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Abstract

Heat waves are meteorological extreme events with health and socio-economic impacts.
In a changing climate, these events are expected to increase. State-of-the-art numerical
weather prediction models are able to forecast the occurrence of heat waves. However,
onset, duration, decay and magnitude of these events are still challenging for predic-
tion models and basic understanding of the formation and maintenance of heat waves
is still not complete. Therefore, this thesis investigates how high near-surface tempera-
tures during heat waves and the associated upper-tropospheric circulation patterns evolve.

Furthermore, the predictability of selected heat wave cases is studied.

The first case study analyses the late summer heat wave over Europe in 2016. Cen-
tral, western and southwestern Europe are primarily affected by the high temperatures.
Seville, Spain, for example, experience the highest September temperature on record on
05 September 2016, reaching a maximum of 44.8°C, and temperatures in Trier, Ger-
many, reaches 34.2°C on 13 September 2016. The heat wave is marked by three distinct
peaks, accompanied by record-breaking values for 500-hPa geopotential heights and, to a
lesser extent, 850-hPa temperatures. These peaks are associated with the arrival of high-
amplitude Rossby wave packets in western Europe. The latter originates several days
before the event over western North America. During the three peaks of the heat wave,
subsidence and the ensuing adiabatic compression in the free atmosphere in combination
with boundary layer processes, rather than local temperature advection, are instrumental
in the occurrence of the extreme temperature episodes. Operational ensemble forecasts
show, with respect to the model climatology, the highest probabilities for extreme tem-

peratures in Trier, followed by Seville and Bordeaux.

The development of high near-surface temperatures during heat waves is investigated
in a climatological analysis across different climates in Europe for the period 1979-2016.
Heat waves are defined using a percentile-based index and the main processes quantified
along trajectories are adiabatic compression by subsidence and local and remote diabatic
processes in the upper- and lower troposphere. This Lagrangian analysis is complemented
by an Eulerian calculation of horizontal temperature advection. During typical summers

in Europe, one or two heat waves occur with an average duration of five days. Whereas
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high near-surface temperatures over Scandinavia are accompanied by omega-like block-
ing structures at 500 hPa, heat waves over the Mediterranean are connected to comparably
flat ridges. Tracing air masses backwards from the heat waves, three trajectory clusters
with coherent thermodynamic characteristics, vertical motions, and geographic origins
are identified. In all regions, horizontal temperature advection is rather negligible. In two
of the three clusters, subsidence in the free atmosphere is very important in establishing
high temperatures near the surface, while the air masses in the third cluster are warmed
primarily due to diabatic heating near the surface. Large interregional differences occur
between the British Isles and western Russia. Over the latter region, near surface trans-
port and diabatic heating appear to be very important in determining the intensity of the
heat waves, whereas subsidence and adiabatic warming are of first order importance for
the British Isles. Although the large-scale pattern is quasi-stationary during heat wave
days, new air masses are steadily entrained into the lower troposphere during the life cy-
cle of a heat wave. Overall, the results of this analysis provide a guideline as to which
processes and diagnostics weather and climate studies should focus on to understand the
severity of heat waves.

The climatological analysis of high-near surface temperatures during heat waves is
followed by a Lagrangian analysis of upper-tropospheric anticyclones that are connected
to surface heat waves in different European regions for the period 1979 to 2016. In order
to elucidate the formation of these anticyclones and the role of diabatic processes, air
parcels are traced backwards from the upper-tropospheric anticyclones and the diabatic
heating in these air parcels is quantified. Around 25-45% of the air parcels are diabat-
ically heated during the last three days prior to their arrival in the upper-tropospheric
anticyclones and this amount increases to 35-50% for the last seven days. The influence
of diabatic heating is larger for heat wave-related anticyclones in northern Europe and
western Russia and smaller in southern Europe. Interestingly, the diabatic heating oc-
curs in two geographically separated air streams. Three days prior to arrival, one heating
branch (remote branch) is located above the western North Atlantic and the other heat-
ing branch (nearby branch) is located over nortwestern Africa/Europe to the southwest
of the target upper-tropospheric anticyclone. The diabatic heating in the remote branch
is related to warm conveyor belts in North Atlantic cyclones upstream of the evolving
upper-level ridge. In contrast, the nearby branch is diabatically heated by convection, as
indicated by elevated mixed-layer convective available potential energy along the west-
ern side of the matured upper-level ridge. Most European regions are influenced by both
branches, whereas western Russia is predominantly affected by the nearby branch. The
remote branch predominantly affects the formation of the upper-tropospheric anticyclone,
and therefore of the heat wave, whereas the nearby branch is more active during its main-

tenance. For long-lasting heat waves, the remote branch regenerates. The results from



this study show that the dynamical processes leading to heat waves may be sensitive
to small-scale microphysical and convective processes, whose accurate representation in
models is thus supposed to be crucial for heat wave predictions on weather and climate
time scales.

The thesis closes with the predictability of a long-lasting heat wave, which affected
large parts of Central Europe from 24 July to 09 August 2018. Both 3- and 7-day opera-
tional forecasts often underestimate 2-m temperatures averaged over the heat wave area.
Errors on the 7-day time scale are related to upper-tropospheric dynamics, as shown by
a consistent underestimation of 500-hPa geopotential height. However, 500-hPa geopo-
tential height errors are considerably reduced in 3-day forecasts and for this lead time,
prediction errors are related to physical processes along trajectories. In a new and unique
approach that is based on a combination of trajectories from reanalysis and predictions,
it is found that 2-m temperature errors of 3-day forecasts are mostly due to diabatic pro-
cesses in the planetary boundary layer. In forecasts underestimating 2-m temperature,
the diabatic heating along trajectories between 12 and 18 UTC is considerably underesti-
mated. The temperature error at the location of the heat wave is confined to the planetary

boundary layer and substantially reduced in the free atmosphere.
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Kurzfassung

Hitzewellen sind meteorologische Extremereignisse mit gesundheitlichen und soziotko-
nomischen Auswirkungen. In einem sich verdndernden Klima ist zu erwarten, dass diese
Ereignisse zunehmen werden. Modernste numerische Wettervorhersagemodelle sind in
der Lage, das Auftreten von Hitzewellen vorherzusagen. Beginn, Dauer, Ende und Aus-
malf} der Ereignisse stellen jedoch nach wie vor eine Herausforderung fiir die Vorhersa-
gemodelle dar und das grundlegende Verstindnis der Entstehung und Aufrechterhaltung
von Hitzewellen ist noch immer nicht vollstindig. Daher wird in dieser Arbeit unter-
sucht, wie sich hohe oberflichennahe Temperaturen wihrend Hitzewellen und die damit
verbundenen obertroposphirischen Zirkulationsmuster entwickeln. Dariiber hinaus wird

die Vorhersagbarkeit ausgewdhlter Hitzewellen untersucht.

Die erste Fallstudie analysiert die spatsommerliche Hitzewelle iiber Europa im Jahr
2016. Mittel-, West- und Siidwesteuropa sind in erster Linie von den hohen Tempera-
turen betroffen. Sevilla (Spanien) erlebt am 5. September 2016 mit 44,8°C die hochste
jemals gemessene Temperatur im September und in Trier (Deutschland) erreichen die
Temperaturen am 13. September 2016 34,2°C. Die Hitzewelle ist durch drei deutliche
Spitzenwerte gekennzeichnet, begleitet von Rekordwerten der geopotentiellen Hohe in
500 hPa und, in geringerem Malle, der Temperatur in 850 hPa. Diese Spitzenwerte ste-
hen im Zusammenhang mit der Ankunft von hochamplitudigen Rossby-Wellenpaketen
in Westeuropa. Letztere entstehen einige Tage vor dem Ereignis liber dem Westen Nord-
amerikas. Wihrend der drei Peaks der Hitzewelle ist nicht die lokale Temperaturadvek-
tion, sondern das Absinken und die daraus resultierende adiabatische Kompression in
der freien Atmosphére in Kombination mit Grenzschichtprozessen fiir das Auftreten der
extremen Temperaturepisoden verantwortlich. Operationelle Ensemblevorhersagen zei-
gen in Bezug auf die Modellklimatologie die hochsten Wahrscheinlichkeiten fiir extreme

Temperaturen in Trier, gefolgt von Sevilla und Bordeaux.

Die Entwicklung hoher oberflichennaher Temperaturen wihrend Hitzewellen wird
fiir den Zeitraum von 1979 bis 2016 fiir verschiedene Klimazonen in Europa analysiert.
Hitzewellen werden mit Hilfe eines auf einem Perzentil basierenden Index definiert und

die Hauptprozesse, die entlang der Trajektorien quantifiziert werden, sind die adiabati-
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sche Kompression durch Absinken sowie lokale und entfernte diabatische Prozesse in
der oberen und unteren Troposphire. Diese Lagrangesche Analyse wird durch eine Eu-
ler’sche Berechnung der horizontalen Temperaturadvektion ergdnzt. Wihrend typischer
Sommer in Europa treten ein oder zwei Hitzewellen mit einer durchschnittlichen Dau-
er von fiinf Tagen auf. Wihrend hohe oberflachennahe Temperaturen liber Skandinavien
von omega-dhnlichen Verteilungen der geopotentiellen Hohe in 500 hPa begleitet wer-
den, sind Hitzewellen {iber dem Mittelmeer mit vergleichsweise flachen Riicken verbun-
den. Wenn die Luftmassen von den Hitzewellen riickwirts verfolgt werden, konnen drei
Trajektoriencluster mit kohdrenten thermodynamischen Eigenschaften, vertikalen Bewe-
gungen und geographischen Urspriingen identifiziert werden. In allen Regionen ist die
horizontale Temperaturadvektion eher vernachlédssigbar. In zwei der drei Cluster ist das
Absinken in der freien Atmosphére sehr wichtig, um hohe Temperaturen nahe der Ober-
flache zu erzeugen, wihrend sich die Luftmassen im dritten Cluster hauptsichlich auf-
grund der diabatischen Erwédrmung nahe der Oberfliche erwidrmen. Grof3e interregionale
Unterschiede treten zwischen den Britischen Inseln und Westrussland auf. In der letzt-
genannten Region scheinen oberflaichennaher Transport und diabatische Erwdrmung sehr
wichtig fiir die Bestimmung der Intensitédt der Hitzewellen zu sein, wihrend fiir die Bri-
tischen Inseln Absinken und adiabatische Erwdrmung von Bedeutung sind. Obwohl das
grofriumige Muster wihrend der Hitzewellentage quasi-stationdr ist, werden wihrend
des Lebenszyklus einer Hitzewelle stindig neue Luftmassen in die untere Troposphire
transportiert. Insgesamt bieten die Ergebnisse dieser Analyse einen Leitfaden, auf wel-
che Prozesse und Diagnoseverfahren sich Wetter- und Klimastudien konzentrieren soll-
ten, um die Schwere von Hitzewellen zu verstehen.

Auf die klimatologische Analyse hoher Oberflichentemperaturen wéihrend Hitzewel-
len folgt eine Lagrangesche Analyse von obertroposphérischen Antizyklonen, die in ver-
schiedenen europdischen Regionen im Zeitraum von 1979 bis 2016 mit bodennahen Hit-
zewellen in Verbindung stehen. Um die Bildung dieser Antizyklonen und die Rolle diaba-
tischer Prozesse zu kldren, werden Luftpakete riickwérts von den obertroposphirischen
Antizyklonen verfolgt und das diabatische Heizen in diesen Luftpaketen quantifiziert.
Etwa 25-45% der Luftpakete werden in den letzten drei Tagen vor ihrer Ankunft in den
obertroposphirischen Antizyklonen diabatisch geheizt, und dieser Anteil steigt in den
letzten sieben Tagen auf 35-50%. Der Einfluss des diabatischen Heizens ist bei hitzewel-
lenbedingten Antizyklonen in Nordeuropa und Westrussland grofer und in Siideuropa
kleiner. Interessanterweise findet das diabatische Heizen in zwei geographisch getrenn-
ten Luftstromen statt. Drei Tage vor der Ankunft befindet sich ein diabatisch geheiz-
ter Luftstrom (entfernter Luftstrom) iiber dem westlichen Nordatlantik und der andere
diabatisch geheizte Luftstrom (nahe gelegener Luftstrom) iiber Nordwestafrika/Europa

siidwestlich der obertroposphirischen Zielantizyklone. Das diabatische Heizen im ent-
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fernten Luftstrom steht im Zusammenhang mit warm conveyor belts in nordatlantischen
Zyklonen stromaufwirts des sich entwickelnden obertroposphirischen Riickens. Im Ge-
gensatz dazu wird der nahegelegene Luftstrom durch Konvektion diabatisch geheizt, was
durch eine erhohte konvektiv verfiigbare potenzielle Energie entlang der Westseite der
starker ausgepriagten obertroposphirische Antizyklone deutlich wird. Die meisten eu-
ropdischen Regionen werden von beiden Luftstromen beeinflusst, wiahrend Westrussland
iiberwiegend vom nahe gelegenen Luftstrom betroffen ist. Der entfernte Luftstrom be-
einflusst vorwiegend die Bildung der obertroposphirischen Antizyklone und damit der
Hitzewelle, wihrend der nahe Luftstrom wéhrend der Aufrechterhaltung der Antizyklo-
ne aktiver ist. Bei lang anhaltenden Hitzewellen regeneriert sich der entfernte Luftstrom
wieder. Die Ergebnisse dieser Studie zeigen, dass die dynamischen Prozesse, die zu Hit-
zewellen fiihren, moglicherweise empfindlich auf kleinskalige mikrophysikalische und
konvektive Prozesse reagieren, deren genaue Darstellung in Modellen daher fiir die Vor-
hersage von Hitzewellen auf Wetter- und Klimazeitskalen entscheidend sein diirfte.

Die Arbeit schliet mit der Vorhersagbarkeit einer lang anhaltenden Hitzewelle, die
vom 24. Juli bis zum 9. August 2018 weite Teile Mitteleuropas erfasste. Sowohl 3- als
auch 7-tdgige operationelle Vorhersagen unterschitzen oft die {iber das Gebiet der Hit-
zewelle gemittelten 2-m-Temperaturen. Fehler auf der 7-Tage-Zeitskala hingen mit der
Dynamik in der oberen Troposphire zusammen, wie eine konsistente Unterschitzung
der geopotentiellen Hohe von 500 hPa zeigt. Allerdings sind die Fehler von 500 hPa
geopotentieller Hohe bei 3-Tages-Vorhersagen erheblich reduziert, und fiir diese Vor-
laufzeit hiangen die Vorhersagefehler mit physikalischen Prozessen entlang der Trajek-
torien zusammen. In einem neuen und einzigartigen Ansatz, der auf einer Kombination
von Trajektorien aus Reanalysen und Vorhersagen basiert, wird festgestellt, dass 2-m-
Temperaturfehler von 3-Tages-Vorhersagen hauptsidchlich auf diabatische Prozesse in der
planetaren Grenzschicht zuriickzufiihren sind. Bei Vorhersagen, die die 2-m-Temperatur
unterschitzen, wird die diabatische Erwdrmung entlang von Trajektorien zwischen 12
und 18 UTC erheblich unterschitzt. Der Temperaturfehler am Ort der Hitzewelle ist auf

die planetare Grenzschicht beschrinkt und in der freien Atmosphire deutlich reduziert.
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Chapter 1
Introduction

Heat waves are periods of unusually warm temperatures at the surface above a particular
threshold (Robinson, 2001). Recent long-lasting and intense heat waves in Europe oc-
curred in 2003, 2010, 2015, 2018, and 2019. In 2003, mean summer (June, July and Au-
gust) temperatures exceeded 5 standard deviations compared to the climatological values
for 1961-1990 (Schir et al., 2004). A long-lasting heat wave dominated nearly the entire
summer of 2010 in Russia with new all-time temperature records (Grumm, 2011). The
intense heat wave in 2015 affected many regions in Europe (Dong et al., 2016) and was
accompanied by unusually cold sea surface temperatures in the North Atlantic (Duchez
et al., 2016), and in 2018, large parts north of 30°N were affected by several concurrent
heat waves (Kornhuber et al., 2019; Vogel et al., 2019). During a heat wave in July 2019,
many parts of western and central Europe exceeded daily maximum temperatures of 40°C

and some countries registered new temperature records (DWD, 2019).

Heat waves are natural hazards and lead to various impacts on society, economy and
ecology (Fink et al., 2004; Robine et al., 2008; Seneviratne et al., 2012; WMO and WHO,
2015; Horton et al., 2016; Xu et al., 2016). The concurrent heat waves in 2018 led to
deaths, wildfires, crop losses and power shortages in many countries (Vogel et al., 2019).
High temperatures reduce labour capacity, especially of people working outdoors (Watts
et al., 2018). As an example for the agricultural sector, a reduction of labour capacity
leads to smaller harvests for farmers (Watts et al., 2018) and thus increased prices for
consumers. During the 2012 heat wave in the United States, crop failures of maize led to
a worldwide increase of corn prices (Chung et al., 2014). High temperatures and reduced
precipitation amounts lead to water shortages and stress for plants (UNEP, 2004), in-
creasing the probability of forest fires, as for example during the extreme 2010 heat wave
in Russia (Gilbert, 2010). A long-lasting heat and drought period led to wildfires over
California in 2017 and costed the re-insurances 13 billion US-Dollar (MunichRe, 2018).

Forest fires enhance the climate-carbon feedback cycle leading to a higher atmospheric



CO, content (Frank et al., 2015). Heat waves can also accelerate glacier melt (Fink et al.,
2004), for example, the 2003 heat wave led to a 10% decrease of glacier mass in Europe
(UNEP, 2004).

In the view of global warming, heat waves are particularly relevant. According to
the 5th Intergovernmental Panel on Climate Change (IPCC) report, it is virtually certain
(99-100% probability, cf. Mastrandrea et al., 2010) that heat waves in Europe will be
more frequent and intense at the end of the twenty-first century (Collins et al., 2013).
Observations show an accelerated increase in mean surface temperatures over Europe
since the middle of the twentieth century and observational studies hint at an already

elevated probability of heat waves in this region (Hartmann et al., 2013).

Due to the various impacts of heat waves and projected increase of these events in a
changing climate, it is pivotal to correctly understand the physical processes leading to
the formation and maintenance of heat waves (Messori et al., 2018). Improved process
understanding helps to improve weather forecasting systems that are relevant to warn,
amongst others, the general public, economy or transport. Although current weather
forecasting systems are able to predict the occurrence of heat waves within a one-week
lead time, onset and duration, as well as the intensity of heat waves are still challenging
for current forecast models (Weisheimer et al., 2011; Lavayasse et al., 2018; Magnusson
et al., 2018).

A heat wave is a meteorological phenomenon including a variety of temporal and spa-
tial scales. On the planetary scale, strong Rossby wave activity in the upper troposphere
leads to perturbations in the meridional flow (Schubert et al., 2011; Lau and Kim, 2012)
and transports hot air from south to north and cold air from north to south (Lackmann,
2011). Embedded in these upper-tropospheric waves, synoptic-scale upper-tropospheric
anticyclones are steered by the waves. These anticyclones are often co-located with heat
waves, especially when anticyclones become persistent (Pfahl and Wernli, 2012). Pro-
cesses within the air masses of the anticyclones, e.g. warm air advection, subsidence,
diabatic heating, become more relevant for the development of the local heat wave (Bieli
et al., 2015). In the lower troposphere and at the location of the heat wave, meso-scale
processes, especially land-atmospheric feedbacks, can further amplify near-surface tem-
peratures (Fischer et al., 2007).

This chain of processes is the research area of the project, in which this thesis is em-
bedded. The focus of this thesis is on the synoptic- and meso-scale dynamics of European

heat waves with following main research aims:

A Determine processes leading to high near-surface temperatures during heat

waves.




B Determine processes leading to upper-tropospheric anticyclones associated

with heat waves.

C Analyse predictability and predictive skill of near-surface temperatures dur-

ing heat waves.

\ J

At first, the thesis provides a review of existing literature on the definition of heat
waves (section 2.1), on physical processes leading to heat waves (section 2.2) and on
the predictability and predictive skill of the events (section 2.3). Then, specific research
questions are raised and motivated in order to reach the main research aims A—C. Subse-
quently, data and methods are described in Chapter 4. Chapters 5 and 6 address research
aim A, Chapter 7 addresses research aim B and Chapters 5 and 8 address research aim C.

The thesis closes with a summary and avenues for further research in Chapters 9 and 10.






Chapter 2
Literature review

This chapter reviews the current scientific knowledge on aspects of heat waves relevant
for this thesis. Section 2.1 starts with a discussion on the definition of heat waves and
presents commonly used heat wave indices. In the second part of the literature review,
relevant process contributing to the development of heat waves are discussed: the gen-
eral concept of potential vorticity is introduced in subsection 2.2.1, followed by a brief
overview of the role of Rossby wave packets (subsection 2.2.2) and a more thorough
discussion on the upper-tropospheric anticyclonic systems associated with heat waves
(subsection 2.2.3), the evolution of high near-surface temperatures during heat waves
(subsection 2.2.4) and land-atmospheric feedbacks (subsection 2.2.5). The literature re-

view closes with relevant aspects on the predictability of heat waves in section 2.3.

2.1 Heat wave definitions

Depending on the meteorological variable or the type of impact, a heat wave can be
defined in many different ways (Horton et al., 2016). In general, heat wave definitions
should reflect the intensity, duration and frequency of the events. They are typically
based on a type of temperature, e.g. maximum temperature, but can also include humidity
(Perkins, 2015). Interesting characteristics deduced from the definitions are, for example,
number of heat wave days, whether heat waves increase due to global warming, or how
these events impact on human health, agriculture, wildfire, or power. The remainder of
this section gives an overview of commonly used indices and closes with a description of
the heat wave index utilised in this thesis.

The definition of heat waves can be divided into the following two groups: absolute
and relative thresholds. Absolute thresholds are more suitable for assessing societal im-
pacts (Horton et al., 2016). For example, the index “apparent temperature” is based on

temperature and relative humidity and reflects the effects of heat stress on the human
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body'. The disadvantage of an absolute threshold is that the identified heat waves cannot
be compared across different climates. To circumvent this disadvantage, relative thresh-
olds, e.g. percentiles, reflect the local climate and, when calculated for each calendar-day
individually, consider the seasonal cycle. This kind of heat wave definition is therefore

applicable to all seasons (Perkins, 2015).

A first major global framework to establish international recognised measures for ex-
treme indices was the formation of the Expert Team on Climate Change Detection (ETC-
CDI, Alexander et al., 2006) under the umbrella of the World Meteorological Organisa-
tion (WMO). In this framework, a couple of measures, e.g. maximum daily maximum
temperature (i.e. highest annual or seasonal daily maximum temperature), annual occur-
rence of summer days (maximum temperatures above 25°C), were developed. Moreover,
workshops were organised to increase data availability especially in data-sparse coun-

tries. This helped to compare the occurrence of heat waves across the globe.

Apart from the ETCCDI, many studies develop their own definitions and some of
them are presented in the following. Meehl and Tebaldi (2004) introduce two concepts
of heat indices. At first, the "worst heat event” identifies the highest three consecutive
nighttime minimum temperatures. In their second concept, they define heat waves as the
longest period where following three conditions are fulfilled: (i) daily maximum tem-
perature above the 97.5™ percentile for at least three days, (ii) average daily maximum
above the 97.5" percentile for all days and (iii) daily maximum temperature above the
81 percentile for all days. Fischer and Schir (2010) define heat waves as periods in
which the 90™ percentile is exceeded for at least six consecutive days. In order to ac-
count for the seasonal cycle, the 90" percentile is calculated for every calendar day with
a 15-day running mean. Deduced from this index, they identify average annual frequency
and number of heat waves, as well as mean hottest summer temperatures and durations
of the longest heat waves. To discard individual hot grid points, Stefanon et al. (2012)
utilise a minimum spatial threshold. Nairn and Fawcett (2013) introduce the excess heat
factor and define heat waves as periods of at least three consecutive days, where the aver-
age maximum and minimum temperature exceeds the 95" percentile and is anomalously
warm compared to the preceding 30 days.

In order to reduce the number of existing heat wave indices, Perkins and Alexander
(2013) and Perkins et al. (2012) initiate a framework and define a heat wave based on
three measures: daily minimum temperature, daily maximum temperature and the excess
heat factor (Nairn and Fawcett, 2013). The measures must exceed their calendar-day 90™
percentiles for at least three successive days. Based on these measures, different heat

wave characteristics can be deduced: number of discrete events, onset/decay of events,

Thttps://www.ncdce.noaa.gov/societal-impacts/apparent-temp/app-temp, last accessed: 28 April 2020
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average heat wave magnitude, heat wave days and others (Fig. 2.1).
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Figure 2.1: Multi-characteristic framework for heat waves based on Perkins and Alexander
(2013) and Perkins et al. (2012). The schematic shows a 55-day time series of
temperature and the threshold value (90" percentile, blue line) that must be
exceeded to detect a heat wave. Four discrete heat wave events occur (HWN,
heat wave number), the longest heat wave lasts 10 days (HWD, heat wave
duration), number of heat wave days is the sum of all events (HWF), heat wave
amplitude is the hottest day of the event with the hottest average (HWA, heat
wave amplitude) and the heat wave magnitude is the average temperature across
all four events (HWM, heat wave magnitude). Reprinted from Perkins (2015),
© 2015, with permission from Elsevier.

Recently, Russo et al. (2015) proposed the Heat Wave Magnitude Index daily, ab-
breviated HWMId, which is applicable to different climates. The HWMId combines
duration and magnitude of a heat wave. The duration is defined as a period of at least
three consecutive days above a threshold. For a certain day d, this threshold is calculated

as the 90" percentile of the following days (set Ay):

2010 d+15

A= U U T 2.1
y=1981 i=d—15
where (J denotes the union of sets and Ty ; the maximum daily temperature of day 1
in yeary.

The magnitude M, of a given heat wave day is calculated as follows:
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Tq — Taoyosp
Ma(T4) = § Tsoyrsp — Ta0y25p
0 if Ty < Tsoyosp,

it Ty > Taoyosp 2.2)

where T, denotes the maximum daily temperature and Tsqy75, (T30y25p) the 75™ (25™)
percentile of annual maximum temperatures of the reference period 1981-2010. The
magnitude of the heat wave is the sum of all days compositing the heat wave.

When calculating the magnitude of the heat wave, only intense heat waves are consid-
ered because temperatures must exceed the 25" percentile of annual maximum temper-
atures. Therefore, magnitudes can only be derived for summer heat waves. A HWMId
of 1 implies that the temperature Tq is equal to Tsy75, and a magnitude of 5 that the
temperature anomaly is 5 times the inter quartile range (denominator in Eq. 2.2). Based
on HWMId, the five strongest heat waves are the heat waves in Russia (2010), Central
Europe (2003), Finland (1972), United Kingdom (1976) and Norway (1969; cf. Tab. 1 in
Russo et al., 2015).

