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Chapter 1

Introduction, Motivation, Aim

1.1 Introduction

Extreme weather events generally have negative impacts on human health and
well being, infrastructure and the environment. Droughts, floods, extreme tem-
peratures, windstorms, tropical cyclones, storm surges, land slides and wild fires
each year cost thousands of human lifes, cause damages to the economy, human
infrastructure and the natural environment all over the world. Between 1980 and
2005 90 % of all natural catastrophes were caused by meteorological events, which
killed 1.45 million people and caused economic losses of 900 billion U.S. dollars
(WMO, 2014).

Within the context of global warming an increase in extreme weather events
and meteorological catastrophes are expected to increase in the future (IPCC,
2013).

According to Working Group 1 (The Physical Science Basis) of the Intergov-
ernmental Panel on Climate Change a worldwide increase of meteorological catas-
trophes is expected, with varying likelihood depending on the region and the type
of event. For Europe an increased frequency and duration of heat waves is likely
during the 21st century (IPCC, 2013). Impacts of heat waves on various fields of
life are exemplarily described in the following.

Heat is a major thread to human health, especially in the cities of the temperate
regions of the Earth (WHO, 2013). In general, heat stress is greater in cities
than in rural areas (Howard, 1833, in Oke 1982). This is due to what is referred
to as ”urban heat island” (Oke, 1982): the high building density in cities and
the large heat conservation of the materials used, such as concrete and asphalt
(WHO, 2013), a reduced latent heat exchange with the atmosphere, due to reduced
evapotranspiration compared to rural areas, reduced thermal radiance emittance
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1.1. INTRODUCTION

due to high aerosol loads, and reduced fresh air drainage (Schönwiese, 1994) lead
to higher temperatures in cities compared to the surrounding environment (Oke,
1982). This effect is particularly important during heat waves, since it ”prevents
temperatures in summer from cooling during the night” (WHO, 2013, p. 9), and
thus induces increased heat stress to the inhabitants. Baccini et al. (2008) describe
the relationship between maximum apparent temperature1 and mortality rates
and found that this relationship is city specific. In general, this means that the
”thermal comfort zone” (WHO, 2013) in Mediterranean cities is higher than in
north-continental cities (Baccini et al., 2008). Baccini et al. (2008, p. 711) further
found that a 1◦ C ”increase in maximum apparent temperature above the city-
specific threshold” already results in an increase of mortality.

Heat impacts on human health mainly affect the cardiovascular system (WHO,
2013). The human body is generally able to keep its core body temperature at
37◦C (Jendritzky et al., 2007). If, for example due to high environmental tem-
peratures, this thermoregulation is overcharged, the core-body temperature rises,
which, depending on the individual constitution, sooner or later leads to heat dis-
orders (WHO, 2013). At particular risk are people of more the 75 years of age,
babies and young children of less than 5 years of age, chronically ill, socially iso-
lated persons, disabled persons, and residents of nursing homes (Baccini et al.,
2008).

During the European hot summer in 2003 the excess mortality attributed to
heat stress is estimated at 70000 for 16 European countries (Robine et al., 2007).

One of the most prominent effects of global warming but also of singular ex-
treme heat summers is the retread of glaciers. Glaciers are an important fresh water
reservoir, especially in alpine regions. Their mass balance (relation of growth and
decline) is determined by radiation, temperature and precipitation (ProClim(Ed.),
2005). Important factors determining their growth and shrinkage are the precip-
itation in spring and early summer and the climate during summer. A fresh
snow pack during spring and early summer saves the ice from melting, due to its
high albedo (ProClim(Ed.), 2005). During summer month the amount (and type)
of precipitation, solar radiation, and temperature determine the mass reduction:
warm, dry, and sunny weather leads to increased melt (ProClim(Ed.), 2005). Con-
sequently, during the extensive heat and drought summer of 2003, the largest loss
of ice masses of alpine glaciers ever registered within one year occurred (BUWAL,
2004; ProClim(Ed.), 2005).

Also the reduction of permafrost is an issue in alpine regions: the enhanced
thawing of permafrost, especially during hot summers (ProClim(Ed.), 2005), in-

1apparent temperature: combination of temperature and humidity to describe the thermal
discomfort of humans (Baccini et al., 2008, and references therein)
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CHAPTER 1. INTRODUCTION, MOTIVATION, AIM

fluences the stability of steep rock slopes and leads to enhanced rock fall (Gruber
et al., 2004; ProClim(Ed.), 2005).

Low precipitation amounts and high temperatures lead to enhanced evapora-
tion and thus to low river discharge and low water levels. Reduced water levels
forces fish and other mobile animals, living in aquatic ecosystems to concentrate
in smaller water bodies (Bundesanstalt für Gewässerkunde (Ed.), 2004). This in-
creases the probability of physical contact among individual and thus enhances the
dispersal of certain diseases and vermin (Bundesanstalt für Gewässerkunde (Ed.),
2004). For example, the mass extinction of morays in a section of the river Rhein
during summer 2003 is attributed to such dispersal of an infectional disease and
certain vermin (Bundesanstalt für Gewässerkunde (Ed.), 2004).

At low water levels water temperatures rise faster (BUWAL, 2004). This is
important since the entire metabolism of water ecosystems (Dyck and Peschke,
1989) is determined by water temperatures, whereby for water organisms not the
longterm average, but the duration of temperature stress is important (BUWAL,
2004). For certain species who are adapted to cool waters, this eventually leads
to life-threatening situations (BUWAL, 2004) if water temperatures remain high
over a relevant period of time. Moreover, at increased water temperatures the
oxygen solubility is reduced (Mc Cutcheon et al., 1992), which has impacts on the
biochemical processes in aquatic ecosystems (Dyck and Peschke, 1989). At the
same time, the activity of bio organisms increases, thus increasing the demand
for oxygen (BUWAL, 2004). These factors combined lead to oxygen-stress and a
reduced ingestion in the following (BUWAL, 2004). The critical limit of oxygen
in water bodies is 4 mg/l (Bundesanstalt für Gewässerkunde (Ed.), 2004). Below
this limit several fish species may be at risk (Bundesanstalt für Gewässerkunde
(Ed.), 2004). Another problem at high water temperatures is nitrification: at
high pH-values ammonium is turned into ammonia, which is poisonous for fish
(Bundesanstalt für Gewässerkunde (Ed.), 2004). However, problems with low
oxygen content and chemical water ingredients were seldom observed in summer
2003, which is attributed to the high water quality and the reduced pollution of
waste waters (Bundesanstalt für Gewässerkunde (Ed.), 2004).

Low water levels and high water temperatures in aquatic environments also
affect human infrastructure and economy: Thermoelectric power plants, for ex-
ample, rely on the availability of cooling water. Förster and Lilliestam (2010)
explain that during heat waves this availability might be limited due to low river
discharge and / or high water temperatures. In this context water temperature is
important in two ways: (1) warmer water has a reduced cooling capability, and
(2) environmental laws limit the temperature of waste water (which has been used
for cooling) that is routed back into the river (Förster and Lilliestam, 2010). If
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1.1. INTRODUCTION

not enough cooling water is available at sufficiently low temperatures, thermoelec-
tric power plants have to reduce power production or need or shut down entirely
(Förster and Lilliestam, 2010, and references therein).

Low river discharge also affect inland water transportation. For example ships
on the river Rhine could only use 20-30% of their load capacity during several
phases of the 2003 extreme summer (Undine, 2014).

Water availability, sunlight, and temperature are important climatic constraints
to vegetation growth (Nemani et al., 2003). For the extreme heat and drought
summer in Europe 2003, Ciais et al. (2005) estimated a reduction of net primary
production by approximately 30% compared to modelled average values for the
time period 1900 - 2003, which was accompanied by a significantly reduced carbon
dioxide uptake. The reduction of net primary production during heat and drought
events has, of course, impacts on natural ecosystems as well as for forestry and
agriculture:

Analysis of tree rings in Bavarian forests showed that the growth of spruce
in temperate forests was significantly reduced in the year after the extreme heat
and drought summer 1976, and regeneration processes were slow (Utschig et al.,
2004). Furthermore, dry and warm conditions can promote vermin populations.
For example Lobinger (2004) found that in 2003 the conditions were ideal for the
reproduction of beetles. In combination with the weakened trees, which, due to
water shortage, were not able to produce enough resinosis to repel insects, this
led to massive damage of spruce and larch trees by bark beetles (Lobinger, 2004).
Because large populations develop during hot and dry years, the massive bark
beetle reproductivity also impacts the following years and can only be pushed
back by cold and wet conditions (Lobinger, 2004).

In the agricultural sector the reduced net primary productivity can lead to
serious economic losses due to reduced crop growth. However, here the timing of
the drought determines which crops are most affected (Ciais et al., 2005). I.e. if
dry conditions occur shortly before harvest the damages are not as large as when
dry conditions occur at the beginning of the growing season (Ciais et al., 2005).
For 2003 the insurance company Munich Re Group (2004) estimated the losses in
European crop to 1 billion Euros.

These examples illustrate the damage potential of extreme heat and drought
events and the vulnerability of humans, infrastructure as well as natural and an-
thropogenic environments.
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1.2 Motivation

In view of the negative impacts of extreme summer heat and the fact that an
increase in frequency and duration of heat waves is ”virtually certain” for the
21st century (IPCC, 2013, p. 5), an early warning well in advance to the onset
of an exceptionally hot summer would certainly be beneficial. It would allow to
better prepare and facilitate precautionary and mitigation measures. For exam-
ple, rescue services and medical facilities would have more time to prepare for
more heat related missions and the implementation of dedicated heat emergency
working plans, respectively, and to prepare their staff-management accordingly.
Furthermore, disseminating information to the general public on how to prepare
to and behave in the event of strong heat is expected to be beneficial (WHO, 2013;
Ebi et al., 2004). If it were possible to provide early warnings, more time would
be available to prepare and distribute these information.

The extremely hot and dry summer in Europe in 2003 sparked high interest
and prompted several studies on the development of heat events. Although some
progress has been made, the processes leading to the development of extreme
heat events are not yet fully understood and are thus a common subject of recent
research.

Several authors agree that both large-scale atmospheric circulation (e.g. Cassou
et al. 2005; Carril et al. 2008) and the interactions between soil moisture and the
atmosphere (e.g. Seneviratne et al. 2006; Vautard et al. 2007; Fischer et al. 2007;
Hirschi et al. 2011; Weisheimer et al. 2011; Quesada et al. 2012) are important
factors in the development of strong summer heat events in Europe.

The importance of soil-moisture deficits prior to the summer months for the
development of heat waves in Europe has been pointed out by Fischer et al. (2007)
based on model experiments and by Hirschi et al. (2011) and Quesada et al. (2012)
based on observations. It has been shown that dry soils favor the occurence of hot
days, although not all dry winter - spring transition seasons are followed by hot
summers (Quesada et al., 2012; Hirschi et al., 2011). Accordingly, the physics of
seasonal forecast models, such as the European Center of Medium Range Forecast
(ECMWF) forecasting system S3, have improved with regards to soil-moisture -
atmosphere interactions (Weisheimer et al., 2011). However, the seasonal predic-
tion skill for European summers remains poor (Quesada et al., 2012). One reason
for this might be the regionally varying strength of the relationship between dry
soils and hot days: while models seem to capture this relationship for southern Eu-
rope well, it seems to be overemphasized for Central Europe (Hirschi et al., 2011).
This in turn might have its origin in the different factors constraining evapotran-
spiration in the different regions: in southeastern Europe evapotranspiration is
limited by soil-moisture, whereas in Central Europe evapotranspiration is limited
by energy (Teuling et al., 2009, in Hirschi et al. 2011), i.e. solar irradiation. Thus,
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further observation based analysis of hot summers in different parts of Europe are
important to better understanding their development.

However, the occurrence of dry soils alone does not lead to an extremely hot
and dry summer. The occurrenc of specific atmospheric circulation regimes is the
prerequisite for the development of extreme heat and drought events in Europe
(Hirschi et al., 2011; Quesada et al., 2012). Research on the influence of atmo-
spheric circulation on the development of heat waves has generally revealed that
a dominance of anticyclonic pressure systems and atmospheric blockings of the
westerlies, respectively, are associated with heat events in Europe (Cassou et al.,
2005; Della-Marta et al., 2007). However, these studies correlate summer heat
events with atmospheric pressure patterns occuring simultaneously. To the knowl-
edge of the author of this thesis, none of the studies found a characteristic pattern
in the atmospheric circulation in the winter - spring transition season preceding
extremely hot summers in Europe.

The study presented in this thesis focuses on the analysis of hot and dry sum-
mers in Central Europe regarding atmospheric circulation patterns as well as land
surface - atmosphere interactions in the winter - spring transition season prior to
the extreme events.

1.3 Aim and Scope

The analysis of extreme summers is closely linked to the question how extreme
summers are defined. For heat waves Robinson (2001) proposed a set of definitions,
but there is no commonly agreed defintion (e.g. Meehl and Tebaldi 2004). Most
authors define heat waves with an air temperature anomaly threshold, exceeded
over a certain number of successive days (e.g. Robinson 2001; Cassou et al. 2005;
Della-Marta et al. 2007; Vautard et al. 2007; Carril et al. 2008; Hirschi et al. 2011;
Quesada et al. 2012). However, both the temperature anomaly thresholds and
the number of days on which the threshold must be exceeded vary among the
studies. The focus of this work is not on single heat waves, but on extreme heat
and drought events on a seasonal scale.

The aim of this thesis is to identify potential precursor of highly extreme hot
and dry summers in Central Europe regarding both large-scale atmospheric cir-
culation, as well as land surface - atmosphere interactions. For this purpose, the
relation of extremely hot and dry summers (June - July - August, JJA) and their
preceding winter - spring transition season (February - March - April, FMA) is
analysed for the study area Central Europe, (47◦N - 56◦N; 4◦E - 15◦E, i.e. Germany
and adjacent regions), using solar irradiation and precipitation as central proxies.
The geopotential at 850 hPa height is analysed over the northern hemisphere in
order to identify potential characteristic patterns in the large-scale atmospheric
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CHAPTER 1. INTRODUCTION, MOTIVATION, AIM

circulation prior to the extreme summers.
Consequently, the hypothesis to be tested in this thesis are as follows:

• H1 Extremely hot (and thus sunny) and dry summers in Central Europe
are preceded by winter - spring transitions with positive anomalies in solar
irradiation and negative anomalies in precipitation.

• H2 Extremely hot (and thus sunny) and dry summers in Central Europe are
preceded by characteristic atmospheric pressure patterns determining the
excess of solar irradiation and the deficit of precipitation in the prior winter
- spring transition season.

In testing these hypothesis, the study contributes to an improved understanding of
the development of extremely hot and dry summers in Central Europe regarding
the interplay of large-scale atmospheric circulation and land surface - atmosphere
interactions. The analysis and the results of this work are expected to contribute
to the improvement of the predictability of extreme summers.

18



Chapter 2

Data, Structure and Outline

This section briefly describes the data used in the study to analyse the extreme
summers and their development. It also outlines the following chapters of the
thesis and the structure of the study.

2.1 Data

As outlined in section 1.2 the occurrence of specific atmospheric circulation regimes
is the prerequisite for the development of extreme summers and land surface - at-
mosphere interactions increase the probability of their development. The variables
solar irradiation and precipitation are determined by the atmospheric circulation
and also influence the atmospheric circulation via land surface - atmosphere in-
teractions. Furthermore, solar irradiation and summer surface temperatures in
Europe are closely related (Makowski et al., 2009). The development of hot and
dry summers is thus closely related to the amount of solar irradiation and precip-
itation. Consequently, this study focuses on these two variables as central proxies
to define and analyse extreme summers and their development. To determine the
corresponding atmospheric circulation regimes, that are finally responsible for the
amount of solar irradiation and precipitation, the geopotential in 850 hPa is anal-
ysed.

An overview of the data sets used in this thesis is given in table 2.1. Two high
quality, widely available data sets on geopotential and precipitation were used:
re-analysis data from the European Center of Medium Range Weather Forecast
(ECMWF) and data from the Global Precipitation Climatology Center (GPCC).

Re-analysis data describe the status of the atmosphere and relevant land surface
variables (such as skin temperature and soil moisture) from the past using quality
controlled input data. The assimilation system and the global forecast models used
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CHAPTER 2. DATA, STRUCTURE AND OUTLINE

Table 2.1: Overview of data sets used in this thesis. For abbreviations refer to the list
of acronyms and for further details refer to section 2.1, chapter 3 (solar irradiation) and
chapter 4 (solar irradiation, precipitation, geopotential).

Variable Data set Time period used Reference

solar- ERA-40 Jan 1958 - Dec 1982; K̊allberg et al. 2005
irradiation Dec 1988

MAGICSOL Jan 1983 - Nov 1988; Posselt et al., 2011;
Jan 1989 - Dec 2005 Hammer et al., 2003

ERA-interim Jan 2006 - Dec 2006 Dee and Upala, 2009
operational data Dec 2007 - Jan 2011 Müller et al., 2009;
from CM SAF Posselt et al., 2009

precipitation GPCC Jan 1958 - Aug 2011 Schneider et al., 2014

geopotential ERA-40 Jan 1958 - Dec 1978 K̊allberg et al. 2005
ERA-interim Jan 1979 - Aug 2011 Dee and Upala, 2009

to calculate the hindcasts are improved compared to models contemporary with
the observations, and they are stable, i.e. they experience no changes. The results
of re-analysis can thus be regarded as the best integrated, consistent representation
of the state of the atmosphere of the past. The re-analysis data over the longest
time period provided by ECMWF are the 40-year re-analysis (ERA-40) described
in K̊allberg et al. (2005) and Uppala et al. (2005), and the interim re-analysis
(ERA-interim) described in Berrisford et al. (2009) and Dee et al. (2011). The
geopotential data set used in this thesis is composed of ERA-40 (1958 - 1988) and
ERA-interim (1989 - 2011) data.

The precipitation data set of the GPCC has the largest number of quality
controlled inputs from in situ measurements compared with other gridded and
station based precipitation data sets (Schneider et al., 2014), and is thus expected
to be the most accurate precipitation data set currently available over land.

A variety of data sets on solar irradiation are available, each with different
quality. The MAGICSOL 2 data set based on measurements of the visible channel
of the MVIRI sensor on METEOSAT first generation satellites is well suited for
the purpose of this study. However, the MAGICSOL data set is restricted to the
availability of MVIRI data and thus only covers the years 1982 - 2005. Hence for
a proper analysis this datset would need to be extended using data from other
sources, such as re-analysis. An evaluation of the solar irradiation data set is
subject to work package 1. The work package of this thesis are outlined in the
following section.

