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Abstract

The aim of this thesis is to provide information about changes in the seasonality
of stream�ow in near-natural catchments across Europe. To achieve this, a statistical
analysis of a data set of 657 gauging stations was conducted over the period 1970 - 2005.
The �rst part of the thesis investigates trends in the timing of the annual cycle of

stream�ow. A trend test was conducted for six measures of the timing of the annual
cycle of stream�ow. The results show that there are no detectable trends in timing of
the annual cycle of stream�ow which are �eld signi�cant at a 5% signi�cance level.
The second part of the thesis focuses on the in�uence of large-scale controls on stream-

�ow seasonality through teleconnection patterns over the North Atlantic using a corre-
lation analysis. The results of this analysis show that the timing of the annual cycle of
stream�ow is in�uenced by the teleconnection patterns. The strengths of the correla-
tions range from -0.6 to 0.6. These results are �eld signi�cant at a global 5% signi�cance
level. The most in�uencing pattern is the Scandinavian Pattern. The second most in-
�uencing pattern is the North Atlantic Oscillation. The patterns are known to in�uence
climatic variables, such as precipitation, across Europe, which in turn in�uences stream-
�ow amounts. The results of the present thesis show that this also a�ects the timing of
the annual cycle of stream�ow. The in�uence of atmospheric patterns di�ers, however,
for the di�erent timing measures. In addition, distinct regional di�erences are found.
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1. Introduction

1.1. Motivation

Freshwater availability is an essential resource for the development of a region and is
strongly linked to the climate system. Stream�ow as part of the water cycle is therefore
of great interest not only to various research disciplines, but also to industry, policy mak-
ers and governments. The distribution of water throughout the year plays a substantial
role. Po� et al. (1997) shows that modi�cations in the timing of stream�ow can lead to
widespread adverse impacts. For example, many plant species and aquatic animals are
highly adapted to seasonal stream�ows (Po� et al., 1997). Stream�ow re�ects the sum of
all stream�ow generating processes and characteristics in a catchment (Po� et al., 1997).
The three main processes in�uencing stream�ow are: precipitation, storage of water (in
soils and aquifers such as snow and ice), and evapotranspiration (Freeze, 1974). These
processes are further linked to other variables.
Recent studies have observed changes in the seasonality of variables that are linked to
the water cycle. Stine et al. (2009) investigated changes in the phase of the annual cycle
of surface temperatures over ocean and land in mid and high latitudes. They found that
the phase of the annual cycle over extratropical land shifted towards earlier seasons by
1.7 days between 1954 and 2007, implying an earlier onset of summer. Many studies
have investigated changes of the annual cycle in biological systems: Studer et al. (2005)
and Schleip et al. (2008) showed an earlier onset of the phenological spring season in the
Swiss alpine region and central Europe. Sparks and Menzel (2002) provides an overview
over changes in seasons, covering the response of several animals and plants to a chang-
ing climate. One of their �ndings is that the life cycle of insects changes, which can
lead to further impacts on agriculture and land use. Myneni et al. (1997) showed that
changes in temperatures and vegetation have e�ects on the terrestrial surface carbon
uptake and thus on the CO2 in the atmosphere. CO2 in the atmosphere is linked to the
water cycle through evapotranspiration by plants (Ramirez and Finnerty, 1996). Ac-
cording to the latest report of the Intergovernmental Panel on Climate Change (IPCC),
there is evidence of changes in the water cycle and stream�ow (Stocker et al., 2013).
Stahl et al. (2010) have shown that this is true for the amount of stream�ow in Eu-
rope, with positive and negative trends in di�erent regions in di�erent seasons. A study
conducted by Renner and Bernhofer (2011) assessed the trends in seasonality of annual
stream�ow on a local scale in Saxony, Germany. They found a change in seasonality of
annual stream�ow towards earlier dates in the year. Stewart et al. (2005) found changes
toward earlier stream�ow timing in snow-dominated catchments across western North
America. Cunderlik and Ouarda (2009) found negative trends in the timing and amount
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of spring snowmelt �oods across Canada. Such changes may have widespread impacts
on ecosystems and the handling and management of stream�ows.

As far as we know, no study has yet investigated the change in the timing of the
seasonal cycle of stream�ow on a European scale. The aim of this master thesis is,
therefore, to assess changes in the phasing of the seasonal cycle of stream�ow in Europe.
The �rst objective is to investigate whether there are detectable changes in the timing
of the annual cycle. The second objective is to investigate large-scale controls through
teleconnections on the timing of the annual cycle.

These questions are approached empirically through a statistical analysis of stream�ow
observations from small catchments across Europe. Changes in the timing are investi-
gated for six di�erent measures of the timing of the annual cycle, which were derived
from pursuing two di�erent approaches. These changes are assessed by conducting a
trend analysis. In addition to that, the timing measures were related to six di�erent
northern teleconnection patterns in order to assess the in�uence of these teleconnection
patterns on the timing of the annual cycle.

The following sections describe controls on the seasonality of stream�ow. In chapter
2, the considered data is introduced. Chapter 3 describes the methods applied in the
study. In chapter 4 the results are presented. In chapter 5 the results are discussed, and
chapter 6 consists of the conclusions of the study and a short outlook.

1.2. Previous research

1.2.1. Local controls on stream�ow seasonality

This thesis distinguishes two di�erent stream�ow regime types according to the classi�ca-
tion by Gudmundsson et al. (2011). The two regime types and their spatial distribution
across Europe are shown in �gure 1.1. The regime type one (RC1) is in�uenced by
snow, with a stream�ow minimum in winter due to the storage of water as snow, and a
stream�ow maximum in summer. The regime type two (RC2) is less in�uenced by snow,
with a stream�ow maximum in winter due to winter storms and a stream�ow minimum
in summer.
Various studies on trends in the volume and the timing of stream�ow, and their spatial

patterns have been conducted in the USA and Canada (e.g. Cunderlik and Ouarda, 2009;
Burn, 2008; Regonda et al., 2005; Hidalgo et al., 2009; Barnett et al., 2008). Burn (2008)
explored the trend behaviour of nine di�erent measures of the timing of stream�ow for
three subwatersheds of the Mackenzie River Basin in northern Canada. He found the
strongest trend signal for the spring freshet date (the date at which the �rst �ood of
the river from melted snow occurs). The spring freshet date was also the measure with
the largest percentage of catchments with a locally signi�cant trend. It was observed
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1.2. Previous research

Figure 1.1.: Stream�ow regime types and their spatial distribution (Gudmundsson 2011).

to be occurring earlier in the year. Regonda et al. (2005) investigated the seasonal
cycle shifts in hydroclimatology over the western United States. One of their �ndings is
that the observed increasing temperatures lead to a smaller extent of snow cover during
winter and an earlier onset of snowmelt in spring in high-elevation catchments. This has
further e�ects on soil moisture and stream�ow of river catchments. Hidalgo et al. (2009)
and Barnett et al. (2008) investigated changes in the hydrological cycle in three major
hydrological regions of the western United States over the second half of the 20th century.
They found that the observed shift towards earlier stream�ow (center timing) cannot be
explained solely by natural variability, but also by human-induced climate changes (e.g.
changes in the composition of the atmosphere, land use changes). In particular, Barnett
et al. (2008) states that observed changes in center timing goes along with increasing
temperatures. The temperature increase changes precipitation in winter (from snow to
rain) and leads to a shift in center timing towards earlier dates.
In Europe, a large number of studies on stream�ow have been carried out in recent

times on national or regional scales (e.g. Renner and Bernhofer, 2011; Köplin et al.,
2014; Fiala, 2008; Parajka et al., 2010; Birsan et al., 2012). Fiala (2008) investigated
the characteristics and trends of mean annual and monthly stream�ows of Czech rivers.
Birsan et al. (2012) investigated trends in stream�ow in Romania. Both studies focussed
on the amount of discharge, and found that trends di�ered in di�erent months.
Parajka et al. (2010) investigated the main �ood-producing processes across the Alpine-

Carpathian range. The paper presents a classi�cation with eight groups of catchments
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which show di�erences in �ood-producing processes. In general, they found that small
�ood events can be produced by a range of mechanisms including short and long storms,
e�ects of snow melt on antecedent soil moisture, rain on snow, and various atmospheric
circulation patterns.
In Switzerland, a considerable amount of investigations have been undertaken to assess

changes in stream�ow regimes (e.g. Köplin et al., 2014; CH2014-Impacts, 2014; Volken,
2012; SGHL and CHy, 2011). These studies, however, use very detailed regime type
de�nitions that are most appropriate for local scale investigations. In general, they
conclude that in alpine catchments, runo� regimes are projected to shift from snow
controlled to more rain controlled conditions. Stream�ow in winter increases because
more precipitation falls down as rain due to increasing temperatures. Stream�ow in
summer and autumn decreases due to a smaller contribution of snowmelt. This results
in a change in seasonality, but only a small change in the annual sum of stream�ow.
Köplin et al. (2014) modeled trends in the seasonality of �oods across Switzerland. They
project changes due to changes in �ood-generating processes such as precipitation and
temperature.
According to Stahl et al. (2010), information on stream�ow patterns on a larger than

river-basin or national scale enables the identi�cation and attribution of change in �ow
regimes, which are in�uenced by large-scale processes such as climate change. Therefore,
they conducted a statistical analysis on observed stream�ow data across Europe. They
found positive and negative trends in the amount of stream�ow in di�erent months and
di�erent regions. This could be an indication for changes in the seasonality of stream-
�ow. In general, the percentage of positive annual stream�ow trends (towards wetter
conditions) exceeds the percentage of negative trends (towards drier conditions). The
amount of monthly stream�ow exhibits positive trends for most of the stations in the
winter months. Exceptions are Spain and the southern parts of France, where even in
the winter season the stream�ow amount exhibits negative trends. From April to Au-
gust, most of the regions exhibit negative monthly stream�ow amounts. In some of these
months, Stahl et al. (2010) found positive monthly stream�ow amounts in Scandinavia
and in Central Europe. In addition to trends in stream�ow amount, they investigated
trends in the timing of summer low-�ows. They found that the timing of the 7-day sum-
mer low �ow has shifted to an earlier date (negative trend) in a majority of catchments,
particularly in Germany, eastern France, Switzerland, Austria and Slovakia. Stahl et al.
(2008) investigated drought conditions across Europe in summer, and discovered distinct
regional di�erences. They found that drought severity (e.g. longer duration of droughts)
has increased over the period 1962 - 2004 in Spain, France, Britain, Slovakia, central
and northern Germany, eastern Austria and most of Norway.
Considering results from recent studies which investigated stream�ow in snow-dominated

catchments, one could expect a change in the timing of the annual cycle for the regime
type one, due to increasing temperatures. The peak from the snowmelt stream�ow is
expected to occur earlier in spring. This hypothesis is illustrated in �gure 1.2. For
the timing measures de�ned in the present thesis, this means that one could expect a
negative trend for the two Maximum and the two CT timing measures.
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Figure 1.2.: Hypothesis: Shift of the snowmelt peak towards earlier in the season due to
warmer temperatures.