2.2 Processes

Heat waves are preceded by processes on different temporal and spatial scales, as men-
tioned in the Introduction. This section presents the different processes, starting with
the planetary- and synoptic-scale and continuing with the meso-scale feedbacks in the
boundary layer at the location of the heat wave. Planetary-scale processes are only briefly
discussed because this thesis focuses more on the synoptic- and meso-scale. The concept
of potential vorticity (PV) is firstly introduced, because processes on the planetary and

synoptic scale are often analysed using the PV concept.

2.2.1 The general concept of potential vorticity

PV was first described by Rossby (1940) and Ertel (1942) and is a quantity combining
the conservation of absolute circulation and mass (Hoskins, 2015). This can be better un-
derstood, when discussing the conserved quantities for a cylinder between two isentropic
surfaces (Fig. 2.2). Provided that no frictional or diabatic sources exist, the blue circuits
on the two isentropic surfaces remain on those surfaces and circulation C is conserved.

The circulation is defined as:

C=¢,- 08, (2.3)
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Figure 2.2: Schematic of a cylinder between two isentropic surfaces 8 and 0+4§6. dh indicates
the height of the cylinder and dS the intersections of the cyclinder with the
isentropic surfaces. The arrow indicates the sense of rotation and (, the vorticity
normal to the surface. Reprinted by permission from Springer Nature: Hoskins
(2015), © 2015.

where (,, is the vorticity normal to the isentropic surfaces. The second conserved

quantity is mass and defined as:

m = p-0dS - oh, (2.4)

where p denotes the density and 0h the height of the cylinder. The principle of PV
is obtained when dividing Eq. 2.3 by 2.4, and because both mass and circulation are

conserved, the term

C_ G

S (2.5)

is materially conserved. As an example, when the cylinder is stretched, dh is increas-

ing, and the vorticity (,, must increase. Multiplying Eq. 2.5 with 46 and since W@] = %,
PV is defined as:
]_ — —
PV =-(,- V0, (2.6)
p

where QZ is the absolute vorticity vector and V0 the three-dimensional gradient of po-
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tential temperature (Hoskins et al., 1985). The unit of PV is m? s7! Kkg~! and typically
converted to PV units (1PVU = 107¢ Kkg~ ! m?s™1).
In adiabatic, frictionless motions, PV is materially conserved, whereas in cases of

diabatic and frictional forces, the PV tendency equation reads:

dl;v - /1)@ VO + ;(ﬁ x F)- V6, (2.7)
where 0 is the diabatic heating rate and F the friction (Hoskins et al., 1985).
In the free atmosphere, frictional processes can be neglected and the material deriva-
tive of PV therefore depends only on the vertical gradient of potential temperature ten-
dencies. For synoptic-scale motions, PV changes are sufficiently described in pressure

coordinates as:

dPV oL
— —qg(, — 2.

where g is the acceleration due to gravity (Martin, 2006).

Hence, the vertical gradient of potential temperature tendencies is vital in synoptic-
scale systems. Figure 2.3 sketches a trajectory, starting from the lower troposphere and
ascending towards the upper troposphere. In the middle, a diabatic heating source is
added and, according to Eq. 2.8, PV is generated below the level of maximum diabatic

heating and destroyed above. This mechanism is further discussed in subsection 2.2.3.

2.2.2 Rossby wave packets

Weather in the midlatitudes is mainly driven by the westerlies in the upper troposphere,
the so-called jetstream (e.g. Hall et al., 2015). Meridional undulations from the zonal
jetstream are referred to as Rossby waves that transport energy, moisture and momentum
across the globe (Wirth et al., 2018). When amplitudes of Rossby waves are enhanced
in a longitudinally confined band, they are defined as Rossby wave packets (RWP, Wirth
et al., 2018). Figure 2.4 illustrates two main characteristics of RWPs: (i) they appear as
enhanced anomalies of the meridional wind in the upper troposphere and (ii) are typically
not circumglobal, even when anomalies are averaged over a period of 10 days.
Lower-tropospheric temperature extremes are often associated with high-amplitude
RWPs in the northern hemisphere, especially over the continents and during summer
(Fragkoulidis et al., 2018). The high-impact heat wave during summer 2003, affecting
large parts of western Europe (Fink et al., 2004; Trigo et al., 2005), was associated with a
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Figure 2.3: Schematic of trajectories (solid lines) ascending from the planetary boundary layer
to the upper troposphere. The positive sign indicates diabatic heating, hatched
and shaded regions indicate regions of diabatic heating. DP and D@ indicates
material derivatives of potential vorticity and potential temperature, respectively.
Figure taken from Wernli and Davies (1997). © 1997 John Wiley and Sons.

high amplitude, non-circumglobal RWP originating from western North America around
seven days prior to the heat wave and attaining the highest amplitude when hottest tem-
peratures in Europe were recorded (Fragkoulidis et al., 2018). Also, the 2010 heat wave
in Russia was associated with RWPs, but maximum temperatures were reached without
a strong RWP activity (Fragkoulidis et al., 2018), hence, processes on other temporal and

spatial scales are relevant.
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Figure 2.4: Rossby wave packet characteristics. 10-day mean (2-12 June 1988) of 300-hPa
meridional wind anomalies v' (colours). Figure taken from Fragkoulidis et al.
(2018). © 2018 John Wiley and Sons, CC-BY.
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2.2.3 Link between blocking and heat waves

Atmospheric blocks interrupt the prevalent westerlies in the upper troposphere and can
lead to a revearsal of the zonal flow in the middle and high latitudes (Tyrlis and Hoskins,
2008; Woollings et al., 2018). These systems can be identified based on absolute me-
teorological fields, e.g. geopotential height or potential vorticity, as well as deviations
from climatology, e.g. the zonal mean (Tibaldi and Molteni, 1990; Pelly and Hoskins,
2003; Barriopedro et al., 2010). When applying the PV-perspective, blocks are viewed as
quasi-stationary negative PV anomalies in the upper troposphere (Schwierz et al., 2004).
The persistent anticyclonic circulation of blocks drives subsidence, which leads to strong
heating of air masses due to adiabatic compression (Pfahl and Wernli, 2012). Further-
more, subsidence leads to clear-sky conditions and increased incoming solar radiation

(Trigo et al., 2004). Therefore, blocks provide conditions conducive to heat waves.

Atmospheric blockings are often linked to high-impact weather events. For example,
heat waves in Europe in summer 1976 (Green, 1977), in southern and southeastern USA
in 1980 (Karl and Quayle, 1981), in Russia in 2010 (Matsueda, 2011), but also cold spells,
e.g. the European winter of 2010 (Cattiaux et al., 2010), are associated with blockings.

Pfahl and Wernli (2012) investigated the statistical link between atmospheric block-
ing and temperature extremes in summer and found a robust connection between block-
ing and high temperature events over the northern hemisphere. Climatologically, sum-
mer blockings occur more frequently over the eastern parts of North Pacific and North
Atlantic, respectively, and less over western North America (Fig. 2.5a). The probabil-
ity of a co-located high temperature extreme and a block is higher for continents than
for oceans, and generally more pronounced for northern Europe compared to southern
Europe (Fig. 2.5b). Hence, there is a significant relation between blocking and high tem-
perature extremes. Schaller et al. (2018), using large climate model ensembles, demon-
strated that this relationship between heat waves and blocking will not be modified in
the future. However, high temperature extremes in southern Europe, especially over
the Iberian Peninsula, but also in parts of Central and western Europe are less influ-
enced by blockings, as climatologically shown by Sousa et al. (2018). In these regions,
heat waves are often caused by intense subtropical ridges extending to southern Europe
(Sousa et al., 2018) or by a displacement of a North Atlantic subtropical high to Cen-
tral Europe (Garcia-Herrera et al., 2010). In addition, a deep trough covering the North
Atlantic Ocean with an adjacent ridge downstream over the European continent can lead
to warm air mass advection from northern Africa and the Mediterranean basin (Cassou
et al., 2005).

Both blockings and subtropical ridges are associated with negative PV anomalies in

the upper troposphere (Schwierz et al., 2004). These anomalies are the result of isen-
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Figure 2.5: Blocking and high-temperature extremes. (a): Relative frequencies of north-
ern hemispheric summer blocking events. (b): Percentage of having a high-
temperature extreme and a co-located blocking. Reprinted by permission from
Springer Nature: Pfahl and Wernli (2012), © 2012.

tropic advection of low-PV air or cross-isentropic transport of low-PV air along moist
ascending air streams. The isentropic advection of low-PV air corresponds to (i) the
mechanism introduced by Yamazaki and Itoh (2013), in which blocking is maintained by
the absorption of synoptic-scale anticyclones or (ii) the quasi-adiabatic transport of air
from lower latitudes, often ahead of extratropical cyclones (e.g. Sanders and Gyakum,
1980; Colucci, 1985). In a Lagrangian framework, Pfahl et al. (2015) and Steinfeld and
Pfahl (2019) investigated the influence of diabatic heating, i.e. the cross-isentropic trans-
port of low-PV air along moist ascending airstreams, on the formation and maintenance
of blocking. Around 46% of the air masses in northern hemispheric blocks experience
latent heating by more than 2 K during the three days prior to their arrival in the block
(Fig. 2.6a) and this percentage increases up to 70% when considering a seven-day period
(Fig. 2.6b; Pfahl et al., 2015). The contribution of latent heating to the formation and
maintenance of blocking is not uniform. Latent heating is more important for the onset
than for the maintenance of the block (Pfahl et al., 2015). And in northern hemispheric
winter, the contribution of latent heating is much larger for blocks over the oceans than
for continental blocks, while in summer also continental blocks are substantially affected
by latent heating (Steinfeld and Pfahl, 2019).

Latent heating due to condensation of water vapour is not only restricted to the forma-
tion of blocking, it generally influences the upper-level ridge building and amplification
(e.g. Pomroy and Thorpe, 2000; Grams et al., 2011). In the midlatitudes, synoptic-scale

latent heating occurs within moist ascending air streams from the lower to the upper tro-
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Figure 2.6: Frequency distribution of PV anomaly three (a) and seven (b) days prior to the
arrival of the trajectories in the blocking region and maximum diabatic heating
during this periods. Colour shading represents frequency densities. The percent-
ages denote the three categories of trajectories defined by the red dashed lines.
Reprinted by permission from Springer Nature: Pfahl et al. (2015), © 2015.

posphere, so-called warm conveyor belts (WCBs) (Green et al., 1966; Harrold, 1973;
Browning et al., 1973). The outflow of the WCB produces negative PV anomalies at the
level of the midlatitude jetstream (cf. Fig. 2.3 and Eq. 2.8) and is therefore a key process
for upper-level ridge building (Madonna et al., 2014).

Recently, Quinting and Reeder (2017) analysed trajectories reaching upper-tropo-
spheric anticyclones during heat wave events in southeastern Australia. They emphasised
the influence of cloud-diabatic processes over a baroclinic zone to the south of the Aus-
tralian continent on the formation of upper-tropospheric anticyclones. Hence, diabatic
heating in ascending air streams, and therefore the cross-isentropic transport of low-PV
air from the lower to the upper troposphere is also crucial for ridge building in connection

to heat waves.

2.2.4 Evolution of lower-tropospheric high temperatures

Until now, it has been shown how Rossby wave packets and persistent upper-tropospheric
anticyclones are associated with heat waves at the surface. But this does not yet explain,
how this leads to high temperatures near the surface during heat waves. Therefore, a
theoretical derivation of possible processes leading to temperature changes is presented
first?, followed by a literature review on the evolution of near surface temperatures during

heat waves.

2the derivation follows Carlson (1994)
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The first law of thermodynamics relates temperature and pressure change and is, for

adiabatic processes (i.e. no exchange of heat with the environment, dq=0), given as:

1
dqg =0 = c,dT — ;dp, (2.9)

where ¢, is the specific heat of dry air at constant pressure (¢, = 1004Jkg~ ' K1),
p the density and dT and dp the differential of temperature and pressure, respectively.

Integrating Eq. 2.9 from p to py and using the ideal gas law yields the Poisson equation:

Ra/cp
T
<p> _ T (2.10)
Po
where Ry is the specific gas constant for dry air (Rq = 287 Jkg ' K~1). py is set to
1000 hPa and T(py) is defined as the potential temperature (6), i.e. the temperature of

an air parcel that is reached when compressing or expanding adiabatically to 1000 hPa.

Hence, the relation for temperature is

T:0<p>, @.11)
Po

where x = R,;/c,. Calculating the material derivative of Eq. 2.11 yields:

dr  do [ p\" Trkw
i - 2.12
dt  dt <p0> + p 2.12)
—_——
A B

where w is the vertical motion (w = ‘C%’, cf. Holton and Hakim, 2013). Eq. 2.12 is the
Lagrangian temperature tendency equation, i.e. following the motion of an air parcel, and
relates temperature changes to diabatic processes (term A) and adiabatic processes, i.e.
vertical motion (term B). Adiabatic processes do not exchange energy with the environ-
ment and the potential temperature change is zero, whereas diabatic processes exchange
energy with the environment. Possible examples of diabatic processes are, amongst oth-

ers, radiative heating/cooling, surface fluxes or latent heat release.
The temperature tendency equation can also be solved in an Eulerian approach, mean-

ing that the processes are calculated at a fixed location. The equation for that perspective

can be achieved by means of the Eulerian decomposition:
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dr 0T -

—=—+v-VT 2.13

dt ot UV ( )
By combining Egs. 2.12 and 2.13 and rearranging, the Eulerian temperature tendency

equation reads:

+ (2.14)

The term on the left side of Eq. 2.14 is the local time derivative of temperature and
the first term on the right side is temperature advection.

After the theoretical derivation of physical processes contributing to temperature
changes, it is now discussed what physical processes is relevant for the development of
high near-surface temperatures during heat waves. As shown in section 2.2.3, blocking
anticyclones are often associated with surface heat waves. The persistence of these anti-
cyclones is relevant for the intensity of the heat wave, because highest temperatures often
occur at a later stage of the heat wave (Kysely, 2008). Furthermore, the spatial distance
between the anticyclone and the heat wave also determines which process is most impor-
tant for the development of high temperatures. Subsidence and radiative forcing typically
dominates in the vicinity of the anticyclone, whereas advection of warm air masses be-
come more relevant when the anticyclone is spatially shifted from the center of the heat
wave (Chang and Wallace, 1987; Pfahl and Wernli, 2012; Pfahl, 2014; Sousa et al., 2018;
Woollings et al., 2018).

Warm air mass advection is often mentioned as an important reason of high temper-
atures near the surface. In that sense, high pressure systems induce a windflow from hot
and dry areas towards the heat wave region (Fink et al., 2004; Cassou et al., 2005; Hudson
et al., 2011; Pezza et al., 2012; Marshall et al., 2014; Miralles et al., 2014; Boschat et al.,
2015; Perkins, 2015; Schumacher et al., 2019). In a comprehensive study, Sousa et al.
(2018) quantified the contribution of advection, vertical motion and diabatic processes
to high near surface temperatures for heat waves in an Eulerian approach (cf. Eq. 2.14).
Figure 2.7 depicts the relevant processes for Central European heat waves and shows
that diabatic heating due to enhanced short-wave radiative fluxes is the most important
driver, followed by horizontal advection at the edge of the ridge, while subsidence is less
relevant.

Studying temperature extremes with Lagrangian trajectories gives insight into source
regions, typical transport patterns, and physical processes within the air masses (Black
et al., 2004; Bieli et al., 2015; Santos et al., 2015; Quinting and Reeder, 2017). Bieli
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Figure 2.7: Mechanisms leading to high near surface (850-1000 hPa) temperatures during
heat waves in Central Europe. Symbols indicate the highest contribution of
horizontal advection (O), vertical motion (@) and diabatic processes (X) to tem-
perature anomalies. Contours depict 500-hPa geopotential height anomalies (in
15dam increments, positive (negative) anomalies solid (dashed)) and grey ar-
rows show horizontal wind direction at 850 hPa. Reprinted by permission from
Springer Nature: Sousa et al. (2018), © 2018.

et al. (2015) focused on high and low temperature extremes in three European regions,
regardless of their duration, and showed that high temperature events are generally asso-
ciated with weaker temperature advection (Fig. 2.8) than cold temperature events but they
experience strong adiabatic warming by subsidence and enhanced surface radiation and
fluxes. Seven days before trajectories enter the heat wave area in Central Europe, some
are located in the far north near Greenland (Fig. 2.8). For these trajectories, tempera-
ture advection can not be a main contributor to high temperatures. Therefore, processes
changing the property of the air mass leading to heat waves are of primary importance.
Santos et al. (2015) studied temperature extremes occurring in different seasons over the
Iberian Peninsula, noting the importance of the Iberian heat low in summer and the sig-
nificant contribution of air parcel descent, radiative cooling in the free atmosphere and
near-surface warming. Lee and Grotjahn (2016) employed backward trajectories and
showed that adiabatic heating and horizontal advection were the main factors in deter-
mining the anomalous high temperatures in the lower troposphere above California. A
study focusing on heat waves in southeastern Australia emphasized the role of adiabatic
compression and deemphasized the role of local surface fluxes (Quinting and Reeder,
2017).

In summary, temperature advection is often mentioned as an important process that
leads to high near-surface temperatures during heat waves, especially in studies applying

Eulerian approaches. Trajectory-based studies, on the other hand, emphasise subsidence
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Figure 2.8: Trajectory densities (amount of trajectories per 1000 km?) four days prior to

high temperature extremes in Central Europe (green box), the purple contourline

denotes a density level of 0.2 seven days prior to hot extremes. Figure taken from
Bieli et al. (2015). © 2015 John Wiley and Sons.

and increased surface sensible heat fluxes. It is therefore not entirely clear at present

which process is most relevant.

2.2.5 Land-atmospheric feedbacks

In the planetary boundary layer (PBL), the air interacts with the surface by means of
evapotranspiration (e.g. evapotranspiration from land, including plant transpiration and
soil evaporation) and surface sensible/latent heat fluxes (Seneviratne et al., 2010). The
air-surface interaction is determined by land energy and water balances and both are con-
nected via evapotranspiration, which is highly sensitive to soil moisture content (Senevi-
ratne et al., 2010). Soil moisture is defined as the amount of water in the unsaturated
soil zone with respect to a predefined soil volume (Hillel, 1998; Seneviratne et al., 2010).
During periods of high soil moisture content, evapotranspiration is high and latent heat
fluxes exceed surface sensible heat fluxes. However, dry soil periods, which are more typ-
ical during heat waves, are characterised by a decrease of evaporation and therefore by an
increase in sensible heat fluxes, which in turn leads to a temperature increase (Seneviratne
et al., 2010; Alexander, 2011).

Observational studies have shown that extreme temperatures during heat waves in
southeastern Europe are strongly associated with a low soil and vegetation moisture con-
tent (Hirschi et al., 2011) and model studies confirm this relation also for other parts

in Europe (Fischer et al., 2007). As an example, a reduction of 100 mm in soil mois-
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ture increase maximum temperatures by up to 1.6 °C (Whan et al., 2015). Hence, land-
atmospheric feedbacks are relevant during heat waves and can further amplify extreme
temperaures.

Figure 2.9 shows a conceptual model of land-atmosphere interactions based on Mi-
ralles et al. (2014). During heat waves, soils are progressively desiccated and the PBL is
steadily heated by surface sensible heat fluxes. In addition, warm air entrainment from
aloft leads to a progressive build up of high temperatures in the PBL and an increase of
the PBL height (Miralles et al., 2014).

Since soil moisture is a slowly varying meteorological variable on the time scale of
weeks to months (Shukla and Mintz, 1982; Huang and van den Dool, 1993; D’ Andrea
et al., 2006), it may be a useful predictor for seasonal predictions. Indeed, various studies
have shown that a precipitation deficit, and therefore reduced soil moisture, in the months
before a heat wave increases the probability of this event (Della-Marta et al., 2007; Vau-
tard et al., 2007; Hirschi et al., 2011). This relation is particularly robust for southern
Europe, where dry winter and spring seasons are typically followed by an increased fre-
quency of hot days (Quesada et al., 2012). In contrast, when winter and spring season is
humid, the frequency of hot days is reduced event when circulation patterns conducive to

heat waves, e.g. blockings, occur (Quesada et al., 2012).

2.3 Predictability and predictive skill of heat waves

Before discussing the predictability of heat waves, the two important terms predictability
and predictive skill are discussed at first. The term predictability denotes “the extent to
which future states of a system may be predicted based on knowledge of current and past
states of the system” (American Meteorological Society, 2012). Predictive skill, on the
other hand, quantifies the ability of a model to predict a certain meteorological variable
(Robinson et al., 2002; Wang et al., 2018) using quantitative measures of forecast ability
(Wilks, 2011).

In 2010, western Russia was affected by a heat wave and this event was associated
with a persistent block (Matsueda, 2011). Although the block was well predicted up to 9
days lead time, the persistence of the block during the hottest period of the heat wave was
underestimated. And this in turn led to underestimated near-surface temperatures during
the heat wave. The reduced predictability during this period was due to uncertainties of
the upstream trough (Matsueda, 2011; Quandt et al., 2017). Other studies, focusing more
generally on the predictability of blocking, point towards the reduced predictability dur-
ing regime transitions, i.e. from a zonal to a meridional flow (Tibaldi and Molteni, 1990;

Pelly and Hoskins, 2006). In addition, the persistence of blocks in Europe is underesti-
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Figure 2.9: Schematic of land-atmosphere interactions during heat waves (ABL denotes at-
mospheric boundary layer). Red (blue) arrows indicate positive (negative) corre-
lation. Reprinted by permission from Springer Nature: Miralles et al. (2014), ©
2014.

mated since models tend to return too fast to the zonal flow (Ferranti et al., 2015).

De Perez et al. (2018) verified forecasts of high near-surface temperature extremes
globally and they show predictive skill up to 10 days in advance in large parts of east-
ern Europe, middle east, most of Russia and USA/Canada. Focusing more regionally on
Europe, models possess some skill to forecast heat waves in a two-week lead time, how-
ever, intensity, onset and decay of the events remain challenging (Lavayasse et al., 2018).
Underestimations of extreme temperatures can be attributed to errors in the coupling be-
tween soil moisture and near-surface temperature (Ford et al., 2018). The seasonal fore-
cast from the European Centre for Medium-Range Weather Forecasts (ECMWF) of the
2003 heat wave in Europe was improved due to better interactions between the dry soil
and local circulation patterns as well as changes in the convection scheme by increasing
convective inhibition, and hereby reducing precipitation (Weisheimer et al., 2011).

Magnusson et al. (2015) evaluated monthly to short-term operational ECWMF en-
semble forecasts of the 2015 heat wave in Europe. Figure 2.10 illustrates ensemble fore-
casts of 2-m temperature for Paris valid on 1 July 2015 12 UTC in comparison with the
model climate. The model climate is constructed of 9 consecutive re-forecasts, covering

a 5-week period centred around the initialisation time of the actual ensemble forecast
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(Owens and Hewson, 2018). Re-forecasts are initialised on Monday and Thursday and
calculated for the last 20 years with 11 ensemble members, and therefore, the model
climate consists of 1980 re-forecasts (20 years x 9 runs x 11 members). The monthly
forecast renders no added value since it simply resembles model climatology (Fig. 2.10).
Forecasts initialised on Monday 22 June, i.e. 9 days prior to the event, already hint at
higher temperatures, however, some members still predict lower temperatures. Three
days prior to the heat wave, on 27 June, the ensemble is more certain, albeit underesti-
mating observed temperature of around 36 °C in Paris. The underestimation of maximum
temperatures occurred also during the period 07 May to 12 August 2018 (Fig. 2.11),
when parts of Europe were affected by several heat waves (Magnusson et al., 2018). In
addition, minimum temperatures were overestimated in the same period (Fig. 2.11). The
underestimation of the diurnal cycle strongly affects forecasts of near-surface variables,
like temperature, humidity and wind. ECMWF has launched a project on this topic and
preliminary results on the underestimation of near-surface temperature indicate an insuf-
ficient temperature gradient in the lowest 200 m, as well as incorrect vertical mixing and
entrainment at the top of the planetary boundary layer, with the latter tending to affect
near-surface humidity (Haiden et al., 2018).

Overall, current forecasting models are useful for heat wave predictions, however,
uncertainties remain especially with respect to onset, duration, decay and intensity. In
addition, it seems that current ECMWF ensemble forecast often underestimate observed

2-m temperatures.
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Figure 2.10: Ensemble 2-m temperature forecasts for Paris, valid on 1 July 2015 (12 UTC).
(a): Probability density functions of ensemble members, the different colours
indicate the initialisation dates (always at 00 UTC), the black line denotes the
model climate. (b): The same as (a), except that a cumulative density function
is shown. Figure taken from Magnusson et al. (2015). © 2015 ECMWF, CC-
BY-NC-ND4.0.
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Figure 2.11: Maximum and minimum temperature biases for 2-day forecasts between 07 May
and 12 August 2018. Temperatures are verified against SYNOP stations. Red
(blue) colours indicate too warm (cold) forecasts. Figure taken from Magnusson
et al. (2018). © 2018 ECMWF, CC-BY-NC-ND4.0.
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Chapter 3
Research questions

The previous chapter has reviewed the various processes leading to heat waves and the
predictability and predictive skill of these events. It has been shown that heat waves are
relevant due to their various impacts, but that especially onset, decay and magnitude of
heat waves are still not well understood. As outlined in the Introduction, the thesis follows
three main research aims and each aim is decomposed into specific research questions.

This chapter motivates and poses these research questions'.

A diversity of studies exists on the subject of heat waves and the role of soil mois-
ture anomalies on seasonal to climate timescales, but fewer studies have investigated the
(thermo-)dynamic development and predictability of heat waves (sections 2.2 and 2.3).
Heat waves are often associated with the development of ridging or blocking in the upper-
level flow, several days prior to the events, which can be related to Rossby wave dynamics
(subsection 2.2.2). Without these large-scale precursors, a heat wave is unlikely to occur,
even in the presence of already-desiccated expanses of soil. Under similar large-scale
ridging characteristics persisting for 1-3 days prior to peak temperatures, synoptic and
mesoscale boundary layer processes will be more important in determining the exact
value of the maximum temperature at a weather station. In late summer and early autumn
2016, central, western and southwestern Europe was affected by an unusually late heat
wave. Since this heat wave occurred very late in the year, it is interesting to understand
which planetary- and synoptic- to meso-scale processes contributed to this event. The aim
of Chapter 5 is to shed light on these processes. This case study therefore serves as a good
starting point of the thesis to investigate the main research aim A. The path of the Rossby
wave packets can be traced back using a diagnostic technique proposed by Fragkoulidis
et al. (2018) and the role of the synoptic- to meso-scale processes — that is, horizontal

temperature advection, adiabatic compression by subsidence, and heat fluxes — are in-

Research questions are consecutively numbered according to the main research aim. For example, Al
denotes the first research question of the main research aim A.
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vestigated with trajectories. These are all terms of the Eulerian form of the temperature
tendency equation (Carlson, 1994), as outlined the literature review (subsection 2.2.4).
In addition, the predictive skill of ECMWF ensemble forecasts is quantified for the heat
wave. More specifically, following research questions are addressed for this case study:

A1l How intense is the heat wave?

