorrelation would be difficult to conceive since this implies that
every location on the earth's surface would be independent and there would be no spatial pattern
of natural phenomenon (Goodchild,1987). Spatial information is not explicitly taken into account
by most classical statistical methods (Isaaks and Srivastava, 1989). Geostatistics offers a method
through which to describe the spatial continuity present in most earth science datasets. Spatial
continuity analysis is undeniably necessary for the spatial modelling of data and avoiding this step

can lead to serious errors in estimation and interpretation (Getis and Ord, 1992).

The questions raised in this thesis are: Do lake-level data exhibit spatial autocorrelation? If so, can
it be modelled? What are the limitations of these models imposed on the data and what are the
implications of imposing these models on the data? Can these modelled patterns be used in
paleoclimate reconstructions and in the validation of global climate model (GCMs) simulations?
This thesis will investigate these fundamental questions in an objective way. The spatial continuity
of lake-level data will be examined on a sub-continental to global scale for the Holocene period.
Using different geostatistical techniques, global maps will be constructed at 3,000 year interval
spanning the last 12,000 years. The limitations associated with these estimations are also
discussed. Finally, the maps produced in this thesis are compared with climate model outputs in
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order to give insight into the nature and mechanisms of global hydrological change.

’
Hypothesis
The hypothesis underlying this research is that changes in closed basin as well as temperate

lake-levels exhibit spatial autocorrelation that is primarily controlled by large-scale climate
pattemns. :

—

The plan of this thesis is as follows. Chapter 1 reviews the literature on lake-level variations and
global hydrological change. Chapter 2 discusses the history and organisation of the global
database used in this study. Three databases, the Oxford lake-level (Street-Perrott ot al., 1989),
the European lake-level (Harrison and Yu, 1895) and the former Soviet Union and Mongolia lake-
level (Tarasov et al., 1996), were merged into one global database in order to maximize spatial
coverage of the world. Chapter 3 discusses exploratory data analysis of the lake-level data.
Summary statistics and frequency histograms are used to describe the distribution of lake-levels
sites through time. Maps enable a thorough description of the spatial organisation of the data
and provide insight into sampling errors as well as the identification of problematic locations. This
chapter also investigates the fine-scale variability using an example of two sites that are separated
by very short distances, yet exhibit dissimilar sequences. Chapter 4 presents a spatial continuity
analysis and the modelling of the data at 3,000 year intervals covering the last 12,000 years at a
global scale. Different spatial autocorrelation measurements such as the varioﬁram. correlogram
(Moran |) and local indicator spatial autocorrelation (LISA) are used. Chapter 5 addresses the
estimation process and demonstrates two interpolation methods used on the data. The first method
applied is ordinary kriging, which is based on the assumption that the data is continuous in climate
space. The second method is indicator kriging, in which the raw data is transformed into a binary
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vector. This method is commonly used for categorical data (Isaaks and Srivastava, 1989; Deutsch
and Journel, 1992; Goovearts, 1997). The resulting maps are then compared in order to find
similarities in the results of the two kriging methods. Chapter 6 is presented in the form of an article
to be submitted for publication and includes a summary of the methods and results which were
presented in Chapters 1 through 5, and a comparison with GCM climate model outputs. Finally,
Chapter 7 offers a summary of the spatio-temporal analysis of lake-level data and gives insight into

future research with lake-level data.

1.1 Literature review

The terrestrial climate has varied significantly and continuously on time scales ranging from years
to glacial periods to the age of the earth. This climatic variability is caused in part by forcings
(Peixoto and Oort, 1992), comprising, among others, the Milankovitch astronomical parameters
(eccentricity of the orbit, axial precession and obliquity of the ecliptic), the intensity of solar
iradiance, the composition of the atmosphere, oceanic circulation and temperature, the presence
of ice sheets and long-term changes in tectonic factors (ie. continental drift, mountain building).
Understanding the relative importance of these, or other factors, on the climate of any scale is the

fundamental goal of paleoclimate research.

The Milankovitch astronomical parameters have been established as the main forcing mechanism
of long term climate variations such as the glacial and interglacial cycle (10 yr). in addition,
Kutzbach (1981) demonstrated that the Milankovitch insolation variations could aiso explain major
climate changes at the Holocene time-scale (10° yr). This hypothesis was tested using numerical

models which demonstrated the hypothesized climatic responses at the scale of 10° year
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(Kutzbach,1981; Kutzbach and Guetter,1886). The simulations were compared to maps of
paleoclimate fields derived from proxy climate data. Thus, the interpretation of past climates from

proxy data provide validation for data-model comparisons.

Numerous time periods throughout the Earth's history have been simulated using GCMs however
the Quaternary has received the most aftention because the boundary conditions are better known,
and because there are large amounts of data available for this period for validation. Some example
of modelling experiment studies are CLIMAP project (1976), Kutzbach(1981), Boer et al. (1984),
Kutzbach and Guetter (1986), COHMAP members (1988), Rind et al. (1989), Schultz et al. (1992),
Marshall ef al. (1997), Hewitt and Mitchell (1997), Texier ot al. (1997), and Vettoretti et al. (1998).
These modelling experiments are used to simulate particular climate processes, or to test
hypotheses of forcing mechanisms. Output from these modeis need to be tested against data. Data-
model comparisons can thus make significant contributions to paleoclimate research in that they
determine to what extent the global climate models (GCMs) accurately represent the data and which
of these various models are the best estimators of the climate. However, to properly test the model
output, the paleoclimate data needs to be (a) spatial, and cover as large a part of the globe as
possible and (b) objectively derived independently of the model output.

Lake-level data have been used extensively in paleoclimate research and thus provide an important
source for validation of climate models. Examples of lake-level mapping and syntheses include
Street and Grove (1976, 1979), Street-Perrott and Harmison (1984), Harrison and Metcalfe (1985 a,
b), Harrison (1989), Guiot et al. (1993), Yu and Harrison (1995 a, b), Prentice et al. (1996), and
Cheddadi et al. (1997).
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For more than 250 years, lake level fluctuations have been recognised to be a response to changes
in climate (Halley, 1715; In: Street-Perrott and Harrison, 1985). However, it was not until 1833 that
the study of lake-level fluctuations was placed on a solid scientific foundation with the publication
of Jackson's book Observations on Lakes (Street-Perrott and Hamison, 1985). Subsequent studies
on lake-level fluctuations around the world gave rise to a large number of relatively well dated
stratigraphic records. Tricart (1956, In: Street and Grove, 1979) suggested that lake-level
fluctuations exhibited a geographic pattermn. Although the precise paleociimatic significance of lake-
level had been disputed (Galloway, 1965, 1970; Brackenridge, 1978; In: Street and Grove, 1979),
Tricart's hypothesis prompted Street and Grove (1976) to initially analyse the water-level fluctuations
in African closed-basin lakes. They found clearly defined spatial variations in lake-levels on a
subcontinental scale which seemed to reflect changes in atmospheric circulations. Street and Grove
(1979) constructed global maps of lake-level fluctuations for the last 30,000 years. This study
confirmed their previous work and responded to objections of the paleoclimatic significance by

demonstrating the consistency of the evidence for the late Quaternary period.

Water-level fluctuations in closed-basin lakes thus provide evidence of climatic changes on a
Quatemary time scale (Smith and Street-Pemott, 1983; Street-Perrott and Harrison, 1985; COHMAP
Members, 1993). Most sensitive are closed basin lakes, which lack surface outlets. Fluctuations in
closed lakes are particularly sensitive to changes in the balance between precipitation and
evaporation, and provide a detailed record of variations in the regional and continental mean

annual water budget (Smith and Street-Perrott, 1983; Street-Perrott and Harrison, 1985).
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The mean annual water balance of any lake is given by equation (1) (from Street-Perrott and

Harrison, 1985) :

aV=A (P _-E)+(R-D)+ (G -Gy) (1)

where oV = net change in volume of the lake; A, = area of the iake; P_ = precipitation on the lake; E_ = evaporation from the lake (P, and
&nmao:mpmmf)m = runoff from the catchment and, D = surface discharge from the lske; G, and G, = groundwater
flows into, and out of, the lake.

For a closed basin lake, D is zero and assuming groundwater transfers are negligible under

equilibrium conditions, equation (1) becomes

R=A(E.-P) (2)

If it is further assumed that the runoff from the drainage basin is represented by

R= A, (P,-E,) (3)

where A, = area of the caichment; P, = precipitation over the catchment; E, = evapotranspiration over the catchment.

then,
A\. Pb'Eb

z= = (4)
Ao EL' PL

where 2 = lake area/catchment area ratio.

Equation 4 suggests that the equilibrium area of a closed lake under natural conditions is
dependent on the precipitation and evaporation over its catchment and water surface (Street-Perrott

and Harrison, 1985).
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Changes in the size of a lake can be reconstructed from several kinds of geological evidence, such
as raised shoreline features, from lake-side archaeological sites, and the stratigraphic record of
sediments, including macrofossils. These provide information on changes in the local hydrological
balance which reflect changes in climate or local factors. It is difficult to separate the different
factors from the analysis of one site. However, when most lakes in a given region change ina
similar way, then the pattern can only be a response to climatic change (Harrison, 1988; Harrison
ot al., 1993). Lake-level fluctuations alone cannot differentiate between changes in specific climatic
variables that control the hydrological balance, but water and energy balance models have been
used to estimate the change in water-balance parameters necessary to maintain a closed lake in

equilibrium (Street-Perrott and Harrison, 1985, Harrison, 1988, Harrison et al., 1993).

Lake-level changes have been used to reconstruct geographic patterns of change in the hydrologic
balance and thus to infer paleoclimatic changes at a continental scale (Street and Grove,
1976,1979; Street-Perrott and Roberts, 1983; Street-Perrott and Harrison, 1984,1985, Harrison et
al., 1993, Yu and Harrison, 1995 b). This was originally applied to subtropical areas and only more
recently in temperate regions, because many temperate lakes are overflowing today. The existence
of an outlet moderates the response to hydrologic change. Furthermore, most temperate lakes are
near their highest levels at present, which makes evidence of water-level changes harder to detect.
These conditions, however, do not mean that temperate lakes are insensitive or unsuitable for
paleoclimatic reconstructions, as is well documented in Harrison and Metcalfe (1985 a,b), Street-
Perrott and Harrison (1985), Gaillard (1985), Street-Perrott (1986), Winkier et a/. (1986), Harrison
(1989); Harrison et al. (1991), Harrison and Digerfeidt (1 891), Harrison et al. (1993), Harrison et al.
(1995b).
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Compilations of lake-level histories at a sub-continental to global scale can be used to investigate
the spatial pattems of climatic change and to infer changes in continental-scale circulation pattems.
Distinct, spatially coherent patterns in lake behaviour in North America have been identified by the
use of multidimensional scaling (Harrison, 1987). Inferences about climatic changes from regional
lake-level changes can be confirmed by comparisons with independent climatic reconstructions, for
example, those based on the analysis of fossil pollen assemblages. in addition, the changing
patterns can be compared with simulations made with general circulation models (GCMs) in order
to test hypotheses about the mechanisms of climatic change (COHMAP, 1988; Harrison and
Dodson, 1992, Kutzbach, 1993; Yu and Harrison, 1996; Qin et al., 1998).

The next chapter introduces the lake-level data used in this study. The history of the three lake-

level databases are discussed as well as the merging procedure used to create a global lake-level

database.
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Chapter 2

History of the Data

“Familiarity with the dats is an esset in any statistical studly. When trying (o sort out inconsistencies in the data, & often heips to understand
how the data set came fo be in its cumrent form ... °

isaaks and Srivastavea, 1989.

Three lake-level datasets have been merged to create a global database. The Oxford Lake Level
Data Bank (Street-Perrott et al., 1989), the European Lake Level database (Yu and Harrison,1995)
and the Former Soviet Union (FSU) and Mongolia Lake level database (Tarasov et a/., 1994) were
downloaded via the Internet through anonymous FTP access by the World Data Center - A for
Paleoclimatology in Boulder, Colorado, USA. Because of its unusual format, the Oxford Lake level
Data Bank was first reformatted into speadsheet format using a SAS program (Appendix A). The
European and FSU and Mongolia databases were downloaded in EXCEL 5.0 format so that no
further manipulation was required. Each of the datasets were verified for consistency according to
the documentation available. One inconsistency that was found is that the Oxford Lake Level Data
Bank was coded in opposite (ie: 1-High, 2-Intermediate, 3-Low) to the other two databases (1-Low,
2-Intermediate and 3-High) and the data were recoded. A second problem was duplicate sites with
the same coordinates. These were verified for coding consistency and only one was included in the
global database for that location. A third manipulation was performed in order to render the three
datasets compatible where lake status was extracted by 1,000 year intervals ranging from present
to 30,000 years ka. Sites that had no data for a particular time frame were given a 0 code for “no
status”. The merging of the three datasets was performed in EXCEL 7.0 and then imported in
Microsoft Access 5.0. This enable quick access to the data via SQL statements. The global lake
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level database is available from the Laboratory of Paleoclimatoigy and Climatology (LPC) of the
Department of Geography of the University of Ottawa, Ottawa, Ontario, Canada. The LPC web page
address is http://aix1.uottawa.ca/academic/arts/geographie/ipcweb/.

2.1 The Oxford Lake Level Data Bank

The Oxford Lake-Level Data Bank comprises records of lake status, a measure of relative water
depth, for lake basins which have been closed for part, or all, of their Late Quaternary history. The

database is global in extent, aithough geographical coverage is unequal.

Lake status was originally determined at 1,000 year intervals between 30 ka BP and present day.
The sampling scheme used has the effect of suppressing short-term variations, which may reflect
regional climatic and hydrological perturbations, and emphasizing longer-term global hydrological
variations (Street-Perrott and Harrison, 1985). A standardizing procedure was applied in order to
render all basins comparable, regardless of size. The total range of fluctuation experienced by each
basin during the past 30,000 years was divided into three lake-status categories (Butzer et al., 1972)
with a similar overall frequency of occurrence in the data set (Street and Grove, 1976, 1979): Low
status was given to 0-15% of the total altitudinal range of fluctuation, including dry lakes;
intermediate status to 15-70% of the total range and high status to 70-100% of the total range of

fluctuation, including overflowing lakes.
Interpretation of the record for each site is based on multiple lines of evidence, including sediment

lithology, aquatic pollen, and other biostratigraphic indicators. Chronologies are provided either by
4C dating or pollen correlation with a well established “C-dated regional pollen stratigraphy. Basins
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with records that appear to have been influenced by tectonism, changes in the course of a river,
changes in the threshold of the lake overflow, or glacier fluctuations are excluded from the data
base. There are 358 sites available for the time period that is used in this study (Appendix A),
although the geographical coverage decreases through time (Figure 2.1).

2.2 The European Lake-Level database

The European lake-level database (Yu and Harrison, 1995) contains records from 118 sites across
Europe spanning 55,000 years (Appendix B). Each site is fully documented and coded based on
information in lake status changes from different lithological and biostratigraphic evidence. The
coding is consistent with the standards established for the Oxford lake-level database. Most of the
sites have continuous records for the Holocene period. Sites where water depth appears to have
been influenced by non-climatic factors, such as tectonism or human impact, or by indirect climatic
influence such as sea-level changes, glacier fluctuations or fluvial influence, have been excluded
from the database (Yu and Harrison, 1995). The sites included in the database have been screened
to meet the standards of dating control and consistency as the Oxford Lake Level Data Bank (Yu
and Harrison, 1995). This dataset increases significantly the number of sites in Europe in

comparison to the Oxford Lake Level Data Bank (Figure 2.2).
2.3 Lake Status Records from the Former Soviet Union and Mongolia
The FSU and Mongolia database (Tarasov et al., 1996) consists of 98 basins from the FSU and 5

basins from Mongolia for the period of 15,000 ka BP to present (Appendix C). As in the case of the
Oxford Lake Level Data Bank and the European Lake Level Database, each site is fully
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documented and coded consistently with the standards established for the Oxford lake-level
database. Most of the sites have continuous records for the Holocene period. The exclusion of sites
were based on the same scheme as the previous datasets. There is a heavy representation in

westen Russia while most of the Siberian territory has no data (Figure 2.3).

2.4 The Global Lake Level Database

The three datasets were merged into one global database. Each site includes the following
information: identification number, name of basin, latitude, longitude, altitude and collapsed status
fields spanning 30,000 years at 1,000 year intervals. Where no status was recorded, a 0 was

coded.

North America, Europe and Africa are well represented while South America, most of Eastern
Russia, China, and Australasia exhibit poor representation (Figure 2.4). Major gaps appear in
Canada, the American midwest, northem Mexico and the African equatorial rain forest region.
Although some data exists for parts of Canada, it is not available due to the closure of the
paleoclimate database project at the Geological Survey of Canada. In addition, the Chinese lake
status database (Fang, 1991) was not included due to accessibility problems. Finally, the number

of sites decreases through time.

The next chapter will focus on the spatial organisation of the global lake level database.
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Figure 2.2: Distribution of sites in the European Lake Level Databsse at present, 3 ks, 6 ka, § ka end 12 ks.
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Figure 2.3: Distribution of sites in the Former Soviet Union and Mongolia Lake Leve! Datsbase at present, 3 ks, 6 ka .9 ka and 12 ka.

Lake Leve! Varistions and Global Hydrological Change: A Spatio-Temporal Analysis

16




)

Global database - present

e

15000 -10000 8000 000 8000 10000 180.00

Global database - 6 ka

15000 -10000 -5000 000  S000 10000 150.00
Global database - 9 ka

I - v

15000 -10000 -5000 000 5000 10000 150.00
Figure 2.4: Distribution of sites in the Giobal Lake Level Database at prasent, 3 ka, 6 ka, § ka snd 12 ka.

Lake Level Veriations and Global Hydrologicel Chenge: A Spatio-Temporal Analysis



Chapter 3

Exploratory Data Analysis

'mdmwmmmmmmmwmbummmmmmminspaco. in some cases,
establishing boundaries sre visibie, however, in a ot of cases, such boundaries sre difficut to estsbiish because of small scale
intermingling of values... *

Isssks and Srivastave, 1989.

The goal of this chapter is a four-part description of the distribution of the data. First is a univariate
description of the data, followed by a spatial description. The third part is an example investigation
into error checking, and finally, some summary statistics of the spatial organization of the data will

be presented.

The initial step in any statistical study is becoming familiar with the data. As with any statistical
study, problems with the data can lead to erroneous results (Isaaks and Srivastava, 1989).
Exploratory data analysis enables the investigation and understanding of important features in the
data. Although some of the features identified in exploratory data analysis may prove unimportant,
it is at this stage that key features of the organisation of the data may be revealed. In most studies,
the sample statistics are all that we have to tells us about the entire population (Isaaks and

Srivastava, 1989).
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3.1 Summary of the lake-level status

Lake level data are qualitatively coded as high, intermediate and low status. The variable is discrete
and ordinal for each observation and has only three possible values. The only univariate description
of a dichotomous variable is a cumulative frequency table or histogram (Isaaks and Srivastava,

1989). Additional summary statistics provide no further information.

Figure 3.1 shows the frequency histograms for the five time frames under study. The histogram for
lake-level status at present shows that more than 50% of lakes are low. The 3 ka histogram reveals
adecrease of low status in favour of an intermediate or transitional status suggesting a transition
period at 3 ka. A sharp increase in the frequency of high lake-level status marks the 6 ka histogram,
which indicates increased humidity or decreased evaporation at the sites in question. The 9 ka
histogram shows an increase in low status while the intermediate status decreases, suggesting a
period of increase evaporation at specific sites. The 12 ka histogram reveals a dominant high lake

status suggesting a slight increase in humidity at a number of sites.

Although these summary statistics provide littie information on the spatial distribution of the lake-
level statuses, they do provide insight on the variations of the global hydrological cycle through time.
In general, they show a gradual change in the global hydrological cycle through the Holocene.
However, these results are based on different sample distributions ( Figure 3.2) and a conclusion
about the global hydrological cycle may not be warranted. The next section discusses the spatial
distribution of lake levels in order to describe these variations of the global hydrological cycle

through space and time.
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3.2 Spatial distribution of lake status

Spatial features of the lake-level data, such as the location of extreme values, the overall trend and
the degree of spatial continuity are of significant interest (Isaaks and Srivastava, 1989). The
univariate description tools discussed above do not capture the spatial variations in the high,
intermediate and low status. Knowing their location is important in that distinct spatial patterns can
be established. However, in a lot of cases, the patterns are difficult to distinguish because of fine-

scale variability present in the data (Isaaks and Srivastava,1989).

The simplest visual tool for spatial description is a map on which each data location is plotted with
its corresponding data value (Isaaks and Srivastava, 1989; Deutsch and Joumnel, 1992). The
advantages, among others, of these maps is that they reveal potential errors in the data location (ie:
lone high values surrounded by low values merit investigating), and also give insight into finer-scale
variability (ie. some sites may demonstrate local changes in the hydrological balance while others
reflect regional climate changes). In iregularly spaced data, a symbol map gives insight to how the
data was collected ( ie: poorly represented areas versus densely sampled ones). The use of the
symbol map consists of plotting each location and replacing its value by a symbol (or number) that
indicates a certain class of values (ie. in this case, different symbols represent each individual lake
status) (Isaaks and Srivastava, 1989). Another way to visualize lake level status is a breakdown of
the data into its components and plotting each lake status individually, which provides a detailed
spatial description of each lake status category (Isaaks and Srivastava, 1989; Goovearts, 1997).

Variability in space is often of interest and it is common to find that the data values in some regions
exhibit more fine-scale variability than others. The presence of such variability is termed
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heteroscedasticity (Isaaks and Srivastava, 1989). lrregularities in the local variability will have an
impact on the accuracy of estimates where “the estimates from any reasonable method will always
benefit from low variability and suffer from high variability” (\saaks and Srivastava, 1989). in cases
where local variability is roughly constant, then estimates in any particular area will be as good as
estimates elsewhere. The local variability is related to the local average in some way, therefore
somewhat predictable. It is useful, therefore, to establish in the initial data analysis if such anomalies

in the variability does exist.

Figures 3.3 a-e to 3.4 a-e illustrate the maps of the lake status during the Holocene. First, all three
lake statuses are posted to give insight into the distribution of lake statuses, as well as indicate local
variability (Figures 3.3 a-e). Next, figures 3.4 a-e present the breakdown of lake status to give
insight into the spatial distribution of each lake status individually and, also helps to identify distinct

spatial patterns that are obvious in the data.