Considering results from Stahl et al. (2008) on droughts, one could expect that low
stream�ows in summer exhibit a longer duration in some regions, resulting in a shift
in the timing of the minimum annual stream�ow towards later in the season. This
hypothesis is illustrated in �gure 1.3 by the red arrow.

Figure 1.3.: Hypothesis: Shift of the minimum annual stream�ow towards later in the
season due to longer lasting drought periods.

1.2.2. Large-scale controls on seasonal stream�ow

Variability of atmospheric circulation is thought to be the most important factor causing
variability of fresh water �uxes from the continents (Bouwer et al., 2008). In particular,
decadal changes in temperature and precipitation are related to changes in wintertime
atmospheric circulation over the ocean basins of the Northern Hemisphere (Hurrell and
van Loon, 1997). Barnston and Livezey (1987) investigated and de�ned low-frequency at-
mospheric circulation patterns in the northern hemisphere. These patterns in�uence air
mass transport, climate and weather conditions in vast parts of the northern hemisphere.
The relationship between teleconnection patterns and important climatic variables have
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been studied by various researchers (e.g. Hurrell and van Loon, 1997; Blackburn and
Hoskins, 2002; Trigo et al., 2004; Bueh and Nakamura, 2007; Lopez Moreno and Vi-
cente Serrano, 2008). Burn (2008) did a partial correlation analysis to attribute some
observed trends in measures of the timing of stream�ow in Canada to trends in meteo-
rological variables. Based on this, he was able to show that the timing of stream�ow in
Canada is a�ected by the Paci�c Decadal Oscillation (PDO), the North Atlantic Oscil-
lation (NAO), the North Paci�c (NP) index and the Atlantic Multidecadal Oscillation
(AMO), but not by the El Niño Southern Oscillation (ENSO) or the Arctic Oscillation
(AO). Bouwer et al. (2006) investigated relationships between winter atmospheric circu-
lation and winter discharges (December-February) of eleven large river basins that drain
northwest Europe. They correlated river discharges to the frequency of west circulation
(FWC) in winter (indicated by the Grosswetterlagen classi�cation system) and to the
NAO index. They found that the frequency of west circulation over Europe is a better
indicator of climate variability and climate change impacts on river discharges in north-
west Europe. Bouwer et al. (2008) investigated how regional sensitivities of mean and
peak river discharge correspond to climate variability in Europe. They correlated mean
and annual winter discharges to four di�erent atmospheric indices. The four indices
are: the North Atlantic Oscillation (NAO) index, the Arctic Oscillation (AO) index, the
frequency of west circulation (FWC), and the north to south sea level pressure di�er-
ence across the European continent (SLPD). In general, they found that the in�uence
of atmospheric circulation is stronger on annual maximum discharges than on mean dis-
charges. Discharge in Iberia and Scandinavia are generally more sensitive than those in
central and northwest Europe. Similar to Bouwer et al. (2006), they found that FWC
and SLPD are of greater use than NAO and AO for analysing climate impacts on stream-
�ow in northwest Europe. Trigo et al. (2004) investigated the in�uence of the North
Atlantic Oscillation (NAO) on Iberian Peninsula precipitation and river �ow regime.
Their results show that the large inter-annual variability in the �ows of the considered
rivers is largely modulated by the NAO phenomenon. Bueh and Nakamura (2007) in-
vestigated possible impacts of the Scandinavian Pattern on the Eurasian climate. One
of their �ndings is that in cold seasons, the positive phase of the pattern gives rise to
decreased precipitation over northeastern Europe. Lopez Moreno and Vicente Serrano
(2008) investigated the in�uence of the NAO on droughts for all of Europe using the
standardised precipitation index (SPI). They found that the responses of droughts to
the phases of the NAO vary spatially and depend on the month of the year. During
the positive phases of the NAO, negative SPI values are generally recorded in southern
Europe. Considering the known in�uences of northern teleconnection patterns it seems
reasonable to investigate the correlation between teleconnection patterns and the timing
of the annual cycle of stream�ow.
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2. Data

2.1. Stream�ow from near natural catchments

A data set of mean daily stream�ow observations across Europe forms the basis for the
present master thesis. The records originate from the European Water Archive (EWA),
which has been collected by the UNESCO's FRIEND (Flow Regime from International
Experiment and Network Data) program. Stahl et al. (2010) updated the database and
added some new sets of gauging stations. The update and data collection is further
described in Stahl et al. (2008).
Stahl et al. (2010) mentioned diverse reasons for a lack of data from some European

countries. Some countries were unable to provide data at no cost. In some countries
stream�ow archives are local and no central database exists for larger administrative
regions. And �nally, some countries were not contacted since no contact person could
be identi�ed.
For the present master thesis, stations with more than 10 percent missing values in

the time period 1970 - 2005 were excluded from the analysis. After this exclusion, a
data set containing 657 stations remained. The stations are shown in �gure 2.1

Figure 2.1.: analysed stream�ow gauging stations
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2.2. Time series of northern teleconnection patterns

In the present master thesis, the e�ect of six di�erent northern hemisphere teleconnection
patterns on the seasonality of stream�ow are assessed. The teleconnection patterns con-
sidered are: North Atlantic Oscillation (NAO), Scandinavian Pattern (SCA), East At-
lantic (EA), East Atlantic/Western Russia (EAWR), Polar/Eurasia (POLEUR), Tropi-
cal/Northern Hemisphere (TNH). Teleconnection patterns re�ect large-scale changes in
the atmospheric wave pattern, and in�uence temperature, rainfall, storm tracks, and jet
stream location and intensity over di�erent regions. Data sets containing monthly tabu-
lated time series of the teleconnection indices originate from the National Weather Ser-
vice (http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml). The most im-
portant in�uences of the six northern hemisphere teleconnection patterns on climate
and weather conditions in Europe are summarised as follows: The North Atlantic Oscil-
lation is one of the most prominent teleconnection patterns in all seasons (Barnston and
Livezey, 1987). When the North Atlantic Oscillation index is high, the westerly winds
are stronger than normal. The moderating in�uence of the North Atlantic Ocean then
leads to warmer than normal conditions over the Eurasian continent (Hurrell and van
Loon, 1997). A high North Atlantic Oscillation index in winter is associated with drier
conditions over much of central and southern Europe, and wetter than normal conditions
over Iceland and Scandinavia (Greatbatch, 2000). The Scandinavian Pattern has been
previously referred to as the Eurasia-1 pattern by Barnston and Livezey (1987). The pos-
itive phase of the Scandinavian Pattern is associated with below-average temperatures
across central Russia and over western Europe. It is also associated with above-average
precipitation across central and southern Europe, and below-average precipitation across
Scandinavia (NOAA and National Weather Service, 2012). The positive phase of the
East Atlantic pattern is associated with above-average surface temperatures in Europe
in all months, as well as wetter than normal conditions over northern Europe and Scan-
dinavia, and with drier than normal conditions across southern Europe (NOAA and
National Weather Service, 2012). The positive phase of the East Atlantic/Western Rus-
sia pattern is associated with below-average temperatures over large portions of western
Russia as well as with below-average precipitation across central Europe (NOAA and
National Weather Service, 2012). The positive phase of the Polar/Eurasia index is
associated with positive temperature anomalies in central Europe, and with negative
precipitation anomalies in north-eastern parts of central Europe and southern parts of
Scandinavia (NOAA and National Weather Service, 2012). For the Tropical/Northern
Hemisphere pattern, there exists only data for the winter season December, January, and
February. The Tropical/Northern Hemisphere mainly in�uences weather conditions in
Northern America, but is also associated with below-average precipitation across much
of the central North Atlantic Ocean (NOAA and National Weather Service, 2012).
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2.3. Precipitation and temperature observations

2.3. Precipitation and temperature observations

The in�uence of the northern teleconnection patterns on the timing measures are dis-
cussed in the present thesis considering the relationship between the teleconnection pat-
terns and precipitation and temperature. For the latter correlations, a data set of daily
precipitation and daily temperature observations over the analysed time period is used.
This data set originates from Haylock et al. (2008) and is provided on the webpage of
the European Climate Assessment and Dataset (ECA&D) (http://www.ecad.eu).
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3. Methods

3.1. De�nition of timing measures

3.1.1. Date of maximum and minimum annual stream�ow

Six di�erent measures of the timing of the annual cycle of stream�ow are de�ned by
pursuing two di�erent approaches.
The �rst four timing measures were obtained by de�ning the date of occurrence of

the maximum and the minimum �ow of the climatological annual cycle of stream�ow.
The climatological annual cycle is estimated by applying a moving average �lter. This
�lter was also used in earlier studies to extract the annual cycle (e.g. Coopersmith et al.,
2012; Bosshard et al., 2011). In the present thesis, two di�erent averaging window widths
are applied. One window width is 91 days, and the other is 181 days. The maximum
and the minimum �ows are then de�ned from the smoothed curves. This leads to the
�rst four timing measures, to which we refer as maximum 91 (Max91), maximum 181
(Max181), minimum 91 (Min91) and minimum 181 (Min181). The de�nition of these
timing measures is illustrated in �gure 3.1. The �gure shows a three year window from
an original stream�ow time series for one station. The red curve shows the annual cycle
resulting from �ltering the time series with the window width of 91 days. The blue curve
shows the resulting annual cycle for the window width of 181 days.
Further steps are described in the following paragraph taking the example of Max91

and one single station. First, the date of occurrence for the timing measure is de�ned for
every year of the analysed period. This results in a time series showing the day of year,
when the timing measure occurred. The dates are given in julian dates with 1 being
January 1. An example is shown in �gure 3.2. Calculating the mean occurrence date
for the timing measure from such a time series presents a particular problem (Bayliss
and Richard, 1993). Day 1 and day 365 have adjacent values in the time series but
will not be considered as such if day numbers are used (Bayliss and Richard, 1993). To
get around this problem the day number is converted into angular values (expressed in
radians) following previous studies (e.g. Bayliss and Richard, 1993; Köplin et al., 2014;
Cunderlik and Burn, 2001).

Maxθi = (Juliandate)i ∗ ((2 ∗ pi)/365)

With Maxθi as the date of occurrence of the Max91 for year i expressed in angular
values. Leap years are taken into account by setting the denominator to 366. The dates
can then be handled in a polar coordinate system, and the mean date for the Max91
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3.1. De�nition of timing measures

Figure 3.1.: Smoothed curves from applying a moving average �lter with a 91-days win-
dow width (red) and a 181-days window width (blue). Max and Min timing
measures are indicated by the arrows.

can be calculated (expressed in radians). The mean is then subtracted from eachMaxθi
to obtain the deviations from it in angular values, denoted here as Maxdfmrad. These
values can then be converted back into deviations from the mean expressed in days
(Maxdfm) as

Max dfmi = (Maxdfmrad)i ∗ (365/(2 ∗ pi))

These transformations result in a time series showing the deviations from the mean
occurrence date expressed in days. The example of Max91 for one station is shown
in 3.3. Similar time series are calculated for every station of the data set. The same
procedure is performed for the timing measures Max181, Min91 and Min181.