A2 How can high temperatures during the heat wave be related to upper-

tropospheric Rossby wave packets?
A3 Which physical processes lead to high temperatures during the event?

C1 How accurate are the predictions for this event?>

As outlined in the literature review, it is not yet clear which of the three processes —
viz. horizontal advection, vertical motion and diabatic processes — contributes most to
high near-surface temperatures during heat waves. Many studies assert that high near-
surface temperatures are the result of temperature advection and dry soils, while the role
of subsidence is less mentioned. Furthermore, it is not yet discussed in the literature,
how these processes evolve during the life cycle of a heat wave. The aim of Chapter 6
is to quantify, in a climatological analysis, which process dominates in establishing near-
surface high temperature extremes across different European climates. To this end, a
heat wave climatology is derived and air masses associated with heat waves in Europe
are traced backwards in time, similar to Bieli et al. (2015). In contrast to Bieli et al.
(2015), the focus is on heat waves with a minimum duration of three days in six European
regions, including regions that were not yet studied with Lagrangian trajectories so far,
i.e. western Russia and Scandinavia. Therefore, Chapter 6 addresses following research

questions:

s ~

A4 How often is Europe affected by a heat wave and how long do these events
last?

AS What synoptic patterns are associated with heat waves?

A6 What are typical source regions, pathways and physical processes along tra-

jectories reaching heat wave areas?

A7 Are heat waves steadily influenced by new air masses or are the air parcels

being stalled in the lower troposphere over a longer time period?

Note that predictability and predictive skill of heat waves is studied in Chapters 5 and 8. Therefore,
research questions for main research aim C are splitted between these two chapters.



25

As mentioned earlier in this chapter and in the literature review, heat waves in the mid-
latitudes are typically co-located with atmospheric blocking or intense subtropical ridges.
Both blockings and intense ridges are associated with anticyclonic flow anomalies in the
upper troposphere, and therefore with low PV air masses. These low-PV air masses are
substantially influenced by upstream latent heating (subsection 2.2.3). Recent climato-
logical studies on blocking tend to be dominated by oceanic blocking (Pfahl et al., 2015;
Steinfeld and Pfahl, 2019), but heat waves are typically associated with summertime con-
tinental blocks (Rothlisberger et al., 2016; Brunner et al., 2018; Chan et al., 2019), which
are typically weaker than wintertime oceanic blocks (Pfahl and Wernli, 2012). Also, the
influence of latent heating on the formation of continental blocking may differ. Quint-
ing and Reeder (2017) analysed trajectories reaching the lower and upper troposphere
during heat waves over southeastern Australia. However, Quinting and Reeder (2017)
did not analyse the life cycle of upper-tropospheric anticyclones, i.e. whether the role
of diabatic heating differs between the formation and maintenance of these anticyclones.
Since Quinting and Reeder (2017) focused on Australia and no similar study exists for
Europe, the aim of Chapter 7 is therefore to analyse the role of diabatic heating for the for-
mation and maintenance of upper-tropospheric anticyclones associated with heat waves
in different parts of Europe. An impact-oriented perspective is applied, meaning that
a particularly impact-related type of upper-tropospheric flow anomalies is studied. The

following questions are addressed:

e "

B1 What are typical source regions of low-PV air masses that constitute the
upper-tropospheric anticyclones associated with European summer heat

waves?

B2 Are there inter-regional differences in the contribution of diabatic heating to

the formation of these anticyclones?

B3 Where and in which synoptic environment does the diabatic heating occur in

airflows entering the anticyclones?

B4 Are there differences in the relevance of diabatic heating during the forma-

tion and maintenance of the anticyclones?

The last chapter analyses the predictability and predictive skill of a long-lasting heat
wave in 2018 affecting Central Europe. During this year, the author had access to oper-
ational ECMWF ensemble forecasts with very high vertical resolution. This allows the
calculation of trajectories in the forecast space. This is normally not possible, as the fore-

casts are usually not made available for research at this high vertical resolution due to lim-
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ited storage capacity®. A key hypothesis is that forecast errors on different temporal scales
are related to meteorological phenomena on different spatial scales. Prediction errors on
a one-week lead time are related to errors in upper-tropospheric dynamics, e.g. phase
speed of individual troughs and ridges or amplitude of Rossby wave packets (Teubler and
Riemer, 2016; Wirth et al., 2018; Baumgart and Riemer, 2019). Former studies focused
on errors in the upper-tropospheric flow, but forecast errors of surface variables, such as
2-m temperature, with three days lead time are thought to be related to processes within
the air masses, e.g. subsidence and diabatic temperature changes that are located closer
to the heat wave. Chapter 8 addresses this hypothesis by quantifying the predictive skill
of 3- and 7-day ECMWF ensemble forecasts. It is investigated why ensemble members
over- or underestimate the observed temperature. To this end, a new approach is applied
based on a combination of observed trajectories from reanalysis and predicted trajectories
from ensemble forecasts. To our knowledge, no such trajectory-based approach has been
applied to temperature predictions in association with heat waves before. Specifically,

following research questions are addressed:

7

C2 How accurately does the ECMWF ensemble predict the 2-m temperature

during the heat wave?

C3 How can the performance of predictions be related to air mass histories?

3Many thanks to Christian Grams and his working group for downloading and granting access to the
dataset.
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Chapter 4

Data and Methods

This chapter presents the data and most relevant methodologies. All datasets are pre-
sented in this Chapter, but, in order to avoid redundancy or breaks in the reading flow,
methods that only concern individual chapters are presented at the beginning of each

results section and methods applied in more than one chapter are introduced here.

4.1 Data

The most relevant dataset utilised in this thesis is the ERA-Interim reanalysis product of
the European Centre for Medium-Range Weather Forecasts (ECMWE, Dee et al., 2011).
It is a gridded product and contains, amongst others, global surface data and upper-air
parameters and is produced with one consistent data assimilation and forecasting sys-
tem. The forecasting system is the ECMWF Integrated Forecasting System (IFS), which
is fully coupled for atmosphere, land surface and ocean waves. It is based on release
Cy31r2, which was operationally used at ECMWF from 12 December 2006 until 05 June
2007 (Berrisford et al., 2011). The reanalysis is generated with 12 h analysis cycles, in
which observations from the atmospheric state are compared with prior information from
the forecast model, which was initialised from the preceding analysis. As an example for
the analysis at 00 UTC, observations between 15 UTC of the previous day and 03 UTC of
the present day are taken. The comparison of observations and forecasts from upper-air
parameters is based on the 4D-Var data assimilation system that constrains the evolution
of the atmospheric state within each analysis cycle with the forecast model. Near-surface
parameters, e.g. 2-m temperature and humidity, are assimilated separately by means of
an optimal interpolation of observed parameters. Here, a regular 1° latitude-longitude
grid for the time steps 00, 06, 12 and 18 UTC during 1979-2016 is used!. Only for the

'ERA-Interim archive is used from ETH Zurich. Many thanks to Christian Grams for granting access.
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case study in Chapter 5, a regular 0.75° latitude-longitude grid is utilised?.

The predictability of heat waves in Chapters 5 and 8 is analysed with operational
ECMWEF ensemble forecasts that consist of 50 perturbed and one control forecast (Owens
and Hewson, 2018). The initial perturbations are created by means of singular vectors
and ensemble of data assimilation, while uncertainties resulting from physical parameter-
isations or unresolved processes are simulated with the Stochastically Perturbed Param-
eterisation Tendencies (SPPT) scheme throughout the execution of the forecast. More
information on the ensemble generation can be found in Owens and Hewson (2018).
Forecasts are initialised twice per day, at 00 and 12 UTC, and run up to 15 days. For the
case study in Chapter 5, 2-m temperatures at 0.25° x 0.25° latitude-longitude resolution
and at lead times of 1, 2, 3, 5, 7, 10 and 15 days are downloaded. Forecasts are based
on release Cy41rl, which was operationally used from 08 March 2016 to 22 November
2016. For the case study in Chapter 8, 500-hPa geopotential height, as well as horizon-
tal and vertical wind, temperature, specific humidity from the lower 63 model levels are
utilised at a 1° x 1° latitude-longitude regular grid and for 3 and 7 day lead time®. Fore-
casts for this study are based on release Cy45rl, which was operationally used between
05 June 2018 and 11 June 2019.

Synoptic observations from Bordeaux, Seville and Trier in Chapter 5 are downloaded
from the Integrated Surface Database (ISD). The database includes over 35,000 stations

from the whole globe and consists of hourly synoptic observations.

4.2 Area of study

The focus of this thesis is on different European regions (Fig. 4.1) with the aim to reflect
and compare the different climates in Europe. Most of the regions are defined following
Bieli et al. (2015) and Santos et al. (2015). The other regions are chosen in order to
complement the different European climates. The position of the easternmost region is
motivated by the position of extreme heat wave in 2010 over western Russia, e.g. Grumm
(2011).

The climatological studies in Chapters 6 and 7 use the regions from Fig. 4.1, while
the case studies only use a subset of the regions or a larger region, where heat waves were
most intense. Chapter 8 focuses on Central Europe and Chapter 5 on regions containing

Central, western and southwestern Europe.

2This study was performed before access to ERA-Interim archive from Christian Grams was possible.

3Operationally, 91 model levels are available, but due to limited storage capacities, lower 63 model
levels are downloaded. Operational ensemble forecasts on model levels are downloaded by the Large-scale
dynamics and Predictability group at KIT. Many thanks to Christian Grams for granting access.
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Figure 4.1: Studied regions in Europe: Scandinavia (green; solid box: 57°N-65°N, 5°E-20°E;
dashed box: 59°N-63°N, 10°E-16°E); western Russia (red; solid box: 48°N-58°N,
34°E-46°E; dashed box: 50°N-56°N, 38°E-42°E); Greece/ Italy (purple; solid box:
36°N-44°N, 10°E-25°E, dashed box: 38°N-42°N, 12°E-23°E); Iberian Peninsula
(orange; solid box: 36°N-44°N, 10°W-3°E; dashed box: 38°N-42°N, 8°W-2°W);
British Isles (blue; solid box: 49°N-59°N, 10°W-2°E; dashed box: 51°N-57°N,
8°W-1°W) and Central Europe (black; solid box: 45°N-55°N, 4°E-16°E, dashed
box: 47°N-53°N, 8°E-12°E). The solid lines represent the regions employed for the
backward trajectories, the dashed lines are the borders for the forward trajectories,
for more details see section 6.1. The grey circle (exemplarily shown for Central
Europe) with a radius of 500 km is used for the calculation of the residence time,
for more details see section 6.1. Figure taken from Zschenderlein et al. (2019).
© The authors and John Wiley & Sons Ltd, CC-BY.

4.3 Heat wave definition

The derivation of a heat wave climatology that is used in Chapters 6 and 7 is performed
with the HWMId (cf. section 2.1). Heat waves are identified across different European
regions (Fig. 4.1). According to Russo et al. (2015), a heat wave is defined as a period
of at least three consecutive days with a daily maximum temperature above a threshold.
This threshold is defined as the 90" percentile of the daily maximum of 00, 06, 12 and 18
UTC temperatures at 2 m height within a centred 31-day window in the years 1979-2016.
This approach identifies heat waves in all seasons. As an example to calculate the 90"
percentile on 16 August we consider the grid point daily maximum temperature values
between 01 and 31 August of the 38 years between 1979-2016.

The second part of the HWMId filters the stronger heat waves that usually occur
during summer, i.e. June, July and August in the Northern Hemisphere. The daily heat

wave magnitude M is defined as:
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Ty — Tssy25p

it Ty > Tigyosp

Md = T38y75p - T38y25p (41)

0 if T4 <Tsgy05p

with 7 being the maximum temperature of 00, 06, 12 and 18 UTC 2-m temperature
and T3g, 75, (138,25p) the 75™ (25™) percentile of annual maximum temperatures between
1979 and 2016. The criterion T; > T3g,95, identifies heat waves in the warmest time of
the year, usually during June, July and August (JJA). Hence, all heat waves identified with
M, > 0 occur during the summer season. Then, very small areas of high temperature
extremes are excluded, because heat waves are typically a synoptic-scale phenomenon
(Stefanon et al., 2012). As a consequence, it is defined that at least 5% of the pre-defined
region (Fig. 4.1) should exceed M,; > 0 per day to be identified as a heat wave. As a
result of the three identification steps, a heat wave list is deduced for every region that

serves as the heat wave climatology in Chapters 6 and 7.

4.4 'Trajectories

This section presents at first some general aspects on trajectories, following Hantel (2013).
In the second part, the calculation of trajectories in the Lagrangian analysis tool LA-
GRANTO is explained.

4.4.1 General aspects

The velocity ¢/ is defined as the time derivative of the position vector z:

= (1), 4.2)

This is only useful when following an individual air parcel, i.e. in a Lagrangian
perspective. The Eulerian perspective, in contrast, views the velocity as the velocity of
all air parcels (v = U(Z)). When applying the Lagrangian perspective to all air parcels,
the velocity becomes

7= 0(@,t), (4.3)

where d is the position vector of an air parcel at an initial time ¢y, i.e. @ = Z(to). And

when applying the Eulerian perspective to all time steps, velocity reads v = U(Z, t).



4.4. Trajectories 31

A trajectory is defined as the pathway Z(t) of an individual air parcel and is always
parallel to the velocity field (Fig. 4.2). Hence, integrating Eq. 4.2 yields the trajectory

t'=t
7(t) = Z(0) + o(t")dt’ 4.4)
t'=0
and contains information of the velocity field at the location of the air parcel for all

timesteps.

Figure 4.2: Schematic of a trajectory (black solid line). The trajectory is always tangential
to the velocity field (grey lines) at the time steps t1, t2 and t3. Reprinted by
permission from Springer Nature: Hantel (2013), © 2013.

During the next chapters, trajectories are extensively analysed and interpreted. In
order to be consistent throughout the whole thesis, the following terminology is used.
The starting point is the initialisation point of a trajectory (black circle in Fig. 4.3). After
the initialisation, forward or backward trajectories can be calculated (red and blue arrow
in Fig. 4.3). The endpoint of a backward trajectory is regarded as the source or origin,

whereas the endpoint of a forward trajectory is considered as the target.

to
BACKWARD

0
FORWARD

Time [h]

Figure 4.3: Schematic of forward and backward trajectories. The black circle represents the
initialisation /starting point of the trajectory. For more information, see text.
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4.4.2 Lagrangian analysis tool (LAGRANTO)

All trajectories are calculated with the Lagrangian analysis tool LAGRANTO, which is
originally developed by Wernli and Davies (1997) and later updated by Sprenger and
Wernli (2015). The pathway of the trajectory is iteratively calculated. Initially, starting
at a fixed position at time t and using wind @(Z, t) at this position, the first iteration to

calculate the new position is defined as

7=+ t) - At (4.5)

with At being the time step. The next iteration uses the average of the wind at the

starting position @(Z, t) and the wind at the estimated ending position z*:

T = 0.5(a@(T,t) + @@, t + At)) (4.6)

and the next iteration of the new position is:

T =r+ur- At 4.7)

Three iterations are applied in LAGRANTO to calculate the new position of the tra-
jectory and the time step At is typically 1/12 of the input data. For example, in ERA-
Interim the time step At is 30 min, because the reanalysis has a temporal resolution of
6h.

Calculating trajectories with LAGRANTO typically consists of three major steps.
Firstly, starting points must be defined. They can be defined on a regular latitude-
longitude grid, or on an equidistant grid and on certain pressure levels or altitudes above
ground level. Secondly, trajectories are calculated and LAGRANTO produces a file with
informations about the time since initialisation, geographical coordinates and pressure of
the trajectory. In a third step, meteorological variables along the trajectories, e.g. tem-
perature, potential temperature, specific humidity, potential vorticity etc., can be traced.
The optional fourth step select trajectories according to the meteorological variable. For
example, only trajectories with an absolute value of less than 1 PVU at the starting points
can be selected.

LAGRANTO is used for calculating backward trajectories, driven by three-dimen-
sional ERA-Interim wind fields on 60 model levels in Chapters 5, 6, 7 and 8. Forward

trajectories, driven by three-dimensional wind fields on 63 model levels, which are based
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on ECWMF ensemble forecasts, are also calculated with LAGRANTO in Chapter 8.
Details on starting points and the selection of trajectories are introduced at the beginning

of each chapter.

4.5 Temperature - potential temperature phase space

When tracing potential temperature and temperature along trajectories, it is possible to
explain, whether the temperature change of a trajectory is due to diabatic or adiabatic
processes. This is relevant to study the evolution of the near-surface high temperatures
during heat waves (cf. subsection 2.2.4 and Eq. 2.12) in Chapters 5 and 6.

In order to distinguish adiabatic and diabatic temperature changes experienced by an
air parcel following its motion, a so-called T-6 phase diagram (Figure 4.4) can be used
(Bieli et al., 2015). The diagram depicts both the temperature T (y-axis) and the potential
temperature ¢ (x-axis) of an air parcel, and its possible changes. The potential tem-
perature ¢ is the temperature that an air parcel would attain when moved adiabatically to
1000 hPa. Adiabatic processes are defined as processes that do not change the dry entropy
of an air parcel, which implies that the potential temperature is materially conserved fol-
lowing the motion of the parcel and that any changes occur reversibly. Diabatic processes,
in contrast, are associated with an exchange of energy between an air parcel and its envi-
ronment, resulting in an irreversible material rate of change of the potential temperature.
Examples of diabatic processes include radiative processes, subgrid-scale turbulent fluxes
(especially in the boundary layer) and the release of latent heat due to phase changes in
clouds. When looking at the illustration in Figure 4.4, the reader should imagine an air
parcel located at the origin of the arrows, as marked by the grey circle. Movements in the
strictly vertical direction of the T—f diagram correspond to adiabatic processes, since ¢
is conserved. By contrast, diabatic processes occur for all non-strictly-vertical displace-
ments of the parcel in the T— diagram, with the red (blue) semicircles indicating diabatic
heating (diabatic cooling). The parcel may undergo the following changes: increasing T
due to subsidence (compression of the air parcel, adiabatic warming), as indicated by
the arrow pointing upwards towards the letter *A’; decreasing T due to lifting (expansion
of the air parcel, adiabatic cooling), as indicated by the arrow pointing downwards to-
wards *C’; increasing € due to diabatic warming, but simultaneously decreasing T, which
can only be explained by lifting and, hence, adiabatic cooling exceeding diabatic heating
(quadrant B2’); decreasing ¢ due to diabatic cooling, but simultaneously increasing T,
which can only be explained by subsidence and, hence, adiabatic warming exceeding di-
abatic cooling (quadrant *D1°); the quadrants *'B1° and D2’ are associated with diabatic

heating and cooling, respectively, but no conclusion can be drawn regarding the vertical
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Figure 4.4: T-0 diagram. For more information, see text. Figure taken from Zschenderlein
et al. (2018). © The authors and John Wiley & Sons, CC-BY.
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Chapter 5

Large-scale Rossby wave and
synoptic-scale dynamic analyses of the
unusually late 2016 heat wave over

Europe

This chapter investigates the large-scale Rossby wave and synoptic-scale dynamic pro-
cesses leading to the 2016 heat wave in different European regions. Specific methods
for this case study are first explained, followed by an overview on the duration and tem-
perature records of the heat wave in section 5.2. Then, section 5.3 quantifies the heat
wave magnitude and section 5.4 discusses the synoptic evolution during the heat wave.
Large-scale Rossby wave processes are examined in section 5.5 and section 5.6 investi-
gates the development of high temperatures near the surface. This chapter closes with

some aspects on the predictive skill of this event.

5.1 Methods

5.1.1 Area of study

The analysis of this event is restricted to parts of central, western and southwestern Eu-
rope due to the highest intensity of the heat wave in this regions (grey box in Fig. 5.2b).
Bordeaux, Seville and Trier reached record temperatures and are therefore analysed in

more detail (see locations of the cities in Fig. 5.1).
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5.1.2 Magnitude and duration of the event

In order to quantify the magnitude of the heat wave, the percentile-based HWMId (Russo
etal., 2015) is used (cf. section 2.1). In view of the decrease of the climatological temper-
ature towards the end of August and during September (Fig. 5.2a), the reference period
is adjusted to calculate the heat index. More specifically, as a climatological reference
only annual maximum temperatures between 15 August and 30 September 1981-2010
are considered, in contrast to the full year used in Russo et al. (2015).

The duration of the event is based on the anomaly of the daily 2-m maximum temper-
ature from the climatology, averaged over the area bounded by the grey box in Fig. 5.2b.
The climatology encompasses a centred 21-day time window of daily 2-m maximum
temperatures, covering the years 1979-2016. Daily maximum temperatures are derived
from temperatures at 00, 06, 12 and 18 UTC.

S0°N

| = il
10°W a= 10°E 20°E

Figure 5.1: Map showing the locations of the weather stations under study: Bordeaux
(France), Seville (Spain) and Trier (Germany). Their WMO station numbers
are included in parentheses. Figure taken from Zschenderlein et al. (2018). ©
The authors and John Wiley & Sons Ltd, CC-BY.

5.1.3 Trajectories

In order to study the development of the temperature extremes during the heat wave, 5-
day backward trajectories are calculated with LAGRANTO (cf. section 4.4.2), driven
by 6-hourly ERA-Interim three-dimensional wind fields. They are started at the nearest
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grid points to the three locations, i.e. Bordeaux, Seville and Trier. Vertically, trajectories
are initialised in the lower and middle troposphere in 25 hPa increments, provided that
temperature anomaly at the respective pressure level exceeds the 95" percentile of the
climatology.

The climatology is calculated for each pressure level between 975 and 500 hPa at the

respective grid points with a centred 21-day time window, covering the years 1979-2016.

5.1.4 Predictive skill of the heat wave

The predictive skill of this heat wave is investigated following the approach of Magnus-
son et al. (2015). In a case study for a heat wave affecting Paris (France) in July 2015,
Magnusson et al. (2015) compared the distribution of the ECMWF ensemble 2-m tem-
perature forecasts for different lead times (cf. section 2.3). For both the model climate
as well as for the various forecast lead times a cumulative distribution function (CDF) is
constructed (see Fig. 2.10b).

5.2 Overview of the event

The 2016 late-summer heat wave is remarkable in that it sets the stage for the develop-
ment of the first-ever reported tropical-like storm in the Bay of Biscay (Maier-Gerber
et al., 2017). These authors noted the record-breaking sea surface temperatures (SSTs)
in the Bay of Biscay, which were consequences of the calm, sunny and warm weather
in the weeks leading up to the ‘Biscane’ (named as a counterpart to the ‘Medicane’ —
a Mediterranean hurricane) Stephanie on 15 September 2016. Figure 5.2a shows the
ERA-Interim-based time series of daily maximum 2-m temperature, averaged between
35°-55°N and 11°W-15°E (the region bounded by the rectangle in Fig. 5.2b) for June to
September 2016, in comparison with the daily climatology for 1979-2016. The summer
of 2016 is characterised by several short warm periods, especially in June and July. To-
wards the end of the summer season, a heat wave commences around 23 August and lasts
until mid-September. With three peaks occurring around 23 August, 5 September and 13
September, mid-summer temperature levels persist throughout a period over which the
climatological temperature exhibits a large decrease (green dashed line in Fig. 5.2a). As
a consequence, the temperature anomalies steadily increase.

Based on the HWMId, the largest positive temperature anomalies are observed in
Spain and central and western Europe (Fig. 5.2b). Bordeaux, in southwestern France,
registers a maximum daily temperature of 37 °C during the first peak on 23 August 2016.
The second peak is record-breaking, in particular for southern Spain. Seville measures
44.8 °C on 5 September 2016, which is the highest temperature on record for any Septem-
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ber month at this station. The last peak mainly affects central Europe, where, for example,
Trier measures 34.2 °C on 13 September 2016, which is also the highest temperature on

record for any day in September at this station.
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Figure 5.2: Spatio-temporal extent of the late summer heat wave in 2016. (a) Time series of
area averaged (35°-55°N, 11°W-15°E; see rectangle in panel (b)) daily maximum
2-m temperature between 1 June and 30 September 2016. The green dashed
line shows the daily ERA-Interim climatology for the reference period 1979-2016.
The red filled area corresponds to the heat wave from 23 August to 16 September
2016. (b) Accumulated Heat wave Magnitude Index daily (HWMId, Russo et al.
(2015)) values for the heat wave period. Figure taken from Zschenderlein et al.
(2018). © The authors and John Wiley & Sons Ltd, CC-BY.
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5.3 Magnitude of the heat wave

Figure 5.2b shows the HWMId sum for 2-m temperatures for the heat wave period 23
August—16 September. Contrary to the methods of Russo et al. (2015), the index is calcu-
lated over both land and ocean — positive values above land surfaces indicate high surface
temperatures, whereas positive values above the oceans indicate high SSTs, due to their
strong influence on 2-m temperatures. Central and western Europe are particularly af-
fected during the first and last peaks, whereas the second peak is very intense for Spain,
thus resulting in the cumulative heat index displayed in Fig. 5.2b. Adjacent waters also
show high HWMId values, especially over parts of the Bay of Biscay, the Gulf of Cadiz
and the Gulf of Lion, and the North and Baltic Seas. Note that in the North Sea, for the
first time since observations began in 1968, the highest SSTs are recorded in September
rather than August (BSH, 2016). Compared with the 2003 heat wave in parts of Eu-
rope, the spatial extent of the 2016 heat wave is comparable, but the HWMId values are
smaller for 2016 (not shown). It should be noted that this could be due to differences in
both the magnitudes and the durations of the heat waves. The HWMId index can also
be applied to the data for the temperature at 850 hPa. While a similar overall spatial pat-
tern emerged, higher values at 850 hPa occur over the UK and the North Sea, suggesting
that the maritime climate of the British Isles diminished the warmth at the surface (not

shown).

5.4 Synoptic evolution

In this section, the spatio-temporal evolution of the heat wave is examined from a syn-
optic perspective. The first peak of the heat wave on 23 August 2016 is associated with
an extremely strong 500-hPa ridge that extended from the Iberian Peninsula across cen-
tral Europe to the southern parts of Scandinavia (Fig. 5.3a). The maximum geopotential
height value of approximately 596 gpdam is located near the Pyrenees. As can be in-
ferred from the pink shading in Fig. 5.3a, the highest geopotential height values for the
1979-2016 period are recorded over large parts of west and southwest Europe on this
day. The percentile values given for any particular day in Fig. 5.3 are calculated with
respect to a centred 21-day window (for 12 UTC only), spanning the years 1979-2016.
Eastern France records the highest geopotential height since 1979. Though they are not
as extreme as the geopotential height measurements, temperatures at 500 hPa (Fig. 5.3b)
are also very high, with values above the 95" percentile covering much of western Eu-
rope. At the western flank of the ridge, extremely high temperatures dominate at 850 hPa
(Fig. 5.3c), with values exceeding 22 °C over France. At this time of year, such high tem-

peratures are very unusual poleward of 40°N in western Europe and correspond to the
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top 1% of the climatological distribution (red areas in Fig. 5.3c). The upper-level ridge
propagates eastwards over the following few days, after which the flow becomes more

zonal and the heat wave weakens.

