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Abstract

Heat waves, which threaten society and endanger human health, can be related to atmospheric
blocks. These blocks, often defined as stationary high-pressure systems within the latitudes of the
westerlies, are able to block the westerly flow, resulting in prolonged periods of clear-sky conditions.
Various methods for identifying blocks exist, and they can be grouped into two categories: (1) detect-
ing an anticyclonic flow anomaly, and (2) detecting the meridional reversal of the flow. The resulting
blocking climatologies vary substantially, which may lead to inconsistent conclusions regarding the
effect of blocks on heat waves. In this master’s thesis, five block-detection indices are compared using
ERA-interim data from 1979 to 2015. Besides the comparison of the two detection categories, compar-
isons between different variables and different intensity thresholds are conducted. Four focal points are
investigated: (1) The northern hemispheric summer blocks of the five indices are compared, leading
to the conclusion that the indices’ blocks vary substantially regarding their number, location, size, and
lifetime. (2) Three intensity thresholds are assigned to the corresponding percentiles of the extratrop-
ical field anomalies, revealing that the thresholds extract between 3% and 14% of the field anomalies.
Furthermore, it is shown that the thresholds directly determine the range of latitudes at which blocks
can be detected. (3) A number of European heat wave case studies are analysed, showing that only in
one of seven cases do the indices agree on the presence of a block. Moreover, the case studies reveal
that two indices erroneously detect subtropical high-pressure systems. (4) The interaction of blocks
and heat waves in several European regions is addressed. Here it is shown that for northern regions the
indices detect the blocks at the same location and that all indices’ blocks increase the odds for a heat
wave by a factor of 10, while for southern regions the indices do not agree on the location of the blocks

nor on the change of the odds for a heat wave.
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1 Introduction

Heat waves pose a serious threat to society. The extreme temperatures afflict human health critically.
Alone the European heat wave in 2003 caused around 70’000 fatalities (ROBINE et al. 2008). In
addition, heat waves are often accompanied by continuing drought conditions that can lead to crop
failure and devastating fires. Heat waves are associated with stationary weather conditions that are
often interpreted as atmospheric blocks (e.g. TRIGO et al. 2005, YAMADA et al. 2016). Therefore, it is

important to study blocks and their relation to heat waves.

A block is characterized by a quasi-stationary anticyclone within the latitudes of the westerlies (e.g.
BLUESTEIN 1993, BUEHLER et al. 2011). The quasi-stationary anticyclone contributes to the develop-
ment of heat through three different processes: (1) The anticyclonic rotation transports warm air from
low to mid-latitudes (e.g. TRIGO et al. 2004, DOLE et al. 2011). (2) The subsidence in the centre of the
anticyclone leads to clear sky conditions and hence to an anomalous surface radiation budget that heats
the air diabatically. (3) Simultaneously, adiabatic heating takes place when the descending air masses
are compressed (BIELI et al. 2015). Not only circulation anomalies, but also the soil moisture content

influence surface temperatures (e.g. BLACK et al. 2004, PERKINS 2015).

Two different views on the definition of a block exist in the scientific community. Either the block
contains the anticyclone itself or the meridional overturning of the zonal flow, i.e. the equatorward edge
of the anticyclone, is interpreted as the block. It is important to note that anticyclones accompanied by
a cyclone (Figure 1.i-iii) to the south always cause an overturning of the flow; while ridges (Figure 1.iii)
represent anticyclones but do not necessarily cause an overturning of the flow. Therefore, a stationary,

high-amplitude ridge can either be interpreted as block or not.

This debate is reflected in the definition of different blocking indices. Blocking indices are needed for
objectively detecting blocks. On the one hand, reversal indices, which are effective in detecting dipole
and omega blocks, exist. On the other hand, anomaly based indices, which detect dipole and omega

blocks, but also stationary, high-amplitude ridges, exist. Furthermore, blocking indices differ due to



the used variable, like, e.g., geopotential height (GPH) or potential vorticity (PV), and due to various

criteria relating to the duration, the stationarity, and the minimum size of a block.

The ambiguity regarding the detection of blocks brings up the question how strongly the detected fea-
tures differ between various blocking indices. Moreover, it is questionable whether the relation between
blocks and heat waves is dependent on the blocking index or not. In this master’s thesis, five blocking
indices are compared within the frame of European heat waves. In a first step, the characteristics of
each index’s blocks are assessed with the following questions: Where on the northern hemisphere are
the blocking indices detecting blocks during summer? What are the differences between the indices’
summer blocking frequency? Can these differences be explained in relation to the number, duration

and size of the blocks?

A lot of research has been done on the impact of blocks on heat waves. PFAHL and WERNLI (2012),
for example, used the anomaly-based index by SCHWIERZ et al. (2004), testing two different intensity
thresholds, -1.3 and -0.7 pvu. They found that with a first threshold, 80% of the blocks coincide with
heat waves, while, with a second threshold, this applies for only for 50%. Therefore, in a second
step, the effect of the threshold choice for the SCHWIERZ et al. (2004) index is analysed by answering
the following questions: What percentile are -1.3, -1.0, and -0.7 pvu representing in the extratropical
summer distribution of the anomalous, vertically-averaged potential vorticity (APV’)? What fraction

of the APV’ values per latitude that fall below a threshold are classified as blocks?

For case studies on heat waves associated with blocks (e.g. SCHNEIDEREIT et al. 2012, TRIGO et al.
2005) the definition of a block is a critical issue. An illustrative example is the European heat wave in
2003: While TRIGO et al. (2005) interpreted the synoptic situation during this event as a block, SOUSA
et al. (2017) pointed out that the term block is wrongly used in this particular case. In the context of
this debate, in a third step, a number of European heat waves are studied to compare the five blocking
indices by addressing the subsequent questions: Which of the blocking indices are detecting a block
during the selected European heat events? Where are the blocking indices positioned relative to each

other and relative to the heat index during the selected European heat events?

Recently, BRUNNER et al. (2017) found that, in the spring season, heat waves in northern Europe
are associated with increased blocking activity in the same region, while heat waves in the south are
associated with decreased blocking activity in the north. Similar findings for the summer season were
made by SOUSA et al. (2017), who concluded that high-latitude blocks are associated with positive

temperature anomalies in Scandinavia and negative temperature anomalies in southern Europe. These
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studies raise the question of whether the same spatial relation between blocks and heat are found,
if different blocking indices are used. Therefore, in a fourth step, the spatial block-heat relation is
analysed for three of the blocking indices by addressing the following questions: How often (relative
to the summer climatology) is each grid point blocked when a European heat day occurs? How does
the occurrence of a block change the odds for a European heat day? What is the difference between
the blocking episodes of the SCHWIERZ et al. (2004 ) index (with an intensity threshold of -1.0 pvu) that

are associated with western European heat days and those that are not?

In Chapter 2 the current state of knowledge and some theoretical background are given. In Chapter 3
the data, the blocking indices, the heat indices, and the methods for each of the four focal points are
presented. In Chapter 4 the results are shown and discussed for each of the focal point individually.

Finally, the conclusions are drawn in Chapter 5.






2 Literature Review

2.1 Definition and Properties

In the mid-twentieth century the term blocking or block was introduced for atmospheric features that
temporarily block the normal eastward propagation of extratropical cyclones by replacing the zonal
flow with a meridional-type flow (ELLIOTT and SMITH 1949, REX 1950). Even though the block-
ing definition is a matter of ongoing debate, BARRIOPEDRO et al. (2010) summarized some general

characteristics of blocks:

(1) A block consists of a large-scale high-pressure system with an anticyclonic rotation in the tropo-
sphere, located at the latitudes of the westerlies, and persisting for between several days and five weeks.
(2) The blocking high-pressure system is accompanied by one or two low-pressure systems to the south.
(3) There are two preferred blocking regions at the exit zone of the main storm tracks, the eastern Pa-
cific and the eastern Atlantic. (4) The blocking frequencies are highest in winter and spring. (5) The
blocking frequencies are influenced by teleconnection-patterns, like the North Atlantic Oscillation. (6)

Blocks are related to anomalous weather conditions.

Not all authors agree on point (2), the need for a low-pressure system to be associated with the blocking
high-pressure system. For instance, BLUESTEIN (1993) defined three blocking patterns, of which the
third one is not related to a low-pressure system: the dipole block (also called Rex or high-over-low

block), the omega block, and the stationary, high-amplitude ridge (Figure 1).

Recently, SOUSA et al. (2017) emphasized that the term block is being misused for features corre-
sponding to stationary, high-amplitude ridges. They argue that a distinction between high-latitude
blocks (dipole and omega blocks) and stationary, high-amplitude ridges is needed; because the former
are associated with low temperatures in southern region, while the latter are related to high temperatures

in southern regions.
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Figure 1: Illustration of the three blocking patterns (i) dipole block, (ii) omega block, (iii) stationary, high-amplitude ridge.
Adapted from BLUESTEIN (1993). The letter H stands for highipressure system, the letter L for low-pressure system. The
light gray shading denotes negative (positive) PV (GPH) anomalies, the dark gray shading denotes positive (negative) PV
(GPH) anomalies. The red shading indicates the regions that are identified as blocks by an index based on a) the reversal of
the meridional gradient in the PV or GPH field, b) negative (positive) PV (GPH) anomalies.

2.2 Theories

HOSKINS (1987) and PELLY (2001) summarized some important blocking theories that are briefly
presented here. Blocks can be interpreted as the interference of Rossby wave trains in such a way that an
amplification of the climatological ridges in the Euro-Atlantic and Pacific region occur (HOSKINS 1987,
PELLY 2001). This stationary wave theory is able to explain the location of the blocking frequency

maxima (PELLY 2001).

Another global theory is the concept of multiple flow equilibria. This theory proposes two stable
states of the atmosphere: a strong zonal flow with low-amplitude waves and a weak zonal flow with
high-amplitude waves. In this manner, blocks represent a quasi-stable state of the atmosphere. How-
ever, model experiments showed that the existence of multiple equilibria states is questionable (PELLY

2001).

On a local scale, the theory of modons and the theory of solitons are able to explain the maintenance
of dipole blocks within a westerly flow. A modon is a localised solution of the quasi-geostrophic
equations which describes a vortex pair within a westerly flow. However, modon solutions can only
be found under the assumption of a sufficiently large zonal wind speed, which is rarely met in reality.

Furthermore, the solutions are not robust for a strong horizontal shear (PELLY 2001).

The theory of solitons is based on a model consisting of the nonlinear, baroclinic quasi-geostrophic
potential vorticity equation with a mean zonal wind characterized by a vertical and horizontal shear.
MALGUZZI and MALANOTTE-R1ZZOLI (1984) showed that solitary Rossby waves that resemble a

dipole block can be found in realistic westerly winds.