18



3.1. De�nition of timing measures

Figure 3.2.: Occurrence date for the Max91 in julian dates with 1 being January 1.

3.1.2. Center timing

Two additional timing measures are de�ned by calculating the center timing. The center
timing is the date in the year when half of the annual stream�ow amount is exceeded.
The de�nition of center timing for one station is indicated by the red line in Figure
3.4. In general, an early date of occurrence of center timing means that considerable
amounts of the annual stream�ow occur in the �rst months of the year, whereas in the
later months the �ows are lower. In contrast, a late occurrence date means that major
portions of the annual stream�ow occurs late in the year in this particular catchment.
According to Moore et al. (e.g 2007); Regonda et al. (e.g 2005) and Rauscher et al. (2008)
CT1 is de�ned as the julian day when 50% of the annual �ow is exceeded. According to
Stewart et al. (2005) CT2 is de�ned as

CT2 =
∑
(ti ∗ qi)/

∑
qi

where ti is time in days from the beginning of the year and qi is the corresponding
stream�ow for day i. CT1 and CT2 are de�ned for each calendar year of the analysed
time period. The time series of annual CT1 and CT2 were determined for each gauging
station of the data set. Figure 3.5 shows the time series for all of the six de�ned timing
measures for one station.
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3.1. De�nition of timing measures
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Figure 3.3.: Max91: time series for one station showing deviations from the mean in
days.

Figure 3.4.: De�nition of CT (indicated by the red line).
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3.1. De�nition of timing measures

Figure 3.5.: Time series for all six de�ned timing measures for one station. CT1 and
CT2 are given in Julian dates with 1 being January 1. The Max and Min
are expressed in deviations from the mean in days.
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3.2. Correlation between the six timing measures

3.2. Correlation between the six timing measures

In order to assess the relationship between the six timing measures, a correlation analysis
is conducted. First, for each timing measure the time series of every station are merged
together. This results in one vector for every timing measure containing the data of
every station. The six vectors are then related to each other using the Pearson method
in order to get the linear correlation coe�cients of every timing measure pair.

3.3. Trend Analysis

3.3.1. Trends

The Mann-Kendall test is one of the most frequently used nonparametric tests for iden-
tifying trends in meteorologic variables (Mann, 1945; Kendall, 1975). It is a rank-based
procedure and is especially suitable for non-normally distributed data and data contain-
ing outliers. The trend magnitude is estimated using the Sen Slope (Sen, 1968). The
Mann-Kendall test and the Sen slope have also been used in many previous studies (e.g.
Stahl et al., 2010, 2012; Burn, 2008). The signi�cance of the trend test for every station
is tested at the 5% signi�cance level (p-value < 0.05). In the following this is referred
to as local signi�cance.

3.3.2. Field signi�cance

Livezey and Chen (1982) emphasise the need to evaluate the collective signi�cance of
a �nite set of individual signi�cance tests. This collective signi�cance is referred to as
�eld signi�cance. Field signi�cance allows the determination of the percentage of tests
that are expected to show a trend, at a given local signi�cance level, purely by chance
(Burn et al., 2004). In the present thesis, the question to be answered is:

�How many stations with locally signi�cant trend tests would be detected
only by chance?�

Furthermore, when a collection of multiple tests is performed using data from spa-
tial �elds, the positive spatial correlation of the underlying data produces statistical
dependence among the local tests. This leads to the fact that false rejections of the
null hypothesis tend to cluster in space and can lead to the erroneous impression that
a spatially coherent and physically meaningful spatial feature may exist (Wilks, 2011).
One approach to assess �eld signi�cance and to account for spatial correlation is to con-
duct a bootstrap resampling experiment (e.g. Lettenmaier et al., 1994; Douglas et al.,
2000; Wilks, 2011). This approach is applied in the present master thesis, pursuing the
procedure used in Burn et al. (2004).
The bootstrap approach is applied to every timing measure. Each bootstrap resam-

pling experiment involves the following steps:
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3.4. Correlation of northern teleconnection patterns

1. draw with replacement one year from the analysed time series (1970-2005)

2. enter the data value for each station for the selected year in a newly assembled
data set (resampled data set)

3. repeat steps one and two until the resampled data set consists of 35 years; one
year from the original time series can thereby be drawn more than once (bootstrap
resampling)

4. apply the Mann-Kendall trend test on the resampled series of every station;

5. test the local signi�cance of the trends (p-value < 0.05);

6. calculate the percentage of stations with locally signi�cant test results;

Steps 1 - 6 are repeated 2000 times. Each time the percentage of stations with locally
signi�cant trends is saved. This results in a distribution of the percentage of signi�cant
stations that were detected only by chance. From the obtained empirical cumulative
distribution function (ecdf), the value of the 95-percentile is determined. This value is
taken as the critical value. The critical value is then compared to the value that was
obtained from the test results with the original data set. If the critical value is higher,
this means that the result is not �eld signi�cant at the global signi�cance level of 5%.

3.4. Correlation of northern teleconnection patterns

3.4.1. Correlation coe�cients

A correlation analysis is conducted in order to assess the in�uence of the six north-
ern teleconnection patterns mentioned in section 2.2. Correlation coe�cients (r) are
calculated between every timing measure and the monthly values of the teleconnection
patterns. This is done for every station of the data set. The relationships are measured
using the Pearson product-moment correlation coe�cients. In addition, the local sig-
ni�cance of the correlation coe�cients is tested at the 5% signi�cance level (p-value <
0.05) using the t-test. The analysis is done over the same time period as the trend tests.
A data set of 6∗6∗12 = 432 correlation coe�cients for every station is the result of this
analysis (timing measure∗ index∗month). A detailed analysis of the 432 combinations
is not feasible. Therefore, the data is reduced by maintaining only the most in�uencing
teleconnection pattern for every timing measure (monthly Index). This is achieved by
choosing the six correlation pairs with the largest median r2.

3.4.2. Field signi�cance

The problem of �eld signi�cance and spatial correlation, which is described in section
3.3.2, arises here in a similar way. Therefore, a bootstrap resampling experiment is
conducted in order to account for spatial correlation and to assess �eld signi�cance. The
question, which has to be answered is:
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3.4. Correlation of northern teleconnection patterns

�How many stations with locally signi�cant correlation tests would be de-
tected only by chance?�

A bootstrap approach is applied for every correlation pair. Each bootstrap resampling
experiment involves the following steps:

1. draw with replacement one year from the teleconnection pattern time series (1970-
2005)

2. enter the data value for the selected year in a newly assembled data set (resampled
data set)

3. repeat steps one and two until the resampled data set consists of 35 years; one
year from the original time series can thereby be drawn more than once (bootstrap
resampling)

4. conduct a correlation analysis: calculate the correlation coe�cients r;

5. test the local signi�cance of the correlation coe�cients (p-value < 0.05) for each
station;

6. calculate the percentage of stations with locally signi�cant test results;

Similar to the procedure for the trend tests, steps 1 - 6 are repeated 2000 times. This
results in a distribution of the percentage of stations with locally signi�cant correlation
coe�cients. From the obtained empirical cumulative distribution function (ecdf), the
value of the 95-percentile is determined. This value is taken as the critical value. The
critical value is then compared to the values from the analysis with the original data set.
When the critical value is larger than the original value, this means that the results are
not �eld signi�cant at the global 5% signi�cance level.

3.4.3. Correlation between the teleconnection patterns,

precipitation and temperature

The in�uence of the teleconnection patterns on precipitation and temperature across
Europe is considered in the discussion of the correlations between the teleconnection
patterns and the timing measures. The correlations between the teleconnection patterns
and precipitation and temperature are calculated on the webpage
(http : //climexp.knmi.nl/start.cgi?id = paiviv@student.ethz.ch; 05.02.2015) of the
KNMI Climate Explorer (WMO Regional Climate Centre and KNMI, 2014). Local
signi�cance of the correlations is tested at the 10% signi�cance level (p-value < 0.1),
and �eld signi�cance is assessed at the global 10% signi�cance level.
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4. Results

4.1. Correlation between the timing measures

The results of the correlation analysis between the six timing measures are shown in
table 4.1. The largest correlation is that between the CT1 and the CT2 (r=0.91). The
second largest correlations are those between the Max91 and the Max181, and between
the Min91 and the Min181. Both pairs have a correlation coe�cient of 0.5. All other
correlation coe�cients are rather small.

� CT1 CT2 Max91 Max181 Min91 Min181
CT1 1 · · · · · · · · · · · · · · ·
CT2 0.91 1 · · · · · · · · · · · ·
Max91 0.24 0.23 1 · · · · · · · · ·
Max181 0.20 0.20 0.50 1 · · · · · ·
Min91 0.07 0.06 0.25 0.30 1 · · ·
Min181 0.07 0.08 0.32 0.34 0.50 1

Table 4.1.: Correlation coe�cients between the six timing measures

4.2. Climatology of the timing measures

This section presents the mean occurrence dates for the six timing measures. The results
are shown in �gure 4.1. The dates are expressed as julian dates with 1 being January 1.
The CT1 mean is more or less in the middle of the year for all stations. In the catchments
of the alpine region and in Scandinavia the CT1 mean is later than in the other parts of
Europe. The latest mean of the CT1 is found in the south-western part of Norway. The
pattern of the CT2 mean looks quite similar to that of the CT1. The Max91 occurs on
average between April and June in the Pyrenees, the Alps, the Carpathian Mountains,
and in Scandinavia. In most other parts of Europe, the Max91 mean is in the winter
months. The spatial pattern of the Max181 looks similar to that of the Max91. However,
the Max181 seems to occur slightly later than the Max91 in the summer season in the
alpine region and in Scandinavia. The Min91 mean is in the winter season for stations
in the Alps and in Scandinavia, and some stations in the Pyrenees and the Carpathian
Mountains. In almost all other parts of Europe it occurs towards the end of the summer
season. In northern parts of the UK, Ireland, and the coastal south-western part of
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4.2. Climatology of the timing measures

Norway the mean is slightly earlier in the summer season. The pattern of the Min181
looks quite similar to that of the Min91.
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Figure 4.1.: Climatologies of the six timing measures
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4.3. Trend analysis

Figure 4.2 shows the empirical cumulative distribution functions (ecdf) of the bootstrap
resampling experiments of the trend assessment. The x-axes state the percentage of
stations with locally signi�cant test results. Note that the axes have di�erent scales.
The lines indicate the 95-percentile which is taken as the critical value. Exact numbers
of stations with locally signi�cant trend tests for the original data set and the bootstrap
resampling experiments are shown in table 4.2. The table shows that none of the timing
measures exhibit �eld signi�cant trends. Even though the trends are not �eld signi�-
cant at the global 5% signi�cance level, the results for each timing measure are brie�y
summarised in the following section.

