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Abstract
A tree-ring width chronology from Scots pine (Pinus sylvestris L.) was constructed
from a xeric site in Stockholm to investigate the relationships between climate and tree
growth and to reconstruct past moisture variability. The measure of moisture conditions
employed here is a self-calibrating Palmer Drought Severity Index (PDSI). The index
is derived from temperature, precipitation, and available water capacity of the soil, and
assesses the intensity and duration of drought. It is widely used in tree-ring based climate
reconstructions, a method which has never before been tested in the Nordic countries.

The comparison of the Stockholm tree-ring chronology with monthly temperature and
precipitation data from a nearby meteorological station shows that tree growth is re-
duced by high summer temperatures, whereas high precipitation at the beginning of
the growing season favours growth. The comparison with a PDSI calculated from this
meteorological data shows that negative PDSI values are associated with narrow rings.
Although tree growth in the humid climate of central Sweden is generally not limited
by precipitation, the trees sampled for this study prove to be sensitive to changes in
water supply. Their rings thus provide a record of past moisture variability and enable
the reconstruction of precipitation and drought. The transfer function models for the
reconstructions are calibrated using linear regression. A detailed veri�cation of the re-
sults using the more than 200-year long meteorological record from Stockholm a�rms
the good model performance. May�June precipitation sums and the July PDSI could be
reconstructed back to 1625.

The Palmer Drought Severity Index is found to be a useful tool in a tree-ring based
reconstruction of past moisture variability, approximating the fraction of rainfall which
is actually available to the tree, by including soil moisture storage, runo�, and the
in�uence of temperature on evapotranspiration. It cannot completely account for the
combined temperature and precipitation forcing of tree growth, and the use of the index
does not improve the reconstruction compared to using precipitation alone. However, a
reconstruction of both precipitation and the PDSI is possible when selecting an adequate
sample site.
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1 Introduction

The Earth's climate is constantly changing. The reconstruction of past climate is im-
portant for the understanding of climate variability and for the modelling of climate
change in the future. Long instrumental records of temperature and precipitation are
only available from very few parts of the world, and most meteorological measurement se-
ries cover only the twentieth century. Palaeoclimatology therefore uses di�erent archives
to obtain more information about climate variability in the past. Tree rings are one of
these archives. The science of reconstructing climate from tree rings is called dendrocli-
matology.

In areas where trees grow at their climatic distribution limit, their growth is in general
mostly in�uenced by a single element of climate. At cold sites, tree growth depends
strongly on temperature, while at dry sites it is more precipitation dependent. The
majority of dendroclimatic studies in the Nordic countries focus on high latitude and
high altitude sites, where relatively cool summers result in a strong link between tree
growth and mean temperature. Thus, trees growing at the northern tree line enable
a reconstruction of past summer temperatures dating back several thousands of years
(Bri�a et al., 1988, 1992; Grudd et al., 2002; Grudd, 2008). Similar climate�growth
relationships have been ascertained in other parts of northern Fennoscandia (Lindholm
and Eronen, 2000; Kirchhefer, 2001).

Towards the southern, more temperate regions, the climate�growth relationship changes.
The dominance of temperature as the limiting factor is extenuated by an increasing
in�uence of precipitation on tree growth. Lindholm et al. (2000) compared the climate
signal in tree rings from the northern, central and southern part of the boreal forest belt
in Finland. They found the strongest common climate signal due to temperature forcing
in the north, while further south, the climate signal becomes weaker. Tree growth is less
a�ected by summer temperature and more a�ected by early growing season precipitation.
Also in the southern regions of Sweden, where there is generally enough heat during
summer, tree growth has a more complex response to climate than in the north. In these
areas tree growth is forced by a combination of temperature and precipitation, neither
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of which is alone limiting to growth (Linderholm, 1999). Hence it is more di�cult to
reconstruct single climate parameters using traditional techniques in dendroclimatology.

Tree-ring based reconstructions of precipitation and drought are usually conducted in
semi-arid regions, where tree growth is limited by rainfall and tree-ring widths are highly
correlated with precipitation amounts (Grissino-Mayer, 1996). However, there have been
attempts to reconstruct precipitation from tree rings in the humid climate of northern
Europe. Studies from Sweden and Finland (Helama and Lindholm, 2003; Linderholm
et al., 2004; Jönsson and Nilsson, 2009) show that even here, a precipitation signal
can be recognised in the tree-ring record, especially when trees growing on well-drained
sites with low water holding capacities are sampled. Although the link between ring
widths and precipitation amounts is weaker here than in more arid environments, a
reconstruction of precipitation from tree rings is possible.

The Palmer Drought Severity Index (Palmer, 1965) is an index which was developed to
measure intensity, duration, and spatial extent of drought, and is widely used in tree-ring
based reconstructions of moisture conditions. It is based on the di�erence between actual
precipitation amounts and the amount of precipitation that would be required to retain
normal moisture conditions. The index is derived from measurements of precipitation,
air temperature, and local available water capacity of the soil, along with prior values of
these measures. The departures from normal conditions are weighted in order to make
them comparable over space and time. In many regions of the world, tree rings have been
successfully used to reconstruct the Palmer Drought Severity Index, both in single-site
studies and in studies based on tree-ring networks covering large geographical regions
(Cook et al., 1999; Li et al., 2006; Buckley et al., 2007; Stahle et al., 2007; Nicault et al.,
2008; Büntgen et al., 2009; Fang et al., 2009; Sano et al., 2009). The index can serve
as an alternative to simply considering precipitation for the characterisation of moisture
conditions in the past. This concept has never before been tested in the Nordic countries.

1.1 Aims and Hypothesis

This study aims to obtain palaeoclimate information from tree rings in the Stockholm
area. It is hypothesised that tree-growth variability in central Sweden can be approxi-
mated by the Palmer Drought Severity Index (PDSI) and that, in turn, past PDSI values
can be reconstructed using long tree-ring records, revealing past variations in moisture
conditions. Tree growth in this area is not restricted by a single limiting factor like sum-
mer temperature in northern Sweden. It is forced by a combination of precipitation and
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temperature, along with other non-climatic factors, and will probably not be very highly
correlated with either one of those. It is assumed that there is a stronger link between
tree-ring width and a composite climate-related variable, such as the PDSI, than be-
tween ring width and single climate parameters. Because of the combined temperature
and precipitation forcing, the PDSI would be a better approximation of growth. Thus,
the use of tree rings for climate reconstruction would give a more robust estimate of past
moisture variability when it is expressed in terms of the PDSI instead of precipitation
alone.

The hypothesis is tested using tree-ring and meteorological data from the Stockholm
area. For this purpose, a new tree-ring width chronology for Stockholm is created from
Scots pine (Pinus sylvestris L.) , covering a time span from 1625 to 2008. The climate�
growth relationships are assessed by comparing ring width to temperature, precipitation
and PDSI data from the meteorological station in Stockholm, where weather observations
have been carried out for more than 200 years. The trees selected for this study are
growing on a dry site and are therefore assumed to respond to changes in water supply.
This would allow the reconstruction of precipitation and drought even in this fairly
humid region. The relationship between the PDSI and tree-ring width from two other
locations in Sweden is also investigated in order to test if the PDSI is a useful tool even if
sampled trees are not chosen from extremely dry sites and climate data is not available
from a very close-by meteorological station, as it is the case for the new Stockholm
chronology.

The �rst chapters of this thesis are concerned with the basics and theoretical background
for dendroclimatic reconstruction, and with an explanation and critical review of the
Palmer Drought Severity Index. Then, the study area as well as the methods applied
to build a new tree-ring chronology and to analyse the climate�growth relationships are
described. Finally, the results are presented and discussed.

1.2 Relevance

This project provides a method to obtain palaeoclimate information from trees in warm-
temperate regions of northern Europe, an area which so far has produced few high-
resolution palaeoclimate records for the last millennium. The histories of precipitation
and moisture variability provided by the tree rings will enable estimates of climate
change beyond the instrumental period and lead to a greater knowledge of natural cli-
mate variability. The variability in the past must be understood to be able to predict
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climate change in the future. Instrumental meteorological records provide information
about relatively recent developments, for example the currently observed warming. But
there will be no complete understanding without the long-term perspective. Therefore,
palaeoclimate data of high resolution is required to increase the knowledge about trends
and variability of the climate system, and to be able to discern natural variability and
possible human in�uence. Palaeodata is also needed for the evaluation of climate mod-
els to test if they realistically simulate climatic change (Jansen et al., 2007). There is
especially a need for palaeo-precipitation data because to date, many more proxies exist
on temperature than on precipitation variability. But along with global warming, pre-
cipitation patterns will change as well, complicating future climate scenarios (Douville,
2006).

Climate change a�ects human societies. The analysis and understanding of the causes
of past variability at di�erent temporal and spatial scales is therefore relevant to the
society at large, because many human activities and climate extremes are not in�uenced
by hemispheric-scale, annual means but by the local and regional variations during the
various seasons. Hydrological variability has often the most severe impacts, for example
extreme �oods or drought events (Old�eld and Alverson, 2003). It is therefore important
to understand possible extents of such extremes from the past in order to recognise and
possibly adapt to their occurrence in the future. In Sweden, the socio-economic relevance
of drought is less than for example in the semi-arid parts of the Unites States, where
water supply, agriculture and energy production depend on drought conditions (Cook
et al., 1999). Still, drought is a recurrent feature of the European climate, which can
occur in low and high rainfall areas and in any season (European Environment Agency,
2001).

Tree rings have signi�cantly contributed to the knowledge of late Holocene climate vari-
ability on annual to centennial time scales, for temperature and precipitation as well as
derived climate variables like drought or atmospherical circulation indices (Bri�a, 2000).
They provide information about amplitude, timing and geographical extent of climate
change (Kromer et al., 2001), but an improved temporal and regional coverage is still
needed (Jones et al., 2009).



2 The Principles of Dendroclimatic
Reconstruction

The analysis of tree rings is employed in a number of di�erent research �elds. Tree
rings are used for example for dating in archaeological studies, to study river �ow,
volcanic activity and the history of glaciers, in geomorphology, as well as in climatology
(Schweingruber, 1988). Many tree species growing in regions with seasonal changes in
temperature and precipitation form annual rings and can be used in dendrochronology.

The tree-ring parameters which are used to reconstruct past climate and environmental
changes are ring width and maximum latewood density along with ratios of stable iso-
topes of carbon, oxygen and hydrogen (McCarroll et al., 2003). At cold high-elevation or
high-latitude tree line sites, tree-ring width and maximum latewood density are highly
correlated with temperature. Warm summer temperatures result in the formation of
denser latewood (e.g. Grudd, 2008). Ring width can be signi�cantly correlated with
precipitation at arid sites. Low precipitation leads to drought stress and the formation
of smaller rings. Stable isotopes in tree rings can also be analysed as climate proxies
because temperature dependent fractionation mechanisms a�ect the isotopic ratios of
water, oxygen and carbon dioxide (Helle and Schleser, 2003). In this study, only ring
width chronologies are considered. This parameter is usually used for precipitation recon-
struction because water supply in�uences the annual radial increment (cf. section 2.2).

While some past environmental changes can be directly measured, e.g. from atmospher-
ical gas concentrations in ice core air bubbles, tree rings do not record changes directly
(Jansen et al., 2007). But tree growth responds to a changing environment, and these
changes can be deduced from certain tree-ring features. In order to interpret tree rings
as a result of the in�uence of their environment, it is important to understand how a
tree grows. The statistical models used to reconstruct climate from tree rings can be
successful when they �adequately resemble the true biological cause and e�ect of climate
on tree growth� (Fritts and Guiot, 1990, p. 216). This chapter is concerned with the
theoretical background for the reconstruction of climate based on tree rings. The �rst
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sections discuss some basics on tree growth, the factors which in�uence tree growth,
and why tree-ring characteristics become correlated with climate. Then, the rationale
for deducing climate information from tree rings is explained.

2.1 Factors Determining Tree Growth

Tree growth is determined by a variety of climatic and non-climatic factors. When
choosing trees for dendroclimatic studies, it is important to be aware of the possible
non-climatic in�uences on growth, which can reduce the correlation between growth and
climate. Trees are in�uenced by light, temperature, precipitation, wind, soil properties
like available nutrients and water holding capacity, as well as anthropogenic soil and air
pollution (Schweingruber, 1996, p. 27). Individual trees can be disturbed by the e�ects
of competition with other plants for light, root space and water. Mechanical damage,
e.g. caused by insects or �re, may a�ect all trees in a stand.