2due to historical reason this data set is called Heliosat in chapter 3
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the evaluation of re-analysis based data in order to find the optimal data set to
prolongate the time series. A series of solar irradiation data sets from re-analysis
were available at the time work on this thesis began. However, all but ERA-40
and ERA-interim showed restrictions which prevented them from being used in
the study presented here: The accuracy of NCEP / NCAR solar irradiation data
is not sufficient on the regional scale (Babst et al., 2008), the NCEP 20th century
re-analysis was not available at the time the study started, and the Modern Era
Re-analysis for Research and Applications (MERRA) does not provide the tem-
poral coverage necessary for this study. Consequently ERA-40 and ERA-interim
are the only re-analysis data sets in question to complemente the MAGICSOL
datset. Thus, the main aspect of chapter 3 is the evaluation of the ERA-40 and
ERA-interim solar irradiation data sets with regards to their suitability for the
analysis of extreme summers in Central Europe, using the MAGICSOL data set
as reference.

WP 2: In a second step, extremely hot and dry summers (JJA) in Central
Europe are defined and selected according to the anomalies of solar irradiation
and precipitation. The selected events were analysed with an emphasis on the
preceeding winter - spring transition season February - March - April (FMA)
in order to gain more insights into the early stages of the development of such
extreme events. Thus, chapter 4 also addresses the question if a large excess of
solar irradiation and a large deficit of precipitation in the winter - spring transition
season might be a proxy for the approach of an extreme summer. If so, it would
be possible to use information on the amount of solar irradiation and precipitation
of the winter - spring transition season as a predictor for extremely sunny (and
thus hot (Makowski et al., 2009)) and dry summer seasons in Central Europe.

Indeed, two out of three highly extreme summers (upper 10th percentile, see
chapter 4 for definition) in the study area and time period analysed were preceeded
by winter - spring transition seasons with extremely positive anomalies in solar ir-
radiation and extremely negative anomalies in precipitation. One extreme summer
was not preconditioned in the preceeding winter - spring transition season and one
winter - spring transition season with precondition characteristics (high solar irra-
diation and low precipitation) was followed by a normal sunny and a rather wet
summer. Extremely strong ENSO events preceded both of these years during the
winter season. The potential influence of ENSO on the development of extreme
summer seasons in Central Europe is highlighted in chapter 4 and discussed in
more detail in chapter 5.

The second hypothesis [H2] (see section 1.3) was tested in work package 3 (WP
3): The phenomena presented in chapter 4 must have their origin in the large-
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scale atmospheric circulation. Often the North Atlantic Oscillation (NAO) and
the Atlantic Oscillation (AO) are mentioned as important factors for the weather
in Europe (e.g. (Walker and Bliss, 1932; Barnston and Livezey, 1987; Ionita et al.,
2012)). These oscillation patterns are important for the winter season in Europe,
but seem to be less important for the summer conditions (Behera et al., 2013,
and references therein). However, Wang et al. 2011 and Ogi et al. 2003, 2004a
suggest that the NAO may influence the European summer season indirectly by
influencing winter conditions, which in turn have effects on the summer conditions,
for example via winter precipitation that influences soil-moisture and thus the land
surface - atmosphere interactions (Wang et al., 2011). The latter are one of the
important triggers of heat waves, as outlined above (see section 1.2) and discussed
in chapter 4. Both NAO and AO are therefor analysed in chapter 5 with regard
to their potential impact on the development of extremely hot and dry summers.
However, the results lead to the conclusion that NAO and AO are not connected
with extremely hot and dry summers in Central Europe. But the analysis of
geopotential height anomalies revealed a characteristic pattern that occurs during
the winter - spring transition season prior to the extreme summers. This led to
the definition of a novel index, the Greenland - North Sea - Dipole index, defined
and discussed in chapter 5.

Within this scope the effects of El Niño Southern Oscillation (ENSO) on the
development of extreme summers in Central Europe are discussed in more detail.
This leads to a further novel index, the Central European Drought Index (CEDI).
This index is dedicated to reflect the coupling of the synoptic scale circulation,
expressed by the GNDI, with the global scale circulation, expressed by ENSO. It
is expected that the CEDI contributes to the improvement of the predictability of
extremely hot and dry summers, and hence to an ealry warning system for central
Europe.

Chapter 6 summarises the most important aspects of this thesis and provides
an overview on further scientific questions arising from the findings presented.
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Abstract

In this paper an evaluation of the European Center for Medium Range Weather
Forecasting 40-year re-analysis (ERA-40) and interim re-analysis (ERA-Interim)
solar irradiation data sets is presented. The goal of the study is to evaluate the ac-
curacy of the downward solar surface radiation fluxes of ERA-40 and ERA-Interim.
A positive result of these examinations would justify the use of ERA-40 and ERA-
Interim, respectively, to investigate long-term changes of anomaly patterns. Unlike
other recent studies that operate on a global scale, this study concentrates on re-
gional aspects of climate research. As reference, high-resolution remote sensing
data derived from METEOSAT using the Heliosat method are used. The study
area covers Germany and adjacent countries. Structures were found which indi-
cate that ERA-40 does not properly represent cloud and fog occurrence. Especially
during the solar season May, June, July (MJJ) large deviations of up to 40 and 60
W/m2, respectively, compared to the reference data set were found. During the
solar seasons of August, September, October (ASO) and November, December,
January (NDJ) the deviations are negligible for both re-analysis data sets as well
as for ERA-40 during the season of February, March, April (FMA). The results
lead to the conclusion that in and around Germany, the accuracy of the parameter
surface solar irradiation downward (ssrd) of ERA-40 and ERA-Interim re-analysis
is limited, especially during the season of MJJ and in ERA-Interim also during
the season of FMA.
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Zusammenfassung

In diesem Artikel wird eine Evaluierung des Datensatzes der bodennahen Global-
strahlung aus der 40-jährigen Re-analyse (ERA-40) und der Interim Re-Analyse
(ERA-Interim) des Europäischen Zentrums für Mittelfristige Wettervorhersage
vorgestellt. Ziel der Studie ist es, die Genauigkeit der am Erdboden einfallen-
den Solarstrahlung der ERA-40 und ERA-Interim Datensätze zu bewerten. Die
Ergebnisse dieser Untersuchungen ermöglichen es, die Qualität der entsprechen-
den Strahlungs-Datensätze aus ERA-40 und ERA-Interim zum Monitoring und
der Analyse von zeitlichen und räumlichen Änderungen von Anomalien zu bew-
erten. Im Gegensatz zu anderen aktuellen Studien, in denen ähnliche Vergleiche auf
der globalen Skala durchgeführt wurden, konzentriert sich die vorliegende Studie
auf regionale Aspekte. Als Referenz werden räumlich hoch aufgelöste Fernerkun-
dungsdaten des europäischen Wettersatelliten METEOSAT, abgeleitet mithilfe der
Heliosat Methode, verwendet. Das Untersuchungsgebiet deckt Deutschland und
angrenzende Länder ab. Es wurden Strukturen gefunden, die darauf hindeuten,
dass ERA-40 das Auftreten von Wolken und Nebel nicht korrekt repräsentiert.
Insbesondere in den Monaten mit der höchsten solaren Einstrahlung Mai, Juni,
Juli (MJJ) (solarer Sommer) treten im Vergleich zum verwendeten Referenzdaten-
satz große Abweichungen von bis zu 40 bzw. 60 W/m2 auf. Während der solaren
Jahreszeiten Herbst und Winter, August, September, Oktober (ASO) und Novem-
ber, Dezember, Januar (NDJ), sind die Abweichungen für beide untersuchten Re-
analyse Datensätze vernachlässigbar, für ERA-40 sind die Abweichungen auch in
den Monaten Februar, März, April (FMA) vernachlässigbar. Die Ergebnisse führen
zu dem Schluss, dass die Genauigkeit der Globalstrahlung am Erdboden aus ERA-
40 und ERA-Interim in und um Deutschland noch verbessert werden muss und
die ERA Strahlungsdaten für die Ableitung und das Monitoring von Anomalien
noch signifikante Fehler aufweisen. Dies gilt für beide Datensätze während der
Jahreszeit MJJ und für ERA-Interim auch für die Jahreszeit FMA.

3.1 Introduction

Radiation is the driving force for all atmospheric processes and its interaction with
various media controls the energy distribution on Earth. The fact that GCOS
(Global Climate Observing System) defined the radiation budget as an essential
climate variable confirms its indispensability for climate monitoring GCOS (2009).
Solar irradiance is the driving factor for the global wind systems, its anomalies
causes droughts, heat waves and anomalies in evaporation.
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The evaluation of the accuracy of solar irradiance in re-analysis data is therefore
essential to investigate the performance of the re-analysis data for climate moni-
toring and climate analysis tasks. Re-analysis data is based on general circulation
model output. In this context results of evaluation studies are also important for
the improvement of current GCMs. This study aims at providing an estimate on
the quality of ERA-40 / ERA-Interim SIS data with regard to regional climate
studies in Germany and adjacent countries.

Recent publications such as Yang et al. (1999) and Allan et al. (2004) determine
the differences between several re-analysis data sets in their ability to show anoma-
lies in various climate parameters on a global scale. Yang et al. (1999) evaluated
outgoing longwave radiation and reflected solar radiation of the NCEP-NCAR re-
analysis to top-of-the-atmosphere measurements from the Earth Radiation Budget
Experiment (ERBE) on the global scale. They found generally good agreements
in the global annual mean of the outgoing longwave radiation as well as for the
clear-sky reflected solar radiation. However, regions with ”significant systematic
biases” (Yang et al., 1999, p.49) were identified for the outgoing longwave radi-
ation as well as overestimations of total sky reflected solar radiation, indicating
that the global energy budget in the NCEP-NCAR re- analysis is not balanced.
Yang et al. (1999) assume that the latter might be due to ”[...] shortcomings in the
cloud/moisture parameterizations of the re-analysis GDAS [Global data assimila-
tion system]” (Yang et al., 1999, p. 490f). Allan et al. (2004) found that ERA-40
underestimates ”clear-sky absorbed solar irradiation” compared to ScaRaB (Scan-
ner for Radiation Budget). Markovic et al. (2009) found that the annual cycle
of the incoming solar radiation over North-America is very well represented by
ERA-40, compared to SURFRAD (US surface radiation network) measurements.
Averaged over six SURFRAD sites the incoming solar radiation budget ERA-40
generally has a bias of less than +/- 10 W/m2. However, Markovic et al. (2009)
also found that ERA-40 has a tendency to underestimate very low values of solar
incoming radiation during winter and suggest that this might be due to an under-
estimation of the reflectivity of optically thick clouds during winter in ERA-40.

This study supplements the above-mentioned publications by presenting a re-
gional evaluation for Central Europe of the ERA-40 and ERA-Interim re-analysis
concentrating on radiation data sets with validated high-resolution remote sensing
data briefly described in section 3.2.1.

High-resolution remote sensing data is particularly useful as a reference since
the direct comparison of re-analysis data with ground-based data suffer from the
large differences between the points of measurements which leads to inaccuracies
due to interpolation errors. On the other hand the high spatial resolution of satel-
lite data (here METEOSAT First Generation) allows an appropriate validation
using observed surface data as a reference. Once validated and regridded, the
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remote sensing data serve as a reliable reference for the evaluation of re-analysis
data within a larger area.

Our comparisons concentrate on the solar incoming surface irradiance (SIS)
covering the area 47◦ N - 56◦ N, 4◦ E - 15◦ E. This region is a transition zone
between maritime and continental climate conditions, which is well suited for cli-
mate monitoring of changes on the synoptic scale (Bissolli and Dittmann, 2001,
and references therein).

The data used in the present study are briefly described in section 3.2. The
results of the evaluation are presented in section 3.3, and in section 3.4 a final
discussion and conclusion is provided.

3.2 Data

3.2.1 ERA-40 data set

From the European Center for Medium Range Weather Forecast (ECMWF) 40-
year re-analysis (ERA-40) the parameter surface solar radiation downward (ssrd)
from the data stream monthly means of daily forecast accumulations (mdfa) 12 -
24 h is used. These are the monthly means based on two successive 12 to 24 h
forecasts. The data are available from the ECMWF homepage (www.ecmwf.int/
services/archive/) and are described in K̊allberg et al. (2005) and Uppala et al.
(2005). The mdfa ssrd data have an approximate horizontal resolution of 125 km
for surface fields (K̊allberg et al., 2005). However, via the online archive they are
only provided on a 0.25◦ X 0.25◦ grid. In the following the ERA-40 mdfa ssrd data
set will be referred to as ERA-40 SIS (solar incoming radiation at the surface)
data.

3.2.2 ERA-Interim data set

ERA-Interim is the current re-analysis project of ECMWF aimed to improve the
ERA-40 re-analysis data set. It covers the period from 1989 to present and is
updated monthly (Dee and Uppala, 2009). The parameter surface solar radiation
downward (ssrd) from the data stream monthly means of daily forecast accumu-
lations (mdfa) 12 - 24 h in the grid resolution of 0.25◦ X 0.25◦ was downloaded
from (www.ecmwf.int/services/archive/). Just as the ERA-40 data described
above, also the ERA-Interim data used are monthly means based on two successive
12 to 24 h forecasts. In the following the ERA-Interim ssrd data will be referred
to as ERA-Interim SIS data.
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Table 3.1: Comparison of Heliosat SIS to SIS measured at BSRN stations accross
Europe. MAB is the Mean Absolute Bias of the difference in the monthly means.

BSRN Lat Lon Analyzed Mean MAB Frac. Months
Station Months Bias (deviation) > 15 Wm−2

(Wm−2) (Wm−2) (%)

Lindenberg 52.21 14.12 101 −5.4 6.98 8.9
Payerne 46.82 6.94 132 −1.8 7.79 12.9
Camborne 50.22 4.93 60 −1.0 6.50 10.0
Carpentras 44.08 5.06 112 −3.4 5.46 3.6
Lerwick 60.13 −1.18 59 8.8 9.23 27.1
Toravere 58.25 26.46 60 −0.8 4.79 10.0
Palaiseu- 48.71 2.21 3 2.1 2.12 0.0
Cedex

Table 3.2: Validation results of monthly means of different SIS data sets based on
measurements at the BSRN stations Lerwick, Toravere, Lindenberg, Cabauw, Camborne,
Palaiseu Cedex, and Carpentras.

Data set Analyzed Mean Bias MAB(deviation) Frac. Months
Months (Wm−2) (Wm−2) > 15 Wm−2 (%)

ERA-Interim 832 5.2 8.76 17.5
GEWEX 710 −0.61 8.96 19.0
ISCCP 736 −2.6 8.68 17.8

Heliosat 538 −1.5 6.73 10.4

3.2.3 Reference data: Heliosat

The reference data set of the surface incoming solar radiation used here is based
on data from the MVIRI (METEOSAT Visible and Infrared Imager) instrument
on board the METEOSAT First Generation (MFG) satellites. The Heliosat al-
gorithm is used to retrieve SIS. In a first step, the Heliosat method retrieves the
instantaneous cloud albedo (sometimes called cloud index) for each satellite pixel
based on a statistical evaluation of the reflectivities in the solar satellite chan-
nel. First the METEOSAT images are normalized with respect to the solar zenith
angle. To this end a relative reflectivity ρ is introduced:

ρ =
C − C0

cos(SZA)
(3.1)
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where SZA is the solar zenith angle, C are the counts detected by the satellite and
C0 is the dark offset of the satellite instrument. The cloud index n is calculated
based on the relative reflectivities from equation 3.1, using the following equation:

n =
ρ− ρmin

ρmax − ρmin

(3.2)

ρmin corresponds to the clear-sky planetary reflectance, corrected for Rayleigh
backscattering. Maps of the planetary clear-sky reflectance are computed on a
monthly basis by a statistical analysis of the darkest pixels. The monthly calcu-
lation is done to account for seasonal variations of the ground reflectance. ρmin

in equation 3.2 is used to distinguish the effect of the clear-sky reflectance from
that of the clouds. The maximum reflectivity ρmax is computed separately for
each satellite radiometer (the 95th percentile of all pixels) to account for differ-
ences in the sensor properties in the different METEOSAT satellites (Hammer,
2001). Within this Heliosat version ρmax is calculated for the complete disk. ρmax

changes slightly with time as a consequence of satellite instrument aging, but this
had been taken into account. ρmax acts as calibration parameter in equation 3.2.
The typical range of the cloud index is between 0 for cloud free and 1 for overcast
conditions. However, due to the statistical approach slightly lower and higher val-
ues might occur for instantaneous pixels. The cloud index describes the fraction of
irradiance reflected by clouds. Using a clear-sky model the solar surface irradiance
can be calculated using equation 3.3. This relation can be derived from the law of
energy conservation

G = (1− n) ∗Gclear (3.3)

and is slightly modified empirically for cloud index values higher than 0.8. Equa-
tion 3.3 is applied to derive the solar surface irradiance for all-sky G using Gclear

the solar surface irradiance for clear-sky. More detailed information on the He-
liosat method, including a description of the applied clear-sky model radiation
components can be found in Hammer et al. (2003).

A 10-year (1995 - 2005) homogeneous time series of monthly mean values based
on Heliosat has been calculated. These satellite data are provided on full MVIRI
resolution (i.e. approximately 3 X 5 km for Central Europe) and have been re-
gridded to a 0.05◦ X 0.05◦ grid, using the nearest neighbor approach.

Heliosat is well validated in the region investigated and it is also of good quality
compared to other SIS data sets. Detailed validation results for Heliosat SIS are
presented in table 3.1, table 3.2 shows validation results for different data sets of
SIS. Stations of the Baseline Surface Radiation Network (BSRN) (Ohmura et al.,
1998) were used as reference. The Heliosat data set used here is available over
Europe, thus only seven BSRN stations available across Europe were used for
evaluation. The values presented in table 3.1 and table 3.2 are defined as follows:
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MeanBias =

∑n
i=1(SISDataSet(i) − SISBSRN(i))

n
(3.4)

MeanAbs.Bias(deviation) =

∑n
i=1(|SISDataSet(i) − SISBSRN(i)|)

n
(3.5)

with

SISDataSet(i): Monthly Mean of SIS derived from respective data set
SISBSRN(i): Monthly Mean of SIS measured at respective BSRN station
n: number of months available for evaluation

Note: The mean bias can be misleading since negative and positive deviations
can eliminate each other. Thus, the Mean Abs.Bias (deviation) is the more mean-
ingful parameter.

The last column in the tables named ”fraction of month > 15 W/m2” gives
the fraction of the number of months analysed in which the difference between
the monthly mean measured at the BSRN station and the respective data set is
above 15 W/m2. The GCOS accuracy requirement for climate monitoring of SIS
is 10 W/m2 (GCOS, 2009). To account for measurement errors in the BSRN data
(estimated to be 15 W/m2 (Ohmura et al., 1998)) this criterion was relaxed to 15
W/m2 in the present study.

At most stations, there is a small negative bias for Heliosat SIS (table 3.1).
When only the months with the maximum solar radiation (May to July) are con-
sidered the mean bias is - 9.6 W/m2. One exception is the station of Lerwick,
Shetland Islands, where the Heliosat-derived surface radiation exceeds the BSRN
measurement by 15.9 W/m2. The mean bias at all stations for the monthly mean
values between November and January is 2.9 W/m2, i.e. Heliosat slightly overesti-
mates the surface radiation. However, compared to the other data sets evaluated,
Heliosat has the lowest Mean Abs. Bias (deviation) and the lowest fraction of
months that exceed the GCOS accuracy requirement (table 3.2). The Mean Abs.
Bias (deviation) of the Heliosat data is below 10 W/m2 for all stations. Compara-
bly good results were found by Drews et al. (2008), Beyer et al. (2006) and Drews
(2007).