timing measures Stations with Stations with Critical value
p-value < 0.05 p-value < 0.05 [%] [%]

CT1 68 10.4 16.3
CT2 34 5.2 17.1
Max91 65 9.9 12.5
Max181 52 7.9 13.2
Min91 63 9.6 12.2
Min181 39 5.9 13.6

Table 4.2.: Results for the trend analysis and the bootstrap resampling experiment

Figure 4.3 shows the results of the trend analysis. The trend is given in days per year.
Negative trends mean that the timing measure has shifted towards earlier dates in the
season. Positive trends mean that the timing measure has shifted towards later dates.
The black dots mark the stations with locally signi�cant test results (p-value < 0.05).
For the CT1, most stations in central Europe and the Norwegian coast show negative
trends. In Spain and the UK there are stations with positive trends. For the CT2, the
spatial pattern of the trend sign is quite similar to that of the CT1. In general, the trend
magnitude is smaller than that of the CT1 trends. For the Max91, most stations exhibit
positive trends. This would mean that the Max91 has generally shifted towards later
in the year. The Max181 exhibits rather weak overall trends. Positive trends are found
for stations in Spain. Some stations with negative trends are found for stations in the
western part of the domain. For the Min91, stations in central Europe exhibit positive
trends. Slightly negative trends are found for stations in the UK, Ireland, Denmark,
and parts of Scandinavia. For the Min181, most of the stations show rather weak or
slightly positive trends. Negative trends can be seen in Ireland and some stations in the
northern and the western part of Europe.
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4.3. Trend analysis

Figure 4.2.: Ecdf for every timing measure from the bootstrap resampling experiments
for the trend assessment. The 95-percentile is indicated by the dashed line.
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Figure 4.3.: Results of the trend analysis. Black dots mark the stations with locally
signi�cant trends (p-value < 0.05).
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4.4. Correlation with northern teleconnection patterns

4.4. Correlation with northern teleconnection

patterns

This section presents the results for each timing measure and its most in�uencing north-
ern teleconnection pattern. As described in section 3.4.1, for each timing measure only
the monthly index value with the largest median r2 is maintained. The boxplots in
�gures 4.4 - 4.9 show the r2 of the correlation analysis between one timing measure and
the six northern teleconnection patterns. Note that the y-axes have di�erent scales. The
largest median r2 is indicated by the red rectangle. The exact values of the r2 of each
selected pair, are given in table 4.3. The six pairs are:

• CT1 - Scandinavian Pattern (SCA) in January,

• CT2 - Scandinavian Pattern (SCA) in January,

• Max91 - Scandinavian Pattern (SCA) in September,

• Max181 - North Atlantic Oscillation (NAO) in October,

• Min91 - Scandinavian Pattern (SCA) in September,

• Min181 - East Atlantic/Western Russia (EAWR) in March

Figure 4.10 shows the empirical cumulative distribution functions of the bootstrap
resampling experiments for the correlation analysis. The x-axes show the percentage of
stations with locally signi�cant test results. Note that the x-axes have di�erent scales.
The dashed lines indicate the 95-percentile, which is taken as the critical value. Exact
numbers of stations with locally signi�cant tests from the original data set and from the
bootstrap resampling experiment are given in table 4.3. The results for all six pairs are
�eld signi�cant at the global 5% signi�cance level.

timing Index / Stations with Stations with Critical value Median r2

measures month p-value < 0.05 p-value < 0.05 [%] [%]
CT1 SCA 1 288 43.84 17.19 0.0896
CT2 SCA 1 336 51.14 17.35 0.1165
Max91 SCA 9 174 26.48 11.87 0.0567
Max181 NAO 10 150 22.83 12.17 0.0472
Min91 SCA 9 136 20.70 10.04 0.0335
Min181 EAWR 3 154 23.44 13.08 0.0428

Table 4.3.: Results of the correlation analysis and the bootstrap resampling experiments

The spatial patterns of the correlations between the six pairs are shown in �gure
4.11. Blue colors mean negative correlations, and red colors mean positive correlations.
The black dots mark the stations with locally signi�cant correlation coe�cients. The
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4.4. Correlation with northern teleconnection patterns

Figure 4.4.: Boxplots with the r2 for the CT1 and the monthly indices of the six north-
ern teleconnection patterns. The pattern with the largest median of the
r-squared is indicated by the red rectangle. Note that the y-axes have dif-
ferent scales.
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4.4. Correlation with northern teleconnection patterns

Figure 4.5.: Boxplots with the r-squared for the CT2 and the monthly indices of the six
northern teleconnection patterns. The pattern with the largest median of
the r2 is indicated by the red rectangle. Note that the y-axes have di�erent
scales.
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4.4. Correlation with northern teleconnection patterns

Figure 4.6.: Boxplots with the r-squared for the Max91 and the monthly indices of the
six northern teleconnection patterns. The pattern with the largest median of
the r2 is indicated by the red rectangle. Note that the y-axes have di�erent
scales.
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4.4. Correlation with northern teleconnection patterns

Figure 4.7.: Boxplots with the r-squared for the Max181 and the monthly indices of the
six northern teleconnection patterns. The pattern with the largest median of
the r2 is indicated by the red rectangle. Note that the y-axes have di�erent
scales.
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4.4. Correlation with northern teleconnection patterns

Figure 4.8.: Boxplots with the r-squared for the Min91 and the monthly indices of the six
northern teleconnection patterns. The pattern with the largest median of
the r2 is indicated by the red rectangle. Note that the y-axes have di�erent
scales.
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4.4. Correlation with northern teleconnection patterns

Figure 4.9.: Boxplots with the r-squared for the Min181 and the monthly indices of the
six northern teleconnection patterns. The pattern with the largest median of
the r2 is indicated by the red rectangle. Note that the y-axes have di�erent
scales.
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4.4. Correlation with northern teleconnection patterns

Figure 4.10.: Ecdf for each correlation pair from the bootstrap resampling experiments
of the correlation analysis. The 95-percentile is indicated by the dashed
line.
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4.4. Correlation with northern teleconnection patterns

subsequent descriptions of the spatial patterns of the correlations are related to these
stations. For the CT1 and January values of the Scandinavian Pattern, the correlation
coe�cients are negative for the stations in Spain, south-western parts of France and most
of the stations in the UK. For most of the remaining stations, the correlation coe�cients
are positive. The strength of the correlations ranges from -0.60 to 0.63. For the CT2 and
January values of the Scandinavian Pattern, the spatial pattern looks similar to that of
the CT1. The strength of the correlations ranges from -0.62 to 0.71. For the Max91 and
September values of the Scandinavian Pattern, the correlation coe�cients are positive
for most of the stations across Europe. Some stations with negative coe�cients are
found in the south-western part of Norway. The strength of the correlations ranges from
-0.57 to 0.61. For the Max181 and October values of the North Atlantic Oscillation,
the correlation coe�cients are negative for most of the stations across Europe. The
strength of the correlations ranges from -0.57 to 0.36. For the Min91 and September
values of the Scandinavian Pattern, the correlation coe�cients are positive for most of
the stations across Europe. Some stations with negative coe�cients are found in the
Alps. The strength of the correlations ranges from -0.65 to 0.63. For the Min181 and
March values of the East Atlantic/Western Russia pattern, the correlation coe�cients
in most stations are negative. Only few stations with signi�cant correlations are found
in Spain and France. The strength of the correlations ranges from -0.67 to 0.50.
In some cases, the pattern of the correlations between one timing measure and one

northern teleconnection pattern varies quite strongly in di�erent months. Figure 4.12 is
presented here as an example. The �gure shows the seasonal evolution of the correlations
between the CT1 and the Scandinavian Pattern. The results for all the other timing
measures - northern teleconnection patterns are attached in the appendix.