Lake Level Status - present

The present-day distribution of available sites is irregularly spaced (Fig. 3.3 a). In North America
lake status is fairly-well represented for the most part of the United States except for the Midwest.
There are few sites in Canada outside the southern prairies. Mexico and Central America have very
few sites. There are aiso few sites for South America except in the northem and .;.outhwestem coast
region. Europe is well represented while the border region of eastern Europe and Asia show a
substantial decrease in the number of sites. There are many sites in northern and eastern Africa
whereas the equatorial rain forest and southwestem coastal areas have no sites. There are no data

available for Indonesia. Australia reveals a cluster of sites in the southeast.
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The present-day lake status of the combined datasets reveal distinct spatial patterns (Fig. 3.4 a). -
In North America, high lake levels are predominant in the Midwest, northeastern coast and Florida.
The lakes are primarily intermediate status along the southemn Great Lakes region, the western
interior cordilleran region, and in the proximity of the Gulf of Mexico. Lakes along the southwestern
cordilleran region and west of the Gulf of Mexico are low at present. Central America has few sites
and these range from intermediate status in Mexico to high status in mid-central America. South
America is divided into a northeastern region of high lake-level status and a southwestern region
of low lake-level status stretching south along the Cordilleran into Argentina. Lake status in Europe
is more variable compared to the Americas. High lake-level status is dominant in the westemn region
while intermediate status are generally confined to the eastern interior and southern regions. Low
lake-level status exhibits a south to north direction predominantly east of the intermediate lake-level
status with some fine-scale variability. The extreme southern Mediterranean region also has
predominantly low lake-level status. The majority of North African lakes record low levels and this
extends to the Middle East. There is some fine-scale variability in the southeastern coastal region
while the extreme southern tip of Africa has dominantly low status. Although there are few sites,
Asia exhibits evidence of latitudinal spatial continuity where the general trend is high status in the
northem regions, intermediate status across mid-Asia and low status in the south. Finally, Australia
reveals considerable fine-scale variability similar to that of Europe. Interior sites are dominantly low
status, followed by intermediate status closer to the southern coast and finally high status in the

vicinity of the coast. In the southwest, all lakes are low.
in spite of differences in fine-scale variability in different regions of the world, distinct spatial patterns

are present in this dataset. There are many regions where both high and low lake-levels are found
in close proximity. For example, the southem prairies of North America shows that the majority of
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lakes are high status while two lakes show low and intermediate status.

Lake Level Status - 3 ka

At 3 ka, there are aiready fewer available sites (Fig. 3.3 b). The main difference in coverage is a

significant decrease in the number of sites in north Africa.

Lake level status at 3 ka reveal distinct spatial patterns (Fig. 3.4 b). The primary differences are as
follows. The lakes of North America are similar to the present. The lakes are mainly intermediate
status along the southwestern Great Lakes region, although some low status sites are now present.
Lakes along the southwestern cordilleran region and west of the Guif of Mexico remains
predominantly low, however there is evidence of heightened fine-scale variability. The lakes of the
northwestern coastal region of Europe are predominantly high while intermediate status remains
generally confined in the eastern interior and southern regions. The evidence of low lake status
running in a north-south direction east of the intermediate status is not as noticeable at 3 ka
because of increased fine-scale variability. Africa at 3 ka shows fine-scale variability in most parts

of the north, as well as the southeastern coastal region.
Due to the heightened fine-scale variability that characterises most of the regions of the world, the

patterns are not as obvious as 0 ka. Moreover, certain regions , for example Northern Africa, have

declined significantly in the number of available sites.
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Lake Level Status - 6 ka

The number of available sites at 6 ka is similar to 3 ka (Fig. 3.3 c). The main differences are in
Europe which has fewer available sites in the north; however there is a significant increase in sites
for Northern Africa.

The majority of the lakes of North America are low (Figure 3.4 ). The lakes in intermediate status
are confined to the Florida region while high lake-levels are found in a northwest-southeastern
direction. The American Midwest seems to be a transitional area between the pockets of low status.
Unfortunately, this area is not well represented. There are fewer sites with a predominantly
intermediate status along the Cordilleran region of South America. Lakes in Europe continue to be
more variable than the Americas, however the spatial pattems of lake status remain similar to 3 ka
and 0 ka. Lakes with low status lie predominantly east of the intermediate lake status sites. North
Africa no longer shows fine-scale variability in the north, rather, the majority of the lake in the north
are high. This decrease in fine-scale variability is aiso present in the southeastern coastal region
where most lakes are aliso high status. The extreme southern tip of Africa exhibits fine-scale
variability, however, there is a substantial decrease in the number of available sites. Although there
are fewer sites, Asia shows little change ( high lake status is dominant in the northern regions,
intermediate status across mid-Asia and low status in the south). However, lakes in the extreme

southwest of China and northern india are primarily high.
Contrary to 3 ka, lake-level status at 6 ka exhibit more coherent spatial patterns. Fine-scale

variability across most of the regions is still present but to a lesser extent than at 3 ka. There remain
many regions where both high and low lake-levels are found in close proximity.
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Lake Level Status - 9 ka

At 9 ka, the number of available sites has decreased slightly to 334 sites (Figure 3.3 d), the primary
differences being a visible decrease in the number of sites in Northem Europe and Northern Africa.

In North America, low lake-levels are predominant along the cordilleran region and eastern coast
while intermediate status is primarily in the southwest of the Great Lakes region (Figure 3.4 d). The
heightened fine-scale variability obscures spatial patterns of high lake records. There are few sites
in Central and South America which makes spatial patterns difficult to observe. in Europe, the low
lake status lie east of the predominant intermediate lake status while high lake-levels occupy the
western coastal region and are clustered around the northwest region. The maijority of African lakes
reveal little change from 6 ka. However, fine-scale variability between intermediate and high status
are apparent in the north. Although few sites remain in the extreme southern tip of Africa, fine-scale
variability is also visible. There a few sites remaining in Asia, where high lake status is predominant

in the northern regions, intermediate lake-levels across mid-Asia and low status in the south.

The variability present at 9 ka is comparable to 3 ka, which suggests a possible transition phase in

the global hydrological cycle. Africa is the only region that exhibits low variability.

Lake Level Status - 12 ka

There is a significant decrease in the number of available sites at 12 ka (171 sites) (Figure 3.3 e).

The main differences are in the decreased number of available sites in Europe, leaving the north

unrepresented; a significant decrease is also visible in northem Africa (Figure 3.4 e).
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High lake levels are dominant over much of North America except for the southwest desert regions.
The few sites in Central America are primarily low. High lake status is predominant in the
southwestern region of France. Fine-scale variability characterises the north and eastern coastal
regions of Africa. Although still decreasing in number of available sites, Asia continues to show little
change except in the extreme southwest of China and northem India where fine-scale variability has

increased. There are few sites in Australia and most are low.

Lake-level status at 12 ka display a significant decrease in fine-scale variability in most regions of
the world due in part to the decreased coverage, although there are exceptions such as in Europe

and Africa.

The periods of 0 ka, 6 ka, and 12 ka exhibits more distinct spatial patterns while 3 ka and 9 ka tend
to exhibit more fine-scale variability throughout all regions of the world. Furthermore, Europe
consistently shows fine-scale variability throughout all time periods. This suggests that the lake-level
database entries contain potential errors and/or sites that are primarily influenced by other factors
such as local hydrological factors. This will inevitably cause problems in estimating spatial
autocorrelation. Further investigation is needed in order to validate sites within regions of high
variability. This study of global hydrological change assumes that large-scale climate patterns are
the primary control of closed basin and temperate lake-level fluctuations. The identification of
potential errors and sites influenced primarily by other more local factors is inevitable in the
estimation and modelling of this data. The next section looks at potential errors in the coding in high

variability areas and is termed error checking.
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3.3 investigation into fine-scale variability

One of the more time-consuming tasks in a geostatistical study is error checking. The study of the
densely sampled areas can give insight into the consistency of the data. When attempting to sort
out inconsistencies in the data, it is important to understand how the dataset came about. Some
questions to ask include: Were all of the data collected in one program? Is the sampling procedure
consistent from one program to the other? Were different people involved in the sampling? If so,
were their sampling scheme or procedures different? And most importantly, how was the data
treated? (Isaaks and Srivastava, 1989). The coding of the samples may reveal differences in
sampling. Changes in the precision of the data values may be the result of switching to different
methods of measuring the values. All these can lead to inconsistencies and should be investigated
before the statistical analysis proceeds. Some helpful error checking procedures include: lone high
values surrounded by low values or vice-versa, these are worth rechecking to establish their validity,

quality dating control of the sample and suspicious isolated values (Isaaks and Srivastava, 1989).

The Oxford Lake-Level database originated in a study of closed basin lake-level variations in Africa
(Street and Grove, 1976, 1979). The development of a global lake status database is an ongoing
research program. Yu and Harrison (1995) established the European lake level database using
consistent standards of coding and dating control of the Oxford Lake Level database. However, the
inclusion of temperate and overflowing lakes as indicators of climate change is o.ne major difference
between the Oxford Lake Level database and the European Lake Level database. Tarasov et al.
(1994) constructed the FSU and Mongolia Lake Level Database with the same sampling scheme
and coding standards as the Oxford Lake Level Database. This database also contains temperate

and overflowing lakes.
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Given that coding standards are consistent between all three datasets and potential errors and/or
fine-scale variability seem to be present in most regions of the world, we can investigate other
possible sources of errors. Such possibilities include quality dating control and stratigraphic
sampling schemes. Figure 3.5 illustrates an example of ﬁne-icale variability in one region. This
example was randomly chosen and we are interested in the lone high value surrounded by low

values at close proximity.

Lac de Chalain(Fig. 3.5; id:21) (46°40'30"N, 5°46'E, 488 m above sea level) lies within a blind valley
cut into the western edge of the calcareous plateau which forms the western margin of the Ain
Valley (Magny et al., 1988: from Yu and Harrison, 1995). It is fed by a karst spring and has a natural
outlet. A number of drowned archaeological sites around the lake (Bourdier, 1962; Duret and
Martini, 1965; Lambert et a/., 1983; from Yu and Harrison, 1995) indicate that the lake was lower
than present ca. 5600 and 3600 yr B.P. Artefacts have been radiocarbon dated between 4170 and
5850 yr B.P. (Hassko et al.,1974; Evin et al., 1973,1983; Delibrias et al.,1986; from Yu and Harrison,
1995). A transect of six cores were taken by Magny et al., 1988 and stratigraphic and palynological
analyses were made. However, the chronology is based on a single radiocarbon date from Core 4
(Magny et al.,1988, from Yu and Harrison,1995). Nine radiocarbon dates (mostly from
archaeological fragments) were used for coding where the closest radiocarbon date to 3000 yr B.P.
is 4170 yr B.P. The coding was established for the time period under study as high from 3600 to
2290 yr B.P. based on the evidence.

The lacs Clairvaux (46°34'N, 5°45'E, 526 m above sea level) are two closely-connected lakes lying

in the same valley as lac de Chalain (Yu and Harrison, 1995). These lakes are also fed by karst

springs, and there are also drowned archeological sites along the shores. These also indicate lake
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levels lower than the present between 5600 and 3600 yr B.P. (Lambert et a/.,1983, from Yu and
Harrison, 1995). However, Lambert ot a/.(1983) argue that the abandonment of the sites may not
have been synchronous or caused by an increase in water level since a polien core showed an
hiatus in sedimentation between 3300 and 3000 yr B.P. which in turn suggests that low lake level
persisted after the archeological sites were abandoned. Further evidence of lake-level changes are
provided by a transect of three cores which were taken for stratigraphic and aquatic polien analyses
(Magny et al.,1988; from Yu and Harrison, 1995). The coding, on a five-level scale from very low
to high, of the lake-level fluctuation was based on 28 radiocarbon dates from the cores and

archeological fragments. The status at ca. 3000 yr B.P. was coded low.

Thus, although Lac de Chalain and Lacs de Clairvaux lie in the same valley, are close in proximity,
are fed by karst springs and have archeological sites dating back at the same time period, they
exhibit totally different lake-levels ca. 3000 yr B.P. Moreover, most other lakes around Lac de
Chalain exhibit low status during the period around 3000 yr B.P. The relatively poor radiocarbon
dating of Lake de Chalain compared to a high quality radiocarbon dating of the Lacs de Clairvaux
suggests a possible error in interpretation of lake-level at Lac de Chalain ca. 3000 yr B.P.
Furthermore, the suggestion of Lambert et al., (1983) that the archeological sites may have been
abandoned prior to the rising of the iake levels also suggest that the Lac de Chalain could be

interpreted as low status 3000 yr B.P., as most of the other lakes in that area show.

Lake Paludru, also in this area, is coded intermediate and is also surrounded by low lake levels. The
documentation reveals confusion with 4800 to 1000 yr B.P. being coded low status and between
3900 and 1300 yr. B.P. having an intermediate status. Therefore, Lake Paludru could be interpreted
as low or intermediate around 3000 yr B.P. The raw data gives a priority code of intermediate and
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secondary code of low (Figure 3.5).

These examples illustrate the potential errors in interpretation and accuracy of the data. In the case
of Lac de Chalain, it seem that poor radiocarbon dating and stratigraphic analysis would be the
cause of an apparent fine-scale variability over very short distances. Therefore, by excluding these

two problematic lakes, the fine-scale variability is no longer present in this area.

Although this investigation illustrated potential errors in developing a large database, some
investigations into fine-scale variability may confirm the validity of the coding. Two lakes in close
proximity could presumably exhibit very different lake status due to local factors influencing the
hydrological balance. Since this study deals with a large amount of sites, one can conclude that
checking every site for validity in coding would require an enormous amount of time and may prove
to be a futile effort. In this case, the analysis clearly points to poor temporal control, but in other
areas, it may not be as clear. Even if all sites could be checked, there would still be ambiguous

interpretations.

in Chapter 4, we will illustrate a way of dealing with potential errors and fine-scale variability using
Local Indicators of Spatial Autocorrelation (LISA) (Anselin, 1895). This procedure identifies sites
that are spatially autocorrelated at specified distances. The procedure allows the identification of
local instabilities, potential errors and .homogonous regions within a specified distance scale. LISA
is not a substitute for error checking but serves as a depiction of spatially autocorrelated sites at

specific distance scales when dealing with large datasets.
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3.4 Summary statistics of the spatial organization of the data

Table 3.1 lists the mean distance between sites, the maximum and minimum distances, the
medians and quartiles which will be of important use for the next chapter which deals with spatial
continuity analysis and modelling. The data were projected to Hammer-Aitoff equal area projection
in which the units are kilometres (Appendix D). The reprojection was needed to facilitate

computational requirements since the original data were in degrees (Plate Carré projection).

Time (ka yr.) Minimum First quartile Median Mean distance | Third quartile Maximum
distance (km) | distance (km) | distance (km) (km) distance (km) | distance (km)
Present 0.7368 3265 7593 148.2 178.4 1939.0
Jka 0.9914 28.61 89.87 177.9 2127 1965.0
Cka 0.9914 26.36 80.71 176.1 213.8 1839.0
9ka 0.8914 33.64 925 196.7 214.1 2307.0
12ka 14 68.78 161.9 269.3 3371 2175.0

Table 3.1: Table of the spatial summary statistics for present, 3 ka, 6 ka, 9 ka and 12 ka.

There is a significant difference between the median and mean distances for all time periods. This
is a positive skewness in the distribution of distances between sites. However, the oceans are an
important factor influencing greatly the mean. Furthermore, the maximum distances are significantly
greater than the third quartile distances. Therefore, the median distance is more representative of
the true measure of central tendency. Moreover, the minimum distances between sites are very
short (around 1 km). These short distances between sites is another way of analysing fine-scale
variability as will be discussed in Chapter 4. Note that at 12 ka, the distances between sites are

substantially greater due to a decrease in geographical coverage or number of sites.
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Although these statistics do not provide sufficient insight into choosing a proper distance scale, it
serves as a starting point in determining the distance scale at which spatial continuity analysis can
proceed in the next chapter.
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Figure 3.1: Frequency histograms of lake status at present, 3 ka, 6 ka, 9 ka and 12 ka.
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Figure 3.2: Number of available lake-level sites through the Holocene.
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Figure 3.4 a: Breakdown of lake status at present.
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Figure 3.4 b: Breakdown of lake status at 3 ka.
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Figure 3.5: Investigation into error checking.
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Chapter 4

Spatial Continuity Analysis

'Infomnﬁonommdﬁomamwamymmmvnmpummwnichmmaiglnmunonlybongoodu
m.onginudm.mmmm.mawmummwuwmsmmd .

Issaks and Srivastave, 1989.

The discussion of lake level status presented in Chapter 3 illustrates the spatial patterns present
in the data. As we have also seen, the data displays a considerable amount of fine-scale variability
which may be partly due to errors in coding or interpretation. This chapter will further analyse the
spatial patterns by quantifying the spatial dependence of the data by examining the spatial

autocorrelation.

This chapter first describes spatial continuity in the original data using variogram and correlogram
functions. Next, a geostatistical technique known as “local indicators of spatial autocorrelation”
(LISA), will be used as an exploratory spatial data analysis (ESDA) tool. In essence, the results of
LISA will be used to filter the data to include only the large-scale signal. This will permit the
identification of large-scale patterns present in the data and used as an alternative to point-by-point
error checking which is, in any case, impossible in large datasets. Then, using only sites that exhibit
large-scale spatial autocorrelation, the spatial continuity will be re-examined using the variogram
and correlogram functions. The autocorrelation will be examined using two approaches. First, the
data will be examined for spatial continuity using the original ordinal scale under the assumption of
a climate continuum. That is, we can assume that the transition from a region of high lake status

to a low lake status region occurs through an intermediate lake status region. Next, the data will be
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transformed to a binary vector under the assumption that the three lake statuses are mutually
exclusive. The modelling of the spatial continuity presented in this chapter will enable estimation to
proceed in Chapter 5.

4.1 Spatial Continuity Analysis

The spatial continuity analysis will emphasize the spatial extent or range of autocorreiation present
in the data. The correlogram and the variogram functions describe the spatial continuity as a
function of distance (Isaaks and Srivastava, 1989). The variogram is the traditional approach,
however, the correlogram is equally useful and can be used to confirm the results obtained from the

variogram.

Some of the terminology used to describe the important features of the variogram are as follows

(from Isaaks and Srivastava, 1989):

RANGE: As the separation between pairs increase, the corresponding variogram value will also
increase. Eventually, however, an increase in the separation distances no longer causes a increase
in the average squared difference between pairs of values and the variogram reaches a piateau. The

distance at which the variogram reaches this plateau is referred to as the range.
SILL: The plateau that the variogram reaches at the range is called the sill.
NUGGET EFFECT: Though the value of the variogram for H (distance) = O is strictly 0, several

factors, such as sampling errors and short scale variability, may cause sample values separated by
extremely small distances to be quite dissimilar and this leads to a discontinuity at the origin of the
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variogram. The vertical jump from O is cailed the nugget effect. The relative nugget effect is the ratio
of the nugget effect to the sill and is usually quoted in %.

There are two distance parameters that need to be chosen for spatial continuity analysis. One is the
distance between successive separation distances or /ag spacing; the other is the tolerance that
we will allow on the distance or /ag folerance. With irregularly spaced data the average spacing
between neighbouring samples can be used as the initial distance (Isaaks and Srivastava, 1989,
Deutsch and Journel, 1992). The most common choice for lag tolerance is half the lag spacing
(Isaaks and Srivastava, 1989, Deutsch and Joumel, 1992, Pannetier, 1984). Although this can resuit
in some pairs not being used in the calculations, it can also make the variogram structure clearer

(Isaaks and Srivastava, 1989).

The omnidirectional or isotropic variogram is the typical starting point in spatial continuity analysis
where the directional tolerance is large enough such that the direction of any particular separation
vector becomes unimportant (Isaaks and Srivastava, 1989). With all possible directions combined,
only the magnitude of the distance vector is important. The omnidirectional variogram can be seen
as the average of the various directional variograms (Deutsch and Journel, 1992, Isaaks and
Srivastava, 1989). However, it does not imply that the spatial continuity is the same in all directions.
Since direction does not play a role in the omnidirectional variogram, one can concentrate on finding
the distance parameters that producﬁ the clearest structure (Isaaks and Srivastava, 1989).

The omnidirectional variogram, because it contains more pairs, is more likely to show a clearly
interpretable structure. “If the omnidirectional variogram does not show a clear structure, one should
not expect much success with the study under investigation. If it is messy, then one should try to

find out the reasons for this erractiness. This may involve removing entirely certain samples from
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the dataset” (Isaaks and Srivastava, 1989). For example, removing the most erratic pairs from each
particular lag may result in the loss of a significant number of samples, but can make the variogram
structure clearer (Isaaks and Srivastava, 1989).

Another way to summarize spatial continuity is the correlogram. It is common to see the
correlogram decrease with increasing distance. As described above, the variogram also
summarizes spatial continuity where half of the average squared difference between the x and y
coordinates of each pair of points is used. Unlike the correlogram, variogram values increase with

distance.

These two statistics for summarizing spatial continuity are all sensitive to outiiers (Isaaks and
Srivastava, 1989) and this is true for any statistic. An outlier or influential point can have a significant
impact on the correlation coefficient p(H) and variogram value y(H), therefore the question of
outliers must be dealt with. One approach is to remove outliers from the data. However, this is often
arbitrary, as some values may have been representative of the spatial continuity of the phenomenon
under investigation. Alternatively, the statistic can be estimated using all points, hoping that the
underlying structure will still be appropriately estimated. Unfortunately, this may not be possible if
the outlier data are too influential. In this chapter, we will describe the variogram fitting and how

these problems were addressed.

This first section describes the spatial continuity of the lake-level status using all the data for the five
different time periods under study. Anisotropy or the tendency for spatial correlation to favour a
particular direction (ie. for examplie high lake status may favour a north-south direction) will not be
explored. The reason for using an isotropic or omnidirectional approach is based on the global scale
under study where different regional spatial anisotropies can co-exist. For example, high lake status
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could favour a north-south direction in Europe while favouring an east-west direction in North

America and therefore an anisotropic analysis is inappropriate at this scale.

Spatial continuity description

The following discussion is one example of the many attempts at describing the spatial continuity
using all of the original data. A variogram and cormelogram were fitted to the data using GS+

(Geostatistics for the Environmental Sciences, Professional Edition v. 3.10.2)

For 0 ka, the variogram displays a continuous increase in semivariance as separation distances
increase with little fluctuation over a 5000 km active lag (Figure 4.1 a-i). The corresponding
correlogram also confirms the spatial continuity in this dataset with values decreasing as separation
distances increase (Figure 4.1 a-iii). However, there is fine-scale variability at lower lags with some
sample pairs exhibiting high variance (Figure 4.1 a-iv,v,vi) thus resulting in a relatively high nugget
effect. These variance cloud diagrams illustrate the contribution to the variance for each pair of
sample sites for lags 1,2 and 3 as a function of distance. There can only be values of 0,1 and 4 (0,
12 and 2?) due to the qualitative nature of the data. An exponential model fitted to the variogram
yielded an r2 of 0.88 (Figure 4.1 a-ii).

At 3 ka, both the variogram and correlogram do not show clear structures which suggests no spatial
autocorrelation (Figure 4.1 b-i,iii). These structures suggest that the data contains a high amount
of fine-scale variability at lower lags. This is confirmed by the large number of sampie pairs that
exhibit high variance of 4 (Figure 4.1 b-iv,v,vi). These results also confirm the previous
investigations of 3 ka, where lake-levels indicated an increase in fine-scale variability and/or

potential errors. As expected, the exponential mode! fitted to the variogram is poor with an r2 of only
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0.068 (Figure 4.1 b-ii).