10°wW 10°E 30° 50°E
Percentile
95 98 99 max

Figure 5.3: Synoptic overview for the three peaks during the heat wave, on (a, b, c) 23
August 2016, (d, e, f) 5 September 2016, and (g, h, i) 13 September 2016. The
column of three plots on the left hand side (a, d, g) shows geopotential height
at 500 hPa in gpdam; the middle column (b, e, h) shows temperature at 500 hPa
in °C; and the right-hand column shows temperature at 850 hPa in °C. These
variables are contoured, and the areas for which values exceed the 95th, 9gth
and 99" percentiles — and the highest value recorded for the reference period
1979-2016 — are colour shaded (see label bar). Figure taken from Zschenderlein
et al. (2018). © The authors and John Wiley & Sons Ltd, CC-BY.

The second peak of the late summer warmth primarily affects Spain and evolves un-
der a strong ridge extending over southwestern Europe. Similar to the first peak, a large
area surpasses the highest geopotential height values on record (Fig. 5.3d), with a maxi-
mum of 599gpdam measured in southern Spain. However, this time the region of highest
geopotential heights is displaced to the southwest and is located over Spain and northern

Morocco. In contrast to the first peak, temperatures at both 500 and 850 hPa reach record
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values (Figs. 5.3e,f), though the areas are not as large and contiguous as their geopoten-
tial height equivalents. Small areas of record-breaking temperatures at 850 hPa are ob-
served over Ireland and southeastern Spain, with absolute values of 17 and 26 °C, respec-
tively. As a consequence, the thermal tropopause, according to measurements derived
from sounding data from Murcia, Spain, reached altitudes of about 15 km (not shown) —
values which are in keeping with observations of tropical air masses.

The final peak of the heat wave is related to an ‘Omega-type’ blocking, with the ridge
centred over central Europe and Scandinavia. The ridge pattern for the preceding days
is similar, leading to the interruption of the prevailing westerlies over central Europe and
providing conditions that are conducive to the occurrence of extreme temperature events
(Pfahl and Wernli, 2012). While 500-hPa geopotential height and temperature values
on 13 September 2016 are by far less extreme than during the previous two heat peaks
(Figs. 5.3g,h), the 850-hPa temperatures are extreme under the western flank of the ridge
over northwestern Europe and Scandinavia, with values over the English Channel and
North Sea (above 18 °C) being the highest in the reference period (Fig. 5.31). Finally, it is
worth noting that the elongated trough extending down to the western Iberian Peninsula
later develops into a cut-off low over the Bay of Biscay that led to the development of the
Biscane Stephanie (Maier-Gerber et al., 2017).

5.5 Large-scale atmospheric precursors

In this section, a large-scale perspective of the heat wave is presented by trying to de-
scribe the upstream development of the Rossby wave packets (RWPs) in which the ridges
described in the previous section are embedded'. A large-amplitude RWP can be consid-
ered as the envelope encompassing a series of high-amplitude ridges and troughs in the
upper-level flow. The activity of RWPs has been shown to be related to surface weather
conditions (Wirth et al., 2018).

Figure 5.4 shows maps of anomalous meridional wind v’ (the prime denoting anoma-
lies from the de-trended 1979-2016 mean; see Fragkoulidis et al. (2018) for details) at
300 hPa, temperature T at 850 hPa and geopotential height at 300 hPa for the three days
corresponding to the three peaks in Fig. 5.2a. In all cases, waviness at 300 hPa over the
North Atlantic/ Europe region is apparently high. Deep 300-hPa troughs upstream of
Europe are marked by strong southerly winds at their eastern flanks, with the 850-hPa
temperature anomalies being located farther downstream of the wind maxima (Fig. 5.4).

The time evolution of the RWP can be studied using a refined RWP diagnostic de-

scribed in Fragkoulidis et al. (2018) that allows one to track zonally constrained wave

'The RWP analysis of this section was performed by Georgios Fragkoulidis (JGU Mainz).
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Figure 5.4: Relationship between 300-hPa waviness and low-level temperature anomalies for
the three peaks of the heat wave. Geopotential height (black contours, in gpdam)
and meridional wind isotachs (with contours, northerlies in green, and southerlies

in purple) starting at 20ms~!, then every 10ms~!. Coloured areas denote

temperature anomalies at 850 hPa (reference period 1979-2016). (a) 23 August
2016, (b) 5 September 2016, and (c) 13 September 2016. Figure taken from
Zschenderlein et al. (2018). © The authors and John Wiley & Sons Ltd, CC-BY.

packets propagating eastwards in a self-adjusting latitude band, instead of assessing the
Rossby waviness along an entire latitudinal circle using Fourier analysis. The left panel
of Fig. 5.5 shows a circumglobal Hovmoeller diagram for the period from mid-August to
mid-September 2016, with the 300-hPa RWP amplitudes as contours and meridional wind
anomalies v’ as colour fill. In addition, the right panel of Fig. 5.5 shows the normalised
temperature anomalies T” at 850 hPa (red line) averaged over 35°-55°N and 11°W-15°E,
highlighting in orange values in excess of the August — September 90" percentile (blue
dashed line). Apparently, three successive periods of extremely high temperatures occur
over Europe between 23 August and 14 September 2016. All of these periods coin-
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cide with strong signals of upper-tropospheric waviness, associated with series of strong
meridional wind anomalies embedded in the larger-scale RWPs. The meridional wind
anomalies mark the troughs and ridges embedded in the RWP. These RWPs form over
western North America (at around 120°W) and propagate eastwards with a group veloc-
ity of the order of 30° longitude per day (green arrows in left panel of Fig. 5.5). This
is faster than the phase speed of the embedded troughs and ridges that can be inferred
from the propagation speed of the meridional wind anomalies. The RWPs acquire their
maximum amplitude over the North Atlantic Ocean. Their arrival over Europe concur
with the aforementioned hot periods. Large-amplitude ridges in all three cases provide
favourable conditions for the smaller-scale processes that lead to warming in the loca-
tions under study (see next section). Finally, after the dispersion of the RWPs, the warm
air masses are not sustained, and short periods of mild temperatures provided relief to the
affected areas.

Figure 5.5 clearly shows that the enhanced atmospheric upper-level waviness is a
midlatitude propagating phenomenon that can be traced back upstream for a few days
before the event and is initiated several thousand or, as for the second heat wave with
a potential precursor in the Pacific Ocean, more than 10,000 km to the west of Europe.
The related large-scale, sometimes even planetary-scale, Rossby wave dynamics suggest
a relatively high degree of predictability — and indeed at lead times of a few days, the
data from the 51 members of the ECMWF ensemble prediction system shifted towards
positive anomalies for Bordeaux, Seville, and Trier, indicating increasing probabilities of
an imminent heat wave at the respective locations (more details in section 5.7). However,
the spatio-temporal details of the extent of the body of warm air ultimately depend on
the phase velocity and amplitudes of the Rossby waves (i.e. the trough ridge systems
embedded in the RWP — see discussion in Fragkoulidis et al. (2018) for the 2003 and
2010 European heat waves), as well as on the related temperature advection, subsidence
and heat fluxes in the boundary layer. The role of the latter two processes is discussed in

the next section.

5.6 Development of high temperature extremes near the

surface

In this section, following questions are adressed: (i) What is the place of origin of the hot
air masses? (ii) Which physical processes contribute to the high temperature extremes at
the observation stations? (iii) Does the heat propagate from upper levels to the surface or
vice versa?

Figure 5.6a shows 5-day backward trajectories, starting at 12 UTC on 23 August
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Figure 5.5: Hovmoeller diagram illustrating the upper tropospheric dynamics for the 2016

heat wave. The contours in (a) depict 300-hPa RWP amplitude (in ms™;
contours every 4ms~! from 22 to 38ms~!). A weak bivariate interpolation
(using cubic Hermite splines) has been applied to slightly smoothen the resulting
field. The colour fill represents the 300-hPa meridional wind anomaly (blue for
northerlies and red for southerlies). The time resolution is 6 h. Both fields are
averaged over a 20° latitude band which self-adjusts (within the 30°N-70°N
band) to those latitudes in which the highest RWP amplitudes occur. The green
arrows represent the approximate group velocity of the eastward-propagating
RWPs. (b) Normalised temperature anomaly at 850 hPa (red line) averaged over
35°-55°N and 11°W-15°E (with a cos(latitude) weighting). Orange shading
corresponds to temperature anomaly values in excess of the 90" percentile for
the months of August and September (blue dashed line). Figure taken from
Zschenderlein et al. (2018). © The authors and John Wiley & Sons Ltd, CC-BY.

2016 between 975 and 550 hPa over Bordeaux (note that trajectories at the surface in this

three-dimensional plot are the projection of the upper-air trajectories, both of which are
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Figure 5.6: Lagrangian and Eulerian perspectives of the development of the peak of the

heat wave in Bordeaux between 12 UTC on 18 August and 12 UTC on 23 Au-
gust 2016. (a) Three-dimensional representation of 5-day backward trajectories,
started over Bordeaux between 975 and 550 hPa in 25hPa increments. Only
starting levels at which temperatures exceeded the 95t percentile at 12 UTC
on 23 August 2016 were used. The surface position of the parcel is given on a
two-dimensional map (bottom layer), with the colours indicating identical tra-
jectories (black/reddish: 975-900 hPa, orange/yellowish: 875-800 hPa, greenish:
775-700 hPa, blueish: 675-600 hPa, purple: 575-550 hPa; the colour coding de-
pends on the starting level of the trajectories above Bordeaux). (b) T-6 diagram
(cf. section 4.5) showing the evolution of the mean T and 6 values for the tra-
jectories shown in (a), grouped into 5 pressure levels that started over Bordeaux:
975-900 hPa (red), 875-800hPa (orange), 775-700 hPa (green), 675-600 hPa
(blue) and 575-550 hPa (purple). The filled circles of decreasing size represent
24 h intervals prior 23 August 2016 (i.e. 0, 24, 48 and 72h). The cross indicates
the origin. (c) 6-hourly vertical temperature anomalies from the climatological
mean (colour shading, in K; base period 1979-2016) over Bordeaux for 18-23
August 2016. (d) Vertical virtual potential temperature profiles 6, for 18 August
(dashed, pre-heat wave) and 23 August (heat wave) at 06 (blue), 12 (orange)
and 18 UTC (red). Figure taken from Zschenderlein et al. (2018). © The authors
and John Wiley & Sons Ltd, CC-BY.
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shown in the same colour). Almost all trajectories arriving at Bordeaux on 23 August
2016 cross the North Atlantic Ocean between 800 and 500 hPa (i.e. above the marine
boundary layer). Near Europe, 48 h before the event, the air parcels strongly descend
along an anticyclonic trajectory to approach Bordeaux from the northeast — that is, the
direction from which they travel for a long time over land — experiencing clear-sky condi-
tions (not shown). The T— phase diagram (cf. section 4.5) clearly illustrates that the air
parcels, especially when arriving at lower levels over Bordeaux, experience a substantial
increase in temperature of 20-25 K due to adiabatic compression 48 h prior to the event
(Fig. 5.6b). The temperature increase is close to adiabatic, as indicated by the very small
rate of change of the parcels’ potential temperature during this stage (Fig. 5.6b). Appar-
ently, this adiabatic warming is consistent with the subsidence visible in Fig. 5.6a. Just
before the extreme temperature event, the trajectories closest to the surface experience
slight diabatic heating (red line in Fig. 5.6b), presumably due to turbulent heat fluxes as
they are transported above land surfaces (Fig. 5.6a). Figure 5.6¢c shows the development
of temperature anomalies between 18 and 23 August in the lower and mid-troposphere
above Bordeaux from an Eulerian perspective. Between 90 and 36 h before the peak tem-
peratures are reached at 12 UTC on 23 August 2016, the atmosphere is comparably cold,
especially between 900 and 800 hPa. The temperatures increase rapidly before the actual
extreme temperature event. Interestingly, the positive temperature anomalies initially oc-
cur at higher levels and subsequently penetrate downwards, ’propagating’ from the upper
levels to the surface. This propagation is consistent with the subsidence, which is remark-
ably high in the last 36 h prior to the heat wave. Overall, this suggests that subsidence and
adiabatic compression are the driving factors in the development of high temperatures at
the surface. Figure 5.6d shows diurnal cycles (06, 12, 18 UTC) of vertical profiles of
virtual potential temperature ¢, for the pre-heat wave on 18 August 2016 (dashed lines)
and the heat wave on 23 August 2016 (solid lines). The profiles reveal (i) the strong lower
tropospheric warming between 18 and 23 August 2016, (ii) the reasonably constant and
shallow depth of the well-mixed (i.e. 6, nearly constant with height) boundary layer, and
(111) a strong diurnal cycle on 23 August 2016.

Figure 5.7 shows the same set of panels as Fig. 5.6, but for the hottest September day
on record in Seville (05 September 2016). Backward trajectories are only started up to
700 hPa, because at higher altitudes the temperatures were not extreme, i.e. above the
95™ percentile (Fig. 5.7c). Compared with the Bordeaux episode, the air parcels travel
a much shorter distance during the 5 days preceding the Seville heat wave. Although
most of the trajectories have an anticyclonic curvature, the individual origins of the air
parcels are diverse. Parcels which end up near the surface in Seville originate in north-
ern Spain, and those ending up at higher altitudes over Seville have their origins mostly

over warm northern Africa — a pathway that is favoured by the large-scale setting to the
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Figure 5.7: Asin Fig. 5.6, but for Seville. Backward trajectories are started between 975 and
700 hPa, and the 5-day period under consideration is from 12 UTC on 31 August
to 12 UTC on 5 September 2016. Figure taken from Zschenderlein et al. (2018).
© The authors and John Wiley & Sons Ltd, CC-BY.

North (RWP) and realised in connection to a short upper-level trough to the southwest of
the Iberian Peninsula (Fig. 5.4b). Nearly all trajectories enter the Seville area from the
east. Parcels arriving near the surface warm adiabatically in the last 72 h by about 30K
(Fig. 5.7b). They experience subsidence over a longer time period (3 days) than those
over Bordeaux (2 days). Again, this suggests that subsidence contributes significantly to
this heat wave event. Interestingly, the air parcels starting between 700 and 775 hPa in
Seville are diabatically heated 48 to 24 h before the event. This takes place in the sur-
roundings of the Atlas Mountains (Fig. 5.7a), which suggests that turbulent heat fluxes
and moist convection in this area plays an important role. A more detailed analysis of
the diabatic processes (including cloud microphysics) is beyond the scope of this study.
Figure 5.7c shows the vertical structure of the atmosphere over Seville from 31 August
to 5 September. The markedly different behaviour of this heat event compared to the

former case is striking. Distinct positive temperature anomalies develop 48 h prior to the



48 5.6. Development of high temperature extremes near the surface

extreme temperature episode, with a maximum at the surface and the lower tropospheric
layers. Compared with the lower planetary boundary layer heights 5 days before the high
temperature event in Seville, the boundary layer deepens during the heat event. This can
be inferred from the near-constant vertical profile of ¢, in Fig. 5.7d. Black et al. (2004)
also found elevated planetary boundary layer heights above Paris during the 2003 heat
wave. It appears that strong insolation, ensuing surface fluxes and dry convection deepen
the boundary layer. The evolution of the temperature profiles suggests a bottom-up de-
velopment similar to the findings of Miralles et al. (2014). Thus, adiabatic compression
works in concert with boundary layer processes to create the hottest September day ever
recorded in Seville. Despite the suggested importance of subsidence and boundary layer
processes, they cannot be considered to be independent of the RWP. The large ridge em-
bedded in the RWP is instrumental in steering the parcels toward the Seville region on

anticyclonic trajectories and under clear-sky conditions.
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Figure 5.8: As in Fig. 5.6, but for Trier. Backward trajectories are started between 975 and
800 hPa, and the 5-day period considered is from 12 UTC on 8 September to 12
UTC on 13 September 2016. Figure taken from Zschenderlein et al. (2018). ©
The authors and John Wiley & Sons Ltd, CC-BY.
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Yet another picture emerges as an explanation of the cause of the hottest September
day on record at Trier on 13 September 2016. Most of the trajectories — which start from
975 up to 800 hPa, where temperature extremes are present over Trier — originate close to
the Rhone valley and northern Italy (Fig. 5.8a), yielding a horizontal transport over com-
parably short distances and above land surfaces only. The lowest trajectories are trapped
in the planetary boundary layer, suggesting significant interaction with the land surface,
presumably due to enhanced surface heat fluxes. This can be seen in Fig. 5.8b as an in-
crease in potential temperature of approximately 10 K (diabatic heating). The fluctuating
temperature shown in Fig. 5.8b illustrates the diurnal temperature variation. Note that the
diurnal temperature variation is also clearly visible in Fig. 5.8c, as the lowest temperature
anomalies are always attained at 06 UTC near the surface. The air parcel temperature
increases shown in Fig. 5.8b are generally smaller than those observed for the other lo-
cations, and subsidence from higher levels is not observed for this location. Instead, heat
is trapped in the planetary boundary layer and accumulated day by day (Fig. 5.8c), lead-
ing to an increase in the top of the boundary layer over Trier (Fig. 5.8d). The boundary
layer top is quite high for this location and time of year (i.e. late in the year). Figure 5.8c
also reveals positive temperature anomalies above Trier up to 500 hPa from 8—13 Septem-
ber. It is concluded that the main factor in the development of the extreme temperature
episode over Trier is the influence of diabatic processes in the planetary boundary layer
— for example, heating due to upward-directed surface sensible heat fluxes caused by
strong insolation over several days, which is experienced both locally over Trier and by

air parcels reaching Trier over the same period.

5.7 Predictive skill

The last section of this case study investigates the predictability of the temperature peaks
in Bordeaux, Seville and Trier. For that, the cumulative distribution functions (CDF) of
the ECMWEF ensemble 2-m temperature forecasts for different lead times are compared
with the observation and the reanalysis (ERA-Interim).

10-15 days prior to the heat wave on 23 August 2016 in Bordeaux, the ensemble is
not able to forecast the event, although a shift towards warmer temperatures is appar-
ent (Fig. 5.9a). Although the five-day forecasts shifts to slightly warmer conditions, still,
80% of the ensemble members underestimate the temperature from ERA-Interim (dashed
green vertical line in Fig. 5.9a). 20% of the members even overestimate the temperature,
hence, the forecast uncertainty is still quite high. Only on 21 August, i.e. 2 days prior
to the event, uncertainty of the forecast reduces, albeit slightly underestimating the tem-

perature. However, the observed temperature (solid green vertical line in Fig. 5.9a) is
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overestimated.

Similar to the Bordeaux case, also the 10—15 day forecast is slightly warmer than
the model climatology, but with a generally much too cold distribution compared to the
analysed/observed temperature (Fig. 5.9b). But even 5 days prior to the event, the distri-
bution is still too cold, however, the ensemble spread is reduced compared to the higher
lead times. The 3-day ensemble forecast shifts rapidly towards higher temperatures, and
the 2- and 1-day forecasts predict the temperature quite well.

Also for the last event in Trier, 10-15 day ensemble forecasts predict warmer than
average temperatures and the signal is more pronounced compared to the other cases
(Fig. 5.9¢), i.e. predictive skill is enhanced for this case. Interestingly, forecasts change
substantially between 7- and 5-day lead time: the ensemble mean increases, the distribu-
tion sharpens and especially the cold distribution vanishes. From 31 August, forecasts are
very similar and slightly underestimate the temperature from the reanalysis. Striking is
the large difference between the reanalysed and observed temperature. It is hypothesised
that local effects, e.g. urban heat island, local wind systems, in the vicinity of the station
have an impact on the observed temperature, which cannot be represented by the model.

Overall, 10-15 day forecasts for the three cases show some signal of a warmer than
average temperature and the ensemble progressively shifts towards higher temperatures
and the distribution sharpens towards the event. However, forecasts are not always im-
proving progressively, but can improve abruptly, as for example the 7- and 5-day forecast
for Trier. A more in depth analysis of the possible causes for the different reliabilities of

the ensemble is beyond the scope of this study and left for further analysis.
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Figure 5.9: Cumulative distribution functions of ECMWF 2-m temperature ensemble fore-

casts for different lead times and cities. (a) Bordeaux, forecasts valid on 23
August 2016, (b) Seville, forecasts valid on 05 September 2016 and (c) Trier,
forecasts valid on 13 September 2016, and at 12 UTC, respectively. The black
dashed line indicates the model climate and coloured lines the lead times of
the forecasts. The vertical dashed (solid) line represents the temperature from
ERA-Interim (observation) for the respective day.
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Chapter 6

Processes leading to high near-surface

temperatures

This chapter presents a climatological analysis how high near-surface temperatures dur-
ing heat waves can be explained by temperature advection, vertical motion and diabatic
processes. At first, section 6.1 provides a detailed description on the calculation of tra-
jectories. The identification of heat waves has been introduced in section 4.3. Then,
section 6.2 presents the typical duration and frequencies of the events, followed by the
synoptic patterns associated with the onset of heat waves in section 6.3. The clustering of
the trajectories is discussed in section 6.4, as well as the source regions and the physical
processes along the trajectory clusters in sections 6.5 and 6.6. After that, it is quantified,

in section 6.7, how long trajectories stay in the target region.

6.1 Method - Trajectory calculation

Ten-day backward trajectories are computed with LAGRANTO (Sprenger and Wernli,
2015), which are driven by six-hourly ERA-Interim three-dimensional wind fields on a
1° x 1° latitude/ longitude grid and 60 vertical model levels. Trajectories are started for
every heat wave day at 12 UTC. In order to understand the build-up of the near-surface
heat, trajectories are started at 10, 30, 50 and 100 hPa above ground level. Starting points
above sea surfaces are excluded. Furthermore, the following variables are traced along
the trajectories: pressure (p), temperature (7'), potential temperature (6), relative humidity
(rh), specific humidity (¢) and 6-hourly accumulated surface sensible heat fluxes (sshf).

For each trajectory, it is the aim to quantify the overall temperature and potential
temperature changes and relate these changes to vertical motions. For that, the approach
of Binder et al. (2017) is used and the maximum changes of temperature and potential

temperature, as well as maximum pressure increases, i.e. descents, along all trajectories
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are calculated. More precisely, we calculate for both 7" and # the maximum absolute
difference between the respective value at the starting point of the trajectory and the
previous time steps. The outcome of this method is referred to as AT}, and Af,.x, re-
spectively (Fig. 6.1). In order to relate these changes to the descent of the air parcels, we
also calculate the maximum pressure increase in all 48 h windows along the trajectories
(Fig. 6.1). Accordingly, the outcome of this method is referred to as Apy,,. These three
values allow us to sort the trajectories into different categories with different thermody-
namic characteristics: (i) positive AT}, and negative A6, (cluster A) , (ii) both positive
AThax and Ab,, (cluster B), (iii) negative AT . and positive Aby,, (cluster C), and (iv)
both negative AT},.x and Ab,,.x (cluster D). Assuming a surface pressure of 1000 hPa,
the starting points of the trajectories are defined at 990, 970, 950 and 900 hPa. Hence, a
maximum pressure increase of 100 hPa in 48 h for air parcels starting at 900 hPa would
imply a level of around 800 hPa as maximum height, when the ascend directly starts from
900 hPa. In that case, the air parcel is still in the lower troposphere. In addition to the
thermodynamic characteristics, trajectories can therefore be subdivided into clusters with
strong descent, i.e. more than 100 hPa in 48 h, and weak descent, i.e. less than 100 hPa
in 48 h. The choice of the 100 hPa threshold is subjective, but the results in the next sec-
tions justify this threshold. Section 6.4 shows that the subdivision in strong and weak
descent is mainly important for cluster B. Table 6.1 summarises the characteristics of the
different clusters. This physical clustering is very useful in quantifying the relative roles

of subsidence and diabatic processes in shaping near-surface high temperature extremes.

Table 6.1: Definition of the trajectory clusters, bold marked clusters are discussed in the
study. ATmax, Abmax and Apmax are described in section 6.1 and Fig. 6.1. Table
taken from Zschenderlein et al. (2019). © The authors and John Wiley & Sons

Ltd, CC-BY.
Cluster ATpax Abfmax  APmax in 48 h
A >0 <0 not considered
By >0 >0 > 100 hPa
B, >0 >0 < 100 hPa
C <0 >0 not considered
D <0 <0 not considered

In order to identify the residence time of air parcels in the regions defined in Fig. 4.1,
forward trajectories are calculated for all identified heat wave days. The residence time
is defined as the time period between the start of the trajectories and the first time exiting
the region. Due to the different sizes of the solid boxes in Fig. 4.1, the region is defined as
a circle with a fixed radius of 500 km. The centre of the circle is located in the middle of
each solid box, as exemplarily shown for Central Europe in Fig. 4.1. A radius of 500 km

is chosen because the regions have a size of roughly 900x900 km?. Forward trajectories
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Figure 6.1: Schematic to describe the three properties used for the clustering of trajectories.
The three diagrams show a temporal evolution of temperature (7'), pressure
(p) and potential temperature (6) along one backward trajectory, which has its
starting point at the red star. The three red-marked properties Apmax, AT max
and Afmax will be used for the clustering described in Table 6.1. For further
explanations, see section 6.1. Figure taken from Zschenderlein et al. (2019). ©
The authors and John Wiley & Sons Ltd, CC-BY.

starting near the border of the region may have very short residence times. To avoid these
cases, the amount of initialisation points of the forward trajectories are reduced to the
dashed rectangles inside the regions (Fig. 4.1). As an example, forward trajectories for
Central Europe are initialised only between 47° and 53°N and 8° and 12°E and quantify
the duration air parcels need to leave the circle with its centre at 5S0°N and 10°E.

The following section first gives a statistical overview of the identified heat waves,
followed by the typical 500-hPa geopotential height onset patterns. Subsequently, the

origin of the trajectories and the associated processes are presented.

6.2 Heat wave statistics

Typically in each region one or two heat waves occur during a year (Fig. 6.2a). The
variability of occurrence is largest in western Russia, presumably due to the continental
climate. Maximum numbers of heat waves per year range between five and eight. It is
possible that two heat waves are only interrupted by one day, although this is very rare.