The principle of limiting factors states that growth cannot proceed faster than is allowed
by the most limiting factor (Fritts, 1976, p. 15). The degree and duration of the e�ects
of limiting factors can vary, and di�erent limiting factors can be relevant in di�erent
seasons. This principle is important in dendroclimatology because an environmental
factor which limits tree growth will cause similar ring width variations in many trees. A
tree-ring chronology will only contain a climate signal, for example, if the same climatic
factors are limiting to the physiological processes in all trees, which in turn determine
ring width and density. The more a tree is limited by environmental factors, the larger
the year-to-year variation in ring width will be. This variability is called sensitivity. The
opposite of sensitivity is complacency. In general, trees which are stressed produce a
stronger climate signal (Travis and Meentemeyer, 1990). That is why the most reliable
climatic information can be obtained from trees growing at their climatic distribution
limit. If for example temperature is a strongly limiting factor at the northern tree line,
trees will have a high sensitivity to temperature and the temperature signal in the tree
ring chronology will be strong.

2.2 The Formation of Tree Rings

The part of the tree producing the cells which form tree rings is the vascular cambium.
This is a thin layer of meristematic tissue (i.e. it contains cells capable of dividing and
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Figure 2.1: Enlarged detail of a Scots pine's cross-section, exposing the annual rings (Photo:
I. Labuhn).

producing new cells) between the wood and the bark. Xylem cells (water-conducting
tissue) are produced on the inside and phloem cells (food-conducting tissue) on the
outside of the cambial layer (Fritts, 1976, p. 57). While during the winter, the cells of
the cambium are dormant, they start to form new cells at the beginning of the growing
season in spring. As a tree grows, each year new layers of xylem and phloem are produced,
whereat old phloem is crushed and becomes part of the bark, and xylem maintains its
shape and makes up the wood of the tree's stem. A cross-section of a tree exposes growth
layers as concentric rings.

An annual ring is de�ned as �a growth band in the xylem of a tree [...] which has anatom-
ically de�nable boundaries and is formed during a single period of cambial activity that
occurs only once per year� (LaMarche Jr, 1982, p. 3). The de�nable boundary between
rings occurs because of di�erent cell structures within the ring. At the beginning of the
growing season, new cells are formed rapidly. The inner part of a tree ring thus consists
of large cells with thin cell walls, which are light in colour. This part of the ring is called
earlywood. Towards the end of the growing season, tree growth slows down, cells become
gradually smaller and cell walls thicker. These cells form the latewood, which is darker
and denser than the earlywood. Between two rings there is a sharp boundary with an
abrupt increase in cell size (Fritts, 1976, p. 60). Figure 2.1 shows the enlarged image of
a cross-section of a Scots pine. The appearance and size of an annual ring is determined
by the number and size of cells and the thickness of the cell wall. These characteristics
depend on the rate of cell division, cell enlargement and wall thickening respectively.
Moreover, there is a systematic change in ring width which is dependent on the age of
the tree. As a tree gets older, ring widths and growth rates decline. This age trend exists
because the circumference of the stem increases and a larger volume of wood tissue needs
to be produced for the formation of a new annual ring (Fritts, 1976, p. 108).
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The distinction of the annual layers of wood can be complicated by the occurrence of
so-called missing and false rings. A missing ring occurs when a tree does not produce
wood along the radius which is measured, i.e. a ring is locally absent. A false ring is
an intra-annual �uctuation in density, which resembles a real annual ring. Cells become
smaller and cell walls thicker before the end of the growing season, e.g. caused by water
stress. Replenishment of soil moisture causes the cells to expand again. False rings often
develop in trees which are sensitive to climate (Rigling et al., 2002).

The physiological processes in a tree (photosynthesis, root absorption, transport and
transpiration, among other things) depend on genetic predisposition and on the in�uence
of the environment (Fritts, 1976, p. 51). Tree growth is controlled by these processes, and
results in certain structural characteristics, e.g. the activity of the vascular cambium in
the stem results in a certain ring width. Environmental in�uences can therefore modify
the structure of annual rings. Water de�cits have an e�ect on certain processes in the
cambium which lead to the formation of small annual rings in dry years: Water stress
reduces the rate of cell division and thus the production of new cells. If fewer cells are
formed, the annual ring will be narrow. It also reduces cell enlargement because with
decreased turgor pressure there is less water available for the expansion of cells (Zahner,
1968). Smaller cells also lead to a narrower ring. A further indirect e�ect of water stress
on ring width is the reduction of photosynthesis. Fewer carbohydrates, which are needed
for the formation of new cells, are produced and their translocation from the crown to
the stem is slowed down (Kramer, 1964). Since physiological processes and growth are
a�ected by the environment, tree rings provide a record of this environmental forcing
and can be correlated with a climate variable like precipitation.

2.3 Tree Rings as Climate Proxies

Trees, being long living sessile organisms, are in�uenced by annual and long-term vari-
ations in their environment. Their annual rings record these changes and can therefore
serve as a source of palaeoclimatic information � a so-called climate proxy � and be used
for climate reconstruction. A proxy is an indirect indicator of climate which has been
recorded in an archive like lake sediments, peat bogs, ice sheets, or tree rings. Proxies
enable a reconstruction of climate beyond the period of instrumental measurements, but
for this purpose they have to be calibrated against instrumental data (Le Treut et al.,
2007).
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The general principle of using tree rings as a climate proxy is based on the fact that
favourable growth conditions lead to wider tree rings whereas under less favourable con-
ditions, smaller rings are formed. Trees growing in the same area respond to external
environmental factors in a similar way. This results in matching patterns of wide and
narrow rings, which can be identi�ed among di�erent trees. Changes in temperature,
the availability of water and other environmental factors in�uence plant physiological
processes whereby variations are recorded in ring width, wood density and isotope com-
position. Although the underlying principle is simple, accurate reconstructions require
the understanding of many variables and relationships (Fritts, 1976, p. 2). In order to
use tree rings for climate reconstruction, the climate signal has to be separated from
other forcing factors (this will be explained in section 2.4). The strongest common cli-
mate signal can be expected in trees growing at their climatic distribution limit. If there
is only one main limiting factor to growth, there will be a strong correlation between
ring width and this factor. But also trees found in regions with generally favourable
conditions can provide climatic information when they are selected in order to maximise
their response to changes in a certain factor, e.g. by choosing trees from a dry site for
precipitation reconstruction, as it is the case in this study.

In order for a tree species to be used in dendroclimatology, certain requirements have
to be met: The tree must produce distinguishable rings for each year, it must attain
su�cient age for the purpose of a particular study, and the rings must possess features
that can be crossdated (Schweingruber et al., 1990). Crossdating denotes the matching
of ring width patterns among radii within a tree and among trees. Strong common
patterns of year-to-year variability enable good crossdating. When using living as well
as dead trees, a chronology can be extended far back in time, as long as the individual
series overlap (�gure 2.2). Some of the longest chronologies date back to about 12,500 bp
(Friedrich et al., 2004). When a chronology extends to present day, or a known calender
year, a calender year can be assigned to each ring. Once the exact years are determined,
the tree-ring chronology can be matched exactly in time with meteorological data.

2.3.1 Advantages of Tree Rings Compared to Other Proxies

Trees which form annual rings are a valuable archive and the analysis of tree rings is a
useful tool to palaeoclimatology. Unlike most other archives, tree rings display an exact
annual resolution, the highest resolution possible for climate reconstructions of the past
10,000 years (Helle and Schleser, 2003). The annual resolution also enables tree rings to
be dated exactly and climate information inferred from tree rings can be exactly placed
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Figure 2.2: Schematic illustration of crossdating. Samples from di�erent sources can be cross-
dated when similar patterns of ring-width variation occur and the time spans they
cover overlap. By using living and dead trees, logs from buildings, and subfossil
wood, a chronology can be extended far back in time (modi�ed from Schweingru-
ber, 1988, p. 51).

in time (Fritts, 1976, p. 10). Another advantage is the geographical extension of trees.
They are found in many parts of the world: in remote areas where few long measurement
series exist, as well as in densely populated areas, where environmental changes can
be of importance for human settlements, at di�erent latitudes and altitudes, providing
information about local and regional consequences of climate change (Helle and Schleser,
2003). Since tree core sampling and ring width measurement procedures are relatively
simple, results from dendrochronological studies can be replicated and quanti�ed easily.

2.4 From Tree-Ring Width to Climate Information

This section explains the di�erent steps involved in deducing past variations in climate
from variations in tree-ring width. The climate-related information that is to be extracted
from tree rings is referred to as the signal, the non-climatic variation as the noise (Cook,
1990). The signal is the variability that is common in all tree-ring series at a site. When
growth processes strongly depend on climate, more climate information is contained in
the chronology, i.e. the signal is strong and the signal to noise ratio is high. In order to
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Figure 2.3: Scheme for the deduction of climate information from a proxy.

enhance the climate signal in a tree-ring series, the series has to be standardised. Then,
it can be calibrated against instrumental measurements of climate parameters to develop
a model for reconstruction, which is based on the statistical relationship between the
proxy and the climate variable (�gure 2.3).

2.4.1 Standardisation

A conceptual linear aggregate model for tree rings (Cook, 1990) provides the theoretical
background for standardisation. According to this model, an observed ring width series
can be expressed as

Rt = At + Ct + δD1t + δD2t + Et, (2.1)

where Rt is the observed tree-ring width at calender year t, At is the age-related decline
in ring width, Ct is the climate signal, D1t is the disturbance pulse caused by a local
endogenous disturbance (referred to as a pulse because it will appear and disappear again
in the ring width series), D2t is the disturbance pulse caused by a standwide exogenous
disturbance, δ is a binary indicator of the presence (δ = 1) or absence (δ = 0) of the
respective disturbance, and Et is the random year-to-year variability not related to the
other signals (Cook, 1990, p. 98).

The climatic in�uence Ct is assumed to a�ect all trees in the same way and will be
present in all samples as a common signal. The endogenous disturbance pulse D1t might
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be caused by competition between trees and resulting suppression and release patterns. It
is assumed to be random in space and time and therefore endogenous disturbance pulses
from di�erent trees in the same stand will be uncorrelated. The exogenous disturbance
pulse D2t on the other hand denotes a standwide disturbance and will result in a common
signal in all trees. Et is also uncorrelated between trees.

In a dendroclimatic study, the climatic response Ct is the signal of interest. The non-
climatic growth trend Gt is the noise and should be removed. Gt is a function of the
age-related trend and the disturbance pulses and can be de�ned as

Gt = f(At, δD1t, δD2t). (2.2)

The estimation and removal of the non-climatic trends and �uctuations in a tree ring
series � expressed by Gt � is crucial to the reliability of climatic reconstructions (Cook,
1985, p. 1). This process is known as standardisation.

The growth trend is modelled by a deterministic or stochastic function, which can be
derived by �tting an appropriate curve to the measured ring width series. The measured
values Rt are then divided by the corresponding values of expected annual growth, which
are de�ned by the growth trend curve, according to the equation

It = Rt/Gt, (2.3)

where It is the tree-ring index for year t (Cook et al., 1990a). The result is a new series
of dimensionless indices with a mean of 1. By standardisation, the climate response in
a tree-ring series is maximised and non-climatic variation is minimised. It is inevitable,
however, that some low-frequency climatic information will be lost because it cannot be
separated from the age-related trend. Another reason for standardisation is the di�erence
in growth rates and absolute ring widths between trees. If di�erent series were to be
averaged without standardisation, high absolute ring widths and large variations from
fast growing trees would dominate the mean values.

The standardised values from single trees are �nally averaged to minimise the variation
between trees and random errors and to enhance the common underlying signal. A time
series of averaged growth indices is referred to as a standardised chronology.

There are many di�erent methods of standardisation. The choice of method depends
on the properties of the tree-ring series and the question of the study. The most simple
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method would be to �t a least-squares regression line through the data. It is best used
for relatively short series. In semi-arid regions the growth curve is often approximated
by a negative exponential function. This is a deterministic method with a prede�ned
mathematical model of growth, which assumes that D1t and D2t in equation 2.2 are
absent or negligible (Cook et al., 1990a). The growth curve is simply based on the �
presumably exponential � decline in ring width with increasing tree age due to increas-
ing stem circumference. The use of cubic smoothing splines is a more �exible and data
adaptive stochastic method, which allows for possible endogenous and exogenous dis-
turbances when the growth curve deviates from the negative exponential form (Cook
et al., 1990a). This method is often used in dense forests and humid climates, where
competition and stand disturbances may be more in�uential than in semi-arid regions.
Here, ring widths in a tree might increase again, e.g. if the tree is �rst suppressed and
then released from competition.

2.4.2 Calibration, Veri�cation and Reconstruction

The standardised ring width chronology can be used as a proxy in the reconstruction
of climate. To this end, a model is constructed which has to be calibrated and veri�ed
against instrumental data. First, the tree growth response to climate is assessed. This
can be done e.g. by using a sign test, multiple regression, principle component analysis
or correlation analysis (Schweingruber, 1988, p. 88). A response function characterises
the tree growth response to climate by identifying the factors (climate variables during
certain months or combinations of months) which have an in�uence on tree growth, as
well as the direction and strength of the relationship. This information is then used to
design a model for the reconstruction (Hughes et al., 1982, p. 32).