38



4.4. Correlation with northern teleconnection patterns

●
●● ●●●

●●●●●
●
●●●

●
●●●

●●●
●●●●●

●●●
●●●●●
●

●
●●●●●

●●●●
●●●
●

●●●●●●●●●●
●

● ●
●● ●

●●●●
●

● ●●●
● ●●● ●

●●

●

● ●
●

●●

●●● ●
●●●●●●●●●●●

●●
●●

●●●●●
●●●●●
●

●●

●

●●●
●
●●●●
●●●●
●

●● ●

●●●●●●●●

●
●●●●●●●

●●●●●●●●●
●
●●● ●●●●●●●●

●●●●●●●●●●●

●●
● ●●●●●●●

●●●●●●●●
●●● ●●

●

●●●●●●●●●
●

●●●●
●

●●●●●●●●
● ●●●●●●

● ●●●
●

● ●
●●

●●●●●●
●●

●●
●
●●●●●●●●●●●●●●●●●●●●●●●

●●●●●

●
●●
●

●●●●●

●
●●

●●●
●
●●

●
● ●

● ●●●●●●
●●

●●●●●●●●
● ●●

●●

●
●●
●●

●
●

●

●
●

●●
● ●

●
●●

●● ●●●●●
●●●

●

●

●

●●
●●●●

●●

●

● ●

●

●

●●

●● ●●●
●

●●

●●● ●●●●

●

●

●●●●

●
●

●●

●●

●

●

●●

●
●

●

●

●

●
●●

●●

●●●●●●●●●

●
● ●●

●●
●●

●●●●
●
●●

●●●●●
●●●●●●●●●●

●
●●

●●●

●
●

●● ●●●

●●
●

● ●●●
●●●●●●●●●

●●●●●●●●●●
●

●●

●●●●

●● ●●

●●●
●

●●

●●●●
●●●●
●●

● ●●

●
●

●●

●
●●

●
● ●●●

●
●

●

●●

●
●●

●
●

●●●
●

●● ●●●●●
●● ● ●● ●

●
●●

●
●

●
●

●
● ●

●
●

● ●

●

●
●

●

●●

●● ●

●

●

●
●

●

●●●●●●●● ●●●●
●●● ●●

●● ●

●
●

● ●●●●●
●

● ●
●●● ●

●●●
●●

●●●●●
●

●
●●
●●

●●●
● ●●

●

●

●●●●

●●

●

−10 0 10 20 30

40
45

50
55

60
65

70

longitude

la
tit

ud
e

CT1 − SCA January

●
●

●
● ●●●

●●

●●●●●● ●●● ●
● ●●●●●

●
●

●●
●

●●
●

●●●●●●
●
●
●

●

●
●

● ●●●●●

●●

●●●●●●●
●

●

●
●●●●
●

●●
●●●●●

●●● ●●
●●●●●

● ●●●
●

●●●●●●●●
● ●●●●●● ●●

●
● ●

●●

●●●●● ●

●●

●
●

●
●●●●●●●●●●●●●●●●●●

●●●●●●

●

●●●●●

●●

●
●

●
●

●●●
●

●
●●

●
●

●

●
●●

●

●

●
●

●
●

●

●●
●●

●●

●
●

● ●

● ●●●

●

●

●
●● ●●●
●

●●

●

● ●

●●

●

●

●
●

●

●●●●
●

●●●
●●

●

●
●●

●

●

●●● ●●
●●●
●●●●●●

●●●●
●●

●●
● ●●

●

●●

●
●

●
●● ●

●

●

●
●

●

●●●
●● ●

●

●●
●●

●
●

●
●

●●

●●

●
●● ●●●

●●●●●
●
●●●

●
●●●

●●●
●●●●●

●●●
●●●●●
●

●
●●●●●

●●●●
●●●
●

●●●●●●●●●●
●

● ●
●● ●

●●●●
●

● ●●●
● ●●● ●

●●

●

● ●
●

●●

●●● ●
●●●●●●●●●●●

●●
●●

●●●●●
●●●●●
●

●●

●

●●●
●
●●●●
●●●●
●

●● ●

●●●●●●●●

●
●●●●●●●

●●●●●●●●●
●
●●● ●●●●●●●●

●●●●●●●●●●●

●●
● ●●●●●●●

●●●●●●●●
●●● ●●

●

●●●●●●●●●
●

●●●●
●

●●●●●●●●
● ●●●●●●

● ●●●
●

● ●
●●

●●●●●●
●●

●●
●
●●●●●●●●●●●●●●●●●●●●●●●

●●●●●

●
●●
●

●●●●●

●
●●

●●●
●
●●

●
● ●

● ●●●●●●
●●

●●●●●●●●
● ●●

●●

●
●●
●●

●
●

●

●
●

●●
● ●

●
●●

●● ●●●●●
●●●

●

●

●

●●
●●●●

●●

●

● ●

●

●

●●

●● ●●●
●

●●

●●● ●●●●

●

●

●●●●

●
●

●●

●●

●

●

●●

●
●

●

●

●

●
●●

●●

●●●●●●●●●

●
● ●●

●●
●●

●●●●
●
●●

●●●●●
●●●●●●●●●●

●
●●

●●●

●
●

●● ●●●

●●
●

● ●●●
●●●●●●●●●

●●●●●●●●●●
●

●●

●●●●

●● ●●

●●●
●

●●

●●●●
●●●●
●●

● ●●

●
●

●●

●
●●

●
● ●●●

●
●

●

●●

●
●●

●
●

●●●
●

●● ●●●●●
●● ● ●● ●

●
●●

●
●

●
●

●
● ●

●
●

● ●

●

●
●

●

●●

●● ●

●

●

●
●

●

●●●●●●●● ●●●●
●●● ●●

●● ●

●
●

● ●●●●●
●

● ●
●●● ●

●●●
●●

●●●●●
●

●
●●
●●

●●●
● ●●

●

●

●●●●

●●

●

−10 0 10 20 30

40
45

50
55

60
65

70

longitude

la
tit

ud
e

CT2 − SCA January

●
●●●●●●●

● ●●

●●●●●
●●●

●
●●●● ●●● ●

● ●●●●●●●●

●

●

●

●●

●
●

●●
●

●●●●●●●
●
●
●●

●●●

●
●

●
●

●
●

●● ●

●●●●●

●
●●●●● ●

●●●●●●
●

●●●●●●●
●

● ●●●●●●●

●
●●●●
●

●●
●●●●●●

●●●
●● ●●

●●●●●●

● ●●●
●

●●●●●●●●
● ●●●●●● ●●●

●
● ●

●●

●●●●● ●

●●

●
●

●
●●●●●●●●●●●●●●●●●●●●

●●●●●●

●
●

●●●●●

●

●

●
●
● ●

●
●

●●●
●

●
●●

●
●

●

●●

●●

●

●

●

●
●

●
●

●

●●
●●

●●

●
●

● ●

● ●●

●

●
● ●●●
●

●

● ●●

●

●

●●

●●

●
●

●

●

●●●●
●

●

●● ●
●●●
●●●●●

●●●●
●●

●●
● ●●

●

●●●

●
●

●
●●●●

●●
● ●

●
●

●
●

●

●
●

●

●

●●
●● ●

●

●●●
●

●
●

●
●

●●

●
●● ●●●

●●●●●
●
●●●

●
●●●

●●●
●●●●●

●●●
●●●●●
●

●
●●●●●

●●●●
●●●
●

●●●●●●●●●●
●

● ●
●● ●

●●●●
●

● ●●●
● ●●● ●

●●

●

● ●
●

●●

●●● ●
●●●●●●●●●●●

●●
●●

●●●●●
●●●●●
●

●●

●

●●●
●
●●●●
●●●●
●

●● ●

●●●●●●●●

●
●●●●●●●

●●●●●●●●●
●
●●● ●●●●●●●●

●●●●●●●●●●●

●●
● ●●●●●●●

●●●●●●●●
●●● ●●

●

●●●●●●●●●
●

●●●●
●

●●●●●●●●
● ●●●●●●

● ●●●
●

● ●
●●

●●●●●●
●●

●●
●
●●●●●●●●●●●●●●●●●●●●●●●

●●●●●

●
●●
●

●●●●●

●
●●

●●●
●
●●

●
● ●

● ●●●●●●
●●

●●●●●●●●
● ●●

●●

●
●●
●●

●
●

●

●
●

●●
● ●

●
●●

●● ●●●●●
●●●

●

●

●

●●
●●●●

●●

●

● ●

●

●

●●

●● ●●●
●

●●

●●● ●●●●

●

●

●●●●

●
●

●●

●●

●

●

●●

●
●

●

●

●

●
●●

●●

●●●●●●●●●

●
● ●●

●●
●●

●●●●
●
●●

●●●●●
●●●●●●●●●●

●
●●

●●●

●
●

●● ●●●

●●
●

● ●●●
●●●●●●●●●

●●●●●●●●●●
●

●●

●●●●

●● ●●

●●●
●

●●

●●●●
●●●●
●●

● ●●

●
●

●●

●
●●

●
● ●●●

●
●

●

●●

●
●●

●
●

●●●
●

●● ●●●●●
●● ● ●● ●

●
●●

●
●

●
●

●
● ●

●
●

● ●

●

●
●

●

●●

●● ●

●

●

●
●

●

●●●●●●●● ●●●●
●●● ●●

●● ●

●
●

● ●●●●●
●

● ●
●●● ●

●●●
●●

●●●●●
●

●
●●
●●

●●●
● ●●

●

●

●●●●

●●

●

−10 0 10 20 30

40
45

50
55

60
65

70

longitude

la
tit

ud
e

Max181 − NAO October

●●

●
●

●●
●

●●

●●
●

●

●●
●

●
●●

●●●●●
●

●
●● ●●

●
● ●

●

●●●
●●

●●●

●●
●●

●●

●●●

●●
●

●●
●

●●
●●●

●●
●

●
●●

●
● ●

● ●●

●

●●
●

●●
●

●●

●●●
●●

●
●●●

●●
●

●●● ●●●
●●

●

●●●●●

●●●

●

●

●● ●

●

●

●
●●

●●

●

●

●

●●
●

●●

●
●

● ●

●● ●
●●

● ●●●

●
●

●

●

●

●
●● ●●●

●●●●●
●
●●●

●
●●●

●●●
●●●●●

●●●
●●●●●
●

●
●●●●●

●●●●
●●●
●

●●●●●●●●●●
●

● ●
●● ●

●●●●
●

● ●●●
● ●●● ●

●●

●

● ●
●

●●

●●● ●
●●●●●●●●●●●

●●
●●

●●●●●
●●●●●
●

●●

●

●●●
●
●●●●
●●●●
●

●● ●

●●●●●●●●

●
●●●●●●●

●●●●●●●●●
●
●●● ●●●●●●●●

●●●●●●●●●●●

●●
● ●●●●●●●

●●●●●●●●
●●● ●●

●

●●●●●●●●●
●

●●●●
●

●●●●●●●●
● ●●●●●●

● ●●●
●

● ●
●●

●●●●●●
●●

●●
●
●●●●●●●●●●●●●●●●●●●●●●●

●●●●●

●
●●
●

●●●●●

●
●●

●●●
●
●●

●
● ●

● ●●●●●●
●●

●●●●●●●●
● ●●

●●

●
●●
●●

●
●

●

●
●

●●
● ●

●
●●

●● ●●●●●
●●●

●

●

●

●●
●●●●

●●

●

● ●

●

●

●●

●● ●●●
●

●●

●●● ●●●●

●

●

●●●●

●
●

●●

●●

●

●

●●

●
●

●

●

●

●
●●

●●

●●●●●●●●●

●
● ●●

●●
●●

●●●●
●
●●

●●●●●
●●●●●●●●●●

●
●●

●●●

●
●

●● ●●●

●●
●

● ●●●
●●●●●●●●●

●●●●●●●●●●
●

●●

●●●●

●● ●●

●●●
●

●●

●●●●
●●●●
●●

● ●●

●
●

●●

●
●●

●
● ●●●

●
●

●

●●

●
●●

●
●

●●●
●

●● ●●●●●
●● ● ●● ●

●
●●

●
●

●
●

●
● ●

●
●

● ●

●

●
●

●

●●

●● ●

●

●

●
●

●

●●●●●●●● ●●●●
●●● ●●

●● ●

●
●

● ●●●●●
●

● ●
●●● ●

●●●
●●

●●●●●
●

●
●●
●●

●●●
● ●●

●

●

●●●●

●●

●

−10 0 10 20 30

40
45

50
55

60
65

70

longitude

la
tit

ud
e

Max91 − SCA September

● ●● ●

●● ●

●
●
●

●
●

●

● ●●●●●●
●

●

●●
●●

●

●
●●

●

●
●●
●
●

● ●● ●

●

●●●●

●
●●● ●●●●

●● ●

●●
●

●●
● ●

●
●

● ●

●●●●
●

● ●● ●

●
●●●●●●●●●●●●●

●●●

●

●●●

●

●
●

●

●
● ●

●

●●●

●

●

●

●
●●

●●

●
●

●

●●

●
●●●●●●●

●

●
●

●●●
●●●

●●●●●●

●

●●

●

●

●

●●

●●●●

●
●

●
●

●

●

●
●

●
● ● ●

●

●
●

●

●

●

●
●● ●●●

●●●●●
●
●●●

●
●●●

●●●
●●●●●

●●●
●●●●●
●

●
●●●●●

●●●●
●●●
●

●●●●●●●●●●
●

● ●
●● ●

●●●●
●

● ●●●
● ●●● ●

●●

●

● ●
●

●●

●●● ●
●●●●●●●●●●●

●●
●●

●●●●●
●●●●●
●

●●

●

●●●
●
●●●●
●●●●
●

●● ●

●●●●●●●●

●
●●●●●●●

●●●●●●●●●
●
●●● ●●●●●●●●

●●●●●●●●●●●

●●
● ●●●●●●●

●●●●●●●●
●●● ●●

●

●●●●●●●●●
●

●●●●
●

●●●●●●●●
● ●●●●●●

● ●●●
●

● ●
●●

●●●●●●
●●

●●
●
●●●●●●●●●●●●●●●●●●●●●●●

●●●●●

●
●●
●

●●●●●

●
●●

●●●
●
●●

●
● ●

● ●●●●●●
●●

●●●●●●●●
● ●●

●●

●
●●
●●

●
●

●

●
●

●●
● ●

●
●●

●● ●●●●●
●●●

●

●

●

●●
●●●●

●●

●

● ●

●

●

●●

●● ●●●
●

●●

●●● ●●●●

●

●

●●●●

●
●

●●

●●

●

●

●●

●
●

●

●

●

●
●●

●●

●●●●●●●●●

●
● ●●

●●
●●

●●●●
●
●●

●●●●●
●●●●●●●●●●

●
●●

●●●

●
●

●● ●●●

●●
●

● ●●●
●●●●●●●●●

●●●●●●●●●●
●

●●

●●●●

●● ●●

●●●
●

●●

●●●●
●●●●
●●

● ●●

●
●

●●

●
●●

●
● ●●●

●
●

●

●●

●
●●

●
●

●●●
●

●● ●●●●●
●● ● ●● ●

●
●●

●
●

●
●

●
● ●

●
●

● ●

●

●
●

●

●●

●● ●

●

●

●
●

●

●●●●●●●● ●●●●
●●● ●●

●● ●

●
●

● ●●●●●
●

● ●
●●● ●

●●●
●●

●●●●●
●

●
●●
●●

●●●
● ●●

●

●

●●●●

●●

●

−10 0 10 20 30

40
45

50
55

60
65

70

longitude

la
tit

ud
e

Min181 − EAWR March

● ●

●

●●●●● ●
●● ●● ●●

●●●●
●●●

● ●●
●●

●●

●

●

●

●●●●●●
●●
●●

●●●
●

● ●●●
●

●
● ●●

●

●●●●

●●
●
●●●

●

●

●●●●

●
●●

●●●

●
●

●
●
● ●

●
●●●

●●●
●●

●

● ●
● ●

●●
●

●

●

●

●
●

●

●

● ●
●●
●●●

●

●

●
●

●

●

●
●

●

●

●●

●●
● ●

●●

● ●
●
●●

●
●

●
●

●
●

●
●

●

●

●●●●

●

●

●
●● ●●●

●●●●●
●
●●●

●
●●●

●●●
●●●●●

●●●
●●●●●
●

●
●●●●●

●●●●
●●●
●

●●●●●●●●●●
●

● ●
●● ●

●●●●
●

● ●●●
● ●●● ●

●●

●

● ●
●

●●

●●● ●