For the lake-level data at 6 and 9 ka, the variograms reveals much the same resuits as 3 ka and
suggest no spatial autocorrelation (Figures 4.1 c-| and 4.1 d-l). Again, the correlograms indicate that
spatial continuity is more or less absent at these time periods (Figures 4.1 c-iii and 4.1 d-iii). There
are large numbers of sample pairs exhibiting high variance at lower lags which contribute
significantly to these results (Figures 4.1 c-iv,v,vi and 4.1 d-iv,v,vi). The exponential models fitted
to the variograms confirm the fine-scale variability at lower lags with an r2 of 0.498 for 6 ka and an
r2 of 0.02 at 9 ka (Figures 4.1 c-ii and 4.1d-ii).

Compared to 6 and 9 ka, the 12 ka variogram and correlogram (Figure 4.1 e-i,iii) show significant
improvement in the lower lags, thus giving a clearer structure than the three previous time periods
(Figure 4.1 e-v,vi,vii). In this case, the decrease in coverage reduced the number of pairs used for
the calculations and can be one of the reasons for these results. The exponential model fitted to the

variogram yielded an r2 of 0.75, thus confirming the improvement at the lower lags (Figure 4.1 e-ii).

In general, spatial continuity or autocorrelation is present at 0 ka and to a lesser extent at 12 ka.
However, the periods of 3, 6 and 9 ka show no spatial autocorrelation at all lag distances
investigated. The large number of sample pairs exhibiting high variance at the lower lags suggest
a high ratio of fine-scale variability and/or potential errors present in these datasets. One conclusion
of this study is therefore that the lake-level data contain significant numbers of samples that may
not necessarily reflect large-scale climate patterns. This conclusion is reached by multiple evidence
including the visual description, the investigation into error checking of Chapter 3, and the results
of the spatial autocorrelation presentation of this section. It is therefore important, at this stage of
the study, to separate sample sites that reflect large-scale pattems from samples that display fine-
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scale variability and/or potential errors in coding. By doing so, it will enable the extraction of the
large-scale pattemns present in the data and aliow for the statistical analysis to proceed.

4.2 Exploratory Spatial Data Analysis (ESDA)

If we hypothesize that only large-scale patterns are climatically meaningful, then a climatically-
caused spatial scale can be objectively determined from the data. Spatial autocorrelation tests
whether one site is independent of neighbouring localities. In general, if high values at one locality
are associated with high values in their neighbours, it is positively spatially autocorrelated while if
the values alternate from high to low in an area, it is negatively spatially autocorrelated (Sokal and
Oden, 1978 a,b). In spatial data analysis, the dependence structure and heteroscedasticity must
be taken into account, moreover, the effects of spatial scale must also be considered (Getis and

Ord, 1992).

In exploratory spatial data analysis, the most common approach to assess the degree of spatial
autocorrelation is Moran's | or Geary's C, which are global statistics. However, these approaches
ignore the potential local areas of weakness or outliers in the data that may influence the global
statistic (Anselin, 1995). Getis and Ord (1992) suggested that a more appropriate approach would
be to focus on local patterns of spatial autocorrelation. In this study, local indicators of spatial
autocorrelation (LISA) are used to investigate local spatial autocorrelation and to quantify the fine-
scale variability and/or potential errors present in the lake-level data at different distances using the

summary spatial statistics presented in section 3.4 of Chapter 3.

LISA (Anselin, 1995) decompose global indicators, such as the Moran’s |, into the contribution of
each individual observation. LISA has two important uses: the identification of local correlated
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spatial pattemns and, the identification of local areas which display fine-scale variability or outlier

sample sites at specific distances (Anselin,1995).

In this thesis, LISA is used to optimize the spatial scale of this study. We need to maximize global
coverage while also retaining maximum spatial resolution. This will result in identifying a consistent
and globally homogeneous spatial scale of study. As a consequence, we will remove sample sites
that do not reflect spatially correlated patterns below a certain threshold identified by LISA. Sample
sites exhibiting negative spatial autocorrelation can thus be objectively eliminated. This will resuit
in more clearly interpretable variograms, retain the original structures of the variograms and allow

the modelling of the variograms.

This approach to data-cleaning is used in this thesis in preference to alternative ones. First, error
checking of all individual data in the database can be a very long and complicated task. Reviewing
the literature may prove to be futile as the results are frequently ambiguous or subjective, or
necessary information may not be available. Even after reviewing the original literature, scattered
over many journals and several languages, it may not be clear if a sample is poorly coded. Another
method is to arbitrarily remove outlier samples from each lag (Isaaks and Srivastava, 1989). It
should also be noted that previous users of the lake data have aiso removed sampies, for example,
by including only sites with continuous records (Harrison, 1889, Harrison et a{.. 1993), quality “C
dating control schemes (Guiot et al., 1993; Harrison et a/., 1993; Cheddadi et &/., 1997 and Qin et
al., 1998) and qualitative exclusion (Street-Perrott and Harrison, 1984, Harrison and Metcalfe 1985
a,b). These resulted in analyses using only a fraction of the sites. This study differs only in that the
exclusion is done objectively by deciding on the scale of study.
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LISA Resuits

The methodology for maximizing global coverage while retaining maximum resolution consists of
the calculation of local spatial autocorrelation (Moran's 1) witﬁin different search radii distances of
each sample site in the five time period datasets. The investigation into the extent of fine-scale
variability and/or potential errors in coding present in the lake data will be analysed using the
summary inter-site distance statistics of Chapter 3, section 3.4. This will enable the investigation
over different search distances for all time periods. Tables 4.1 to 4.5 illustrate the results of the LISA
analysis for all time periods expressed as a percentage of the overall number of available sites that
exhibit positive and negative spatial autocorrelation at specific lag distances. In addition, the
percentage of sites without neighbours means that LISA cannot be measured due to lack of
neighbouring samples. This is used as an indicator of achieving maximum world coverage in order

to objectively identify the spatial-scale of study.

The LISA statistics indicate maximum geographical coverage can be obtained at 500 km distances
with less than 10 % of sites left with no neighbours in all time frames except for 12 ka ( 14.1%)
(Tables 4.1 - 4.5). In this study, the 500 km distance was chosen as the maximum resolution
because the ratio between negative and positive spatial autocorrelation increases with distance.

With this distance, most time periods show less than 10% of sites with no neighbours.

The ratio between positive and negative spatial autocorrelation is high for most time periods and
at all lag distances examined. These resuits provide further evidence of the conclusion of the
previous section in which large amounts of samples exhibited fine-scale variability, especially at
lower lag distances.
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Lag distance (km) | Positive spatial Sites with no Negative spatial
autocorrelation (%) | neighbours (%) | autocorrelation (%)
s X 5.7 04
10 LX) 809 15
2 18.3 779 37
3 21.1 74.8 41
76 421 499 80
180 §7.9 31.0 1.0
200 65.8 215 12.7
300 735 128 14.0
400 79.1 6.2 148
800 806 39 155

Table 4.1: Summary of local indicators of spatial autocorrelation at present (535 sites).

The present-day lake-level data ( Table 4.1) shows positive spatial autocorrelation occurring at 81

% of the sites at 500 km distances. However, we notice that even at small distances, such as 5 km,

there are some sites that exhibit finer-scale variability between their coded attributes. Although 15.5

% of sites exhibit negative spatial autocorrelation at 500 km distances, and are excluded from this

study, overall good coverage of the world is achieved (Figure 4.2 a).

Lag distance Positive spatial Sites with no Negative spatial

(km) autocorrelation (%) | neighbours (%) autocorretation (%)

] 33 95.6 1.1

10 57 80.7 38

29 16.4 749 8.7

90 278 50.0 24
179 396 30.9 25

213 4.3 248 1
300 49.2 158 35.0
400 518 X] 38Ss
800 533 (X ] 389

Table 4.2 : Summary of local indicators of spatial autocorrelation at 3 ka (366 sites).
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At 3 ka, the lake-level data reveals positive spatial autocorrelation between lake sites at 500 km
distances at 53 % of the sites while negative spatial autocorrelation occurs at 40 % of the sites
(Table 4.2). These results confirm previous findings in Chapter 3 and the last section that this time
period contains a significant amount of fine-scale variability and/or potential errors in coding. indeed,
negative spatial autocorrrelation is evident at all lag distances in a much higher ratio than at present.
Even though almost 40 % of sites are problematic at 500 km distances, and dismissed from this

study, overall good coverage of the world remains (Figure 4.2 a).

Lag distance | Positive spatial Sites with no Negative spatial
(km) autocorrelation (%) neighbours (%) autocorrelation (%)
] 27 85.7 1.6
10 64 80.1 s
27 17.9 74.7 75
81 336 49.9 18.5
176 4.5 30.4 25.1
213 464 258 28.0
300 52.8 16.5 30.7
400 579 9.9 323
800 60.0 6.8 331

Table 4.3 : Summary of local indicators of spatial autocorrelation at 6 ka (375 sites).

Lake level data at 6 ka shows an increase in positive spatial autocorrelation with 80 % of lake sites
exhibiting positive spatial autocorrelation at 500 km distances (Table 4.3). Negative spatial
autocorrelation is present at all lag distances studied, inferring once again finer-scale variability
and/or potential errors present at all lag distances. With 33 % of sites exhibiting negative spatial
autocorrelation at 500 km distances, and excluded, a relatively good geographical coverage of the

world remains (Figure 4.2 a).
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An increase in negative spatial autocorrelation (41.8 %) is evident at 500 km distances for the
period of 9 ka (Table 4.4). As was aiso seen above, there is considerable variability in this dataset.
More than 50 % of sites exhibit positive spatial autocorrelation at S00 km distances and these sites
are sufficient for a good geographical coverage of the world for 9 ka (Figure 4.2 b).

Lag distance | Positive spatial Sites with no Negative spatial
{km) sutocorrelation (%) | neighbours (%) autocorreiation(%)
8 3.0 98.3 06
10 5.2 91.8 30
L 18.2 74.4 9.5
93 2064 49.7 220
200 375 271 354
300 442 174 384
400 50.0 1.8 384
800 §0.3 79 41.8

Table 4.4 : Summary of local indicators of spatial autocorrelation at 9 ka (328 sites).

The lake-level data at 12 ka is characterized by an improvement in the ratio between positive and
negative spatial autocorrelation at small distances (Table 4.5). Moreover, none of the sites at 5 and
10 km distances exhibit negative spatial autocorrrelation which confirms the resuits of the previous
section displaying a clearer structure at lower lags. However, this time frame contains fewer sites
than other time periods, and hence the number of negatively correlated sites, as seen in the last
section. At 500 km distances, 50 % of sites exhibit positive spatial autocorrelation, while nearly 36
% show negative spatial autocorrelation. Although 36 % of sites are excluded from this study, major
clusters of spatially correlated lake sites are left at 12 ka giving possible insight into the global
hydrological cycle for 12 ka (Figure 4.2 b).
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(km)  autocorelation (%) | neighbours (%) | autocorrelation (%)
s 29 97.1 0.0
1 53 047 0.0
o 17.1 747 82
162 318 50.0 18.2
200 34.1 Qs 24
300 a7 324 208
400 50.0 206 29.4
800 50.0 14.1 359

Table 4.5 : Summary of local indicators of spatial autocorrelation at 12 ka (170 sites).

in this study, 500 km was chosen as the spatial-scale of study in order to maximize world
geographical coverage, maximize spatial resolution, investigate large-scale patterns present in the
lake-level datasets and enable the spatial modelling of the patterns. However, this approach is an
alternative, and more properly used in conjunction with a detailed analysis of the data. It is not a
substitute to error checking and fine-scale variability analysis, where some sites may have been
excluded without investigation into their validity (Appendix E). Another conclusion of this study is
that the data needs further spatial and temporal analysis by retuming to the original lake-level data
by examining the spatial and temporal correlation on a site-by-site basis, especially at small
distances. It is interesting to note that the application of the LISA technique identified Lac de Chalain
and Lac Paladru at 3 ka as negatively autocorrelated, as was determined above. The approach
illustrated here can be applied to any area of study in order to maximize spatial resolution and
geographical coverage when dealing with large datasets. The next section will re-examine the

spatial continuity using the lake-level data after ESDA.

Lake Leve/ Varistions and Global Hydrological Change: A Spatio-Temporal Anelysis 58




Spatial continuity analysis (original coding)

The assumption underlying the spatial continuity analysis using the original coding is that climate
is continuous. The transition of a region of high lake level status to a low lake level status region

occurs through a transitional or intermediate status region.

For 0 ka, the variogram shows a smooth curve with few fluctuations over a 5000 km active lag
(Figure 4.3 a). As expected, the variogram displays a continuous increase in semivariance as
separation distances increase. The corresponding correlogram also confirms the spatial continuity
in this dataset with values decreasing as separation distances increase. It is important to notice that
the initial variogram structure was retained from the original data (see Figure 4.1 a-i), the only
difference being a lowered nugget effect caused by removing negatively correlated data below the
500 km threshold.

At 3, 6 and 9 ka, the variograms are now more clearly interpretable. The variograms and
correlograms indicate spatial continuity, especially in lower lag distances (Figure 4.3 b,c,d). The
ESDA exercise was successful in making the variograms and comrelograms structures much clearer
and interpretable (see Figures 4.1 b-ijiii, c-i,iii, d-i,iii). However, the range of spatial continuity is
much smaller than at 0 ka. This confirms previous investigations for these time periods where lake-

levels exhibited more variability and that this spatial feature remains intact after the ESDA exercise.

At 12 ka, the variogram and correlogram do not reveal generally clear structures (Figure 4.3 e). As
expected, the decrease in the number of pairs of data and clusters that remain in the data coverage
after ESDA are the main reasons for these resuits. However, as in the case of the previous time

periods, the initial spatial structure was retained (see Figure 4.1 e-l). Nonetheless, this does not
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mean that it cannot be modelled with some success.

In summary, spatial continuity is present for all time periods under study using the data after ESDA.
The variograms of 3, 6 and 9 ka now show clearer intemfétable structures suggesting that the
identification of fine-scale variability and/or potential errors in coding was to a certain degree
successful. In spite of different ranges of spatial continuity present and at different lag distances,
the variogram results will enable spatial modelling to proceed. it is important to notice that the
original spatial structures were retained from the original data, especially for 0 and 12 ka (see
figures 4.1 a,e), thus suggesting that the data-cleaning exercise kept the initial spatial features

present in the data, while permitting the estimation of the correlation structures.

Spatial continuity analysis (indicators)

In this section, the data are assumed to be spatial categorical with mutually exclusive classes,
where one lake status region is independent of other regions. This requires that the data be
transformed into binary indicators of presence and absence (Deutsch and Joumnel, 1892; Goovearts,
1997). Since the data has three mutually exclusive values, a vector of three indicator variables
(High, Intermediate and Low) was constructed for each observation (Deutsch and Journel, 1992;
Goovearts, pers. comm.) where 1 was given to the category of the sample sites and 0 was given
to the other categories (ie: in the case of a high lake status, the vector was coded (1,0,0)). After
transformation of the data (Appendix F), each lake status category was fitted with a model that

capture the spatial continuity proper to each of the categories independently.

For 0 ka, spatial continuity is present in all three lake status categories (Figure 4.4 a). Although high
and intermediate status present spatial continuity over smaller ranges than does the low status, this
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is due in part to the overwhelmingly homogenous low lake status area over Africa. Nonetheless, all
three indicators variograms do not reveal major structural flaws, where the semivariance increases

with distance with no major fluctuations.

The variograms at 3 ka also reveal spatial continuity (Figure 4.4 b). However, spatial continuity for
the high lake status was established with a 1000 km lag distance which suggests isolated local
patterns of this status separated by long distances. The intermediate and low status variograms
exhibit spatial continuity at much smaller lag distances (200 km). In spite of the differences in lag
distances and ranges between the three lake status variograms, the spatial continuity proper to

each lake status is present.

The three lake status indicator variograms for 6 ka reveal relatively acceptable spatial continuity
(Figure 4.4 c). The low lake status variogram has a greater lag distance than the intermediate and
high lake status variograms. However, all three indicator variograms reveal clear structures. At 9
ka, the three lake status indicator variograms again reveal spatial continuity at different lag
distances (Figure 4.4 d). The intermediate lake status variogram shows spatial continuity at very
small distances (50 km) over an active lag of 500 km. In spite of these differences, spatial continuity

is present and clear enough for modelling each of the lake status independently.

For the 12 ka period, the indicator variograms for the three lake status categories reveal some
fluctuations in their structures (Figure 4.4 e). As in the case of the variogram description under the
first assumption, the resulting indicator variograms are due in part by a significant decrease in the

number of pairs of data and by the clustering of the data.
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In summary, spatial continuity was found in all lake categories for all time periods. Each lake status
category reveals a variogram structure that captures its independent spatial features inherent in
the data. These results enable the modelling of the variograms under both assumptions.

4.3 Modelling Spatial Continuity

Although the sample variograms provide a descriptive summary of the spatial continuity present
in the datasets, these will probably not provide all the variogram values needed by the interpolation
or estimation process (Isaaks and Srivastava, 1989). To interpolate requires a variogram value for

any possible separation vector (Isaaks and Srivastava, 1989).

There are numerous models available for spatial modelling and this thesis will limit itself to
describing the four most commonly used in modelling. The spherical model is the most commonly
used. It has a linear behaviour at small distances but flattens out at larger distances as it reaches
the sill. The exponential model reaches the sill asymptotically, however it rises more steeply and
then flattens out more gradually. The Gaussian model is a transitional model used to model very
continuous data. Like the exponential model, it reaches the sill asymptotically, but has a parabolic
behaviour near the origin. The linear model does not reach a sill, but increases linearly with

distance (lsaaks and Srivastava, 1989, Deutsch and Journel, 1992, Pannetier, 1996).

This section presents the models that best fit the variograms. Three statistics aid in the
interpretation of the model output. The first statistic is C/(Co+C) which provides a measure of the
proportion of sample variance (Co+C) that is explained by spatially structured variance C. Next a
regression coefficient (r2) provides an indication of how well the model fits the variogram data.
However, this value is not as robust as the RSS or reduced sum of squares which provides an exact
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measure of how well the model fits the data. The lower the reduced sum of squares (RSS), the
better the model fits. Emphasis was given to the greatest range of autocorrelation in cases where

two models gave similar results.

Modelling spatial continuity (original coding)

A spherical model was chosen for the 0 ka variogram based on the best fit statistics (r2 = 0.93; RSS
= 0.15) (Figure 4.5 a). The model contains a nugget effect of 0.01 and reaches its sill at 0.81 while
exhibiting an 4890 km range. The proportion of sample variance (Co+C) that is explained by
spatially structured variance C is quite high at 0.99. As expected, 0 ka shows high spatial

autocorrelation.

The spherical model imposed to the 3 ka variogram aiso shows the best fit of the 4 potential models
(Figure 4.5 b). There is a significant decrease in range (1536 km) compared to 0 ka which confirms
previous analyses of increased variability at 3 ka. Aithough the variogram of 6 ka is more variable,
the spherical model again shows the best fit (Figure 4.5 c). The range of spatial autocorrelation

shows a further decrease in range to 1007 km. However, the nugget effect is very low at 0.03.

A spherical model was aiso chosen for the 9 ka variogram where the best-fit statistics reveal an r2
of 0.93 and RSS of 0.01 (Figure 4.5 d). Note that the range (828 km) of spatial continuity reflects
the higher variability at 9 ka as indicated previously. Although the variogram for 12 ka is more
variable, due in part to the reduction in the data coverage, acceptable results are obtained using an
exponential model (Figure 4.5 e). The statistics show an r2 of 0.66 and an RSS of 0.22. The fact
that no nugget effect is registered confirms the observations made in the previous sections where

all sites exhibit positive spatial autocorrelation over small distances. In addition, no nugget effect
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means an exact interpolation which, will be discussed in Chapter 5. The model reveals a range of
2196 km where this increase can be interpreted as spatial continuity between the remaining
Clusters.

in summary, models could be fitted to the variograms for all time periods with r2' s above 0.80 and
RSS's below zero. Although the poorest result is for the 12 ka period, it is still an acceptabie resuit.
Finally, the range of spatial continuity decreases in time, except for 12 ka, where it reflects the

decrease in spatial coverage.

Modelling spatial continuity (indicators)

The models fitted to the three lake status categories at 0 ka show generally good resuits (Figure 4.6
a). Although the high and intermediate lake status categories were fitted with an exponential model,
the range of spatial continuity differ somewhat between these two. The best-fit to the low lake status
variogram was a spherical model and reveal a range of 5500 km. This is due to the overwhelmingly

low lake status area over North Africa.

Although the high lake status of 3 ka is somewhat problematic, it was possible to fit a model to all
three lake status variograms with success (Figure 4.6 b). The high lake status variogram was fitted
with an spherical model having a range of 833 km. Basically, a linear model could have served
equally given the problematic nature of the high lake status. Although different models are used to
fit the variograms at 3 ka, this has the advantage of extracting the spatial features inherent in each

lake status independently.
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At 6 ka, overall acceptable results are achieved for all three lake status variograms (Figure 4.6 c).
The high and intermediate lake status variograms show a best-fit with a spherical model with a
similar range of spatial continuity. However, the best-fit for the low lake status variogram was an
exponential model which yielded the poorest results (r2 = 0.661 and RSS = 0.0002). The range of

the low lake status model has decrease to 555 km.

Although the model fitted to the intermediate lake status variogram shows poorer fit than the others
at 9 ka, it was possible to fit models to the three lake status variograms (Figure 4.6 d). A spherical
model was found to be the best-fit for the high lake status variogram. The model shows a range of
930 km. The intermediate lake status variogram was fitted with an exponential model since the
variogram exhibits a steep increase at the origin which can be interpreted as low spatial continuity
for this lake status. Indeed, the fitted model is for a 500 km active lag only. However, the model
shows an r2 of 0.52 and RSS of 0.002. An exponential model was also found to be the best-fit for
the low lake status variogram associated with a range of 1161 km. The decreasing ranges confirm

the previous findings that 9 ka is a more variable time period.

Although the 12 ka lake status variograms are more variable, models were fitted to the three lake
status categories (Figure 4.6 e). A spherical model showed the best-fit results for the high and
intermediate lake status variograms with ranges of spatial continuity of 1640 km and 2052 km
respectively. A spherical model was aiso found to be the best-fit for the low lake status variogram
with a range of 3920 km. In spite of the variability in the variograms at 12 ka, overall acceptable
results were obtained in modelling the undertying spatial features of all three lake status variograms.

In summary, the fitted models of the three lake status categories reveal generally good-fits for all
time periods and enables the estimation process to proceed. These modeis were imposed on the
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transformed data in order to model each lake status independently. The advantages of this -
approach lies in capturing the spatial features inherent in each lake status category independently.
This will have an impact on how the weights are distributed during estimation. Moreover, some of
the models fitted showed small spatial continuity ranges whefe this too will impact the distribution

of weight during estimation.

Finally, the results of both approaches reveal that spatial continuity present in the data for all time
periods can be modelled with some success. In spite of different models used under both
approaches, the estimation process is safe to proceed objectively in order to grid the regional lake-
level pattem at the global scale. The next chapter deals with estimation where these models will be

used to estimate unsampled locations objectively.
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Figure 4.1 a: Summary spatial continuity analysis for O ka.
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Figure 4.1 b: Summary spatial continuity analysis for 3 ka.