The model is an equation which describes the statistical relationship between tree-ring
width (the predictor) and the climate parameter to be reconstructed (the predictand)
and is referred to as a transfer function (Fritts and Guiot, 1990). It is constructed for
a certain time interval, the calibration period, using linear regression. The assumption
made here is that the relationship between the predictor and the predictand is linear and
time stable, i.e. does not change during the calibration, veri�cation and reconstruction
periods (National Research Council, 2006, p. 84).

In a veri�cation exercise, the empirically derived model must then be validated against
independent data � predictand observations which were not used in the calibration �
in order to test its reliability (Gordon, 1982). A number of error statistics like the
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Reduction of Error and the Coe�cient of E�ciency are available in order to test the
model performance. They assess the quality of the reconstruction by measuring the
degree of similarity between estimates of climate made from the model and independent
instrumental data. These statistics will be described in section 6.5. When veri�ed, the
model can be applied for climate reconstruction, using the transfer function equation to
calculate the climate parameter from tree-ring width.



3 The Palmer Drought Severity
Index

Drought indices are used to assess and quantify the severity of drought. In this study, it
is presumed that tree growth in the fairly humid climate of southern Sweden responds
to both precipitation and temperature and is not primarily restricted by only one cli-
mate element. An index was needed that integrates temperature and precipitation to
create a single climate variable. A number of indices which classify drought or moisture
conditions has been developed (Heim Jr, 2000; Keyantash and Dracup, 2002). A primi-
tive index is the Percent of Normal, which simply gives the observed precipitation as a
percentage of the long-term mean. However, regional comparisons cannot be made with
this index because the same value can have a di�erent signi�cance in di�erent climates.
The Standardized Precipitation Index (McKee et al., 1993), which has also been applied
in dendroclimatic reconstruction (Touchan et al., 2005), transforms precipitation data
to a normal distribution and allows comparisons between di�erent locations as well as
the assessment of drought on di�erent time scales. Both of these, however, do not take
temperature into account. The Crop Moisture Index (Palmer, 1968) monitors short-term
changes in moisture supply, which are relevant to agriculture. These short-term changes
may not be re�ected in the annual ring of a tree.

For the purpose of this study the Palmer Drought Severity Index (Palmer, 1965) was
chosen because it is probably the most widely used drought index. It is a complex
monthly drought index which is calculated from temperature, precipitation and local
available water capacity of the soil. The PDSI also takes antecedent moisture conditions
into account. It can therefore be regarded as a good representation of the tree's moisture
supply during the growing season (Li et al., 2007). In addition, it has been applied in
many dendroclimatic reconstructions of drought.

A number of di�erent drought de�nitions exist. Palmer de�nes a drought period as �an
interval of time, generally of the order of months or years in duration, during which the
actual moisture supply at a given place rather consistently falls short of the climatically
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appropriate moisture supply. Further, the severity of drought may be considered as being
a function of both the duration and magnitude of the moisture de�ciency� (Palmer, 1965,
p. 3). Some drought concepts also include the impacts of drought. Agricultural drought
for example comprises water shortage for plant growth and aspects of agricultural eco-
nomics, and hydrological drought includes reductions in stream �ow, reservoir storage
and ground water levels. Palmer's de�nition focuses solely on meteorological aspects,
excluding e�ects which depend on water usage. Although Palmer's original objective
was to create an index for drought, he then applied it to positive moisture departures
as well. The same equations can be used to characterise wet periods.

3.1 The Derivation of the Index

The PDSI is a complex index and requires 68 computational terms (Lloyd-Hughes and
Saunders, 2002). Here, only the main steps in the calculation will be presented, which
should give an idea of the basic concept. The full description can be found in Palmer
(1965), summaries are given by Alley (1984), Weber and Nkemdirim (1998) and Wells
et al. (2004). The following explanations are based on these sources.

The basis of the PDSI is a water balance model (supply�demand) on a monthly basis.
The input data needed for the calculation of the index are monthly mean temperatures
and monthly precipitation totals. A two-layer soil moisture model is used, where the
available water capacity (AWC) of the top layer is assumed to be 25 mm and the AWC
of the underlying layer is site dependent. The principles of the water balance model are
as follows: Water demand is de�ned by potential evapotranspiration. Water input into
the system is precipitation, water output is actual evapotranspiration and runo�. When
water demand is satis�ed (supply > demand), excess input is put into storage until both
soil layers are saturated. After that runo� occurs. When water supply is not su�cient to
meet the demand (supply < demand), water is withdrawn from storage until the demand
is met or soil moisture is depleted.

In a �rst step, potential evapotranspiration is calculated using the Thornthwaite method
(Thornthwaite, 1948). Required variables for this calculation are mean monthly temper-
ature and latitude, from which monthly means for solar declination are calculated as a
latitude-dependent correction factor for day length. Then the water budget, expressed by
values for four soil moisture related parameters � evapotranspiration, recharge, runo�,
and loss � is calculated for each month. Furthermore, the potential values for these
parameters are calculated. For a de�nition of the hydrological parameters see table 3.1.
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Table 3.1: De�nition of the PDSI parameters (from Weber and Nkemdirim (1998), unless oth-
erwise indicated).

Evapotranspiration (ET ) = Potential evapotranspiration if a moisture surplus ex-
ists. Otherwise, it is the sum of precipitation and the
moisture removed from the two soil layers

Potential evapotranspiration (PE) = The amount of water that would evaporate and tran-
spire if it were available (Thornthwaite, 1948)

Recharge (R) = Net gain in soil moisture during one month
Potential recharge (PR) = The amount of moisture required to bring the soil to

�eld capacity
Runo� (RO) = Precipitation minus the demand (potential evapotran-

spiration) minus the addition to storage in both soil
layers

Potential runo� (PRO) = Total available water capacity minus potential
recharge

Loss (L) = Total amount of moisture withdrawn from storage
Potential loss (PL) = Either the total demand (potential evapotranspira-

tion) or the total amount of moisture which can be
withdrawn from both soil layer, whichever is lower

The potential values are used to calculate four coe�cients (α, β, γ and δ) for PE, PR,
PRO and PL respectively, which characterise the normal climate. For example, the
coe�cient of evapotranspiration for month j is

αj = ET j/PEj, (3.1)

where ET j is the measured and PEj the potential value for that month. The overbars
indicate that it is the mean value taken over all years of record. The other coe�cients
are calculated accordingly. If the potential value is 0, α equals 1; β, γ and δ equal 0.
These coe�cients are used to de�ne the so-called CAFEC precipitation P̂ (Climatically
Appropriate For Existing Conditions) for each year i and month j:

P̂i,j = αPEi,j + βPRi,j + γPROi,j + δPLi,j. (3.2)

The CAFEC precipitation characterises the demand. It is high when preceding months
have been dry and hot (soil moisture is low) and low when preceding months have been
wet. Once the amount of precipitation that should have occurred to restore normal
moisture conditions is determined, it can be compared to the amount that actually did
occur. The moisture departure di,j for each year i and month j is
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di,j = Pi,j − P̂i,j, (3.3)

where Pi,j is the actual precipitation and P̂i,j is the CAFEC precipitation. The mean of
di,j taken over all years and months is 0. In the next step, the climatic characteristic
Kj is introduced as a weighing factor for normalization over space. The ratio of mean
demand to mean supply for each month, kj, is a �rst approximation to Kj:

kj =
PEj + Rj

P j + Lj

. (3.4)

This ratio has then been adjusted to calculate Kj by including empirical constants in
the formula, which Palmer derived by comparing nine locations in the United States.
The monthly moisture anomaly index Zi,j can be calculated from di,j and Kj:

Zi,j = Kj · di,j. (3.5)

Zi,j measures the moisture anomaly for the current month without taking antecedent
conditions into account. This intermediate result in the calculation procedure of the PDSI
is also separately used as a drought index. The PDSI value Xi,j for a given month j in
year i is calculated from the moisture anomaly index for that month and the PDSI value
of the previous month including the duration factors :

Xi,j = 0.897Xi,j−1 +
1

3
Zi,j. (3.6)

The values for the duration factors 0.897 and 1
3
were empirically derived from two lo-

cations in the United States. They determine the contribution of preceding months to
drought severity. The values of the PDSI range from about −4 to +4. Negative values
denote a drought, and positive values denote a wet spell (table 3.2). Xi,j is actually only
the �rst approximation of a drought severity index. The end of a drought or wet spell
has to be de�ned. It is not reasonable to assume that the index would have to be zero
for a return to normal conditions, since conditions could be considered normal when
the index is only slightly negative for several months. At the same time, a single month
with a normal PDSI value might not be the end of a drought or wet spell, when extreme
conditions continue afterwards. Therefore, PDSI values are not only dependent on an-
tecedent conditions. When calculated at a later date, values may be replaced because it
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Table 3.2: Classi�cation of PDSI values according to Palmer (1965).

PDSI value (X) Drought category
≥ 4.00 Extreme wet spell
3.00 to 3.99 Severe wet spell
2.00 to 2.99 Moderate wet spell
1.00 to 1.99 Mild wet spell
0.50 to 0.99 Incipient wet spell
0.49 to −0.49 Normal
−0.50 to −0.99 Incipient drought
−1.00 to −1.99 Mild drought
−2.00 to −2.99 Moderate drought
−3.00 to −3.99 Severe drought
≤ −4.00 Extreme drought

could become obvious that a certain wet or dry period actually ended at a di�erent time,
or that a month of near-normal conditions actually marked the beginning of a wet or
dry spell (Wells et al., 2004). A detailed explanation of how this so-called backtracking
procedure works is beyond the scope of this study.

3.2 A Self-Calibrating PDSI

One of the things the PDSI is most criticised for is that it is not useful for spatial
comparisons (Guttman et al., 1992). Palmer was aware that a given moisture departure
can mean di�erent things at di�erent locations and at di�erent times, and that the
signi�cance of the departure depends on the normal moisture conditions for the month
and place under consideration (Palmer, 1965, p. 17). He intended to standardize the
index so that comparisons between months and between locations are made possible
by including the empirically derived climatic characteristic K as a weighting factor
in the calculation. However, he only used a limited amount of data from the United
States to standardise his index. That is why spatial comparisons of PDSI values are
considered to be di�cult or even meaningless. Palmer himself stated that his method
was �speci�cally designed to treat the drought problem in semiarid and dry subhumid
regions. Extrapolation beyond the circumstances for which it was designed might lead
to unrealistic results� (Palmer, 1965, p. 50).

In order to address these shortcomings, Wells et al. (2004) developed a self-calibrating
Palmer Drought Severity Index. The di�erence to the original PDSI is that the self-
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calibrating PDSI calculates the climatic characteristic K and the duration factor based
on historical climatic data of each site, instead of only using data from a few locations.
The advantage of this alternative procedure is that the index is more consistent and
that it allows for more accurate geographical comparisons in di�erent climates (van der
Schrier et al., 2006). It seemed reasonable to use the self-calibrating PDSI instead of
the original one in this study. In the following chapters the term PDSI refers to the
self-calibrating PDSI.

3.3 Applications

The PDSI is a measure of drought and wetness relative to normal conditions. It has been
developed in the United States, where it is used today in water resource management
and for agricultural purposes. United States government agencies employ the PDSI in
drought monitoring. The NOAA National Weather Service publishes weekly PDSI maps
for the Unites States. It �provides decision makers with an overview of the relative
degrees of abnormality of recent weather� (Alley, 1984). It is furthermore employed in the
analysis of the spatial and temporal characteristics of drought over large regions, putting
the extent and duration of current or observed droughts in a historical perspective. Dai
et al. (1998) studied the in�uence of the El Niño�Southern Oscillation (ENSO) on global
dry and wet areas using the PDSI. Dai et al. (2004) have derived a PDSI dataset for
the global land area from 1870 to 2002, and use the PDSI as a proxy for soil moisture
conditions and stream�ow. Bri�a et al. (1994) and Lloyd-Hughes and Saunders (2002)
investigate drought and moisture variability in Europe based on the PDSI.

The PDSI has also been used in many dendroclimatic reconstructions of drought. While
some studies focus on local moisture variability (Cook and Jacoby Jr., 1977; Stahle
et al., 1988; Hughes and Brown, 1992), others use networks of tree-ring chronologies to
reconstruct drought over large geographical regions (Meko et al., 1993; Cook et al., 1999,
2004; Fye and Cleaveland, 2001). All these studies are from the United States, the region
for which the index originally has been developed. But also in other parts of the world,
the PDSI could successfully be reconstructed from tree rings, e.g. to study drought in
China (Li et al., 2006, 2007; Liang et al., 2007; Fang et al., 2009) and the Mediterranean
region (Esper et al., 2007; Nicault et al., 2008) as well as the strength of the monsoon
in Southeast Asia (Buckley et al., 2007; Sano et al., 2009).
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3.4 Critical Review

Despite the wide-spread use of the PDSI and although the self-calibrating PDSI proba-
bly addresses one of the main shortcomings of the index, there remains some criticism
about its properties and assumptions. This has to be kept in mind when analysing
drought by means of this index. It is assumed that no runo� occurs before both soil
layers are saturated. This is of course not realistic. Besides, all precipitation is regarded
as rainfall which is immediately available. The PDSI does not account for snow accu-
mulation or snow melt, nor for changes in the available water capacity and runo� due
to frozen ground. These are of course important parameters when investigating mois-
ture conditions in Sweden. However, tree growth is mainly a�ected by precipitation and
temperature during the growing season, when all water is available in liquid form. A
climate reconstruction from tree rings in this area would focus on the summer months.
Especially since soil water storage at the site selected for this study is low and runo� is
high, water supply from snow melt might not be very important. The in�uence of the
vegetation cover on evapotranspiration is also ignored in the PDSI (Alley, 1984).