The extreme summer of 2003, which mainly affected Central Europe (Fink et al., 2004),
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consists of five heat waves, each with different lengths (Fig. A1.1). The most intense one
occurred during the first half of August 2003 (Tab. Al.1). Hence, the accumulation of
several heat waves can lead to an overall extreme summer. Regions under maritime influ-
ence, i.e. Greece/Italy, the Iberian Peninsula and the British Isles have some years with
no heat wave, presumably due to the generally lower climate variability in the maritime
regions. Additionally it is also possible that extreme hot days occur on a smaller scale in

the maritime regions.
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Figure 6.2: A statistical overview of the identified heat waves in Scandinavia (Sc), western
Russia (WR), Greece/Italy (Gl), Iberian Peninsula (IB), British Isles (Bl) and
Central Europe (CE). The boxplots in (a) depict the numbers of heat waves per
year, (b) shows the number of heat wave days per year and (c) illustrates the
duration of the heat waves. Note the cutted y-axis in (c). Blue horizontal lines
denote the median, the boxes the interquartile range, the whiskers 1.5:1QR and
the red dots the outliers. Figure taken from Zschenderlein et al. (2019). © The
authors and John Wiley & Sons Ltd, CC-BY.

Throughout the different regions, on average five to ten heat wave days occur per
year (Fig. 6.2b). The annual maxima of heat wave days ranges between 25 days for
Scandinavia and nearly 60 days for western Russia. Similar to the heat wave occurrence,
the highest variability is found for western Russia. The maximum numbers of heat wave
days of about 60 in western Russia and 30 in Central Europe concur with the extreme
heat waves in 2010 (Grumm, 2011; Quandt et al., 2017) and 2003 (Fink et al., 2004),
respectively (Figs. Al.1 and A1.2).

Fig. 6.2¢c presents the typical duration of heat waves in Europe. By construction, the
minimum duration is three days, the median duration ranges between four and five days.
The median duration is similar to the typical minimum duration of atmospheric blocking,
which often coincides with high temperatures in summer (Pfahl and Wernli, 2012). Most
of the heat waves last between three and seven days, while durations above ten days are
rare. A maximum duration of 44 days in western Russia is noteworthy because of its
extreme length. In fact, the 44 days refer to the 2010 extreme heat wave in Russia, which
had large impacts. The maximum duration of heat waves in Central Europe is 13 days,

over the British Isles and Scandinavia 12 days, over the Iberian Peninsula 17 days and in
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Greece/Italy 10 days, respectively.

The heat wave durations are similar to Stefanon et al. (2012) and Perkins et al. (2012).
Fischer and Schir (2010) defined heat waves with a minimum duration of six days and
obtained generally longer heat waves, but with a decreased occurrence probability com-
pared to our results.

The HWMId can be used for a ranking of the most intense heat waves in the different
regions. As a result, the two most intense heat waves in Central Europe occurred in
2003 and 2015 (Tab. Al.1), in Scandinavia in 1991 and 2014 (Tab. A1.2), in western
Russia in 2010 and 1981 (Tab. A1.3), in Greece/Italy in 2007 and 1988 (Tab. A1.4), in
the Iberian Peninsula in 1982 and 2015 (Tab. A1.5), and in the British Isles in 1990 and
2006 (Tab. A1.6). Interestingly, no year features the most intense heat wave in more than

one region, indicating that extreme heat waves rarely extend over our defined regions.

6.3 Onset pattern

This section analyses composites of 500-hPa geopotential height patterns during the onset
of heat waves in Europe. Onsets are defined as the first day of a heat wave.

In all regions, upper-level ridges are co-located with the onset of heat waves (Fig. 6.3),
corroborating the findings of Pfahl and Wernli (2012) and Sousa et al. (2018). The vari-
ability of the geopotential height in the area of the ridges is low compared to the regions
upstream, polewards and downstream of the heat waves. Although the ridge pattern is
similar for the individual heat waves, the amplitude of the upstream trough is more vari-
able.

The shape of the ridge over Scandinavia resembles an omega-like blocking structure
associated with a dominant interruption of the westerlies (Fig. 6.3b), whereas ridges over
Central Europe (Fig. 6.3c), the British Isles (Fig. 6.3a) and western Russia (Fig. 6.3d)
do not have this pronounced omega shape. Ridges in southern Europe over Greece/Italy
(Fig. 6.3f) and the Iberian Peninsula (Fig. 6.3e), however, are much less pronounced. In
fact, those ridges are comparably flat. Thus heat waves in southern Europe occur while
other regions in Europe are under influence of nearly zonal weather regimes. Compos-
ites by definition average over many patterns, which means that individual cases can
have different trough-ridge configurations. Sousa et al. (2018) emphasized that it is im-
portant to differentiate between classical high-latitude blocking and sub-tropical ridges
when investigating the relationship to heat events in Europe. The authors argued that
classical European blocking configurations are not associated with heat waves over more
southerly latitudes, which often experience negative temperature anomalies during block-

ing episodes. Those negative temperature anomalies can be explained by the troughs at



58 6.3. Onset pattern

4 S0 6 70 8 90 100 110 120 130 140 150
Stddev of geopotential height at 500 hPa [m]

Figure 6.3: Geopotential height patterns during the onset of heat waves in different regions
in Europe: (a) British Isles (BI, see box in bottom left corner), (b) Scandinavia
(Sc), (c) Central Europe (CE); (d) western Russia (WR), (e) Iberian Peninsula
(IB) and (f) Greece/ ltaly (Gl). The contours depict the mean and colours the
standard deviation over all events of the 500-hPa geopotential height (in m).
Areas surrounded by the red lines indicate significance at the 1% level based on
a Student’s t-test. Figure taken from Zschenderlein et al. (2019). © The authors
and John Wiley & Sons Ltd, CC-BY.

the eastern and western flanks of the blocking over Scandinavia (Fig. 6.3b).

Comparing the synoptic patterns for the European regions reveal some interesting
inter-regional relations. A simultaneous heat wave over the British Isles and Scandinavia

is improbable because the ridges are too narrow (Fig. 6.3a,b), although it should be noted
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that during the strong heat wave in 2018 both regions featured a simultaneous heat wave
(not shown). Furthermore, the synoptic patterns are nearly zonal in most parts of Europe
under heat wave conditions in western Russia (Fig. 6.3d). This is also the reason why
during the extreme heat wave in 2010 over western Russia the rest of Europe was hardly
affected by heat waves (Fig. A1.2). Of course, these patterns are very variable from case
to case, but overall, it can be concluded that heat waves in Europe are affected by upper-
level ridges with a zonal extension of < 2000 km and a varying amplitude, depending on
the latitude of the affected region.

6.4 'Trajectory clusters

After applying the method described in section 6.1 (see also Fig. 6.1) to the heat wave
trajectories in each region, each trajectory, according to its values of AT ., Afnax and
Apmax, can be associated with one of the five different clusters (see Tab. 6.1 for the defi-
nition of the clusters). As an example, the outcome of this procedure is shown for Central
Europe in Fig. 6.4a. The diagrams of AT ax, Abmax and Apy.x for the other European
regions are shown in Figs. A1.3-A1.7. Obviously, no trajectories can be found on or near
the axes, because the maximum changes of both 7" and # were calculated. A trajectory on
the axes would imply that either 7" or # would be strictly constant throughout the whole
10-day period, which does not exist in the real atmosphere.

About one quarter of all trajectories creating a heat wave in Central Europe belong
to cluster A (upper left quadrant in Fig. 6.4a). Air parcels in this cluster experience an
overall diabatic cooling of up to —20 K and in the same time a temperature increase of
up to +80 K during the 10-day period. This is possible due to subsidence, which leads
to adiabatic warming overcompensating the diabatic cooling of the air parcels. Hence,
stronger subsidence is accompanied by higher temperature increases. The diabatic cool-
ing during the subsidence in the free atmosphere is presumably due to radiative cooling
(Bieli et al., 2015; Binder et al., 2017; Raveh-Rubin, 2017).

Trajectories in the upper right quadrant of Fig. 6.4a comprise roughly three quarters of
all trajectories establishing a heat wave in Central Europe. Similar to cluster A, air parcels
experience a maximum temperature increase of up to +80 K, but contrary to cluster A, air
parcels are diabatically heated by up to +40 K. The trajectories in the upper right quadrant
of Fig. 6.4a can be subdivided into two clusters: air parcels descending more than 100 hPa
in 48 h (red colours in Fig. 6.4a and defined as cluster By, for strong descent) and less than
100 hPa in 48 h (blue colours in Fig. 6.4a and defined as cluster B, for weak descent).
Compared to B,,, trajectories in cluster B, exhibit lower temperature increases, but to

some extent higher maximum diabatic heating. As a result, air parcels in B,,; are mainly
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Figure 6.4: Thermodynamic changes for the trajectory clusters. (a): Maximum tempera-
ture (AT max, in K) and maximum potential temperature (Afmax, in K) changes
along the trajectories for heat waves in Central Europe. The colours indicate the
maximum pressure increase in a 48-hour window. The numbers in the quadrants
denote the fraction of trajectories in each cluster: in black (irrespective of de-
scend rate), in blue (descent < 100 hPa in 48h, only upper right quadrant), in
red (descent > 100hPa in 48h, only upper right quadrant). Additionally, the
letters in boxes indicate the names of the clusters and the black sloping line
denotes the approximate border between clusters Byy and B,,4. (b): Fraction of
trajectories in the clusters for all investigated regions in Europe (Sc: Scandinavia,
WR: western Russia, Gl: Greece/Italy, IB: Iberian Peninsula, Bl: British Isles, CE:
Central Europe). Figure taken from Zschenderlein et al. (2019). © The authors
and John Wiley & Sons Ltd, CC-BY.

warmed due to diabatic heating in absence of strong vertical motion, whereas air parcels
in By, are warmed due to the combination of strong subsidence and diabatic heating near
the surface.

Trajectories in the lower right quadrant of Fig. 6.4a experience an overall temperature
decrease and diabatic heating (cluster C) and trajectories in the lower left quadrant of
Fig. 6.4a are also overall cooled but they are diabatically cooled (cluster D). Comparing
the numbers of trajectories of clusters C and D to the above mentioned clusters A, By, and

B, it is found that they are negligible and are therefore not discussed further.

As it has been shown, mainly three trajectory clusters with coherent thermodynamic
characteristics and vertical motions create heat waves in Central Europe. In the other
European regions, clusters C and D are negligibly small (Fig. 6.4b) as well. But the
other three clusters A, By; and B, all contribute to heat waves, with varying importance
depending on the region. In most of the regions, 50 % of the trajectories are in cluster
B4, but the largest difference are found for western Russia and the British Isles. Western
Russia is strongly influenced by cluster By, (about 70 %), i.e. a combination of subsidence

and diabatic heating and less influenced by cluster A (about 10 %), hence the majority
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of the air parcels are diabatically heated. The British Isles have the largest portion of
trajectories in cluster A (about 40 %) compared to the other regions, where between 25
and 30 % of the trajectories fall into cluster A. The fraction of cluster B,,,; does not vary
that much between the regions, only Greece/Italy show a smaller fraction. Possible causes

for the inter-regional differences are discussed in the next sections.

6.5 Physical processes along the trajectory clusters

Figure 6.5 depicts the source regions three and seven days prior to the heat waves. Seven
days prior to the heat waves, air parcels often originate from the west, i.e. above the North
Atlantic Ocean, which is reasonable given the climatic westerly flow towards Europe.
Western Russia is the only exception because it is partly beyond the direct reach of the
Jet Stream and the systems of North Atlantic origin. Here, trajectories originate mostly
over the Eurasian continent and less over the North Atlantic Ocean. For heat waves in
Scandinavia, nearly no trajectory originates in the Mediterranean, which suggests that
warm air advection from typically warm regions is of minor importance for heat waves in
Scandinavia. It is therefore also possible that air parcels originate from climatologically
cold areas polewards of the polar circle and later contribute to the heat wave. The results
are in marked contrast to the view that heat waves in Europe are associated with warm air
advection from southerly regions, e.g. Perkins (2015), Miralles et al. (2014). Hence the
(Lagrangian) processes in the air parcels seem to be very important for establishing high
temperatures near the surface, as discussed in the following.

Air parcels in trajectory cluster A originate from the highest altitudes (Fig. 6.6a) and
descend with a similar rate ten to five days prior to the heat waves. In the second five days
the rate of descent increases, particularly for Greece/Italy, western Russia and the Iberian
Peninsula, before the air parcels are entrained into the planetary boundary layer. The sub-
sidence in the free atmosphere concurs with radiative cooling in all regions (Fig. 6.6c¢).
Although the air parcels are diabatically cooled, their temperature increases (Fig. 6.6¢)
because the subsidence leads to adiabatic warming, which overcompensates the diabatic
cooling. Interestingly, temperatures in the source region of cluster A arriving in Greece/I-
taly, Central Europe, western Russia and the Iberian Peninsula are colder than those for
the British Isles, but the temperatures near the surface are higher for the four former re-
gions highlighting the importance of subsidence. As mentioned by Bieli et al. (2015),
temperature extremes develop on a time-scale between two and three days. Figure 6.5
therefore shows the position of the three clusters three days prior to the heat waves. Most
of the trajectories in cluster A are already located in the target region in the last three

days. Western Russia is the only exception, where cluster A is located to the east of the
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Figure 6.5: Spatial distribution of trajectories. The purple line represents the fraction of
air parcels per grid point of at least 0.1%o seven days prior to the heat waves
irrespective of the clusters. The green colour shading represents the position of
air parcels three days prior to the arrival in the heat wave regions: (a) British Isles,
(b) Scandinavia, (c) Central Europe, (d) western Russia, (e) Iberian Peninsula
and (f) Greece/ltaly. The orange line represents the fraction of trajectories per
grid point of at least 2.2 %o for cluster A, the red line for cluster Bsy and the
blue line for cluster B,y three days prior to the heat waves. Figure taken from
Zschenderlein et al. (2019). © The authors and John Wiley & Sons Ltd, CC-BY.

target area. Air masses seem to be trapped in the target regions while descending. Hence

subsidence above the target area or in the vicinity is essential in determining the extreme
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Figure 6.6: Processes along the trajectories for Scandinavia (Sc), western Russia (WR),
Greece/Italy (Gl), Iberian Peninsula (IB), British Isles (Bl) and Central Europe
(CE). (a): Temporal evolution of the median of pressure for the three trajectory
clusters: A (solid); Bsy (dotted) and B,q (dashed). (b): surface sensible heat
fluxes (median) for trajectories in cluster Bsy and B4 together, but with the
additional constraint to be located between the surface and 850 hPa. For better
visibility, only three regions that represent the typical characteristics are shown.
(c-e): T-6 diagrams (cf. section 4.5) illustrating the temporal evolution of (me-
dian) temperature and potential temperature for the three trajectory clusters A
(c), Bsg (d) and B4 (e). Darker colours denotes time steps closer to the heat
wave. Figure taken from Zschenderlein et al. (2019). © The authors and John
Wiley & Sons Ltd, CC-BY.

temperatures near the surface for cluster A.

Air parcels in trajectory cluster By, descend ten to two days before their arrival in the
heat wave regions similar to cluster A, but with the difference that B,, trajectories enter
the planetary boundary layer earlier (Fig. 6.6a). In the free atmosphere, subsidence is
associated with weak radiative cooling or is nearly adiabatic for By, trajectories arriving
in Greece/Italy and the Iberian Peninsula (Fig. 6.6d). During the last 72 h, By, trajectories
are warmed diabatically near the surface (Fig. 6.6d). Air parcels in trajectory cluster B,,;
remain in the lower troposphere around 950 hPa over the whole ten days (Fig. 6.6a) and
are continuously warmed diabatically (Fig. 6.6e). The quasi linear relationship between

temperature and potential temperature increase in this cluster suggests that the air parcels
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are warmed only due to diabatic processes. While the origin temperatures of cluster B,y
are higher compared to the other two clusters, the overall temperature increase is smaller
due to the missing subsidence.

Increased solar radiation during clear-sky conditions leads to an increase of surface
sensible heat fluxes (Alexander, 2011), thus warming the air parcels near the surface di-
abatically. It is therefore interesting to look at the trajectories that are heated diabatically
and located near the surface. Figure 6.6b illustrates the temporal evolution of the me-
dian of the surface sensible heat fluxes for the clusters By, and B, together. Because
surface sensible heat fluxes are by definition only effective in the lower troposphere, the
surface sensible heat fluxes in Fig. 6.6b are only shown for trajectories located between
the surface and 850 hPa.

Air parcels contributing to a heat wave in western Russia are strongly influenced by
surface sensible heat fluxes in the last three days before the onset of the heat wave with
maximum values around 175 W m~2. Even up to seven days prior to the heat waves, air
parcels located near the surface are influenced by a diabatic heating above 100 W m~—2.
Indeed, trajectories in clusters By, and B,,; are located to the east of western Russia and
above land surfaces (Fig. 6.5d). Consequently, remote surface conditions are important in
determining high temperatures near the surface in western Russia. The smallest influence
of surface sensible heat fluxes is visible for trajectories arriving in the British Isles (blue
line in Fig. 6.6b). Both the daily magnitude and the number of days with notable surface
fluxes is decreased compared to the other regions. Although some trajectories in clus-
ter By, reaching the British Isles are located above parts of Germany, Denmark, Poland
and the Netherlands (Fig. 6.5a), the influence of surface sensible heat fluxes over these
countries is negligible and local surface heating over the British Isles is more important.
Surface fluxes for Central Europe are in between the two mentioned cases, i.e. increased
surfaces fluxes five days before arrival with a median maximum daily heating around
125W m~2 (Fig. 6.6b). As shown in Fig. 6.5¢, most air parcels of clusters By, and B,,;
are already located over Central Europe three days prior to the heat waves, highlighting
the importance of local soil conditions and in situ warming, in agreement with Bieli et al.
(2015). The Iberian Peninsula shows a similar temporal development of the surface sen-
sible heat fluxes to the British Isles, but higher in magnitude (not shown). Because most
of the trajectories are situated above the Mediterranean Sea and the Gulf of Biscay three
days before the heat waves in the Iberian Peninsula (Fig. 6.5e), the influence of surface
fluxes is only present one to two days before the events. Surface sensible heat fluxes for
Greece/Italy are similar to western Russia and for Scandinavia they are similar to Cen-
tral Europe, but trajectories for Greece/Italy and Scandinavia experience lower absolute
surface fluxes (not shown). However, an interesting feature emerges for the position of

the three clusters three days before heat waves in Greece/Italy (Fig. 6.5f). While cluster
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A is located mostly in the western half or slightly west of the target area, clusters B, and
B, trajectories are also located to the northeast of Greece/Italy. Remote surface condi-
tions are therefore important for high near-surface temperatures in Greece/Italy, similar
to western Russia. Hence, not only local but also remote surface conditions seem to play
an important role in establishing high surface temperatures for some regions in Europe.
The evolution of the relative and specific humidity of air parcels for the two con-
trasting regions western Russia and the British Isles are depicted in Fig. 6.7. Specific
humidities near the origin of clusters A and By, are low with values of about 2 gkg™!
(Fig. 6.7b) due to the high altitudes. Throughout the descent, specific humidity steadily
increases up to values around 8 gkg~!. Due to the location in the lower troposphere,
specific humidities of cluster B,,,; are considerably higher and reveal a diurnal cycle for
trajectories arriving in western Russia (Fig. 6.7b). This strong diurnal cycle is not found
for trajectories in cluster A because they are located at higher altitudes. Compared to the
specific humidity, the diurnal cycle is more pronounced for the relative humidity due to
the higher correlation with temperature. Although the specific humidity increases, the
relative humidity decreases substantially especially during the second half of the trajec-
tories (Fig. 6.7a). This highlights the pronounced warming in the last days, as mentioned
by Santos et al. (2015) for heat waves in the Iberian Peninsula. The strong reduction of
the relative humidity is marked for clusters By, and B,,; and stronger for western Russia

compared to the British Isles.
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Figure 6.7: Temporal evolution of the median relative humidity (a) and specific humidity (b)
for heat wave trajectories from the British Isles (Bl) and western Russia (WR).
Solid lines: trajectory cluster A, dotted lines: Bsy and dashed lines: B,q. Figure
taken from Zschenderlein et al. (2019). © The authors and John Wiley & Sons
Ltd, CC-BY.

To summarise, most of the trajectories are already in the target regions three days

prior their arrival. Additionally, not only local, but also remote surface conditions are
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important in determining high temperatures near the surface. Interestingly, the origin of
air parcels forming a heat wave are very diverse. The geographic origin - and therefore
the original temperature - is of minor importance. Rather more important are the pathway
and the processes, i.e. subsidence and diabatic heating, along the trajectories. In all re-
gions, three air streams with different thermodynamic characteristics and vertical motions
are converging in the heat wave regions: (1) air parcels originating from pressure levels
around 600 hPa with temperatures mostly below the freezing level, which are warmed
due to subsidence only (cluster A), (ii) air parcels originating from around 750 hPa, expe-
riencing subsidence in the first eight days and being strongly heated diabatically near the
surface in the last two days prior to the heat wave (cluster B,,) and (iii) air parcels located
in the lower troposphere during the whole ten-day period that are strongly influenced by

surface sensible heat fluxes (cluster B,,;).

6.6 Quantification of processes

In order to quantify the most dominant process contributing to heat waves, the hori-
zontal temperature advection at 850 hPa is derived for all heat wave days and the daily
temperature change of air parcels due to vertical motion and diabatic processes for the
three clusters (Lagrangian processes). The latter two processes are quantified following
Eq. 2.12 (section 2.2.4).

Figure 6.8 depicts the temperature increases for the three trajectory clusters and two
time periods: (1) 72h (3 days) prior to the arrival of the air parcels in the target area
(Figs. 6.8a-c) and (ii) between ten and three days prior to their arrival (Figs. 6.8d-f).
This separation is motivated by Bieli et al. (2015) because they determined that extreme
temperature events develop on a two to three day time scale.

Adiabatic warming due to vertical motion is much stronger than the diabatic processes
for the air parcels in cluster A (Figs. 6.8a,d). The mean diabatic cooling rates between
ten and three days before the heat waves are around -1 K per day (Fig. 6.8d), which
is common for radiative cooling (e.g. Wallace and Hobbs, 2006). The warming due to
subsidence strongly increases 72 h before the extreme events with a maximum over the
Iberian Peninsula of around 5 K per day in the mean and even up to 8 K per day along
individual trajectories. The least warming due to subsidence occurs for the British Isles
(around 3 K per day). Although the warming due to subsidence appears to be modest for
the British Isles, it has been shown before that cluster A contains the largest fraction of
trajectories for this region (Fig. 6.4b).

Air parcels in cluster By, are mainly warmed due to adiabatic processes in the first

seven days (Fig. 6.8e). However, the influence of diabatic processes, i.e. surface sensible
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heat fluxes, increases 72 h before the heat waves (Fig. 6.8b). Therefore, the temperature
increase 72 h before the heat waves is due to subsidence and diabatic warming in equal
parts at a rate of about +1.5 K per day each.

In cluster B,,; the daily temperature increase is comparably weak in the first seven
days due to the weak subsidence and diabatic warming (Fig. 6.8f). Thus, those air parcels
are transported near the surface without any notable temperature changes. But 72 h be-
fore the heat events, the diabatic warming increases greatly, especially over the Iberian
Peninsula at a rate of about +4 K per day, sometimes even up to 6 K per day (Fig. 6.8c).
Interestingly, air parcels typically ascend during this period, which may be induced by
a heat low that establishes during extremely high temperatures over the Iberian penin-
sula (Santos et al., 2015). Due to the ascent, air parcels cool adiabatically by up to -2 K
per day, but due to the strong diabatic warming near the surface, the warming of the air

parcels predominates.

(a) (b) (<)

AT/day [K]
AT/day (K]
AT/day [K]

Region Region Region

(d) (e) (f)

AT/day (K]

° ~
AT/day (K]

° ~
AT/day [K]

o ~

Sc WR Gl 1B Bl CE sc WR Gl 1B BI CE sc WR Gl 1B BI CE

|- Temperature M Vertical Motion M Diabatic Processes‘

Figure 6.8: Daily Lagrangian temperature changes in K (grey: total temperature tendency,
red: adiabatic temperature change due to vertical motion, green: diabatic tem-
perature changes) for Scandinavia (Sc), western Russia (WR), Greece/ltaly (Gl),
Iberian Peninsula (IB), British Isles (Bl) and Central Europe (CE). Top row:
temperature changes three days before the heat waves, bottom row: tempera-
ture changes between day ten and three before the heat waves. Left: Trajectory
cluster A, Middle: Trajectory cluster Bsy and right: Trajectory cluster B,4. The
bars denote the mean, the errors bars the standard deviation. Figure taken from
Zschenderlein et al. (2019). © The authors and John Wiley & Sons Ltd, CC-BY.

The third process, namely horizontal temperature advection is illustrated in Fig. 6.9.

The Eulerian horizontal temperature advection v - VT is calculated at a pressure level
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of 850 hPa at grid points that are affected by a heat wave. For calculating the temperature
advection, all available time steps from ERA-Interim at 00, 06, 12 and 18 UTC are used.
Figure 6.9 shows that, although some warm air advection occurs for the British Isles
and western Russia, generally local horizontal temperature advection is not important to
elevate near-surface temperatures during heat waves. The warm air advection over the
British Isles may be related to the fact that the ridge axis is not exactly located above the
region (Fig. 6.3a). This is also the reason why some air parcels originate from the west
and southwest (Fig. 6.5a). However, comparing the temperature tendencies between the

advection and the two Lagrangian processes, it is obvious that the latter are pivotal.
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Figure 6.9: Horizontal temperature advection at 850 hPa at 00, 06, 12 and 18 UTC for
heat waves in Scandinavia (Sc), western Russia (WR), Greece/Italy (Gl), Iberian
Peninsula (IB), British Isles (Bl) and Central Europe (CE). The bars denote the
mean, the error bars the standard deviation. Figure taken from Zschenderlein
et al. (2019). © The authors and John Wiley & Sons Ltd, CC-BY.