Blocks can also be studied from an eddy perspective. Multiple studies concluded that eddies help to
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maintain a block by transporting anticyclonic vorticity into the blocked region (PELLY 2001). Addi-
tionally, one can explain the onset of a block from the eddy perspective: SHUTTS (1983) showed that

eddies approaching a split jet can help to form a PV cut-off. This PV cut-off later develops into a block.

The concept of explosive upstream cyclogenesis is another possibility for explaining the onset of
blocks. Here, a relation between a fast growing cyclone and a developing block downstream is as-
sumed. This way, blocks are interpreted as the response of the planetary waves to the explosive up-

stream cyclogenesis (PELLY 2001).

The instability theory was introduced by FREDERIKSEN (1982). FREDERIKSEN (1982) used a two-
layer quasi-geostrophic model with three different static stability conditions to study the structure of
the fastest growing disturbances. Under the most unstable conditions, a monopole structure grew fastest
(cyclogenesis); for less unstable conditions, a dipole structure in the Pacific grew fastest; and for the
least unstable conditions, a dipole structure in the Pacific and the Atlantic grew fastest. FREDERIKSEN

(1982) interpreted the latter two cases as blocking onsets.

Finally, blocks can be understood from a PV perspective in which a block is an upper-tropospheric
negative PV anomaly in the extratropics (e.g. SCHWIERZ et al. 2004, ALTENHOFF et al. 2008, PFAHL
etal. 2015). Negative PV anomalies in the extratropics are generated through the polewards transport of
subtropical air on an isentropic surface, and/or through the upwards transport from lower-tropospheric
air across isentropic surfaces due to diabatic processes (e.g. ALTENHOFF et al. 2008, PFAHL et al.
2015). It is the latent heating within clouds that allows the air to cross the isentropes (PFAHL et al.
2015). ALTENHOFF et al. (2008) found that PV streamers upstream of a block support the two processes
and are able to strengthen the block. Later, PFAHL et al. (2015) showed that the two processes are of

equal importance.

In the PV framework, the stationarity of a block is explained in terms of the westward flow introduced
by a dipole vortex pair that counteracts the eastward jet (Figure 2). Thus, a block consists of a nega-
tive PV anomaly polewards of the jet, and one or two positive PV anomalies equatorwards of the jet

(ALTENHOFF et al. 2008).

2.3 Detection Methods

BARRIOPEDRO et al. (2010) provides a comprehensive overview of conventional and current block

detection methodologies (Figure A1). First of all, a distinction between subjective and objective tech-
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Figure 2: Illustration of highly idealized PV distributions related to a block. The background PV consist of low PV (light
shading) equatorwards of the jet (dashed arrows), and high PV (dark shading) polewards of the jet. The blocking anticyclone
is shown as a low PV cut-off, and the accompanied cyclones as high PV cut-offs. The winds induced by the PV cut-offs are
shown as arrows. Adapted from (ALTENHOFF et al. 2008).

niques is made. REX (1950) visually - therefore subjectively - identified a block as the change from a
zonal to a meridional flow. Three decades later, these subjective approaches were replaced by automatic

routines, for instance by LEJENAS and @KLAND (1983), or TIBALDI and MOLTENT (1990).

Furthermore, the methodologies differ in the variable and the type of field they use to identify the
block. Either an absolute field, or a field of anomalies from a reference mean is used. Reversal indices,
for instance, scan an absolute field along a given latitude for a reversal of the meridional gradient.
By contrast, anomaly-based indices check a field of anomalies on closed contours that are greater or
smaller than a certain threshold. Figure 1 illustrates which regions of a given blocking pattern are

detected by the two types of indices.

A variety of variables and field-type combinations are used in scientific literature. There are indices
detecting the reversal of the meridional GPH gradient (e.g. LEJENAS and @KLAND 1983, TIBALDI
and MOLTENTI 1990); the reversal of the meridional potential temperature gradient (e.g. PELLY and
HOSKINS 2003); a positive GPH anomaly (e.g. DOLE and GORDON 1983); or a negative PV anomaly
(e.g. SCHWIERZ et al. 2004). Finally, the duration, stationarity, and size criteria applied by an index

determine the features that are detected.

One difficulty that arises with the indices detecting the meridional reversal of a gradient is the choice of
the reference latitude. A solution for this problem is presented in SCHERRER et al. (2006), who made
use of multiple reference-latitudes. For the indices detecting an anomaly, the difficulty lies in choosing

an appropriate threshold and reference mean.

In this master’s thesis, only one blocking index is investigated that detects the reversal of the meridional
GPH gradient. The remaining indices detect an anomaly in the GPH or PV field. The two variables

GPH and PV are introduced briefly in the Appendix (Section A.1).
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2.4 Relation to Extremes

Blocks can be related to anomalous weather conditions. The stationary anticyclone transports air
masses across latitudes, deflects storm tracks, causes subsidence, and leads to long-lasting periods of
cloud-free conditions. As a result, high temperatures can be found in the region where the anticyclone

causes southerlies, and in the centre of the anticyclone where cloud-free conditions persist (Chapter 1).

In contrast, low temperatures can be found downstream of the anticyclone, in the region where north-
easterlies bring cold and dry air from high- to mid-latitudes (SILLMANN et al. 2011). During the trans-
port from high to mid-latitudes the air descends. The descending air is warmed by being compressed.
Additionally, the air may be warmed through heat fluxes from the surfaces, if the air moves across the
warmer ocean. Therefore, a cold event is dependent on a sufficient cold source region (BIELI et al.
2015). The cloud-free conditions lead to increased outgoing longwave radiation during winter nights
which supports the development of low temperatures (SILLMANN et al. 2011). TREIDL et al. (1981)
pointed out that in winter a block may cause a temperature inversion near the surface leading to fog or

low clouds. Below the temperature inversion low temperatures can develop.

Besides temperature extremes, blocks contribute to precipitation anomalies. On the one hand, a lack
of precipitation occurs in the blocked region. On the other hand, remote areas south of the blocking
system receive a surplus of precipitation (TRIGO et al. 2004). The reason for this spatial distribution
is the deflection of the synoptic systems south and north of the block (SOUSA et al. 2016). Persistent
ridges are not accompanied by low pressure systems, and - in contrast to high-latitude blocks - lead to

dry conditions in southern regions (SOUSA et al. 2016).
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3 Data and Methods

3.1 Reanalysis Data

Reanalysis data from the ERA-Interim dataset was used. This data product is provided by the European
Centre for Medium-Range Weather Forecast. The dataset starts on January 1 1979 and is updated
continuously. The product consist of 3-hourly surface parameters containing ocean-wave and land-
surface conditions and 6-hourly upper-air parameters. The spatial resolution is approximately 80 km in

the horizontal on 60 vertical levels reaching form the surface up to 0.1 hPa height (DEE et al. 2011).

3.2 Blocking Indices

Five different blocking indices were used. The first one is SCHERRER et al. (2006)’s two-dimensional
adaptation of TIBALDI and MOLTENTI (1990)’s reversal index. The second index defines blocks via
positive GPH anomalies. The remaining three indices are variations of SCHWIERZ et al. (2004)’s index
based on negative PV anomalies. All five indices have the following criteria in common: a block needs
to have a spatial overlap of at least 70% between successive time steps, and needs to persist for at least

five successive days.

The output of the five blocking algorithms are 2-dimensional binary fields consisting of blocked and
unblocked grid points. While the fields of the first index (TM2D) has a spatial resolution of 2° x 2°,
the other four indices have a spatial resolution of 1° x 1°. A global blocking field is available every six

hours for all five indices. Additionally, each block’s duration, position and size are available.

3.21 TM2D

The first index (TM2D) detects regions with a meridional reversal of the GPH gradient at 500 hPa and

follows the procedure by ROHRER et al. (2017). In a first step, the data was remapped onto a 2° x 2°



3.3. HEAT INDICES 12

grid. Afterwards, each latitude from 36° to 76°, i.e. 36°, 38°, 40°, etc., was checked for two different
GPH gradients, one towards the pole and the other towards the equator. A reversal was identified if
the GPH gradient over 14° latitude was smaller than -10 gpm per degree latitude towards the pole and
bigger than 0 gpm per degree towards the equator. Finally, the reversed region was labelled as a block

if it met the above-stated persistence and stationarity criterion.

3.2.2 RO200

The second index (RO200) detects positive anomalies in the GPH field on 200 hPa. The anomalies were
defined with respect to the climatological (1979-2016) 30-day running mean, including the 30 years
centred around the actual year (ROHRER 2017a). A block was identified if the anomaly was at least
200 gpm and fulfilled the above-stated persistence and stationarity criteria. This index was proposed

by ROHRER (2017a), who empirically justified the threshold of 200 gpm.

3.2.3 SCH13/10/07

The index of SCHWIERZ et al. (2004) detects negative anomalies in the (from 500 hPa to 150 hPa)
vertically-averaged PV (APV) field. The anomalies of the APV (APV’) field were computed with
respect to the climatological (1979-2015) 30-day running mean. All closed contours of the APV’
field with values smaller than a certain threshold were selected and labelled as a block if above stated
persistence and stationarity criteria were met. The code of the blocking index allows the blocks a

maximum lifetime of 180 days.

Originally, SCHWIERZ et al. (2004) set the threshold for the APV’ to -1.2pvu. Here three different
thresholds were used, -1.3, -1.0, and -0.7 pvu. Henceforth, this index is referred to with the labels SCH,
SCH13, SCH10 or SCHO7, according to the threshold applied. Unlike the original index, the index

here did not use a minimal size criterion.

3.3 Heat Indices

Two heat indices were used to describe the heat events (Section 4.3) and to identify European heat
days (Section 4.4). The first one is the warm spell day index (WSDI) (e.g. BRUNNER et al. 2017)
that selects all grid points where the daily mean temperature two meters above ground (T2m) exceeds
the daily 90th percentile of the same variable for at least four successive days. The second index, the

HUMIDEX, provides information about the sensation of heat by taking into account temperature in
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combination with humidity. The spatial resolution for both heat indices is 1° x 1°.

3.3.1 Warm Spell Day Index (WSDI)

The 90th percentile of T2m was computed for each grid point and each calendar-day separately. For
this the lowest and highest values of T2m during the period from 1979 to 2015 were selected. The
90th percentile was determined from the range given by these two values. So, 366 (one for each day
of the year, including leap years) 90th percentile values were assigned to each of the grid points. In a
next step, all grid points that showed T2m values greater than the 90th percentile of the corresponding

calendar-day were set to one, and all remaining grid points were set to zero.

To check whether the exceedances of the 90th percentiles persisted for at least four days, four successive
fields were summed up. All grid points of the summed-up fields that showed a value of four were set

to one and all remaining grid points were set to zero. The resulting binary field is the WSDI.

The WSDI was also tested with a duration criterion asking for six (instead of four) consecutive days.
However, with a duration criterion of six days only a few, very extreme events were found. As in the

case of BRUNNER et al. (2017), no size criterion was used and no coherent area was needed.