Table 3.2 shows validation results for different data sets of SIS. ERA-Interim
(Berrisford et al., 2009), GEWEX (Global Energy and Water Cycle Experiment
version 3.0) (Gupta et al., 2006) and ISCCP (International Satellite Cloud Cli-
matology Project, data downloaded from $http://isccp.giss.nasa.gov/$ in
August 2009) (Zhang et al., 2004) are global datasets. For consistency reasons the
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same stations as in table 3.1 were used for evaluation. Also compared to other SIS
data sets, Heliosat performs well: it shows the least Mean Abs. Bias (deviation) as
well as the least fraction of months with a deviation of > 15 W/m2 to the BSRN
measurements.

It is well known that Heliosat-retrieved SIS is limited in the Alps. This is due
to the general limitation to properly separate snow and clouds in satellite data
with limited spectral resolution and due to a lack of topography corrections of
satellite data necessary in heterogenous terrain. To overcome this shortcoming,
the enhanced Heliosat version for the alpine region has been developed Dürr and
Zelenka (2009). The results of this enhanced Heliosat version are promising. How-
ever, there is some overlap between the enhanced Heliosat version and the time
period covered by ERA-interim but no data are yet available for the time period
covered by ERA-40. Thus, the region of the Alps has been neglected in this study.

3.3 Evaluation of ERA-40 and ERA-Interim data

The overlapping time period between the 10-year Heliosat data set (1995 - 2005)
and the ERA-40 / ERA-Interim data is January 1995 - August 2002 and January
1995 - December 2005, respectively. To analyse the differences between Heliosat
and the re-analysis data sets we define solar seasons. In contrast to the meteorolog-
ical seasons the solar seasons take into account the change of solar radiation over
the course of a year. Hence, solar summer is defined as May, June, and July (MJJ),
solar winter as November, December, and January (NDJ), solar spring and solar
fall correspondingly. With these definitions, spatial features in the data sets are
better visible. To compare the same number of years for each season, the compar-
ison of Heliosat and ERA-40 was done for the 7-year seasonal means of the period
February 1995 - January 2002 and the comparison of Heliosat and ERA-Interim
was done for the 10-year seasonal means of the period February 1995 - January
2005. Since the Heliosat data have a higher spatial resolution than the ERA-40
and ERA-Interim data, all calculations were done on a 0.25◦ X 0.25◦ grid, the
grid-resolution at which ERA-40 and ERA-Interim data were downloaded from
the ECMWF archive. The remapping of the Heliosat data was done using the
conservative remapping method described by Jones (2009).

As shown in section 3.2.3, the Heliosat data are regarded as reliable for the
region under consideration and were thus used as reference data set to evaluate
SIS of ERA-40 and ERA-Interim.

The results are presented and discussed in the following:
Figure 3.1 presents the differences between ERA-40 SIS and Heliosat SIS for

the four solar seasons. In FMA (February, March, April) and NDJ (November,
December, January) the deviations are within the uncertainties of the Heliosat
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Figure 3.1: Comparison of ERA-40 SIS and Heliosat SIS. Difference of 7-year seasonal
means (ERA-40 - Heliosat) for February, March, April (FMA), May, June, July (MJJ),
August, September, October (ASO), and November, December, January (NDJ). Positive
deviations (red) indicate that ERA-40 overestimates SIS. Negative deviations (blue)
indicate that ERA-40 underestimates SIS.

SIS data (mostly below 10 W/m2), whereas in MJJ (May, June, July) deviations
of up to 40 W/m2 are reached. The seasonal mean differences in ASO (August,
September, October) range between -10 and -20 W/m2 in extended regions.

Interesting regional features can be observed in the deviations between ERA-
40 and Heliosat in the seasonal mean of MJJ. A dipole structure is observed in
the study area: ERA-40 overestimates SIS in the northwest of the study area,
e.g. in the Netherlands, in Denmark and over the North-Sea. In contrast SIS is
underestimated by ERA-40 in the Danube valley. This dipole structure might be
related to the pattern of the cloud albedo, which is higher in the North than in
the South: In regions with low cloud indices, such as the Danube valley or the
upper Rhine valley, ERA-40 overestimates SIS compared to Heliosat. In regions
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Figure 3.2: Comparison of ERA-Interim SIS and Heliosat SIS. Difference of 10-year sea-
sonal means (ERA-Interim - Heliosat) for February, March, April (FMA), May, June,
July (MJJ), August, September, October (ASO), and November, December, January
(NDJ). Positive deviations (red) indicate that ERA-40 overestimates SIS. Negative de-
viations (blue) indicate that ERA-40 underestimates SIS.

with higher cloud indices the deviations between ERA-40 and Heliosat are below
10 W/m2. However, it seems that generally over water (North Sea) the deviations
are larger than over land (except Denmark) (figure 3.3).

During ASO the deviations between ERA-40 and Heliosat indicate a slight
underestimation of SIS by ERA-40.

In figure 3.2 the differences between ERA-Interim and Heliosat are presented.
ERA-Interim overestimates SIS compared to Heliosat in FMA and MJJ. In FMA
the deviations are between 10 and 20 W/m2 throughout most of the study area.
Compared to ERA-40, ERA-Interim lost quality during FMA when using Heliosat
SIS as reference. Again, a dipole structure is visible in MJJ. Here, the deviations
in the north of the study area reach values of up to 40 - 50 W/m2. As in the
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Figure 3.3: 11-year (1995 - 2005) seasonal mean of May, June, July of cloud index as
retrieved by Heliosat.

deviations between ERA-40 and Heliosat the feature of the Danube valley is also
visible, but the deviations here are not larger than 10 W/m2. Generally speaking
higher deviations correspond to areas with a relatively high cloud index (such
as Denmark, the northern half of Germany and BeNeLux), whereas the lower
deviations occur in regions with lower cloud indices (such as the Danube valley).
The deviations in ASO and NDJ are mainly below 10 W/m2 and thus within the
uncertainty of the Heliosat data.

3.4 Discussion and Conclusion

The ERA-40 re-analysis project offers a time series of more than 40 years, which
principally can be used to determine trends and extrema of climate parameters on
the global scale. The ERA-Interim project covers data from 1989 and continues
to present. Several improvements have been made in ERA-Interim compared to
ERA-40 (Berrisford et al., 2009). To evaluate the suitability of ERA-40 and ERA-
Interim SIS (surface solar radiation downward) data for climate applications on
regional scale, an evaluation was conducted using high-resolution satellite-based
Heliosat data as reference.
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Figure 3.4: Fog frequency retrieved from NOAA-AVHRR (1989-1999, period Septem-
ber to May, (Bendix, 2002, reprojected). Fog relative frequency is the number of fog
occurrences (absolute frequency of fog) per pixel divided by the number of satellite im-
ages used (456). The indicated areas with a high fog frequency (1) Mecklenburg Lake
area, (2) Upper Rhine Valley and (3) Danube Valley agree well with the areas with a
high deviations between ERA-40 SIS and Heliosat SIS during ASO.)

Dominant factors controlling solar surface irradiance are aerosols, water vapor
and clouds. For all-sky conditions the clouds play the dominant role. For example
figure 3.3 illustrates that in Central Europe around 30 % of the incoming solar
irradiance is reflected by clouds for the seasonal long term mean (May, June, July).
For winter time the values are even higher (not shown). For clear-sky conditions
aerosols and water vapor dominate the spatial distribution of solar irradiance.
However, the variability of the all-sky solar irradiance is dominated by changes
in cloud albedo in Central Europe (e.g. Norris and Wild (2007)). The effect of
aerosols on the solar surface irradiance is not large enough to explain the large
deviations between Heliosat and the two ERA data sets (Hatzianastassiou et al.,
2007). It is therefore likely that the deviations between Heliosat and ERA-40 /
ERA-Interim is dominated by clouds.

The spatial distribution of the patterns in MJJ indicates that a misinterpre-
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tation of clouds in ERA-40 might play a dominant role for the deviations in SIS
between Heliosat and ERA-40: In regions with low cloud indices ERA-40 under-
estimates SIS compared to Heliosat. In regions with higher cloud indices (figure
3.3) ERA-40 overestimates SIS or the deviations are negligible. Hence it is rea-
sonable to assume that parts of the observed deviations are due to limits in the
representation of clouds in the ERA-40 data set. Problems in the representation
of clouds in ERA-40 were also found by other authors: Betts et al. (2003) found
differences in the annual cycle of downwelling shortwave flux between ERA-40 and
ISCCP which they assume is due to the cloud reflectivity in ERA-40, which seems
to be too low in fall, winter, and spring, and too high in summer. Allan et al.
(2004) found that ERA-40 overestimates SIS over marine stratocumulus regions
and attribute this to an underestimation of cloud fraction. Further Allan et al.
(2004) found that away from the marine stratocumulus region the poor radiation
simulation by ERA-40 is due to inaccurate radiative properties of clouds.

Another reason for the deviations between ERA-40 and Heliosat could be
an overestimation of fog in ERA-40. With regard to the comparison, ERA-40
mostly underestimates SIS in fall (ASO) and winter (NDJ). The regional pattern
of the bias during fall (ASO) is in good spatial agreement with the fog frequency
climatology derived from data of the Advanced Very High Resolution Radiome-
ter (AVHRR) flown on the National Oceanic and Atmospheric Adiministrations
(NOAA) polar-orbiting satellites (figure 3.4). The areas of underestimation are
river valleys and basins with high fog frequency: (1) The Mecklenburg Lake area
and the valley of the river Elbe (2) the Upper Rhine Valley (3) the Alpine foreland
as the Swiss Plateau between the Alps and the Swiss Jura and the German and
Austrian part of the Danube Valley (figure 3.4).

The seasonal course in the year with regard to fog types in Germany and ad-
jacent areas is predominantly characterized by radiation fog in river valleys and
basins during spring and fall while during the winter extended low level stra-
tus fields (”Hochnebel”) dominate with a significantly reduced topographically
affected structure (e.g. Bendix 1998). For example in fall, areas with negative
deviations are areas of high fog frequency (figures 3.1 and 3.4). This is espe-
cially obvious during the months of May and September 2000 (not shown). In-
teresting in this context are the great deviations in the Netherlands and NW-
Germany during May and September (May and September not explicitly shown,
but visible in MJJ and ASO, respectively). Here, a clear seasonal cycle is ob-
served because fog and haze formation depends on the thermal contrast between
land and sea. In September, the sea is relatively warm but the land shows al-
ready considerable nocturnal cooling. Consequently, warm-moist air advected
from the sea over cooled land induces fog and haze formation. Thus, the prob-
lem of underestimation of ERA-40 SIS (or missing fog/haze in Heliosat) occurs
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in September. In May, sea is still relatively cold but the land is already warm-
ing, which means less fog formation inland. Here, the reason of SIS overestima-
tion might be that the ERA-40 data set has too much cloud. ERA-40 is well-
known for an overestimation of cloud cover over non-convective oceanic regions;
(http://www.ecmwf.int/research/era/Data_Services/section3.html) which
might explain the high deviations over the North Sea in MJJ.

As Heliosat compares well with the ground-based stations also for regions with
significant fog occurrence (e.g. Payerne, Cabauw) it is plausible that ERA-40 has
problems with either the correct modelling of fog itself or the radiative transfer
processes within fog.

There exists only little information on the validation of fog in the ERA-40
data set. Teixera (1999) investigates fog in the ERA-15 data set on a global scale,
which makes it unfeasible to draw coherent conclusions for the results presented in
this paper. The Heliosat algorithm is able to consider the effect of fog, but as an
increase of the cloud albedo compared to clear-sky, which results in an increased
uncertainty of Heliosat SIS in fog situations. A more specific detection and analy-
sis of fog would require observations in the 3.9 µm spectral band only available on
NOAA-AVHRR (Bendix, 2002), TERRA-MODIS (Moderate Resolution Imaging
Spectroradiometer flown on NOAA’s Terra satellite) (Bendix et al., 2006) and the
SEVIRI (Spinning Enhanced Visible and Infrared Imager) on board EUMETSAT’s
METEOSAT Second Generation Satellite (MSG) (Cermak and Bendix, 2008; Cer-
mak et al., 2009) but not on the MVIRI (Visible and Infrared Imager) inboard
METEOSAT First Generation Satellites.

Differences in the seasonal mean values of up to 40 W/m2 (MJJ) lead to the
conclusion that care must be taken when using ERA-40 SIS data for climate ap-
plications in the region under consideration (47◦ N - 56◦ N, 4◦ E - 15◦ E). The
comparison indicates that important regional climate phenomena such as fog in
basins and river valleys or mesoscale cloud patterns might not be well represented
by ERA-40. Thus, ERA-40 SIS data have to be handled carefully when using
them for regional climate applications in Central Europe. The results of Allan
et al. (2004), who compared ERA-40 data to satellite data, indicate that the same
holds for the global scale.

The comparison of the deviations between ERA-40 - Heliosat and ERA-Interim
- Heliosat indicates that in large regions ERA-Interim SIS is about +10 W/m2

higher than ERA-40 SIS. Compared to ERA-40, SIS in ERA-Interim has improved
in ASO and NDJ throughout the study area. ERA-Interims performance is also
better in specific regions with low cloud albedo such as the Danube valley: Here
the deviations between ERA-Interim and Heliosat are below 10 W/m2 (figures 3.1
and 3.2). However in FMA and MJJ ERA-Interim overestimates SIS compared to
Heliosat by up to 50 W/m2. In ERA-Interim the region of overestimation of SIS in
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the North of the study area is intensified and enlarged compared to ERA-40 (figure
3.2). ERA-Interim incorporates many important improvements such as model
resolution and changes in physics, the use of four-dimensional variational (4D-Var)
assimilation, and various other changes in the analysis methodology. Moreover, the
water cycle representation had been modified (Dee and Uppala, 2009). Significant
differences between ERA-40 and ERA-Interim have to be expected as a result of
the substantial and extensive modifications. Concerning solar irradiance significant
differences between ERA-40 and ERA-Interim, especially in relation to the Heliosat
data have been identified in this study. The better results of ERA-Interim in ASO
and NDJ as well as in the Danube valley could be a result of a better treatment
of fog and low stratus fields, e.g. as a consequence of the modified water cycle
representation. Yet, the large and in relation to ERA-40 increased differences
in FMA and MJJ might indicate that cloud physics or the effect of clouds on
the solar irradiance have not been improved. The substantial improvement of
the re-analysis system as a whole has not significantly increased the accuracy of
the solar surface irradiance within the time period and region investigated. The
substantial overestimation during solar summer leads us to conclude that also
ERA-Interim SIS data have to be handled with caution when used for regional
climate applications in Central Europe.

In addition to the region of interest discussed here, comparisons between ERA-
40 SIS and Heliosat SIS were also made for a larger region of Central Europe (35◦N
- 60◦N; 7.5◦W- 24.5◦E). The findings in this extended region compare well with
the results of the smaller region: ERA-40 overestimates SIS in regions with high
cloud albedo and underestimates SIS in regions with low cloud albedo. However,
for the larger area (35◦N - 60◦N; 7.5◦W - 24.5◦E) Heliosat data need further val-
idations. Thus, the evaluation of ERA-40 for the larger region is not presented
here. Validations of the Heliosat data set are currently ongoing.

The longwave component of the surface downwelling radiation budget from
ERA-Interim has been evaluated on the global scale using surface observations
from 41 BSRN stations (Trentmann et al., 2010). In contrast to the evaluation in
the shortwave region, the quality of the re-analysis data is acceptable for climate
monitoring of the longwave downwelling radiation. Only 10 % of the more than
5000 monthly mean values exceed the GCOS accuracy requirement for climate
monitoring.

It was shown in this letter, that well-validated high-resolution satellite data
such as those retrieved from METEOSAT using the Heliosat method are well
suited to evaluate the quality of re-analysis data.
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Abstract

Drought and heat waves during summer in mid latitudes are a serious threat to
human health and agriculture and have negative impacts on the infrastructure,
such as problems in energy supply. The appearance of such extreme events is
expected to increase with the progress of global warming. A better understanding
of the development of extremely hot and dry summers and the identification of
possible precursor could help improve existing seasonal forecasts in this regard and
could possibly lead to the development early warning methods.

The development of extremely hot and dry summer seasons in Central Europe
is attributed to a combined effect of the dominance of anticyclonic weather regimes
and soil moisture - atmosphere interactions. The atmospheric circulation largely
determines the amount of solar irradiation and the amount of precipitation in
an area. These two variables are themselves major factors controlling the soil
moisture. Thus, solar irradiation and precipitation are used as proxies to analyse
extreme sunny and dry late winter / spring and summer seasons for the period
1958 - 2011 in Germany and adjacent areas.

For this purpose, solar irradiation from the European Center for Medium Range
Weather Forecast 40-year as well as interim re-analysis data set and remote sensing
data are used. Precipitation data are taken from the Global Precipitation Clima-
tology Project. To analyse the atmospheric circulation geopotential data at 850
hPa also taken from the European Center for Medium Range Weather Forecast
40-year as well as interim re-analysis data sets.

For the years in which extreme summers in terms of high solar irradiation and
low precipitation are identified, the previous late winter / spring conditions of solar
irradiation and precipitation in Germany and adjacent areas are analysed. Results
show that if the El Niño / Southern Oscillation (ENSO) is not very intensely de-
veloped, extremely high solar irradiation amounts together with extremely low
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precipitation amounts during late winter / spring might serve as precursor of ex-
tremely sunny and dry summer months to be expected.

4.1 Introduction

Extremely hot and dry summers in (central) Europe have large negative socio-
economic impacts: According to the World Health Organization (WHO) more then
70000 death in 12 European countries could be attributed to heat stress during
the summer of 2003 (World Health Organization (WHO), 2010). The extreme
conditions during that summer caused an estimated loss of 1 billion Euros in the
crop production of Germany (Munich Re Group, 2004), and the energy sector had
to cope with a lack of cooling water for power plants and an increased demand
(Förster and Lilliestam, 2010). It would thus be helpful if such events could be
forecast well in advance to install precautionary and adaptation measures in due
time. Understanding the reasons and / or identifying possible precursor would
help to improve the forecast of such events.

However, according to recent publications, e.g. Weisheimer et al. (2011), state
of the art climate models have problems simulating summer heat waves associated
with droughts. The results of Seneviratne et al. (2006) and Vautard et al. (2007) for
example, lead these authors to the conclusion that current state of the art climate
models underestimate the importance of soil moisture - atmosphere feedbacks.
Consequently, a lot of work has been done in recent years to better understand
the processes that lead to such events (Della-Marta et al., 2007, and references
therein). In this context a lot of attention was attributed to the importance
of soil moisture for the development of heat events. Seneviratne et al. (2006)
found that the increase in temperature variablity in central and eastern Europe,
as projected by climate models, cannot exclusively be attributed to changes in
the atmospheric circulation alone, but that land-atmosphere coupling needs to
be accounted for. Recently Orth and Seneviratne (2012) point out the potential
importance of soil moisture memory for the predictions of droughts and floods
in Europe. And Quesada et al. (2012) found that high precipitation amounts
during winter and spring ”inhibit hot summer days” in southern Europe, whereas
summers after dry winter / spring seasons show either a ”high or a low frequency
of hot days” in this same region.