6.7 Residence time of air parcels

In order to quantify how long the air parcels, which lead to the high near-surface tem-
peratures, are stalled in the target region (circles with 500 km radius as described in sec-
tion 6.1), forward trajectories are calculated for the heat waves and it is determined when
the trajectories exit the region. The longer the air parcels are located in the lower tro-
posphere, the higher is the potential influence of land-atmospheric feedbacks. During
mega-heat waves, previous studies suggested that the heat can be stored over several days
resulting in a progressive accumulation of heat (Miralles et al., 2014). The authors high-
lighted the multi-day memory of land-surface feedbacks in the planetary boundary layer.
With the help of forward trajectories it is tried to quantify how often trajectories are being
trapped in the heat wave area for multiple days. Figure 6.10 shows the residence time of

the trajectories. The shortest (median) residence time is found for western Russia and the
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British Isles, while the longest is found for Central Europe and Scandinavia (around 1.5
days). Although there are also cases of longer residence times in all regions, most of the
trajectories are in the target region between 0.5 and 2.5 days only. Due to the minimum
duration of three days for heat waves, air masses are therefore steadily descending into
the heat wave areas (presumably trajectory cluster A) or transported horizontally from
adjacent regions (presumably trajectory clusters By; and B,,;). Hence, hot air masses are
mostly not stagnant over a time period longer than a few days. For the extreme heat waves
in Central Europe in 2003 and western Russia in 2010, similar median residence times
of 30 h for Central Europe (Fig. A1.8) and 24 h for western Russia (Fig. A1.9) are found,
underlying the importance of the Lagrangian processes mentioned above. It is generally
possible that air parcels can re-enter the target area after exiting the region which may
happen in a blocking anticyclone with recirculating air masses. About 10-15 % of the
trajectories are re-entering the target area within a ten-day period. Hence, although the
synoptic pattern is nearly stationary during heat wave periods due to the low variability
of the associated ridges above the areas (Fig. 6.3), the involved air masses leading to
extreme temperatures are mostly not stationary. In that sense, new air masses that experi-
ence subsidence in the free atmosphere and diabatic heating near the surface replace the
old air mass.
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Figure 6.10: Residence time of the trajectories in the target regions for heat waves in Scan-
dinavia (Sc), western Russia (WR), Greece/ltaly (Gl), Iberian Peninsula (IB),
British Isles (Bl) and Central Europe (CE). The blue lines depict the median,
the boxes the interquartile range (IQR) and the whiskers 1.5:IQR. Figure taken
from Zschenderlein et al. (2019). © The authors and John Wiley & Sons Ltd,
CC-BY.
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Chapter 7

Processes leading to upper-tropospheric

anticyclones

This chapter analyses the processes leading to the formation and maintenance of upper-
tropospheric anticyclones associated with heat waves at the surface in different European
regions. Section 7.1 provides an overview of the methods employed in this study. Then,
section 7.2 presents the origin of trajectories reaching upper-tropospheric anticyclones.
Subsequently, section 7.3 discusses, for different regions in Europe, the influence of dia-
batic heating on these trajectories. Furthermore, locations of strong diabatic heating and
their synoptic environments are presented in section 7.4. The last results section 7.5 de-

scribes the influence of diabatic heating during the life cycle of the heat wave anticyclone.

7.1 Methods

This section firstly describes the identification of upper-tropospheric anticyclones and
their connection to the heat waves at the surface. Secondly, the calculation of the trajec-
tories and the identification of diabatic processes are outlined. To be consistent with the
last chapter, the period between 1979 and 2016 is used.

7.1.1 Identification of upper-tropospheric anticyclones

We aim to assign the surface heat waves in the six European regions (dashed boxes
in Fig. 7.1b) used in the previous Chapter to upper-tropospheric anticyclones. As an
example, 73 heat waves were identified for Central Europe. In order to define upper-
tropospheric anticyclones, a PV-approach introduced by Schwierz et al. (2004) that is
based on the anomaly of the instantaneous, vertically averaged PV between 500 and

150 hPa with respect to the monthly climatology is used. To be identified as an upper-
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tropospheric anticyclone, the PV anomaly at a grid point must fall below —0.7PVU
(1PVU=10"%Kkg ! m?s™1). Pfahl and Wernli (2012) used this threshold for the defini-
tion of weak blocking and demonstrated that the link between weak blocking and northern
hemispheric warm temperature extremes is particularly robust. We therefore choose the
—0.7PVU threshold for defining upper-tropospheric anticyclones. Note that our defini-
tion of upper-tropospheric anticyclones requires no temporal persistence in contrast to
Schwierz et al. (2004) and is only constrained by the duration of the surface heat waves
(at least 3 days).

In a second step, upper-tropospheric anticyclones are assigned to the respective re-
gion. Exemplarily for Central Europe, Fig. 7.1a depicts a composite of the vertically
averaged PV anomaly for all heat wave days. The composite shows a negative upper-
tropospheric PV anomaly with small standard deviations over Central Europe. In order
to study the formation of the corresponding anticyclones, a rectangular box enclosing the
—0.5PVU contour line in the composite (black solid box in Fig. 7.1a) is defined and we
assign all upper-tropospheric negative PV anomalies in this box to heat waves in Central
Europe. The respective boxes for the other regions are shown in Fig. 7.1b. All grid points
with PV anomalies below —0.7 PVU in the respective box during heat wave days in the
corresponding region (dashed boxes in Fig. 7.1b) are identified as upper-tropospheric

anticyclones.
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Figure 7.1: |dentification of upper-tropospheric anticyclones. (a): Composite of the instanta-
neous, vertically averaged PV anomalies (VIPa) for all heat wave days in Central
Europe. The contours show the mean of VIPa (in PVU) and the shading shows
the standard deviation of VIPa. (b): The solid boxes depict the regions where
the upper-tropospheric PV anomalies are assigned to heat waves at the surface
and the dashed boxes show the regions of the heat waves as defined in Chapter 6:
Scandinavia (green), western Russia (red), Greece/lItaly (purple), Iberian Penin-
sula (orange), Central Europe (black, also in (a)) and the British Isles (blue).
Figure taken from Zschenderlein et al. (2020). © The authors and Copernicus
Publications, CC-BY.
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7.1.2 Backward trajectories

Seven-day backward trajectories, driven by three-dimensional ERA-Interim wind fields
on 60 vertical model levels, are calculated at each six-hourly time step with LAGRANTO
(Sprenger and Wernli, 2015) for every heat wave day. Trajectories are initialised in the
upper-tropospheric anticyclone and started from an equidistant grid (Ax=100km hori-
zontally) and vertically between 500 and 150 hPa every 50 hPa with the additional cri-
terion that the PV at the respective level must be less than 1 PVU. The latter excludes
starting points in the stratosphere, similar to Steinfeld and Pfahl (2019). Physical pa-
rameters traced along the trajectories include temperature and potential temperature. The
total number of trajectories is between 700,000 for Greece/Italy and nearly 2,000,000 for
Scandinavia.

In order to quantify diabatic processes along the trajectories, it has to be evaluated
whether diabatic heating or cooling dominates. For that, we calculate the highest (6,,.x)
and lowest potential temperature (f,,;,) along the backward trajectories over a three or
seven day period. Diabatic heating is calculated as the difference (A#) between 6, and
the preceding, i.e. closer to the origin, potential temperature minimum, whereas diabatic
cooling is quantified as the difference (A#) between 6,,;, and the preceding potential
temperature maximum. If the diabatic heating exceeds the absolute value of the diabatic
cooling, the trajectory belongs to the heating branch and vice versa. If the magnitude of
diabatic cooling and heating are equal, the trajectory will be sorted in the cooling branch.
This approach is similar to Steinfeld and Pfahl (2019), with the difference that in their
study all trajectories heated by more than 2 K are categorised as “diabatically heated”, no
matter how large the diabatic cooling is.

Figure 7.2 shows an example for a three-day period: the backward trajectory in
Fig. 7.2a experiences stronger diabatic heating (red arrow in Fig. 7.2a) than cooling (blue
arrow in Fig. 7.2a) and therefore belongs to the heating branch, whereas in Fig. 7.2b
the diabatic cooling dominates and the trajectory is consequently sorted in the cooling

branch.

7.1.3 Feature composites

To explore in which synoptic environment the air parcels in the heating branch are dia-
batically heated, composites of various features centred around the location of maximum
diabatic heating are created. PV at 330 K, wind at 800 hPa, mixed-layer convective avail-
able potential energy (ML CAPE) and convective and large-scale precipitation are shown.
Whereas convective precipitation in ERA-Interim comes from the parameterised shallow,

mid-level and deep convection, large-scale, i.e. stratiform, precipitation denotes the con-
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Figure 7.2: This schematic depicts the potential temperature change Af for a three-day
period. The red star indicates the starting point of the backward trajectory. (a):
Diabatic heating (red arrow) exceeds diabatic cooling (blue arrow). (b): diabatic
cooling exceeds diabatic heating. Figure taken from Zschenderlein et al. (2020).
© The authors and Copernicus Publications, CC-BY.

tribution coming from the cloud scheme (Dee et al., 2011). Flow features, i.e. blocks,
cyclones and warm conveyor belts, are taken from Sprenger et al. (2017). In their clima-
tology, weak atmospheric blocking is defined as a region where the anomaly of vertically
averaged PV between 500 and 150 hPa is lower than —0.7 PVU and persists for at least
five days (Schwierz et al., 2004; Croci-Maspoli et al., 2007). Hence, temporal persistence
is required in addition to our definition of upper-level anticyclones. The region affected
by a cyclone is defined as the region within the outermost closed sea level pressure iso-
line surrounding one or several local sea level pressure minima (Wernli and Schwierz,
2006). Warm conveyor belts are air parcel trajectories ascending more than 600 hPa in
two days associated with a midlatitude cyclone (Madonna et al., 2014). A more detailed
description of the three features is given in Sprenger et al. (2017). To assess, whether
the occurrence of blocks, cyclones and WCBs is anomalous, the frequencies of the three
features during diabatic heating are compared with their climatological frequencies. The
anomaly is then defined as the difference between the observed frequency during heat

wave days and the climatological frequency.

7.2 Source regions of low-PV air masses

This section focuses on the origin of trajectories started from the upper-tropospheric an-
ticyclones. To this end, density maps of trajectory locations at specific time steps are
created, which show relative frequencies and are normalised such that the spatial integral
over the whole distribution yields 100%. Only the density maps for heat waves in Central
Europe, western Russia and Greece/Italy are presented because they exhibit the largest
differences. Results for the other three regions, viz. Iberian Peninsula, British Isles and
Scandinavia are shown in the Appendix (Figs. A2.1-A2.2).
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Three days prior to the arrival of the trajectories in the upper-tropospheric anticyclone
over Central Europe, one part of the heating branch is located over the western North
Atlantic and the other part over northwestern Africa in the middle and partly lower tropo-
sphere (Fig. 7.3a). The western North Atlantic is a typical source region of diabatically
heated trajectories for the formation of atmospheric blocking, although the main source
region in summer is shifted towards North America (Pfahl et al., 2015). In the blocking
study by Pfahl et al. (2015), most of the backward trajectories were initialised over the
North Atlantic to the west of Central Europe, which explains the westward shift of the
source regions of diabatically heated trajectories compared to our study. Additionally, the
western North Atlantic is the entrance region of the summer storm tracks (Dong et al.,
2013) and therefore a region prone to diabatic heating. The second major source region
over northwestern Africa (Fig. 7.3a) is not known as a source region for air parcels in-
fluencing the formation of blocking, presumably due to the stronger influence of oceanic
blocks in other studies (e.g. Pfahl et al., 2015; Steinfeld and Pfahl, 2019), but appears to
be important for the formation of summertime upper-tropospheric anticyclones in asso-
ciation with heat waves. Due to this separation of the heating branch into two distinct
regions, trajectories in the heating branch located west and east of 30°W three days prior
to the arrival in the upper-tropospheric anticyclone are analysed separately in the follow-
ing and are hereafter denoted as the remote and nearby heating branch, respectively.

Air parcels in the cooling branch related to upper-tropospheric anticyclones above
Central European heat waves are located in the upper troposphere at around 300-400 hPa
and mostly above northwestern Africa, but also over the North Atlantic and already within
the upper-level anticyclone area three days prior to their arrival (Fig. 7.3b). These air
parcels are then transported northwards to Central Europe along the western flank of the
ridge associated with the heat wave. Pfahl et al. (2015) showed that the majority of the
air parcels not influenced by diabatic heating (comparable to our cooling branch) are,
three days prior to the arrival in the block, located to the east of the diabatically heated
trajectories. This is also the case here when comparing the location of the cooling with
the remote heating branch (Figs. 7.3a,b).

Seven days prior to the arrival of the air parcels in the heating branch to Central
Europe, most of them are located above North America and the western North Atlantic
and to some extent above northwestern Africa. Compared to the three-day period, air
parcels are located at lower altitudes (Fig. 7.4a). Generally, air parcels in the subtropics
over the North Atlantic and Gulf of Mexico are located at lower altitudes compared to
air parcels above the North American continent and towards the East Pacific. Air parcels
in the cooling branch are at similar pressure levels compared to the three-day period, but
more widely distributed compared to the heating branch with a maximum density above

the North Atlantic (Fig. 7.4b). Similar to the three-day timescale, the major part of the
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Figure 7.3: Spatial distribution of diabatically heated (left) and cooled (right) trajectories
three days prior to arrival in the upper-tropospheric anticyclones for (a,b) Cen-
tral Europe (CE), (c,d) western Russia (WR) and (e,f) Greece/ltaly (Gl). The
colours indicate the median pressure of air parcels and contours display the air
parcel density (starting from 1%q per 10° km? in 2%o increments). The dashed
purple boxes represent the area in which upper-tropospheric anticyclones are as-
sociated with heat waves (cf. section 7.1.1 and Fig. 7.1b). Figure taken from
Zschenderlein et al. (2020). © The authors and Copernicus Publications, CC-BY.

cooling branch is found east of the remote heating branch.

The density maps for air parcels in the heating branch reaching western Russia exhibit
two distinct differences compared to Central Europe. Firstly, the source regions of the
heating branch do not show two clearly separated geographical maxima on the three-day
timescale (Fig. 7.3c). In fact, the major part of this branch is located above the European
continent and in the middle troposphere. However, on the seven-day timescale, a pattern
of two geographical maxima emerges with the highest densities over the western North
Atlantic and in the Mediterranean area (Fig. 7.4c). Secondly, more air parcels are already
located in the vicinity of the target upper-level anticyclone indicating that the diabatic
heating can occur more locally. The overall pattern of the cooling branch, however, does
not reveal substantial differences compared to the pattern for Central Europe, although
the maximum densities are generally shifted to the east (Figs. 7.3d and 7.4d).

Air parcels in the heating branch reaching the upper-troposphere above Greece/Italy
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predominantly originate from northwestern Africa during the last three days, in partic-
ular from the Atlas Mountains (Fig. 7.3e). Therefore, these anticyclones are strongly
influenced by the nearby heating branch, whereas on the seven-day timescale, most of
the diabatically heated trajectories originate from the western Atlantic and North Amer-
ica (Fig. 7.4e). The majority of the air parcels in the cooling branch are located above
the North Atlantic three and seven days prior to the heat wave, but some trajectories
are located in the tropics south of 20°N at around 200 hPa (Figs. 7.3f and 7.4f) - an area
which is climatologically influenced by upper-level easterly winds in summer (Fink et al.,
2017). In this region and during this time of the year, organised convection in the form
of huge mesoscale convective systems occurs in the ITCZ (Inter-Tropical Convergence
Zone) over the West African monsoon region. Their upper-level poleward outflow turns
eastward to feed the subtropical jet over Northern Africa and the Mediterranean (cf. Fig.
1 in Lafore et al., 2010).
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Figure 7.4: Same as Fig. 7.3, but for seven days prior to arrival. Figure taken from Zschen-
derlein et al. (2020). © The authors and Copernicus Publications, CC-BY.

Three days prior to the arrival of the air parcels in the heating branch over the Iberian
Peninsula and the British Isles, most of them are located above the western North At-
lantic in the middle and lower troposphere, but also over northwestern Africa and Spain

(Figs. A2.1a,c). For Scandinavia, air parcels are located over the western North At-
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lantic and southern/central Europe in nearly equal parts (Fig. A2.1e). On the seven-day
time scale, air parcels of the heating branch are distributed between North America and
the western Atlantic (Figs. A2.2a,c), although the dichotomy in the trajectory origin for
Scandinavia still exists (Fig. A2.2e). The results for the cooling branches are qualitatively
similar to the other regions (Figs. A2.1b,d and A2.2b.d,f), while for Scandinavia, a large
fraction of diabatically cooled air parcels is already located in the target area three days

prior to arrival (Fig. A2.1f).

7.3 Two diabatic regimes

We now compare the statistical distributions of the potential temperature changes in the
heating and cooling branch. Changes in potential temperature during the last three and
seven days prior to reaching upper-tropospheric anticyclones over Central Europe are
shown as probability density distributions. For both the three- and seven-day period, the
shape of the cooling branch features a Gaussian normal distribution, whereas the heating
branch is more skewed (Fig. 7.5a). This skewness increases for the seven-day period,
implying an overall higher magnitude of diabatic heating along the trajectories on this
timescale. During the last three days, about 29% of the trajectories are influenced by
diabatic heating and, consequently, 71% belong to the cooling branch (Fig. 7.5b). On
the seven-day timescale, 42% of the trajectories are in the heating branch (Fig. 7.5b).
Hence, diabatic heating along trajectories substantially influences the formation of upper-
tropospheric anticyclones above Central Europe.

The majority of trajectories in the cooling branch slightly descend and are radiatively
cooled in the free atmosphere, while most of the trajectories in the heating branch ascend
(not shown). Overall, the diabatic heating is a more rapid process compared to the dia-
batic cooling (not shown). Therefore, the heating branch can be interpreted as a strongly
cross-isentropic branch transporting low-PV air from the lower to the upper troposphere,
whereas the cooling branch is a quasi-adiabatic process that advects low-PV air towards
the upper-tropospheric anticyclone, in line with the analysis of Pfahl et al. (2015) and
Steinfeld and Pfahl (2019) for blocks.

The cross-isentropic transport of low-PV air from the lower to the upper troposphere
in the heating branch is stronger for western Russia. During the last three days, about
449% of the air parcels reaching upper-tropospheric anticyclones above western Russia
are affected by the heating branch, which is the highest fraction among the different Eu-
ropean regions (Fig. 7.5b). For Scandinavia and the British Isles, about 35% of the air
parcels are influenced by diabatic heating, which is slightly more than for Central Europe.

The Mediterranean area, i.e. Greece/Italy and the Iberian Peninsula, however, is less in-
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Figure 7.5: Diabatic processes in the heating and cooling branches three (solid line) and seven
days (dashed line) before reaching upper-tropospheric anticyclones. (a): Prob-
ability density distribution of the potential temperature changes for air parcels
reaching Central European heat wave anticyclones. The grey line denotes the
0K border separating the heating and cooling branch. (b): Fraction of diabati-
cally heated trajectories for all regions (CE: Central Europe, WR: western Russia,
Gl: Greece/ltaly, IB: lIberian Peninsula, Bl: British Isles and SC: Scandinavia).
Figure taken from Zschenderlein et al. (2020). © The authors and Copernicus
Publications, CC-BY.

fluenced by the heating branch with only about 25% of the trajectories in this branch on
the three-day timescale. During the last seven days, the relevance of the heating branch
increases for all regions (Fig. 7.5b). The highest influence of the heating branch (about
50%) is found for trajectories reaching upper-tropospheric anticyclones above the British
Isles, Scandinavia and western Russia. Interestingly, the increase of the fraction of dia-
batically heated air parcels from the three- to the seven-day period is smallest for western
Russia, indicating that heat wave anticyclones in western Russia are less influenced by

remote diabatic heating beyond three days prior to their arrival in the anticyclone.

Comparing the fraction of diabatically heated air parcels contributing to the forma-
tion of atmospheric blocks (Pfahl et al., 2015) with our findings, we conclude that the
fraction is lower in our study. This can be explained by three main reasons: firstly,
weather systems that are associated with diabatic heating such as extratropical cyclones
and warm conveyor belts are climatologically less frequent during summer (Madonna
et al., 2014). Secondly, Pfahl et al. (2015) defined blocking with a more pronounced neg-
ative PV anomaly, and because more intense negative PV anomalies are associated with
stronger latent heating in WCBs (Madonna et al., 2014), the influence of diabatically
heated trajectories is reduced in our study. Thirdly, the quantification of diabatic heating
along trajectories of Pfahl et al. (2015) is slightly different, because they only quantified
the contribution of diabatic heating to the formation of blocking and did not account for

diabatic cooling.
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7.4 Two geographically separated heating branches

In the remainder of this study, we further analyse the heating branches for heat wave
anticyclones in three regions. Remember that heated trajectories located west (east) of
30°W three days prior to the arrival in the heat wave anticyclone belong to the remote
(nearby) heating branches. We focus on Central Europe and Greece/Italy, which are
affected by the nearby and remote heating branches (Figs. 7.3a,e), and on western Russia,
which is affected predominantly by the nearby heating branch (Fig. 7.3c¢).

The spatial distributions of the locations of maximum diabatic heating along the tra-
jectories for the nearby and remote heating branches are shown in Fig. 7.6. These loca-
tions are defined as the geographical positions at the end of the maximum 6-h increase of
potential temperature in the last three days prior to reaching the upper-level anticyclones.
The remote heating branch associated with anticyclones above Central Europe accounts
for 50% of the whole heating branch. Most of its diabatic heating occurs over the central
North Atlantic between 40°-50°N and 20°-40°W (Fig. 7.6a). Air parcels in the nearby
heating branch are diabatically heated over the European continent in a similar latitude
band (Fig. 7.6b). For western Russia, only 8% of the heated trajectories are in the re-
mote branch and the strongest diabatic heating occurs over the North Atlantic, but also
over Central Europe (Fig. 7.6¢). The dominant heating branch reaching western Russia
is the nearby heating branch (92%, Fig. 7.6d). Most of the diabatic heating in this branch
occurs over the European continent and mostly in the target area between 50° and 60°N.
For Greece/Italy, 69 (31)% of the heated trajectories are assigned to the nearby (remote)
heating branch. Air parcels in the remote heating branch experience diabatic heating over
the western North Atlantic (Fig. 7.6e). Local maxima of diabatic heating in the nearby
heating branch occur above the Atlas Mountains and the Alps (Fig. 7.6f), suggesting the
importance of orographic ascent for the formation of upper-tropospheric anticyclones in
this region. Overall, most of the diabatic heating in the nearby heating branch occurs
close to the target region, whereas the remote heating branch is associated with more re-
mote diabatic heating. Most of the trajectories are diabatically heated at around 400 hPa
(Fig. 7.7a), indicating that the air parcels are mostly heated due to latent heat release in
clouds, as opposed to surface fluxes.

The dominant remote branch associated with anticyclones above the Iberian Peninsula
and the British Isles is diabatically heated above the central North Atlantic (Figs. A2.3a,c),
similar to anticyclones over Central Europe. Scandinavia is slightly more influenced by
the nearby branch (Figs. A2.3e,f) and air parcels in this branch are diabatically heated
above central and western Europe (Fig. A2.3f).

Although the remote and nearby heating branches are geographically separated, it

may be possible that the maximum diabatic heating occurs at the same time before arrival
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Figure 7.6: Geographic location of the maximum diabatic heating along trajectories for the
remote (left column) and nearby heating branch (right column) during the last
three days prior to reaching upper-tropospheric anticyclones above Central Eu-
rope (CE), western Russia (WR) and Greece/Italy (Gl). The percentages in the
orange boxes denote the fraction of the remote/nearby heating branch with re-
spect to the whole heating branch. Figure taken from Zschenderlein et al. (2020).
© The authors and Copernicus Publications, CC-BY.

in the upper-tropospheric anticyclone. Around 42 to 54h prior to arrival, the remote
heating branch experiences the strongest diabatic heating (Fig. 7.7b). On the contrary,
trajectories in the nearby heating branch are strongly heated between 24 and 36 h prior to
arrival (Fig. 7.7b). Hence, air parcels in the remote branch are heated earlier compared to
the nearby branch.

To explore which synoptic systems lead to the ascent and latent heat release in the two

different heating branches, composites of different fields and frequencies of blocks, cy-
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clones and warm conveyor belts centred around the location of maximum diabatic heating
are created. To emphasise the structure of the most pronounced heating, we only consid-
ered trajectories in the composites that are diabatically heated by more than 5 K during
the last three days.

The composite for the air parcels within the remote heating branch reaching Central
Europe is presented in Fig. 7.8. The upper tropospheric circulation, represented by PV at
330K, is characterised by a trough upstream of the maximum diabatic heating (Fig. 7.8a).
At the surface, extratropical cyclones are frequently located west and north of the diabatic
heating maximum. The position of the extratropical cyclones west of the heating max-
imum is slightly east of the upper-level PV trough, which corresponds to the canonical
configuration of cyclogenesis at the leading edge of an upper-tropospheric trough. In
the warm sector of these cyclones, where southwesterly winds prevail (Fig. 7.8a), lift-
ing occurs according to quasi-geostrophic forcing (Holton and Hakim, 2013). Hence, it
is meaningful that warm conveyor belts are found centred around the diabatic heating
maximum and downstream of the extratropical cyclones (Fig. 7.8a). These ascending air
streams release latent heat and lead to an increase of potential temperature. Therefore,
the remote heating branch is often influenced by cyclones in the North Atlantic storm
track and latent heating in their warm conveyor belts.

Above the diabatic heating maximum, an upper-level ridge evolves and blocking fre-
quencies are enhanced downstream (Fig. 7.8a). ML CAPE values are usually low in this
branch. To the southwest of the diabatic heating maximum, ML CAPE values strongly
increase due to climatologically higher sea surface temperatures in the western North
Atlantic south of 30°N.
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To assess, whether the occurrence of the three features in the North Atlantic region is
anomalous for this time of the year, the frequencies of the three features during the dia-
batic heating are compared with their climatological frequencies. In general, the anoma-
lies of all three features attain their highest values in the vicinity of or at the position of
the diabatic heating maximum (Fig. 7.8b). To the west and southwest of the diabatic heat-
ing maximum, the observed cyclone frequency is about 15 percentage points higher than
the climatology, which is an increase by a factor of about 1.5. In contrast, the anoma-
lies of the cyclone frequency to the north are smaller, although the observed frequency
is similar (Fig. 7.8a). As a result of the enhanced cyclone occurrence, also the existence
of warm conveyor belts is anomalously high (Fig. 7.8b). In accordance with the anoma-
lously high cyclone frequency north and northwest of the diabatic heating maximum, the
blocking frequency is anomalously low in this region. Downstream of the diabatic heat-
ing maximum, the blocking frequencies are higher and the cyclone frequencies lower

than climatologically expected.
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Figure 7.8: Composites centred around the position of maximum diabatic heating for the
remote heating branch reaching upper-tropospheric anticyclones above Central
Europe. (a): Frequencies of extratropical cyclones (blue), blocks (green) and
warm conveyor belts (red) starting from 5% in 10% increments. The orange
shading shows the ML CAPE (in Jkg~!) and the arrows the wind at 800 hPa.
Black contours indicate PV (2 and 4 PVU contours) at 330 K. The purple hatch-
ing marks the region where the stratiform precipitation exceeds the convective
precipitation (only for areas with total precipitation > 2mmd~!). (b) Anoma-
lies of cyclone (blue), blocking (green) and warm conveyor belt (red) frequency.
Figure taken from Zschenderlein et al. (2020). © The authors and Copernicus
Publications, CC-BY.