The WSDI was computed both with the original T2m and with the detrended T2m. When the original
T2m was used, more heat grid points were found in the recent summers compared to the beginning of
the ERA-interim period (Section A.2). Here the WSDI based on the detreded T2m was used, because
the increasing temperature trend was not the centre of interest. For each grid point the linear trend over

the period 1979 to 2015 was computed and subtracted in order to detrend the daily T2m fields.

3.3.2 HUMIDEX

The HUMIDEX is a measure for the heat stress that an average person perceives. It is a combination
of temperature and humidity. In other words, it is created by adding a linear function of the vapour
pressure to the actual air temperature. The vapour pressure is computed from the dew point temperature.

The standard formula provided by the Government of Canada (GOVERNMENT OF CANADA 2017b) is:

5 5
HUMIDEX =T + (e~10) =T+ §(6.11expS‘“7-7530(ﬁ—ﬁ) ~10) (1)

e = vapour pressure (hPa)

T = air temperature (°C)
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Tdew = dew point temperature (°K)

T2m was used for 7 and the dew point temperature two meters above ground was used for Tdew. The
temperature fields were not detrended to compute the HUMIDEX. The values reported by the HU-
MIDEX were split up into four ranges which represent the potential hazard of the weather conditions

on the human body (GOVERNMENT OF CANADA 2017a):

20 to 29: little discomfort

30 to 39: some discomfort

40 to 45: great discomfort; avoid exertion

Above 45: dangerous; heat stroke possible

These ranges were used to visualize the heat conditions in the selected heat-wave case studies (Section

4.3).

3.4 Block Characteristics

The blocking frequency was computed for each grid point on the northern hemisphere to assess the
spatial distribution of each index’s blocks. The blocking frequency is defined as the mean of the binary
blocking fields over the selected time period, in this case the months June, July, and August (JJA) from
1979 to 2015. Thus, the frequency value of a grid point describes the percentage of time during which

the grid point is blocked.

To explain the differences between the blocking indices’ spatial distribution, the number, the size, and
the lifetime of the blocks contributing to the blocking frequency were examined. The size of a block
was defined as the maximum area that the block reached during its lifetime. All blocks with their centre
on the northern hemisphere and occurring in the considered time window were taken into account. The
calculation of the area was not possible for 7% (R0O200), 3% (SCH13, SCH10), and 1% (SCHO07) of
the blocks. Possibly, the blocks that reached into the southern hemisphere posed this problem. In any

case, these blocks were neglected in the size analysis.

3.5 Threshold Choice

The following steps were conducted to attribute the three thresholds -1.3, -1.0, and -0.7 pvu to a per-

centile of the extratropical summer APV’ distribution: First, all APV’ values north of 30°N, during
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JJA from 1979 to 2015 were selected. Second, the number of APV’ values smaller than each threshold
was computed. Third, these counts were weighted with the cosine of the latitude to account for the
latitudinal-dependency of each grid point’s area. Last, the latitudinally-weighted counts were divided

by the sum of the latitudinally-weighted grid points times the number of time steps.

Additionally, the same procedure, although without the latitudinal weighting, was applied for each
latitude separately. As a comparison, the mean summer blocking frequencies (Section 3.4) of the three
SCH indices were determined for each latitude. Finally, the ratio of the two quantities was computed
by dividing the zonally-averaged blocking frequency by the percentage of APV’ values per latitude that

fall below the corresponding threshold.

3.6 Case Studies

Seven European heat periods were studied. The heat events were found in the scientific literature, but
also in reports from national weather services. An overview of the case studies is provided in Table 1.
For each case study, all the indices were calculated. Furthermore, the position of the blocking indices
relative to each other and relative to the WSDI was investigated. The WSDI and the HUMIDEX were

used to assess the severity of the heat event.

Table 1: Case studies listed according to the year and region together with the literature reference.

Year Region Reference

1994 Scandinavia FISCHER et al. (2007) and RUSSO et al. (2015)
2003 | Central Europe | MEEHL and TEBALDI (2004) and Z’ GRAGGEN (2006)
2006 | Central Europe REBETEZ et al. (2009) and RUSSO et al. (2015)

2007 Greece KOTRONI et al. (2011) and RUSSO et al. (2015)
2010 Russia SCHNEIDEREIT et al. (2012) and RUSSO et al. (2015)
2013 British Isles METOFFICE (2016) and METEIREANN (2013)

2015 | Central Europe METEOSCHWEIZ (2016) and RUSSO et al. (2015)

Three blocking patterns (Section 2) were used to describe the observed flow situation: (1) dipole block,
(2) omega block, and (3) stationary, high-amplitude ridge. The case studies led to the definition of a
fourth stationary flow type, a (4) stationary, low-amplitude ridge which is located at low latitudes and
does not reach as far north as the blocking pattern (3). The term stationary flow type is used on purpose,

because features of type (4) are not considered to be blocks.
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3.7 Blocks and Heat

This section focuses on the interaction of blocks and heat waves in a climatological way. First, the
fraction fraction of heat waves that is associated with the different blocking indices in several European
regions is quantified. Second, it is determined by how much the odds for a heat wave change, given

that there is a block.

3.7.1 Definitions

Seven European heat regions (Table 2, Figure 3.a) were defined based on the heat regions identified
by STEFANON et al. (2012) (Figure A9). Within each heat region a heat day was defined, if at least
16 grid points reported a warm spell day (WSD). It needs to be mentioned that the heat regions are
not equally large, hence the heat days from the different regions are not directly comparable. Before
all ocean grid points were masked out, so that only land grid points contributed to the analysis. The
number of land grid points within each region are listed in Table 2. As a result, a binary vector (1 =
heat day, O = no heat day) with 3404 entries (JJA 1979 to 2015) was assigned to each heat region. This
heat day definition is adapted from the study of BRUNNER et al. (2017) who asked for at least 5° x5°

WSD grid points within the domain from 35°N to 72.5°N, and 12.5°W to 30°E to define a heat day.

Table 2: Definition of European heat regions based on the heat regions by STEFANON et al. (2012)
together with the number of land grid points (LGP), the number of heat days (HD), and the number of
heat events (HE) within each heat region. A HD is defined as a day with at least 16 grid point reporting
a warm spell day within the heat region. The onset of a HE is found if two HDs are separated more than
seven days from each other.

Region | Longitudes [°E] | Latitudes [°N] | LGP | HD | HE

North Sea (NS) -8to 15 51 to 62 131 | 171 | 38
Scandinavia (SC) 13 to 33 60 to 71 188 | 178 | 46
Western Europe (WE) -3t013 43 to 52 138 | 126 | 37
Russia (RU) 36 to 45 51to 63 130 | 158 | 38
Eastern Europe (EE) 16 to 31 47 to 59 178 | 181 | 55
Iberian Peninsula (IB) -10to 3 36 to 44 79 66 | 21
Southeastern Europe (SE) 26 to 43 35t043 106 | 120 | 34

3.7.2 Composites

The identified heat days were used to compute the composites of the blocking indices and the GPH
at 500 hPa, over the entire European domain (25° W to 50° E, and 35° N to 75° N). Only the blocking

indices TM2D, RO200 and SCH10 were considered here. Additionally, the JJA blocking frequencies
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were subtracted from the composites to account for the climatology of the blocking indices. In similar

way the JJA climatology of the GPH was subtracted from the GPH composites.

To ensure that the composites were not the mean of a single event, it was determined how many different
heat events took place in each heat region. The onset of a heat event was identified, if a heat day
followed a period of at least seven days without heat (Figure A12). For all seven heat regions the heat

days belonged to multiple heat events, distributed over the period from 1979 to 2015.

3.7.3 Odds Ratios

As an additional measure for the block-heat relation, the ratio between heat days with a block and
heat days without a block was computed, the so-called odds ratio (OR). It is helpful to introduce the
contingency table of the two attributes, heat day and block, before the equation for the OR is shown

(Table 3):

Table 3: Contingency table for the two at-
tributes heat day and block.

‘ Heat day ‘ No heat day
Block ‘ a ‘ b
No block ‘ c ‘ d

With the variables shown in the contingency table (Table 3), the following equation for the OR could

be formulated:

_a/b

OR =
c/d

2)
The fraction a/b describes the odds for a heat day when a block is present, and the fraction c¢/d de-
scribes the odds for a heat day when no block is present. Therefore, an OR greater than one means
that the occurrence of a block increases the odds for a heat day. In contrast, an OR smaller than one
means that the absence of a block increases the odds for a heat day. However, the OR does not give any

information about the causality between blocks and heat days, only about the co-occurrence.

Here the information heat day/no heat day was taken from the heat regions, while the information
block/no block was taken from each grid point in the European domain individually. Thus, the OR of a

particular grid point tells whether a block at this grid point is conducive to heat in the considered region
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or not. A block at a grid point was identified if the grid point was blocked at least once during a whole
day. This way the 6-hourly temporal resolution of the blocking files was reduced to a daily resolution.
The grid points where the JJA climatology of the individual blocking index is smaller than 0.5% were

replaced with missing values in order to prevent high ORs due to a low climatology.

3.7.4 Blocks With/Without Heat

By cause of the odds ratio associated with the WE heat region, it was realized that SCH10 detects
multiple blocks that occur while no heat day occurs (Section 4.4). Therefore, it was further investigated

why during some SCH10 blocks WE heat days occur, and during other SCH10 blocks they do not.

For this, a block region was defined (5°W to 15°E, and 50° N to 60° N) based on the previously
computed heat day composites (Figure 12). All blocks with their mean coordinates inside the block

region at least once during JJA 1979 to 2015 were selected, in total 101 blocks.
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Figure 3: Maps of Europe with a) the seven heat regions (red boxes), and b) the western European heat region (red box)
together with the corresponding block region (blue box).

All selected blocks that were inside the block region when a WE heat day occurred were assigned to
the group of blocks with heat, in total 13 blocks. All other blocks were assigned to the group of blocks
without heat (Figure A20). The blocks with heat spent 33 days in the block region, and the blocks

without heat 136 days.

For both groups, the composites during the days in which the blocks were inside the block region
were computed for the WSDI, the blocks, the GPH at 500 hPa, the daily maximum of T2m, and the
volumetric soil water content into a soil depth of 0.28 m. On the one hand, these composites served to
check whether the two groups could be separated from each other, and whether the blocks of the two

groups were at the same location. On the other hand, the volumetric soil water content served to assess
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the meteorological preconditions.

Additionally, the blocks of the two groups were compared by means of different attributes: the time
inside the block region, the maximum area, and the minimum APV’ value. Both groups included one

block for which the area computation failed (Section 3.4); these blocks were ignored.