Di�erent opinions exist on the e�ects of the chosen available water capacity. Some stud-
ies suggest that it has no signi�cant in�uence on results (Bri�a et al., 1994; Weber and
Nkemdirim, 1998), while others note considerable e�ects on PDSI values or duration of
drought since high water holding capacities bu�er the e�ects of drought (van der Schrier
et al., 2006). Correct estimates of AWC are therefore very important when comparing
tree ring data with PDSI values. AWC can di�er greatly from site to site. For PDSI cal-
culations for larger regions only crude estimates of AWC from global soil type databases
might be available. In that case, it is problematic if the PDSI is very sensitive to AWC.
A further de�ciency of the PDSI is that for the de�nition of the normal climate, only
means and no measures of variability are considered (Guttman et al., 1992). This means
that in regions with large precipitation variability, drought conditions would often be
classi�ed as severe or extreme, although a high drought frequency might be a part of
the normal climate.

An advantage of the PDSI is that it uses both temperature and precipitation as input
data and not only precipitation like some other drought indices. The e�ect of temperature
accounts for 10�30% of the PDSI's variance (Dai et al., 2004). Since it only uses these
two parameters, the data needed for its calculation is readily available for relatively long
periods of time and for most geographical regions. As the PDSI includes soil moisture
storage, another advantageous property is that a drought does not immediately begin
with cessation of rainfall and � the other way around � a severe drought with depleted soil
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moisture may not end with one month of normal precipitation. All things considered, the
index appears to be adequate for characterizing and analysing a complex phenomenon
like drought.

The PDSI could be well suited as a composite climate variable that correlates with
tree growth. By incorporating runo� it takes into account that a tree cannot use all
the precipitation but only a certain amount until the soil is saturated. Furthermore, it
integrates temperature and loss due to evapotranspiration. Incorporation of soil moisture
storage and the consideration of antecedent moisture conditions account for the fact that
one dry month might not have an e�ect on tree growth if it has been wet in the preceding
months and moisture supply from storage in the soil is still su�cient for the tree. The
autoregressive component of the PDSI makes summer PDSI values a good representation
of moisture conditions throughout the growing season.

Still the question remains whether the PDSI is suitable for a tree-ring based reconstruc-
tion of drought in the fairly humid climate of central Sweden. Despite the re�nements
made with the self-calibrating index, the general concept of the calculation procedure
might not be equally appropriate for all climates. Many tree ring based studies of drought
and precipitation variability are from semi-arid regions, more similar to the climate for
which it has been developed. This study will show if reasonable results can be pro-
duced when this concept is applied in Sweden. The question will be further discussed in
chapter 8.



4 The Study Area

Central Sweden is characterised by a humid temperate climate (�gure 4.1). The mean
January temperature in Stockholm is −3.4◦C, the mean July temperature is 17.3◦C.
Mean annual precipitation amounts to 503 mm. Precipitation is on average highest in
July and August and low from February until May. The growing season for Scots pine
in the Stockholm area extends from May to September (Linderholm et al., 2004). The
climate is determined by a zonal circulation with prevailing westerly winds and the
in�uence of migratory cyclones. The ingression of air masses from the Atlantic ocean
leads to relatively high temperatures for this latitude due to the warming e�ect of the
Gulf Stream. These air masses also transport moisture and are the main source of pre-
cipitation. The mean annual precipitation exceeds the mean annual evapotranspiration
(Johannessen, 1970).

Sweden's geology is dominated by Precambrian siliceous bedrock like granites and
gneisses, which make up the Fennoscandian shield. During the Pleistocene it was cov-
ered by inland ice several times, and today's landforms show many features of glacial
erosion and deposits (Sjörs, 1999). Forests are the typical vegetation in Sweden, covering
about 50% of the land area. 85% of these forests are coniferous, with Scots pine (Pinus
sylvestris L.) and Norway spruce (Picea abies L.) as the prevalent species. They occur
in pure or mixed stands, and Scots pine is usually dominant at dry sites (Engelmark and
Hytteborn, 1999). The study area is a part of the hemi-boreal or southern coniferous
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Figure 4.1: Climate diagram for the meteorological station in Stockholm (1961�1990).
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Stora Lappkärrsberget

Figure 4.2: Location of the study area in east central Sweden and of the other tree-ring chronolo-
gies used in this study: Gotland (G) and Torneträsk (T). The sample site in Stock-
holm (S) is marked by the dot on the satellite image, the location of the meteorolog-
ical station is denoted by the star. The map gives an impression of the topography
of the sample site, the hill Stora Lappkärrsberget at Norra Djurgården (source:
Skarpnäcks OL/Kungliga Djurgårdsförvaltningen, 2000).
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Figure 4.3: The sample site Stora Lappkärrsberget (Photos: I. Labuhn).

forest region of Sweden. Besides the dominant pine and spruce, there is a widespread
occurrence of deciduous trees (Sjörs, 1999).

The study was conducted in the area of Norra Djurgården, which is a part of Stockholm's
National City Park �Ekoparken� north of the city centre (�gure 4.2). This site was chosen
because old trees can be found here and it is close to the meteorological station at the old
astronomical observatory in Stockholm, where the meteorological data used in this study
was recorded. The area has long been used by the citizens, as royal hunting grounds in the
17th and 18th century, later as a recreational area and since 1995 it has been protected
as the National City Park. Still, the sample site seems to be undisturbed by human
activities, which is con�rmed by the occurrence of many old trees.

The trees were sampled from a relatively small and homogeneous area of about 0.1 km2

(located at 59◦22'19� N, 18◦3'46� E), so that trees are presumably a�ected in the same
way by environmental factors. The site is located on top of a hill, Stora Lappkärrsberget,
which has an elevation of 45 m above sea level. The topography of the hilltop is bumpy
but shows little incline, while the slopes of the hill are steep, especially to the north (see
map in �gure 4.2). The hill is covered by open forest vegetation (�gure 4.3). The bedrock
is super�cial and sometimes exposed, with some crevices visible at the land surface. The
soil layer is thin or sometimes absent. There is a patchy distribution of Leptosols (shallow
soils overlaying any type of bedrock according to the FAO classi�cation), and deeper soils
in depressions and crevices.

It is assumed that the chosen site is dry and that tree roots do not reach the ground
water table, which is necessary to maximise the tree growth response to precipitation
and their susceptibility to drought stress. Trees grow on shallow soils or rocks with roots
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in crevices. Crevices can modify hydrological conditions by channelling water into or
away from certain sites. Some crevices might always be �lled with water as they can be
very deep, and evaporation is small because the surface from which water can evaporate
is small. However, limited available soil space for roots leads to high sensitivity when
this space is fully used (Fritts, 1976, p. 148). If there is generally little space for roots,
once they have taken up the space, they can not extend any further. Furthermore, runo�
is probably high and the amount of water that can be stored in crevices and the thin
soil layer is small and rapidly depleted. Therefore the assumption that the site is dry
and trees show a high sensitivity to precipitation is reasonable.



5 Data

Besides the newly created tree-ring width chronology for Stockholm, the following me-
teorological, PDSI and tree-ring data were used in the analyses.

5.1 Meteorological Data

At the old astronomical observatory in Stockholm weather observations have been carried
out since 1756. The measurement series is one of the longest uninterrupted series in the
world (SMHI, 2006). The observatory is located at 59◦20'29� N, 18◦03'16� E, 44 m a.s.l.
on top of a hill. The distance to the sample site is about 3.5 km.

Monthly mean temperature data from this station is available from 1756 (Moberg et al.,
2002, 2003), with an update to 2008 provided by A. Moberg. The data has been corrected
and homogenized. In the 1750s the observatory was sited in a rural environment 1 km
from the city. Because of strong urbanization especially since the second half of the
19th century, the place is today located in a park in the city centre. This has led to a
warming of about 0.7◦C on average, which had to be corrected in the record (Moberg
and Bergström, 1997). Corrections have also been made for change of instruments and
change of thermometer position.

Monthly precipitation data from the Stockholm station is available from 1786 to 2001.
The data has been obtained from the Swedish Meteorological and Hydrological Institute
(SMHI) and the Nordklim data set (Tuomenvirta et al., 2001). The early measurements
in the precipitation record are not considered reliable (Eriksson, 1981). Inhomogeneities
in the series can be a result of changes in measuring instruments, di�erent observers,
moving of the measuring instrument, measurement with or without wind protection,
and changes in the surrounding, like new buildings or growing trees. Unfortunately,
the documentation of how the measurements were carried out is missing or incomplete
for the 18th and 19th century. Eriksson (1981) states that the measurements from 1786
to 1811 seem to be reasonable when compared to other nearby stations and later years.
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However, from 1812 to 1875, the measured values are too low to be realistic. In his study,
Eriksson compared these with measurements from Uppsala (70 km north of Stockholm),
and corrected them upward by 38%. Only from 1890 is the record considered to be
reliable. These possible de�ciencies in data quality will be taken into account in later
analysis.

5.2 PDSI Data

A dataset of monthly self-calibrating PDSI values for Europe, which is a subset of a global
data set, has been retrieved from van der Schrier et al. (2006). The dataset comprises the
period from 1901 to 2002. It has a spatial resolution of 0.5◦×0.5◦. The input data needed
to calculate the PDSI are temperature, precipitation and water holding capacity. The
temperature and precipitation data which were used in the calculations of this published
PDSI dataset were obtained from the CRU TS 2.1 dataset (Mitchell and Jones, 2005).
This is a gridded dataset of interpolated climate data, which covers the same time period
and has the same spatial resolution as the PDSI dataset. Soil texture based available
water capacities are derived from a global soil pro�le dataset (Webb and Rosenzweig,
1993). The resolution of this data set is 1◦×1◦. It contains information about soil pro�le
thickness, texture and potential storage of water based on the global distribution of
soil types as put forward by Zobler (1986). The soil type for the grid box containing
Stockholm is Eutric Cambisol (FAO soil unit) and the corresponding available water
capacity derived from soil texture is 212 mm.

An alternative self-calibrating PDSI was calculated for the period 1786�2001 using the
available temperature and precipitation data from the meteorological station in Stock-
holm instead of gridded data (see section 6.3).

5.3 Tree-Ring Data

Besides the new chronology for Stockholm, two other tree-ring width chronologies from
Sweden were used in the analyses in order to test the correlation between ring width and
PDSI in other regions. A tree-ring chronology for the island of Gotland (56 N, 15 E),
which has been published by Schweingruber (1987) was obtained from the International
Tree Ring Data Bank. It covers the time period from 1127 to 1987. The second chronology
was from the Torneträsk area in northern Sweden (68 N, 19 E) (Grudd, 2008), extending
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from 39 bc to 2004. For both chronologies, raw measurement series were obtained. For
reasons of comparability they were standardised by �tting a negative exponential curve
or a regression line. The same method was applied to the Stockholm chronology (see
section 6.2.3).





6 Methods

This chapter describes the methods applied to create the new tree-ring chronology for
Stockholm and to assess its quality, to calculate a self-calibrating PDSI, to investigate
the climate�growth relationships by comparing tree-ring and meteorological data, and
to reconstruct past climate using a statistical model derived from these relationships.

6.1 Sampling and Measuring

6.1.1 Selection of Trees

The species selected for this study was Scots pine (Pinus sylvestris L.). A sample of
20 to 30 trees is usually used in dendroclimatic studies (Schweingruber et al., 1990).
Here, 29 living trees and two standing dead trees were sampled. The aim was to �nd the
oldest trees in order to enable a climate reconstruction as far back in time as possible.
Some younger trees were also sampled for the purpose of attaining a more varied age
distribution. A bias occurs when many trees are of the same age, because the age related
decline in ring width might be interpreted as climatic in�uence (Schweingruber, 1996,
p. 457). Old trees were identi�ed by the form of their crown, the look of the bark, and
the number and thickness of branches.

In dendroclimatic studies, trees are not selected randomly. They are chosen according
to the aim of the study, in order to maximise the in�uence of a particular environmental
variable and to attain a common signal in all trees. Appropriate trees should be in�u-
enced as little as possible by non-climatic factors like di�erences in soil moisture storage
or competition. Therefore, trees without straight stems, trees that grow in depressions,
stand very close to each other and lean away from each other, or show signs of disease
were avoided. All trees grow in a relatively small homogeneous area of about 0.1 km2

and are assumed to be similarly a�ected by climate, i.e. their growth is mostly limited
by precipitation.
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Figure 6.1: Prepared Scots pine tree core samples from the study site Stora Lappkärrsberget
(Photo: I. Labuhn).