Quesada et al. (2012) further conclude that the occurrence of specific weather
regimes in initially dry cases is important to the development of strong summer
heat events. Other authors identified specific atmospheric circulations regimes
over the North Atlantic that are connected to heat events in Europe. For exam-
ple Cassou et al. (2005) attributed the occurrence of hot days over France to to
what they call ”blocking” and ”atlantic low”. Where ”blocking” refers to negative
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pressure anomalies over Greenland and high pressure anomalies over Europe, and
”atlantic low” refers to negative pressure anomalies over the North Atlantic and
positive anomalies over continental Europe. Others, for example Beniston and
Diaz (2004), found that the large positive atmospheric pressure anomalies that
lead to extreme summers as the one 2003, were associated with a northward shift
of the Hadley circulation. And Black et al. (2004) point to the northward dis-
placement of the Azores high associated with a dominance of anticyclonic weather
regimes which was an important factor for the development of the 2003 European
heat summer.

The afore mentioned publications focus on specific factors associated with heat
waves and droughts: Either the synoptic scale meteorology, global circulations or
the soil moisture - atmosphere feedbacks. As they all deal with similar extreme
phenomena, it is likely that heat waves and droughts in central Europe are driven
and affected by the combination of various meteorological processes on different
scales. The current paper aims to analyse and discuss the effect of the different
factors leading to heat waves and droughts in an integrated manner. The authors
think that this approach provides new and additional insights into the development
and pre-conditions of summer droughts and heat waves.

Solar irradiation and precipitation are driven by atmospheric dynamics: a nti-
cyclonic systems lead to high solar irradiation and low precipitation, cyclonic sys-
tems to the opposite. Furthermore, solar irradiation and precipitation are the
major drivers of soil moisture (e.g., Orth and Seneviratne 2012), which has been
shown by various authors to be an important factor in the development of heat
waves (see above). In addition solar irradiation is closely related to surface tem-
perature during summer in central Europe (Makowski et al., 2009). Thus, these
two variables are used as proxies to integratively analyse heat and drought events
during summer and prior late winter / spring conditions in Central Europe.

As a central aspect in this study, the following hypothesis is analysed and
discussed: Late winter / spring months with positive anomalies in the incoming
solar irradiation at the surface and negative anomalies in precipitation indicate
the occurrence of extremely sunny (and thus hot) and dry subsequent summer
season in Central Europe. The analysis of this hypothesis comprises discussion
and analysis of atmospheric dynamics on different scales as well as soil moisture -
atmosphere feedbacks and includes a literature review.

The paper is structured as follows: The data used are described in section 4.2.
The methods used to analyse the data are described in section 4.3. The results of
the analysis are presented in section 4.4. Whereas the section 4.4.1 deals with the
analysis of solar irradiation and precipitation anomalies in the study area (47 ◦ N
- 56◦ N, 4◦ E - 15◦ E) and anomalies in the geopotential at 850hPa over Europe,
the Mediterranean, the North Sea, and the Bay of Biscay (35◦ N - 75◦ N, -10◦ E
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- 25◦ E). And section 4.4.2 contains the results referring to a possible influence of
the El Niño - Southern Oscillation (ENSO) on European late winter / spring and
summer conditions. In section 4.5 the major aspects of the analysis results are
discussed in the context of previous and recent research. Section 4.6 provides a
final summary of the paper.

4.2 Data

4.2.1 The solar irradiation data set

The 23-year climate data set of incoming solar irradiation at the surface (further
referred to as solar irradiation) is based on the retrieval of cloud information from
the METEOSAT Visible and Infrared Imager (MVIRI) on board the METEOSAT
first generation satellites. The retrieval is based on the Heliosat method described
in detail in Hammer (2001) and Hammer et al. (2003).

The original Heliosat method has been improved to better account for degra-
dation and changes in the sensitivity of the satellite instruments and for clouds
over snow (Posselt et al., 2011). Moreover, the original clear sky model of the He-
liosat method has been replaced by the Mesoscale Atmospheric Global Irradiance
Code (MAGIC), which is described in detail in Müller et al. (2009). The data
set is provided free of charge by EUMETSAT’s (European Organisation for the
Exploitation of Meteorological Satellites) Satellite Application Facility on Climate
Monitoring (CM SAF) at www.cmsaf.eu and hereinafter referred as MAGICSOL
data set. The MAGICSOL method as well as the underlying Heliosat method is
well verified by various authors: Beyer et al. (2006), Drews (2007), Drews et al.
(2008), Posselt et al. (2011), Journée and Bertrand (2010). The accuracy of solar
irradiation from MAGICSOL is found to be clearly better than 10 W/m2 and the
data set performs better than other well known solar irradiation data sets, as for
example Global Energy and Water Cycles Experiment (GEWEX) or International
Satellite Cloud Climatology Project (ISCCP), (Träger-Chatterjee et al., 2010).

Since MVIRI data are not available before 1983 and after 2005, the MAGIC-
SOL data set is elongated using the European Center for Medium Range Weather
Forecast (ECMWF) 40-year re-analysis data set (ERA-40) (Uppala et al., 2005)
for the period 1958 - 1982, ERA-interim for the year 2006, and from 2007 until
2011 the operational product of solar incoming radiation at the surface provided
by CM SAF (Müller et al., 2009) (further referred to as CM SAF SIS) is used.
It was shown by Träger-Chatterjee et al. (2010) that the ERA-40 solar irradia-
tion data set shows weaknesses in resolving some regional phenomena in the study
area. However, since the focus of this study is on the average conditions in three
monthly time scales and for the entire study area as a whole, the ERA-40 solar
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Table 4.1: Composition of the solar irradiation data set used in this study. See section
4.2.1 for abbreviations.

Time range Data source

Jan 1958 - Dec 1982 ERA-40
Jan 1983 - Nov 1988 MAGICSOL
Dec 1988 ERA-40
Jan 1989 - Dec 2005 MAGICSOL
Jan 2006 - Dec 2006 ERA-interim
Jan 2007 - Dec 2011 CM SAF

irradiation data set is the best re-analysis data set currently available for the study
area, the time range in question and the context of this study. Other re-analysis
data sets have not been used here for several reasons: The solar irradiation data of
the ERA-interim re-analysis have a lower accuracy in the study area than ERA-40
(Träger-Chatterjee et al., 2010). The solar irradiation data of the re-analysis of
the National Center for Environmental Prediction (NCEP) / National Center for
Atmospheric Research (NCAR) have only limited accuracy on the regional scale
(Babst et al., 2008). Further re-analysis data sets were either not yet available at
the time the study started (e.g. NCEP 20th century re-analysis) or the time range
covered is not sufficient (e.g. the Modern Era re-analysis for Research and Appli-
cations, MERRA). However, since ERA-40 ends in 2002 and CM SAF SIS data are
not available before 2007, for the year 2006 ERA-interim data are used. December
1988 is substituted by ERA-40 since this months is missing in the MAGICSOL
data set, because not as many images as required by the algorithm are available
to calculate the monthly mean. This lack of images is presumably due to technical
issues concerning the transition of METEOSAT-2 to METEOSAT-3 (Lüst 1992;
Eoportal.org 2002). Table 4.1 provides an overview on the composition of the solar
irradiation data set used here.

4.2.2 The precipitation data set

The Global Precipitation Climatology Center (GPCC) hosted at Deutscher Wet-
terdienst (DWD) (http://gpcc.dwd.de) provides gridded data sets of land-surface
precipitation data with global coverage. The data sets are based on in situ gauge
measurements. The method of interpolating the gauge measurements is described
in Rudolf and Schneider (2005). The products provided by GPCC are described
in Schneider et al. (2011). The GPCC full data product version 6, available for
the period January 1958 until December 2010, is used. The period January 2011
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to December 2011 is covered by the monitoring product version 4. The monitoring
product is based on station data distributed via the Global Telecommunications
System (GTS) of the World Meteorological Organization (WMO) and is available
two months after the end of an analysis months (Schneider et al., 2011). The full
data product is based on a larger number of stations than the monitoring product,
the input data are quality controlled, and it is irregularly updated (GPCC, 2012).

4.2.3 The geopotential data set

The geopotential in 850 hPa height was investigated for the time series 1958 - 2011
using monthly mean of daily mean data from ERA-40 (1958 - 1988) (Uppala et al.,
2005) and ERA-interim (1989 - 2011) (Dee et al., 2011).

4.2.4 El Niño - Southern Oscillation Index

The Southern Oscillation Index (SOI) is a measure of the state of the Southern
Oscillation. It is a ”standardized index based on the observed sea level pressure
differences between Tahiti and Darwin, Australia” (NOAA, 2010). However, as
the ENSO cycle is a fluctuation of sea surface temperature (SST) and atmospheric
pressure in the pacific area (NOAA, 2010), the bivariate ENSO time series (BEST
index), developed by Smith and Sardeshmukh (2000), which combines both, SST
and sea level pressure is used. The BEST index is a combination of the Southern
Oscillation Index (SOI) and the sea surface temperature (SST) in the region 5◦N
- 5◦S and 170◦W-120◦W (Niño 3.4 region). It is described in detail in Smith
and Sardeshmukh (2000) and is available at http://www.esrl.noaa.gov/psd/

people/cathy.smith/best/\#years starting in 1871. For the current study the
mean values of December and January (DJ) based on the 1 month running means
are calculated. The December - January mean is used since the peak of an ENSO
event usually occurs ”near the end of the year” (Sarachik and Cane, 2010, p.9).

4.2.5 The soil moisture data set

As supporting information the ERA-40 (1958-1988) (Uppala et al., 2005) and
ERA-interim (1989-2011) (Dee et al., 2011) monthly means of daily means of the
parameter volumetric soil water are used. This parameter is available in 4 different
layers: 0 - 0.07m (level 1), 0.07 - 0.28m (level 2), 0.2 - 0.7m (level 3), and 0.7 -
1.9m (level 4). The strongest variability, especially during the summer months,
appears in level 1 and level 2, whereas the curves of these two levels are almost
identical. It is therefor reasonable to use level 2 for the further analysis in this
study.

47



CHAPTER 4. ANALYSIS OF EXTREME SUMMERS

However, Betts and Ball (1999) and Hirschi et al. (2006) found that ERA has
problems to correctly represent the annual cycle of soil water. To get a rough
estimate on the quality of the ERA soil water data in the study area, the variance
coefficient for the late winter / spring mean values (February - March - April mean)
of the ERA time series (1958 - 2011) are compared to those of in situ measurements
of two stations in Germany: one near Gießen (GI) located at 50.85◦ N and 8.69◦ E,
172m above sea level (available 1997 - 2010) and one of the station ”Falkenberg”
at the Meteorological Observatory Lindenberg (MOL) located at 52.17◦ N, 14.12◦

E, 73m above sea level (available 2000 - 2010). The variance of the ERA data and
the in situ measurements show large differences. For FMA/JJA the variance of
the in situ measurements are about 0.1/0.15 (GI) and 0.13/0.34 (MOL) compared
to values for the ERA data of 0.03/0.06 near GI and 0.03/0.07 near MOL. This
indicates that ERA data might not be well suited for the analysis of inter-seasonal
variations. However, it is assumed that the general characteristics of the extreme
events discussed here, i.e., the serious droughts during the summer months of the
years in question, are reasonably captured.

4.3 Method

It is hypothesised that the most extreme summer seasons in terms of solar irradi-
ation and drought in the study area comprising Germany and adjacent areas (47◦

N - 56◦ N, 4◦ E - 15◦ E, see also figures 4.1 and 4.2) are preconditioned during the
preceeding late winter / spring months of the respective year. Here, late winter /
spring is defined as February - March - April (FMA) and February - March - April
- May (FMAM), respectively.

To get a first impression on the relation of solar irradiation and precipitation
regimes in late winter / spring and the following summer season the lagged auto
correlation coefficients according Pearson (Wilks, 2006, p.50ff) are calculated. The
hypothesis that signals of approaching extremely sunny and dry summer seasons
in Central Europe are visible in the preceeding late winter / spring months is then
tested applying the following analysis:

First, to account for the study area as a whole, the multi months sum of the
monthly means of solar irradiation and precipitation are determined. From these
sums the regional means of the study area are calculated for the two late winter
/ spring seasons February - March - April (FMA) and February - March - April -
May (FMAM) and for the summer season June - July - August (JJA). The result
is the seasonal region mean (SRM ) defined as:

SRM =
∑

season

(
1

n
∗

n
∑

i=1

xi) (4.1)

48



4.3. METHOD

with

SRM : seasonal region mean
season: period of successive calender months
n: number of pixel / grid boxes within the study area
i : counter
xi : monthly mean value of parameter x at pixel / grid box i
Second, to analyse the most extreme sunny and dry summers regarding the

characteristics of solar irradiation and precipitation during their preceeding late
winter / spring season, the upper / lower percentiles of SRMJJA of solar irradiation
and precipitation are identified.

An extremely sunny and dry summer is defined as being among the Xth upper
/ lower percentile regarding SRMJJA of solar irradiation and precipitation at the
same time. For the years with extremely sunny and dry summers the preceeding
late winter / spring seasons FMA and FMAM, respectively, are analysed with
regard to SRM of solar irradiation and precipitation. The analysis is performed
also regarding the sensitivity to the selection of the Xth percentile. Therefor two
modes of analysis are applied:

• analysis of highly extreme events: upper / lower 10th percentile of SRM of
solar irradiation AND precipitation in late winter / spring and summer.

• analysis of all extreme events: upper / lower 20th percentile of SRM of solar
irradiation AND precipitation in late winter / spring and summer.3

Based on the results of these two modes of analysis the probability of occurrence
pall of an extremely sunny and dry summer season in the entire 54-year time series
is calculated, as well as the probability of occurrence pprecond of such a summer
season after extremely sunny and dry late winter / spring seasons:

pall = n/Nall (4.2)

pprecond = n/NextremeFMA(M) (4.3)

with
pall : probability of occurrence of an extremely sunny and dry summer in the

entire 54-year time series
Nall : number of all years in the time series
n: number of extremely sunny and dry summers

3Note that the highly extreme events are part of all extreme events, but not vice versa.
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pprecond : probability of occurrence of an extremely sunny and dry summer after
extremely sunny dry late winter / spring season

NextremeFMA(M ): number of years in the time series with extremely sunny and
dry summers

In addition to the two surface parameter, the atmospheric circulation of the
extreme years are analysed using the anomalies of geopotential in 850 hPa height
of late winter / spring and summer. The seasonal anomalies of the geopotential
are calculated as the deviation of the seasonal mean from the longterm seasonal
mean of the 54-year time range 1958-2011.

The results of the analysis described above are presented in the following sec-
tion.
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Figure 4.1: Seasonal anomaly of solar irradiation [Wm−2] in 1976, 1983, 2003, and
2011. Left column: FMA anomaly, right column: JJA anomaly.
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Figure 4.2: Seasonal anomaly of precipitation [mm*month−1] in 1976, 1983, 2003, and
2011. Left column: FMA anomaly, right column: JJA anomaly.
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4.4 Results

The probability of occurrence of a hot and dry summer among the highly extreme
events and among all extreme events is 0.05 and 0.09, respectively. The lagged au-
tocorrelation coefficients of the SRM values between FMA(M) and the proceeding
JJA are 0.21 (0.24) for solar irradiation and 0.1 (0.1) for precipitation regarding
the entire time series 1958-2011. However, these values are dominated by the ma-
jority of years in which no extremely hot and dry late winter / spring and summer
seasons, respectively, occurred.

Figure 4.3 and figure 4.4 show the SRM anomalies for solar irradiation and
precipitation, respectively, for late winter / spring (white and grey, respectively)
and summer (black). The five years with the largest positive (negative) anoma-
lies in solar irradiation (precipitation) during summer are marked with an ”x”.
Summer seasons marked in both plots are regarded as (highly) extreme sunny and
dry summers, i.e., 1976, 1983, and 2003. Two of these summers, namely 1976
and 2003, have preceeding late winter / spring seasons with positive (negative)
anomalies in solar irradiation (precipitation). Whereas in 1983 the anomalies of
solar irradiation and precipitation have opposite signs during late winter / spring
compared to the following JJA season. The extreme summers of 1976 and 2003
are discussed in detail in several publications, e.g., Schär and Jendritzky (2004),
Deutscher Wetterdienst (1976), Deutscher Wetterdienst (2003). In contrast, the
summer of 1983 is not as much discussed in the literature as the other two ex-
treme events. However, it is mentioned in the analysis of European heat waves
with respect to the influence of the tropical Atlantic of Cassou et al. (2005) in the
context of ENSO influence (discussed later in this paper).

4.4.1 Regional anomaly analysis

The analysis of extremely sunny and dry summers and their preceeding late winter
/ spring conditions is conducted regarding two definitions of late winter / spring:
February - March - April (FMA) and February - March - April - May (FMAM). The
results for the two analysis modes applied, accounting for all extreme events and
highly extreme events, respectively, (see section 4.3), are shown in table 4.2. Beside
extremely sunny and dry summer seasons with preceeding similarly extremely
sunny and dry FMA(M) seasons, the analysis reveals two categories of years in
which the FMA(M) - JJA connection in terms of large solar irradiation excess and
precipitation deficit in both seasons does not exists:

• (A) Sunny and dry summers without preceeding late winter / spring season
with positive / negative anomalies in solar irradiation / precipitation.

• (B) Sunny and dry late winter / spring seasons with following summers with
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Figure 4.3: SRM anomalies of solar irradiation [Wm−2] during FMA (green), FMAM
(blue), and JJA (red) in all years of the time series 1958-2011. Years marked with ”x”
are the 10% with the highest SRMJJA anomalies in the time series. Years additionally
marked with their date are discussed in section 4.4 and / or 4.5.

close to normal or slightly negative / positive anomalies in solar irradiation
/ precipitation.

The analysis of the highly extreme events reveals that two out of three highly
extremely sunny and dry summers have preceeding highly extreme FMA(M) sea-
sons with regard to positive anomalies in solar irradiation and negative anomalies
in precipitation. Here it makes no difference if the late winter / spring season is
defined as FMA or FMAM, the results are the same for either definition. In this
mode the probability for a highly extremely sunny and dry summer to occur after
a highly extreme FMA(M) seasons is raised to 0.67, as opposed to 0.05 after any
FMA(M) season. Thus, highly extreme sunny and dry summers are often precon-
ditioned in FMA(M). However, the analysis of highly extreme events also reveals
that (1) the highly extreme sunny and dry summer 1983 is not preceeded by a
highly extreme sunny and dry late winter / spring season (category (A)), and (2)
the highly extreme late winter / spring season 2011 which is followed by normally
sunny and wet summer (category(B)) (tab. 4.2 and figures 4.3, 4.4).
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Figure 4.4: SRM anomalies of precipitation [mm*month−1] during FMA (green),
FMAM (blue), and JJA (red) in all years of the time series 1958-2011. Years marked
with ”x” are the 10% with the lowest SRMJJA anomalies in the time series. Years
additionally marked with their date are discussed in section 4.4 and / or 4.5.