Finally, the number of heat grid points in the WE region were counted on the day when each block
entered the block region, on the three preceding days, and on the three following days. This analysis
aimed to test whether the time each block spends inside the block region is crucial for the development

of heat or not.
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4 Results and Discussions

4.1 Block Characteristics

4.1.1 Results

Here the results from the comparison of the JJA blocks are presented. First the blocking frequen-
cies of each index are treated individually, followed by the assessment of the blocks’ characteristics.
Concretely, it is shown where on the northern hemisphere the blocking indices detect blocks during
summer, what the differences between the indices’ summer blocking frequencies are, and whether these

differences can be explained in relation to the number, duration and size of the blocks.

The blocking frequency of the TM2D index shows two latitudinal bands of high values. One of them
lies north of ~50°N, and one south of ~50°N (Figure 4.a). The three maxima, exceeding 22%, are at
low latitudes in the Pacific, North America and the Atlantic. At high latitudes, the maximum reaches
18% and is located between the Asian and American continent, near the Bering Strait. Two local

maxima are located over Scandinavia and Greenland.

The index RO200 detects the maximum blocking frequency south of the Bering Strait (Figure 4.b).
Compared to the other indices the frequency values are small, not exceeding 10%. This index’s blocks

are at mid- and high latitudes. Overall, this index’s spatial distribution is similar to SCH13’s.

The SCH indices detect three blocking frequency maxima that are located in the North Atlantic, the
Arctic, and south of the Bering Strait (Figure 4.c-e). Hence, the spatial distribution is similar to the
pattern of RO200. Depending on the chosen threshold, the maxima exceed 6% (-1.3 pvu), 18% (-
1.0 pvu), or 22% (-0.7 pvu). Moreover, the higher the threshold is set, the further south the blocks are
detected. Like TM2D, SCHO7 reaches into subtropical latitudes.
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b) RO200 c) SCH13 d) SCH10

Figure 4: Northern hemispheric JJA blocking frequencies of the block detection indices a) TM2D, b) RO200, c) SCH13, d)
SCHI10, and e) SCHO7 over the period from 1979 to 2015.

The two indices TM2D and SCH10 find the highest number of blocks per summer (Figure 5.a), while
RO200 and SCHO7 report the fewest blocks per summer. SCH13’s number of blocks lies between the
other two SCH indices. The total number of summer blocks over the period from 1979 to 2015 is 941

for TM2D, 325 for RO200, 679 for SCH13, 868 for SCH10, and 357 for SCHO7.

The smallest blocks are captured by SCH13, and the largest by RO200 (Figure 5.b). TM2D reports
smaller blocks than RO200, but still bigger blocks than the three SCH indices. Compared with TM2D
and RO200, the three SCH indices have a larger range of block sizes. Above all, SCHO7 covers various
sizes exceeding the range of SCH10. Despite this, the median block size of SCHO7 is smaller than that

of SCH10, meaning that SCHO7 includes more small blocks than SCH10.

All five blocking indices show median lifetimes between 8 and 10 days (Figure 5.c). SCH10 stands
out with the highest median and the largest inter-quartile range. Equally, SCHO7 stands out with some
extremely long-living blocks. In fact, multiples of SCHO7’s blocks reach the maximum lifetime (177.5

days) defined by the code. Again, SCHO7 has a lower median than SCH10.
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4.1.2 Discussion

The comparison of the summer blocking frequencies reveals that TM2D detects the blocks at different
locations than the other indices. These differences can be explained by the definition of a block as an
anomaly in the case of RO200 and the SCH indices, in contrast to the blocking definition as a reversal
of the meridional GPH gradient in the case of TM2D. Besides the location, differences were found in
the values of the blocking frequencies. The causes of these differences lie in the number, size, and

lifetime of the blocks.

The TM2D blocks in the subtropics are included in the number, size, and lifetime analysis. Thus, the
high number of blocks detected by TM2D fits its high summer blocking frequency values observed in
the subtropics. Similar reasoning can be applied to SCH10, which also finds many blocks and shows
high frequencies. However, it seems contradictory that SCHO7 - detecting by far the highest blocking
frequency values - finds fewer blocks than TM2D or SCH10. To get these results, SCHO7 must include

large and/or long-living blocks.

Both are true: SCHO7 detects the largest and the most persistent blocks. In other words, it is likely that

SCHO7 identifies one large block, while TM2D and SCH10 identify multiple blocks in the same area.
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In the same way, SCHO7 may find one long blocking period, while TM2D and SCH10 interpret the

same time window as multiple blocking periods.

The observation that SCH13 finds more blocks than RO200 is surprising because the two indices have
very similar blocking frequencies. Again, the explanation could either lie in the size or in the lifetime of
the blocks. The two indices’ blocks have very similar lifetime distributions. Again, the size distribution
is such that SCH13 may identify multiple blocks in the same area in which RO200 detects only one

block.

As stated in the results (section 4.1.1), the lower median of SCHO7 compared to SCH10 suggests that
SCHO7 includes many small blocks. It is assumed that these blocks are weak anomalies that are not
detected by SCH10 or SCH13. Possibly these blocks are also short-lived and contribute to the relatively

low median lifetime of SCHO7’s blocks.

4.2 Threshold Choice

4.2.1 Results

In this section the topic of the different intensity thresholds for the SCHWIERZ et al. (2004) index is
addressed. By looking at the distribution of the APV’, it is shown what percentile -1.3, -1.0, and -
0.7 pvu represent in the extratropical summer distribution of the APV’, and what fraction of the APV’

values per latitude that fall below a threshold is classified as blocks.

The computation of the extratropical summer APV’ distribution revealed that -1.3 pvu corresponds to
the lowest 2.74% , -1.0 pvu to the lowest 6.46%, and -0.7 pvu to the lowest 14.08% of the values. If each
latitude is considered individually, the percentage of the APV’ values per latitudes that are smaller than
a certain threshold increase with increasing latitude. North of ~50°N the APV’ values below the three
thresholds correspond approximatively to the lowest 6% (-1.3 pvu), 12% (-1.0 pvu), or 22% (-0.7 pvu)

of each latitude’s APV’ distribution (Figure 6.a).

The comparison to the zonal mean of the corresponding blocking index reveals that most of the APV’
values below a certain threshold are classified as blocks. On average, across all extratropical latitudes,
62% (-1.3pvu), 77% (-1.0 pvu), and 90% (-0.7 pvu) of the APV’ values that are smaller than the de-
manded threshold also fulfil the persistence and stationarity criteria. These percentages are not only

dependent on the threshold, but also on the latitude (Figure 6.b).
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Figure 6: Left: The percentages of the APV’ values (from JJA 1979 to 2015) per latitude that are smaller than the threshold
-1.3 (orange line), -1.0 (blue line), and -0.7 pvu (yellow line), and the zonal mean of the blocking frequencies (from JJA 1979
to 2015) of the index SCH13 (orange dashed line), SCH10 (blue dashed line), SCHO7 (yellow dashed line). The zonal mean
of the blocking frequency (from JJA 1979 to 2015) divided by the percentage of the APV’ values (from JJA 1979-2015) per
latitude smaller than the corresponding threshold -1.3 (orange line), -1.0 (blue line), and -0.7 pvu (yellow line).

4.2.2 Discussion

It has been shown that the choice of the thresholds for the SCH index is crucial. The three values -1.3,
-1.0, and -0.7 pvu represent very different percentiles. SCHWIERZ et al. (2004) determined -1.2 pvu as
a threshold with the reasoning that this value corresponds to the lower 10% of the extratropical year-
round APV’ distribution. With the percentages found here, i.e. 2.74% (-1.3 pvu) and 6.46% (-1.0 pvu),

-1.2 pvu is assigned to a smaller percentile than proposed by SCHWIERZ et al. (2004).

There are multiple reasons for this inconsistency: SCHWIERZ et al. 2004 used different data (ERA15);
defined the anomaly relatively to a 15-year monthly mean instead of the 30-day running mean as used
here; and may have set the border between tropics and extratropics at a different latitude. Furthermore,
only JJA are considered here, while SCHWIERZ et al. (2004) included the APV’ values of all four
seasons in the APV’ distribution. However, the APV’ distribution is heavily dependent on the season

(Section A .4).

The percentage of APV’ values smaller than -1.3 pvu reveals that the blocking index SCH13 is not able
to detect a block south of 40°N. In other words, the choice of the intensity threshold directly determines
at which latitudes blocks can be detected. This gives a reason to consider the use of the SCHWIERZ et
al. (2004) index with seasonal or latitudinal-dependent thresholds. If an index with alternating intensity
thresholds were created, one would need to consider the seasonal variations of the storm tracks. Both,
the Pacific and Atlantic, storm tracks migrate equatorward in fall, and poleward in spring. The Pacific
storm track is strongest in spring and fall, while the Atlantic storm track reaches its maximum intensity

in midwinter (CHANG et al. 2002). With regard to the detection of European summer blocks, the fact
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that the Atlantic storm track is especially north in summer supports a low (e.g. -1.3 pvu) block intensity
threshold; however, the fact that the Atlantic storm track is especially weak in summer supports a high

(e.g. -0.7 pvu) block intensity threshold.

4.3 Case Studies

4.3.1 Results

In the first part of this section, the case studies are summarized and the results for each blocking index
are presented. In the second part, the four cases of 1994, 2010, 2003 and 2007 are given as examples.
More precisely it is assessed which of the blocking indices detect a block during the selected European
heat events, and where the blocking indices are positioned relative to each other and relative to the

heat index during the selected European heat events.

The three cases 1994, 2010, and 2003 are chosen because each of them represents one of the three
blocking patterns introduced in the literature review (Chapter 2): the dipole block, the omega block,
and the stationary, high-amplitude ridge. The case 2007 is chosen because it shows the fourth stationary
flow pattern: the stationary, low-amplitude ridge. Additionally, RUSSO et al. (2015) assigned the four
events to the top ten European heat waves since 1950. For the remaining cases, similar information is

given in the Appendix (Section A.5).

4.3.1.1 Summary Case Studies

All seven heat waves are captured by the two heat indices: The WSDI appears in the areas and time
windows proposed by the literature. In the same manner, the HUMIDEX displays the heat waves as
areas with values from 30 to 39, i.e. “some discomfort”. The WSDI shows the largest area in 2003.
Contrastingly, the HUMIDEX finds the largest area of such high values in 2010. In all cases at least

two of the blocking indices respond (Table A3).

The blocking index TM2D finds a block in all cases except for 2003, where no reversal of the meridional
gradient occurred. In 2010 and 2006 - both omega blocks - TM2D detects two blocks. These two blocks
are located south-west and south-east of the ones reported by the other indices. In all other cases TM2D
finds one block centred slightly south of the anomaly-based indices. TM2D occupies a smaller area
compared to SCH10, SCHO7 and RO200. In 1994 and 2007 the TM2D block is co-located with the

WSDI, while in all other cases the block and heat overlap only marginally.
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Table 4: Case studies listed according to the year and region together with the responding block
detection indices and the flow type (1 = dipole block; 2 = omega block; 3 = stationary, high-amplitude
ridge; 4 = stationary, low-amplitude ridge).