●●●●●●●●●●●

●●
●●

●●●●●
●●●●●
●

●●

●

●●●
●
●●●●
●●●●
●

●● ●

●●●●●●●●

●
●●●●●●●

●●●●●●●●●
●
●●● ●●●●●●●●

●●●●●●●●●●●

●●
● ●●●●●●●

●●●●●●●●
●●● ●●

●

●●●●●●●●●
●

●●●●
●

●●●●●●●●
● ●●●●●●

● ●●●
●

● ●
●●

●●●●●●
●●

●●
●
●●●●●●●●●●●●●●●●●●●●●●●

●●●●●

●
●●
●

●●●●●

●
●●

●●●
●
●●

●
● ●

● ●●●●●●
●●

●●●●●●●●
● ●●

●●

●
●●
●●

●
●

●

●
●

●●
● ●

●
●●

●● ●●●●●
●●●

●

●

●

●●
●●●●

●●

●

● ●

●

●

●●

●● ●●●
●

●●

●●● ●●●●

●

●

●●●●

●
●

●●

●●

●

●

●●

●
●

●

●

●

●
●●

●●

●●●●●●●●●

●
● ●●

●●
●●

●●●●
●
●●

●●●●●
●●●●●●●●●●

●
●●

●●●

●
●

●● ●●●

●●
●

● ●●●
●●●●●●●●●

●●●●●●●●●●
●

●●

●●●●

●● ●●

●●●
●

●●

●●●●
●●●●
●●

● ●●

●
●

●●

●
●●

●
● ●●●

●
●

●

●●

●
●●

●
●

●●●
●

●● ●●●●●
●● ● ●● ●

●
●●

●
●

●
●

●
● ●

●
●

● ●

●

●
●

●

●●

●● ●

●

●

●
●

●

●●●●●●●● ●●●●
●●● ●●

●● ●

●
●

● ●●●●●
●

● ●
●●● ●

●●●
●●

●●●●●
●

●
●●
●●

●●●
● ●●

●

●

●●●●

●●

●

−10 0 10 20 30

40
45

50
55

60
65

70

longitude

la
tit

ud
e

Min91 − SCA September

●

●●

●
● ●●●

● ●
●●● ●

●
●

●

●
●

●●
●

●
●

●
●

●
●

●
●●

●● ●

●
● ●

● ●●●●

●●

●
●

●

●
●●

●●
●

●

●

●

● ●

●

●

●

●

●
●

● ●● ● ●

●

●

●

●
●

●

●

●●

●●●●

●

●
●

●

●

●● ●●
●●●●●●

●●●●●●

●

●
●

●

●

●●
●

●
●

●
●

●

●

●

●
●

●

●

●

●●● ●
●●

●
●●

●
●

●

●

−1.0 −0.5 0.0 0.5 1.0

[r]

Figure 4.11.: Correlations between each timing measure and its most in�uencing tele-
connection pattern. Black dots mark the stations with locally signi�cant
correlations (p-value < 0.05).
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4.4. Correlation with northern teleconnection patterns
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Figure 4.12.: Monthly correlations CT1 - Scandinavian Pattern
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5. Discussion

5.1. De�nition of the timing measures

Six di�erent measures of the timing of the annual cycle of stream�ow were considered
in this thesis. No distinction was made between di�erent seasons. The results therefore
cannot be interpreted in detail regarding di�erent factors and processes that in�uence
stream�ow, because it is known from recent studies that the in�uence of these factors
and processes is not the same in di�erent seasons and in di�erent regions (e.g. Stahl
et al., 2010). However, the de�nition of the maximum and the minimum of the annual
stream�ow allows a somewhat more detailed interpretation about the category of possi-
ble in�uencing factors and processes. This is further discussed in the next sections.

As shown in the results, the correlation coe�cients between the timing measures are
rather small. This shows that the di�erent timing measures probably do not represent
an identical in�uence of the processes on stream�ow seasonality. The largest correlation
coe�cient is that between the CT1 and the CT2 (r=0.91). The results of the trend test
and the correlation analysis with northern teleconnection patterns are similar for these
two timing measures. To reduce data amount and calculation time, one could probably
exclude one of these two timing measures from further investigations without losing too
much information. The Max91 and the Max181, and the Min91 and Min181 have the
second largest correlation coe�cients (r=0.5). This shows that the choice of the moving
average window width has an in�uence on the results. However, the two Max and the
two Min timing measures are more strongly correlated to each other than to the other
timing measures. This suggests that the de�nition of the Max91 and the Max181, and
the Min91 and the Min181 is not completely arbitrary.

5.2. Local controls on stream�ow seasonality

As mentioned in the section above, the presented results cannot be interpreted in de-
tail regarding di�erent factors and processes that in�uence stream�ow seasonality. One
can, however, make some inferences from the climatology of the timing measures about
possible processes and factors in�uencing them. Temperature plays a role by in�uenc-
ing the form of precipitation, storage of water as snow and ice, and evapotranspira-
tion. The Max91 and Max181, are probably in�uenced by storage of precipitation as
snow, and snowmelt processes in high-elevated catchments of the Pyrenees, the Alps, the
Carpathian Mountains, and catchments in most parts of Scandinavia. In these regions,
temperature may play a role in the seasonality of the annual stream�ow. In the other
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5.3. Trends in stream�ow seasonality

parts of Europe the Max91 and Max181 occur during winter time. This is probably
due to winter storms, which cause precipitation in the form of rain. The Min91 and
Min181 show a similar spatial pattern like the Max91 and the Max181. In catchments
in the mountainous regions in Europe and in catchments in most parts of Scandinavia
the Min91 and the Min181 occur during winter months. This is probably due to storage
of precipitation as snow and ice. In the other parts of Europe the Min91 and the Min181
occur in summer months, which could be due to high evapotranspiration and periods
with little precipitation. For the CT1 and the CT2 it is even more di�cult to assess
di�erent in�uencing processes. Both timing measures occur more or less in the middle
of the year. The somewhat later occurrence in catchments of the Alps and most parts
of Scandinavia could again be an e�ect of snowmelt processes.

5.3. Trends in stream�ow seasonality

The Sen slope and the Mann-Kendall test were applied in order to investigate shifts in
stream�ow seasonality. As shown in the results, no trends were detected that are �eld
signi�cant at the global 5% signi�cance level. According to Wilks (2011), it is impor-
tant to keep in mind that the Mann-Kendall test does not prove that no changes are
occurring. One can only conclude that any changes in the timing measures would be
occurring too slowly over the analysed time period to be discerned from the year-to-year
background variability in the data. In addition, trend results are not only dependent on
the length of the time series, but also on the period of time that is analysed. This is
illustrated in �g.5. in the study by Hannaford et al. (2013).

In the following section, the trend results are discussed in consideration with results
from some recent studies. One hypothesis of the present thesis was that the timing of
snowmelt stream�ow shifted towards earlier in the season in high elevated catchments of
the mountainous regions in Europe and catchments in Scandinavia. The results show,
however, that none of the timing measures exhibit a detectable trend. A possible expla-
nation could be that the annual hydrograph of the high-elevated catchments is smoothed
to a greater degree with higher stream�ow during winter time and a less pronounced
peak in spring or summer season. At the same time, the date of the maximum (and the
CT) could remain more or less the same. This is illustrated in �gure 5.1. The smoothed
hydrograph is represented by the red curve. This explanation would also be consistent,
for example, with results from the CH2014 Impact Report, which in general found higher
winter stream�ow and lower summer stream�ow amounts for most of the catchments
in Switzerland. The explanation does not contradict the study of Stahl et al. (2010),
which found positive trends in winter stream�ow amount and negative trends in summer
stream�ow amounts (April - August) for large parts of Europe.
Longer droughts in summer season may start already earlier in the year and last longer

in late summer. This does not lead to a change in the timing of the annual minimum
�ow. These results are consistent with Stahl et al. (e.g. 2008, 2010), who found trends
towards earlier summer low �ows in large parts across Europe. Figure 5.2 illustrates
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5.3. Trends in stream�ow seasonality

Figure 5.1.: Possible change of the RC1: smoothed annual cycle (red curve), without
changes in the timing of the maximum annual stream�ow.

this.