The analysis of all extreme events reveals that two (three) out of six extreme
sunny and dry summers have preceeding FMA(M) seasons showing similar anoma-
lies in solar irradiation and precipitation, respectively. Furthermore, the analysis
of all extreme events, filters six additional years with decoupled FMA - JJA seasons
than the analysis of the highly extreme events: three of category (A) (1959, 1964,
1994) and three of category (B) (1974, 1982, 1993). Defining late winter / spring
as FMAM four additional years with decoupled late winter / spring - summer sea-
sons than in the analysis of the highly extreme events are found: two of category
(A) (1964, 1994) and two of category (B) (1982, 1993). Analysing all extreme
events the probability for an extremely sunny and dry summer to occur is 0.34
(0.5) after a similarly extreme FMA(M) season. However, both values are below
the probability of occurrence found in the analysis of the highly extreme events.
For all extreme summer seasons, May has a positive effect in pre-conditioning.

Extremes leading to serious droughts and prolonged heat waves in central Eu-
rope are characterised by their low frequency of occurrence. Hence it should be
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Table 4.2: Results of the analysis. Highly extreme events: upper / lower 10th percentile
of solar irradiation / precipitation in FMA and JJA. Extreme Events: upper / lower
20th percentile of solar irradiation / precipitation in FMA / FMAM and JJA.

Years with Years with Years with preceeding
synoptically synoptically extremely mean DJ

pre-conditioned pre-conditioned sunny and dry BEST
FMA FMAM JJA index

highly 1976 1976 1976 -1.59
extreme 1983 2.57
events 2003 2003 2003 1.16

2011 2011 -2.71

extreme 1959 1959 0.63
events 1964 0.94

1974 -1.93
1976 1976 1976 -1.59
1982 1982 -0.24

1983 2.57
1993 1993 0.49

1994 0.14
2003 2003 2003 1.16
2011 2011 -2.71

expected that any pre-conditioning of extreme summers by late winter / spring
conditions is more pronounced for the highly extreme events. The results support
this assumption. Thus, for the remainder of this paper we focus on the highly
extreme events. As shown above, the inclusion of May does not affect the results.
May is therefore not considered for the late winter / spring conditions further on.

The analysis reveals that the highly extreme sunny and dry summers in the time
series, 1976 and 2003, have preceeding FMA seasons with already large positive
anomalies of solar irradiation and large negative anomalies of precipitation. In
accordance with that a clear positive anomaly of the geopotential is visible north
of 45◦ N and Central Europe, respectively, in FMA and JJA of both years, whereas
the JJA anomaly is stronger in 1976 than in 2003 (fig. 4.5).

In FMA 1976 the positive geopotential anomaly reaches from the British Islands
over the North Seas and enlarges in latitude direction towards Scandinavia and
eastern Europe, covering the BeNeLux and Germany. In the following summer
season the spatial extend of the strongest anomaly is reduced and covers mainly the
British Islands, the North Seas, parts of northern France, BeNeLux, the northern
half of Germany and large parts of Scandinavia. The anomaly in eastern Europe
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is reduced compared to the prior FMA. Also in 2003 the positive geopotential
anomaly is larger and more spread out in FMA than in JJA. Compared to 1976
the FMA anomaly of the geopotential is stronger, and the subsequent JJA anomaly
is weaker but larger in its spatial extend covering almost all of the Europe. The
dominance of the high-pressure systems in FMA in 1976 and 2003 (fig. 4.5) leads to
enhanced solar irradiation values at the surface and less precipitation than normal
(figures 4.1 and 4.2). These two factors enhance the evapotranspiration and hence
the drying of the soils. The already dry soils in late winter / spring combined with
the low precipitation amounts throughout FMA and the following summer months
result in extremely low soil moisture conditions (fig. 4.6). 4

4As stated in section 4.2, the authors are aware that care must be taken using ERA-40 and
ERA-interim soil water data. However, it is assumed that the general characteristics of the
extreme events discussed here, i.e. the serious droughts during the summer months of the years
in question, are reasonably captured.
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Figure 4.5: Seasonal anomaly of 850 hPa geopotential [m−2s−2] in 1976, 1983, 2003,
and 2011. Left column: FMA anomaly, right column: JJA anomaly.

58



4.4. RESULTS

1958 1961 1964 1967 1970 1973 1976 1979 1982 1985 1988 1991 1994 1997 2000 2003 2006 2009

A
n

o
m

a
ly

 v
o

lu
m

e
tr

ic
 s

o
il 

w
a

te
r 

[m
3
m

−
3
]

−
0

.1
0

−
0

.0
5

0
.0

0
0

.0
5

0
.1

0

Anomaly FMA

Anomaly FMAM

Anomaly JJA

1
9
7
6

1
9
8
3

2
0
0
3

2
0
1
1

Figure 4.6: SRM anomalies of volumetric soil water [m3m−3] during FMA (green),
FMAM (blue), and JJA (red) in all years of the time series 1958-2011. Years marked
with their date are discussed in section 4.4 and / or 4.5.

Under these conditions convective precipitation is not favored and the negative
precipitation anomaly, and thus also the negative soil moisture anomaly, further
increases. Thus, the missing convection leads to an increased positive solar irra-
diation anomaly due to a lower cloud coverage than usual, which in turn leads to
enhanced solar irradiation. The lack of soil moisture together with the high amount
of solar irradiation most probably leads to a strong increase in sensible heat flux
and only a minor increase in latent heat flux, i.e. an increased Bowen-ratio (Bowen,
1926), which in turn leads to even dryer soils (fig. 4.7). This proposed mechanism
is also supported by the findings of other authors: e.g., Zampieri and D’Andrea
(2009) (see section 4.5).

Even for the highly extreme late winter / spring and JJA seasons, respectively,
two ”disconnected” years are discovered: The highly extreme hot and dry summer
of 1983 does not have a preceeding sunny and dry late winter / spring, but the
contrary (category (A)). And in 2011 the FMA - JJA relation behaves the oppo-
site: the highly extreme sunny and dry FMA season was followed by a close to
normally sunny and rather rainy summer (category(B)). Logically also the geopo-
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Figure 4.7: Feedback loop solar irradiation - soil moisture.

tential anomalies in those years look opposite: 1983 is characterized by a negative
anomaly in FMA and a clearly positive anomaly centered over the British Islands
and the North-Seas reaching northern France, BeNeLux, Germany, Denmark and
southern Scandinavia and becoming weaker further east. The contrary is the case
in 2011: FMA is characterized by a strong positive geopotential anomaly cen-
tered over the northern half of Germany, Denmark and the North Seas and the
following JJA is characterized by a negative geopotential anomaly centered over
the British Islands and covering most of Europe. The consequences of the geopo-
tential anomalies in FMA and JJA in 1983 (2011) can be seen in figures 4.1 and
4.2: negative (positive) anomaly in solar irradiation, positive (negative) anomaly
in precipitation during FMA and positive (negative) anomaly in solar irradiation,
negative (positive) anomaly in precipitation in JJA.

A possible explanation for the ”missing” FMA - JJA connection in these two
years (despite the large anomalies in FMA (2011) and JJA (1983)) might be
a ”global” extreme climate event, that might lead to extreme seasons without
synoptic-scale late winter / spring - summer connections of the extremes (as ap-
parent in 1976 and 2003). Hence, the reason for the extremes in 1983 and 2011
might be forced by extremes in global oscillations and not by forces on synoptic
scale. For such extremes it cannot be expected that connections / pre-conditions
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are apparent in the synoptic scale. This might explain the ”disconnection” of late
winter / spring and summer extremes in 1983 and 2011. Such a ”global” extreme
event could be the El Niño Southern Oscillation (ENSO). Its effect on extremes is
discussed in the following subsection.

4.4.2 Potential impacts of regional and global circulation
anomalies

A measure for the state of the Southern Oscillation is the BEST index (Smith
and Sardeshmukh, 2000) (section 4.2). The mean BEST index of the December-
January (DJ) season 1982/83 was 2.57 (table 4.2) (Sardeshmukh and Smith, 2012),
indicating a strong El-Niño event prior to the extreme summer 1983, which is not
preconditioned in late winter / spring. Cassou et al. (2005) speculate, that the
notably anomalous conditions during 1983 might be a consequence of the post
El-Niño influences in the western tropical Atlantic and over Africa. Alternatively,
these ENSO related teleconnections might have affected the conditions during
FMA 1983. At that time the geopotential anomaly is (slightly) negative over the
study area and adjacent regions, indicating a dominance of cyclonic conditions
that result in a negative anomaly in solar irradiation and positive anomaly in
precipitation (figures 4.1 and 4.2). A dominance of cyclonic conditions in southern
and Central Europe connected to El Niño events is described by Frädrich (1994),
who found that this connection is strongest in January and February after the peak
of the El-Niño event. This could explain why the summer of 1983 was extremely
hot and dry whereas the prior FMA season was dominated by cyclonic conditions
with low values of solar irradiation and high amounts of precipitation and soil
moisture.

The contrary, a very strong La Niña event, indicated by an extremely low mean
DJ BEST index of -2.71 (table 4.2) (Sardeshmukh and Smith, 2012), is observed
prior to JJA 2011. The FMA conditions in 2011 showed a clear signal for a hot
and dry summer to be expected: A clear positive anomaly in the geopotential
centered over Central Europe is visible (fig. 4.5). Consequently the anomalies of
solar irradiation and precipitation, relative to the mean of the period 1958-2011,
are among the highest and lowest, respectively, in the time series. However, other
than expected from the FMA conditions, the JJA anomaly in the geopotential over
Europe is only slightly positive over parts of Scandinavia and close to normal and
slightly negative, respectively, over most of Europe (fig. 4.5). In the study area the
solar irradiation is overall close to normal and the positive precipitation anomaly
is among the highest of the time series (fig. 4.3 and 4.4). These observations fit
well with the results of Frädrich (1990) and Frädrich and Müller (1992) who found
enhanced anti-cyclonic conditions over Europe and a northward shift of the cyclone
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track during La Niña events, inducing negative precipitation anomalies in the area
of (south)western Europe to the Black Sea and negative pressure anomalies over
northern Europe. Most of these observations are also seen in 2011: a positive
geopotential anomaly centered over Central Europe and covering large parts of the
continent, including most of Scandinavia. The latter differs from the observations
of Frädrich and Müller (1992), however, it is assumed that the cyclonic storm
track during the 2010/11 La Niña event is shifted further north than during other
events. The reason might be the strength of this event, reaching a BEST index
of -3.02 in February 2011, which is the smallest monthly mean value in the time
series since 1871 - 2011.

Investigating all the FMA and JJA seasons in the time series that have pre-
ceeding DJ periods with absolute mean BEST indices of larger than 2 reveals one
more year with an extreme ENSO event: 1997/98 with a mean DJ BEST index of
+2.23, indicating a strong El Niño event. However, 1998 is a rather inconspicuous
year in the context of solar irradiation and precipitation anomalies in late winter
/ spring and summer. The late winter / spring season in 1998 shows close to neu-
tral anomalies in precipitation (slightly positive SRMFMA anomaly and slightly
negative SMRFMAM anomaly) and slightly negative anomalies in solar irradia-
tion. The proceeding summer season (1998) had a clear negative anomaly of solar
irradiation (fig. 4.3) and a normal SRMJJA value of precipitation (fig. 4.4).

4.4.3 Synthesis of the results

The relative short length of the data sets available limits the statistical evidence of
the results presented. However, this handicap is reduced by an extensive analysis
of the apparent extremes. The results are therefore not only based on statistics
and support the hypothesis that the following relationship exists: Extremely sunny
and dry summer seasons in Central Europe are pre-conditioned / connected with
respective extremes in the preceeding late winter / spring season on a synoptic-
scale. The late winter / spring conditions might indicate a equilibrium position of
the system which persists into the summer season. The synoptic-scale connection
of the late winter / spring and summer extremes might be useful to support the
forecast of extreme droughts and prolonged heat waves in Central Europe.

However, the analysis of the global system reveals that the synoptic-scale con-
nection might be disturbed by large-scale atmospheric teleconnections with the
ENSO circulation. If the DJ mean BEST index prior to the summer season is
higher than +2, indicating a strong El Niño event, it is not sure whether the up-
coming JJA season might be extremely sunny and dry (1983) or not (1998), even
if there was no such signal in the prior FMA season. On the other hand, if the DJ
mean of the BEST index is below -2 the probability for the following JJA season
to be extremely sunny and dry might not be enhanced, even if there is a clear
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signal for such an event based on the FMA conditions in solar irradiation and
precipitation.

Taking the 54-years time series investigated as the main unit, the probability
of occurrence for a highly extreme sunny and dry summer, (see section 4.3), is 0.05
(3 out of 54). In case of a preceeding highly extreme sunny and dry FMA season
the probability of occurrence of a highly extreme summer is raised by a factor of
13.4 to 0.67 (2 out of 3). Accounting for extreme ENSO conditions, which might
disturb the possible FMA - JJA connection the probability of a highly extreme
sunny and dry summer to occur after a highly extreme FMA seasons, given that
no extremely strong ENSO conditions occurred in the respective winter season, is
raised to 1 (2 out of 2).

In the following section the results presented are put into context with other
relevant studies previously published.

4.5 Discussion

The results presented in section 4.4, reveal that the most extreme sunny and dry
summer seasons in the time series investigated, 1976 and 2003, had preceeding
FMA seasons with extreme anomalies of solar irradiation and precipitation of the
same sign as the following JJA season. In these two extreme years the predomi-
nance of anticyclonic conditions during FMA, coming along with large anomalies in
solar irradiation and precipitation, preconditions the subsequent extremely sunny
and dry summer seasons (JJA). This precondition is probably driven by the high
solar irradiation and low precipitation values enforcing the positive feedback loop
- high solar irradiation - dry soils - enhanced sensible heat flux and reduced latent
heat flux - less rain / clouds - higher solar irradiation - described above (section
4.4, fig. 4.7). This theory is well supported by the findings of several authors:
Ratcliffe (1978) estimated that during the drought that hit the British Island in
summer 1976 only 10% of the solar energy available in June of that year was
transformed into latent heat flux and about 90% (as opposed to usually 53%)
to sensible heat flux. Koster et al. (2004) separated the impact of soil moisture
and other factors influencing precipitation using atmospheric general circulation
models. Koster et al. (2004) generated a global map of land-atmosphere coupling
strength (their fig. 1) based on atmospheric general circulation models. Even if
Central Europe is not a hot spot on this map, Koster et al. (2004) claim that soil
moisture can be expected to influence precipitation in regions where evapotranspi-
ration is suitably high but still sensible to soil moisture. By comparing regional
climate simulations of a coupled atmosphere - land-surface model scheme to an
uncoupled model scheme for selected summer heat waves in Europe Fischer et al.
(2007) estimated that land-atmosphere interactions over dry areas increase the

63



CHAPTER 4. ANALYSIS OF EXTREME SUMMERS

number of heat days by 50 - 80%. Wang et al. (2011) supported the findings of
Fischer et al. (2007) by analyzing observational data of the Mediterranean region.
Zampieri and D’Andrea (2009) found that spring droughts in the Mediterranean
favor the development of strong heat events in ”temperate continental Europe”,
and Hirschi et al. (2011) point out the importance of soil moisture deficit for the
development of strong heat waves in southeastern Europe.

Although the land-atmosphere interactions seem to be an important trigger
in the development of extremely sunny and dry summers, it is obvious that the
occurrence of the predictor variables used here, solar irradiation and precipitation,
are related to specific circulation patterns in the ocean-atmosphere systems not
considered in the presented phenomenological-driven model. For example Cas-
sou et al. (2005) found that two large-scale atmospheric circulation patterns that
favor the occurrence of hot days in France: the so called ”blocking” and the so
called ”atlantic low”. The ”blocking” refers to a positive North Atlantic Oscillation
(NAO+) pattern, i.e. negative anomaly over Greenland and high pressure anomaly
over Europe. During ”blocking” conditions extra-tropical frontal systems are de-
flected northward and suppress ”the local convective instabilities, leading to light
winds, dryness, clear skies and warming” (Cassou et al., 2005). Whereas during
an ”atlantic low” strong negative pressure anomalies occur over the north Atlantic
and ”weaker positive anomalies” over continental Europe and ”the advection of
warm air masses from northern Africa and the Mediterranean basin dominates”
(Cassou et al., 2005). Spatio-temporal analyses have shown for instance that the
heat wave in summer 2003 was related to large positive anomalies in the monthly
850 hPa pressure field, reaching towards the British isles and showing a north-
ward shift of the Hadley circulation (e.g. Beniston and Diaz 2004). This is now
confirmed by the current study for the highly extreme heat waves of the record
(figs 4.1, 4.2, 4.5). In this context, Ogi et al. (2003, 2004a) revealed that these
pressure anomalies are related to dipole structures in the North Atlantic pressure
and sea level pressure fields which relates to North Atlantic Oscillation (NAO)
and the Arctic Oscillation (AO) pattern. They also, stressed by using results of
spatial correlation analyses, that there is a clear relation of winter, spring and
summer circulation patterns influencing temperature anomalies over Europe and
other regions. Ogi et al. (2004b) found that the seasonally varying Northern An-
nular Mode index (SV NAM index), which reflects AO/NAO conditions, in winter
is highly correlated with pressure anomalies in summer over the British isles which
are proven in this study to be related with the establishment of extreme summer
heat waves. The winter-summer relations of atmospheric circulation patterns is
hypothesised to be coupled with Arctic coast and Eurasia snow cover variability
with feedbacks to temperature (Ogi et al., 2004b). Future research might investi-
gate if the inclusion of large-scale circulation mode (as NAM) could improve the
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prediction quality of heat waves.