Year Region | TM2D | RO200 | SCHI13 | SCHI0 | SCHO7 | Type
1994 | Scandinavia v v v v 1
2003 | Central Europe v v v v 3
2006 | Central Europe v v v 2
2007 Greece v v 4
2010 Russia v v v v v 2
2013 British Isles v v v 1
2015 | Central Europe v v v v 1,3

The blocking index RO200 finds a block in 2003, 2010, and 2015. These three events show a large
coherent WSD area coinciding with HUMIDEX values of 30 to 39. Nevertheless, the events in 1994
and 2007 - both cases with large heat areas - remain undetected. If RO200 and the SCH indices both
detect a block, they usually agree on the location. The size of the RO200 blocks are comparable to the

SCHO7 blocks. RO200 and SCHO7 overlap the most with the WSDI.

The blocking index SCH13 appears in 1994, 2003, and 2010, while SCH10 detects a block in all cases
except for the stationary, low-amplitude ridge in 2007. Finally, SCHO7 finds a block in all seven cases.
The SCH indices are centred at the same location, but the size of the block grows with an increasing
APV’ threshold. Compared to the remaining indices, SCH13 finds the smallest blocks and SCHO7 the

largest. The WSDI is either co-located or south of the SCH indices.

4.3.1.2 Dipole Block 1994

A heat wave took place in southern Scandinavia and central Europe (FISCHER et al. 2007, RUSSO et al.
2015) in July and August 1994. The heat was most severe in eastern Germany and Poland (RUSSO
et al. 2015). According to FISCHER et al. (2007), the extreme temperatures were caused by anomalous

southerlies that transported warm and dry air from the Mediterranean region northwards.

In the analysis, the SCH indices detect a block from July 25th onwards, while TM2D appears first on
July 27th (Figure 7.a). The four indices agree on the block’s location over the Baltic States (Figure
7.c). On July 30th the block starts to weaken and then disappears. During the whole blocking episode,

high APV air is south of the low APV of the block (Figure 7.a,7.c); thus, the block is a reversal block.

According to the WSDI, eastern Germany, Poland, and the Baltic States experience WSDs from July

21st to August 3th. The HUMIDEX shows “some discomfort” in the same region, but from July 27th
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to August 2nd. Both heat indices’ spatial extension is largest from July 27th (Figure 7.c) to July 29th
(Figure 7.d). During the whole blocking episode, the heat indices are partly co-located with, and partly

south of, the two blocking indices (e.g. Figure 7.b,7.d).

Figure 7: Left: Vertically-averaged (500 to 150 hPa) PV [pvu] (shading), GPH [gpdm] on 500 hPa (black contours), blocking
index TM2D (purple), RO200 (green), SCH13 (orange), SCH10 (blue) and SCHO7 (yellow). Right: HUMIDEX (shading),
WSDI (black hatching). Shown is a)-b) July 27th 1994 at 12 UTC, and c)-d) July 29th 1994 at 12 UTC.

4.3.1.3 Omega Block 2010

From the middle of June to the middle of August 2010 a block lead to heat and drought conditions in
Russia, Belarus, Ukraine and the Baltic. The block over western Russia also caused anomalous high

precipitation and floods in Pakistan (SCHNEIDEREIT et al. 2012, LAU and KiMm 2012).

In the analysis, multiple blocking episodes are observed from the middle of June to the middle of
August. The first block - detected by SCHO7, SCH10, and TM2D - develops over the British Isles on
June 24th, moves across the North Sea and the Baltic States, and reaches western Russia on July 2nd.
The second block - detected by SCHO7, SCH10, TM2D, and RO200 - again develops over the British
Isles on July 1st and moves over Scandinavia to western Russia were it weakens on July 9th. The third
block - detected by all five indices - develops over the North Atlantic on July 6th, strengthens over
the North Sea, and reaches western Russia on July 13th. While the third block remains over western

Russia, a fourth block - also detected by all five indices - develops over the North Sea on July 19th,
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moves towards western Russia and replaces the third block on July 21st. This fourth block remains
over western Russia until it decays on August 1st. Only two days later, on August 3th, a fifth block
develops over western Russia - again detected by all five indices - and remains there until it weakens

and disappears on August 13th.

During all five blocking episodes the WSDI appears, and the HUMIDEX reports “some discomfort”
near the block. The areas affected by heat are the largest during the last two of the five episodes. The
omega pattern is best visible during the fourth episode. Therefore, this blocking episode is described

below in more detail:

The indices SCHO7 and SCH10 find a block over the North Sea on July 19th. The block moves to
western Russia and is detected by SCH13 and TM2D on July 21st, and by RO200 on July 25th. At the
beginning, all SCH indices are centred north of TM2D, and the block resembles a dipole block (Figure
8.a). Later, the pattern changes to an omega block. At this stage RO200 and SCHO7 cover a large
T-shaped area, while SCH10 describes one zonally elongated block north of two TM2D blocks (Figure

8.c). The index SCH13 vanishes on July 26th, the other indices on August 1st.

When the heat area is the largest, on July 29th (Figure 8.d), the HUMIDEX indicates “some discomfort”
over an area reaching from Finland to the Caspian Sea. At the same time, the WSDI shows a smaller
area in the centre of the indices RO200 and SCHO7. During the whole blocking episode RO200 and
SCHO7 overlap the most with the heat indices, while SCH10 is to the north, and TM2D is shifted to the

west and east.

4.3.1.4 Stationary, High-Amplitude Ridge 2003

In summer 2003 two heat waves occurred in Europe, the first one in June and the second one during the
first two weeks of August. Both episodes were related to a ridge over western Europe that was absent
during July (GARCIA-HERRERA et al. 2010, Figure 2). The temperature anomalies were stronger in the
latter episode (GARCIA-HERRERA et al. 2010), therefore this episode is analysed below. Z’ GRAGGEN
(2006) found that the advection of warm air, the subsiding motion east of the ridge’s axis, and the dry

soil conditions led to the heat wave in August.

SCHO7 and SCH10 detect a block that develops over the North Pacific on July 31st. The block moves
east and becomes stationary over western Europe. On August 5th the block grows northwards and
strengthens such that SCH13 appears. Until August 11th a high-amplitude ridge is found over central

and northern Europe: low APV air stretches from low to high amplitudes bounded by high APV air up-
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Figure 8: Same as Figure 7 but for a)-b) July 24th 2010 at 12 UTC, and c)-d) July 29th 2010 at 12 UTC.

and downstream. The SCH indices and RO200 agree on the location of the ridge (Figure 9.a, 9.c). On
August 12th only SCHO7 and SCH10 are left, and on August 16th all blocking signals are gone.

The WSDI starts to detect a WSD on August 2nd, first in southern Europe and then also further north.
The largest extension of the WSDI is reached on August 9th (Figure 9.d) when a WSD is found in the
whole of western Europe, the British Isles, and on the North Atlantic Ocean near Iceland. On August
12th the WSD disappears from western Europe, but remains over the Mediterranean Sea until the end
of August. During the whole blocking episode the heat indices in central Europe are mostly south of
the blocking indices (e.g. Figure 9.b), while the WSD area near Iceland lies mostly west of the blocking

indices (e.g. Figure 9.d).

4.3.1.5 Stationary, Low-Amplitude Ridge 2007

A heat wave affected Greece, Italy, the Balkans, and Cyprus in June 2007. In Greece the heat wave
lasted from June 24th to 28th. On June 26th 44.8° C were measured in Athens, representing the highest
measured temperature since 1897. The extreme temperatures developed due to an anticyclone above
the central Mediterranean which transported Saharan air masses and caused large scale subsidence

(KOTRONT et al. 2011).
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Figure 9: Same as Figure 7 but for a)-b) August 8th 2003 at 12 UTC, and c¢)-d) August 9th 2003 at 12 UTC.

The index TM2D finds a block over the Mediterranean Sea south of Italy on June 18th. SCHO7 detects
a block over Italy on June 19th. From June 21st to 26th (Figure 10) the two blocking indices embrace
Italy, the Balkans, and Greece (Figure 10.a,10.c). TM2D weakens and disappears on June 26th (Figure
10.c), while SCHO7 remains for one more day. The low APV air from the ridge does not reach into
high latitudes, therefore the atmospheric feature recognized by SCHO7 and TM2D is a stationary, low-

amplitude ridge.

The WSDI first finds a WSD on June 19th in Greece and the Adriatic Sea. From then on the WSD area
grows towards the Balkans, reaches its largest extension on June 25th (Figure 10.b), and disappears on
June 28th. In the same regions the HUMIDEX indicates “some discomfort”, and from June 24th to 28th
some regions experience “great discomfort” (Figure 10.b,10.d). From June 30th on HUMIDEX values
greater than 30 are only found over the Mediterranean Sea and no longer over land masses. During the

whole blocking episode the two blocking indices are co-located with the two heat indices.

4.3.2 Discussion

A selection of heat wave cases have been shown in which observations regarding the presence, the size,

and the location of the various blocking indices were made. These observations can be explained with
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Figure 10: Same as Figure 7 but for a)-b) June 25th 2007 at 12 UTC, and c)-d) June 26th 2007 at 12 UTC.

the different definitions of the blocking indices. Due to its definition as a reversal of the GPH gradient,
TM2D is expected to detect the blocks south of the blocks found by the anomaly-based indices. In
addition, TM2D should detect two blocked regions in the case of an omega block (e.g. cases 2006,
2010), and should not be able to identify a block in the case of an untilted stationary ridge (e.g. case

2003).

Moreover, it makes sense that RO200 is sensible to events with large areas of heat, because RO200’s
blocks are directly related to high temperatures through their definition as a positive GPH anomaly. The
link between GPH anomalies and absolute temperature values can be found in the thickness equation
(Equation A3). ROHRER (2017b) pointed out that the use of RO200 may be problematic due to its tem-
perature dependency by showing that the blocking frequency of RO200 and the temperature anomaly

in the same domain are positively correlated (Figure A4).

The GPH field displays a smoothed version of the PV field (HOSKINS 1985). Thus, the SCH indices
and the RO200 index are expected to identify blocks that appear at the same location, as observed.
Additionally, the finer structure of a PV field compared to a GPH field, explains the more detailed

structure of the SCH indices compared to RO200 (e.g. case 2010).
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In accordance with the indices’ summer blocking frequencies (Figure 4), TM2D and SCHO7 found
blocks at low latitudes, since they interpreted subtropical high pressure systems as blocks (e.g. case
2007). Finally, it could be demonstrated that SCHO7 indeed covers a variety from small to large blocks

(e.g. case 2010), as it was hypothesized in Section 4.1.