Figure 5.2.: Possible change of the RC2: longer drought periods in summer time, without
changes in the timing of the minimum annual stream�ow.

Burn (2008) investigated changes for di�erent timing measures of stream�ow in Canada.
One was the 50-percentile date, which is similar to the de�nition of the CT1 timing mea-
sure. Similar to the results of the present thesis, he could not �nd trends in this measure
that are �eld signi�cant.
Barnett et al. (2008) found that the center timing in western United States is in�u-

enced by (human-induced) temperature changes. Center timing across Europe may not
be exclusively in�uenced by temperature, but possibly by other processes like precipita-
tion.
As mentioned above, trend detection may be dependent on the length of the analysed

time period. Maurer et al. (2007) investigated CT timing shift in four (large) drainage
basins in the western part of the USA over the time period 1950 - 1999. They found
that trends are currently too small to be statistically signi�cantly di�erent from natural
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5.4. Large-scale controls on seasonal stream�ow

climate variability. They state that it is not possible to detect signi�cant trends in the
CT on the basis of the short historical record which they analysed. In general, they state
that trends over longer timescales can be more easily detected because the amplitude of
noise can decline more rapidly than the magnitude of the trend signal. The length of
the time period analysed in this thesis is even shorter than that which was analysed by
Maurer et al. (2007). This could make the detection of trends di�cult.
Stewart et al. (2005) investigated changes in CT2 dates in western USA for snow-
dominated catchments over the time period 1948 - 2002. In general, they found that
the CT shifted towards earlier in the season. They state that increasing temperatures
advance the timing of snowmelt, while increased winter precipitation falling as snow
results in an increased snowpack and generally delays the spring runo�. Such counter-
acting in�uences make the detection of trends for all the timing measures more di�cult.

5.4. Large-scale controls on seasonal stream�ow

A correlation analysis was conducted in order to assess the in�uence of northern tele-
connection patterns on stream�ow seasonality. The results show that the Scandinavian
Pattern is the one with the largest in�uence. The pattern with the second largest in�u-
ence is the North Atlantic Oscillation. As shown in the results, the correlations between
the timing measures and the northern teleconnection patterns are �eld signi�cant at
the 5% signi�cance level. In the following part, the results for each timing measure
with its most in�uencing pattern is discussed. In addition, the correlations between
the timing measures and the teleconnection patterns are compared to the correlations
between the teleconnection patterns and precipitation and temperature. The monthly
values of the teleconnection patterns are correlated to precipitation and temperature in
the same months. Note that it is therefore only possible to assess the in�uence on the
timing measures of precipitation and temperature conditions in these speci�c months.
The latter correlations were calculated on the Climate Explorer webpage. The maps
show the correlations which are locally signi�cant at the 10% signi�cance level (p-value
< 0.1). All presented maps are �eld signi�cant.
As presented in the results, the most in�uencing northern teleconnection pattern on

the CT1 and the CT2 is the Scandinavian Pattern in January. Figure 5.3 shows the
correlations between the Scandinavian Pattern in January and precipitation (upper left
map), and temperature (upper right map) in January. The two lower maps show the
results for the correlations between the Scandinavian Pattern in January and the CT1
(lower left map) and the CT2 (lower right map). The spatial pattern for the CT1 and
the CT2 looks similar. The correlations are negative for the stations in Spain, south-
western parts of France, some stations of the alpine region, and most of the stations in
the southern part of the UK. For the remaining stations, the correlation coe�cients are
mostly positive. One can assume that in the regions with negative correlation coe�cients
the CT1 and CT2 occur earlier in the year when the Scandinavian Pattern in January is
positive. From the �gure, one can see that the positive Scandinavian Pattern in January
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5.4. Large-scale controls on seasonal stream�ow

leads to wetter conditions over Spain, the southern part of France and the alpine region.
It leads to drier conditions across central Europe, northern Europe and Scandinavia.
The correlation pattern between the Scandinavian Pattern and precipitation looks quite
similar to that between the Scandinavian Pattern and the CT1 and CT2. From these
relationships, one can conclude that the two timing measures occur generally later in the
year under drier weather conditions in January. Due to the fact that the CT is in�uenced
by the Scandinavian Pattern in January, this result can even possess predictive power.
The Max91 is most strongly in�uenced by the Scandinavian Pattern in September.

The �gure 5.4 shows the correlation between the Scandinavian Pattern in September and
precipitation (upper left map), and temperature (upper right map) in September. The
correlation coe�cients between the Max91 and the Scandinavian Pattern in September
are positive for most of the stations (lower map). One can conclude that the Max91
occurs later in the year, when the Scandinavian Pattern in September is positive. The
correlation between the Scandinavian Pattern and precipitation and temperature in
September, however, exhibits di�erent signs for di�erent parts in Europe. Therefore, no
direct link between the occurrence date of the Max91 and precipitation or temperature
conditions in September can be made.
The Max181 is most strongly in�uenced by the North Atlantic Oscillation index in

October. The �gure 5.5 shows the correlation of the North Atlantic Oscillation in-
dex in October and precipitation (upper left map), and temperature (upper right map)
in October. The correlation coe�cients between the Max181 and the North Atlantic
Oscillation index in October are negative for most of the stations with signi�cant cor-
relations (lower map). One can conclude that the Max181 occurs earlier in the year,
when the North Atlantic Oscillation index in October is positive. The positive phase of
the North Atlantic Oscillation index leads to drier conditions in October in large parts
of Europe. This could mean that the Max181 occurs earlier in the year under drier
conditions in October. From the comparison of the upper right map and the lower map,
one could conclude that the temperature in October does not have a strong in�uence on
the Max181.
The Min91 is most strongly in�uenced by the Scandinavian Pattern in September.

Figure 5.6 again shows the correlation of the Scandinavian Pattern in September, pre-
cipitation (upper left map), and temperature (upper right map) in September. The
correlation between the Min91 and the Scandinavian Pattern is positive for most of the
stations with signi�cant correlations. One can conclude that in these regions, the Min91
occurs later in the year when the Scandinavian Pattern in September is positive. Some
stations with negative correlation coe�cients are found in the alpine region. There, the
Min91 seems to occur earlier when the Scandinavian Pattern is positive. The spatial
pattern for the correlations between the Scandinavian Pattern, precipitation and temper-
ature does not resemble that of the correlation between the Min91 and the Scandinavian
Pattern. Therefore, one can conclude that precipitation and temperature in September
do not have a major in�uence on the timing of the Min91.
The Min181 is most strongly in�uenced by the East Atlantic/Western Russia index

in March. The �gure 5.7 shows the correlation of the East Atlantic/Western Russia
index in March, precipitation (upper left map), and temperature (upper right map)
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5.4. Large-scale controls on seasonal stream�ow

Figure 5.3.: Scandinavian Pattern in January and its correlation with precipitation (up-
per left map), temperature (upper right map), and the CT1 (lower left
map), and the CT2 (lower right map). The upper maps present correlations
with locally signi�cant correlation coe�cients (p<0.1). Black dots mark the
stations with locally signi�cant correlation coe�cients (p<0.05).
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5.4. Large-scale controls on seasonal stream�ow

Figure 5.4.: Scandinavian Pattern in September and its correlation with precipitation
(upper left map), temperature (upper right map), and the Max91 (lower
map). The upper maps present correlations with locally signi�cant correla-
tion coe�cients (p<0.1). Black dots mark the stations with locally signi�-
cant correlation coe�cients (p<0.05).
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5.4. Large-scale controls on seasonal stream�ow

Figure 5.5.: North Atlantic Oscillation index in October and its correlation with precip-
itation (upper left map), temperature (upper right map), and the Max181
(lower map). The upper maps present correlations with locally signi�cant
correlation coe�cients (p<0.1). Black dots mark the stations with locally
signi�cant correlation coe�cients (p<0.05).
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5.4. Large-scale controls on seasonal stream�ow

Figure 5.6.: Scandinavian Pattern in September and its correlation with precipitation
(upper left map), temperature (upper right map), and the Min91 (lower
map). The upper maps present correlations with locally signi�cant correla-
tion coe�cients (p<0.1). Black dots mark the stations with locally signi�-
cant correlation coe�cients (p<0.05).
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5.4. Large-scale controls on seasonal stream�ow

in March. However, there is almost no correlation between the East Atlantic/Western
Russia index and precipitation. The lower map shows the correlation between the East
Atlantic/Western Russia index and the Min181. The correlation coe�cients for almost
all stations with signi�cant correlations are negative. One can therefore conclude that
the Min181 occurs earlier in the year, when the East Atlantic/Western Russia index
in March is positive. From comparing the upper right map with the lower map, one
can conclude that temperature in March may in�uence the Min181. This is consistent
with other studies which show that warmer temperatures lead to a shift in minimum
stream�ow towards earlier dates.

In general, one can conclude from these results that the timing measures are quite
strongly in�uenced by northern teleconnection patterns. These relationships between
the timing measures and the teleconnection patterns can be used to make predictions
for the timing of the annual cycle of stream�ow. The CT1 and CT2 seem to be stronger
in�uenced by precipitation than by temperature in January. The result for the Min181
suggests that temperatures in March have an in�uence on stream�ow timing over large
parts of Europe. Even tough the Max91, the Max181 and the Min91 are most strongly
correlated to teleconnection patterns in September and October, the precipitation and
temperature conditions in these months do not seem to have a major in�uence on the
timing measures.
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Figure 5.7.: East Atlantic/Western Russia index in March and its correlation with pre-
cipitation (upper left map), temperature (upper right map), and the Min181
(lower map). The upper maps present correlations with locally signi�cant
correlation coe�cients (p<0.1). Black dots mark the stations with locally
signi�cant correlation coe�cients (p<0.05).
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6. Conclusions