However, the analysis also reveals that the extremely sunny and dry summer
in 1983 is not preceeded by a FMA season with solar irradiation anomalies and
precipitation anomalies of the same sign as during JJA, and that after the ex-
tremely sunny and dry FMA season 2011 a summer season of close to normal to
even slightly below (above) average conditions regarding solar irradiation (pre-
cipitation) followed (figs. 4.1, 4.2). These observations fit well with the ENSO
conditions of the preceeding December - January (DJ) periods, in that the mean
BEST index shows the opposite sign in DJ 1982/83 and DJ 2010/11. The observed
effects of the (extreme) ENSO conditions and the (probably connected) synoptic
characteristics in Europe are also described by various authors (section 4.4): As
a consequence of the conditions found in 1983 and 2011 and based on the results
of Frädrich (1990, 1994), Frädrich and Müller (1992), and Cassou et al. (2005) it
is assumed that under extreme ENSO conditions, the FMA - JJA relation with
regard to strong positive (negative) anomalies of solar irradiation (precipitation)
in Central Europe a differentiation between El Niño and La Niña can be made:
During strong El Niño conditions as observed in the winter month 1982/83 (mean
DJ Best index: 2.57) and 1997/98 (mean DJ BEST 2.23), an extremely sunny
and dry summer might occur (1983) or not (1998), although there is no signal in
the FMA season observed. El Niño induced disturbances might be the reason for
the decoupling of FMA and JJA conditions in the case of extremely sunny and
dry summer seasons. On the other hand, if extreme La Niña conditions occur
in the preceeding DJ period, as 2010/11 (mean DJ BEST -2.71), the following
summer season might not be extremely sunny and dry (2011), although the FMA
conditions show a clear sign for an extremely sunny and dry summer. In these
situations the extreme FMA conditions might be due to the La Niña induced large-
scales disturbances, which might terminate as the ENSO conditions return back
to ”normal”. Thus the synoptic-scale late winter / spring - summer connection is
not occurring in post extreme La Niña years.

The analysis presented is undertaken for the study area 47 ◦ N - 56◦ N, 4◦ E
- 15◦ E. However, the findings might be also valid for other areas. For example
Hirschi et al. (2011) found that drier surface conditions lead to an intensification
of hot extremes in southeastern Europe, Barriopedro et al. (2011) came to similar
conclusions for the hot summer of 2010 in western Russia, and Wang et al. (2011)
found similar relationships in the Mediterranean. A first attempt to check if the
results are valid for a larger area is made, by applying the methods described to
the region 30◦ N - 70◦ N, -20◦ E - 70◦ E (not shown). This larger area seems to
be too large for a FMA - JJA relation in terms of solar irradiation excess and
precipitation deficit. Within this larger area many different mechanisms apply
(different synoptic regimes at a time, different regional phenomena), such that
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positive and negative anomalies of the variables in question equalise. However, as
indicated by other authors the mechanisms found might be valid for other areas
within Europe then the region under investigation in this study (Fischer et al.
2007, Wang et al. 2011, Hirschi et al. 2011, Zampieri and D’Andrea 2009, see
above).

4.6 Conclusions and Outlook

In this study the conditions of the late winter / spring seasons prior to extremely
sunny and dry summers in Central Europe are investigated using solar irradiation
and precipitation as proxies. These two variables serve as proxies since (1) they are
driven by synoptic-scale circulations and (2) they themselves are important factors
determining soil moisture (e.g., Orth and Seneviratne 2012). And both, synoptic-
scale circulations (e.g, Cassou et al. 2005) as well as internal feedback mechanisms
associated with soil moisture, are important in the development of extreme summer
heat waves in Central Europe (e.g., Seneviratne et al. 2006, Hirschi et al. 2011).
The analysis is mainly based on observations of solar irradiation derived from
satellites (MAGICSOL) and re-analysis data (ERA-40 / ERA-interim), and on in
situ measurements of precipitation (GPCC). A hypothesis is tested which states,
that summers with extremely high amounts of solar irradiation and large negative
anomalies of precipitation in central Europe are indicated by prior late winter /
spring seasons that show the same direction of anomalies in these variables.

The results presented support this hypothesis for the highly extreme summer
seasons regarding high amounts of solar irradiation and low amounts of precipita-
tion. The predominance of anticyclonic atmospheric circulation regimes seems to
be a prerequisite for the development of very extreme summers. However, the hy-
pothesis is refuted in years following extremely strong La Niña and El Niño events.
In these years the late winter / spring - summer connection of the dominance of
anticyclonic conditions in Central Europe seems to be disturbed. This fits well
with findings published by other authors (Frädrich 1990, Frädrich 1994, Frädrich
and Müller 1992, and Cassou et al. 2005).

Recent publications of Ogi et al. (2003) and Cassou et al. (2005), describe some
large-scale atmospheric circulation characteristics related to extreme summer con-
ditions in Europe. This large-scale atmospheric circulation regimes might induce
the development of late winter / spring conditions with extremes in solar irradia-
tion and precipitation leading to soil moisture deficits and subsequently inducing
the positive feedback-loop described in section 4.4.1. If these conditions remain
in their basic characteristics throughout summer, or re-appear due to some kind
of memory in the large-scale circulation, then extreme summers as the ones in
1976 and 2003 develop. I.e., the soil-atmosphere feedback resulting from certain
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large-scale atmospheric patterns might then foster and stabilize the conditions for
highly extreme hot and dry summers in (central) Europe (see also Ratcliffe 1978
and Fischer et al. 2007).

However, global circulation anomalies connected to extreme ENSO events might
disturb this interaction between synoptic-scale circulations and internal feedback
mechanisms.

Based on the results presented an early warning method for extreme summers
in Central Europe could possibly be developed using the following row of decisions:
If the ENSO in the winter (DJ) season prior to the summer in question is not in an
extreme state (i.e., -2 <mean DJ BEST index > +2) and if the SMRFMA values of
solar irradiation and precipitation are within the upper and lower 10th percentile,
respectively, a highly extreme sunny and dry summer with SRMJJA values of
solar irradiation and precipitation exceeding the 90th percentile and undermining
the 10th percentile, respectively, can be expected.

To improve the conclusiveness of the statistics a prolongation of the time series
would be very important, but is limited by the availability of appropriate gridded
data sets.
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Abstract

Summers with notable droughts and heat waves significantly affect human well
being, agriculture, and forestry. The economic impact of extreme hot and dry
summers is immense. The monitoring, analysis and prediction of extremely hot
and dry summers are therefore important tasks. In a previous study of the au-
thors evidence has been found that extreme summers are connected with specific
winter-spring conditions during the investigated time period 1958-2011. Hence,
evidence has been found that these specific winter-spring conditions could serve
as indicator for extremly hot and dry summers. This would enable an early pre-
diction of extreme summers. In the present manuscript these findings are further
discussed and analysed in the context of the Earth’s atmospher and ocean cir-
culation systems. Within this scope the North Atlantic circulation (NAO), the
Arctic oscillation (AO), as well as the El Niño Southern Oscillation (ENSO) are
analysed, using respective established indices, to investigate possible connections
with extremely sunny and dry summers in Central Europe. Further, analysis of
the geopotential at 860 hPa height is performed. No evidence for a connection
between the NAO or AO index during the winter-spring transition and extremely
hot and dry summers is found. However, inspection of the geopotential at 850
hPa height provides evidence that a ”Greenland - North Sea” dipole is connected
with extremely dry and hot summers in Central Europe. This findings motivated
the introduction of the novel ”Greenland - North Sea Dipole Index”, GNDI. High
values of the GNDI correlate with the occurrence of extremely hot and dry sum-
mers. However, using these index as predictor would lead to one false alarm and
one missed event. Evidence is found that these shortcomings are due to the dis-
turbance of the ”dipole - summer” connection by the ENSO. In order to consider
the effect of ENSO and its coupling with the Greenland - North Sea dipole a novel
index the Central European Drought Index (CEDI) was developed and introduced.
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This index consists of the GNDI and the BEST ENSO index. With this index it is
possible to indicate all extremely hot and dry summers without any missed event
or serious false alarm during the investigated time period (1958-2011). The au-
thors conclude that the CEDI serves as an indicator of approaching summers with
highly extreme positive anomalies in solar irradiation (hot) and highly extreme
negative anomalies in precipitation (dry) in Central Europe.

5.1 Introduction

Extreme summers with droughts and heat waves significantly affect human well
being. During the heat summer 2003, for instance, several thousand mainly elderly
people diseased in Central Europe (World Health Organization (WHO), 2010),
probably due to perilous dehydration (Muecke, H.-G. and Becker, P., 2008) and
(or) cardiovascular problems (WHO, 2013). Beside the effect on human well-
being heat summers have adverse economic effects, e.g. on agriculture (Munich
Re Group, 2004) and forestry (Lobinger, 2004). In some regions severe problems
with water supply occurred. The financial loss due to crop failure induced by e.g.
the 2003 heat wave is estimated at 12.3 U.S. $ (Heck et al., 2004). More over,
extremely hot and dry summers increase the risk for forest fires (e.g. Mühr et al.
2012) and are likely to increase the rock-fall in the Alpine region due to intensified
thawing of permafrost (Gruber et al., 2004).

It is evident that the impact of extremely hot and dry summers on human well
being and the environment is eminently essential. Extreme weather can not be
avoided, but safety precautions and mitigation measures could be implemented.
Yet, this requires sufficient handling time. Hence, early and reliable meteorolog-
ical predictions of extreme drought events could significantly contribute to the
mitigation of the adverse effects described above and could minimize their nega-
tive impact. However, completely reliable seasonal prediction systems are to the
knowledge of the authors not existing hitherto.

The severe impact of the heat summer 2003 in Europe might be one reason why
heat waves attracted wide interest, both in the public and the scientific community,
and that this event has been analysed in detail from various disciplines (Fischer
et al., 2007, and references therein).

Several authors have analysed and discussed the development and origin of
heat waves within the scope of meteorology. Long lasting anticyclonic circulation
anomalies have been discussed by several authors as a key factor for mid latitudinal
summer heat waves (Fink et al., 2004; Ionita et al., 2012; Barriopedro et al., 2011;
Carril et al., 2008). The 2003 European heat wave (Fischer et al., 2007) as well
as the 1995 and 1999 heat waves over the U.S. (Palecki et al., 2001; Kunkel et al.,
1996) were characterised by 500 hPa geopotential anomaly patterns. The anti-
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cyclonic anomalies are associated with clear skies and subsequent heating of the
Earth by solar irradiation. This in turn generates stable atmospheric stratification,
which suppresses local convection.

Furthermore, the circulation anomalies are blocking storm tracks and frontal
systems (e.g. Chang and Wallace 1987) and are often associated with a large-scale
stationary Rossby wave pattern. (Fischer et al., 2007, and references therein). In
the anticyclone trajectories of air parcels are bounded to the core of the cyclone in
a manner that the area covered by the trajectories is much smaller then in typical
summer years (Black et al., 2004). Air parcels are ”trapped” in the anticyclone.
This behavior indicates a Lyapunov stable equilibrium state of the atmospheric
circulation in this region. Extreme heat summers are characterized by a long
lasting stable situation, which also indicates that the atmospheric circulation is
in a regional equilibrium. For such extraordinary stable atmospheric states it
could be expected that a specific atmospheric precursor state (initial state) might
indicate the occurrence of extremely hot and dry summers. Such an indicator
could be used to issue early warnings.

Indeed, empirical hints have been found that a precursor of extreme summers in
Central-Europe exists (Träger-Chatterjee et al., 2013) and that an early prediction
of heat summers might thus be possible.

Träger-Chatterjee et al. 2013 showed that extremely sunny and dry summers
in Central Europe are preceeded by a winter-spring transition with large positive
(negative) anomalies of solar irradiation (precipitation), if the El Niño Southern
Oscillation (ENSO) is not notably extreme.

In this study the summers (June - July - August, JJA) with the highest (lowest)
values of solar irradiation (precipitation), leading to severe heat waves, are defined
as extremely sunny and dry. Within this scope the summers of the years 1976,
1983 and 2003 have been identified as notably extreme. Notably extreme means,
that the regional means of the seasonal sums of solar irradiation are within the
upper 10 %, and the regional means of the seasonal sums of precipitation are
within the lower 10 % of the time-series analysed. Träger-Chatterjee et al. 2013
investigated also the winter-spring transition February - March - April (FMA)
prior to the above mentioned summer (June - July - August, JJA) seasons in
Central Europe. They found that FMA in 1976 and 2003 were characterized by
positive anomalies of geopotential in 850hPa and solar irradiance and by negative
anomalies in precipitation. Träger-Chatterjee et al. 2013 conclude that a clear
connection between the sunny and dry FMA seasons and the following extreme
summers in 1976 and 2003 exists. In 1983 a strong ENSO event is observed instead
of a ”regional” FMA - JJA connection. Figures 4.3 and 4.4 show the anomalies of
solar surface irradiance and precipitation for the respective period.

Based on the findings described above the authors claim that the stable state
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during extreme summer heat waves in Central Europe is associated with specific
and unique initial atmospheric conditions (precursor) in the preceding winter-
spring period. Consequently, we hypothesize that winter-spring indicators of at-
mospheric circulations can be used for seasonal predictions of extreme summer
heat waves.

5.2 Materials and Methods

This study follows the definition and selection of extremely sunny and dry summers
of Träger-Chatterjee et al. (2013), according to extremes in solar irradiation and
precipitation. Please see Träger-Chatterjee et al. (2013) for further details about
the data sources and methods. The same time period (1958 - 2011), as in Träger-
Chatterjee et al. (2013) is investigated here in order to discuss potential precursor
of extremely sunny and dry summers by analysing the atmospheric circulation.
For this purpose established indices of the atmospheric circulation are used on
one hand and on the other hand, novel indices are developed and defined. For
the definition of the novel indices the geopotential at 850 hPa provided by the
European Center for Medium Range Weather Forecast (ECMWF) is analysed.
Therefore the 40-yr re-analysis data set ERA-40 (K̊allberg et al., 2005) for the
period 1958–1988, and the ERA-Interim (Berrisford et al., 2009) for 1989-2011,
are used.

The North Atlantic Oscillation (NAO) and the Arctic Oscillation (AO) are very
important for the weather and climate in Central Europe and the North Atlantic.
Hence, the well established North Atlantic Oscillation and Artic Oscillation indices
according to Hurrell et al. 2013b and Hurrell et al. 2013a are discussed in more
detail in section 5.3.1. These indices have been derived by Principal Component
Analysis (PCA), (Hurrell et al., 2013b,a). Further, a new indicator, a distinct
pressure difference index is introduced in section 5.3.2. This index results from
analysis of geopotential fields at 850 hPa and aims to serve as a precursor of
extremely sunny and dry summers in Central Europe. This index covers only
synoptic circulations, however, extreme summers might be also affected by global
scale circulations.

Several authors discussed the effect of the El Niño Southern Oscillation (ENSO)
on the weather in Europe (Broennimann, 2007, and references therein). Therefore,
ENSO’s potential role on the development of European heat summers is discussed
and analysed in section 5.3.3, using the PCA based BEST index according to
Smith and Sardeshmukh (2000) is used. The analysis leads to the postulation of
a novel index, which aims to consider the coupling of the synoptic and the global
scale. This is discussed in section 5.3.4.
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5.3 Results and Discussions

5.3.1 North Atlantic and Arctic Oscillation

The North Atlantic Oscillation (NAO) is widely accepted as the most important
circulation pattern in the northern hemisphere (e.g. Walker and Bliss 1932; Barn-
ston and Livezey 1987; Walter and Graf 2005; Hurrell and Deser 2010). According
to several authors the NAO is closely associated with the Atlantic During summer
the NAO is not as pronounced as during winter. Consequently its dominance on
European weather during winter is stronger than during summer (e.g. Walker and
Bliss 1932; Cassou et al. 2005; Hurrell and Deser 2010).

On the other hand, (Ogi et al., 2004b) found that AO (Arctic Oscillation) 5 /
NAO conditions in winter are highly correlated with pressure anomalies over the
British Isles in summer.

A reason for this correlation might be that strong wintertime NAO ”can in-
teract with the slower components of the climate system (the ocean ...) to leave
persistent surface anomalies into the ensuing parts of the year that may signifi-
cantly influence the evolution of the climate ...” (Czaja et al. 2003; Rodwell 2003
both in Hurrell and Deser 2010).

Thus, to investigate whether NAO/AO indeces might be useful for the predic-
tion of summer heat waves we analysed the behavior of the NAO and the AO in
the time series 1958-2011.

For the NAO the PCA (Principal Component Analysis) based seasonal NAO
index (December-January-February-March) according to (Hurrell et al., 2013b)
is used (see figure 5.1). This index is available from the National Center for
Atmospheric Research homepage (Hurrell et al., 2013b, see http link in:). In
contrast to station based NAO indices, the PCA based index accounts for the
movement of the NAO pressure centers Azores High and Atlantic Low (Hurrell
et al., 2013b). This is regarded as an advantage compared to the station based
indices since the PCA based index covers most of the Atlantic (20-80◦N and 90◦W
to 40◦E) and thus captures the action centers regardless of their actual position.

Figure (5.1) reveals that the years of the summer seasons identified as being
extremely sunny and dry do not show any characteristic properties, indicating that
the NAO is not suited as an indicator of extreme summer heat waves ahead.

The same holds for the Arctic Oscillation. To analyse the Arctic Oscillation
as a possible predictor of extremely sunny and dry summers in Central Europe,
the wintertime (DJFM) Arctic Oscillation Index (also referred to as ”Northern
Annular Mode”) according to (Hurrell et al., 2013a), published at Climate Data
Guide, is used (Hurrell et al., 2013b, please see http link in:). This index refers not

5Arctic Oscillation (AO) is described by (Thompson and Wallace, 1998) as a seesaw of see
level pressure (atmospheric mass) ”between the Arctic basin and parts of surrounding ring”.
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Figure 5.1: Time series of December-January-February-March Hurrell’s North Atlantic
Oscillation index based on Principal Component Analysis (Hurrell et al., 2013b).

only to the North Atlantic (as the NAO), but to the entire northern hemisphere sea
level pressure and is defined as the first EOF of the latter (Hurrell et al., 2013a).
Also in the time series of the AO index, no threshold value can be identified for
the years with highly extreme sunny and dry summer seasons, see figure (5.2).

The analysis of NAO and AO provides no hints that they are appropriate
indicators for extremely sunny and dry summers in Central Europe.
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Figure 5.2: Time series of December-January-February-March Hurrell’s Arctic Oscil-
lation index based on Principal Component Analysis (Hurrell et al., 2013a).

75



CHAPTER 5. ANALYSIS OF ATMOSPHERIC PRECURSOR

−150 −50 0 50 100 150

20
40

60
80

FMA 2003

longitude, deg E

la
tit

ud
e,

 d
eg

 N

−1000

−500

0

500

1000 −600 

 −400 

 −400 
 −200 

 −200  −200 

 0 

 0 

 0 

 0 

 200 

 2
00

 

 2
00

 

 200 

 200 

 400 

 600 

−150 −50 0 50 100 150

20
40

60
80

FMA 2005

longitude, deg E

la
tit

ud
e,

 d
eg

 N

−1000

−500

0

500

1000

 −
200 

 −200 

 −
20

0 

 −
20

0 

 0 

 0 

 0 

 0 

 0 

 0 

 0 

 200 

 200 

 400 

 600 

Figure 5.3: Example of the Greenland - North Sea Dipole: Geopotential Anomaly at
850hPa of FMA for 2003 and 2005. In the heat wave summers 2003 the dipole is clearly
apparent while in the relative normal normal year 2005 it is not apparent.

5.3.2 Greenland - North Sea - Dipole Index, GNDI

Since no explicit connection between the NAO / AO and the occurrence of ex-
tremely sunny and dry FMA and the following JJA seasons in Central Europe
could be found in the data, the atmospheric circulation over the North Atlantic
is analysed using the geopotential at 850 hPa. In the years with notable extreme
sunny and dry FMA seasons a conspicuous dipole structure of anomalies between
southern Greenland (negative pressure anomaly) and the North Sea / Fennoscan-
dia (positive pressure anomaly) has been found. Figure 5.3) shows an example
of this dipole in comparison to a year with normal winter/spring and summer
conditions.