Lake Level Varistions and Global Hydrological Change: A Spatio-Temporal Analysis

68




Beveps Vrngram hovmps Wrsgen
- = S Onarwe = - = SosmOawes =
(iii) (iv)
{sowopic Correiogram

Maran's )

Figure 4.1 c: Summary spatial continuity analysis for 6 ka.

weo

(vi)

me
L

Lake Level Varistions and Global Hydrological Change: A Spatio-Temporal Analysis




- - ——— -
1.00
E qm-m-ﬂ—u—uﬂuw
050
-1.ogA£° 1250.00 250000 3750.00 5000.00
Seperston Distence

(vi) e

Figure 4.1 d: Summary spatial continuity analysis for 9 ka.

Lake Level Variations and Global Hydrological Change: A Spatio-Temporsl Analysis

70




(iii)

lsotropic Correlogram
1.00
0.50
- O
»
s uoo~—.-—9—9—5—°—a-ﬂﬁ-m-.—
«0.50
«1.00
0.00 1250.00 2500.00 3750.00 3000.00
Separstion Distance
Waree g (Mg Lag Coue 3

oo} SEEDE ODOEDEED  ENGEERID o0 & aw

' CERNEENTES 00 COEEEDEEN OOENDOCEEEED @ 4

Figure 4.1 ¢: Summary spatial continuity analysis for 12 ka.

VPR Clina {RSIUpS LI il 1}

(vi)

Lake Level Vaniations and Giobal Hydrological Change: A Spatio-Temporal Analysis

71



10000.00 _
| 3
i
i !
| .
5000.00-1 -
i !
i |
| ! - ’f
‘ ‘| Legend W v
e : i w J & ?
' ;| '® Included sites : Yo Filg
; 0.00-1 — . i % & -
. Excluded sites | O . N /
-10000.00 -5000.00 0.00 5000.00 10000.00 15000.00 20000.00

3ka

o")\.
o
A B AT — — r
| @ Included sites | N ¥ &- 219
000~ - e (3 h
I - Excluded sites | \ & ‘,,/
' ‘ X T hd ‘:" e —
-10000.00 -5000.00 000 5000.00 10000.00 15000.00 20000.00
6ka ‘
! "'~,\.:ﬁ%..\
: & o, 7-}‘» ~ -
| | Grea ol SN
E 1m.m': g::\— X f _~/f - ‘\-: .
' f ‘ 3 _ﬁj}%\. L Y A ;, Q{
| o ? “‘- / iy b
| NS . o,
A %
5000.00- TN T _
i b sz o
i e =L ~.~_’ N Y
i 1 ,//“’14 g
' Legend ; Joo
i | a . ! aL_—, =
| 000- | ® Included sites £ _
| 17 Excluded sites | s | |
‘ T T T : i
10000.00 15000.00 20000.00 |
{

| :
| -10000.00 -5000.00
i

Figure 4.2 a: Maps showing the distribution of included sites and excluded sites after ESDA for 0 ka, 3 ka and 6 ka.
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Figure 4.3 b: Spatial continuity description at 3 ka.
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Variogram - 6 ka
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Figure 4.3 c: Spatial continuity description at 6 ka.
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Variogram - 9 ka
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Figure 4.3 d: Spatial continuity description at 9 ka.
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Variogram - 12 ka
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Figure 4.3 e: Spatial continuity description at 12 ka.
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Variogram - High Status - Present
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Figure 4.4 a: Spatial continuity description at present (indicators).
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Variogram - High Status -3 ka
Lag = 1000 km; Lag tol. = §00 km; Active lag = 3000 km
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Figure 4.4 b: Spatial continuity description at 3 ka (indicators).
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Variogram - High Status - 8 ka
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Figure 4.4 ¢: Spatial continuity description at 6 ka (indicators).
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Variogram - High Status - 9 ka
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Figure 4.4 d: Spatial continuity description at 8 ka (indicators).
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Figure 4.4 e: Spatial continuity description at 12 ka (indicators).
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Figure 4.5 a: Spatial continuity modeling at present.
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Figure 4.5 b: Spatial continuity modeiling at 3 ka.
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Figure 4.5 c: Spatial continuity modelling at 6 ka.
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Figure 4.5 d: Spatial continuity modelling at 9 ka.
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Figure 4.8 ¢: Spatial continuity modelling at 12 ka.
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Figure 4.6 a: Spatial continuity modelling at present (indicators).
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Figure 4.6 b: Spatial continuity modelling at 3 ka (indicators).
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Figure 4.6 c: Spatial continuity modelling at 6 ka (indicators).
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Chapter §

Estimation

“Ordinary knging is @ method that is often associated with the acronym B.L.U.E. for “best lineer unbissed estimator’. The distinguishing
feature of ordinary kriging is its aim of minimizing error veriance. The choice of a search strategy that controls the samples that are
included in the estimation procedure is an important consideration in any spproach to local estimation”

issaks and Srivastava, 1989.

In the previous chapter, sample variograms were successfully modelled. In this chapter, the sample
variogram models are used to predict values in areas that have not been sampled. Here, we will
focus on two different methods of estimation. First, ordinary kriging will be illustrated using the
modelled sample variograms under the assumption of climate continuum. Next, indicator kriging
will be used to estimate the transformed binary data under the assumption of mutual exclusivity of
the categorical data. A reclassification procedure will be applied to the back transformation of all
three lake status categories based on the maximum probability vector (Goovearts, 1997). This, in
tumn, will allow the production of maps at 3,000 year intervals covering the last 12,000 years under

both assumptions. Lastly, the patterns derived from both approaches will be compared.

Estimation requires a model of how the phenomenon behaves at locations where it has not been
sampled (Isaaks and Srivastava, 1989). Without a model, no inferences can be made about
unknown locations that were not sampled. One of the advantages of geostatistical estimation
techniques lies with a clearly stated model on which the estimates are based (Isaaks and
Srivastava, 1989). Although, the most desirable model would be an deterministic model, very few

earth science processes are understood well enough to permit the application of such models.

Lake Level Varistions and Global Hydrologicel Change: A Spatio-Temporal Analysis ' 94




Therefore, for the vast majority of these processes, there is some uncertainty about how the
phenomenon behaves between sample location (Isaaks and Srivastava, 1988). For this reason,
the geostatistical approach to estimation is based on a probabilistic model. The random function
models recognize the uncertainties and provide tools for estimating values at Lnsampled locations.

In this study, we use local estimation rather than global estimation. Estimation over a large area in
which we have many samples is called a global estimation. In local estimation, we are considering
a smaller area in which there are few samplies. In this case, we use nearby samples located outside
the area being estimated (Isaaks and Srivastava, 1989). Global estimation is commonly used at a
very early stage of analysis to obtain some characteristics of the distribution of data values over the
whole area (Isaaks and Srivastava, 1989). In the case of lake level data, the data is sometimes

clustered and may not be representative of the whole area.

Both methods discussed below involve weighted linear combinations of the data where the estimate
v=X'w, *v; where v...v, are the n available data values and w, is a weight assigned to the value
v. These weights are often standardized to sum to one (Isaaks and Srivastava, 1989). Local
estimation need to account for the distance from the point (s) being estimated to the individual
sample locations. Some samples may be closer to each other and more weight should be given to
these points. Local estimation is also affected by sample ciusters where a group of closely located
sample sites would likely contain redundant data. Therefore, the weights assigned by local
estimation shouid account for both the distance and for possible redundancy between samples
(Isaaks and Srivastava, 1989). As the weight for a particular value increases, the influence of that
particular value on the estimate also increases. Conversely, data values with small weights have

little influence on the estimate. (Isaaks and Srivastava, 1989).
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The choice of a search strategy that restricts the samples included in the estimation procedure is
important in local estimation (Isaaks and Srivastava, 1989). Adopting a global search
neighbourhood (ie: all samples) would require knowledge of the covariance for the largest
separation distances (Deustch and Joumel, 1892). A major reason for limiting the search
neighbourhood is to allow local rescaling as in the case of heteroscedasticity present in the data,
and this is true for the lake level data (Deutsch and Joumnel, 1992). A fundamental question to ask
of iregularly distributed data is: are there nearby samples 7. As we have seen in Chapter 4, section
4.2, the maximum spatial coverage was obtained at 500 km for all time frames under study. In
addition, sites exhibiting negative spatial autocorrelation were excluded at this scale thus resulting
in a consistent scale for the whole world. Furthermore, all of the sites at this distance have nearby
samples, except for a small percentage of sites with distances greater than 500 km. Therefore,
given that the sites are positively spatially correlated at this distance and have nearby samples, a
search strategy of a 500 km radius was established for local point estimation so that only those data

falling within this search radius centered at the location being estimated are used.

5.1 Ordinary Kriging

Ordinary kriging is the most commonly used method and is often termed a “best linear unbiased
estimator” (Isaaks and Srivastava, 1989). It is “linear” because its estimates are weighted linear
combinations of the available data; it is “unbiased” since it aims to have the mean residual or error
equal to 0; it is “best” because it aims at minimizing the variance of the errors (Isaaks and
Srivastava, 1989). The model parameters described in the previous chapter are now used for
estimation in which the principal parameters are the nugget effect, the sill and range. Again, the
search neighbourhood is set to 500 km in order to estimate only unsampled locations that contain
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nearby samples. As stated above, a small percentage of sites with distance greater than 500 km
are also part of the estimation, however, they have no neighbours within the 500 km search radius.
These estimations are less reliable, however, they are kept to give insight into possible mechanisms
of global hydrological change in isolated regions of the world.

Lake-level status under climate continuum assumption

Under the assumption that the data are continuous in climate space, the mapped estimates can
vary between 1 to 3 or from high to low lake status. At 0 ka, high lake status conditions prevail in
most of the mid latitudes of North America stretching from the east to west (Figure 5.1 a). The
southwestern United States is distinctly low while the eastern coast region is predominantly
intermediate. There is a transition from low to high lake status in Mexico. As described in the
Chapter 3, South America can be divided into three zones where high lake status is dominant in the
northeast, intermediate status in the northwest and low lake status in the southwestern Cordilleran
region. in Europe, lake status is high in the northemn coastal region, intermediate to the east and
south and low in the southern region of Spain and in the western region of Russia. Lake status in
Africa is low, except for a small area to the east of the Equatorial Rainforest. Aithough there are few
data in Asia, the resuits indicate high lake status conditions in the north and low lake-level status
in the southwest. Lake-levels in Australia are high to intermediate to the southeast and low in the
southwest. in general, the estimation process captured the spatial patterns des&ibed in the initial
description of the original data. However, the spatial organisation of lake-levels in Europe is much
clearer. Whereas in the original data, it is difficult to see clear patterns due to the large inter-site

variability, the interpolated resuits presented here bring out the large-scale patterns.
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The 3 ka map shows little difference in lake status from 0 ka in North America (Figure 5.1 a). -
However, we can observe a shift towards higher latitudes of the low lake-leve! conditions in the
southwest region of North America leaving a region of intermediate lake status conditions in the
extreme southwest. Europe aiso shows low lake status peneti'ating as far as Germany in the south
while a north south band of low status region of the eastern interior is significantly larger in spatial
extent compared to 0 ka. Although coverage in Africa is significantly less, the north central region
shows high to intermediate lake-leve! conditions which is surrounded by low lake status. As
described above, the western region of Asia has dominantly low lake-levels with higher lake-levels
in the north central region. Southwestem China and northemn India show an increase towards higher
lake-level conditions. In summary, 3 ka shows some regions that have significantly changed, such

as Northern Africa and the western region of Russia.

The 6 ka map indicates significant changes in lake status conditions (Figure 5.1 a). Most of North
America exhibits low lake-levels. In Europe, high lake-leveis are centered around the Baltic Region,
and intermediate lake status conditions in eastern Europe penetrate deeper into Russia than at 3
ka. The band of low lake-levels has shifted eastward into Russian territory. One of the most
significant changes at 6 ka is the dominant high lake-level conditions in North Africa and its eastern
coastal region. These wetter conditions are aiso present in Arabia, which has intermediate lake-
levels. The southern tip of Africa is the only region that remains unchanged with low lake-levels.
Asia shows little change from north to south with the exception of higher lake-levels in northern
India. The major changes occurring at 6 ka in Australia is high lake-levels in the southwestern
region. In general, 6 ka suggest major differences in climate conditions compared to 0 ka, especially
in North America and Africa.
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The 9 ka map also shows a change in the hydrological cycle from 6 ka (Figure 5.1 b). Low lake-level
conditions remain dominant in most regions of North America except for the south and southwest
Great Lakes region where intermediate to high lake status are apparent. Central America displays
lowered lake-level conditions. The southwestem Cordilleran region of South America indicates low
lake-levels, but there are few data available. In Europe, there is a banded pattern of low-high low-
high from southeast to northwest. Northern and central Africa remain high, while central Asia has
lower lake-levels, except for northern India with high lake-levels. The southeastern coastal region
of Australia has predominantly iow lake-levels. In summary, the spatial patterns of lake level
behaviour at 9 ka show major differences from O ka in Asia, Eastern Europe and Australia. The

spatial patterns after estimation are also clearer for this time period.

Although there are fewer data at 12 ka, the large-scale patterns can still be inferred from these
clusters (Figure 5.1 b). One of the most dramatic changes in lake behaviour is in North America,
which has predominantly high lake-levels, except for the southern Canadian prairie region. Low
lake-levels are dominant in southwest Mexico and Central America. In South America, high lake-
levels are found in the northwest and southwestern Cordilleran region and low lake status in the
northeast. The areas estimated in Europe show low lake-levels in the central part and intermediate
lake-levels at the peripheries. Although few data are left in Africa, lower lake-level conditions are
apparent in the northwestern region and high lake-levels are dominant along the eastern coastal
region. The few sites in Asia indicate higher lake-level conditions. In general, the 12 ka map may
be useful in the interpretation of global hydrological changes in certain regions, for example, in North

America.

Although difficult to validate these models, cross-validation can give insight on how well estimation
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has proceeded (Figure 5.2). All results show a high r2, thus suggesting a good estimation process.
0 ka and 12 ka yielded the best results with an r2 of 0.86. Although the 3 and 9 ka time periods
come out with poorer results, all of the explained variances of the cross-validations are significant.
The resulting maps show that the fundamental spatial features described in previous chapters were

retained, thus suggesting a successful modelling and estimation process.
5.2 Indicator Kriging

Ordinary kriging requires a model of the variogram of the variable being estimated. In the case of
indicators, spatial continuity of the each individual indicator is required (Isaaks and Srivastava, 1989,
Goovearts, 1997). With indicator kriging, the unsampled value or its indicator transform provides
a value of uncertainty or probability of occurrence rather than an estimate of the value (Deutsch and
Journel, 1992, Goovearts, 1997). The ability to customize the estimation procedure to the patterns
of spatial continuity appropriate for each class (ie. lake statuses) makes ordinary kriging a more
powerful technique for the estimation of indicators than other local estimation procedures (Isaaks

and Srivastava, 1989).

Each of the three lake categories was estimated using its own model of spatial continuity to provide
a probability of occurrence at unsampled locations using the same search neighbourhood distance

of 500 km for consistency reasons between the two procedures.
Only the largest-scale patterns will be here discussed. At 0 ka, high lake status is probable in most

of the mid latitudes of North America (Figure 5.3 a) and centered on the Baltic Region of Europe.
Intermediate status has a high probability of occurrence along the eastern north American coast and
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west of the Great Lakes region. In Europe, intermediate status is likely dominant east of the high
lake status sites and penetrating into the western Russian regions. Low lake-level conditions are
highly probable in the southwestern United States, southwestem Chile and Argentina and in Europe
west of the intermediate status in Russia in a north-south band pattemn. As expected, low lake-level
conditions are highly probable in northemn and eastem Africa and its southem tip region. The band
of high probability of low status continues eastward through Arabia, northem India and China.

High lake-level conditions are probable in the Great Lakes and in Canadian prairies in North
America at 3 ka (Figure 5.3 b). In Europe, high lake-level conditions are less pronounced than at
0 ka. The north-central region of Africa shows a high probability of occurrence of high lake status.
Intermediate lake-level conditions are most probable along the northwestern Cordilleran region and
southeast of the Great Lakes in North America. The southern tip of Mexico also indicate
intermediate lake status conditions to be highly probable. Intermediate lake-levels are most likely
to occur over much of Europe, except in a region west of the Urals which are most likely low status.
Low lake-level conditions are most probable in the southwestern United States. There is evidence
of an increase in local or isolated lake-level conditions prevailing in certain regions of the world at

3 ka, notably northern Africa.

At 6 ka, the results show low lake-levels in North America most probable in the southwest, the
Canadian prairies and southwest of the Great lakes region (Figure 5.3 ¢). in Europe, high lake-level
conditions are most likely to occur in the Baltic Region and evidence suggest lower lake-levels more
probable to the east. Northern and eastern Africa shows a large region of high lake-levels as most
probable. The lake-level pattems for 6 ka shows large differences from the present in Northern
Africa and northern North America; only the southwest of North America remains low in both time
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periods. At 6 ka, the pattem of probabilities of occurrence is less clear in Europe than at present.

At 9 ka, western and eastern North American lakes are most probably low status (Figure 5.3 d). In
Europe, high lake level status is most probable in the northern regions and southwestern Russia
with low lake-levels most probable to the south and northeast. There is less areal coverage in
Africa, except the Sahel and eastern Africa, and these are most probably high lake-levels. In

general, some fine-scale variability is apparent in central Europe and western Russia.

At 12 ka, North American lake-levels are most probably high in the southwest, east and across the
prairies to the border of the United States and Canada. However, just to the north, in Manitoba and
Saskatchewan, there is a zone where low lake-levels are probable. In Europe, the patterns are
smaller scale but there is evidence of less area of low lake-levels. The few sites available make it
difficult to estimate lake-levels over large areas as small regions of high, intermediate and low are

seen around the globe.

Cross-validation is inappropriate for the indicator approach since the values are not estimates of

the variable under study, but rather probabilities of occurrence for a given category in its binary

form.

Lake-level status using the indicator approach

Using a reclassification scheme, the results of the indicator kriging calculations were used to

produce maps showing the high, intermediate and low lake-levels status for the time periods under
study. The methodology of the reclassification consists of two distinct steps. First, the indicator
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kriging results of the three lake status categories were merged into one dataset consisting of a
vector of probability of occurrence for each lake status for each grid node estimated. Next, a
reclassification routine was performed in order to assign a lake status category for each estimated
grid node based on the maximum probability of occurrence (Appendix H). The resulting matrix
contains the transformation of the binary data into their respective lake status classes (ie. 1,2 or 3).

The resulting maps using the indicator kriging approach (Figures 5.4 a,b) are virtually identical to
those presented under the ordinary kriging assumption of climate continuum (see Figures 5.1 a,b).
Only small areas are different and this varies in degree (ie. high lake status under the first

assumption as been categorized into intermediate lake status under the second assumption.

In conclusion, spatial patterns are evident in most regions of the worid and at all time periods under
study. There are significant similarities between the spatial patterns under both assumptions. The
next section will investigate the agreements between both sets of maps in order to locate the

discrepancies in an objective way.

5.3 Comparative analysis

This section will discuss the results of both approaches from the mapped output perspective.
Difference maps were constructed to aid in the comparative analysis in order to quantify the
similarity between the grids, locate discrepancies, and interpret the results. These difference maps
were produced between the maps under the climate continuum assumption and the maps under
the indicator kriging approach. Since the estimates under the indicator approach have only three

possible values (1,2,3), differences were computed as indicafor estimate - continuous estimate, and
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therefore the signs are arbitrary. The resulting maps consist of the continuous estimates in the

background and the discrepancies between both approaches are in symbol form.

Time/Difference =3 to 0.5 units 0.8 to 0.5 units 0.5to 3 units
Present 1.0 % (34 nodes) 98.6 % (3368 nodes) 0.4 % (14 nodes)
3ka 0.5 % (17 nodes) 95.6 % (3185 nodes) 3.9 % (131 nodes)
Ska 0.9 % (30 nodes) 98.8 % (3388 nodes) 0.3 % (10 nodes)
S ka 0.8 % (27 nodes) 98.6 % (3348 nodes) 0.6 % (19 nodes)
12ka 0.4 % (14 nodes) » §9.5 % (3300 nodes) 0.1 % (4 nodes)

Table 5.1: Summary of the difference analysis between both grids.

All time periods yielded good results with less than 4.5 % of over and underestimations. A plus or
minus 0.50 units was allocated in order to take into account the continuous character of the
estimates of the grid files which would probably fall close to the target indicator estimate of the data
file. At 0 ka, the resuits are excellent where the main patterns are similar (Figure 5.5 a).
Furthermore, the difference maps show that over and underestimation occur mostly in and around
distinct boundaries. For example, the southem region of the Great Lakes in North America shows
two overestimations of the continuous estimates at the extreme boundary of that region. This is
most probably due to the continuous estimate being higher than the reclassification procedure
based on the maximum probability vector. The results presented in the summary table (Table 5.1)
indicate that 98.6 % of all grid nodes fall within -0.5 and 0.5 units. The difference map of 3 ka shows
an increase in the number of points giving different estimates (Figure 5.5 a). Most of the over and
underestimates are located along the boundaries where the reclassification procedure is partly
responsible because of the distinct boundaries established by this approach. Still, only 4.4 % of grid
nodes or 148 estimates are greater than +/- 0.5 units. At 6 ka, both approaches give similar results
(Figure 5.5 a). Again most over and underestimation mostly occur at boundaries between patterns
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(1.2 % of grid nodes or 40 estimates). The map of 9 and 12 ka show that over and underestimations
occur more randomly in Europe (Figure 5.5 b). However, the main spatial patterns are evident also

for these time periods with less than 1.5 % and 0.5 % of estimates being greater than +/- 0.5 units
respectively.

in summary, both approaches have produced almost identical patterns. The main distinction
between both approaches resides in the location of boundary limits and unrepresented regions.
While the indicator approach produced distinct breaks between regions or pattems due to the
reclassification procedure or mutual exclusivity of the categories, the continuous approach yielded
more continuous estimates giving rise to discrepancies in those region at those locations. However,
the results yielded satisfactory outputs for all time periods under study and enables the use of both
approaches to be compared to General Circulation Models outputs (GCMs) in order to infer global
hydrological changes through time. The next chapter will discuss such comparisons with GCM's in

a paleoclimatological perspective.

Lake Level Variations and Global Hydrological Change: A Spatio-Temporal Analysis 105




Present

|
i
|
50,00
|
|
!

450,00 -100.00 £0.00 0.00 50.00 100.00 15000

] T | I T i
-150.00 -100.00 000 50.00 100.00 150.00 050

Figure 5.1 a: Lake status maps under climate continuum for present, 3 ka and 6 ka.
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Figure 5.1 b: Lake status maps under climate continuum for 9 ka and 12 ka.
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Lake Level Vaniations and Global Hydrologics! Change: A Spatio-Temporal Analysis 108




Prasent - High Status

1.00
0.0
0.80
Q7
060
Q.50

040
0.0
20
010

; T 10.00
-150.00 -100.00

Present - Intermediate Status

50,00 -
0.00-- -
000 { - -
150,00 -100.00 50,00 0.00 50.00 100.00 150.00
Present - Low Status
eI 1.00
0.90
50.00— 0.80
Q.70
060
050
0.00— 040
030
020
E 0.10
£0.00- - Qm

y :
-150.00 410000

Figure 5.3 a: Indicator estimation of the probability of occurrence for each lake category at 0 ka.
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Figure 5.3 b: Indicator estimation of the probability of occurrence for each lake category at 3 ka.
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Figure 5.3 c: Indicator estimation of the probability of occurrence for each lake category at 6 ka.