For the following investigation of the block-heat relation, the case studies have shown that it is certainly
important which blocking index is used. For instance, if exclusively the index SCH13 is used exclu-
sively, few of the heat events will be related to blocks, while SCHO7 proposes a relation in all cases.
In my opinion, the index SCH13 defines blocks too narrowly, because it misses important events like
in 2006, 2013, and 2015. Equally, the index SCHO7 defines blocks too broadly, because it recognizes
the subtropical high of 2007 as a block. Therefore, I decided to use SCH10 and to ignore SCH13 and
SCHO7 in the subsequent analysis. The argument against SCHO7 could be used for TM2D as well.

However, I wanted to keep TM2D as the only reversal index in the analysis.

From the case studies it is further expected that RO200 will show the highest co-occurrence in time and
space with the heat waves (e.g. cases 2003, 2010). Additionally, TM2D is expected to have a spatial
block-heat distribution noticeably different from the ones of SCH10 and RO200.

The WSDI was observed to be extended south of the blocking indices. Therefore, it is preferable to
include remote effects in the analysis of the spatial block-heat relation. On the scale of grid points, one

might miss the relation between heat and block regions that are not co-located.

4.4 Blocks and Heat

4.4.1 Results

In the case studies it was shown how the blocking indices perform during single events. Here the
relation between blocks and heat is analysed from a climatological perspective. First the blocking
indices TM2D, RO200, and SCH10 are compared during the heat days of the Scandinavian (SC) and
the western European (WE) region. It is shown how often (relative to the summer climatology) each
grid point is blocked when a European heat day occurs, and how the odds for a European heat day are
changed when a block occurs. Then, the difference between the blocking episodes of the SCHI0 that
are associated with WE heat days and those that are not is addressed by comparing the two groups of

SCH10 blocks.

The SC and WE regions are chosen because they illustrate two distinct situations. The results for the



4.4. BLOCKS AND HEAT 34

other heat regions are shown in the Appendix (Figures A11-A19).

4.4.1.1 Scandinavian Heat Region

During SC heat days (Figure 11), all three blocking indices find blocks in the SC region. The maximum
blocking frequencies shown by individual grid points are 40% for TM2D, 20% for RO200, and 50%
for SCH10. These values are considerably higher than the JJA (1979 to 2015) blocking climatologies:
TM2D exceeds the climatology by 30%; RO200 by 10-20%; and SCH10 by 30% (Figure 11.d-f). With
this, about 75% (TM2D), 50-100% (RO200), and 60% (SCH10) of the blocking-frequencies maxima
shown in the composites (Figure 11.a-c) are deviations from the JJA climatology. TM2D associates
negative blocking-frequency anomalies of -10% at the Algerian coast with SC heat days. SCH10 shows
negative blocking-frequency anomalies of -10% west of Ireland. The anomalous GPH field shows an

anticyclone centred above Scandinavia. The heat region lies in the centre of this anticyclone.

For all three blocking indices, the pattern of the ORs consists of values greater than one in northern
Europe, and values smaller than one in southern Europe (Figure 11.g-1). In other words, the blocking in-
dices agree that northern blocks are conducive to SC heat days, while southern blocks are unfavourable
for SC heat days. In the SC region the blocking indices increase the odds for a heat day by a factor of

10.

4.4.1.2 Western European Heat Region

During WE heat days (Figure 12), TM2D detects blocks downstream of the WE region, while RO200
and SCH10 find blocks north of the WE region. The maximum blocking frequencies shown by in-
dividual grid points are 10% for TM2D, 20% for RO200, and 40% for SCH10. Again, these val-
ues are considerably higher than the JJA (1979 to 2015) blocking climatologies: TM2D exceeds the
climatology by 10%; RO200 by 10-20%; and SCH10 by 20-30% (Figure 12.d-f). With this, about
100% (TM2D), 50-100% (RO200), and 50-75% (SCH10) of the blocking-frequencies maxima shown
in the composites (Figure 12.a-c) are deviations from the JJA climatology. Only TM2D shows negative
blocking-frequency anomalies of -10% at the Algerian Coast. The GPH shows that WE heat days are
associated with a ridge. The heat region lies especially in the southern part of the ridge, and somewhat

upstream of the ridge’s axis.

The ORs are greater than one in the WE heat region for all three blocking indices. The maximum
values are 5 (SCH10), 10 (TM2D), and 20 (RO200). For RO200, the area with ORs greater than 10 is

expanded over the whole of western and central Europe, while for TM2D and SCH10, the high values
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Figure 11: Top: Composites during heat days in the SC region (13°W to 33°E, 60° N to 71°N) of the blocking fields
(shading) and of the GPH at 500 hPa (black contours) are shown in a) TM2D, b) RO200, and ¢) SCH10. Middle: The
blocking frequency anomaly a), b), c) relative to the JJA blocking climatology (1979 to 2015) are shown in d) TM2D, e)
RO200, and f) SCH10. The black contours in d), e), f) are GPH anomalies at 500 hPa relative to the JJA climatology in 4 hPa
intervals; the thick line denotes O hPa, dashed lines negative anomalies, and thin lines positive anomalies. Bottom: The odds
ratio between SC heat days with blocks and SC heat days without blocks is shown in g) TM2D, h) RO200, and i) SCH10.
The red/white framed box represents the heat region. The regions where the JJA blocking climatology (1979 to 2015) of the
individual blocking index is smaller than 0.005 are masked out. The maps show the European domain (25° W to 50° E, and
35°N to 75° N).

are located closer to the heat region. The Mediterranean and the Norwegian Seas are the regions in
which the presence of a TM2D block decreases the odds for WE heat days. For RO200 and SCHI10,

blocks up- and downstream of the WE heat region decrease the odds for WE heat days.

Figure 12: Same as Figure 11 but for the western European heat region (3° W to 13° E, 43° N to 52° N).
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4.4.1.3 Blocks With/Without Heat

For SCH10, the blocks with heat and without heat in the WE region are compared. The composites of
the WSDI show that the heat-day definition successfully separates the two groups of blocks. The WE
grid points report a WSD during 20% of the 33 block days with heat (Figure 13.a); by contrast, a WSD

is found in less than 2% of the 136 days without heat (Figure 13.b).

The composites of the blocks and the GPH show that the blocks of both groups are at the same location,
but that the synoptic ridge is more pronounced for the blocks with heat than for the blocks without heat
(Figure 13.c-d). The volumetric soil water content in the WE region is smaller during the blocks
with heat than during the blocks without heat (Figure A.13.e-f). During the blocks with heat, the daily
maximum temperatures reach 28°C in the WE region and 30°C southwest of it, on the Iberian Peninsula
(Figure 13.g). The blocks without heat are related to lower daily maximum temperatures in the WE
region, reaching only 26°C. However, on the Iberian Peninsula temperatures also reach 30°C (Figure

13.g-h).

The comparison of the blocks’ attributes reveals that the blocks with heat stay longer in the block region
than the blocks without heat. While the former are in the block region for 2.75 days (2.52 days) in the
median (mean), the latter are in the block region for 1.25 days (1.55 days) in the median (mean) (Figure
14.a). No large differences are found in the intensity or the size of the blocks (Figure A21) during their

time inside the block region.

The number of the WSD grid points in the WE heat region increases during the three days before
the blocks with heat enter the block region. The heat-day threshold of 16 grid points is crossed on
the day the blocks enter the region. One day later the maximum is reached, and the number of grid
points decreases again. No such increase can be found when blocks without heat enter the block region

(Figure 14.b).

4.4.2 Discussion

In the composites for the SC region (Figure 11) the blocks occur co-located with the heat, independent
of the blocking index. However, TM2D and SCH10 are more frequent during SC heat days than RO200.
This can be explained by the northern position of the SC region. RO200 is directly linked to absolute
temperature values through the equation of thickness (Equation A3, Figure A4), and is therefore less

sensible to heat in high latitudes where absolute temperature values are low. In short, with regard to the
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Figure 13: Left: Composites over the 13 blocks (33 days) with WE heat days. Right: Composites over the 88 blocks (136
days) without WE heat days. Shown are the composites of a)-b) WSDI; c)-d) SCH10 blocks (shading); ¢)-d) GPH (black
contours); e)-f) volumetric soil water content [m*m—3]; and g)-h) daily maximum temperature two meter above ground
[° C]. The red/white box represents the WE heat region, the blue/white box represents the block region. The maps show the
European domain (25° W to 50° E, and 35° N to 75° N). Hatching indicates missing values.

location of the blocks, the choice of the blocking index does matters less than the absolute or anomalous

blocking frequencies.

The ORs are greater than one and have a maximum of 10 in the SC region for all three blocking indices.
So, independent of the index, the conclusion can be drawn that blocks in the SC region increase the
odds for heat by a factor of 10. If there is a block in southern Europe that does not reach into high
latitudes, then Scandinavia lies in the undisturbed climatological westerlies; thus the circulation gives

no reason for heat in Scandinavia. This explains the ORs below one in southern Europe.
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Figure 14: The boxplots in a) show the distribution of the days each block is in the block region (5° W to 15° E, and 50° N
to 60° N). In the boxplots the lowest (highest) coloured horizontal line represents the lowest (highest) value not more than
1.5 standard deviations away from the median; the gray box represents the middle 50% of the data; the centred coloured
horizontal line represents the median; values more than 1.5 standard deviations away from the mean are outliers and are
shown as circles. The bars in b) show the mean number of WSD grid points in the WE region relative to the day when the
blocks enter the block region (day 0). The lower horizontal black line shows the mean number of WSD grid points in the WE
region during JJA 1979 to 2015. The upper horizontal black line shows the heat day threshold of 16 WSD grid points. The
data for the 13 SCH10 blocks with heat are shown in red, the data for the 88 SCH10 blocks without heat days are shown in

gray.

In the composite for the WE region (Figure 12), the blocks are not co-located with the heat. RO200
and SCH10 identify the northern part of the ridge where the strongest GPH or PV anomalies are, while
TM2D appears southeast of them. As TM2D detects the reversal of the meridional GPH gradient, it is
expected that TM2D appears south of the highest GPH values. However, TM2D is southeast and not
purely south or southwest of the highest GPH values. This position is favourable for WE heat days,
because with the block to the southeast, the WE region lies in a region of warm-air advection from the

southwest that supports the development of heat days.

The composites also show that TM2D appears least of all, RO200 more frequently, and SCH10 most
often during WE heat days. The same observation is made when the JJA climatology is subtracted.
However, the ORs show that even though SCH10 is most frequent, RO200 and TM2D increase the
odds for heat more. Moreover, it is the blocks inside the WE region, especially in the southeastern
edge of the WE region, that increase the odds for heat the most, and not the blocks shown in the
composites. A strong, warm-air advection from the southwest can be expected if the blocks are in

the southeastern edge of the WE region. This explains the spatial discrepancy of the blocks in the



39 CHAPTER 4. RESULTS AND DISCUSSIONS

composites in comparison to the heat-conducive blocks in the OR.