6.1.2 Sampling of Trees

The trees were sampled in May 2008. Increment borers with a diameter of 5 or 10 mm
were used to extract a cylinder of wood from the stem. Two cores were taken from each
tree at opposite sides of the stem at breast height, about 1.3 m above ground. Sampling
two cores per tree is enough to analyse the variability of ring width within a tree (Fritts,
1976, p. 31). This variability decreases from the base of the stem to the crown. Samples
are taken at breast height to maximise the length of the ring sequence while keeping the
internal variability low (Schweingruber et al., 1990).

6.1.3 Sample Preparation and Ring Width Measurements

Before analysis, the samples were glued onto wooden supports oriented so that the �bres
stand perpendicular to the surface of the support. The samples were then polished by
hand using sandpaper of di�erent grades. First, a coarser paper (grit size 220) is used
in order to remove about half of the core. It is then polished with progressively �ner
sandpaper (grit size 400�800) to produce a smooth, even surface. By this procedure dust
is pushed into cell cavities so that they can easily be discerned from the darker cell
walls. This makes tree-ring boundaries clearly visible, increasing the contrast between
the latewood with thick cell walls, which appears darker, and the earlywood with thin
cell walls. A picture of the prepared samples is shown in �gure 6.1.

Tree-rings were measured under a microscope using a sliding stage micrometer with an
accuracy to the nearest 0.01 mm, which is connected to a computer. Ring widths were
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recorded by the catras software (Aniol, 1983). Some errors occurred in the �rst mea-
surements. Many of the samples displayed false rings. In the very thin outermost rings,
especially in samples from old trees, some rings have been missed. Visual comparison of
the curves plotted in catras for each sample with available dating chronologies enabled
the location and re-measurement of missing and false rings. The occurrence of false rings
was also recorded.

6.2 Building the Chronology

There are several steps involved in the creation of a site chronology from the raw ring-
width measurements. First, the measured series are dated and two radii from each tree
are averaged to create a mean tree curve. These curves are then checked for errors and
standardized to calculate index values. Finally, the chronology is calculated as a mean
of the corrected and standardised tree curves.

6.2.1 Calculation and Dating of Tree Curves

The �rst step in building the tree-ring chronology is the comparison of the two radii from
each tree. The curves for each radius were plotted in catras and compared visually. If
the two curves were consistent, they were averaged to form a single curve for each tree.
A large part of the variability of ring width within a tree can be eliminated this way.

A mean chronology from the reliable tree curves which were expected to be correct
was produced by calculating an average curve in catras. The single tree curves are
then compared to this dating curve as well as to other existing chronologies from the
same region, one from Tyresta south of Stockholm (Linderholm et al., 2004) and one
from Uppland north of Stockholm (Department of Physical Geography and Quaternary
Geology at Stockholm University, unpublished data). Comparison of the individual tree
curves with the dating chronologies revealed false or missing rings.

The exact years can be assigned to each measurement series instead of ring numbers.
The synchronise function in catras, which calculates statistics can be used to identify
the best match of the tree curve with the dating curve. In this case, however, dating was
simpli�ed by the fact that in all living trees the outermost ring was formed in the year
2008.
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6.2.2 Data Quality Control with COFECHA

The next step in checking the tree-ring series for errors was a data quality control with
the programme cofecha version 6.06P (Holmes, 1983). This programme is used to
objectively assess measurement accuracy and the quality of crossdating. The crossdating
is checked by correlating segments of the tree ring series. The identi�cation of outlier ring
measurements enables the detection of measurement errors. No accept/reject criteria for
accurate crossdating of a series are given since the level of correlation among correctly
dated series may vary. cofecha is merely a complement to visual crossdating, which
�assists data quality control by thoroughly examining all series from the �rst to the last
value� (Grissino-Mayer, 2001, p. 206). Correct dating is essential since the advantage of
dendrochronological data lies in their annual resolution. Data quality control is especially
important for less sensitive measurement series with a weaker climatic signal (Holmes,
1983).

In cofecha the tree-ring series are standardised by �tting them to a spline curve in
order to remove low-frequency trends and enhance the year-to-year variations, which are
the basis of correct crossdating. Autoregressive modelling is performed to remove low-
frequency trends which occur because of the high autocorrelation in tree-ring series. The
series are further transformed to logarithms in order to weigh proportional di�erences
in ring width more equally by enhancing the e�ect of variability among narrow rings.
The segment length to be tested is 50 years with an overlap of 25 years for subsequent
segments.

Arithmetic mean values for each year are calculated to construct the master dating
series, which is then tested against each individual standardised series. Each time the
master series is �rst adjusted by removing the value of the series under consideration. A
correlation analysis is performed over each segment between the tree-ring series values
and the master dating series values. The correlation is veri�ed to be positive and above
the critical level of con�dence (99%). It is then checked whether higher correlations exist
in alternative positions when shifting the series in year-by-year steps +10 and �10 years
to locate crossdating errors (Grissino-Mayer, 2001).

In the programme output, segments are �agged if the correlation coe�cient falls below
the 99% con�dence level or if a higher correlation is found in an alternative position.
Furthermore, the e�ect of data values that most lower or raise the correlation with the
master series is shown, and statistical outliers are listed (3.0 standard deviations below
the mean or 4.5 standard deviations above the mean for any year). A random sample
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of these outliers was then remeasured. The descriptive statistics in the output for each
series include the mean sensitivity and the series intercorrelation.

6.2.3 Standardisation and Estimation of the Mean Chronology

The corrected tree-ring series were then standardised with the programme arstan
(Cook, 1985; Cook and Krusic, 2005) in order to eliminate non-climatic variations in
growth. Di�erent standardisation methods (cf. section 2.4.1) were tested to determine
the one which produces a chronology that best represents the climate�growth relation-
ship in this case: a negative exponential function or linear regression (ne/le, arstan
chooses automatically between the two), as well as two di�erent cubic smoothing spline
�lters with a 50% variance cuto�, where 50% of the variance in the series was removed at
a period of either 30 (spl30 ) or 50 years (spl50 ). Correlations between all three chronolo-
gies and some climate parameters were calculated in order to choose the chronology
which exhibits the stongest correlations and is thus most suitable for further analysis.
For the purpose of comparison, the same standardisation method was then applied to
the Gotland and Torneträsk chronologies.

A biweight robust estimate of the mean (Cook et al., 1990b) was used to estimate
the mean chronology index value for each year. This is preferred to the arithmetic mean
because it is less sensitive to the in�uence of outliers, which can occur due to endogenous
disturbances and other sources of noise. Variance and bias caused by these outliers is
thus reduced.

6.2.4 Statistics of the Chronology

Some statistics of the chronology were assessed in order to measure the signal strength
and the reliability of the chronology. The series intercorrelation is a measure of the
common signal within the chronology and the strength of the crossdating (Grissino-
Mayer, 2001). It is the mean of the correlations between each individual series and the
master dating series.

The mean sensitivity denotes the percent di�erence between two successive values in
a tree-ring series. High values of mean sensitivity are desirable because it means that
the year-to-year variation in ring width is large and that the tree responds strongly to
environmental factors.
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The expressed population signal (EPS) is used to de�ne the time span of the chronology
which is reliable for dendroclimatic reconstruction. The EPS is a function of sample
size and series intercorrelation. It quanti�es the degree to which a particular chronology
estimates the hypothetically perfect chronology. This degree is expressed as the common
signal in all series which are averaged to build the chronology, divided by the total
chronology variance (signal plus noise) (Bri�a and Jones, 1990). In a perfect chronology
the EPS would be 1, i.e. all chronology variance would be common signal. Here, the EPS
is computed over periods of 50 years lagged by 25 years.

6.3 PDSI Calculations

The meteorological data used for the calculation of the self-calibrating PDSI from the
data set by van der Schrier et al. (2006) are gridded data interpolated from di�erent me-
teorological stations. Since meteorological data are available from the station at the old
astronomical observatory in Stockholm, an alternative PDSI can be calculated, which
might yield a higher correlation with tree-ring width of the Stockholm chronology due to
the vicinity of the meteorological station and the sample site. The PDSI programme by
Wells et al. (2004) was employed to calculate a self-calibrating PDSI using the temper-
ature and precipitation data from Stockholm. An assumption had to be made regarding
the available water capacity of the soil. Since there is a discussion about the in�uence of
the available water capacity on PDSI values (cf. section 3.4), di�erent AWC estimates
for this study site were employed and the PDSI calculated for each: 212 mm, as used by
van der Schrier et al. (2006); 17 mm, which is the AWC for Lithosol according to Webb
and Rosenzweig (1993); and a higher value of 500 mm to test what in�uence the AWC
has on PDSI values.

To verify if the PDSI programme produces comparable results, it was �rst applied to
reproduce the PDSI values as calculated by van der Schrier et al. (2006) with the same
temperature and precipitation input data from the CRU TS 2.1 data set (Mitchell and
Jones, 2005) and the same AWC fromWebb and Rosenzweig (1993), 212 mm. From these
global data sets, the values for the grid box which includes the Stockholm meteorological
station (centered at 18.25 E and 59.25 N) were extracted and the PDSI for this grid box
was calculated with the PDSI programme. It was then compared to the respective grid
box values from the published PDSI data set.
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6.4 Comparison of Tree-Ring and Meteorological
Data from Stockholm

In order to investigate the climate�tree-growth relationships, the Stockholm chronology
was compared with meteorological data. A Pearson product-moment correlation coe�-
cient was calculated in SPSS 15.0. The correlation analysis was carried out between the
ring width indices and the following monthly and seasonal climate parameters:

• Monthly mean temperature

• Mean summer and growing season temperature (June�August, May�September)

• Monthly precipitation sums; since the early precipitation record is considered un-
reliable (cf. section 5.1), correlations between monthly precipitation totals and ring
width were calculated separately for the periods 1786 to 1889 and 1890 to 2001 as
well as for all years of record

• Spring/summer and growing season precipitation sums (May�June, May�July,
May�September)

• A monthly self-calibrating PDSI calculated with meteorological data from Stock-
holm using di�erent available water capacities (17, 212 or 500 mm); no seasonal
averages were calculated for the PDSI because the index in late summer can be
regarded as an expression of moisture supply during the growing season since it is
a weighted average of moisture conditions in the current and preceding months

• A monthly self-calibrating PDSI calculated with meteorological data from Stock-
holm (AWC 212 mm) for di�erent time periods, equivalent to those used in the
analysis of precipitation

6.5 Calibration, Veri�cation and Reconstruction

The climate parameters to be reconstructed were chosen on the basis of the correlation
results, which indicate that tree growth response to these parameters is strong:

• Precipitation summed over May and June

• July PDSI (AWC 212 mm)
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The precipitation and PDSI data were each divided into two subsets, the calibration
and the veri�cation data sets. The transfer function equation, i.e. the model for recon-
struction of the respective climate variable, was derived using linear regression: The
calibration climate data is plotted against tree-ring index values and a regression line is
�tted using least squares. Then, the derived linear equation was used to calculate the
climate variable for the veri�cation period by substituting the tree-ring index values.
Two models were calibrated for each of the climate variables, one using the early part
of the data for calibration and the late part for veri�cation (early calibration), and vice
versa (late calibration).

The reconstructions were quantitatively compared to the observed climate data by a
number of di�erent statistics in order to test the performance of the transfer function
model in estimating the respective climate variable. The Pearson product-moment cor-
relation coe�cient (r) was calculated between the estimated and observed data for the
veri�cation period, as well as the squared Pearson correlation (R2). R2 is a measure of
the explained variance, i.e. how much of the variation in the observed data is accounted
for by the model (Lofgren and Hunt, 1982).

The Reduction of Error (RE) is a veri�cation test which compares estimated values with
estimates made by presuming that all values of the veri�cation period are equal to the
mean of the calibration period (Bri�a et al., 1983):

RE = 1−

n∑
i=1

(yi − ŷi)
2

n∑
i=1

(yi − y)2

. (6.1)

The term in the numerator is the sum of the squares of the di�erences between observed
data (yi) and the reconstructed values (ŷi) for the veri�cation period. The term in the
denominator is the sum of the squares of the di�erences between the observed veri�cation
data (yi) and the mean of the dependent data set used for calibration (y). RE values
range from minus in�nity to 1. If the reconstructed values from the model are closer to
the observed independent data than the average value of the calibration period, the RE

is greater than zero. In this case, the reconstruction has a predictive value (National
Research Council, 2006, p. 92).

An even more demanding measure of model performance is the Coe�cient of E�ciency
(CE). The only di�erence to the RE is that the mean of the dependent data set (y) is
replaced by the mean of the veri�cation data, which was not included in the calibration.
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�As such [the CE] is a true measure of the variance in common between the real and the
estimated data over the veri�cation period� (Bri�a et al., 1988, p. 390).