Lake Lavel Variations and Global Hydrological Change: A Spatio-Temporal Analysis 111




9 ka - High Status

|

| =P TR RS

! \:}‘ ™ - A s 7
5000 ;

1 TR

000~
5000~
, |
-150.00 -100.00

9 ka - Intermediate Status

- e

5000~
0.00--
-50.00— ;
-150.00 -100.00 5000 000 5000 100.00 150.00
9 ka - Low Status
1.00
050
50,00~ 080
arn
5 060
: 050
0,00~ 040
030
020
o] & Mo
] 000

15000 10000 S0 000 2000 10000 15000
Figure 5.3 d: Indicator estimation of the probability of occurrence for each lake category at 9 ka.
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Figure 5.4 a: Indicator maps after reclassification for present, 3 ka and 6 ka.
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Figure 5.4 b: Indicator maps after reclassification for 9 ka and 12 ka.
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Figure 5.5 a: Difference maps between the two approaches for present, 3 ka and 6 ka.
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Chapter 6

Lake Level Variations and Global Hydrological Change

6.1 Introduction

Regional climates vary continuously on time scales ranging from years to glacial periods to the age
of the earth. This climatic variability is caused in part by forcings (Peixoto and Oort, 1992),
comprising, among others, the Milankovitch astronomical parameters (eccentricity of the orbit, axial
precession and obliquity of the ecliptic), insolation, the compasition of the atmosphere, oceanic
circulation and temperature, the presence of ice sheets and long-term tectonic factors (ie.
continental drift, mountain building). Understanding the relative importance of these, or other

factors, on the climate of any scale is the fundamental goal of paleoclimate research.

Atmospheric general circulation models (AGCMs) are used to simulate broad-scale patterns in
atmospheric circulation. Numerous time periods throughout the Earth’s history have been simulated
using AGCMs, however the Quaternary has received the most attention because the boundary
conditions are better known, and because there are large amounts of data available for this period
for validation. Some example of modelling experiment studies are CLIMAP project (1976), Kutzbach
(1981), Boer et al. (1984), Kutzbach and Guetter (1986), COHMAP members (1988), Rind et al.
(1989), Schultz et al. (1992), Marshall et al. (1897), Hewitt and Mitchell (1997), Texier et al. (1997),
and Vettoretti of al. (1998). These modelling experiments are used to simulate particular climate
processes, or to test hypotheses of forcing mechanisms. Output from these models need to be
tested against maps of paleociimate data. Data-model comparisons can thus make significant
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contributions to paleociimate research in that they determine to what extent these climate models
accurately simulate the past and which of the various models are the best estimators of climate.
However, to properly test the model output, the paleoclimate data need to be (a) spatial, and cover
as large a part of the globe as possible and (b) objectively derived independently of the model

output.

One source of information about past climate are lake level variations. Lakes respond to the
hydrological balance over its surface and catchment over many time and space scales (Street-
Perrott and Harrison, 1985). Lake depth and areal extent are controlled by several factors, including
local non-climatic, as well as climatic ones, and any individual lake integrates all these factors in its
record of lake levels. However, when a majority array of lakes in a region fluctuate in a similar way,

then it can only be climatically controlled (Harrison et al., 1991).

Lake level fluctuations leave traces in the shores, including drowned beaches. Changes in the area
and depth influence the biotic and abiotic processes of the lake and its catchment, and these leave
a record in lake sediments so that sediment-stratigraphic analyses can also be used to reconstruct
past lake level fluctuations (Harrison et a/., 1891). Variations in lake area and depth have been
reconstructed using multiple geomorphic, geological and biostratigraphic evidences as indicators

(Street-Perrott and Harrison, 1985).

Lake level data, available from throughout the globe, have been extensively used in paleoclimate
research as an indicator of past regional climate (Street and Grove, 1976,79, Street-Perrott and
Harrison, 1985; Harrison and Metcalfe, 1985 a,b; Harrison, 1989; Guiot et al., 1993; Yu and
Harrison, 1995, a,b; Cheddadi et a/., 1997). However, kitie has been done to objectively study these
spatial pattemns. An objective study of the lake-level data can isolate the regional patterns in any of
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the many sources of variability in the data. For example, some sites may not be ideal or sensitive
enough for regional climate reconstructions, or in some cores the stratigraphic record may be
incomplete. The available evidence of lake level change may have altemative interpretation or may
suffer from poor radiocarbon dating. However, lake levels sites that are primarily controlied by
regional climatic variations should be spatially coherent within different regions (Harrison et al.,
1991). The identification of these spatial patterns in lake levels variations, and this is true for any
proxy climate data, is the first step in the study of the mechanisms that govern climate change using

terrestrial observations.

Previous data-model verification studies using lake-level data have been qualitative visual
comparisons of the observations in lake status change (Street and Grove, 1979; Harrison and
Metcalfe, 1985; Harrison et a/., 1991; Yu and Harrison, 1998) or semi-quantitative using regional
averages of lake data (Kutzbach and Street-Perrott, 1985; Harrison, 1989; Webb et al., 1993). More
recently was an attempt at a quantitative comparison using only the lake data which had a
continuous record for 0 and 6 ka (Qin et al., 1998). This is limited due to the lack of objectivity in the
comparison and the difficulty in determining the regional signal in point maps exhibiting considerable

fine-gcale variability.

In this paper, lake-level data are objectively analysed to identify regional climatically controlled
spatial patterns. These gridded lake status data are then compared to model simulations. To
objectively identify the climatically-induced lake status spatial pattems requires the analysis of
spatial dependence between sites at different spatial scales. in this study, the geostatistical
approach is used to measure the spatial autocorrelation between sites over different spatial scales
for several time periods, in order to extract the regional climate signais at the global scale. Once
patterns are identified, the gridding of these spatial pattemns requires a model. Geostatistical models
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enable estimation of unknown locations between sites where the iake status is measured.
Estimations will enable mapping of the spatially coherent pattemns in an objective way. The mapping
is here done under two assumptions. First, lake-level status is analysed under the assumption of
climate continuum. it is assumed that a region of high lake status will decrease in status towards
a low region through a transitional or intermediate region. Therefore, the lake data is assumed to
be spatially continuous interval data. Next, the data is examined assuming mutual exclusivity or
independence between regions. A region of high lake status is independent from a low or
intermediate adjacent one. Therefore, the data is assumed to be spatial categorical data with

mutually exclusive classes.

We then use the gridded regional lake status dataset to compare with four simulations of the climate
at 6 ka in order to quantify the degree of agreement between estimated lake status regional patterns
and simulated regional moisture balance. We compare the gridded lake status change at 6 ka with
two versions of the Canadian Centre for Climate Modelling and Analysis (CCCMA GCMIi), and two
versions of the National Centre for Atmospheric Research (NCAR) Community Climate Model
(CCMO0 and CCM1).

6.2 Lake Level Data

A global lake level database was assembled using three available lake status datasets in order to
maximize geographical coverage. The Oxford Lake-level Database (Street-Perrott ot a/., 1989),
which emphasizes closed-basin lakes, is the largest. This database is global in extent and covers
the last 30,000 ka years estimated at 1,000 year intervals. However, geographical coverage is
unequally distributed. The European Lake Status Database (Yu and Harrison, 1995 a) contains
records from 118 sites across Europe spanning 30,000 ka years B.P. estimated at 500-yr intervals,
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in which temperate or overflowing lakes are also included. The Former Soviet Union (FSU) and
Mongolia Lake Status Database (Tarasov et al., 1994) comprises 98 basins for the FSU and §
basins from Mongolia and covers the last 15,000 ka years at 500-yr intervais, where Western

Russia is particularly well represented.

The Global Lake Level Database used in this study thus consists of records of paleolake level
reconstructions at 1,000 ka year intervals for 579 lake sites spanning the last 30,000 ka years and
global in extent. However, the geographical distribution is irregular, and some regions of the world
are still unrepresented or poorly represented. in addition, geographical coverage decreases through
time (see Chapter 2; Figure 2.4) Each of the datasets included was verified for consistency using
the available documentation. Inconsistencies, such as reversed coding and duplicate coordinate
sites, were addressed and made consistent with the Oxford Lake Level Database. The Global Lake
Level Database contains continuous and discontinuous chronological sequences,; sites that have
no record for a particular time interval are given a 0 code for “no status”. Chronologies are provided
either by “C dating or correlation with a well established '“C regional stratigraphy. Lake sites where
water-level change appears to have been influenced by non climatic factors, such as tectonism,
glacier fluctuations or human impact, have been excluded (Street-Perrott and Harrison, 1985; Yu
and Harrison, 1995a and Tarasov et a/., 1984). Dating control for all sites are based on the

COHMAP dating control scheme (see Webb, 1985).

Coding of the lake status (or relative water depth) for each sites have been standardized into three
categories, with an overall frequency of occurrence in the datasets, in order to render all basins
comparable, regardiess of size (Street-Perrott and Harrison, 1985). In the case of the Oxford Lake
Level Database, the categorisation is based on absolute altitudinal range of fluctuation, where low
lake status is assigned to 0-15% of the total range of fluctuation, including dry lakes; intermediate
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status to 15-70% of the total range and high status to 70-100% of the total range of fluctuation,
including overflowing lakes. The lower and upper boundaries between lake status classes in the
European and FSU databases, which contain temperate lakes, are not based on absolute altitudinal
range, rather they are defined so as to obtain a broadly similar frequency of occurrence of each lake
status category (Harison et al., 1983).

6.3 Model simulations

Four sets of climate simulations for 6 ka and modem were used in this study. These model outputs
correspond to two versions of the NCAR Community Climate Model (CCM0 and CCM1) and two
versions of the Canadian Centre for Climate Modelling and Analysis (CCCMA) General Atmospheric
Circulation Model (AGCM).

The NCAR CCMO0 and CCM1 models have a resolution grid size of ca 4.5° latitude by 7.5° longitude
corresponding to an R15 spectral truncation run. The CCMO simulation (Kutzbach and Guetter,
1986: COHMAP Members, 1988) was run in ‘perpetual’ January and July mode with prescribed
effective soil moisture. Sea surface temperatures (SSTs) and sea-ice distribution at 6 ka were
prescribed to be the same as in the control. CO, was set to 330 ppmv in both 6 ka and control
experiments. The computed annual P-E averages (mm/yr) were calculated following the Qin et &/.,
(1998) scheme, using the January and July averages weighted accordingly to the length of the
summer and winter half-year. The CCM1 simulation (Kutzbach and Guetter, 1886) was run with a
full-seasonal cycle. Interactive soil moisture was caiculated using a one-layer soil with a field
capacity of 15 cm. There was a 50 m mixed-layer ocean allowing SSTs and sea-ice distribution
to be calculated. CO, was set to a ‘pre-industrial’ level of 267 ppmv in both 6 ka and control

simulations. In this case, the computed annual P-E (mm/yr) averages were calculated using the
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monthly averages and weighted according to the length of each month (Qin et a/.,1998).

The two set of experiments from the CCCMA represent a second generation AGCM (GCMII). Both
model simulation outputs used in this pazer have a ca 3.75‘ latitude by 3.75° longitude grid size
comresponding to an T32 spectral triangular truncation run (Vettoretti et al., 1998). The first model
simulations (hereafter: CCCfix) were run for 12 annual cycles where the last 10 annual cycles were
used to compute monthly, seasonal and annual climatology averages. The CCCfix simulation uses
prescribed SSTs and sea-ice for both 6 ka and control experiments. CO, concentrations were set
to ‘modern’ levels of 345 ppmv for the control simulation while a ‘pre-industrial’ CO, level of 280
ppmv was prescribed for the 6 ka simulation. The second set of simulations (hereafter: CCCcal)
calculates SSTs and sea-ice using a mixed layer ocean and sea-ice module as described in
McFariane et al., 1992. CO, is set to a ‘pre-industrial’ level of 280 ppmv for both the control and 6
k simulations. The CCCcal control simulation was run for 50 annual cycles, where the last 10 annual
cycles were averaged to produce monthly, seasonal and annual modem climatologies. The CCCcal
simulation for 6 ka was run for 40 annual cycles, where the last 10 annual cycles were averaged
to produce the 6 ka climatologies. In both sets of simulations, annual P-E averages (mm/yr) were

computed using the annual P-E (mm/day) weighted according to the length of a year.

6.4 Methods and Results

in this paper, the geostatistical approach is used to describe, measure and grid the dependence
between lake sites at different spatial and temporal scales under two assumptions. First, the data
is analysed under the assumption of climate continuum where the data are assumed spatial
continuous interval data. Next, the data are analysed under the assumption that they are spatial
categorical data with mutually exclusive classes. We assume that a region of high lake status is
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independent of an adjacent intermediate or low lake status region. The results of the application of
these approaches include (a) the identification of large-scale pattemns in the lake status data, (b) the
identification of small-scale variability or influential outiiers, and (c) the modelling of the underlying
spatial structure. These will permit robust estimates of regional lake status at 3,000 ka years interval

covering the last 12,000 years B.P.

6.4.1 Exploratory spatial data analysis (ESDA)

The initial step in any geostatistical study is exploratory spatial data analysis. Distinct spatial
patterns in many spatial data may be difficult to identify because of fine-scale variability (Isaaks and
Srivastava, 1989). A detailed visual analysis using symbol maps was conducted to analyse the
spatial distribution of lake status sites, and aid in the identification of distinct spatial patterns for all
time periods under investigation (see Chapter 3, section 3.2,3.3). While some regions of the world
are well represented such as Europe and Northern Africa, others are left unrepresented, for
example, most of Eastern Asia and South America. There is also a decrease in site density through

time.

Fine-scale variability is present in most regions for all time periods studied especially at 3 and 9 ka
(see Chapter 3; figures 3.3 a-e). In spite of this variability in different regions of the world at O ka,
distinct spatial patterns in lake status can be visually identified, especially over North Africa and
North America (Figure 3.4 a). Due the heightened fine-scale variability that characterises 3 ka in
most regions of the worid, the patterns are not as obvious as 0 ka. In addition, certain regions, for
example Northem Africa, have declined significantly in the number of available sites (Figure 3.4 b).
Contrary to the situation at 3 ka, lake status at 6 ka visually exhibit more coherent patterns. Fine-
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scale variability across most of the regions is still present but to a lesser degree than at 3 ka.
However, there remain many regions where both high and low lake status are found in close
proximity (Figure 3.4 c). An increase in fine-scale spatial variability is evident at 9 ka and is
comparable to that of 3 ka which suggest a possible transition phase in the global hydrological
cycle. Africa is the only region that exhibits low spatial variability (Figure 3.4 d). Lake status at 12
ka display a decrease in fine-scale variability in most regions of the world due in part to the
decreased geographical coverage (Figure 3.4 e). Although there are exceptions, such as
southwestern Europe and North America. The fine-scale variability identified at this stage is global
in extent for all time periods under study. This suggests that the lake status database may contain
potential interpretation errors and/or sites that may not be representative of the large-scale climate

patterns within a given region.

An investigation into fine-scale variability identified potential interpretations errors that may be
present in the lake data. This investigation involved a region of Europe where a majority of lakes
are low at 3 ka (Figure 3.5). Within this region of low lake status is Lac de Chalain which is coded
high. Using the available documentation, it was identified that Lac de Chalain which is close in
proximity to the surrounding low lakes may have been misinterpreted due in part to poor
radiocarbon dating and stratigraphic analysis. Aithough this investigation illustrates potential errors
in developing a large database, some investigation into fine-scale variability may confirm the validity
of the coding. Two lakes close in proiimity could presumably exhibit very different lake status due
to local factors influencing the hydrological balance. Since this study deals with a large amount of
sites, checking every site for validity in coding would require an enormous amount of time and may
prove to be a futile effort. In this case, the analysis points to poor temporal control, but in other

areas, it may not be as clear.
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The variogram or indicator variogram (y(H)) and correlogram functions (p(H)) are spatial statistics
used to describe the extent or range of spatial autocorrelation at different spatial and temporal
scales. These statistics describe the spatial continuity as a function of distance between pairs of
sample sites (Isaaks and Srivastava, 1989, Deutsch and Journel, 1892). These two statistics are
sensitive to outliers, as is true for many statistics. Thus, one approach is to remove outliers from the
data. However, this is often arbritary, as some values may have been truly representative of the
spatial continuity of the phenomenon under investigation (Isaaks and Srivastava, 1989).
Alternatively, the statistic can be estimated using all points, hoping that the underlying structure will
still be appropriately estimated. Unfortunately, this may not be possible if the outlier data are too

influential.

In general, spatial continuity or autocorrelation is present at 0 ka and to a lesser extent at 12 ka.
However, the periods of 3,6 and 9 ka suggest a lack of spatial autocorrelation at all distances
investigated. Indeed, the findings reveal that there are large amount of samples that exhibit high
variance within relatively small distances (lower lag distances), thus creating a high nugget effect
(see Chapter 4, section 4.1). This high nugget effect results in variogram and cofrelogram structures
that suggests a lack of spatial autocorrelation. The large number of samples exhibiting high variance
at the lower lags distances suggests a high ratio of fine-scale variability and/or potential
interpretation errors present in the datasets. One conclusion of this study is therefore that the lake
data contain significant numbers of samples that may not necessarily reflect large-scale climate
patterns. Although O ka revealed a clearly interpretable variogram and correlogram structure under
the first assumption, 3,6 and 9 ka did not. These same resuits were aiso confirmed under the

second assumptions using the indicator transforms.
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If we hypothesize that only large-scale patterns are climatically meaningful, then a climatically-
caused spatial scale can be objectively determined from the lake data. Spatial autocorrelation tests
whether one site is independent of neighbouring localities. A more appropriate approach to deal with
influential points is to focus on local patterns of spatial autocorrelation (Getis and Ord, 1992). The
use of local indicators of spatial association (LISA) (Anselin, 1995) has two important uses: the
identification of local correlated patterns and the identification of local areas which displays fine-
scale variability or negative spatial autocorrelation within specific distances.

The LISA statistics indicate that maximum geographical coverage can be obtained at 500 km
distances with less than 10% of sites left with no neighbours in all time periods except for 12 ka
(14%) (see Chapter 4 section 4.2). In this study, 500 km is aiso chosen as the optimal scale of study
because the ratio between negative and positive autocorrelation increases with distance. The ratio
between positive and negative spatial autocorrelation is high for most time periods and at all lag
distances examined (see Chapter 4, section 4.2). These results provide further evidence that the
lake data contain a large amount of sites which exhibit fine-scale variability, especially over relatively
small distances. The resulting scale was prescribed at 500 km which is consistent for all time
periods under study. Samples sites that exhibited negative spatial autocorrelation within this scale
were excluded from this study objectively, and this is true for Lac de Chalain at 3 ka. This filtering
exercise permitted the extraction of the large-scale climate signal present in the lake data under a

consistent scale of study.

in this study LISA is used as an alternative to error-checking, arbitrarily removing outlier samples
and other data-cleaning exercises such as including only sites with continuous records (Harrison,
1989, Harrison et al., 1993), quality dating control schemes (Guiot et al., 1993, Cheddadi et al, 1997
and Qin et al., 1998), and qualitative exclusion (Street-Perrott and Harrison, 1984, Harrison and
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Metcalfe, 1985 a,b). This resulted in analyses using only a fraction of the sites. This study differs
only in that the exclusion is done objectively by deciding on the scale of study. Therefore, LISA
enables the filtering of the data to include only the large-scale signal at a consistent scale. The
variograms of 3,6 and 9 ka became more clearly interpretable as the filtering exercise resulted in
lowering fine-scale variability (see Chapter 4 section 4.3). It is important to note that the initial spatial
structures were retained from the original data where the only difference being a lowered fine-scale.
The results of both approaches reveal that spatial continuity is present for all time periods and could
be modelled with some success (see Chapter 4 section 4.4). LISA is also used to optimize the
spatial scale of study in order to maximize global coverage while retaining maximum spatial

resolution.

6.4.2 Gridding

Gridding requires a model for estimating values in areas that have not been sampled. One of the
advantages of geostatistical estimation techniques is that estimates are based on a clearly stated
model (Isaaks and Srivastava, 1989). Geostatistical models were fitted to the clearest interpretable
variograms and indicator variograms using best-fit statistics such as r2 and RSS (Reduced Sum of
Squares) (see modelling section in Chapter 4). Gridding was performed using both ordinary and
indicator kriging with a search radius as prescribed previously of 500 km in order to ensure
neighbouring data on which to estimate with confidence. While ordinary kriging yields more
continuous estimates between lake status regions, indicator kriging provides a value of uncertainty
or probability of occurrence for the binary transformed data of each independent lake status
category, rather than an estimate of the value (Deutsch and Journel, 1892, Goovearts, 1997).
Indicator kriging involves three distinct steps: (a) the binary transformation of each observation into
a binary indicator vector corresponding to the three lake status categories (ie. High = 1,0,0), (b)
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indicator variogram analysis and modelling of each independent category, and (c) reclassification
of each estimated probability of occurrence into a corresponding lake status based on the maximum
probability vector (Goovearts, 1997).

In this study, we use local estimation rather than global estimation to take into account the
variability, clustering and scale effect present in the data which may not be representative of the
whole world. The choice of a search strategy that restricts the samples included in the local
estimation process is important as it allows local rescaling as in the case of variability present in the
lake data. Both methods discussed above involve weighted linear combinations where weights
assigned by local estimation should account for both the distance and possible redundancy between

sample sites (Isaaks and Srivastava, 1989) as in the case of clustering.

The resulting grids under both approaches correspond to a (30x80) or 3° latitude by 6° longitude
grid size (see chapter 5; Figures 5.1a,b and Figures 5.3 a,b). After the reclassification of the
indicator transforms, both kriging estimates of lake status for all time periods reveal more distinct
interpretable patterns, thus resulting in gridded large-scale patterns in lake status. Note that the
main spatial patterns are retained from the original data. For example, regions of low variability
versus high variability are retained such as North Africa and Europe respectively. Regions where
no data were present were restricted by the 500 km search radius so that little extrapolation was
undertaken, except in border region where no neighbours are found within the 500 km search.
Moreover, both approaches yielded grids which are almost identical, thus suggesting a robust
estimation of the large-scale lake status patterns.

The resulting grids produced under both assumption were then compared in order to evaluate the
agreement and discrepancies between both kriging methods. Difference maps were constructed
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to aid in the evaluation, as indicator kriging estimates minus ordinary kriging estimates. With the
ordinary kriging estimates being plotted in the background, only the discrepancies between the two
grids are plotted. A leeway of +/- 0.5 units was allocated in order to take into account the continuous
characteristic of the ordinary kriging estimates, so that only the over and under estimates that exhibit
greater differences are plotted on the foreground. The main discrepancies occur in the proximity of
boundaries between regions. This is caused in part by the estimation technique where the indicator
kriging approach gave rise to distinct breaks between region , the continuous estimates gave more
continuous estimates thus resulting in discrepancies between boundary regions. However, the main

spatial patterns in lake status are almost identical.