If a block is located upstream of the WE region, the WE region lies in the region of northerly winds,
therefore in the region of cold-air advection. In other words, it makes sense that the ORs for all three
indices are smaller than one in this region. If a block is located downstream of the WE region, than the
WE region lies in a region of cyclones that feed the block (SHUTTS 1983) and therefore the conditions
are unfavourable for WE heat days. This explains the ORs smaller than one downstream of the WE
region. Finally, TM2D blocks in the Norwegian Sea reduce the odds of WE heat, possibly because the

WE region again lies in a region of northerly/northeasterly winds and cold-air advection.

In short, from the analysis of the WE region we conclude that the choice of the blocking index de-
termines the location of the blocks and the strength of the block-heat relation: While RO200 blocks
increase the odds for co-located heat by a factor of 20, TM2D suggests an increase by a factor of 10, and

SCH10 by a factor of 5 only. RO200 shows the highest increase due to its direct link to the thickness.

From the composites we know that SCH10 finds a block more often during WE heat days than the other
indices. In terms of the OR equation (Equation 2), this means that the variable a is larger for SCH10
than for RO200 and TM2D. Nevertheless, the ORs in the WE heat region are smaller for SCH10 than
for TM2D and RO200. One possible explanation for this observation is that the number of blocks
without heat - i.e. the variable b in the OR equation (Equation 2) - is large for SCH10. Considering
the number of blocks and the JJA climatology of the SCH10 index (Section 4.1) this explanation seems
reasonable. This leads to the conclusion that only during a few SCH10 blocks does heat develop in the

WE region, and that there are many SCH10 blocks without a WE heat signal.

One important difference between the SCH10 blocks with heat and SCH10 blocks without heat is the
volumetric soil water content (Figure 13.e-f), which is low for episodes with heat. This is in agreement
with the study of STEFANON et al. (2012), who found that summer maximum temperatures in the WE

region are negatively correlated with co-located rainfall occurrence from January to May.

The SCH10 blocks with heat stay longer in the block region than the blocks without heat. A longer
time in the block sector can help the WSDI to reach the heat-day threshold, if there is a positive
temperature anomaly to the southwest that is advected into the WE region. The composites of the daily
maximum temperatures (Figure 13.g-h) show that in most of the areas southwest of the WE region, the

temperatures are higher for the blocks with heat than for the blocks without heat.

Another indication that the time in the block sector is important is the number of WSD grid points
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in the WE region relative to the day the block enters the block sector (Figure 14.b). For the blocks
with heat the number of WSD grid points steadily increase until they cross the threshold for a heat day
when the block enters the block region. Such an increase cannot be observed for the blocks without
heat. In other words, the blocks without heat probably move too fast to permit processes like warm-air
advection to have an impact on temperature. It needs to be emphasized that the information that can be
drawn from the analysis of the SCH10 blocks with and without heat is limited due to the small number

of blocks with heat.



5 Conclusions

In this thesis five different block detection indices were compared within the frame of European heat
waves. The first index, TM2D, detects the meridional reversal of the GPH gradient at 500 hPa. The sec-
ond index, RO200, detects a positive GPH anomaly at 200 hPa. The other three indices, SCH13/10/07,
are variations of an index that detects a negative PV anomaly in the vertically-averaged (from 500 hPa
to 200 hPa) PV (APV). The index SCH13 asks for an APV anomaly of -1.3 pvu, the index SCH10 for
-1.0 pvu, and the index SCHO7 for -0.7 pvu.

First the blocks identified by the five indices during summer (JJA) and on the northern hemisphere were
compared. Second, the definition of an intensity threshold for the SCH index was investigated. Third, a
number of European heat-wave case studies were analysed. Fourth, the blocking climatology during the
heat days of different European regions in Europe were studied for the three selected blocking indices,
TM2D, RO200, and SCH10. Finally, the differences between SCH10 blocks with heat and without
heat in the western European (WE) region were addressed. Here a summary of the main findings and

the most important results are given, followed by some ideas for possible extensions of the analyses.

The ambiguity regarding the detection of blocks was observed several times. From a climatological
perspective the blocking indices differ with regard to the location, the frequency and the characteristics
of the blocks they detect. The maximum JJA blocking-frequency grid points in the North Pacific reach
22% (SCHO07), 18% (SCH10, TM2D), or 6% (SCH13, RO200). SCH13/10/07, but not RO200 or
TM2D, detect a second JJA blocking-frequency maximum in the North Atlantic. TM2D shows two
latitudinal bands of JJA blocking frequency maxima, while the other indices show only one. Compared
to the other indices, SCHO7 detects large and long-living; TM2D and SCH10 many; RO200 few, large

and short-living; and SCH13 small and short-living JJA blocks.

From the perspective of single European heat-wave case studies, the indices differ with regard to the
detection, location, and the size of the blocks. In the cases of 1994, 2003, and 2015, four of the five

indices detect a block. In the cases of 2006 and 2013, the three indices TM2D, SCH10, and SCHO7 find
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a block. In the case of 2007, only TM2D and SCHO7 identify a block. Often TM2D appears spatially
shifted from the other indices. In all case studies RO200 and SCH10 identify the largest blocks and

show the largest overlap with the heat area.

From the perspective of the heat-wave climatologies, the three indices TM2D, RO200, and SCH10
differ - mainly for the western European (WE) region, but also in part for the Scandinavian (SC) region
- with regard to the blocking frequency and strength of the block-heat relation. The maximum blocking
frequencies observed on individual grid points during heat waves reach 40% (SCH10), 30% (TM2D),
or 15% (RO200) for the SC region; and 30% (SCH10), 15% (RO200), or 10% (TM2D) for the WE
region. For the WE heat waves, the indices detect the blocks either north (RO200, SCH10) or east
(TM2D) of the WE region. The few blocks in the WE region increase the odds of a heat wave by a
factor of 20 (RO200), 10 (TM2D), or 5 (SCH10).

The observations just described emphasize the differences between the five indices. However, agree-
ments between the five indices were also found. All five show a maximum JJA blocking frequency in
the North Pacific. All five detect a block in the case study of 2010. The four indices RO200, SCH13,
SCH10 and SCHO7 detect the blocks at roughly the same location in the case studies and in the JJA
climatology. During SC heat waves, the three indices used detect the blocks co-located with the heat,
and agree that these blocks increase the odds for a SC heat day by a factor of 10. For the SC and the
WE region, the three indices detect the blocks that provide favourable and unfavourable conditions for

heat waves at the same locations.

Another insight is that some of the indices may be inappropriate for use for certain purposes. RO200
should not be used to assess the relation between blocks and heat at different latitudes, because it
always finds a stronger relation in the south than in the north, due to its link to absolute temperatures.
TM2D and SCHO7 should not be used at low latitudes, because they erroneously detected subtropical
high-pressure systems that are not in a classical sense blocks, as seen in the case study of 2007. The
three indices SCH13/10/07 should not be used during all seasons of the year, because the choice of the
intensity threshold directly determines at which latitudes blocks can be detected. For instance, at 40°N,
5% of the APV’ values are below -0.7 pvu, while 0% are below -1.3 pvu. Because the westerlies, and
with this also the blocking anticyclones, are further south in summer than in winter, one might suggest

using a higher intensity threshold in summer than in winter.

Generally, this research has indicated that the use of SCHO7 as a blocking index is particularly prob-

lematic. Besides the erroneously detected subtropical high-pressure systems, the size and lifetime
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distributions of the JJA blocks indicate that SCHO7 detects blocks very generously compared to the
other indices. Moreover, the intensity threshold used for SCHO7 corresponds to the lowest 14% of
the extratropical JJA distribution of the anomalous APV (APV”’). This is rather high compared to the
thresholds of SCH10 and SCH13, which correspond to the lowest 6% and 3%. In addition, the higher
the APV’ threshold, the larger the fraction of APV’ values below the threshold per latitude that are

classified as blocks: 90% (-0.7 pvu), 77% (-1.0 pvu), and 62% (-1.3 pvu).

Finally, some process understanding was gained in the analysis of SCH10 blocks with and without heat
in the WE region. It was shown that the blocks with heat are more stationary than the blocks without
heat. In addition, low volumetric soil water content in the WE region and high absolute temperatures

southwest of the WE region were identified to support the development of heat in the WE region.

All this provides an overview of the behaviour of different blocking indices during European heat
waves. The research could be further extended by testing whether the patterns observed in the com-
posites of the block-heat relation analysis differ significantly from the climatology; considering more
blocking indices; using different datasets instead of ERA-interim alone; and analysing more case stud-
ies and regions, for example. Additionally, other heat indices could be tested, as the WSDI based on a

linear detrended temperature field may not be the optimal choice.
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Figure A1: Review of the block detection methods by BARRIOPEDRO et al. (2010). The methods are sorted according to their
objectivity (left rows), base field (header columns), and specific blocking index (subheader columns). The methods based
on one dimension (two dimensions) are shaded (not shaded). The methods using dynamical (standard isobaric) variables are

dashed (not dashed).



A.1. SUPPLEMENTARY MATERIAL - LITERATURE REVIEW A-2

A.1.2 Geopotential Height

The geopotential (P) is defined as the work that must be done against the Earth’s gravitational field
to lift a mass of 1kg from sea level to a given altitude in the atmosphere. Thus, & at a given height z

corresponds to (WALLACE and HOBBS 2006, MARTIN 2006):

d(z) = /Ozgdz (A1)

& = geopotential (Jkg! or m?s!)

g = gravitational acceleration (ms?)

Through dividing ® by the gravitational constant gg, one receives the quantity geopotential height

(GPH):

rr=20 _ 1 /0 o dz (A2)

GPH = geopotential height (gpm)

go = gravitational constant (m s2)

Near the surface - where g is close to gp - the geometric height and GPH are approximately at the same
altitude. Further up in the atmosphere - where g is smaller than gg - the geopotential meter becomes
bigger than the geometrical meter; because, with the same amount of work one can move 1kg over a

larger distance.

In meteorology GPH is often used to describe the height of a given pressure level. Thus, regions of high
pressure (i.e. also blocks) are regions of positive anomalies in the GPH field at a certain hPa level. A
link to absolute temperatures can be drawn when the difference between two GPH fields is considered,

the so-called thickness (h) (WALLACE and HOBBS 2006):

Ry, (7 d
h = GPH, — GPH, = ~¢ / 7, (A3)
80 Jp> p

GPH, and GPH, = geopotential height at p; and p, (gpm)
p1 and po= pressure levels (Pa)

R,;= gas constant for dry air Jkg= 1K™ 1)



A-3 APPENDIX

T,= virtual temperature (K)

go = gravitational constant (m s2)

From Equation A3 we can see that / is larger for warm air masses than for cold air masses. In the same
manner, high values of % are easier reached in low latitudes were absolute temperatures are higher than

in high latitudes.