Steinfeld and Pfahl (2019) performed a similar composite analysis for the latent heat-
ing associated with blocks and found a more pronounced upper-level ridge pattern due to
similar reasons as discussed at the end of section 7.3. Overall, the latent heating in the

warm conveyor belts of extratropical cyclones is important for the formation of both at-
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mospheric blocks and upper-tropospheric ridges associated with heat waves. Also Quint-
ing and Reeder (2017) highlighted the role of cloud-diabatic processes and ascending air
streams for upper-level anticyclones during heat waves in southeastern Australia. This is
similar to the warm conveyor belts in our remote branches.

After discussing the synoptic conditions of the remote heating branch, we now focus
on the conditions of the nearby heating branch. In this branch, the diabatic heating max-
imum is located below the western part of an upper-tropospheric anticyclone, which is
much more pronounced compared to the remote heating branch (Figs. 7.9a,b). In con-
trast, the frequency of both cyclones and WCBs at the position of maximum diabatic
heating is reduced (WCBs are not visible in Figs. 7.9a,b; they occur with frequencies
of less than 3%). Hence, the driving mechanisms of the latent heating differs between
the two branches. The circulation at 800 hPa is more anticyclonic and much weaker in
the nearby compared to the remote heating branch. The most substantial difference be-
tween the two heating branches is the enhanced ML CAPE in the nearby heating branch
(Figs. 7.9a,b), indicating the potential for convection. The absolute values of ML CAPE
are, however, not extremely high, which may indicate that convection is efficiently de-
pleting the ML CAPE. Additionally, according to ERA-Interim, most of the precipitation
in the nearby heating branch is indeed convective (Fig. 7.9a; more clear for western Rus-
sia in Fig. 7.9b), whereas precipitation in the remote heating branch is predominantly
stratiform (Fig. 7.8a). Cloud top temperatures derived from infrared satellite imagery are
between —5 and —9 °C at the location of maximum diabatic heating (not shown). Hence,
it is assumed that in the nearby branch latent heating is driven by mid-level convection or
deep convection that reaches from lower into mid levels.

The anomalies underline the importance of the enhanced blocking frequencies and
ML CAPE values for the nearby heating branch (Figs. 7.9c,d). Although the anomalies
show also a small positive anomaly of cyclone frequencies (Figs. 7.9c,d), the absolute
frequency (Figs. 7.9a,b) is lower compared to the remote heating branch (Fig. 7.8a).
Comparing the two regions, western Russia shows slightly higher anomalies of block-
ing frequencies and ML CAPE at the location of maximum diabatic heating (Fig. 7.9d).
The nearby heating branch has not yet been discussed in the literature on the formation of
European blocking, but it appears to be relevant for the formation of upper-tropospheric
anticyclones in association with heat waves in summer.

Trajectory-centred composites for the remote branch reaching anticyclones over west-
ern Russia, as well as for both heating branches arriving over the Iberian Peninsula,
British Isles, Scandinavia and Greece/Italy can be found in the Appendix (Figs. A2.4-
A2.8). Overall, the composites are qualitatively similar to the already discussed ones,
especially for the remote branches (panels a and b in Figs. A2.4-A2.8), and only dif-
fer with respect to the magnitudes of ML CAPE in the nearby branch. ML CAPE val-
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Figure 7.9: Same as Fig. 7.8, but for the nearby heating branch reaching Central Europe (a,c)
and western Russia (b,d). Note that WCB frequencies are not shown because
they are negligible in the nearby branch. The top row shows the full fields and the
bottom row the anomalies. The purple hatching marks, in contrast to Fig. 7.8, the
area where the convective precipitation exceeds the stratiform precipitation (only
for areas with total precipitation > 2 mm dfl). Figure taken from Zschenderlein
et al. (2020). © The authors and Copernicus Publications, CC-BY.

ues for Greece/Italy are comparable to those for western Russia, albeit in a smaller area
(Figs. A2.8c,d), but generally lower for trajectories of the nearby branch reaching anticy-
clones over Scandinavia (Figs. A2.7c,d) or the British Isles (Figs. A2.6¢,d). In addition,
the upper-level ridge of the nearby branch reaching Scandinavia (Fig. A2.7¢) is more pro-
nounced compared to Greece/Italy (Fig. A2.8c). A similar difference in the magnitude of

the upper-level ridge is found for the remote branches (Figs. A2.7a and A2.8a).

7.5 Diabatic heating during the life cycle of heat waves

Here, the life cycle of the upper-tropospheric anticyclones associated with heat waves
is investigated, i.e. the temporal sequence of the occurrence of the different heating

branches. The contributions of the nearby and remote heating branches and their relative



86 7.5. Diabatic heating during the life cycle of heat waves

importance with respect to the whole heating branch is quantified as a function of the
duration of the heat waves. We concentrate on the results for Central Europe, because
this region is equally affected by both branches. Due to the definition of the heat waves
(cf. section 4.3), all events have a minimum duration of three days (Fig. 7.10). 73 events
have a duration of at least three days, but only two of them last 13 days. We therefore
start with the discussion of the results for the heat waves with a duration up to six days
and then elucidate the findings for the longer-lived heat waves. For the latter category,
the results are likely less robust due to the small number of events.

During the onset of a heat wave, the remote heating branch is of primary importance
(Fig. 7.10). The formation of the upper-tropospheric anticyclone is therefore strongly
affected by air masses that are diabatically heated in extratropical cyclones in the North
Atlantic region. After the first two days of the heat waves, the nearby heating branch
with air masses originating from northwestern Africa and heated diabatically due to con-
vection below the western part of the ridge gains relevance (Fig. 7.10), thus supporting
the maintenance of the upper-tropospheric anticyclone. The fraction of trajectories in the
whole heating branch, i.e. remote and nearby heating branch together, with respect to
all trajectories slightly increases during the maintenance of the upper-tropospheric anti-
cyclone (black line in Fig. 7.10). Hence, the influence of latent heating increases during
the life cycle of the events mainly due to an intensification of the nearby heating branch.
At first sight, this result is contradictory to the findings of Pfahl et al. (2015) and Ste-
infeld and Pfahl (2019), who showed that the influence of latent heating reduces during
the maintenance phase of atmospheric blocks. However, the heating relevant for atmo-
spheric blocking mainly occurs in trajectories similar to our remote heating branch, and
this branch loses relevance for the maintenance (up to day five) of upper-tropospheric
anticyclones also here (Fig. 7.10).

Overall, the formation of upper-tropospheric anticyclones depends mainly on the la-
tent heating within extratropical cyclones in the North Atlantic storm track, whereas the
maintenance is related to air masses that are diabatically heated due to convection above
western and central Europe. Although this pattern seems to be relevant for most of the
heat waves, longer lasting heat waves show a different behaviour.

The maintenance of heat waves beyond six days duration is more influenced by
the remote heating branch compared to the maintenance of shorter lasting heat waves
(Fig. 7.10). Note that these longer lasting heat waves occur only rarely, therefore results
are variable from case to case and less robust. However, it seems that the remote heating
branch revives and has a comparable influence as during the onset of the heat wave. It
is therefore hypothesised that long-lived upper-tropospheric anticyclones cannot be sus-
tained by the nearby heating branch alone. Rather, cyclones over the North Atlantic and

the associated latent heat release are relevant to maintain the negative PV anomalies in
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the upper troposphere above the heat wave areas. In addition, the fraction of the heating

branch related to all trajectories increases for longer-lasting heat waves up to nearly 50%.
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Figure 7.10: Latent heating during the life cycle of upper-tropospheric anticyclones con-
nected to heat waves in Central Europe. The red (green) line shows the median
contribution of the remote (nearby) heating branch to the whole heating branch,
the shading represents the range between the 25t and 75" percentile. The me-
dian fraction of the heating branch relative to all trajectories is represented by
the black line and the number of heat waves is indicated by the blue dashed line.
Figure taken from Zschenderlein et al. (2020). © The authors and Copernicus
Publications, CC-BY.
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Chapter 8

Predictability of the 2018 heat wave in

Central Europe

This chapter presents a trajectory-based analysis on the predictability of the Central Eu-
ropean heat wave in 2018. Firstly, subsection 8.1.1 describes the identification of heat
waves and is followed by the presentation of the trajectory-approach in subsection 8.1.2.
Secondly, errors from 2-m temperature predictions with 3- and 7-day lead time are quan-
tified for the heat wave days in section 8.2. Then, section 8.3 relates prediction errors to
physical processes along trajectories and section 8.4 analyses whether forecast errors are

limited to the planetary boundary layer.

8.1 Methods

8.1.1 Identification of heat waves

Heat waves are identified as periods, where 2-m temperatures at 1200 UTC exceed the
local 90" percentile for at least three days in at least 10% of the Central European land
area, which is defined as the area bounded by the purple lines in Figs. 8.4a,b. The 90®
percentile is calculated based on Eq. 2.1 (cf. section 2.1), with the difference that the
reference period is 1979-2017. Figure 8.1 depicts the fraction of the Central European
land area exceeding the 90" percentile in May to September 2018. Several heat waves
affect Central Europe, especially between mid July and mid August. For many days
during this period, more than 50% of Central Europe exhibits 2-m temperatures exceeding
the 90™ percentile. The main focus of this study is on the most prolonged heat wave in
2018, which lasts from 24 July to 09 August 2018 (red shading in Fig. 8.1).
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Figure 8.1: Fraction of Central European land area exceeding the local 90t" percentile of 2-m
temperature between 01 May and 30 September 2018 (blue bars). The green line
marks the threshold (10%) for the heat wave identification and the red shading
the heat wave from 24 July to 09 August 2018.

8.1.2 Causes of forecast errors

The quantification of the predictive skill is based on errors of 2-m temperature and 500-
hPa geopotential height with 3- and 7-day lead time. For each heat wave day, the dif-
ference between predicted and observed values is determined and averaged over the heat
wave area for each ensemble member. ERA-Interim is used as the verifying observation

and the 51 members of the operational ECMWF forecasting system as predictions.

A two-step approach is applied that allows to quantify the processes leading to 3-day
forecast errors in 2-m temperature in a Lagrangian framework. First, 3-day backward
trajectories, driven by three-dimensional ERA-Interim wind fields on 60 vertical model
levels are calculated. The trajectories are initialised at heat wave grid points on every day
at 12 UTC and in the lower troposphere at 10, 30, 50, 70 and 90 hPa above ground level.
Second, the endpoints of these 3-day backward trajectories (blue circles in Fig. 8.2) serve
as starting points for 3-day forward trajectories (green lines Fig. 8.2) that are driven by
three-dimensional wind fields on 63 vertical levels from the ECMWF ensemble forecasts.
Both forward and backward trajectories are calculated with LAGRANTO (Sprenger and
Wernli, 2015) and physical parameters traced along trajectories include temperature and
potential temperature.

The relation between forecast error and trajectories is based on the comparison of the
two sets of trajectories. In a perfect forecast, the pathway and physical parameters of the
two trajectory sets would be nearly identical. But the parameters along trajectories are

sensitive to small differences in the three-dimensional wind field and non-conservative
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Figure 8.2: Schematic of backward (black, based on reanalysis) and forward trajectories
(green, based on forecasts) that illustrates the method of studying the pre-
dictability of heat waves (two-dimensional heat wave area is marked in red).
Black crosses indicate the starting point and blue circles the endpoint of 3-day
backward trajectories. The latter points serve as starting points for 3-day for-
ward trajectories. Forward trajectories missing the two-dimensional heat wave
area are discarded from the analysis, as well as associated backward trajectories
(e.g. green and black trajectory at the top), while the rest is separated according
to the 2-m temperature error at the endpoint of the forward trajectories in the
heat wave area (blue square). Along these trajectories, 6-hourly adiabatic and
diabatic heating rates are compared.

processes such as diabatic heating. Therefore, predicted (i.e. forward) trajectories devi-
ate from observed trajectories (i.e. backward trajectories) at some point (Fig. 8.2) and
geographic location, altitude and physical properties of the trajectories can be compared.
Only forward trajectories reaching the heat wave area are considered and trajectories
missing the heat wave area are discarded from the analysis, as well as associated back-
ward trajectories. In the example of Fig. 8.2, only the forward trajectory at the bottom
reaches the two-dimensional heat wave area (red area in Fig. 8.2). For trajectories reach-
ing the heat wave area, 6-hourly diabatic and adiabatic heating rates along trajectories
from forecast and reanalysis are compared, based on the Lagrangian temperature ten-
dency equation (Eq. 2.12 in subsection 2.2.4). More specifically, temperature changes
(AT) and the terms % (p%)N (diabatic processes, Agiap) and % (adiabatic processes,
A.giap) are calculated along both trajectory sets for every 6 hours. In order to relate
forecast errors to physical processes along trajectories, 6-hourly changes of the three

properties from predicted trajectories are subtracted from analysed trajectories:
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ATgg = ATy — AT, (8.1)
Adiab diff = Adiabf — Adiab,a (8.2)
Aadiabdift = Aadiab,f — Dadiab.a (8.3)

The indices f and a in Eqgs. 8.1-8.3 stand for forecast and reanalysis, respectively.

In order to understand, why predictions over- or underestimate the observed 2-m tem-
perature, trajectories are separated as follows: firstly, endpoints of forward trajectories
are re-gridded by means of the nearest neighbour method on a 1°x1° regular latitude-
longitude grid to match the horizontal grid spacing of reanalysis and forecasts. Secondly,
2-m temperature errors at the re-gridded endpoints of these trajectories are calculated and
divided into two groups. One group underestimates the observed 2-m temperature (er-
ror < —2K) and the other group overestimates the observed 2-m temperature (error >
2 K). Note that other thresholds of the error have been tested and results are qualitatively

similar.

8.2 Forecast errors

Figure 8.3 illustrates the 2-m temperature error of ensemble predictions with 3- and 7-
day lead time. 7-day ensemble predictions typically underestimate the averaged 2-m
temperature in the heat wave area (Fig. 8.3a). However, predictive skill varies within the
heat wave. The onset is not well predicted, but predictive skill slightly increases towards
28 July. Afterwards, predictive skill again deteriorates and is worst for 7 August with
underestimations mostly between 3 and 7 K. The last two days of the heat wave shows
slightly higher predictive skill, at least for the ensemble median. However, predictions are
very uncertain due to the high spread of the members. In comparison, 3-day prediction
errors are considerably reduced, but still predicting too low temperatures (Fig. 8.3b). The
underestimation of 2-m temperature was also discovered in the case study of the 2016
heat wave in Chapter 5 and in Magnusson et al. (2018) for 2-day forecasts between 07
May and 12 August 2018 in Europe.

The working hypothesis for this study is that errors on the 7-day time scale are related
to errors in upper-tropospheric dynamics, e.g. phase speed and amplitude of Rossby wave
packets, while errors on the 3-day time scale are related to vertical motion and diabatic
processes in the air masses closer to the location of the heat wave. As an illustration for
this, Fig. 8.4a shows the geopotential height error of the worst 7-day forecast for 07 Au-

gust 2018. For this day, predicted temperatures are about 9 K too cold, averaged over the
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Figure 8.3: 2-m temperature errors of ECMWF ensemble 7-day (a) and 3-day (b) forecasts
for heat wave days between 24 July and 09 August 2018. The dates on the x-axis
show the valid day of the forecast (the first two digits denote the month, the
latter two the day, always 12 UTC). In the boxplots, the orange line denotes the
median, boxes the interquartile range and whiskers the minimum and maximum
error. The red circles represent the temperature error of the control forecast.
Crosses on the blue line indicate that not all ensemble members are available for
this day and lead time!.

heat wave area (Fig. 8.3a). The underestimation is associated with errors in the 500-hPa
geopotential height. Upstream of Central Europe, the upper-level trough is missing and
instead, an upper-level ridge is predicted (Fig. 8.4a). Over and downstream of Central
Europe, a trough is predicted instead of a ridge (Fig. 8.4a). Hence, upper-tropospheric
dynamics play a dominant role, because upper-level ridges provide conditions conducive
to heat waves (cf. Chapter 6). The northwesterly flow in Fig. 8.4a transports presum-
ably colder air masses from the North Sea to Central Europe and the ensemble member
therefore underestimates the observed 2-m temperature. In contrast, 3-day geopotential
height predictions for 26 July are comparably small (Fig. 8.4b, shown for the ensemble
member with the largest 2-m temperature error), although averaged 2-m temperatures
errors are about —3 K for the ensemble member with the largest 2-m temperature error
(Fig. 8.3b). As a surrogate for the role of upper-tropospheric dynamics, errors of 500-hPa
geopotential height, averaged over the heat wave area, are determined for both 3- and
7-day lead time. Both the amplitude error, as well as the uncertainty of the ensemble,
is considerably higher for 7-day forecasts compared to 3-day forecasts (Figs. 8.4c,d). It
seems that 7-day forecasts consistently underestimate the 500-hPa geopotential height
and therefore the amplitude of the upper-level ridge, especially during the onset (24 July)
and during the maintenance (e.g. 30 July to 05 August). These errors are connected

to 2-m temperature errors. During the onset, both 500-hPa geopotential height and 2-m

The reason is that the connection between the LSDF server (at KIT) and ECMWF got lost due to
sporadic down times of the LSDF server.
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temperature are underestimated. In the next days of the heat wave, until 29 July, errors in

both 500-hPa geopotential height and 2-m temperature decrease, while afterwards, fore-

casts of both parameters deteriorate again. The potential causes of 3-day forecast errors

in 2-m temperature is analysed with trajectories in the next section.
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Figure 8.4: 500-hPa geopotential height errors. The panels at the top show a 7-day forecast

for 07 August 2018 (a) and a 3-day forecast for 26 July 2018 (b) for the en-
semble member with the largest 2-m temperature error. Colour shading denotes
the difference between forecast and reanalysis. Black (red) contours represent
500-hPa geopotential height of the forecast (reanalysis). The green hatching
represents the area exceeding the local 90t" percentile and the purple polygon
Central Europe. Panels at the bottom depict the 500-hPa geopotential height
errors for 7-day (c) and 3-day forecasts (d). The dates on the x-axis show the
valid day of the forecast (the first two digits denote the month, the latter two
the day, always 12 UTC). In the boxplots, orange lines denotes the median, the
boxes the interquartile range and the whiskers the minimum and maximum error.
The red circles represent the control forecast.

8.3 Forecast errors related to trajectories

The trajectory-approach is at first presented for one day and a single member (the mem-

ber with the largest 2-m temperature error), and later for the whole heat wave period
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between 24 July and 09 August. All ensemble members in the 3-day forecasts for 26 July
underestimate the 2-m temperatures (Fig. 8.3b). According to ERA-Interim, most trajec-
tories reach the heat wave area on an anticyclonic pathway and originate mostly from the
north, i.e. the British Isles, Denmark or the Baltic States (Fig. 8.5a). Trajectories origi-
nating from the British Isles experience the strongest subsidence, while others have their
origin in the lower troposphere. Using the endpoints of 3-day backward trajectories as
starting points for forward trajectories (cf. Fig. 8.2), an overall similar pattern emerges,
but around 50% of the trajectories miss the heat wave area (Fig. 8.5b). A comparison of
the pressure along observed and predicted trajectories leads to the conclusion that most
forward trajectories are too high and do not descend deep enough (Fig. 8.5¢). Too weak
subsidence leads to a reduced temperature increase and therefore reduced surface temper-
atures. However, not all trajectories reach the heat wave area (Fig. 8.5b) and, therefore,
the comparison between the two trajectory sets not always reasonable, because predicted
and observed trajectories can be far apart (Fig. 8.5d).

To avoid this drawback, only trajectories reaching the heat wave area are consid-
ered for a systematic analysis. In the following, 6-hourly temperature changes, as well
as diabatic and adiabatic heating rates along the two trajectory sets are compared for
predictions overestimating (error >2 K) and underestimating 2-m temperatures (error
< —2K), respectively. Figure 8.6 illustrates the difference between forecast and analysis
of the 6-hourly temperature changes (AT, Eq. 8.1) due to diabatic (Agiap,air, Eq. 8.2)
and adiabatic processes (Aagiab difis EQ. 8.3). A positive (negative) difference implies a
higher (lower) temperature change or adiabatic/diabatic heating rate of the forecast com-
pared to the observation. 23,598 trajectories are associated with too low 2-m tempera-
tures, whereas only 11,276 are connected to predictions overestimating 2-m temperatures
(Fig. 8.6).

Figure 8.6a shows the difference of the heating rates between forecast and analysis for
predictions underestimating 2-m temperatures. Subsidence is underestimated and there-
fore, the temperature increase is less than observed (orange line in Fig. 8.6a), especially
from hour 36 after initialisation. This can also be inferred from the increasing pressure
difference between predicted and observed trajectories (green dashed lines in Fig. 8.6a).
However, incorrect representation of diabatic processes dominates the error of the tem-
perature prediction (purple line in Fig. 8.6a). During the day and especially between 12
and 18 UTC (red shading in Fig. 8.6a), diabatic heating is underestimated. As shown
in Chapter 6, surface sensible heat fluxes are an important diabatic process in the lower
troposphere, therefore, it is argued that these fluxes are underestimated in the forecast,
leading to reduced temperature increases compared to the observation.

Figure 8.6b shows the heating rates for predictions with 2-m temperature errors above

2 K. Similar to predictions underestimating 2-m temperature, diabatic heating between
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Figure 8.5: Example of the trajectory-approach for the ensemble member that underestimates
the 2-m temperature the most on 26 July 2018. (a) 3-day backward trajectories
initialised in the heat wave area (grey points), (b) 3-day foreward trajectories ini-
tialised at the endpoints of the backward trajectories (grey points). The coloured
lines represent the height of the trajectory (in hPa). The lower panels illustrate
the pressure difference (c), where a negative pressure difference indicates that the
predicted trajectory is too high, and distance (d) between predicted and analysed
trajectories. In the lower panels, the solid black line denotes the median, the grey
shading the interquartile range and the dashed lines the 10t" and 90" percentile
of the parameters, respectively.

12 and 18 UTC is underestimated. But in contrast, diabatic heating during 06 and 12
UTC is considerably overestimated. Therefore, the influence of surface sensible heat
fluxes and radiative effects in the morning and around noon is likely too high, leading
to a general overestimation of 2-m temperature. It is hypothesised that in reality clouds
develop and reduce the incoming solar radiation, which in turn lowers the surface sensible
heat fluxes and the near-surface temperatures. Therefore, forecasts seem to predict clear-

sky conditions instead of cloudy conditions. In addition, diabatic processes during night
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Figure 8.6: Difference between forecast and reanalysis of 6-hourly temperature changes
ATy (black line, Eq. 8.1) and associated heating rates due to adiabatic pro-
cesses Audiab diff (orange line, Eq. 8.3) and diabatic processes Agiap diff (purple
line, Eq. 8.2). The grey line is the corresponding zero line, i.e. everything below
(above) this line implies that temperature change and corresponding adiabatic
and diabatic processes are underestimated (overestimated). AK/6h is plotted at
the end of the 6-h period. Time goes from 6 to 72h after initialisation of the
forward trajectory and time (in UTC) is indicated at the top. Blue/red vertical
shadings indicate 6-hour time windows, in which diabatic cooling (blue, between
00 and 06 UTC) and diabatic heating (red, between 12 and 18 UTC) is usually
strongest. The green dashed line shows the difference between the pressure of
predicted and analysed trajectories and the horizontal green dashed line shows
the corresponding zero line. Everything above (below) this line means that pre-
dicted trajectories have a higher (lower) pressure than analysed trajectories and
are therefore too low (high).

are slightly overestimated. Note that an overestimation of diabatic processes during night
implies that diabatic cooling is too weak. As an example, diabatic cooling is —1 K 6h~! in
the forecast, but —2 K 6h~! in the verifying analysis. In this case, Adiab diff 18 +1 K6h™!
(cf. Eq. 8.2). The insufficient nighttime diabatic cooling results in an overestimated night
temperature. This overestimation occurs in particular shortly before the arrival of the
trajectory in the heat wave area (blue shading 60 to 66 h after initialisation, Fig. 8.6b).

8.4 Vertical structure of forecast errors

The trajectory analysis reveals that temperature errors are mostly due to diabatic pro-
cesses close to the surface. This suggests that the temperature errors are confined to the
planetary boundary layer (PBL) and are not tropospheric deep. To test this hypothesis,
Fig. 8.7 illustrates the temperature errors at 950, 900, 850, 800 and 700 hPa for all heat

wave grid points, where predictions either underestimate (error < —2K, Fig. 8.7a) or
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overestimate 2-m temperatures (error >2 K, Fig. 8.7b).
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Figure 8.7: Temperature errors at pressure levels (blue colours) and at 2-m height (boxplot
with grey background) for 3-day forecasts with 2-m temperature errors < —2K
(a) and >2K (b). Boxplots on the respective right side illustrate the plane-
tary boundary layer (PBL) height. The latter is derived from ERA-Interim 12h
forecast fields. In the boxplots, orange lines represent the median, boxes the
inter-quartile range and whiskers the 10t" and 90" percentile, respectively.

In forecasts underestimating 2-m temperature, the lower troposphere up to about
800 hPa is also colder than observed, but above, temperatures are well predicted or even
too high (Fig. 8.7a). The PBL height, derived from ERA-Interim 12 h forecasts, is pre-
dominantly located at 2300 m height, which corresponds to roughly 750hPa. Hence,
temperature errors are limited to the planetary boundary layer. In the other case, when
predictions overestimate temperature, temperatures up to roughly 800 hPa are too high,
while temperatures above are well predicted (Fig. 8.7b). And often, PBL height is located
at 1700 m. In both cases, i.e. over- and underestimated 2-m temperatures, forecast errors
are limited to the planetary boundary layer. This is an indication that entrainment at the
boundary layer top is a source of uncertainty in the forecasts. Another possible error can
be the misrepresented vertical mixing in the boundary layer or erroneous surface sensible

heat fluxes.
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Chapter 9
Conclusions

Heat waves are meteorological extreme events with health and socio-economic impacts.
In a changing climate, these events are expected to increase. However, basic understand-
ing of the processes leading to heat waves is still incomplete and the thesis aimed at
reducing this gap. The main research aim of this thesis has been to improve the under-
standing of the processes leading to heat waves. As such, two main research aims have
been to investigate processes leading to high near-surface temperatures during the heat
wave and to analyse processes leading to upper-tropospheric anticyclones associated with
heat waves. Furthermore, the predictability and predictive skill of heat waves have been
analysed for two case studies. Chapter 2 reviewed the current scientific knowledge on
these three aspects, and deduced from that, research questions were addressed in Chapter
3.

Chapter 5 analysed the planetary- and synoptic-scale developments that led to the
2016 European late summer/early autumn heat wave, and following research questions
were addressed:

4 A

A1l How intense is this heat wave? Central, western and southwestern Europe

are the most affected regions, with record-breaking maximum temperatures
in some places. The highest September temperatures since their respective
records began are reported at both Seville (44.8°C; records started in 1951)
and Trier (34.2°C; records started in 1941).