6.4.3 Holocene lake status change and data-model comparison application

The Holocene lake status change at 3,000 ka years interval are presented as maps to illustrate the
spatial patterns of change in regional water balance using the gridded lake status. The maps are
produced by computing the anomalies in lake status change (je. 3-0 ka, 6-0 ka, 9-0 ka and 12-0 ka)
using both the indicator and ordinary kriging lake status grids. The lake status anomalies result in
five classes, where in the case of indicator kriging +2 means an increase of 2 status classes, +1 an
increase of 1 status class, etc. In the case of ordinary kriging estimates, the lake status anomalies
result in essentially the same scheme except an +/-0.5 unitis allocated to each class except for the

extreme values in order to take into account the continuous aspect of the estimates.

The anomalies in lake status using the lake status grids under both assumption are generally in
agreement with the description of Street-Perrott et al.(1989). At 12 ka, the ice sheets were
retreating rapidly associated with an orbitally-induced change in insolation. Due to a northward
migration of the jet stream, most of North America and Europe was distinctly wetter, except for the
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southem Canadian prairies (Figure 6.1 a,b). Higher lake levels were aiso evident in many regions
of Africa associated with enhanced Afro-Asian summer monsoons and land-sea temperature
contrasts (Kutzbach and Street-Perrott, 1985). While the ice-sheets margins stood at aimost modern
positions in most of Europe and Asia and sea surface temperatures were close to modern values
by Ska, the orbitally-induced seasonal insolation were becoming increasingly marked in different
regions of the world. In North America, the seasonal increase in insolation and the northward
migration of the storm tracks were the main factors contributing to the decrease in lake levels over
most of the regions (COHMAP Members, 1988; Harrison, 1889). This is also evident in southern
Eurasia resulting from high rates of evaporation in areas beyond the reach of the enhanced tropical
monsoons (Street-Perrott, 1986). High lake-levels are evident over much of Northern Africa,
northemn India and southem Tibet in agreement with a strengthening of the Afro-Asian monsoons.
By 6 ka, the ice sheets had disappeared, although the Laurentide ice sheet had remained longer
than the Eurasian ice sheets. Although the orbitally-induced seasonal insolation was reached, the
remnants of the Laurentide ice sheet still influenced the circulation and caused a widespread
persistence of low lake-levels over much of North America (Street-Perrott of a/., 1989). The high
lake-levels over much of North Africa, Arabia and northern India are in good agreement with a
persistent Afro-Asian monsoon circulation. By 3 ka, the seasonal insolation had decreased aimost
to modern levels as lake status in North America were rising to present levels. A decrease in the
westerly transport of moisture caused a fall in lake levels in the Mediterranean regions and interior
Eurasia. (Street-Perrott ot a/., 1988). The weakening Afro-Asian monsoons were responsible for a
dramatic fall in lake levels over North Africa, Arabia and South Asia. Aimost all lake-levels changes
that occurred from 3 ka to modern point to the continuation of trends in lake status patterns

observed today (see figure 5.1 a).

To illustrate this potential and versatility of the gridded lake status data in more objective data-model

Lake Level Variations and Global Hydrological Change: A Spatio-Temporsl Analysis ' 132




comparisons we use essentially the same data-model comparison scheme used by Qin et a/.,
(1998). The lake status grids under both assumptions are used to compare the changes in water
balance simulated by two versions of the CCCMA (CCCfix and CCCcal) and two versions of the
NCAR (CCMO0 and CCM1). The anomaly lake status grids at 6 ka (lake status at 6 ka minus lake
status at 0 ka: AS) compared with model simulated 6 ka anomalies in precipitation minus
evaporation (P-E at 6 ka minus control: A(P-E) on a grid to grid basis. The gridded lake status data
are not only grid estimates but represent homogenous regions of change. The simulated P-E vaiue
from each model output is interpolated to the estimated lake status change grid nodes. The
difference in lake status at 8ka (AS) of each estimated grid node is then compared with the
interpolated A(P-E) at 6 ka using a modified version of Qin et al., (1998) agreement index scheme;
where 1 means an agreement and 0 a disagreement between AS and simulated A(P-E) at 6 ka.
Where no evident lake status change occurs ( AS = 0), a potential agreement value of 0.5 is
assigned, however, it is not compared to other model simulations that generates the smaller A(P-E)
value as in Qin et &/., (1998) (Table 6.1). The latter is done in order to emphasize the agreement
between data and different resolution modeis. We then compute the number of grid nodes that are
in agreement or potential agreement, and disagreement expressed in percentages of agreement

between data and mode! output (Appendix I).

Lake status (6-0k) P-E (6-0k) Agreement / Disagreement Kriging technique
IFsS>05 and .P-E<0 1 0 Ordinery
IFaS>0 and sP-E<0 1 0 Indicator
IF 4S <-0.5 and sP-E>0 1 0 Ordinary
IFaS<0 and aP-E>0 1 (1] Indicator
IF4S<05and>-0.5 0.5 Ordinary
IFsS=0 05 Indicator

Table 6.1: Data-model agreement criteria scheme
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The persistence of low lake-leveis over much of North America seen in lake-level data at 6 ka is not
in agreement with CCCcal, except for an area of low lake lakes over the Cordilleran region in
western Canada and north-western United States (Figure 6.2 a,b). The CCCfix aiso does not
capture this trend in drier conditions over most regions of North America. CCMO captures the broad-
scale pattemns in lake status over much of North America while CCM1 is in agreement with a deficit
in moisture over much of North America. Lake status over much of Europe reveals little or no
change in conditions, and therefore, is difficult to assess the data-model agreements. The
widespread high lake levels over much of North Africa, Arabia and Northern India are not captured
by CCCcal, however, the annual P-E signal is known to be weak (Vettoretti of a/., 1998). The CCCfix
simulation is in better agreement over North Africa. CCMO fails to capture the northward extension
of the Afro-Asian monsoonal belt over North Africa, while CCM1 reveals better agreement over this

region, except for the northwestern region.

All four models (CCM1, CCMO, CCCfix) are all approximately comparable with 68%, 66%, 67% of
estimated grid cells in agreement respectively (Figure 6.5 (a). The poorest result are obtained using
the CCCcal model simulation with 5% agreements for the continuous assumption and 61% under
the indicator approach (Figure 6.3 b,c). While CCM1 yielded the best overall performance in this
exercise in data-model comparison, the CCM simulations are coarser resolution models than the
CCCMA. Indeed, CCM1 and CCMO simulate broader-scale pattems resulting in an increase in grid
cell agreements between the lake status grids for homogenous moisture balance (AP-E) regions.

6.5 Discussion

The exploratory spatial data analysis undertaken in this study revealed distinct spatial patterns in
lake behaviour at all time periods under study. However, there are still many regions in the world
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left poorly represented or unrepresented both spatially and temporally. In addition, dependence
between sample sites in space and time is not so obvious as large numbers of sites, close in
proximity, exhibit negative spatial autocorrelation thus suggesting potential interpretation errors

and/or fine-scale variability over most regions of the world.

The use of the variogram and correiogram functions confirms this variability at small distances,
especially at 3, 6 and 9 ka. The variograms of 3,6 and 9 ka revealed a structure close to a pure
nugget effect model which is caused by a complete lack of spatial correlation (Isaaks and
Srivastava, 1989).This fine-scale variability was consistent over almost all separation distances
covered in this study. The lake status data contains this variability for several reasons iiicluding,
among others, site sensitivity to climate change, quality dating control schemes, coding_. and
different sampling schemes. Recommendations from this study include (a) going back to the original
data to explore the spatio-temporal dependence on a site by site basis and, (b) the coding scheme
need to be enhanced, perhaps into a larger number of classes in order to differentiate the
intermediate class, as it has been suggested in the past (ie. Much drier to much wetter) (Cheddadi

et al., 1997). This would result in more accurate spatio-temporal analysis using the lake data.

The use of local indicators of spatial association (LISA) permitted the identification of local highly
correlated pattems from variable ones and, aided in the identification of problematic sites at specific
distances. The LISA results further provided evidences of fine-scale variability .present in the lake
data at several distances spanning 500 km in radius. This analysis enabled the extraction of locally
correlated pattems at a consistent scale of study in order to maximize global coverage. The filtering
exercise resulted in the exclusion of sites exhibiting negative spatial autocorrelation at a consistent
scale. Moreover, it yieided more clearly interpretable variograms on which to estimate the underlying

spatial structures for all time periods under both assumptions.
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Although both approaches resulted in almost identical grids, there remains methodological
questions conceming the estimations, such as anisotropy, which was not explored since different
anisotropy can co-exist at the giobal scale. Non-parametric vaildation of the models could also be
attempted, such as by the use of stochastic simulations. Estimation of unknown locations using
iregularly spaced data remains problematic where some regions are more represented than others.
Estimation of a more variable region will always suffer in relation to regions that more homogenous.
Clustering and redundancy in the data is another problem which will affect the estimates (Isaaks
and Srivastava, 1989). In addition, the exclusion of data samples is another consideration to take
into account where some samples may have been truly representative of the spatial phenomenon
under investigation. The restriction of a 500 km search to ensure neighbouring sample on which to

estimate may partly be responsible for the agreement between both sets of grids.

The methodology illustrated here demonstrates that the data contain large-scale patterns that can
be objectively determined at a consistent scale of study. The advantage of gridding has the
potential of objectively eliminating finer-scale variability in a dataset so that large-scale patterns can
be extracted from local noise. The methodology established in this study also recognizes the
potential of different spatial and temporal application in order to determine the climate signal present
in the lake data at different spatial and temporal scales. it also recognizes that some data samples
may be useful at different spatial scales while being unrepresentative at others. The grids aiso have
the potential for data-model comparisons in a more objective way. Objectively determining
homogenous spatial patterns, whether at the global or subcontinental scales, resuits in better
resolution in grid to grid comparisons. it is therefore important to establish spatial dependence in

the original data.
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Finally, the methodology illustrated in this study can be applied to other paleoclimate research
fields, such as polien analysis. Its ability to identify the climate signal from other noises in space and
time results in better reconstructions and interpretations using proxy ciimate data. In the case of lake
level variations, the analysis of the spatio-temporal dependence between sites can lead to a better
understanding of climate change mechanisms and, hence global hydrological change, as

geographical coverage increases in the future.
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Figure 6.3: (a) Performance evaluation of the model-data comparison under both approaches,
(b) Evaluation of the data-model comparison by category under continuous approach and (c)
indicator approach.
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Chapter 7

Summary and conclusion

“Climate has influenced human activities. Two great developments emerged at about the time of major environmental
change between 12 and 10 ks- the earliest appearance of agriculture in the Oid World, and the cultural changes
accompanying extinction of the Pleistocene megafauna in the New World. Both developments may have been caused
at least indirectly by the types of climatic change examined here. Now we may be faced with the reverse: human
modification of climate and of related aspects of the physical environment. Application of a well-tested climate mode/
is at present the only method for predicting these climatic and environmental changes and can help in planning a

response fto them"
COHMAP Members, 1988.

The hypothesis tested in this thesis was that changes in closed basin as well as temperate lake-
levels exhibit spatial autocorrelation that is primarily controlled by large-scale climate patterns. As
we have seen, there is an enormous amount of literature suggesting that this hypothesis is verified.
However, most of these studies were based on visual identification of spatial pattems in lake-level
variations. As we have also seen in the literature, the climatic inferences using lake-level variations
have been used at different spatial and temporal scales. The history of the use of lake-level
variations in climate reconstruction as proxy to precipitation and temperature or moisture balance
(P-E) is an important consideration in that the initial studies were restricted to closed basin lakes in
arid to semi-arid regions of the world. The inclusion of temperate or overflowing lakes in recent
years and the use of a different scheme in determining long-term lake-level changes may or may
not have increased noise in the database. When trying to develop a large database, sorting out
inconsistencies between the different datasets becomes crucia!. The use of lake-level variations in
climate research must take into account the continuous characteristic of climate, so that regions
reflect this continuity in space and time. Observations, such as lake-level variations, can only be

used in climate research by initially determining the spatially coherent patterns from other noises.

In Chapter 3, we explored the distribution of the lake-level data at the global scale as part of the
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identification of spatially coherent pattems from variable ones. This initial step revealed a significant
amount of fine-scale variability in the lake-data at different spatial and temporal scales. Indeed, the
fine-scale variability identified at this stage was global in extent and present in most regions of the
world. Furthermore, the identification of potential errors in interpretation resulted in the conclusion
that this fine-scale variability could be caused in part by interpretation errors.

In Chapter 4, we pursued the investigation into fine-scale variability using spatial autocorrelation
techniques. The variogram and correlogram functions were used to analyse the spatial dependence
between sites at different spatial and temporal scales under two assumptions. The results
objectively suggested further evidence of fine-scale variability, especially over small distances
where a lack of spatial autocorrelation was found at 3,6 and 9 ka. Geostatistics offer techniques of
removing outliers to yield better spatial structures in variogram analysis in order to capture the
underlying spatial characteristics in the data. However, this is often arbitrary as some sample may
be truly representative of the spatial phenomenon under investigation. To pursue the analysis of
spatial dependence between sample sites, we used the LISA statistics as a more appropriate tool.
The LISA statistic enables an analysis of the data for spatial autocorrelation within local regions on
a site by site basis. This permitted the identification of local negatively correlated sites that
influenced greatly the variogram structures. The goal of the LISA analysis was to maximize global
coverage while retaining the original spatial structure inherent in the data. The results of the analysis
revealed yet more evidence of fine-scale variability present within several distances spanning 500
km. However, it identified local spatially correlated patterns at a consistent scale of study. After
removing objectively the negatively correlated sites at a consistent scale from the database, we now
had a dataset that reflected the continuous characteristic of climate on which to rely for estimation
of the pattemns. Indeed, using the filtered lake data revealed more clearly interpretable variogram
structures. Models were then successfully fitted to the variograms under both assumptions in order
to estimate and grid the spatially coherent patterns in respect to climate change.
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In Chapter 5, we used the models imposed on the filtered data to estimate location between sites.
Local estimation was preferred to global estimation because of clustering, redundancy and the
irregular distribution of the data. This resulted in estimates in location where neighbours were
available within the prescribed 500 km scale of study. Both kriging approaches yielded aimost
identical estimates, thus suggesting a robust estimation of the climate patterns in lake-level data.

The main differences resulting in location of boundary regions between both kriging approaches.

in Chapter 6, we used the lake status grids to reconstruct global hydrological change. The gridded
lake status results are in good agreement with known boundary conditions and other paleoclimatic
reconstructions, such as the enhanced Afro-Asian monsoon circulation and orbitally-induced
changes in insolation during the Holocene. The lake status grids were also used in data-model

comparisons in a more objective way to illustrate its versatility in paleoclimatic research.

While the main contribution of this thesis is a clearly stated methodology of identifying the climate
signal from local noise in fake data, there remain unsolved questions. Anisotropy or the tendency
for data values to favour a particular direction was not explored. In addition, validation of the
models imposed on the data remains an open research question in geostatistics. Some possibilities

include non-parametric stochastic simulations.

Do lake-levels exhibit spatial autocorrelation? To answer this initial question requires a thorough
understanding of the limitations associated with lake-level reconstructions. If we hypothesize that
only large-scale patterns in lake-level variations are climatically meaningful, then the lake data do
exhibit spatial autocorrelation and the hypothesis is verified. However, there remains the question
of fine-scale variability present in the original data. As stated in the previous chapter, possible
recommendations include (a) going back to the original data to investigate the spatio-temporal
dependence on a site-by-site basis, and (b) enhancing the coding scheme into a larger number of
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classes in order to differentiate the intermediate class.

If lake-level variations exhibit spatial autocorrelation, can it be modelled? What are the limitations
of these models imposed on the data and what are the implications of imposing these models on
the data? The methodology illustrated in this thesis confirms that the lake data can be modelled with
some success. However, the models imposed on the iake data are not deterministic models, as the
processes underlying lake-level variations and climate change are not fully understood. Imposing
a model on the data always involves a choice of distances that is usually based on the researcher’s
knowledge of the data. Another consideration to take into account in spatial modelling of the lake
data is the non-continuous aspect of lake distribution where some estimates of unsampled locations

may not have any lakes on which to validate the model.

Can these modelled patterns be used in paleoclimate reconstructions and aid in the validation of
global climate model (GCMs) simulations? This thesis illustrated that by extracting the climate signal
from local noise in the lake data and modelling it gave more clearly interpretable spatial patterns at
a consistent scale. As the grids now represent spatial continuity within regions in respect to climate,

more objective paleoclimate reconstructions and climate data-model comparisons can be achieved.

In conclusion, the methodology established in this thesis recognises its ability to identify lake-level
variations that are primarily controlled by iarge-scale climate pattemns. Its versatility in both space
and time can only lead to a better understanding of the mechanisms that control climate change and

the global hydrological cycle as geographical coverage increases in the future.
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/ﬁ't'ii.ﬁ'ttti'tiiﬁiﬁﬁ'."i".'itt.tt.tit'iiiﬁﬁﬁ"t/
J* v/
/* COHMAPL1.SAS to read the COHMAP(1994) lake */
/* level information databases, include RC info */
/* */
/* This read in station names, lat, long, BNN, */
/* Time period, and lake status, trend and # of */
/* radio-carbon dates that went into each time */
/* period level. Output is one line per time */
/* period with all station data repeated each */

/* line. Identical Text file and SAS DS */
/* generated, v/
/* */
/* JULY 7, 1997 */
/* D.E. Atkinson. */
/* */
/* */
/* Modified for Windows use */
/* Sept. 29, 1997 */
/* A.E. Viau */

/Qti'ﬁ'i"tiﬁtttiti'ttﬁt"t".ii'tti'titi"tiﬁtﬁ"i/

LIBNAME LAKE 'c:\users\viau\lake';
~
DATA lake.lakedata;
INFILE ‘'c:\users\viaullakeleve\lakedata.dat' MISSOVER;
INPUT @1 CHK $1 @ ;

ATTRIB STN LENGTH=$35;
ATTRIB LAT FORMAT=6.2;
ATTRIB LONG FORMAT=7.2;
ATTRIB BMN FORMAT=4. ;
ATTRIB TP FORMAT=2,

ATTRIB STATUS FORMAT=1. ;
ATTRIB TREND  FORMAT=1l. ;
ATTRIB RCOTOT  FORMAT=2. ;
ATTRIB RCDATE  FORMAT=S5. ;
ATTRIB SDPOS  FORMAT=S. ;
ATTRIB SDNEG  FORMAT=5. ;
ATTRIB REFS FORMAT=2. ;
ATTRIB LABNO  LENGTH=$10;
ATTRIB MATLINFO LENGTH=$116;
IF N =1 OR _N_=2 THEN RETURN;

IF (CHK GE 'A' AND CHK LE 'z') THEN DO;

INPUT SIN § 1-35
@37 LAT 6.
@46 LONG 7.
@55 BMN 4.
17117
el TP 2.

Lake Level Variations and Globel : A T




@4 STATUS 1.
@6 TREND 1.
@10 RCDTOT 2.:;
IF RCDTOT=0 THEN DO;
RCDATE=' ';SDPOS=' ';SDNEG=' ';REFSs' ';LABNO=' ';MATLINFO=' ';
OUTPUT;
FILE 'c:\users\viau\sasfiles\lakeout.txt';
PUT @1 STN
@37 LAT 6.2
@46 LONG 7.2
@55 BMN
@60 TP
@64 STATUS
@66 TREND
@68 RCDTOT
@71 RCDATE
@77 SDPOS
@82 SDNEG
@87 REFS
@90 LABNO
@102 MATLINFO

4

END;

DO I=1 TO RCDTOT:;
INPUT @6 RCDATE 5.
@16 SDPOS S.
@26 SDNEG S.
/
@4 REFS 2.
LABNO § 6-15
MATLINFO & § 16-132;
OUTPUT;
FILE 'c:\users\viau\sasfiles\lakeout.txt';
PUT @1 STN
@37 LAT 6.2
@46 LONG 7.2
@55 BMN
@60 TP
@64 STATUS
@66 TREND
@68 RCDTOT
@71 RCDATE
Q@77 SDPOS
@82 SDNEG
@87 REFS
@90 LABNO
@102 MATLINFO

-+

END;
RETURN;

A9




END;

RETAIN STN LAT LONG BMN TP STATUS TREND RCDTOT
RCDATE SDPOS SDNEG REFS LABNO MATLINFO;

ELSE DO;

DROP CHK CHK2 I J;

INPUT CHK2 $ 1-2 @;

IF CHK2 = * ' THEN RETURN;

INPUT @1 TP 2. @4 STATUS 1. @6 TREND 1. @10 RCDTOT 2.;

IF (TP=80 OR TP=90) THEN RETURN;

IF RCDTOT=0 THEN DO;

RCDATE=' ' ;SDPOS=' ';SDNEG=' ';REFS=' ';LABNO=' ';
MATLINFO=' °*;
QUTPUT;
FILE 'c:\users\viau\sasfiles\lakeout.txt';
PUT @1 STN

@37 LAT 6.2
@46 LONG 7.2
@55 BMN
Q60 TP
@64 STATUS
@66 TREND
@68 RCDTOT
@71 RCDATE
@77 SDPOS
@82 SDNEG
@87 REFS
@90 LABNO
@102 MATLINFO

END;
DO J=1 TO RCDTOT;

INPUT @6 RCDATE 5.
@16 SDPOS 5.
@26 SDNEG §5.
/
@4 REFS 2.
LABNO § 6-15
MATLINFO & $ 16-132;

OUTPUT;

FILE 'c:\users\viau\sasfiles\lakeout.txt';
PUT @1 STN
@37 LAT 6.2
@46 LONG 7.2
@55 BMN
@60 TP

Lake Level Varistions and Global i : A T 3is AlQ




@64 STATUS
@66 TREND

@68 RCDTOT
@71 RCDATE
@77 SDPOS

@82 SDNEG

@87 REFS

@90 LABNO
@102 MATLINFO

END;
END;

LABEL STN='Station Name' LAT='Lat.' LONG='Long.' BMN='Brown Master Number'
TP='Time Period' STATUS='Lake Status' TREND='Lake Trend'
RCDTOT='No. supporting RC dates';

RUN;
QUIT:

All




(22222242222l ddd 2222222 22022222 2 22222 2222222222 X R2ddd2rXl X

cohmap. sas.

* & % & % % & % % % % % % &

A.E. Viau (LPC) Nov. 97

This program enables extraction of lake level data by area
(latitude/Longitude) from the output file of the main program

The lakex data step reads in lakeout.txt file created in
cohmap.sas program and then based on the area needed extract
the data and write it to an output file (lakena.txt)

Modification needed: path in LIBNAME; Latitude/Longitude;

path of output file.

* % % % % % & % % % % &% % =

222X X2 2222022222222 222 22 X222 2222222222 222 22 2aR222 2l dd)

LIBNAME lake ‘'c:\users\viau\lake';

DATA lakex;

INFILE ‘'c:\users\viau\sasfiles\lakeout.txt' MISSOVER;

INPUT

STN
@37 LAT
@46 LONG
@ss BMN
@60 TP
064 STATUS
@66 TREND
11 RCDTOT
@71 RCDATE
@77 SDPOS
@82 SDNEG
@87 REFS
@s0 LABNO

$ 1-35
6.2
7.2
4.
2.
1.
1.
2.
5.
S.
5.
2.
$10.

@102 MATLINFO $116.