Splitting the period of measurements into a calibration and veri�cation period is neces-
sary in order to verify reconstruction results. After the reconstructions based on both
the early and the late calibrated model were veri�ed, a new model was calibrated using
the entire period of instrumental measurements. For a stable model it is desirable to use
as much data as possible in the calibration, although no statistical veri�cation is possible
in this case. Based on the �nal model, the climate parameters were reconstructed for the
full length of the chronology.

6.6 Correlations Between PDSI and Other
Chronologies from Sweden

The aim of this study is to test the hypothesis whether tree rings in the temperate
climate of southern Sweden can be used for PDSI reconstruction and thus provide an
estimate of past moisture conditions. The sampling site chosen for this purpose was
located very close to a meteorological station with a more than 200-year long climate
record. These optimal conditions can of course not always be found. High correlation
results like those for tree-ring width from Stora Lappkärrsberget and the PDSI calculated
from the Stockholm meteorological station might not be obtained if interpolated data
from more far away stations is used and sampled trees do not grow on extremely dry
sites. Especially for studies covering larger regions, such interpolated climate data could
be the only one available. Therefore, a correlation analysis was conducted with the
Stockholm chronology and gridded PDSI data published by van der Schrier et al. (2006).
Furthermore, the same correlation analysis was applied to tree-ring chronologies from
two other regions in Sweden to test the spatial signi�cance of the method. A chronology
from Torneträsk and one from Gotland were utilized for this purpose.
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7.1 The Tree-Ring Chronology

A total of 31 trees was sampled, 29 of which were used to build the new chronology. Two
of the tree-ring series were discarded and two were shortened due to measurement and
crossdating problems which were caused by missing or extremely narrow annual rings.
The time span covered by the chronology is 384 years, from 1625 to 2008. The mean
series length, i.e. the mean tree age was 200 years. The statistics of the chronology are
shown in table 7.1.

The annual rings are generally rather narrow with a mean ring width of 0.72 mm.
28 outlier ring measurements were detected by cofecha out of the total number of
5798 rings in all series (0.48%). In the random sample of outliers that was remeasured,
no errors could be found. All but two of the sampled trees display false rings. The average
number of false rings per tree is 15. The series intercorrelation calculated in cofecha
is r = 0.718, and the correlation of each individual series with the master dating series
is high for all series. Values range from r = 0.482 to r = 0.801 (table A.1). The average
mean sensitivity of the original measurement series is 0.29.

Table 7.1: Some properties and statistics of the standardised tree-ring width chronology from
Stockholm.

Latitude, longitude 59◦22' N, 18◦3' E
Elevation 45 m a.s.l.
Time span ad 1625�2008
Total number of trees 29
Average tree age 200 years
Average ring width 0.72 mm
Series intercorrelation 0.718
Mean sensitivity 0.290
EPS > 0.85 ad 1755�2008
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Table 7.2: Correlations between di�erent standardised chronologies for Stockholm and several
monthly climate variables (May, June and July). The ne/lr chronology is standard-
ised by �tting a negative exponential curve or by linear regression, spl30 by a 30-year
spline and spl50 by a 50-year spline. The PDSI was calculated with meteorological
data from Stockholm and an available water capacity of 212 mm. Numbers in italics
denote signi�cant correlations at the 0.01 level.

Temperature Precipitation PDSI
1756�2008 1786�2001 1786�2001

Standardisation method M J J M J J M J J
ne/lr �0.13 �0.41 �0.26 0.52 0.41 0.29 0.43 0.50 0.52
spl30 �0.13 �0.34 �0.25 0.50 0.40 0.24 0.30 0.38 0.40
spl50 �0.12 �0.37 �0.27 0.50 0.42 0.26 0.33 0.41 0.43

The standardisation method chosen for the �nal chronology was standardisation by
�tting a negative exponential curve or by linear regression (ne/lr). This chronology
yielded a higher or equally high correlation with temperature and precipitation compared
to the other chronologies (spl30 and spl50 ), and the highest correlation with the PDSI
(table 7.2). For the calculation of the �nal chronology, 13 of the individual tree-ring series
were standardised by �tting a negative exponential function, the other 16 by �tting a
regression line with negative or zero slope (table A.1). Examples of the standardisation
curves are given in �gures A.1 and A.2. Visualisation shows that the standardisation
curves �t the data well for most of the tree-ring series.

According to the EPS criterion, the ne/lr�chronology was considered reliable from 1755,
where the EPS value exceeds 0.85. The sample depth here is 9 trees. This means that
the reliable part of the chronology covers the whole period of instrumental measure-
ments from the Stockholm station. The chronology, sample depth and EPS are shown
in �gure 7.1.

7.2 Comparison of Di�erent PDSIs

The use of di�erent available water capacities did not have a signi�cant in�uence on
PDSI values. Figure 7.2 A shows the July PDSI calculated from meteorological data for
Stockholm using three di�erent AWCs, 17 mm, 212 mm and 500 mm.

The exact PDSI values as published by van der Schrier et al. (2006) could not be re-
produced, although the same input data were used. The July PDSI for the grid box
including Stockholm published by van der Schrier et al. (2006) (abbreviated PDSIS) and
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Figure 7.1: A The standardised Stockholm tree-ring width chronology. B The sample depth, i.e.
the number of sampled trees per year. C The EPS computed over 50 years lagged
by 25 years. An EPS > 0.85 (above the red line) identi�es the reliable part of the
chronology.
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the one which was calculated (PDSIC) are not exactly the same (�gure 7.2 B). Although
generally the trends and peaks agree, there are slight di�erences in the absolute values,
especially around 1983 and at the very end of the data series.
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Figure 7.2: A July PDSI 1890�2001 calculated from Stockholm meteorological data with di�er-
ent available water capacities (AWC). B Comparison of July PDSI values published
by van der Schrier et al. (2006) (PDSIS) and calculated from the same input data
with the programme by Wells et al. (2004) (PDSIC).

7.3 Climate�Growth Relationships

Tree growth at the sample site responds to climate. The results of the correlation anal-
yses between the Stockholm tree-ring width chronology (ne/lr) and di�erent monthly
and seasonal climate variables show the strength and direction of the climate�growth
relationships (table 7.3). Tree-ring width is mostly uncorrelated with mean temperature
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during the winter months. There is a negative correlation between ring width and sum-
mer temperatures, with the highest negative value in July (r = −0.41). The correlation
values are in the same range for temperatures averaged over the summer months. This
indicates that small tree rings are associated with high summer temperatures.

Ring width correlates positively with monthly precipitation totals in spring and early
summer, which means that more rainfall during these months is connected with wider
tree rings. The correlation coe�cients are highest for precipitation summed over May
and June (r = 0.67 for the period 1890�2001). The correlations between ring width
and precipitation are similar for the periods before and after 1890 as well as for the
whole period of record. The di�erences between r-values for the correlation with May
precipitation in the early and the late part of the record are negligible. The di�erence in
the correlation with June precipitation is r = 0.06. This indicates that it is reasonable
to use the whole length of the precipitation record in the calibration of a model for the
reconstruction of May�June precipitation, despite possible de�ciencies in early years.

The PDSIs which were calculated for di�erent available water capacities did not di�er
much (cf. section 7.2). Likewise, the correlation coe�cients between tree-ring width and
the di�erent PDSIs are similar, di�ering at the most by 0.04 during the growing season.
There is a positive correlation between tree-ring width and PDSI during all months.
The correlation is highest with r ≈ 0.50 in June and July, and r is greater than 0.40
throughout the growing season, from May until September. The di�erent values of AWC
do not change the correlation results signi�cantly. The PDSI with an AWC of 212 mm
was chosen for subsequent analysis. The correlation results between tree-ring width and
PDSI (AWC 212 mm) for di�erent time periods show that the correlation is highest
during the period 1890�2001. The di�erence in correlation values between the earlier
and the later period is greater than 0.10 from July through September.

Although tree growth responds to both temperature and precipitation, the PDSI, which
incorporates the two, showed no increased correlation with tree-ring width compared to
precipitation. Rather, the correlation between ring-width and precipitation was in the
same range, or even higher when precipitation was summed over May and June.
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7.4 Calibration and Veri�cation

Di�erent models for reconstructing precipitation and PDSI were calibrated using linear
regression for the calibration periods 1786�1889 (early calibration) and 1890�2001 (late
calibration). Tree-ring indices are plotted against corresponding values of May�June
precipitation sums or July PDSI values (�gure 7.3). The regression line is the least-
squares �tted line and is described by the respective equation. This equation is the
transfer function model. It is used to calculate the May�June precipitation and July
PDSI estimates from the tree-ring indices for the veri�cation period. A visual comparison
of the observed and estimated climate variable plots indicates a good model performance
(�gure 7.4).

The veri�cation statistics for the di�erent reconstructions are shown in table 7.4. The
decreasing trend in the values of the test statistics (r�R2�RE�CE) follows the increasing
rigor of the tests (Cook et al., 1999). The correlation between the observed May�June
precipitation and the precipitation estimated from tree-ring widths is r = 0.67 for the
early calibration and r = 0.61 for the late calibration. The squared correlation is R2 =

0.45 for the early calibration and R2 = 0.37 for the late calibration, which means that
45% and 37% of the variation in precipiation is accounted for by the respective model.
Both RE and CE values are positive. The models are therefore veri�ed and can be
accepted for a reconstruction.

The veri�cation statistics showed negative CE values for the reconstructions of the July
PDSI, and the reconstruction was therefore rejected. Another calibration/veri�cation
was conducted using only data from 1890�2001, since the input precipitation data is
considered more reliable for this period than for earlier years. The correlation between
observed and estimated PDSI values for this shorter time span was r = 0.50 for early
calibration and r = 0.71 for late calibration, with R2 = 0.25 and R2 = 0.50 respectively.
Both the RE and the CE statistics were positive in this case, so the second models
could be veri�ed and accepted.
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Figure 7.3: Calibration of di�erent models for precipitation/PDSI reconstruction. Plotted are
pairs of tree-ring indices and corresponding May�June precipitation sums (A, B)
or July PDSI values (C�F). The red lines are the least-squares regression lines and
are described by the respective equations.
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Figure 7.4: Comparison of observed climate variables (dashed lines) and estimates made by the
respective models (solid lines) for the veri�cation periods. The letters refer to the
corresponding calibration in �gure 7.3.
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Table 7.4: Summary of the veri�cation statistics for the models predicting May�June precip-
itation and July PDSI. r is the correlation coe�cient between the observed and
estimated values during the veri�cation period. All correlations are signi�cant at
the 0.01 level. R2 is the squared correlation or the explained variance during this
period. RE is the Reduction of Error and CE is the Coe�cient of E�ciency. For an
explanation of the statistics see section 6.5.

Calibration period Veri�cation period r R2 RE CE

MJ precipitation 1786�1889 1890�2001 0.669 0.448 0.403 0.402
1890�2001 1786�1889 0.614 0.377 0.356 0.355

July PDSI 1786�1889 1890�2001 0.612 0.375 0.227 �0.397
1890�2001 1786�1889 0.502 0.252 0.191 �0.150
1890�1945 1946�2001 0.500 0.250 0.279 0.053
1946�2001 1890�1945 0.707 0.500 0.445 0.280
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7.5 Precipitation and Drought Reconstruction from
Tree Rings

After verifying the reconstructions based on both the early and the late calibrated mod-
els, new models were calibrated using the entire period of precipitation measurements
(1786�2001) and the PDSI from 1890 to 2001 (�gure 7.5 A). The estimates are calcu-
lated by substituting tree-ring index values in the respective regression equation. The
correlation between the estimated and observed May�June precipitation is r = 0.63.
The squared correlation is R2 = 0.40, which means that 40% of the variation in the
observed precipitation is captured by the model. The correlation between estimated and
observed July PDSI values is r = 0.61. The squared correlation is R2 = 0.37, so the
model accounts for 37% of the observed variation (table 7.5). The performance of the
model is visualised by the agreement of the graphs of estimated and observed precipi-
tation (�gure 7.5 B), which agree well in their peaks and trends from about 1840. From
1794 to 1813 the predicted values mostly fall short of the observations. Both the largest
and the smallest amount of observed precipitation also fall into this period. From 1814
to 1836 on the other hand, predictions consistently exceed the observations.

Based on the �nal models, May�June precipitation and July PDSI were reconstructed
from tree-ring width for the whole length of the chronology back to 1625 (�gure 7.6).
The reconstruction for period from 1625 to 1754 is less reliable because of the low sample
depth. The average July PDSI of the reconstruction is −0.3, which is, although below
zero, in the range of normal moisture conditions (between −0.5 and +0.5 according
to Palmer's de�nition). Considering the reliable part of the chronology, there were dry
periods with negative 10-year running average PDSI values in the 1770s to 1790s, the
1850s, around 1880, a prolonged period in the 1940s and 1950s (the driest), and in the
1970s.