In contrast to the NAO, which is generally described as a meridional pressure
gradient over the North Atlantic (Hurrell and Deser, 2010), the anomaly maps (see
figure 5.3 right hand side for the year 2003) rather show a zonal pressure gradient
between southern Greenland and the North Sea / Fennoscandia.

To quantitatively analyse this dipole, the mean values of the regions southern
Greenland (-50.96◦ to -34.78◦ longitude, 55.27◦ to 66.88◦ latitude) and North Sea (-
3.46◦ to 9.34◦ longitude, 51.93◦ to 61.82◦ latitude) are calculated for the time series
1958 - 2011 and an anomaly measure is calculated based on these regional means
for each of the two dipole regions. The exponent of the difference of these values is
introduced as the novel GNDI (Greenland North sea Dipole Index). Equation (5.1)
provides the mathematical definition of the GNDI. The exponential function is
motivated by the non-linear characteristics of the system and in order to emphasize
the role of notable dipoles.
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Figure 5.4: Time series of the Greenland North sea dipole index derived from anomalies
in the geopotential at 850 hPa.

GNDI = exp(NA−GA) , with: (5.1)

NA =
AN

y − ĀN

σAN
(5.2)

GA =
AG

y − ĀG

σAG
(5.3)

Here, A is the anomaly of the geopotential, Ā is the arithmetic mean and
σA is the standard deviation of the anomalies. G and N depicts North Sea and
Greenland region, respectively. The time series of the GNDI is shown in Figure
5.4.
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The alignment of the GNDI with the heat summer years 1976 and 2003 reveals
a threshold of about 20. I.e. in years where the GNDI during FMA exceeds 20, an
extremely sunny and dry summer is indicated for Central Europe. Years exceeding
a GNDI value of 20 are 1959, 1976, 2003, and 2011. The FMA season of all the four
years exceeding a GNDI of 20 show large positive anomalies of solar irradiation
and large negative anomalies of precipitation in Central Europe, see figure 4.3 and
4.4

Two of the years, 1976 and 2003, were among the highly extreme summers
regarding high solar irradiation and low precipitation in the time series, i.e. among
the 10 % with the highest solar irradiation amounts and the lowest precipitation
amounts (please see definition of highly extreme summers in Träger-Chatterjee
et al. 2013).

The dipole situation associated with the highly extreme summers may depict a
stable solution of the dynamics associated with the atmospheric flow. This stability
in the atmospheric circulation is observed in 1976 and 2003 by the predominance
of the anticyclonic weather conditions over Central Europe, which largely persists
from winter-spring transition throughout summer. The stable anticyclone deter-
mines the high (low) solar irradiation (precipitation) amounts. Solar irradiation
and precipitation in turn determine soil moisture which is an important factor in
the development of strong heat waves (Fischer et al., 2007; Hirschi et al., 2011)
due to its importance for the development (or suppression) of convective clouds
and precipitation (Zampieri and D’Andrea, 2009; Träger-Chatterjee et al., 2013).

Thus the findings provide hints for a connection between winter-spring condi-
tions of the North Atlantic circulation and the following summer season in Central
Europe. I.e. a dipole with negative geopotential anomaly over Greenland and
positive geopotential anomaly over the North Sea / Fennoscandia during FMA
is a valuable indicator for extremely sunny and dry summer seasons in Central
Europe.

According to the definition in Träger-Chatterjee et al. 2013 the summer of 1959
is not among the highly extreme summer events, but among the extreme summer
events, i.e. among the 20% with highest solar irradiation and lowest precipitation
amounts, and is thus not contradicting the connection described above.

However, the evaluation of heat summers performed in Träger-Chatterjee et al.
(2013) reveals that the GNDI would lead to a year with ”false alarm” and one year
with a ”missed event”: The false alarm year 2011 has a GNDI value above the
threshold (see fig 5.4), which is associated with an extremely sunny and dry FMA
season, but the following summer was wet and slightly more cloudy than usual and
by no means extremely sunny and dry (radiation slightly below and precipitation
above normal amounts, see figures 4.3 and 4.4). And 1983, the year with the
missed event, has a GNDI value far below the threshold, but the cloudy and wet
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FMA season was followed by an extremly sunny and dry summer (figures 4.3 and
4.4). In the following the former is referred to as a a false alarm and the latter
as a missed event. In 1983 and 2011 the dipole shows a different behavior than
in 1976 and 2003. In both years (1983, 2011) the dipole changes polarity between
FMA and JJA. This might indicate that in these two years the winter / spring
- summer connection is disturbed by another interfering large-scale circulation.
Indeed, in both years, the large scale El Niño Southern Oscillation (ENSO) was
in an extreme state.

In 2011, the year with the false alarm, a very strong La Niña event, and in
1983, the year with the missed event, a strong El Niño was recognized, which both
might have influenced the large-scale circulation also in the northern hemisphere
and thus also the summer conditions in Europe.

5.3.3 The ENSO disturbance

In the analysis presented, two years have been found for which the GNDI is not a
suitable indicator for extremly hot and dry summers. In 1983 the GNDI indicated
a normal summer, but an extremely hot and dry summer occurred after the cloudy
and rainy FMA (missed event). In 2011, on the other hand, the GNDI indicated a
hot and dry summer, but a summer with relativly ”normal” solar irradiation and
high precipitation occurred (false alarm).

For 2011, the dipole between Southern Greenland and the North Sea / Fennoscan-
dia exists in FMA, but not in JJA (not shown). This means that during that year
the atmospheric equilibrium / connection is presumably disturbed (superimposed)
by another effect. In 1983, the situation is vice versa: A dipole is apparent but
with opposite polarity, hence the GNDI is close to 0, but JJA was extremly hot
and dry. As discussed in Träger-Chatterjee et al. 2013, the missed event and false
alarm are accompanied with strong El Niño Southern Oscillation (ENSO) events
in the winter seasons 1982/83 and 2010/11 (please see figure 5.5). We assume that
this is not a coincidence but that ENSO is the disturbing factor, which is further
discussed and analysed, hereafter.

It is widely agreed that the El Niño Southern Oscillation (ENSO) is one of the
most important (Broennimann, 2007) and strongest (Graf and Zanchetin, 2012)
climate patterns of the globe (Trenberth, 1991). Its impacts are not restricted to
the tropical Pacific, but it affects weather and climate all over the globe (Trenberth,
1991). A summary description of ENSO and its impacts on European climate can
be found in the review paper of (Broennimann, 2007).

Broennimann 2007 concludes that ENSO effects on Europe interact with many
other mechanisms (e.g. Pacific Decadal Oscillation, tropical Atlantic SSTs, NAO),
differ with the strength and position of the respective ENSO event, and are modu-
lated by other environmental phenomena, such as volcanic eruptions. I.e. ENSO-
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induced effects on European climate are variable.

However, some common features appearing during El Niño (La Niña) winter
could be identified for Europe: more cyclonic (anticyclonic) pressure systems fol-
lowing after El Niño (La Niña) events associated with more (less) precipitation
over western and central Europe and the contrary over northern Europe Frädrich
and Müller (1992).

Beside others Lau and Nath (1996) and Herceg Bulic and Kucharski (2012)
show that ENSO events could lead to SST anomalies in the Atlantic. As a
possible physical explanation of the connection between ENSO events and SST
anomalies in the northern Pacific and Atlantic Lau and Nath 1996 describe an
”atmospheric bridge”: Their model experiments exhibit that a chain of air-sea-
interactions resulting from ”heat and radiative fluxes at the air-sea interface”,
which needs about 4 month time to generate considerable SST anomalies in the
North Atlantic. Hence, 4 months lead time is required in their model experi-
ments for the atmospheric bridge to affect the North Atlantic. The feedback of
the SST anomalies to the weather in Central Europe needs further time. As ENSO
events usually occur around Christmas the ”atmospheric bridge” serves as a pos-
sible physical explanation for the effect of ENSO on European spring and summer
conditions.

In summary, several authors show clear evidence that ENSO events affect the
weather in Central Europe (Broennimann, 2007, and references therein). Thus, it
is likely that extreme ENSO events disturb / superimpose the synoptic connection
between winter-spring transition and the subsequent summer. As the ENSO events
in 1983 and 2011 have been notably extreme it is a reasonable assumption that La
Niña has been a reason for the relativly normal and rather rainy summer, despite
of the high GNDI value and that EL Niña has been a reason for the extremly sunny
and dry summer, despite of the low GNDI value. Hence, the extreme ENSO events
are likely the reason for the GNDI ”failure”.

I.e. due to the extremely strong ENSO events in 1983 and 2011 the climate
during summer of those two years is not a consequence of the prior ”North At-
lantic” spring conditions. Instead, the anomalies in both season, FMA and JJA,
of these years are likely a consequence of global scale interactions of the ocean-
atmosphere system which were strongly influenced by ENSO-induced processed.
Hence, in years with extreme ENSO events GNDI alone is not suitable to indicate
hot and dry summers.

The analysis performed so far indicates that for the definition of an indicator
for extreme sunny and dry summers the Greenland - North Sea Dipole as well as
the ENSO have to be considered. Thus, the combination (coupling) of the BEST
index and the GNDI might lead to an index which can be used to improve the
predictability of hot and dry summers significantly. This leads to the introduction
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Figure 5.5: Time series of the BEST index, according to Smith and Sardeshmukh
(2000). The BEST index is extreme in the years with false alarms or missed events
according to GNDI.

of the novel Central European Drought Index (CEDI), which is discussed and
evaluated in the next section.

5.3.4 The Central European Drought Indicator CEDI

To account for the ENSO influence on the development of Central European sum-
mer weather, discussed in section 5.3.3, the GNDI is combined with the BEST
index, a measure of the state of the ENSO. Negative BEST values indicate La
Niña events and positive BEST values indicate El Niño events.

In order to balance between the effect of the Greenland - North Sea dipole
(expressed in the GNDI) and ENSO (expressed in a BEST term) the power of 3 of
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the BEST index is applied. The use of an exponential function for the BEST index
(as for GNDI) is not suitable here, since it would depress large negative values of
the BEST index, which indicate notable El Niño events.

Due to the large distance between Europe and the Southern Pacific, where
ENSO occurs, we assume that only notably extreme ENSO events have the poten-
tial to disturb the connection of extremely sunny and dry winter-spring transition
and summer seasons in Central Europe. Hence, the ENSO term is only applied if
the absolute BEST value exceeds 2.

These considerations lead to the following definition of the Central European
Drought Index (CEDI):

(5.4)CEDI =

{

GNDI − |BESTdj|
3 , if |BESTdj| ≥ 2

GNDI else

here |BESTdj| is the absolute value of the BEST index averaged over the early
winter season (December-January) prior to the FMA season to which the GNDI
refers. Using the absolute value of BEST has the advantage that the algebraic sign
of CEDI provides information whether GNDI (positive) or ENSO (negative) have
been a driving factor for extreme summers.

The time series of the CEDI is shown figure 5.6. The highly extreme summers
1976 and 2003 are clearly visible as notable extremes and exceed the threshold of
20. Also the extreme summer 1959 exceeds a CEDI threshold of 20. The previously
missed event of 1983 can also be predicted using the CEDI and a threshold of -10.
And finally, the false alarm in 2011 is no more occurring, since the CEDI shows a
very low value for this year. Notably extreme positive CEDI values are associated
with an extreme dipole anomaly in the Northern Atlantic, and hence associated
to the synoptic scale. Notablly extreme negative values indicate a strong EL Niño
event as the reason for the extremly hot and dry summer. The sign therefore serves
as an indicator of the dominant driver. It is obvious that if CEDI is dominated
by very strong El Niño events (negative values) a different threshold has to be
applied.

The skill of CEDI is rather high, which might be interpreted as proof of the
discussion and hypothesis outlined earlier.

5.4 Conclusions

Long lasting anticyclonic circulation anomalies have been discussed by several
authors as a key factor for mid latitudinal summer heat waves (Fink et al., 2004;
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Figure 5.6: Time series of the novel Central Europe Drought Index (CEDI). The
extremely dry and hot summers are clearly indicated by extreme CEDI values.

Ionita et al., 2012; Barriopedro et al., 2011; Carril et al., 2008). These circulation
anomalies block storm tracks and frontal systems (e.g. Chang and Wallace 1987)
and are often associated with a large-scale stationary Rossby wave pattern (Fischer
et al., 2007, and references therein). More over, in the center of the anticyclone
air parcel trajectories are ”trapped” compared to normal summers (Black et al.,
2004), which is an indicator for a regional Lyapunov stable equilibrium of the
atmospheric circulation

It is likely that long lasting stable atmospheric states during summer time show
indicators prior to summer season.

Indeed, in (Träger-Chatterjee et al., 2013) evidence has been found that ex-
tremely hot and dry summers might be connected to specific conditions during the
winter-spring transitions, namely, sunny and dry conditions in Central Europe.
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This connection might be useful to improve the predictability of heat waves.

In the present study the atmospheric dynamics on synoptical as well as on
global scale were analysed in order to gain a deeper knowledge of winter / spring
- summer the connection and its disturbance, and further, to evaluate indices for
extreme summers in order to support the predictability of heat summers.

For this purpose a possible interlink of North Atlantic Oscillation (NAO) as
well as Arctic Oscillation (AO) with extreme summers were investigated. No evi-
dence for an interlink of NAO or AO with extreme summers was found. Instead,
an analysis of the geopotential anomalies as proxy for the atmospheric circulation
has led to the introduction of the Greenland - North Sea Dipole Index (GNDI).
This index is a measure for the strength of the dipole anomaly in the geopotential
at 850 hPa over Greenland and North Sea. It has been discussed that the GNDI
serves as an indicator of approaching summers with very large positive anomalies
in solar irradiation and very large negative anomalies in precipitation in Central
Europe. The Greenland - North Sea Dipole Index (GNDI) supports the conclu-
sions of Träger-Chatterjee et al. 2013, that solar irradiation and precipitation are
an important proxy for the development of sunny and dry summers: The atmo-
spheric pressure regimes which determine the high solar irradiation amounts and
the low precipitation amounts, have now been identified. Hence, monitoring of the
Greenland-North Sea dipole is expected to improve our knowledge of the North-
Atlantic circulation system and its role for the development of extreme Central
European heat waves and drought summers. While the GNDI indicates the heat
summers in 2003 and 1976 it shows no evidence for the heat summer in 1983 and
erroneously indicates the summer 2011 as extremely sunny and dry.

It has been analysed whether these failures are due to global scale ENSO dis-
turbances. Indeed, evidence has been found that ENSO is the second main driver
for extreme summers on one hand and likely responsible for the disturbance of the
GNDI connection on the other.

In order to account for both, synoptic scale and global scale processes, a coupled
index, the CEDI, is proposed. This index considers the coupling of the dominant
processes for the development of extreme summers on synoptic and global scale.
For the synoptic scale the novel Greenland - North Sea index and for the global
scale the well established BEST index is used, which serves as a measure of the
ENSO.

With the definition of the CEDI it is possible to indicate all extremely sunny
and dry summers during the investigated time period (1956-2011) without any
serious false alarm. Hence, clear evidence is given that this novel index contributes
significantly to the analysis and prediction of droughts and heat waves in Central
Europe. According to the results presented, the CEDI serves as an indicator of
approaching summers with highly extreme positive anomalies in solar irradiation
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and highly extreme negative anomalies in precipitation in Central Europe.
However, due to the non-linear nature of the atmosphere-ocean system and

the low frequency of occurrence of extremes the forecast skill of CEDI can not be
finally defined yet. Though, for the investigated time period the skill score is close
to 1 (no missed event, no notable false alarm). This should be astrong motivation
to implement the CEDI as a novel index into operational monitoring systems.
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Chapter 6

Conclusion and Outlook

6.1 Conclusion

Extreme heat and drought summers, especially in temperate regions, are a serious
threat to human well-being, infrastructure, agriculture, forestry, and ecosystems.
Knowing about the potential occurrence of such extremes well in advance would
help to better prepare and mitigate accordingly. However, forecasting extreme heat
and drought events on a seasonal scale is still challenging, since their development
is not yet fully understood.

Recent publications conclude that extreme heat waves occur if anticyclonic
circulation patterns during summer coincide with dry soils, which facilitate the
development of high temperatures because the moisture deficit leads to a decrease
in latent heat flux and increase in sensible heat flux (Fischer et al., 2007; Hirschi
et al., 2011; Quesada et al., 2012).

To the best knowledge of the author of this thesis, no study exists which anal-
yses the atmospheric circulation patterns responsible for the soil moisture deficit
in the winter - spring transition season prior to the extreme summers.

In this thesis, the characteristics of extremely hot and dry summers in Central
Europe as well as their preceding winter - spring transition seasons are analysed
with the aim of identifying potential precursor of extreme summers. Therefor large-
scale atmospheric circulation regimes and land surface - atmosphere interactions
are analysed and discussed in an integrated manner. The analysis is based on in
situ as well as satellite based remote sensing observations and re-analysis data.

In contrast to earlier studies (see above), this thesis does not use air temper-
ature to define extremely hot and dry summers, but solar irradiation in combi-
nation with precipitation as a central proxy. This is reasonable because (1) solar
irradiation and summer surface temperatures in Central Europe are closely related
(Makowski et al., 2009) and (2) solar irradiation and precipitation are variables,
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which are determined by the atmospheric circulation but also influence the atmo-
spheric circulation via land surface - atmosphere interactions.

Data from the Global Precipitation Climatology Center (GPCC) were used
to describe precipitation. Due to the high density of gauge measurements used,
these data are probably the most accurate precipitation data over land, which are
currently available (Schneider et al., 2014).

For solar irradiation, the satellite based data set MAGICSOL was used. This
data set has proven to be of high accuracy (see chapter 3). Since its time coverage
(1983 - 2005) is not sufficient for the purpose of the study presented, it is sup-
plemented with re-analysis data. Due to issues with data accuracy and temporal
coverage, only the ERA-40 and ERA-interim data were considered. After evalu-
ating the solar irradiation data sets from these two re-analysis, it was decided to
use ERA-40 for the time range available and to fill the remaining gap with ERA-
interim data and operational data from the CM SAF.

The most extreme summer seasons (JJA) with regard to solar irradiation ex-
cess and precipitation deficit were analysed together with their preceding winter -
spring transition (FMA) in the study area 47◦N - 56◦N; 4◦E - 15◦E, (i.e. Germany
and adjacent areas, in this thesis referred to as Central Europe). The analysis
is based on the regional mean accumulated monthly means of FMA and JJA of
solar irradiation and precipitation over the study area, as well as on the seasonal
anomaly of geopotential in 850 hPa over the North Atlantic and Europe. The
model experiments of Fischer et al. 2007 and Weisheimer et al. 2011 for Europe
and the empirical observations in southeastern Europe (Hirschi et al., 2011) and
southern Europe (Quesada et al., 2012) could be supported: for the highly extreme
events, a dominance of anticyclonic circulation regimes and the associated excess
of solar irradiation and lack of precipitation (compared to the long term average
values) is observed also in Central Europe.