IF LAT > 20.00 AND LAT < 90.00 THEN
IF LONG < -50.00 AND LONG > -170.00 THEN

DO;
OUTPUT;

PILE 'c:\users\viau\sasfiles\lakena.txt';

PUT @1
@37
@46
@55
@60
e64
@66
(11
en
@77
ee2
287
€90
@102
END; RUN; QUIT;

STN $ 1-35
LAT 6.2
LONG 7.2
BMN

TP

STATUS
TREND
RCDTOT
RCDATE
SDPOS
SDNEG

REFS

LABNO
MATLINFO;

Lake Level Varistions and Global Hydrological Change: A Spatio-Temporal Analysis
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Pt 2222222222222 2222 X X222 A RS2SR AR AR AR ARl Al Al lddddd ]

A.E. Viau (LPC) Nov.

for this step.

* % % % % % % & % % % & % & ¢ ¥

This program enables extraction of lake level data by
the closest radiocarbon date within an interval of time
search from the output files of the main program or LAKENA.sas

97

The destinl destin2 data step reads in the output file under
investigation and bzsed on the radiocarbon date interval that
is needed will separate the interval in two equal working files*
(ie: if rc=3000 +- 500 years, the destinl will contain the data*
for 2500-3000 rc date and destin2 will contain 3001-3500 years *

Modification needed: path in LIBNAME; RCDATE(s); interval

* % % & % % % % &

*
-
*
*

't"'iﬁttﬁ"iﬁ'i'ﬁﬁittﬁﬁﬁﬁitti"'tit'i'ﬁ'iitiitt'ﬁiiftii"i.'ttitﬁ

LIBNAME LAKE 'c:\users\viaullake';

DATA DESTIN1 DESTINZ2;

INFILE 'c:\users\viau\sasfiles\lakena.txt' MISSOVER;

INPUT
@37
@46
@ss
@60
@64
@66
@68
Q71
@77
@82
@87
@90
@102

’

IF RCDATE>=2500 AND RCDATE<=3000 THEN output DESTIN1l; ELSE
IF RCDATE > 3000 AND RCDATE <= 3500 THEN output DESTINZ;

RUN;

STN $ 1-35
LAT 6.2
LONG 7.2
BMN 4
TP 2.
STATUS 1.
TREND 1.
RCDTOT 2.
RCDATE 5.
SDPOS 5.
SDNEG 5.
REFS 2.
LABNO $10.

MATLINFO $116.

’it'tt.i#"iiii'.i*tii.'itQ.Q‘iﬁ..itiﬁ'ﬁ'Q.QQ‘Qﬁ..."ﬁﬁt't'i'ﬁt’t'i

*

* This step sorts the output of destinl,destin2 by stn and rcdate

in ascending order

-
*
* Modification optional: sorting keys
*

* % % % » @

ttﬁ.i'QQ.Qti‘ii'i""ﬁti'i"t'iiﬁ.'"'0.‘..0"00."'..Qtti't.&"tﬁ'

PROC SORT DATA=DESTIN];
PROC SORT DATA=DESTINZ;

Lake Level Vaniations and Gi

BY STN RCDATE:; RUN;
BY STN RCDATE; RUN;
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12222 220222222 2222222 2222222222222 22222222222 2222222324 222422222Z22]%

* This step extract the closest date to the search date from *
* destinl and outputs it into working dataset resla *
* ) -
* Modification optional: set key (BY) *
* *
(222242022222 22 2222222222222 2222223322222 32222 223222222 2 2 2 2 % 3

DATA RES1 RESI1A;

SET DESTIN1;

BY STN;

IF LAST.STN THEN output RES1A;
RUN;
\AAAAAAAAAASA A AA AR A A2 A2 22222222 X222 222222232222 22222222222
* This step extract the closest date to the search date from *
* destin2 and outputs it into working dataset res2a *
* *
* Modification optional: set key (BY) *
»* *
LA AAAASAAA AR SRl Al A 222222 22222222222 22222222 2222 22

DATA RES2 RES2A;

SET DESTINZ;

BY STN;

IF FIRST.STN THEN output RES2A;
RUN;

\AAAAAAAL A AR AR A AR ARl 2222222222222 X2 222 X2 22 22 2 X2 2 Od XX X 2

This step sorts the output of resla,res2a by stn and rcdate
in ascending order

*
L 4
*
*
Modification optional: sorting keys *
*
L

(AR AZAA AR Al AR 2222222222 222222222 2222 222222222 222X X ]

PROC SORT DATA=RES1A;BY STN RCDATE; RUN;
PROC SORT DATA=RESZ2A;BY STN RCDATE; RUN;

L A AR A2 AR AR R A AR ARl 22222l R 22222222222 22222 2 2 X X 2 X 3

* w

The result data step consists of mergin both resla and res2a *
and extracting the closest date to the search date whether it be*
* less or plus from the expected date. The closest date and
* associated fields are then output to a text file.

*

* Modification optional: set keys; search date; output file name

L

*
»

* & % * »

(2322223 222X 22222222 X222 22222 2dRd2 2322242222232 222 2222222222223 22)

DATA RESULT;
SET RESIA RES2A;
BY STN RCDATE;

IF (FIRST.STN AND (RCDATE-3000)) <= (LAST.STN AND (3000-RCDATE)) THEN

DO;

Lake Leve/ Variations and Global ical Ch: : A tio-T An,
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OUTPUT; .
FILE 'c:\users\viau\sasfiles\lake3000.txt';

PUT el STN

@37 LAT 6.2

Q@46 LONG 7.2

@55 BMN

Q60 TP

Q64 STATUS

@66 TREND

Q68 RCDTOT

Q71 RCDATE

Q77 SDPOS

@82 SDNEG

Q87 REFS

@90 LABNO

@102 MATLINFO;

END;
ELSE
IF LAST.STN THEN
DO;
OUTPUT;
FILE 'c:\users\viau\sasfiles\lake3000.txt';

PUT el STN
@37 LAT 6.2
@46 LONG 7.2
@ss BMN
@60 TP
Q64 STATUS
Q66 TREND
Q68 RCDTOT
@71 RCDATE
@77 SDPOS
@82 SDNEG
@87 REFS
@90 LABNO
@102 MATLINFO;

END;
RUN;
QUIT;
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Appendix B The European Lake Level Database

Id Basin Longitude | Latitude | Aftitude | Oka | 3ka | 6ks 9ka | 12ka
1 Attersee 1383 ar08 469 2 3 1 ] (]
2 Mondsee 13.37 783 ars 2 3 1 0 0
3 Schwemm 1247 4758 ("7} 0 0 2 2 2
4 Aapalampi 20.53 (1] 204 0 0 1 1 ]
[ Ahvenainen 8.1 61.03 1222 2 2 1 2 [+
& Hakojarvi 52 6128 1458 2 2 1 1 ()
7 Isohattu 28 686 308 2 2 3 1 0
8 Jierstivaara 2363 " X ] 456 2 2 3 1 0
9 |Kaunispaa 27.42 60.42 30 0 0 () 2 0
10 Kissalammi 24.35 61.28 90.4 2 3 1 ] (]
11 Kyrosjarvi 2317 iR (5] 1 2 2 0 0
12 [Lampellonjarvi-Lamminjarvi 290.07 6207 1008 2 2 1 3 0
13 Lovojarvi 25.03 61.08 108.2 1 3 1 1 [}
14 Pieni Majaslampi 2450 €0.31 7.3 1 1 2 3 0
15 Sarkkilanjarvi 21 6175 [ 1 1 1 0 [
16 Tankavaara 27.23 68.18 335 0 0 2 3 [*]
17 Tyotjarvi 2547 60.98 1420 2 1 1 2 0
18 Vanhalampi 29.58 66.37 208 1 1 3 2 o
19 Abbaye 5.87 4867 a1 2 0 0 0 0
20 Chalain 577 4668 488 2 1 1 ' 0
21 Clairvaux 575 4657 526 2 3 3 (] o
2 Hiéres-sur-Amby 528 4579 212 0 0 2 2 1
23 Issariés 407 440 14 2 F4 2 3 0
2 Landos 3e 4483 1000 2 2 2 2 1
25 Le Grand Lemps 5.42 4547 456 3 3 1 1 2
26 Paladru 55 45.42 492 1 2 0 0 0
27 Pelléautier 6.18 44.52 975 2 3 3 2 1
28 Pluvis 5.63 4563 218 1 3 1 2 0
28 Rousses 52 4638 1058 2 3 2 1 0
0 Saint-Julien-de-Ratz 5.62 4835 650 o 0 0 1 2
L) Federsee 9.58 48.17 501 2 3 2 3 1
32 Grofler Pliner See 1042 5417 578 1 ? 2 1 ']
n Schieinses 95 778 © 2 2 1 3 3
34 Seeburger See 1047 518 R 1 2 2 3 0
5 Sewensee Y4 782 156 2 3 2 2 °
% Tegeler See 1328 5258 s 3 2 1 2 3
Ll lioannina 2008 39.68 a0 3 3 2 2 2
38 |kastoria 2132 4058 3 1 0 0 0
") [knimadits 2187 Py 580 3 1 3 2
40 Vegoritis 2178 w078 2 3 1 [ 0
41 Xinias 2220 3907 500 2 1 1 1 2
4 |sataton 175 Y 108 1 1 3 3 (]
a  |Hatratiorn .20.1 6583 Y] 2 3 1 ) )
“ JLomatjeem -20.33 “un 100 3 2 0 0
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4 [Belle Lake -7.03 52.18 %) ) ] 2 2 2
48 Cannons Lough 8.50 5492 % ] [ 0 3 1
7 lcooiteen 46 52.38 ") 0 0 0 3 1
. ICregganmon ) 54.25 80 2 2 1 2 2
9 Sheeauns 1008 5385 18 2 2 2 1 0
50 |Castiglione 1278 "8 “ 1 3 3 1 1
51 |rucine 1258 2 87 2 3 2 3 2
22 |Lagodi Ganna 0.83 4507 452 3 3 3 1 1
53 Ellasiden 19.01 743 08 3 2 2 3 0
“ [ELndletvatn 19.08 %1 38 2 2 2 1 2
58 |Lerstagvatn 65 @s “ 1 1 1 1 2
% |Nedre £rasvsin 19.07 89.75 35 ) 0 0 0 2
s? |ovre £risvsin 19.08 .73 “ 2 0 ) 0 3
5o |Poisa 18.93 745 1 3 3 1 3 0
9 Saudedalsmyra 64 624 0 0 0 2 o
60 Skinkevatna 18.81 T4.48 193 3 H 1 3 0
61 Torviemyra es 62.4 o (] 0 2 0
62 Goplo 18.31 5268 ” 1 2 1 0 0
63 [Kepa 2 494 320 3 3 k] 3 0
64 |koino 20 531 121 1 2 2 0 0
85 IKrukiin 2187 54.07 127 2 3 1 0 0
86 {Lukcze PY) 518 170 2 2 2 1 3
67 Steklin 19 5295 733 1 1 2 1 0
68 Wielkie Gacno 172 5.7 130 1 1 2 1 1
9 |Lagoa Comprida 8 39.78 1600 3 2 1 1 0
70 L. de las Madres -8.85 k1A 20 3 3 0 [+] Q
A Padul “+8 37.03 788 3 3 2 2 1
12 Sanguijuelas &7 421 1050 2 3 2 2 2
73 Agerdds mosse 1343 55.93 55 1 1 2 3 0
74 Bjaresj® 13.75 55.45 48 1 0 0 0 0
75 Bysjon 13.53 55,67 2 1 2 2 3 0
76 Juokojauratj 19.27 5.6 400 1 2 2 0 0
n Kra eholmﬁ‘on 13.173 85.5 a9 1 2 1 3 0
78 Kroktjarnen 2085 6.2 s8 1 1 0 0 0
79 Lilla Gloppsjsn 1462 59.01 196 1 1 3 1 [
8 |Ljustjarmen 14.48 59.76 183 1 2 3 1 o
ot 'Lyrm_sjo 1258 56.90 58 0 0 0 3 0
2 Ranviken 14.3 5827 an 1 3 1 3 0
%) Sandsjon 1342 $8.75 1578 1 2 1 2 °
“ Torreberga 13.14 5837 e 1 3 1 3 [
[ Trummen 1478 887 181 1 3 1 3 °
6 Vaxjosion 14.75 56,67 161 1 2 3 3 0
[ 14 Viglanw 13.17 58.19 9 1 3 1 3 0
88 |Bielersee 74 a7 429 1 2 3 3 2
89 |Hobschensee a0t 46325 2017 2 2 2 3 1
%  |Léman 725 %9 n 2 3 2 2 1
" |Lobsigensee 73 47.03 s144 2 3 2 2 2
92 |Nussbaumersee 048 4785 434 1 2 3 2 1
8 |Rotsee Y 4715 ) 2 ) 3 1 0
B2
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94 la'chnuic 3.5 572 310 [ [ 2 o ()
5  JaMnilinn 527 87 25 1 3 2 1 0
96 IBerrington Pool 212 5283 ] 1 0 [ 0 0
97 Black Lock a7 50.25 90 2 2 2 2 2
9% |Borratan 49 58.05 139 2 2 3 2 3
» Cam ] 50.00 1238 2 2 2 2 2
100 Crose Mere -2.83 $2.89 a7 1 2 2 3 2
101 |Diss Mere 14 52.37 20 2 1 2 1 3
102 Dubh Lochan 48 56.18 75 2 2 1 1 (]
103 {Ellesmere Mere 29 529 (] 1 ] 0 0 o
104 Garten a7 7.2 220 1 1 1 0 0
105 Hockham Mere 083 28 » 2 2 3 2 3
106 Hornsea Old Mere Q.1 53.83 1 0 3 2 2 0
107 Linton Loch 263 8507 Nns 2 1 3 2 (]
108 Llangorse Lake -3.28 51.95 155 1 2 3 1 0
109 Liyn Clyd 417 £3.08 7468 2 1 3 0 0
110 Melyniiyn 4.2 53.12 6328 2 1 2 1 0
111 Old Buckenham Mere 1.02 82.5 s 1 3 3 2 0
112 Pityoulish -38 572 210 ' 1 2 3 0
113 Roos 0.07 5367 5 0 0 2 2 1
114 Saham Mere 08 52,57 3 0 0 1 1 2
115 Sea Mere 1 52.87 38 1 2 2 2 3
116 Traeth Mawr s 51.92 0 0 0 0 3 1
"7 Malo Jezero 1738 4.7 0 0 2 2 o 0
118 Paiu 137 45.01 0 0 2 1 0 0
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Appendix C: The FSU and Mongolia Lake Level Database

id Basin Longitude | Latitude Altitude Oka | 3ka | 6ka | 9ka | 12ka
{m)

1 Antu Sinijarv 2033 59.13 'Y 2 1 2 1 0
2 |kaati 267 58.37 1358 1 2 0 0 0
3 |alina ra2 0.y %0 2 2 2 1 0
4 |kirikumae 2728 s7.67 163 2 1 1 1 0
) |Paidre 285 s8.27 0.6 2 2 2 3 0
s Punso 27.28 57.60 183.2 1 1 2 3 0
7 Raigastvers 2673 0.6 510 1 1 3 3 0
] Saviku 27.24 s0.42 3 3 3 1 0 0
9 Tuuljary 2714 57.69 257 3 3 1 0 0
10 Vaharu 2437 59.34 48 3 3 2 1 0
" fLubanas 26.92 .77 90.0 2 2 1 1 0
12 IRudushskoe 2755 8.5 150 2 2 2 0 0
13 Vorkalu 278 56.33 154.3 1 2 2 0 0
18 Bebrukas 2458 84.12 160 2 1 2 3 0
15 Cepkeliu 2452 54.02 129.5 2 2 3 1 0
18 Shventoji 2128 58 5 3 2 0 0 0
7 Chervonoe 20 52.38 1368 2 2 2 2 0
18 Glubelka FLY) 54.95 1658 1 3 1 3 0
19 Krivoe 2007 55,14 13 2 2 1 3 0
20 Naroch 2685 54.85 120 1 3 2 1 2
21 Oltush .96 81.7 150.3 2 2 2 3 0
2 Peschanoe 2548 " 5198 139.3 2 2 2 2 0
0 Richi 8.2 55.68 146.2 2 1 2 3 0
24 Sporovskoe 5.0 52.33 142 2 1 3 1 0
25 Sudoble 8.1 54.03 168 3 2 3 1 0
26 Svitjaz 287 51.8 163 1 2 0 0 0
27 Tur 243 51.67 185 2 1 2 3 0
20 Kanent'yavr 343 Y] 1029 2 1 1 3 9
29 Kovdor 3088 87.68 160 3 2 2 1 0
0 Pasmiambina 3548 08.7 122 3 2 2 3 0
n Bezdonnoe RS [+ 123 3 3 1 2 Q
n Chechkino M 6215 88 2 2 1 3 0
%) lolinnoe 308 .1 [ 2 2 2 3 0
u Gotnavolok 178 62.17 [ 2 3 1 3 0
3s |Moshkamoe 3428 6228 [ 3 3 1 1 []
» lNosuot 30.58 64.58 188 2 2 2 3 (]
%  |Paanayanvi 2095 Y 1368 3 2 3 1 0
3 [Razl;;oo 34.53 6224 53 2 2 1 3 0
M l@em 32.52 64.08 10 2 2 2 1 0
I IMichurinskoe 20.90 00.52 % 3 2 2 2 0
" luzomoe 2097 60.50 8 1 3 1 0 0
2 VI‘shnevskoc 2952 0.5 18 2 2 1 0 0
a i'men nn 5. 10 2 3 2 2 0
“ T.mo.w"k“ 309 58.92 5.5 2 2 2 1 0
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45 Valdaiskoe N2 57.98 1928 2 2 2 3 2
. Mutnoe 378 5.5 180 1 3 2 2 0
o Zaozer'e 31.92 $5.02 175 2 1 2 3 0
I Beloe » 62133 135 3 3 3 3 0
® [Itacha e 5259 ) 2 3 2 1 0
) |Laksa 4058 628 109 3 3 1 1 )
51 |Mitrofanovskoe L) o 1168 2 3 3 0 0
52 |Rodnichnoe Q47 64.93 100 3 3 2 2 [}
53 Schukozero 9.0 62.35 188 2 1 2 3 )
$4 Kubenskoe »s 597 110 0 0 0 3 2
35 Vozhe 39.08 00.43 121 2 2 3 1 0
L] Melekhovo 8s 58.83 150 3 3 3 1 [}
s? Nero 3948 s7.17 9 2 3 2 1 2
S8 Somino . % 566 144 3 2 2 1 0
59 Beloe-Chernoe 3738 55.72 148 2 3 2 1 1
60 Chistoe 30.32 55.78 160 2 2 2 1 1
61 Dolgoe a2 8,07 200 2 1 3 3 0
62 Nerskoe 37.39 56.08 168 2 2 2 3 1
& Trostenskoe 3648 $5.08 195 2 2 1 0 0
& Galichskoe 4220 50.4 101.2 2 3 1 0 0
65 Luganskoe 40.68 an 2428 3 3 0 0 0
7 Rybnoe v 4330 2151 3 0 0 0 0
87 Melentevskoe Y] 6393 %0 0 0 0 3 0
8 Sindorskoe 52 .77 130 2 2 3 2 1
69 Krasnokamsk £5.7 50.05 %0 3 2 2 1 (]
10 Osintsevo 57.63 §7.37 149 3 3 1 1 0
71 Argayash 60.89 $5.58 2% 2 1 2 3 0
72 Bol'shoi Kisegach 60.38 $5.04 K114 2 1 1 2 0
73 Uvil'dy 62.37 5553 2734 1 1 2 1 3
Lo Jamylimujaganto 78 68.42 10.3 1 3 0 0 0
5 Chany 758 54.75 108.1 3 2 2 ' 1
76 Boguda 123.28 6367 17 2 2 1 2 0
” Chabada 129.37 6150 248 3 3 2 2 0
78 Khomustakh 121.62 6362 120 2 2 2 3 0
79 Madjagara 120.97 64.03 160 2 1 1 0 0
80 Nuochaga _ 129.55 6.3 2% 1 2 0 0 0
L} Kotokol 108.17 5283 460 2 2 H 3 0
a2 Sevan 45.42 405 1690 2 2 3 2 1
%) Borovoe 1027 5308 Y 2 2 2 3 2
[} Karas'e 7022 53.03 438 2 2 1 3 0
) Imaybalye 70.13 5218 208 3 3 3 0 0
L] Mokhovoe 64.25 [ 178 2 1 2 0 0
o7 Pashennoe 754 Y m 2 1 2 3 2
Y Schuch'ye 7047 5298 00 2 0 0 0 0
L] Shalkar 68.42 53.10 0.7 2 0 0 0 0
% Aral 60 4 53 1 2 3 0 0
9 Issyk-Kul 73 28 1607 2 2 [ 0 0
” Sonkel 7515 " 3018 3 2 0 0 0
9 Rannkm.Shgfkul 142 nR k144 3 2 1 2 0
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% |Achit-Nur %6 rY) 1438 2 2 2 3 1
o IBLuir-Nur ury 478 583 2 3 0 3 0
] IDaba-Nur %8 482 2485 2 3 1 3 ]
97 Dood-Nur %0 $1.3 1530 3 2 2 1 2
% tu'n-Nut 1086 %0325 0 2 2 1 3 0
9 Hara-Nur 8.12 aer 1R 2 [} 0 0 0
100 Hara-Us-Nur 2 a8 1158 2 3 0 [ [
101 |Hoton-Nur 1) “wsr 2083 3 3 2 1 1
102 |Hubsugul 100.17 50.53 16845 2 1 3 0 0
103 |Terkhiin-Tsagan-Nur w7 .15 2060 2 2 3 o 0
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Appendix D: Projection and summary spatial étatistlc
procedures.

Presented below are two procedures used in the transformation of Lat'Long Plate Carré to Hammer-Aitoff
Equal Area Projection, the latter being used for the summary spatial statistics.

Procedure 1: Steps for converting Mapviewer v2.13 maps (.gsb) into Hammer-Aitoff projection.
1- Import .gsb file from Mapviewer v2.13 into Surfer v 6.0

2- Export .gsb file from Surfer v 6.0 in .dxf format

3- Import .dxf file into IDRISI v 5.0 using FILE MORT - DXFIDRIS option

4- Conversion of projection using PROJECT option into Hammer-Aitoff projection (clabsha)

5- Export IDRISI v. 5.0 vector file in .dxf format using EXPORT - DXFIDRIS option

Procedure 2: Steps for converting data points (.dat) into Hammer-Aitoff projection.

1- Import .dat or .txt files into Microsoft Excel 97

2- Save files as .csv (comma delimited) files

3- Open .csv file into an editor (ie: Wordpad) and replace commas for blanks to give a true space delimited
format (eg: Microsoft Excel has problems doing this task and IDRISI v 5.0 only takes spaced-delimited
data files as input).