With many hydrological studies addressing trends in the amount of stream�ow or inves-
tigating seasonality of stream�ow on local scales, there is not much information available
about trends in the timing of the annual cycle of stream�ow on a continental scale across
Europe. The aim of this study was therefore to provide information that helps to close
this gap. For this purpose, a European data set of stream�ow from small catchments
was analysed. Updated data sets will lead to an improvement of station density and
data coverage, and will hence be an advantage for future studies. In spite of the fact
that in the present thesis there were gaps in the spatial coverage of the data set, the
study illustrates spatial patterns in stream�ow seasonality and some of its in�uencing
factors. In particular, it was found that the timing of the annual cycle of stream�ow does
not seem to exhibit signi�cant trends over the time period 1970-2005. It is, however,
in�uenced by northern teleconnection patterns. It was discovered that the patterns with
the largest in�uence are the Scandinavian Pattern and the North Atlantic Oscillation.
The knowledge of these relationships can improve our understanding of the timing of the
annual cycle of stream�ow. Some results of the present thesis lead to new research ques-
tions which could be addressed in future studies. Generally, one could consider to pursue
another approach to extract the annual cycle. There are several possibilities: one exam-
ple, used by Renner and Bernhofer (2011), would be to use Fourier form models based
on harmonic functions. In terms of the trend analysis, one could consider to investigate
trends over di�erent time periods and di�erent lengths of the time series. Another idea
is �rst to subtract the in�uence of the teleconnection patterns on the timing measures,
and then to conduct the trend assessment. When investigating large scale in�uences on
the seasonality of stream�ow, one could take into account additional indices describing
atmospheric circulation. Two indices which are known to in�uence stream�ow amounts
across Europe, are the frequency of west circulation as described by the subjective Gross-
wetterlagen classi�cation, and the north to south sea level pressure di�erence across the
European continent (e.g. Bouwer et al., 2008). In addition to the correlation coe�cients,
one could also �t a linear regression model between atmospheric indices and the timing
measures. This would enable the assessment of the ratio of the unit change in the tim-
ing measure (TM) per unit change of the index (4TM/4index). Yet another idea is
to model the relationship between two (or more) teleconnection patterns with a linear
regression model (e.g. ScandinavianPattern = α ∗NorthAtlanticOscillation+ β) and
then correlate the residuals to the timing measures. This way, similar e�ects of the two
(or more) teleconnection patterns on the timing measures would not be assessed more
than once, which would reduce the amount of data. Further investigations should be
conducted in order to assess the way the teleconnection patterns in�uence the timing
of stream�ow. For example, one could consider to correlate seasonal averages of the
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teleconnection patterns to seasonal averages of precipitation and temperature.
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Figure A.1.: Monthly correlations CT1 - East Atlantic
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Figure A.2.: Monthly correlations CT1 - East Atlantic/Western Russia
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.3.: Monthly correlations CT1 - North Atlantic Oscillation
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.4.: Monthly correlations CT1 - Polar/Eurasia
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.5.: Monthly correlations CT1 - Tropical/Northern Hemisphere
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A.1. Monthly correlations between the timing measures and teleconnection patterns

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●
●

●● ●●●

● ●

●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●

●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
●● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●●
●●●● ●

●●●
●●●

● ●●

●

●

●●●●

●●

●

lon

Month1

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●
●

●● ●●●

● ●

●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●

●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
●● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●●
●●●● ●

●●●
●●●

● ●●

●

●

●●●●

●●

●

lon
la

t

Month2

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●
●

●● ●●●

● ●

●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●

●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
●● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●●
●●●● ●

●●●
●●●

● ●●

●

●

●●●●

●●

●

lon

la
t

Month3

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●
●

●● ●●●

● ●

●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●

●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
●● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●●
●●●● ●

●●●
●●●

● ●●

●

●

●●●●

●●

●

lon

Month4

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●
●

●● ●●●

● ●

●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●

●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
●● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●●
●●●● ●

●●●
●●●

● ●●

●

●

●●●●

●●

●

lon

la
t

Month5

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●
●

●● ●●●

● ●

●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●

●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
●● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●●
●●●● ●

●●●
●●●

● ●●

●

●

●●●●

●●

●

lon

la
t

Month6

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●
●

●● ●●●

● ●

●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●

●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
●● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●●
●●●● ●

●●●
●●●

● ●●

●

●

●●●●

●●

●

lon

Month7

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●
●

●● ●●●

● ●

●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●

●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
●● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●●
●●●● ●

●●●
●●●

● ●●

●

●

●●●●

●●

●

lon

la
t

Month8

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●
●

●● ●●●

● ●

●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●

●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
●● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●●
●●●● ●

●●●
●●●

● ●●

●

●

●●●●

●●

●

lon

la
t

Month9

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●
●

●● ●●●

● ●

●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●

●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
●● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●●
●●●● ●

●●●
●●●

● ●●

●

●

●●●●

●●

●

lon

Month10

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●
●

●● ●●●

● ●

●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●

●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
●● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●●
●●●● ●

●●●
●●●

● ●●

●

●

●●●●

●●

●

lon

la
t

Month11

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●
●

●● ●●●

● ●

●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●

●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
●● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●●
●●●● ●

●●●
●●●

● ●●

●

●

●●●●

●●

●

lon

la
t

Month12

−1.0 −0.5 0.0 0.5 1.0

Figure A.6.: Monthly correlations CT2 - East Atlantic
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.7.: Monthly correlations CT2 - East Atlantic/Western Russia
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.8.: Monthly correlations CT2 - North Atlantic Oscillation
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.9.: Monthly correlations CT2 - Polar/Eurasia
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.10.: Monthly correlations CT2 - Scandinavian Pattern
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.11.: Monthly correlations CT2 - Tropical/Northern Hemisphere
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.12.: Monthly correlations Max91 - East Atlantic
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A.1. Monthly correlations between the timing measures and teleconnection patterns

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●

●●
●● ●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●
●●●● ●

●●●
●●●

● ●

●

●

●●●●

●●

●

lon

Month1

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●

●●
●● ●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●
●●●● ●

●●●
●●●

● ●

●

●

●●●●

●●

●

lon

la
t

Month2

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●

●●
●● ●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●
●●●● ●

●●●
●●●

● ●

●

●

●●●●

●●

●

lon

la
t

Month3

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●

●●
●● ●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●
●●●● ●

●●●
●●●

● ●

●

●

●●●●

●●

●

lon

Month4

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●

●●
●● ●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●
●●●● ●

●●●
●●●

● ●

●

●

●●●●

●●

●

lon

la
t

Month5

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●

●●
●● ●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●
●●●● ●

●●●
●●●

● ●

●

●

●●●●

●●

●

lon

la
t

Month6

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●

●●
●● ●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●
●●●● ●

●●●
●●●

● ●

●

●

●●●●

●●

●

lon

Month7

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●

●●
●● ●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●
●●●● ●

●●●
●●●

● ●

●

●

●●●●

●●

●

lon

la
t

Month8

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●

●●
●● ●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●
●●●● ●

●●●
●●●

● ●

●

●

●●●●

●●

●

lon

la
t

Month9

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●

●●
●● ●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●
●●●● ●

●●●
●●●

● ●

●

●

●●●●

●●

●

lon

Month10

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●

●●
●● ●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●
●●●● ●

●●●
●●●

● ●

●

●

●●●●

●●

●

lon

la
t

Month11

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●
●

●●
●●

●

●
●● ●

●

●●
●● ●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●
●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

●● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●

●●●
● ●●●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●
●●●● ●

●●●
●●●

● ●

●

●

●●●●

●●

●

lon

la
t

Month12

−1.0 −0.5 0.0 0.5 1.0

Figure A.13.: Monthly correlations Max91 - East Atlantic/Western Russia

73



A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.14.: Monthly correlations Max91 - North Atlantic Oscillation
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.15.: Monthly correlations Max91 - Polar/Eurasia
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.16.: Monthly correlations Max91 - Scandinavian Pattern

76



A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.17.: Monthly correlations Max91 - Tropical/Northern Hemisphere

77



A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.18.: Monthly correlations Max181 - East Atlantic
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.19.: Monthly correlations Max181 - East Atlantic/Western Russia
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.20.: Monthly correlations Max181 - North Atlantic Oscillation
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.21.: Monthly correlations Max181 - Polar/Eurasia
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.22.: Monthly correlations Max181 - Scandinavian Pattern
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.23.: Monthly correlations Max181 - Tropical/Northern Hemisphere
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.24.: Monthly correlations Min91 - East Atlantic
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.25.: Monthly correlations Min91 - East Atlantic/Western Russia
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.26.: Monthly correlations Min91 - North Atlantic Oscillation

86



A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.27.: Monthly correlations Min91 - Polar/Eurasia
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.28.: Monthly correlations Min91 - Scandinavian Pattern
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.29.: Monthly correlations Min91 - Tropical/Northern Hemisphere

89



A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.30.: Monthly correlations Min181 - East Atlantic
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.32.: Monthly correlations Min181 - North Atlantic Oscillation
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.33.: Monthly correlations Min181 - Polar/Eurasia
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A.1. Monthly correlations between the timing measures and teleconnection patterns
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Figure A.34.: Monthly correlations Min181 - Scandinavian Pattern
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A.1. Monthly correlations between the timing measures and teleconnection patterns

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●●●
●●

●

●
●● ●

●

●●● ●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●
●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●
●●●● ●

●●●
●●●

● ●

●

●

●●●●

●●

●

lon

Month1

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●●●
●●

●

●
●● ●

●

●●● ●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●
●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●
●●●● ●

●●●
●●●

● ●

●

●

●●●●

●●

●

lon

la
t

Month2

lon

la
t

Month3

lon

Month4

lon

la
t

Month5

lon

la
t

Month6

lon

Month7

lon

la
t

Month8

lon

la
t

Month9

lon

Month10

lon

la
t

Month11

●
●● ●●●

●●●●●
●●●●

●
●●●

●●●
●●●●●●●●●●●●●

●
●●●●●● ●●●● ●●●

●
●●●●●●●●●● ●

● ●
●● ●

●●●●
●

● ●●● ●●● ●
●●

●
● ●●

●●
●●●

●
●●●●●●●●●●●●

●●●

●●●●●
●●●●●●●

●

●●●
●●●●●●

●●●
●● ●
●●●●●●●●

●
●●●●●●●

●●●●●●●●●●
●●● ●●●●●●●●

●●●
●●●●●●●●

●●● ●●●●●●●●●●●●●●●●
●● ●●

●
●●●●●●●●●

●

●●●●
●

●●●●●●●●● ●●●●●● ●●●●
●●

●
●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●●
●●●●●●

●●
●●

●●●●●

●
●
●●●

●●●
●
● ●● ●●●●●●

●●

●●●●●●
● ●●

●●●
●●

●

●
●● ●

●

●●● ●●●●●

●●

●
● ●

●

●

●●
●● ●●

●

●●

●●●●●●●

●
●

●●

●
●

●
●

●

●
●●●

●

●●●●●●●

●●
●
●●

●●

●●●●
●●

●●●●●
●●●●●●●●●

●
●●●●●

●●

● ●●●

●●
●●●●●

●●●●●●●●
●●●●●●●●●

●●●

●● ●●
●●●●

●
●●●●●●●●●● ●●

●
●
●

●●
●

●●
●

●●●●
●

●●●●●●● ●● ● ●● ●
● ●●●●

●●
●● ●

●

● ●

●

●
●
●

●●

●● ●

●
●

●
●

●

●●●●●●●● ●●●●●●● ●●
●● ●

●

● ●●●●● ●
● ●

●●● ●●●●●
●●●● ●

●●●
●●●

● ●

●

●

●●●●

●●

●

lon

la
t

Month12

−1.0 −0.5 0.0 0.5 1.0

Figure A.35.: Monthly correlations Min181 - Tropical/Northern Hemisphere
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