Two out of the three of the most extreme sunny and dry summer seasons (10th

percentile) in Central Europe in the time period 1958 - 2011 were preconditioned
in the preceding winter - spring transition seasons with highly extreme positive
anomalies in solar irradiation and highly extreme negative anomalies in precipita-
tion amount.

For the same years, a preconditioning in the preceding winter - spring transition
seasons could be identified in the large-scale atmospheric circulation: a dipole in
the atmospheric pressure (geopotential at 850 hPa) was found with a center of
negative geopotential anomaly over southern Greenland and a center of positive
geopotential anomaly over the North Sea and Fennoscandia. As a measure of the
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strength of this dipole, the novel Greenland - North Sea - Dipole - Index (GNDI)
is introduced. In the majority of the years with highly extreme sunny and dry
summers, the GNDI of the prior winter - spring transition season exceeds a value
of 20. No interlink could be found between NAO / AO and extreme summers.

However, not all of the extremely sunny and dry summers in the study area
and time period under consideration were preconditioned during the winter - spring
transition. One of the most extreme summers under consideration was 1983. The
preceding winter - spring transition was rather wet and cloudy. However, during
the winter before (1982/83) an extremely strong El Niño occurred. On the other
hand in 2011, an anomalously sunny and dry winter - spring transition was ob-
served and the following summer had close to normal solar irradiation conditions
and was rather wet. In the winter before (2010/11), an extremely strong La Niña
occurred. This leads to the conclusion that extremely strong ENSO events can
affect European climate on the seasonal scale: strong El Niño events can trigger
extreme summers. Strong La Niña events can induce signals that have the poten-
tial to disturb the connection between sunny and dry winter - spring transitions
and the following summer. In the context of extremely hot and dry summers in
Central Europe, the results of this thesis indicate that:

• In addition to the dominance of anticyclonic systems in the atmospheric
circulation and the land surface - atmosphere interactions, ENSO is another
important driver of the development of extreme summers in Central Europe.

• ENSO-induced effects have the potential to disturb the interlink between
winter - spring transition and the following summer concerning the interplay
of atmospheric circulation and land surface - atmosphere interactions, which
are responsible for the development of extremely hot and dry summers in
Central Europe.

To combine both, the Greenland - North Sea - Dipole, representing the pre-
condition in the winter - spring transition as well as La Niña as the potential
disturbance of the precondition and El Niño as a potential ”trigger” of extremely
hot and dry summers, the Central European Drought Index (CEDI) was devel-
oped. Using the CEDI, the highly extreme (upper 10th percentile) summers and
one of the extreme (upper 20th percentile) summers in Central Europe can be
hindcast correctly.

Testing the hypothesis drawn in section 1.3 led to the following results:

• H1 Extremely hot (and thus sunny) and dry summers in central Europe
are preceded by winter - spring transitions with positive anomalies in solar
irradiation and negative anomalies in precipitation.
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• H2 Extremely hot (and thus sunny) and dry summers in central Europe are
preceded by characteristic atmospheric pressure patterns determining the
excess of solar irradiation and the deficit of precipitation in the prior winter
- spring transition season.

Both hypothesis can be confirmed, given that strong ENSO events are con-
sidered. Extreme El Niño events can lead to the development of highly extreme
sunny and dry summer in Central Europe, without a preconditioning in the prior
winter - spring transition season. Extreme La Niña events have the potential to
disturb the connection between the winter - spring transition season and the fol-
lowing summer in the sense that a putative precondition is followed by a summer
with average amounts of solar irradiation and precipitation.

The results of this thesis contribute to a better understanding of the develope-
ment of extreme summers in Central Europe and are thus a valuable contribution
to the improvement of summer seasonal forecast for this region. The new CEDI
is expected to have the potential to contribute to the development of an early
warning system for extremely hot and dry summers.

6.2 Outlook

Observations of the future development of both, the GNDI and the CEDI would
increase their statistical confidence. Further sensitivity studies would help us un-
derstand how severe the extreme summers that are captured by the indices are.

Both observation of the indices and sensitivity studies would help to evaluate
the potential of GNDI and CEDI to serve as early warning indices for extremely
sunny (hot) and dry summers in the study area.

Further studies on the relative importance of the large-scale atmospheric cir-
culation and the land surface - atmosphere processes during the winter - spring
transition season in different parts of Europe would be beneficial to further improve
the understanding of the development of extreme heat events.

The validity of the solar irradiation and precipitation precursor in FMA could
not be verified for a region larger than the study area, as briefly mentioned in
chapter 4. However, further evaluations of the solar irradiation and precipitation
precursor, as well as the GNDI and CEDI with regard to their validity in a larger
region or different European regions, would still be interesting. Perhaps some
modifications of the indices would improve their skill for a larger region. The
analysis of different European regions would lead to a deeper understanding of the
development of extremely hot and dry summers in general.

Of further interest is the question is how the winter - spring transition season
and the following summer seasons in 1983 and 2011 would have developed under
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neutral ENSO conditions. This could be addressed by model experiments and help
to support the conclusions drawn in section 5.3.3.

To gain a deeper understanding of the ENSO influence on the development of
extreme summers in Europe, investigations of the ”atmospheric bridge”, as Lau
and Nath (1996) call the atmosphere - ocean interactions presumably responsi-
ble for far distance influences of ENSO, would be helpful. An identification of
the underlying processes might be possible using climate data sets that are now
available from various sources (e.g. from the Satellite Application Facility on Cli-
mate Monitoring (CM SAF) and from the Global Precipitation Climatology Center
(GPCC)).
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Chapter 7

Zusammenfassung

Extreme Hitze- und Dürresommer sind eine ernste Gefahr für das menschliche
Wohlbefinden, die Infrastruktur, Land- und Forstwirtschaft sowie für Ökosysteme.
Frühzeitigis Wissen über ein mögliches Eintreten eines solchen Extremereignisses
würde eine bessere Vorbereitung von entsprechenden Vorsorge- und Anpassungs-
maßnahmen erlauben. Die Vorhersage von Hitze- und Dürreereignissen auf der
saisonalen Skala ist jedoch immer noch eine Herausforderung, weil die Entwick-
lung dieser Ereignisse noch nicht vollständig verstanden ist.

Autoren aktueller Studien kommen zu dem Schluss, dass extreme Hitzewellen
dann entstehen, wenn antizyklonale Zirkulationsmuster in der Atmosphäre im
Sommer auf trockene Böden treffen. Letztere begünstigen dann die Entwick-
lung hoher Temperaturen, weil das Feuchtedefizit zu einer Reduktion des latenten
Wärmeflusses zugunsten des sensiblen Wärmeflusses führt (Fischer et al., 2007;
Hirschi et al., 2011; Quesada et al., 2012).

Nach Kenntnis der Autorin dieser Arbeit, existiert keine Studie, welche atmo-
sphärische Zirkulationsmuster analysiert, die zu einem Defizit der Bodenfeuchte in
den Winter - Frühlings - Übergangsperioden vor extremen Sommern führen.

In der vorliegenden Arbeit werden die Eigenschaften extrem heißer und trock-
ener Sommer in Zentraleuropa und deren vorhergehender Winter - Frühlings -
Übergangsperioden analysiert, mit dem Ziel potenzielle Vorläufer extremer Som-
mer in der atmosphärischen Zirkulation zu identifizieren. Dabei werden sowohl
Wechselwirkungen zwischen Landoberfläche und Atmosphäre als auch großräumige
atmosphärische Zirkulationsregime im Zusammenhang analysiert und diskutiert.
Die Analyse basiert auf in situ Beobachtungen, satellitenbasierten Fernerkundgs-
beobachtungen und Re-analysedaten.

In der vorliegenden Studie werden extrem heiße und trockene Sommer nicht, an-
hand der Temperatur definiert, wie in früheren Studien, sondern mittels der Kom-
bination aus solarer Einstrahlung und Niederschlag als zentralem Proxy. Dieses
Vorgehen ist gerechtfertigt, weil (1) solare Einstrahlung und Landoberflächen-
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temperaturen im Sommer in Europa eng miteinander gekoppelt sind (Makowski
et al., 2009) und (2) solare Einstrahlung und Niederschlag einerseits von der atmo-
sphärischen Zirkulation bestimmt werden, andererseits selbst die atmosphärische
Zirkulation durch Wechselwirkungen zwischen Landoberfläche und Atmosphäre
beeinflussen.

Zur Beschreibung des Niederschlags wurden Daten des Weltzentrums für Nieder-
schlagsklimatologie (WZN) verwendet. Aufgrund der hohen Dichte von in situ
Messungen, die für die Erstellung dieses Datensatz genutzt werden, ist dieser
wahrscheinlich der zur Zeit genaueste verfügbare Niederschlagsdatensatz (Schnei-
der et al., 2014).

Für die solare Einstrahlung wird der satellitenbasierte Datensatz MAGICSOL
verwendet. Die hohe Genauigkeit dieses Datensatzes wird in Kapitel 3 gezeigt.
Weil die zeitliche Abdeckung des MAGICSOL Datensatzes (1983 - 2005), für die
Zwecke der hier durchgeführten Analysen nicht ausreicht, wird er mit Re-analyse
Daten ergänzt. Dafür kommen ERA-40 und ERA-interim Daten in Betracht.
Andere Re-analyse Datensätze scheiden aufgrund mangelnder Genauigkeit bzw.
mangelnder zeitlicher Abdeckung von vornherein aus. Auf Basis der Evaluierung
der Solarß-strahlungsdatensätze aus diesen beiden Re-analysen, wurde entschieden
die Solarstrahlungsdaten aus ERA-40 für den von dieser Re-analyse abgedeckten
Zeitraum zu verwenden. Die bleibende Lücke wurde mit ERA-interim Daten und
operationellen Daten des CM SAF gefüllt.

Die extremsten Sommer (JJA) hinsichtlich des Solarstrahlungsüberschusses
und des Niederschlagsdefizites wurden gemeinsam mit den jeweils vorhergehenden
Winter - Frühlings - Übergangsperioden (FMA) im Untersuchungsgebiet 47◦N -
56◦N; 4◦E - 15◦E (Deutschland und angrenzende Gebiete, in dieser Arbeit als Zen-
traleuropa bezeichnet) analysiert. Die Analyse basiert auf regionalen Mitteln der
akkumulierten Monatsmittel von FMA und JJA von Solarstrahlung und Nieder-
schlag im Untersuchungsgebiet und auf der Analyse der saisonalen Anomalien des
Geopotentials in 850 hPa über dem Nordatlantik und Europa. Die Modellexper-
imente von Fischer et al. 2007 und Weisheimer et al. 2011 für Europa und die
Beobachtungen von Hirschi et al. 2011 in Südosteuropa und von Quesada et al.
2012 Südeuropa wurden bestätigt: Für die extremsten Hitzesommer wurde auch
für Zentraleuropa eine Dominanz von antizyklonalen Zirkulationsregimen mit dem
damit verbundenen Solarstrahlungsüberschuss und dem Niederschlagsdefizit (im
Vergleich zum langjährigen Mittel) beobachtet.

Zwei der drei extremsten sonnigen und trockenen Sommer (obere 10% Perzen-
tile) in Zentraleuropa im Zeitraum 1958 - 2011 wurden bereits in der jeweils
vorhergehenden Winter - Frühlings - Übergangsperiode mit extrem großen posi-
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tiven Solarstrahlungsanomalien und extrem großen negativen Niederschlagsanoma-
lien präkonditioniert.

Für dieselben Jahre konnte auch eine Präkonditionierung in der Winter - Frühlings
- Übergangsperiode in der Atmosphäre identifiziert werden: ein Dipol in der Druck-
anomalie (Anomalie des Geopotenzials in 850 hPa), mit einem Zentrum negativer
Anomalie über Südgrönland und einem Zentrum positiver Anomalie über der Nord-
see und Fennoskandien. Als ein Maß für die Stärke dieses Dipols wurde der neue
Grönland - Nordsee - Dipol - Index (GNDI) eingeführt. In der Mehrzahl der
Jahre mit extremst sonnigen und trockenen Sommern, überschreitet der GNDI
der vorhergehenden Winter - Frühlings - Übergangsperiode einen Wert von 20. Es
wurde weder ein Zusammenhang mit der NAO noch mit der AO und den extremen
Sommern gefunden.

Jedoch wurden nicht alle extremst sonnigen und trockenen Sommer im Un-
tersuchungsgebiet und dem analysierten Zeitraum in der vorhergehenden Winter
- Frühlings - Übergangsperiode präkonditioniert. Einer der extremsten Sommer
im Beobachtungszeitraum war der Sommer 1983. Die vorhergehende Winter -
Frühlings - Übergangsperiode war aber eher feucht und bewölkt. Jedoch trat im
Winter vor diesem Ereignis (1982/83) ein extrem starkes El Niño Ereignis auf.
Auf der anderen Seite gab es in 2011 eine ungewöhnlich sonnige und trockene
Winter - Frühlings - Übergangsperiode, auf die aber ein eher feuchter Sommer
mit durchschnittlicher solarer Einstrahlung folgte. Im Winter zuvor (2010/11)
trat ein extrem starkes La Niña Ereignis auf. Dies führt zu der Schlussfolgerung,
dass extrem starke ENSO Ereignisse das europäische Klima auf der saisonalen
Skala beeinflussen können: Starke El Niño Ereignisse können extreme Sommer
verursachen. Starke La Niña Ereignisse können Signale erzeugen, die das Poten-
tial haben, die Verbindung zwischen sonnigen und trockenen Winter - Frühlings
- Übergangsperioden und den darauffolgenden Sommern zu stören. Im Kontext
extrem heißer und trockener Sommer in Zentraleuropa zeigen diese Ergebnisse
Folgendes:

• Zusätzlich zur Dominanz antizyklonaler Drucksysteme in der atmosphärischen
Zirkulation und den Wechselwirkungen zwischen Landoberfläche und Atmo-
sphäre, ist ENSO ein weiterer wichtiger Faktor für die Entwicklung extremer
Sommer in Zentraleuropa.

• Durch ENSO ausgelöste Effekte haben das Potenzial die Verbindungen zwis-
chen der Winter - Frühlings - Übergangsperiode und dem darauf folgenden
Sommer bezüglich des Zusammenspiels von atmosphärischer Zirkulation und
Wechselwirkungen zwischen Landoberfläche und Atmosphäre, welche für die
Entwicklung extrem heißer und trockener Sommer verantwortlich sind, zu
zerstören.
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Mit dem in dieser Arbeit entwickelten Zentraleuropäischen Dürreindex (CEDI)
werden der Grönland - Nordsee - Dipol, der die Präkonditionierung in der Win-
ter - Frühlings - Übergangsperiode repräsentiert, und La Niña, als Ursache für
die potenzielle Störung dieser Präkonditionierung, bzw. El Niño, als ein weiterer
potenzieller Auslöser für extrem heiße und trockene Sommer, kombiniert. Mithilfe
des CEDI können die extremst heißen und trockenen Sommer (obere 10% Perzen-
tile) und einer der extremen Sommer (obere 20% Perzentile) in Zentraleuropa
richtig ”nachhergesagt” werden.

Die Tests der in Abschnitt 1.3 aufgestellten Hypothesen führt also zu folgenden
Ergebnissen:

• H1 Extrem heißen (und damit sonnigen) und trockenen Sommer in Zen-
traleuropa gehen oft Winter - Frühlings - Übergangsperioden voraus, die eine
positive Solarstrahlungsanomalie und eine negative Niederschlagsanomalie
aufweisen.

• H2 Extrem heißen (und damit sonnigen) und trockenen Sommer in Zen-
traleuropa gehen charakteristische atmosphärische Muster der Druckanoma-
lie voraus, die den Solarstrahlungsüberschuss und das Niederschlagsdefizit in
der vorhergehenden Winter - Frühlings - Übergangsperiode bestimmen.

Beide Hypothesen können also bestätigt werden, unter der Voraussetzung dass,
starke ENSO Ereignisse berücksichtigt werden. Extrem starke El Niño Ereignisse
können, zur Entwicklung von extremst sonnigen und trockenen Sommern in Zen-
traleuropa führen, welche nicht in der vorhergehenden Winter - Frühlings - Über-
gangsperiode präkonditioniert wurden. Extrem starke La Niña Ereignisse haben
das Potenzial die Verbindung zwischen Winter - Frühlings - Übergangsperioden
und dem folgenden Sommer zu stören. Und zwar in dem Sinne, dass einer ver-
meintlichen Präkonditionierung ein Sommer mit durchschnittlicher Solarstrahlung
und durchschnittlichen Niederschlagsmengen folgt.

Die Ergebnisse dieser Arbeit tragen zu einem besseren Verständis der En-
twicklung extremer Sommer in Zentraleurope bei und sind daher ein wertvoller
Beitrag zur Verbesserung der sommerlichen Jahreszeitenvorhersage für dieses Ge-
biet. Weiterhin kann aufgrund der Ergebnisse erwartet werden, dass der neu en-
twickelte CEDI einen wesentliche Beitrag zur Entwicklung eines Frühwarnsystems
für extrem heiße und trockene Sommer leisten kann.
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Lüst, R. (1992). Remote sensing from space: the European Space Agency’s achieve-
ments and current programmes. International Journal of Remote Sensing , 13(6-
7), 1023–1034.

Makowski, K., Jaeger, E., Chiacchio, M., and Wild, M. (2009). On the relation-
ship between diurnal temperature range and surface solar radiation in Europe.
Journal of Geophysical Research, 114. DOI:10.1029/2008JD011104.

Markovic, M., Jones, C., Winger, K., and Paquin, D. (2009). The surface radiation
budget over North America: gridded data assessment and evaluation of regional
climate models. International Journal of Climatology . DOI: 10.1002/joc.1860.

Mc Cutcheon, S., Martin, J., and Barnwell, T. (1992). Water quality. Maidment,
D.R. (ed): Handbook of Hydroloy . McGraw-Hill, Inc.

Meehl, G. and Tebaldi, C. (2004). More intense, more frequent, and longer
lasting heat waves in the 21st century. Science, 305(5686), pp.994 – 997.
DOI:10.1126/science.1098704.

Muecke, H.-G. and Becker, P. (2008). Klimawandel und Gesundheit - In-
formationen zu den gesundheitlichen Auswirkungen sommerlicher Hitze und
Hitzewellen und Tipps zum vorbeugenden Gesundheitsschutz. http://www.

umweltbundesamt.de/publikationen/ratgeber-klimawandel-gesundheit.
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Träger-Chatterjee, C., Müller, R. W., Trentmann, J., and Bendix, J. (2010). Eval-
uation of ERA-40 and ERA-interim re-analysis incoming surface shortwave radi-
ation datasets with mesoscale remote sensing data. Meteorologische Zeitschrift ,
19(6), 631–640. DOI:10.1127/0941-2948/2010/0466.
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