Table 7.5: r and R2 of the �nal models for the reconstruction of May�June precipitation and
July PDSI. r is the correlation coe�cient between the observed and estimated values
for the calibration period. R2 is the squared correlation or the explained variance
during this period. The correlations are signi�cant at the 0.01 level.

Calibration period r R2

MJ precipitation 1786�2001 0.632 0.400
July PDSI 1890�2001 0.612 0.374
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7.6 Correlations Between PDSI and Other
Chronologies from Sweden

The results of the correlation analysis between di�erent chronologies from Sweden and
gridded PDSI data published by van der Schrier et al. (2006) are shown in table 7.6.
For the Stockholm chronology, correlations between tree-ring width and this PDSI are
lower than with the PDSI calculated with meteorological data from Stockholm. For
example, with the calculated PDSI (1890�2001, AWC 212 mm) r-values are around 0.60

from June through August, while the highest correlation between the chronology and
the published PDSI is r = 0.38 in July and August. The correlation between PDSI and
the tree-ring width chronology for Gotland is lower than for the Stockholm chronology.
Signi�cant correlations with r ≈ 0.30 are obtained in June, July and December. There
is no correlation between the tree-ring width chronology from Torneträsk and the PDSI,
with r-values around 0 during all months.

Table 7.6: Correlations between the Stockholm, Gotland and Torneträsk chronologies and the
respective PDSI published by van der Schrier et al. (2006). The periods of comparison
are 1901�2002 for the Stockholm and Torneträsk chronologies and 1901�1987 for the
Gotland chronology. Numbers in italics denote signi�cant correlations at the 0.01
level.

J F M A M J J A S O N D
Stockholm 0.13 0.13 0.13 0.13 0.21 0.31 0.38 0.38 0.36 0.24 0.21 0.18
Gotland 0.02 0.06 0.05 0.04 0.19 0.29 0.30 0.22 0.19 0.23 0.25 0.29
Torneträsk �0.02 0.00 0.02 0.01 0.01 0.02 �0.05 �0.03 �0.07 �0.05 �0.02 �0.03



8 Discussion

It is hypothesised that tree-growth variability in central Sweden can be approximated
by the Palmer Drought Severity Index (PDSI), and that past PDSI can be reconstructed
from tree-ring records. In regions where tree growth is forced by a combination of tem-
perature and precipitation, there should be a stronger link between ring width and the
PDSI than between ring width and single climate variables. The aim of this study is to
�nd out whether the PDSI, as a composite climate-related variable, is a better approxi-
mation of tree growth in central Sweden, and whether the use of tree rings for climate
reconstruction can give a more robust estimate of past moisture variability when it is ex-
pressed by the PDSI instead of by precipitation alone. This chapter discusses the results
presented in the previous sections with regard to these questions.

8.1 Chronology Properties � Indications of Climate
Forcing

For the purpose of this study, trees were needed which contain a common climate signal
and are sensitive to changes in water supply, thus providing a record of precipitation and
drought variability. A dry sample site had to be selected to enable a reconstruction of
these parameters even in the fairly humid region of east central Sweden. The occurrence
of false rings in all but two of the sampled trees is a �rst indication that the trees are
stressed. Since it is generally warm enough during the growing season, trees must be
subject to water stress in this case. Studies of pine growth in the Alps found that trees
growing on dry sites contain more false rings than those on moist sites (Rigling et al.,
2002). False rings are formed due to dry conditions in the early growing season (Wimmer
et al., 2000). Also the low mean ring width (0.72 mm) indicates extreme environmental
conditions, e.g. soil dryness (Oberhuber et al., 1998).

The chronology statistics a�rm the quality of the new tree-ring width chronology: The
high series intercorrelation of 0.718 indicates a strong common signal in all trees, which
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means that they are similarly a�ected by environmental factors. According to Grissino-
Mayer (2001) series intercorrelation values of above 0.50 are desirable. The relatively high
value of mean sensitivity (0.29) results from large year-to-year variations in ring width
and is a sign of strong limitation of growth by environmental factors. A measurement
series with a low mean sensitivity would be represented by values between 0.10�0.19,
intermediate sensitivity values range between 0.20�0.29, and a sensitive series has a value
of 0.30 or above (Grissino-Mayer, 2001). The EPS exceeds 0.85 from 1755, so the whole
length of the instrumental meteorological record can be compared to a reliable tree-ring
chronology. The threshold value of 0.85 is given as a guide by Wigley et al. (1984) and
is used to de�ne the valid part of a chronology in many dendroclimatic studies (Helama
and Lindholm, 2003; Linderholm et al., 2004; Grudd, 2008; Jönsson and Nilsson, 2009).

On the basis of mean sensitivity, series intercorrelation and EPS, the ring width chronol-
ogy contains a strong common signal and can be regarded as suitable and reliable for
dendroclimatic reconstruction. The common signal can be attributed to the in�uence of
temperature and precipitation, because other factors which in�uence growth, like soil
properties, do not change on annual time scales. Tree growth at the sampled site is
therefore representative of the local climate.

In the assessment of di�erent standardisation methods, the chronology standardised by
a negative exponential function or linear regression (ne/lr) mostly showed the strongest
correlation with di�erent climate parameters. It can therefore be regarded as most ade-
quate to represent the climate�growth relationships. Although this method is generally
used in semi-arid regions where there is less competition between trees than in dense
forests (cf. section 2.4.1), it has also been applied in similar studies in Sweden (Lin-
derholm, 2001; Linderholm et al., 2004; Jönsson and Nilsson, 2009) and in other dense
forest regions (Sano et al., 2009).

8.2 Tree-Growth Response to Climate

The relatively high correlations between tree-ring width and di�erent climate parameters
show that tree growth at the sample site responds to climate. The negative correlation
between ring width and temperature during the summer months is strongest in June,
although mean temperatures are more or less equally high in June, July and August (see
�gure 4.1). However, the average precipitation in June is much lower than later in the
summer. That is why the limiting e�ects of high temperature to growth are stronger in
June. High temperature itself does not cause narrow rings. Rather, temperature has an
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indirect e�ect through its in�uence on evapotranspiration and thus on the tree's water
supply. Moreover, high temperatures might be associated with sunshine, little cloud
cover and little precipitation.

Since it is su�ciently warm during the growing season, trees are more strongly in�u-
enced by precipitation than by temperature. Ring width is positively correlated with
precipitation in May, June and July, with the highest correlation in May. Average May
rainfall is quite low, among the lowest of all months. This might be the reason why trees
are especially sensitive to changes in precipitation at this time. The relationship between
spring precipitation and the width of an annual ring can be ascribed to the e�ects wa-
ter de�cits have on ring formation (cf. section 2.2). Since the trees are sensitive to the
amount of available water, tree rings can be a good indicator of precipitation variability.

The signi�cant positive correlation between ring width and PDSI during all months
is an artifact of the PDSI. The index has a memory of previous moisture conditions,
and consecutive PDSI values are highly autocorrelated. In fact, water supply during the
growing season is what mostly a�ects tree growth. The di�erent available water capacities
(AWC) used in the calculation had little e�ect on the resultant PDSI values, and on the
correlation between ring width and the di�erent PDSIs accordingly. This �nding is in
line with the results by Bri�a et al. (1994) and Weber and Nkemdirim (1998). The PDSI
with an AWC of 212 mm was selected for subsequent analyses because the same value
was used in the PDSI data set for Europe by van der Schrier et al. (2006) for the grid
box which includes Stockholm. This intermediate AWC value seems to be a reasonable
estimate for the study site, since there is a patchy distribution of thin soil layers and
deeper soils with a varying AWC over small distances. However, it is questionable to use
a global data set with a low resolution of 1◦ × 1◦. A downscaling to the very small area
of the study site is problematic and corrections might be necessary.

The correlation between ring width and PDSI is higher from 1890 to 2001, the period
which is based on the reliable precipitation record. A change in the strength of the cor-
relation over time might indicate that the relationship between ring-width and moisture
supply has changed. In this case, however, it is more likely that this change is due to
the de�ciencies in the precipitation data which was used to calculate the PDSI. Also the
temperature record, although having been corrected, might be less accurate in earlier
years.
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8.3 Precipitation and Drought Reconstructions

The veri�cation statistics of both the early and the late calibration of the May�June
precipitation data con�rmed the quality of the model estimates. The whole length of
the precipitation record could be used in the �nal model, which captured 40% of the
variation in the observed precipitation series. This means that the remaining 60% are
noise, but the percentage of explained variance is what can be expected for a precipita-
tion reconstruction in a humid climate. Ideally, a climate reconstruction from tree rings
represents a large percentage of the variance in a meteorological measurement series. In
reality however, there is only limited information about certain parameters and certain
seasons, and only a part of the total variance in tree-ring width can be explained by cli-
mate. Typically only 30 to 40% of the year-to-year variance in independent climate data
is accounted for by a reconstruction (Pittock, 1982). Another problem is that instrumen-
tal climate records are often short, but for the calibration of a stable model, preferably
long records are used. The long meteorological measurement series from Stockholm al-
lows for a long calibration period and a detailed veri�cation of the reconstruction. The
repetition of the procedure with calibration and veri�cation periods reversed validates
the reliability of the model.

The precipitation record suggests an abnormally wet period from 1794 to 1813. An
explanation for the underestimation of reconstructed precipitation during these years
could be that tree growth is more limited by low precipitation (Bri�a et al., 1983).
Decreasing precipitation results in smaller and smaller annual rings. But ring width is
not increasing in�nitely the more it rains. Once the amount of rainfall exceeds a certain
threshold and the tree's water supply is more than su�cient, the annual rings will be of
about the same width. Dry years can therefore be reconstructed more accurately. On the
other hand, the discrepancy could also be caused by the unreliable precipitation record.
This is most likely the case for the period of 1814 to 1836, where observed values are
lower than the predictions, because of the supposed precipitation undercatch (Eriksson,
1981). Overall, the reconstruction adequately models the relationship between tree-ring
width and May�June precipitation in Stockholm.

For the reconstruction of the July PDSI only the data from 1890 to 2001 could be used.
The model calibrated with the longer data series yielded negative veri�cation results and
was rejected. Again, this is probably caused by de�ciencies of the precipitation input
data. The unreliable record had a stronger in�uence here when incorporated in the
calculation of the PDSI value than in the precipitation reconstruction. It had less e�ect
on the calibration with the precipitation data itself, possibly because here di�erences
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between wet and dry years were important, whereas in the calculation of the PDSI the
absolute values of monthly precipitation totals might play a bigger role. Since correlation
between tree-ring width and precipitation was high and signi�cant in May, June and
July, the July PDSI can be regarded as a good representation of the tree's water supply
during this period. 37% of the variance in the PDSI record were accounted for by the
reconstruction. The estimates re�ect the trends in the observations and the model is
validated.

The reliable part of the Stockholm chronology according to the EPS criterion is not
much longer than the climate record from the meteorological station in Stockholm. Thus,
reliable reconstructions do not extend far beyond this period, because the early part of
the chronology is based on too few trees. Especially the very large variations in the �rst
years of the reconstruction should not be interpreted as climate variability since this
part is based on one single tree. Concluding from these two reconstructions, the PDSI
is an expedient alternative to precipitation in the dendroclimatic study of past moisture
variability in central Sweden. The results also show that tree-ring based reconstructions
of both precipitation and the PDSI are valid, so that these two parameters can be
reconstructed further back in time in future studies if more older trees are found.

8.4 Possible Sources of Error

The data and methods used in this study might contain some errors or weaknesses which
can in�uence the results. Errors might have occurred in the measurements of tree-ring
width. However, the quality control in cofecha con�rmed correct crossdating and few
outlier ring measurements. Furthermore, the quality of the meteorological data is very
important when calibrating tree-ring and climate data. Especially the old part of the
meteorological record can contain errors and inhomogeneities. While the temperature
series has been thoroughly corrected (Moberg and Bergström, 1997), the precipitation
record displays large de�ciencies in early years (cf. section 5.1). This most probably
a�ected some of the results, as stated above.

In the calibration of the models for climate reconstruction, a linear regression is used. It
is assumed that the relationship between the climate variable under consideration and
tree-ring width is linear and time stable. Although in this case a change in correlation
between ring width and precipitation or PDSI during di�erent time periods might mostly
be attributed to an unreliable early precipitation record, the assumption of a constant
climate�growth relationship is questionable (Bri�a et al., 1998; Wilson and Elling, 2004).



60 Discussion

Some factors which a�ect tree growth were not incorporated in the models. The models
may be improved by including several climate parameters in a multiple regression (e.g.
temperature and precipitation in di�erent months) instead of just choosing a single
variable based on high correlation. Furthermore, the previous year's climate could be
included, since it can a�ect ring width in the following year by its in�uence on the
tree's vigour (Fritts, 1976, p. 26). However, the inclusion of too many factors impedes a
meaningful climate reconstruction.