A.1.3 Ertel Potential Vorticity

Ertel Potential vorticity (PV) can be derived from the full primitive equations. If friction and diabatic
processes are neglected, PV is defined as the product of the absolute vorticity (1) and the 3-dimensional

gradient of potential temperature (V0):

1
PV = EWB (A4)

PV = potential vorticity (pvu or 10° m?s' Kkg™!)
p = density (kgm™)
1 = absolute vorticity vector (sH

0 = potential temperature (K)

PV and 6 are conserved for adiabatic and frictionless motion. Therefore, an air parcel moving along a
surface of constant 0 will keep its PV as long as diabatic processes and friction are negligible; i.e. are
dominated by advective processes. This principle is called the Lagrangian conservation principle and

implies that PV on isentropic surfaces (IPV maps) can be used to trace air masses (HOSKINS 1985).

Given a balance condition (e.g. geostrophic balance) and appropriate boundary conditions (surface 6-
distribution), the PV distribution is sufficient to diagnostically determine all other dynamical variables,
i.e. the three wind components, temperature distribution, GPH, and static stabilities. This so-called
PV invertibilty principle applies also if diabatic and frictional processes are involved (HOSKINS 1985).
In the context of blocks, one can use the invertibility principle to relate anticyclones to negative PV

anomalies.
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A4

A.2 Supplementary Material - Data and Methods

A.2.1 Heat Indices
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Figure A2: Sum of European heat days (at least 5 x 5 land-grid points report a warm
spell day within the region reaching from 30°W to 55°E and 30°N to 80°N) for each
summer from 1979 to 2015. The sum for the warm spell day index with the original
ERA-interim two meter temperature, the 90th calendar-day percentile, and 6 consec-
utive days is shown in pink. The sum for the warm spell day index with the linear-
detrended ERA-interim two meter temperature, the 90th calendar-day percentile, and 6

consecutive days is shown in red.

Table Al: Linear trend of the time series of the sum
of heat days (at least 5 x 5 grid points report a warm
spell day within the region reaching from 30°W to
55°E and 30°N to 80°N) per summer for the WSDI
with trend and without trend. The coefficient b of the
linear model y(x) = a+ b x x is estimated and the p-
value of the F-statistic for b is given. If the trend is
found to be significant at the level a = 0.1%, the p-
value is marked with ***.

WSDI ‘ with trend without trend

b 0.73 0.08
p-value | 4.02 x 1075 0.55
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A.2.2 Blocking Indices
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Table A2: Linear trend of the time series of the sum of European block
days (at least 1 grid point reports a block during the four time steps of a
day, within the region reaching from 30°W to 55°E and 30°N to 80°N)
per summer for the five blocking indices. The coefficient b of the linear
model y(x) = a+ b x x is estimated and the p-value of the F-statistic for
b is given. If the trend is found to be significant at the level & = 5%, the
p-value is marked with *.

Index |TM2D RO200 SCH13 SCH10 SCHO7

b 0.08 0.45 0.01 0.11 0.02
p-value | 0.54 0.03* 0.97 0.3 0.2
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A.2.3 Temperature Sensitivity of RO200
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Figure A4: Blocking frequencies (red) of the index RO200 and the temperature
anomaly (blue) relative to the running 30-years mean over the North Atlantic and Euro-
pean (NAE) domain. The thick line represents the median of the 30 ccc400 models and
the shaded area represents the range of the 10 to 90 percentiles. Figure is taken from
ROHRER (2017b).
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A.3 Supplementary Material - Block Characteristics

A.3.1 Blocking Frequencies
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Figure AS: Northern hemispheric blocking frequency of the block detection indices TM2D (first row), RO200 (second row),
(third column), autumn (fourth column) and over the period from 1979 to 2015.
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A.3.2 Numbers and Lifetimes

Table A3: Number and mean lifetime of the blocks found by each block detection
index during each season of the year and within the period from 1979 to 2015.

Index | DIF | MAM | JJA | SON

TM2D | 433 (8.7d) | 543 (8.6d) | 941(9.4d) | 588 (8.1d)
RO200 | 382 (124d) 406 (9d) 325 (8.4d) | 425(10.64d)
SCHI13 | 451 (9.44d) 642 (94d) 679 (8.5d) | 669 (8.7d)
SCHI10 | 708 (12.2d) | 793 (12.3d) | 868 (12.4d) | 768 (12.3d)
SCHO7 | 474 (18d) | 344 (18.2d) | 357 (17d) | 339(18.9d)

A.4 Supplementary Material - Threshold Choice

A.4.1 Seasonal Thresholds
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Figure A6: a) Probability (y-axis) of the APV’ values north of 30°N and of various season and the whole year to be smaller
than a given threshold (x-axis). b) Probability (y-axis) of the APV’ values of each latitude from 30°N northwards to be
smaller than a given threshold (x-axis). Only the APV’ values from 1979 to 2015 are considered.
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A.5 Supplementary Material - Case Studies

A.5.1 Case Study 2006

The heat wave in July 2006 affected central Europe (RUSSO et al. 2015), more precisely Switzerland,
France, Poland, Belgium and the Netherlands (REBETEZ et al. 2009). REBETEZ et al. (2009) linked
the heat in July 2006 to a persistent anticyclone within an omega block lasting from July 15th to 27th

2006.

Figure A7: Same as Figure 7 but for a)-b) July 15th at 12 UTC, and c)-d) July 17th 2006 at 12 UTC.
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A.5.2 Case Study 2013

The UK Met Office reported a heat wave in the United Kingdom from July 3th to 23th 2013 METOF-
FICE (2016) with the highest temperatures since 2006. In a similar way, the Irish weather service Met
Eireann summarizes the period from July 5th to 21st 2013 as very dry and warm with several stations

reporting drought conditions METEIREANN (2013).

0.5 1 1.5 2 3 4 5 10 20 30 40 46

Figure A8: Same as Figure 7 but for a)-b) July 17 at 12 UTC, and c)-d) July 19th 2013 at 12 UTC.
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A.5.3 Case Study 2015

In July and August 2015 Switzerland experienced three heat waves. The first one from July 1st to
7th, and the second one from July 16th to 24th, and a last short one from August 5th to 9th. On July
7th the meteorological station in Geneva recorded a temperature of 39.7°C, the highest value since
the beginning of measurements in 1864 (METEOSCHWEIZ 2016). METEOSCHWEIZ (2016) concluded

that a strong ridge and dry soil conditions contributed to the first heat wave.

Figure A9: Same as Figure 7 but for a)-b) July 2nd 2015 at 12 UTC, and c)-d) July 4th 2015 at 12 UTC.
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A.6 Supplementary Material - Blocks and Heat

A.6.1 Heat Regions
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Figure A11: Composites of the WSDI during the heat days

Figure A10: Heat regions identified by STEFANON et al.  of the seven heat regions a) North Sea, b) Scandinavia, c)
(2012) who conducted a hierarchical clustering of heat event ~ western Europe, d) Russia, e) eastern Europe, f) Iberian
maps. Peninsula, and g) southeastern Europe.
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A.6.2 Heat Events
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Figure A12: Number of heat event in the period JJA 1979-2015 for each of the seven heat regions a) North Sea, b) Scan-
dinavia, c¢) western Europe, d) Russia, e) eastern Europe, f) Iberian Peninsula, and g) southeastern Europe. The black bars
show the number of WSD grid points per day, the red horizontal line is the heat day threshold (16 WSD grid points), the red
vertical lines with a triangle at the top show all heat event (heat day separated 7 days from the preceding heat day) onsets.
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A.6.3 Composites and Odds Ratios
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Figure A13: Top: Composites during heat days in the North Sea region (8°W to 15°E, and 51°N to 62°N) of the blocking
fields (shading) and of the GPH at 500 hPa (black contours) are shown in a) TM2D, b) RO200, and ¢) SCH10. Upper middle:
The blocking frequency anomaly of a), b), c) relative to the JJA blocking climatology (1979 to 2015) are shown in d) TM2D,
e) RO200, and f) SCH10. The black contours in d), e), f) are GPH anomalies at 500 hPa relative to the JJA climatology in
4 hPa intervals, the thick line denotes 0 hPa, dashed lines denote negative anomalies, and thin lines positive anomalies. Lower
middle: The blocking frequency of a), b), ¢) divided by the JJA blocking climatology (1979 to 2015) are shown in g) TM2D,
h) RO200, and i) SCH10. Bottom: The odds ratio between SC heat days with blocks and SC heat days without blocks is
shown in j) TM2D, k) RO200, and 1) SCH10. The red/white framed box represents the heat region. The regions where the
JJA blocking climatology (1979 to 2015) of the individual blocking index is smaller than 0.005 are masked out. The maps
show the European domain (25° W to 50° E, and 35° N to 75° N).
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Figure A15: Same as Figure A13 but for the western European region (3°W to 13°E, and 43°N to 52°N).
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Figure A17: Same as Figure A13 but for the eastern European region (16°E to 31°E, and 47°N to 59°N).
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Figure A19: Same as Figure A13 but for the southeastern European region (26°E to 43°E, and 35°N to 43°N).
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A.6.4 Blocks With/Without Heat
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Figure A20: Same as Figure A12 but for the western European (WE) heat region (3°W to 13°, and 43° to 52°). The time step
when a SCH10 block enters the block region (5°W to 15°E, and 50° N to 60° N) is marked with a rotated square. SCH10
blocks associated with WE heat days are shown as blue squares, SCH10 blocks not associated with WE heat days are shown
as red squares.

A.6.5 Block Attributes
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Figure A21: Shown is a) the time the SCH10 blocks are in the block region (5° W to 15°E, and 50° N to 60° N), b) the
maximum area of the SCH10 blocks during their time in the block region, and c) the minimum APV’ value of the SCH10
blocks during their time in the block region. The red boxplots are the SCH10 blocks with heat, the gray boxplots are the
SCHI10 blocks without heat. The boxplots show the median (thick horizontal line), the middle 50% of the data (gray box),
the values 1.5 standard deviations away from the median (thin horizontal lines), and the outliers (circles).



Acronyms

APV vertically-averaged potential vorticity
APV’ anomalous, vertically-averaged potential vorticity
DJF December, January, February

EE eastern Europe, eastern European
GPH geopotential heigth

HD heat day

HE heat event

1B Iberian Peninsula, Iberian

JJA June, July, August

LGP land grid point

MAM March, April, May

NS North Sea

RU Russian, Russian

SC Scandinavia, Scandinavian

SCH SCHWIERZ et al. (2004) index

SCHO07 SCHWIERZ et al. (2004) index with intensity threshold -0.7 pvu
SCH10 SCHWIERZ et al. (2004) index with intensity threshold -1.0 pvu
SCH13 SCHWIERZ et al. (2004) index with intensity threshold -1.3 pvu

SE south-eastern Europe, south-eastern European
SON September, October, November

TM2D ROHRER et al. (2017) index

T2m air temperature at two meters

OR odds ratio

PV potential vorticity

PV’ potential vorticity anomaly

RO200 ROHRER (2017a) index

WE west Europe, western European

WSD warm spell day

WSDI warm spell day index
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