A2 How can high temperatures during the heat wave be related to upper-
tropospheric Rossby wave packets? The three peaks are all accompa-
nied by pronounced 500-hPa ridges. The first two peaks show larger ar-
eas with the highest values of geopotential height for that time of the year
since at least 1979. The ridges are embedded in eastward-propagating, high-

amplitude Rossby wave packets arriving over western Europe. The packets
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have their origins over western North America.

A3 Which physical processes lead to high temperatures during the event?
Though it has not been discussed here, it is worth noting that local temper-
ature advection does not play a noticeable role in local temperature changes
at Bordeaux, Seville or Trier. On the contrary, the adiabatic compression
term due to subsidence exhibit exceptionally high values for the Bordeaux
and Seville cases. Changes in the temperatures of subsiding parcels arriv-
ing at the lower troposphere at these locations are substantial — of the order
of 20-30K - in the 2-3 days prior to the peak of the heat waves. Diabatic
processes (such as surface sensible heat fluxes due to enhanced insolation)
and dry convection in the boundary layer appear to be the major explanation
for the occurrence of the Trier heat wave event, where hardly any subsidence

occurs.

C1 How accurate are the predictions for this event? Predictions of the hottest
day, with respect to station observations, at a few days’ lead time, are best for
Bordeaux, followed by Seville and Trier. However, with respect to the model
climatology, the ensemble prediction system shows the highest probabilities

for extreme temperatures for Trier first, followed by Seville and Bordeaux.

The results presented in this study have potential ramifications for the investigation
of the predictability of heat waves. While dry soils are a prerequisite for heat waves, an
understanding of Rossby wave dynamics may allow for the development of early alerts
for imminent heat wave events (cf. Magnusson et al., 2015). For the three peaks discussed
in this study, the ECMWF ensemble prediction system indicated an enhanced likelihood
of heat waves up to 5 days in advance, related to the discussed origin of the Rossby
wave packets thousands of kilometres upstream. However, the final magnitude of the
heat wave seems to be related to the details of the (thermo-)dynamics associated with the

ridge embedded in the Rossby wave packet.

Chapter 6 presented a comprehensive analysis of processes determining heat waves
across European regions representing different climates for the period 1979-2016. Heat
waves were defined using the percentile-based HWMId (Russo et al., 2015). Different
statistical properties of heat waves (frequencies and duration), their associated synoptic
patterns, and physical processes along trajectories that led to high near-surface temper-
atures were investigated. The processes quantified along the trajectories were adiabatic
warming by subsidence and diabatic processes. This quantification was complemented

by an Eulerian calculation of horizontal temperature advection. Following research ques-
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tions were addressed in this study:

' D

A4 How often is Europe affected by a heat wave and how long do these
events last? Heat waves persist four to five days and occur usually one or

two times per year.

AS What synoptic patterns are associated with heat waves? Upper-level
ridges accompany high surface temperatures, corroborating the findings of
Pfahl and Wernli (2012) and Sousa et al. (2018). The amplitude of the ridges
are generally lower in Greece/Italy and the Iberian Peninsula compared to
Scandinavia. Upstream of the ridges, the amplitudes of the troughs over the

North Atlantic Ocean are highly variable.

A6 What are typical source regions, pathways and physical processes along
trajectories reaching heat wave areas? Horizontal transport of (already)
warm air, i.e. temperature advection, appears not to be an important factor
in establishing heat waves. In contrast, subsidence, entrainment of warm air
into the lower troposphere and diabatic heating due to surface sensible heat
fluxes are crucial in determining high temperatures near the surface. This
corroborates the findings of Bieli et al. (2015). In all regions, three trajec-
tory clusters are associated with high near-surface temperatures. All these
clusters experience an increase in the temperature of air parcels, however
with differences in diabatic heating and vertical motions (see Table 6.1 for
the definition of the clusters). The increase of temperatures of the trajecto-
ries is accelerated in the last three days prior to the heat waves. Most of the
trajectories are already near or in the target area three days prior to the heat
waves. The trajectory cluster A is overall diabatically cooled due to radiative
cooling in the free atmosphere. During the last three days, air parcels in this
cluster are strongly descending in the vicinity of the heat wave area, leading
to a heating rate between 3 and 5 K per day. Cluster B,; experience overall
diabatic heating and descends strongly. In the last three days, the warming of
the air parcels are due to both subsidence (1.5 K per day) and surface fluxes
(1.5 K per day). The third cluster, B,,4, is located near the surface and diabat-
ically heated at a rate of about 2 K per day with a maximum for the Iberian

Peninsula of about 4 K per day three days before a heat wave.

About 50 % of all trajectories fall into cluster By; and 25 % fall into clus-
ters A and B, respectively, with some inter-regional differences. Although

subsidence is a very important driving factor, surface sensible heat fluxes are
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also important for western Russia, whereas the British Isles are less influ-
enced by surface fluxes. With respect to the role of the diabatic heating near
the surface in addition to the local influence of surface sensible heat fluxes,
e.g. in western Russia, also remote surface fluxes in regions to the east of
the target region play an important role. Similar results are found for Greece/
Italy, where the influence of surface fluxes to the northeast is also important.
Quinting and Reeder (2017) found a similar result for heat waves in south-
eastern Australia. They argued that local effects of soil moisture are of minor
importance, whereas the transport above remote dry soils has a larger impact.
The inflow of heat and moisture from remote regions to the heat wave area
was named “event self-propagation” by Miralles et al. (2019), which seems
to be important for western Russia and to a lesser extent for Greece/ Italy.
However, as noted by Miralles et al. (2019), these remote interactions are

still not well understood and provide avenues for further research.

A8 Are heat waves steadily influenced by new air masses or are the air
parcels being stalled in the lower troposphere over a longer time pe-
riod? Throughout the life cycle of a heat wave, new air masses are steadily
imported into the heat wave regions, either due to subsidence from higher
levels or air coming from adjacent areas heated by surface fluxes. The re-
sults therefore suggest that the discussed Lagrangian processes are crucial
in determining the high near-surface temperatures, whereas the stagnation
of air masses longer than a few days is of minor importance for European
heat waves. Stagnant air masses are more important for air parcels in cluster
B,,; which are located in the target area near the surface and are diabatically

heated with nearly no vertical motion.

. J

The analysis reveals that pure horizontal temperature advection of already warm air
is not important for creating high near-surface temperatures in the considered European
regions. A similar result was found by Quinting and Reeder (2017) for heat waves in
Australia. The results here are likely influenced by the heat wave definition, because heat
episodes below three days duration are excluded. Shorter heat episodes can be a result
of horizontal temperature advection ahead of an upper-level trough near an extratropical
cyclone. In such a situation, warm air advection may be able to elevate the temperatures
near the surface for one day, however the passage of the cyclone’s cold front typically
leads to a temperature decrease shortly after. Additionally, the impact of such short heat
periods is comparably small.

Chapter 7 analysed the contribution of latent heating to the formation and mainte-
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nance of upper-tropospheric anticyclones associated with heat waves in different parts of
Europe. Based on heat waves identified in Chapter 6, backward trajectories are calculated
from the anticyclones and separated according to their potential temperature changes.
The heating branch was further subdivided according to the location of the air parcels
three days prior to the arrival in the upper-tropospheric anticyclone into a nearby and
remote heating branch. Air parcels located west (east) of 30°W three days prior to the
arrival belong to the remote (nearby) heating branch. Following research questions were
addresses in this study:

' D

B1 What are typical source regions of low-PV air masses that constitute

the upper-tropospheric anticyclones associated with European summer
heat waves? For Central European heat wave anticyclones, mainly two
geographic source regions exist. Three days prior to reaching the upper-
tropospheric anticyclones, air parcels in the cooling branch are located in the
upper troposphere southwest of the target region, mainly distributed between
Central Europe and the central North Atlantic, peaking over the northwest
coast of Africa (Fig. 9.1, label 1). Air parcels assigned to the nearby heating
branch are located mainly between Central Europe and the northwest coast
of Africa in the mid- to lower troposphere (Fig. 9.1, label 3), while air parcels
in the remote heating branch culminate between eastern North America and
the western North Atlantic (Fig. 9.1, label 2) at similar altitudes.

B2 Are there inter-regional differences in the contribution of diabatic heat-
ing to the formation of these anticyclones? Around 25-45% (35-50%) of
the air parcels are diabatically heated during the last three (seven) days prior
to the arrival in upper-tropospheric anticyclones. The influence of diabatic
heating increases towards northern Europe and western Russia and decreases
towards southern Europe. While most regions in Europe are - with varying
magnitude - influenced by both the nearby and remote heating branch, west-
ern Russia is only influenced by one diabatic heating branch. The contribu-
tion of diabatic heating increases substantially on the seven-day timescale

except for western Russia.

B3 Where and in which synoptic environment does the diabatic heating oc-
cur in airflows entering the anticyclones? For most regions in Europe, the
diabatic heating occurs in two geographically separated moist ascending air
streams. But the air streams differ not only in location, also the processes re-
sponsible for the diabatic heating are different. The remote heating branch is

influenced by an enhanced activity of extratropical cyclones and associated
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warm conveyor belts over the North Atlantic. Diabatic heating in this branch
is accompanied by stratiform precipitation, in contrast to the nearby heating
branch, where convective-scale precipitation dominates. The moist ascent in
the latter branch occurs closer to the target anticyclone in an environment of

enhanced ML CAPE and is also aided by orographic lifting.

B4 Are there differences in the relevance of diabatic heating during the for-
mation and maintenance of the anticyclones? The activity in the North At-
lantic and the associated latent heat release in cyclones and warm conveyor
belts are of primary importance for the onset of the upper-tropospheric anti-
cyclones connected to the heat waves. Their maintenance is affected by the
more local diabatic heating in the nearby heating branch. For longer lasting
heat waves, the remote heating branch regenerates and becomes more rele-
vant compared to days 3-5, implying that the ridge connected to the longer
lasting heat wave cannot be sustained without the transport of low-PV air to

the upper troposphere within extratropical cyclones.

\ J

One shortcoming of the approach in Chapter 7 is that the trajectory calculations are
not able to resolve small-scale convective processes. Hence, we possibly underestimate
the effect of convection especially in the nearby heating branch and therefore the associ-
ated diabatic heating. Recently, Oertel et al. (2020) showed that embedded convection in
warm conveyor belts can influence the synoptic-scale circulation and increase the isen-
tropic PV gradient at upper-levels in addition to the slantwise WCB ascent. However,
it is assumed that for the climatological analysis presented in Chapter 7, the source re-
gions will not substantially change, because also the convective ascending parcels are
located in the vicinity of the slantwise ascending WCB (Oertel et al., 2020) and we ar-
gue that convective parameterisation is tuned to capture the climatological bulk effects
of deep convection on rainfall and latent heat release. For the nearby branch, espe-
cially in the Greece/Italy case, the pathway of individual trajectories affected by deep
convection over the Atlas Mountains and the Alps might be more uncertain due to the
proximity of convection to the heat wave region. Weisheimer et al. (2011) noted that a
revised formulation of the convective parameterisations in the ECMWF model improved
the predictability of the 2003 European heat wave. Interestingly, air parcels arriving over
Greece/Italy can originate from the upper-level easterlies over West Africa. Pante and
Knippertz (2019) show that explicit convection over West Africa improves forecast of
upper-level fields over Europe at 5-8 days lead time. Thus, it would be interesting to
calculate online, convection-permitting trajectories in high-resolution model simulations

(e.g. Miltenberger et al., 2013) to study the impact of convection over the North African
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Figure 9.1: Schematic illustrating the pathway of the three air streams contributing to the
upper-tropospheric anticyclone (red cylinder) above the heat wave in Central
Europe (black dashed circle) during the last three days prior to arrival. Air stream
1 denotes the cooling branch and air streams 2 and 3 the remote and nearby
heating branches, respectively. Grey-marked lines at the surface illustrate the
projections of the arrows (lighter greys indicate a higher altitude of the associated
air stream). The bold black line represents the dynamical tropopause. The arrow
of air stream 1 is wider because this branch is less spatially coherent compared
to air streams 2 and 3. Figure taken from Zschenderlein et al. (2020). © The
authors and Copernicus Publications, CC-BY.

subtropics and over southern Europe on the formation of European heat waves.

Chapter 8 analysed the predictability of the 2018 heat wave with a new two-step
trajectory-approach. Firstly, 3-day backward trajectories from the heat wave area are
calculated. Secondly, endpoints of theses trajectories serve as initialisation points of
forward trajectories with three-dimensional wind fields of operational ECMWF ensemble
forecasts. This approach is unique and to the best of our knowledge has never been done
before in connection with temperature forecasts, because ECMWF ensemble forecasts

are normally not archived at such a high vertical resolution. Main research questions
addressed in this study include:
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C2

C3

How accurately does the ensemble predict the 2 m temperature during
heat waves? Predictions with lead times of seven and three days predom-
inantly underestimate the observed temperature in the heat wave area. In
general, predictions with seven days lead time show a higher underestima-
tion of the observed temperature, as well as a higher uncertainty, which is
mostly related to upper-tropospheric dynamics, as shown by larger errors of
the 500-hPa geopotential height field. On the 3-day time scale, geopotential

height errors are reduced, but temperatures are still mostly underestimated.

How can the performance of predictions be related to air mass histo-
ries? Forecasts with three days lead time often underestimate the diabatic
processes. As such, the diabatic heating between 12 and 18 UTC is largely
underestimated, which is presumably due to a misrepresentation of surface
sensible heat fluxes. This in turn often leads to an underestimation of ob-
served 2-m temperatures. Temperature errors in the heat wave area are re-
stricted to the planetary boundary layer. It is therefore assumed that entrain-
ment at the top of boundary layer, vertical mixing, and erroneous surface

fluxes contribute to the error.
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Chapter 10

Outlook

Given the importance of heat waves due to their manifold impacts (WMO and WHO,
2015), it is crucial that the processes described in Chapters 5—8 are correctly modelled
in state-of-the-art weather forecasting and climate models. For example, the Lagrangian
trajectory analysis presented in Chapter 6 may be applied to an ensemble forecasting
system to assess why some ensemble members perform better or worse. A first step in
this direction is the method employed for the 2018 heat wave in Chapter 8. And from
this analysis it turned out that diabatic processes in the planetary boundary layer are a
major source of possible errors in the forecasting systems. For this reason, it would
be interesting to perform sensitivity experiments how certain boundary layer processes,
e.g. entrainment, vertical mixing, or the partition between latent and surface sensible
heat fluxes, affect 2-m temperatures and therefore the severity of a heat wave. Currently,
ECWMF is drawing much attention on the coupling between the lower troposphere and
the underlying surface, since this is relevant for predictions of surface weather (Magnus-
son and Sandu, 2019). ECMWEF plans measurement campaigns and better exploitation
of existing datasets (Magnusson and Sandu, 2019), and therefore, results from Chapter 8

can contribute to this plans.

In addition to the analysis of high near-surface temperatures from Chapter 6, it would
be interesting to find cases, where the large-scale setting (i.e. ridge) is conducive to a heat
wave, but the surface temperatures were not high. A comparison of the Lagrangian pro-
cesses leading to heat waves in other areas (e.g. tropics, polar regions) would complete
the analysis on the development of high near-surface temperatures during heat waves.
Furthermore, the results from Chapter 6 imply that future changes in heat waves, over and
above the background thermodynamic warming, may be affected by potential changes in
the associated dynamical processes, in particular in the strength of the subsidence. It is
therefore worth applying the Lagrangian framework to climate models and to quantify the

contributions of diabatic heating near the surface and subsidence to the formation of high
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near-surface temperature extremes in different parts of the globe in a warmer climate.
In addition, the results suggest that “event-self propagation” may be important for west-
ern Russia and, to a lesser extent, for Greece/Italy. Recently, Schumacher et al. (2019)
revealed that drought conditions upwind of heat waves can sharply increase the local tem-
perature due to transport of air that was heated by remote surface sensible heat fluxes. It
is well known that local surface conditions impact on near-surface temperatures during
heat waves (subsection 2.2.5), but remote influences of surface conditions are still quite
new in the literature. It should therefore be tested how remote surface conditions impact
on local temperatures and whether this influence depends on the longevity, severity or
other properties of heat waves.

The results from the analysis of upper-tropospheric anticyclones associated with heat
waves in Chapter 7 have relevant implications for both weather and climate dynamics.
Diabatic processes affect the life cycle of Rossby wave packets and a misrepresentation
of these processes can lead to reduced predictability (Rodwell et al., 2013). Grams et al.
(2018) showed that a misrepresented warm conveyor belt in an upstream trough led to
misforecasts in the onset of blocking situations over Europe. Also, Rodwell et al. (2013)
pointed out that convective situations in eastern North America led to a forecast bust
over Europe. When considering a higher moisture content in the lower troposphere in
a generally warmer world (Held and Soden, 2006), the latent heat release in cyclones or
convective systems may increase. The stronger latent heat release stimulates the ascent of
air streams that produce more significant negative PV anomalies in the upper troposphere
(Madonna et al., 2014). Hence, model experiments quantifying the amplitude and the
size of the upper-tropospheric anticyclones subject to a changing moisture content would
be helpful to estimate the influence of global warming on the dynamics of European heat

waves.
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Appendix

A.1 Processes leading to high near-surface temperatures
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Figure Al.1: Heat wave occurrence in 2003. Colours represent the defined regions (CE:
Central Europe; BI: British Isles; IB: Iberian Peninsula; Gl: Greece/Italy; WR:
western Russia; Sc: Scandinavia).
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Table Al.1: Top 10 heat waves in Central Europe, sorted by magnitude. The area represents
the daily average of the affected area during a heat wave, the magnitude repre-
sents the daily average of the summed magnitude as defined by the HWMId.

Onset | Decay | Characteristics
Year Month Day Year Month Day Duration[d] Area[%] Magnitude
2003 8 2 2003 8 14 13 45.8 86.7
2015 6 30 2015 7 7 8 42.2 66.4
2010 7 8 2010 7 12 5 42.7 47.4
1998 8 8 1998 8 12 5 31.9 44.6
1992 8 6 1992 8 10 5 28.2 324
1994 7 22 1994 8 1 11 24.2 28.0
2013 7 25 2013 7 29 5 17.0 26.3
2006 7 16 2006 7 28 13 27.4 26.2
1994 8 3 1994 8 4 31.8 25.6
1983 7 5 1983 8 1 8 14.0 25.6




A.1. Processes leading to high near-surface temperatures

111

CE A1

Bl 1

Gl A

WR -

Sc A

A0 A0 A A0 A A0
N \\)(\ \?) \\)(\ o \\)\ *\f) \\)\ \ P‘\)q o PQQ
\ A

NS

Figure Al.2: Heat wave occurrence in 2010. Colours represent the defined regions (CE:
Central Europe; BI: British Isles; IB: Iberian Peninsula; Gl: Greece/lItaly; WR:

western Russia; Sc: Scandinavia).
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Table A1.2: Top 10 heat waves in Scandinavia, sorted by magnitude. The area represents the
daily average of the affected area during a heat wave, the magnitude represents
the daily average of the summed magnitude as defined by the HWMId.

Onset | Decay | Characteristics
Year Month Day Year Month Day Duration[d] Area[%] Magnitude
1991 7 3 1991 7 9 7 30.4 46.7
2014 7 19 2014 7 29 11 323 43.2
1982 7 28 1982 8 8 12 29.1 41.9
2003 7 14 2003 7 21 8 27.8 40.6
1994 7 24 1994 7 29 6 24.3 35.6
1983 7 7 1983 7 12 6 30.4 31.9
2008 7 24 2008 8 1 9 24.8 31.5
1988 6 24 1988 6 29 6 20.8 27.7
2006 6 9 2006 6 13 5 23.6 22.7
1986 6 16 1986 6 18 3 25.7 20.9
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Table A1.3: Top 10 heat waves in western Russia, sorted by magnitude. The area represents
the daily average of the affected area during a heat wave, the magnitude repre-
sents the daily average of the summed magnitude as defined by the HWMId.

Onset | Decay | Characteristics
Year Month Day Year Month Day Duration[d] Area[%] Magnitude
2010 7 6 2010 8 18 44 63.6 126.7
1981 7 20 1981 7 22 3 37.8 95.1
1998 6 9 1998 6 16 8 54.1 68.3
2010 6 22 2010 6 29 8 52.6 67.5
2008 8 12 2008 8 19 8 55.8 61.4
2016 7 13 2016 7 18 6 42.7 58.6
1996 7 7 1996 7 14 8 46.6 58.0
2007 8 11 2007 8 27 17 43.0 41.6
2007 5 30 2007 6 1 3 45.5 40.5
1991 6 24 1991 7 3 10 41.0 40.0
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Table Al.4: Top 10 heat waves in Greece/Italy, sorted by magnitude. The area represents the
daily average of the affected area during a heat wave, the magnitude represents
the daily average of the summed magnitude as defined by the HWMId.

Onset | Decay | Characteristics
Year Month Day Year Month Day Duration[d] Area[%] Magnitude
2007 7 16 2007 7 25 10 29.4 51.8
1988 7 4 1988 7 9 6 21.7 314
1987 7 18 1987 7 26 9 21.7 28.0
2000 7 2 2000 7 8 7 154 22.8
2012 8 18 2012 8 26 9 17.2 21.3
1982 6 23 1982 6 27 5 15.5 21.2
1985 7 28 1985 7 31 4 14.9 21.0
2012 8 3 2012 8 9 7 16.9 20.5
2007 6 21 2007 6 27 7 15.1 20.3
1998 7 31 1998 8 5 6 19.1 18.3
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Table A1.5: Top 10 heat waves in the Iberian Peninsula, sorted by magnitude. The area
represents the daily average of the affected area during a heat wave, the mag-
nitude represents the daily average of the summed magnitude as defined by the

HWMId.
Onset | Decay | Characteristics
Year Month Day Year Month Day Duration[d] Area[%] Magnitude
1982 7 5 1982 7 8 4 23.4 27.1
2015 7 3 2015 7 9 7 18.6 26.2
2012 8 8 2012 8 12 5 16.4 26.0
2003 7 29 2003 8 14 17 20.6 23.3
2015 6 26 2015 6 30 5 17.7 20.1
1995 7 17 1995 7 24 8 14.8 19.5
2003 6 19 2003 6 22 4 14.3 18.4
1987 8 11 1987 8 16 6 15.1 15.5
2005 8 4 2005 8 7 4 12.7 13.8
2013 7 3 2013 7 9 7 14.0 13.6
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Table A1.6: Top 10 heat waves in the British Isles, sorted by magnitude. The area represents
the daily average of the affected area during a heat wave, the magnitude repre-
sents the daily average of the summed magnitude as defined by the HWMId.

Onset | Decay | Characteristics
Year Month Day Year Month Day Duration[d] Area[%] Magnitude
1990 8 1 1990 8 4 4 15.0 41.4
2006 7 15 2006 7 21 7 20.4 32.5
1995 8 14 1995 8 22 9 21.8 24.8
1983 7 6 1983 7 16 11 16.7 24.8
2003 8 3 2003 8 11 9 15.2 23.0
2003 7 13 2003 7 16 4 15.7 19.1
1995 6 22 1995 6 30 9 14.2 17.7
1995 7 25 1995 8 5 12 15.1 17.5
1989 6 16 1989 6 20 5 14.9 14.7
1984 8 17 1984 8 22 6 15.7 14.6
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Figure A1.3: Maximum temperature (ATmax, in K) and maximum potential temperature
(ABmax, in K) changes along the trajectories for heat waves in Scandinavia.
The colours indicate the maximum pressure increase in a 48-hour window. The
numbers in the quadrants denote the numbers of trajectories of each cluster:
in black (irrespective of descend rate), in blue (descent < 100hPa in 48h,
only upper right quadrant), in red (descent > 100 hPa in 48 h, only upper right
quadrant).
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Figure A1.4: Same as Fig. A1.3, but for western Russia.
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Figure A1.5: Same as Fig. Al1.3, but for Greece/Italy.
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Figure A1.6: Same as Fig. Al1.3, but for the Iberian Peninsula.
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Figure A1.7: Same as Fig. A1.3, but for the British Isles.
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Figure A1.8: Residence time of trajectories during the extreme heat wave in the first to weeks
of August 2003 over Central Europe. The solid line represents the median, the
thick dashed line represents the 25" and 75t percentile, the thin dashed line
the 10t and 90" percentile.
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Figure A1.9: Residence time of trajectories during the extreme heat wave of 2010 over west-
ern Russia. The solid line represents the median, the thick dashed line represents
the 25t and 75" percentile, the thin dashed line the 10t" and 90" percentile.
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A.2 Processes leading to upper-tropospheric anticyclones
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Figure A2.1: Spatial distribution of diabatically heated (left) and cooled (right) trajecto-
ries three days prior to arrival in the upper-tropospheric anticyclones for (a,b)
Iberian Peninsula (IB), (c,d) British Isles (Bl) and (e,f) Scandinavia (SC). The
colours indicate the median pressure of air parcels and contours display the air
parcel density (starting from 1%o per 105 km? in 2% increments). The dashed
purple boxes represent the area in which upper-tropospheric anticyclones are
associated with heat waves (cf. section 7.1.1 and Fig. 7.1).
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Figure A2.2: Same as Fig. A2.1, but seven days prior to arrival.
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Figure A2.3: Geographic location of the maximum diabatic heating along trajectories for the
remote (left column) and nearby heating branch (right column) during the last
three days prior to reaching upper-tropospheric anticyclones above the Iberian
Peninsula (IB), British Isles (Bl) and Scandinavia (SC). The percentages in
the orange boxes denote the fraction of the remote/nearby heating branch
with respect to the whole heating branch. The dashed purple boxes are as in
Fig. A2.1.
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Figure A2.4: Composites around the position of maximum diabatic heating of the trajec-
tories in the remote heating branch reaching upper-tropospheric anticyclones
above western Russia. (a): Frequencies of extratropical cyclones (blue), blocks
(green) and warm conveyor belts (red) starting from 5% in 10% increments.
The orange shading shows the ML CAPE (in Jkg™!) and the arrows the wind
at 800 hPa. Black contours indicate PV (2 and 4 PVU contours) at 330 K. The
purple hatching marks the region where the stratiform precipitation exceeds the
convective precipitation (only for areas with total precipitation > 2mmd~1).
(b) Anomalies of cyclone (blue), blocking (green) and warm conveyor belt (red)
frequency.
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Figure A2.5: Same as Fig. A2.4, but for the remote (upper row) and nearby heating branch
(lower row) reaching anticyclones over the Iberian Peninsula. Absolute frequen-
cies are shown in (a) and (c); anomalies in (b) and (d). Note that the purple
hatching in (a) marks the region where the stratiform precipitation exceeds the
convective precipitation, in contrast to (c), where the purple hatching marks
the region, where convective exceeds stratiform precipitation. Orange shading
in (d) shows ML CAPE anomalies (in Jkg™1).
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Figure A2.7: Same as Fig. A2.5, but for Scandinavia.
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Figure A2.8: Same as Fig. A2.5, but for Greece/Italy.
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