There were some di�erences in the PDSI values published by van der Schrier et al.
(2006) and the ones calculated with the programme by Wells et al. (2004) from the same
input data. The values as they are published could not be reproduced. These di�erences
appear because the programme used by van der Schrier et al. (2006), which is not
publicly available, and the programme by Wells et al. (2004) employed here are based
on di�erent implementations. Furthermore, there is a dissimilarity in the estimate of
potential evapotranspiration, because van der Schrier et al. (2006) used a modi�cation of
the Thornthwaite method for estimating potential evapotranspiration at higher latitudes
(G. van der Schrier, personal communication). �The existence of backtracking means
that a small change in how the indices are computed may cause backtracking, which
has a substantial e�ect on the �nal values of the index� (Wells et al., 2004, p. 2337).
Despite some di�erences in the calculation routines, it is still reasonable to compare the
association between ring width data from Stockholm and the published PDSI, which is
based on gridded climate data, and a PDSI calculated from station data for Stockholm,
since trends and peaks generally agree.

8.5 Evaluation of the PDSI as a Tool for
Reconstructing Moisture Variability in Sweden

When using single station meteorological data and the xeric-site chronology from Stock-
holm, the precipitation record and the PDSI perform equally well in the dendroclimatic
reconstruction, despite the shorter calibration period for the PDSI. Since both precipi-
tation and temperature correlate with tree growth, and moreover the water-holding ca-
pacity of the soil in�uences the trees' response to climate, the PDSI would theoretically
be the more adequate approximation of tree growth. It represents the trees' moisture
supply, for which precipitation alone would be insu�cient. The index accounts for the
fact that if spring precipitation and temperature are high, the positive e�ect of precip-
itation on growth might be weakened by higher evapotranspiration. Also, soil moisture
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storage and runo� are considered, which determine the percentage of rainfall that is
actually available to the tree. However, if the simple use of precipitation data produces
equally good results in characterising and reconstructing past moisture conditions, as it
is the case in this study, there is no justi�cation for the employment of a complex index
like the PDSI. It has been criticised for many shortcomings (cf. section 3.4) and can
introduce further uncertainty to the results.

Whether or not the Palmer Drought Severity Index is a useful tool for the reconstruction
of past moisture variability depends not only on the available tree-ring and climate
data, but probably also on the spatial scale and the time scale of the study. The PDSI
could be a more adequate measure of drought when analysing larger regions instead
of using data from one meteorological station and a single-site tree-ring chronology. In
the development of his drought index, Palmer deliberately used areal averages instead
of point data in order to avoid the extreme variability of point weather. His objective
was to �deal with drought, which is often prolonged and widespread, rather than with
dry spells, which are generally considered to be of shorter duration and more or less
random in their occurrence at points� (Palmer, 1965, p. 5). Oladipo (1985) argues that
a drought assessment with the PDSI would only be valid for the same geographical
units that Palmer used, and that the application to single station records may produce
unrealistic results.

Large-scale drought reconstructions for North America based on tree-ring networks using
the PDSI for investigating spatial patterns of drought are highly successful (Meko et al.,
1993; Cook et al., 1999; Stahle et al., 2007). A large percentage (50-70%) of moisture
variability is accounted for in tree-ring based reconstructions. However, the correlation
between tree-rings and PDSI, and the explained variance decline considerably towards
more humid regions. This implies that, just like for a precipitation reconstruction, for
a successful dendroclimatic reconstruction of the PDSI, tree growth must be limited by
moisture stress. In the Mediterranean region, a large-scale reconstruction of the PDSI
based on a tree-ring network was successful, while reconstructions of precipitation based
on the same data did not pass any veri�cation tests (Nicault et al., 2008).

The PDSI could also be more adequate on di�erent time scales, and trends may be bet-
ter captured than annual variability. Palmer's concept of drought is long-term, and not
referring to short periods of dryness. Tree-ring reconstructed �megadroughts� in North
America last some decades or longer (Stahle et al., 2007). Büntgen et al. (2009) found a
considerably higher correlation between tree rings and PDSI on a decadal scale compared
to an annual scale. The issue of scale implicates questions for further investigations. It



62 Discussion

would be interesting to test the performance of the PDSI in a tree-ring based recon-
struction of moisture variability over larger geographical regions in Scandinavia and on
longer than annual timescales.

The PDSI incorporates many important parameters to assess the severity and duration
of drought. But instead of the PDSI, another, less intricate drought index could be
used. Some studies suggest that more simple indices based only on precipitation per-
form equally well or even better in classifying droughts compared to the complex PDSI
(Oladipo, 1985; Lloyd-Hughes and Saunders, 2002). Although evapotranspiration and
soil moisture storage are important, these parameters are di�cult to quantify and the
amount of precipitation remains the main factor for the development of a drought.

The PDSI, even the original one, is used today in a variety of di�erent climates, al-
though even Palmer states that the index might lead to unrealistic results if it is applied
in regions and climates other than the ones it was designed for. The PDSI was empir-
ically derived for agricultural purposes in the semi-arid regions of the United States,
a landscape which is largely homogeneous and in�uenced by recurrent droughts. The
self-calibrating PDSI adjusts the original index for climates di�erent from the one it
was originally developed for, by not using empirical constants (derived from few sites
in the United States) for standardisation, but climate data from each location. The
general concept of the calculation, however, might not be adequate everywhere. In the
study area in east central Sweden, the circumstances are di�erent from those in the mid-
western United States. For example, the humid climate makes tree growth generally less
precipitation dependent, and soil type and depth di�er on a small scale.

In this study, the July PDSI could successfully be reconstructed from tree-ring width.
It is debatable, however, in how far this method is generally applicable in Sweden. Pre-
requisites like in this study, with the long meteorological record from a nearby station
and the extremely xeric nature of the site are not always found. The method might not
work as well if climate data is not collected so close to the tree site and trees are not
chosen from especially dry sites. This is suggested by the weaker correlation between the
Stockholm chronology and a gridded PDSI, and the even weaker correlation between
the PDSI and the Gotland chronology, for which site characteristics like water holding
capacity of the soil are unknown. When tree growth is only dependent on summer tem-
peratures and not on precipitation amounts, like in the Torneträsk area in the north of
Sweden, there is no correlation between tree-ring width and PDSI at all. Since precipi-
tation is highly variable in space, in order to draw conclusions on the spatial extent of
drought, a network of tree-ring chronologies is needed (Jönsson and Nilsson, 2009). For
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new chronologies, trees would have to be selected according to the same site criteria.
Soil characteristics in�uence tree growth response to climate. Trees growing on wet soils
show quite a di�erent response to climate. Their climate signal is weaker than that of
trees growing on dry sites, and their growth is more strongly in�uenced by temperature
(Linderholm, 2001; Linderholm et al., 2002).

Since precipitation is generally not strongly limiting to tree-growth in a humid climate
like in Sweden, the selection of a xeric sample site is important. When trees respond
to changes in water supply, information on moisture variability can be extracted and
precipitation can be reconstructed from tree rings even here (Jönsson and Nilsson, 2009).
Trees from the Stockholm area are suitable for studies on early summer precipitation
variability. This is con�rmed by Linderholm et al. (2004) as well as this study. But the
PDSI cannot su�ciently account for combined temperature and precipitation forcing of
tree growth. A dendroclimatic reconstruction of past moisture conditions is not improved
when they are expressed by the PDSI instead of just precipitation. Still, a reconstruction
of the Palmer Drought Severity Index based on tree rings is possible when trees are chosen
according to certain site characteristics.





9 Conclusions

Tree rings can provide a high-resolution record of past climatic change in many regions
of the world, not only where trees grow at their climatic distribution limit. The results
of this study show that tree growth at a dry site in east central Sweden responds to
climate, and that the trees are sensitive to changes in water supply. Tree growth is re-
duced by high summer temperatures, whereas high precipitation at the beginning of the
growing season favours growth. Tree-ring width is also correlated with the self-calibrating
Palmer Drought Severity Index (PDSI). Narrow rings are associated with negative PDSI
values. The new tree-ring width chronology from Scots pine which was constructed for
Stockholm proves to be reliable for a dendroclimatic reconstruction of precipitation and
drought, and the long meteorological record enables a detailed veri�cation of the recon-
struction results. May�June precipitation sums and the July Palmer Drought Severity
Index could be reconstructed back to the year 1625.

It can be concluded from this study that the PDSI is a useful tool for a dendroclimatic
reconstruction of moisture variability even in the humid climate of central Sweden. It
approximates the fraction of rainfall which is actually available to the tree by includ-
ing soil moisture storage, runo� and the in�uence of temperature on evapotranspiration.
However, the index cannot completely account for a combined temperature and precipita-
tion forcing of tree growth. Instead, just as for precipitation reconstruction, chronologies
from xeric sites must be studied to reconstruct the PDSI in humid regions. At least for
single-site studies, precipitation would probably give the more simple and robust result,
without additional uncertainty due to PDSI calculations. In any case, the site selection
is crucial to create a chronology which shows a response to the climate factor under
consideration.
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A Appendix

Table A.1: Part of the output of the cofecha programme showing series length, correlation
with the master dating series, mean ring width and mean sensitivity for the in-
dividual measurement series. Furthermore, the standardisation method which was
automatically chosen by arstan is shown (ne = negative exponential function or
lr = linear regression).

No. Series name Interval Years Correlation Mean ring Mean Stand.
with master width sensitivity method

1 LAPP001X 1707�1971 265 0.733 0.49 0.292 ne
2 LAPP002X 1773�2008 236 0.721 0.56 0.267 lr
3 LAPP003X 1695�2008 314 0.766 0.58 0.285 lr
4 LAPP004X 1836�2008 173 0.746 0.92 0.268 lr
5 LAPP005X 1824�2008 185 0.735 0.93 0.264 ne
6 LAPP006X 1820�2008 189 0.733 0.83 0.257 ne
7 LAPP008X 1753�2008 256 0.767 0.60 0.302 lr
8 LAPP009X 1760�2008 249 0.796 0.81 0.296 lr
9 LAPP010X 1868�2008 141 0.719 0.95 0.310 lr

10 LAPP011X 1902�2008 107 0.674 1.31 0.203 lr
11 LAPP012X 1916�2008 93 0.571 1.42 0.214 ne
12 LAPP013X 1705�2008 304 0.750 0.49 0.262 ne
13 LAPP014X 1831�2008 178 0.785 0.80 0.288 ne
14 LAPP015X 1837�2008 172 0.705 0.87 0.259 lr
15 LAPP016X 1845�2008 164 0.760 0.94 0.327 lr
16 LAPP017X 1844�2008 165 0.749 0.88 0.258 lr
17 LAPP018X 1625�1997 373 0.695 0.53 0.341 lr
18 LAPP019X 1658�2008 351 0.760 0.42 0.397 lr
19 LAPP020X 1656�2008 353 0.592 0.56 0.235 lr
20 LAPP021X 1815�2008 194 0.801 0.64 0.270 ne
21 LAPP022X 1820�2008 189 0.763 0.69 0.334 ne
22 LAPP023X 1842�2008 167 0.637 0.69 0.277 lr
23 LAPP024X 1926�2008 83 0.751 1.33 0.291 ne
24 LAPP025X 1929�2008 80 0.558 1.28 0.271 ne
25 LAPP026X 1922�2008 87 0.601 1.22 0.356 ne
26 LAPP028X 1879�2008 130 0.745 0.89 0.307 lr
27 LAPP029X 1719�2006 288 0.638 0.53 0.301 lr
28 LAPP030X 1711�1933 223 0.776 0.50 0.297 ne
29 LAPP031X 1920�2008 89 0.482 1.74 0.198 ne

Total or mean 5798 0.718 0.72 0.29
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Figure A.1: Two examples of standardisation by �tting a negative exponential curve to the
ring width measurement series. Dividing the measured values by the corresponding
values of the exponential curve results in the tree-ring indices. The standardised
series has a mean of 1.
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Figure A.2: Two examples of standardising a ring width measurement series by linear regression.
Dividing the measured values by the corresponding values of the regression line
results in the tree-ring indices. The standardised series has a mean of 1.
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Internet Sources for Data and Programmes

• Self-calibrating PDSI data set for Europe (van der Schrier et al., 2006):
http://www.cru.uea.ac.uk/cru/data/drought/

• CRU TS 2.1 temperature and precipitation data set (Mitchell and Jones, 2005):
http://www.cru.uea.ac.uk/ timm/grid/CRU_TS_2_1.html

• World data set for soil pro�les and derived water-holding capacities (Webb and
Rosenzweig, 1993): http://daac.ornl.gov/

• Programme cofecha (Holmes, 1983):
http://web.utk.edu/ grissino/software.htm

• Programme arstan (Cook, 1985; Cook and Krusic, 2005):
http://www.ldeo.columbia.edu/res/fac/trl/public/publicSoftware.html

• PDSI programme (Wells et al., 2004): http://greenleaf.unl.edu/downloads/
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