4- Rename .csv files with an extension of .dat if you wish

5- Import .dat files into IDRIS v. 5.0 using XYZIDRIS option to create point vector files (.vec and .dvc)

6- Make necessary projection conversion using PROJECT option (ie: clabsha)

7- Export IDRISI v. 5.0 vector file to Surfer v. 6.0 using EXPORT - SRFIDRIS option

8- Now the .dat files contain the coordinate system of Hammer-Aitoff projection and can be used to
compute distances in kilometers.
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* This S-Plus program calculates the mean distance between sample sites in

* kilometers, the median distance, minimum distance, maximum distance, first and third
* quartiles for irregularly spaced data

]

* Written by M. Sawada - LPC
¢ University of Ottawa, June 1998
*

TIIIIYTE I YIRS R PRI IR RA LRI R LI L DL ILEL 2 Ad bl i1t ldlddddsd

meandistance
function(datafile, dist = 2)

{

easting <- vector("numeric")
northing <- vector("numeric")
easting <- 1
northing <- 2
output <- list("numeric")
mindst <- vector("numeric")
firstquart <- vector("numeric")
meandist <- vector("numeric")
mediandist <- vector("numeric")
thirdquart <- vector("numeric")
maxdist <- vector("numeric")
toloop <- ncol(datafile)/2
for(i in 1:toloop) {
place <- cbind(na.omit(datafile[, easting)), na.omit(datafile(, northing]))
quad <- quad.tree(place)
nhbr <- find.neighbor(x = place, quadtree = quad, k = dist)
nhbr <- nhbr{nhbr{, 1] != nhbr{, 2], ]
nhbr{, 3] <- ifelse(nhbr{, 3] == 0, 0, nhbr{, 3])
nhbr <- spatial.neighbor(row.id = nhbrf, 1], col.id = nhbr{, 2], weights = nhbr(, 3])
nhbr <- summary(nhbr{, 3])
casting <- easting + 2
northing <- northing + 2
mindst <- ¢(mindst, nhbr{1])
firstquart <- c(firstquart, nhbr{2])
mediandist <- c(mediandist, nhbr{3])
meandist <- ¢(meandist, nhbr{4])
thirdquart <- c(thirdquart, nhbr{5])
maxdist <- c(maxdist, nhbr[6])
}

mindst <- unlist(mindst, recursive = T, use.names = F)

firstquart <- unlist(firstquast, recursive = T, use.names = F)

mediandist <- unlist(mediandist, recursive = T, use.names = F)

meandist <- unlist(meandist, recursive = T, use.names = F)

thirdquart <- unlist(thirdquart, recursive = T, use.names = F)

maxdist <- unlist(maxdist, recursive = T, use.names = F)

output <- cbind(min = mindst, FirstQuart = firsiquart, median = mediandist, mean = meandist, ThirdQuart =

thirdquart, max = maxdist)

output }

Lake Level Variations and Global Hydrological Change: A Spatio-Temporal Analysis D2
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200 Al 73 23 1007 2
212 (Achit-Nusr 208 A5 1438 2
218 Dood-Nur [ X ] 0133 15% 3
218 Hare-Us-Nur 2 an 1188 2
Hoton-Nur 83 ae 2089 3

e 3878 29 3

178 s -108 1

»_ 05 7 2

254 s .75 1120 2
287 3828 3328 80 2
258 8.1 0.3 00 _ 2
25 113 ©s 1200 3
28 14 13 282 2
_m -114.48 £0.84 1370 3
282 26 207 928 2
288 CHICHANCANAB, MEXICO 8875 108 » 3
304 7347 34 20 1
74 s __ 2570 3

-74.38 388 w18 3

3% 14563 747 730 2
343 12078 Q.1 1311 3
34 FROME. SOUTH AUSTRALIA AUSTRALIA 130.83 2075 2 2
us FUCINO.ITALY 13.85 @ 850 2
38 [Fuauene. coLomsa 7375 55 2580 1
380 HAASKRAAL SOUTH AFRICA 2% .42 1900 2
81 HARNEY-MALHEUR. OREGON. U.SA 181 2 1248 3
HASS! CHEIKH. ALGERIA 18 3.13 500 3

388 HAY. ARIZONAU.SA -100.5 o) 2780 1
F11) Ioommw\m:cs 20.88 ».e7 0 2
32 ISSYK-KUL, KIRGIZ. U.S.S.R. 153 _@s 1608 3
383 JACOB. ARIZONA. U.SA -110.83 .42 _288 2
%0 KATWE. UGANDA 20 013 1800 3
%2 KEPA POLAND 2 a4 20 3
383 KETTLE HOLE. IOWA U.SA 6 o 30 3
02 KONYA TURKEY _% 7.8 L) 3
03 KOW. VICTORIA, AUSTRALIA a3 82 8 3
08 LA GUITARRA, COLOMBIA 74 387 430 3
a7 OCK, TEXAS, USA -101.0 2.6 s 2
a0 MAGAD. TANZANIA 3853 218 817 3
- MANYARA. TANZANA 3882 362 s 3
) MISSION CROSS, NEVADA U.SA 188 078 2424 1
a8 NAIVASHA, KENYA 3.3 088 1080 2
) NAXURU-ELMENTEITA, KENYA %17 o4 1750 _ 3
482 NGAM-MABABE. BOTSWANA 28 -10.08 o 2
) QARAT EL HOWETT, EGYPT ¥ .4 ] 100 3

) QINGHAL OINGHAL CHINA 1005 1) 3208 _2
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218 Dood-Nur _n% 81.39 1838 2
100.17 2053 1845 1
25 ADOSE. CALIFORNIA U.SA 1188 7.9 1961 1
29 ALEXANOERSFONTEIN, SAFRICA 248 2.8 800 3
pe.) ARD EL AXHDAR. EGYPT _20 018 880 2
20 Dasoum 2s il 88 2
245 178 _ L1 108 2
24 141.99 0.2 107 2
8878 03 _30 2
3 3178 120 2
13 118 30 2
3%.25 33.28 () 2
3% 03 L] 1
13 ©s 1200 3
028 __nn 3%0 2
140.48 .7 w 1
_143.92 .28 148 3
e CHATYRKEL KIRGIZ. U.S.SR. 753 408 3% 3
280 |CHEMCHANE-ADERG. MAURITANIA -12.12 2 20 3
22 CHESHIMWERU WANTIPA 2AMBIA 268 07 -3 2
P4 CLEVELAND. IDAHO, U.SA 1148 _as 251 3
p.Y) COCHISE. ARIZONA. U.SA -100.85 3213 1280 3
304 7347 34 20 1
208 42 10.38 s 2
2300 -118.78 _43.08 1341 1
_a 1.5 120 2
74 5 2570 3
4621 .21 483 1
167 _ 1812 218 2
_-120.78 X 13 2
130.83 -20.78 2 2
1358 2 850 3
1318 58 0 1
140.42 -25.08 [1¢) 3
18 313 50 2
23 e IE 500 2
-100.5 ) 27%0 1
-74.28 _47 2580 1
2033 4298 20 2
1108 ua 2
12 19 450 2
2 84 3 —2
-] ] 0 3
258 548 - :.
128 1047 100 3
3 S 20 3
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_403 0 ORIA, AUSTRALIA 1443 82 o 3
408 LA GUITARRA, COLOMBIA 74 an 3480 3
an LECONTE, CALIFORNIA, U.SA. 118 _323 g 1
412 LIEBENSERGSEPAN, SOUTH AFRICA 2.3 __213 1224 1
“r DCK, TEXAS, U.SA -101.9 _ne s 2
430 MENDGTA, WISCONSIN, U.SA 82 _4 25 2
434 MISSION CROSS. NEVADA, U.SA 1188 41.78 2424 1
49 RUBY, NEVADA U.SA -118.33 4«5 1018 2
a2 VA, TANZANIA 3238 ] 788 3
4 RUSSELL CALIFORNIA, U.SA 1877 3208 1951 2
500 OURA, ALGERIA 2 _% 400 3
508 SELIMA. SUDAN M 132 200 2
507 SEVAN, ARMENA, U.S.SR. 83 _403 1802 3
s10 SIETE CABEZAS. COLOMBIA _78.18 48 3700 3

_520 TAGUA TAGUA. CHRE 197 o) %0 3
521 TAHOE. CALIFORNANEVADA, U.SA _-120.07 _un __1ee7 2
523 TANGANYIA, BURUN/TANZ/ZAMZAIRE 20.83 803 773 2
528 TAUCA SOLMA - 188 3660 3
$30 TERMIT QUEST-KANDEL BOUZOU.NIGER 11.28 16.08 300 _ 3
532 TIGALMAMINE. MOROCCO $38 _ %29 1620 2
533 TIGUENT, MAURITANIA Y] _ 207 50 1
538 TIRERSIOUM. MAURITANIA -18.68 21.37 100 2
538 TITICACA BOLMAPERY £0.25 -18.13 3810 2
541 TURKANA. KENYA % 5 ars 1
542 |rvorsamv Fmuno 2547 _s0se 143 1
843 TYRRELL, VICTORIA, AUSTRALIA 142.78 -35.33 42 1
545 furama, man 485 3763 1284 1
552 VICTORIA, UGANDA/TANZANAKENYA 33 A 1134 1
888 [WALKER ARIZONA, U.SA -111.07 283 2700 2
560 WEBER. MINNESOTA, U.SA 2188 47.47 ) 3
567 WIELKE GACNO, POLAND 172 _8n 130 2
568 WALLANDRA, N.S.W.. AUSTRALIA 143 s 200 3
569 VANTERGREEN, MICHIGAN, U.SA 25.38 _424 m 3
517 Izmwm ETHIOPA 30.07 7.5 1558 3

6 ka
] — Besin Longitude Latnde Avude tia
1 — 135 a8 ) 1
2 ]Tman — s a5 1
] Aspsiampi 2863 B 204 1
" KyrCoievt - XU e () )
4 Pioni Majssiampt 2458 ~80.31 73 2
20 57 1} — a8 1
k-] M Lampe (77 X — a8 3
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) oW, VICTOR 1y 1443 Nz (3] 3
@8 [LAGUITARRA COLOMBIA T4 B 3450 2
2 ENRERGSPAN, SOUTH AFRK — %3 "3 1224 1
a7 OCK. TEXAS, USA — 1018 1) s 1
i % FER. QUEENSUAND, AUST. 148.7 Ki X7 I 3
al WAGADHNATRON, KENVA/TANZANA 004 212 %00 3
2 MAINE-SOROA, MIGE 12 112 318 )
v WANVARA, TAM 82 e s 2
o) MISSION CROSS, NEVADA, U.SA 188 ik ] 2424 T
) GUKECHENRT, MALI 33 — 2087 320 2
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Appendix F: Procedure for transforming the data into a binary
vector format.

(222222222222 a2l Al 22l a2l ddl2 il ldlls ]

This subroutine (Macro - VBA, Excel v 7.0) was written

for transforming the original lake status into a

binary vector; where 1 if present and 0 otherwise for the

three lake categories. Ex: High was coded (1,0,0); intermediate
was coded (0,1,0) and low coded as (0,0,1)

Written by A.E. Viau and M. Sawada (LPC)
June 1998

Execution via Excel v 7.0
Fields required: Id;easting:;northing:;original lake status
row 1 contains field titles

¢ & % & & ¢ & % & % & ¢ B 0@

(2222222222222 SRR 2022222 2 2 22 R0l diddddl))

Attribute VB_Name = "Modulel”
Sub vector!()

Dim arrayifl(2)
arrayifl(0) = 1
arrayifl(l) = 0
arrayifl(2) = 0

Dim arrayif2(2)
arrayif2(0) = 0
arrayif2(l) =1
arrayif2(2) = 0

Dim arrayif3(2)
arrayif3(0) = 0
arrayif3(l) = 0
arrayif3(2) = 1

Dim arrayif0(2)
arrayif0(0) = 0
arrayif0O(l) = 0
arrayi£0(2) = 0

Range("Al").Select

While ActiveCell.Value <> ""

numrows = numrows + 1

ActiveCell.Offset (1, 0).Range("Al").Select
Wend

Range ("D2") .Select

For { = 1 To numrows - 1
testvalue = ActiveCell.Value
For § = 0 To 2
1f testvalue = 0 Then
ActiveCell.Value = arrayif0(3)
ElseIf testvalue = 1 Then
ActiveCell.Value = arrayifl(j)
ElseIf testvalue = 2 Then
ActiveCell.Value = arrayif2(j)
Else
ActiveCell.Value = azrayifi(j)

F1



End If
ActiveCell.Offset (0, 1).Range(™al™).Select
Next 'j
ActiveCell.Offset (1, -3).Range("al”).Select
Next ‘i
End Sub
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Appendix G: Procedure for reprojection from Hammer-Aitoff
to Latlong.

Presented below is the procedure followed in the reprojection of the data into Plate
Carré projection

Procedure:

1) import Surfer v 6.0 grid files into Idrisi v 5.0 (module SRFIDRIS)

2) raster/vector conversion ofthe grid files using module POINTVEC

3) reprojection of Hammer-Aitoff to Latlong using module PROJECT

4) conversion of vector file to binary format (CONVERT)

5) EXPORT vector file using module SRFIDRIS

6) once in Surfer v 6.0 grid vector data file (XYZ for ldrisi) using nearest neighbour

gridding technique using a smaller search distance than actual interpoint distance to
keep the original data values intact.
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Appendix H: Reclassification procedure

* This program (VBA) enables the reclassification of the indicator grid files based on the

* maxdmum probability vector. After the indicator kriging of esch individual statuses has been
performed, each separate grid file was then imported into Excel v 7.0, file lakgrid.xds for
reciassification computations. The final results is 8 single grid file containing the
reciassification categories (1,2.3; mutual exciusivity) for each grid node.

* Written by A.E. Visu and M. Sawada - LPC - University of Ottawa
* May 1988

* Input required: maxrows and maxcol

* % o o

Sub Lake()

' Macro1 Macro
* Macro recorded 5/1/88

Dim holdarray(3)

Application.ScreenUpdating = False
Sheets("final").Select
Range("A8").Select
Sheets("1").Select
Range("A6").Select
Sheets("2").Select
Range("A6").Select
Sheets("3").Select
Range("A6").Select

Fork=1To 400
offsetvalue = 0
Foriz=1To 10

ActiveCall.Select

Sheets("3").Select

ActiveCell.Offset(0, offsetvalue).Range("A1").Select
holdarray(3) = ActiveCall.Vaiue

Sheets("2").Select

ActiveCell.Oftfset(0, offsetvaiue).Renge("A1").Select
holdarray(2) = ActiveCalil.Value

Sheets("1").Select

ActiveCell.Offset(0, offsetvalue).Range("A1").Select
holdaray(1) s ActiveCell.Value

testvalue = -99889
ForSort=1To3
If holdarray(Sort) > testvalue Then
testvalue = holdarray(Sont)
pos = Sort
Eise
End If
Next

if holdarray(pos) = Empty Then
pos =™

Elself holdarray(pos) = -89 Then
pos =98

Eise

End if

Sheets(“final"). Select
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ActiveCell.Offset(0, offsetvaius).Range("A1").Select
ActiveCell.Value = pos

offsetvaiue = 1

Next ‘i
Sheets(“final"). Select
Range("AS").Select
ActiveCall.Offset(k, 0).Range("A1").Select
Sheets("1").Select
Range("A8").Select
ActiveCall.Offset(k, 0).Renge("A1").Select
Sheets("2").Select
Range("AS").Select
ActiveCeli.Offset(k, 0).Range("A1").Seiect
Sheets("3").Select
Range("A6").Select
ActiveCeli.Offset(k, 0).Range("A1").Select
Next 'k

Application.ScreenUpdating = True
€nd Sub

Reclassification procedure

1) Use convert module in Surfer v.6.0 to convert indicator grid files to ascii grid files
2) Import grid files into Excel v 7.0 (file c:\users\viau\excel\lakgrid.xls)

3) copy\paste indicator grid files into proper sheet (1-High, 2-Intermediate, 3-Low)
4) run VBA macro (lake) to get resulting reclassification grid (final)

5) import “final sheet” into a single Excel v 7.0 worksheet

6) save worksheet as .csv (comma delimited) file

7) import file into an editor (wordpad) and find'replace “,” for *“*

8) save file (text) with the extension .grd (for use in Surfer v 6.0)
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Appendix |: Agreement procedures

The following two VBA programs are used to (a) test for afreement on a grid to grid basis
between data and model and (b) to ensure only common grids nodes that have values for both
time periods in question are used in the comparisons.

* This VBA routine checks on a grid to grid node that have values (not -99) and assigns a 1 value
* if conditions are satisfied as per criteria scheme in data-model comparison, 0 if not and 0.5 if

* potential agrement is satsfied (ie: no lake status change)

[ ]

* Written by: A. E. Viau and M. Sawada (LPC)
* Jan. 1999

]

* input required: delta lake status (6-0k) and delta P-E (interpolated to lake grid 6-0k) of model
* output.

]

Sub agreement()
Application.ScreenUpdating = False

Dim DELTA()

Dim conditionl(), conditionlrows
Dim condition2(), condition2rows2
Dim nrows As Long

Dim ncols As Long

Dim vectorarray()

Dim DeltArrayPermuted()

Dim DeltaArray()

Dim distribution()

Dim total

total = 0

ncols = 2

nrows = (

condition1rows = 0

Range("s1").Select

While ActiveCell.Value < "

nrows = nrows + |

ActiveCell.Offzet(1, 0).Range("al").Select
Wend

'Range("d1").Select
'ReDim DELTA(2, nrows)

‘Fori=1 To nrows
' Forj=1 Toncols
' DELTA(, i) = ActiveCell.Value
' Ifj=1 Then
' Position=5§
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Position = -5
End If
ActiveCell.Offsex(0, Position).Range("a1").Select
Next'j
ActiveCell.Offset(1, 0).Range("a1").Select
Next i

Range("el”).Selec:
ReDim DELTA(Z2, nrows)
ReDim DeltaArray(nrows)

Fori=1 To nrows
Forj=1 To ncols
DELTA(j, i) = ActiveCell.Value
Ifj=1Then
Position = 4
DeltaArray(i) = ActiveCell.Value
Else

Position = -4
End If
ActiveCell.Offset(0, Position).Range("al").Select
Next'j
ActiveCell.Offset(1, 0).Range("al").Select
Next'i

‘Fori=1 To nrows

' KfDELTA(], i) <-0.5 And DELTA(2, i) >0 Then
* . conditionlrows = conditionlrows + 1

! ReDim Preserve conditionl(condition1rows)

! condition1(conditionlrows) = DELTA(2, i)

* Elself DELTA(1, i) > 0.5 And DELTA(2, i) <0 Then
! condition2rows2 = condition2rows2 + 1

' ReDim Preserve condition2(condition2rows2)

! condition2(condition2rows2) = DELTA(2, i)

‘' EndIf

‘Next

‘get min of condition] array
'minofcondition] = conditionl(1)

‘For i = 1 To UBound(condition])

'If (minofconditionl > condition1(i)) Then
' minofcondition] = condition1(i)

‘End if

Next

"get max of condition2 array
‘maxofcondition2 = condition2(1)

‘For i = 1 To UBound(condition2)

'If (maxofcondition2 < condition2(i)) Then
' maxofcondition2 = condition2(i)

‘End If

Next

‘Range("J1").Select

‘Fori=1 To nrows
' IfDELTA(], i) >= 0.5 And DELTA(2, i) <= maxofcondition2 Then
' ActiveCell.Value =1
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* Elself DELTAC(], i) <= -0.5 And DELTA(2, i) >= minofcondition] Then

' ActiveCell.Value = 1

* Elself (DELTAC(1, i) > -0.5 And DELTA(1, i) < 0.5) And (DELTA(2, i) > maxofcondition2 And DELTA(2, i) <
minofcondition]) Then

' ActiveCell.Value = 0.5

' Else

' ActiveCell.Value =0

' EndIf

*ActiveCell.Offset(1, 0).Range("s1").Select

‘Next

Range("j1").Select
Fori=1 To nrows
If DELTA(1, i) >= 0.5 And DELTA(2, i) <0 Then
ActiveCell.Value = 1
total = total + 1
Elself DELTA(], i) <= -0.5 And DELTA(2, i) > 0 Then
ActiveCell.Value =1
total = total + 1
Elself DELTA(1, i) > -0.5 And DELTA(1, i) < 0.5 Then
ActiveCell.Value = 0.5
total = total + 1
Else
ActiveCell.Value=0
End If
ActiveCell.Offset(1, 0).Range("al”").Select
Next

Position = 1
npermutes = 500
ReDim distribution(npermutes + 1)

distribution(1) = total / nrows

For k = 1 To npermutes
total =0

Position = Position + 1

‘put permute here
ReDim DeltArrayPermuted(nrows)
ReDim vectorarray(nrows)

Randomize
r = Int((((nrows)) * Rad) + 1)
Fori=1 To nrows
While vectoramay(r) = 1
r = Int((((nrows)) * Rad) + 1)
Wend
DeltArrayPermuted(i) = DeltaArray(r) ‘permr should have your delta whateever and permi
‘is what you will use in the program after permutation
vectoramray(r) = 1
Next
*DELETE
Range("k1").Select
‘offsetvalue = offsetvalue + 1
ActiveCell.Offset(0, k).Range("al").Select
Fori= 1 To nrows

ActiveCell.Value = DeltArrayPermuted(i)

Lake Level Variations and Global Ch ;A S Te Analysis




! ActiveCell.Offset(1, 0).Range("al").Select
' Next

‘put program code here
Fori= 1 To nrows
If DeltArrayPermuted(i) >= 0.5 And DELTA(2, i) <0 Then
total =total + 1
Elself DeltArrayPermuted(i) <= -0.5 And DELTA(2, i) > 0 Then
total =total + 1
Elself DeltArrasyPermuted(i) > -0.5 And DeltArrayPermuted(i) < 0.5 Then
total =total + 1
Else
‘nothing
End If
Next

distribution(Position) = total / nrows

Next

Worksheets.Add

Range("al").Select

For i = 1 To UBound(distribution)
ActiveCell. Value = distribution(i)

ActiveCell.Offset(1, 0).Range("al").Select
Next

Application.ScreenUpdating = True
End Sub

* This VBA routine is used to determine the common grid nodes in lake status for

* for both time periods (ie: 6 and 0 ka). In the event of one lake grid estimate is only valid for
* 0 ka and not for 6 ka , it is excluded from the file. This results in a file with calculated deltas
* in lake status common between the trwo lake grids used in data-model comparisons.

]

* Written by: A. E. Viau and M. Sawada (LPC)

* Jan. 1999

* input required: Lake status grids for both time periods in XYZ format
L

Sub Macrol()

' Macrol Macro
* Macro recorded 12/23/98 by K. Gajewski

Range("c1").Select
While (ActiveCell. Value < ")’ Or ActiveCell.Value < 0)* i=1To 50

Lake Level Variations and Global H| jcal Change: A S Te Analysis 14




If ActiveCell.Value = -99 Then
ActiveCell. EntireRow.Select
Selection.Delete Shift:=xiUp
ActiveCell.Offset(0, 2).Range("s1").Select
GoTo dds:
Else
ActiveCell.Offset(1, 0).Range("al").Select
EndIf

dds:

Wend

Range("d1").Select

While (ActiveCell. Value <> ") ' Or ActiveCell.Value < 0)' i=1 To 50

If ActiveCell.Value >= 50 Then
ActiveCell EntireRow.Select
Selection.Delete Shift:=xIUp
ActiveCell.Offset(0, 3).Range("al").Select
GoTo ddsa:
Else
ActiveCell.Offset(1, 0).Range("al").Select
End If

ddsa:

Wend

End Sub
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