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Abstract

Stationary high-pressure systems at mid-latitudes, termed atmospheric blocking,
are frequently connected to extreme weather events such as cold spells and heat
waves. Their evolution and impacts in our changing climate have, hence, been
extensively investigated in recent decades but several aspects still remain uncertain.

This work introduces observations from GPS radio occultation (RO) as a new
data set for blocking research. RO is a satellite-based, remote-sensing technique,
observing key atmospheric variables such as geopotential height (GPH), tempera-
ture, and specific humidity with high accuracy. RO measurements processed at the
Wegener Center are used from 2006 to 2016. The feasibility of blocking detection
with RO is demonstrated for two blocking events in the Northern Hemisphere. The
evolution of both events in summer 2010 and winter 2013 is correctly captured by
RO and strong anomalies in atmospheric GPH and temperature are revealed.

Observations over the entire RO period are used to systematically detect blocking
in both hemispheres. All main blocking regions and the seasonal variability are well
represented in the RO data set. The vertical atmospheric structure is particularly
well resolved, revealing strong impacts on temperature and specific humidity
throughout the entire troposphere and up into the lower stratosphere during
blocking. RO is found to be a promising new method, enabling blocking detection
and analysis from a single, comprehensive data set available globally at the same
high quality.

Impacts of blocking on surface extremes in Europe are investigated for a longer
period from 1979 to 2014 in the observation-based ERA-Interim and E-OBS records.
Statistically significant links between blocking and European temperature extremes
are found that change during spring. Blocking impacts in spring are of particular
relevance for vegetation and, therefore, need further research, especially in light of

continued climate change.






Zusammenfassung

Blockierende Hochdrucklagen in mittleren Breiten (en. Blocking) sind ein atmo-
sphérisches Phénomen, das hiufig zu Extremereignissen wie Kélte- und Hitzewellen
fithrt. Im Licht des Klimawandels wurde Blocking daher in den letzten Jahrzehnten
intensiv erforscht, doch wesentliche Aspekte bleiben weiter unsicher.

Diese Arbeit stellt die satellitenbasierte GPS Radiookkultationsmethode (RO)
fiir die Blocking-Forschung vor. RO liefert vertikal hochaufgeloste Messungen wich-
tiger atmosphérischer Parameter wie Geopotentielle Hohe (GPH), Temperatur und
Spezifische Feuchte. Es werden RO Daten von 2006 bis 2016 verwendet, die am
Wegener Center prozessiert wurden. In einer Fallstudie, die jeweils ein Blocking in
Sommer und Winter untersucht, wird gezeigt, dass RO gut zur Detektion und Un-
tersuchung von Blocking geeignet ist. Die Entwicklung wird korrekt dargestellt und
starke Anomalien von atmosphérischer Temperatur und GPH wéihrend Blocking
werden aufgezeigt.

In einer systematischen Untersuchung wird Blocking im gesamten RO Datensatz
und global analysiert. Die Blocking-Regionen und saisonale Anderungen werden
korrekt abgebildet und es werden Anomalien von Temperatur und Spezifischer
Feuchte wahrend Blocking in der gesamten Troposphéare und bis in die untere
Stratosphére nachgewiesen. RO stellt daher einen vielversprechenden, neuen Da-
tensatz fiir die Blocking-Forschung dar, der die globale Detektion und Analyse von
Blocking aus einer einzelnen Quelle mit hoher Qualitéit erlaubt.

Die Auswirkung von Blocking auf Kélte- und Hitzewellen im européischen Friih-
ling wird fiir eine l&ngere Zeitspanne von 1979 bis 2014, basierend auf ERA-Interim
und E-OBS Daten, untersucht. Die Ergebnisse zeigen statistisch signifikante Verbin-
dungen zwischen Blocking und Temperaturextremen in Europa. Die Auswirkungen
von Blocking-Lagen im Friihling sind von besonderer Wichtigkeit fiir die Land-
wirtschaft und gerade im Licht des Klimawandels ist weitere Forschung in diesem
Bereich essenziell.
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The thesis starts with a synopsis in part I in which the research questions are
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scientific results in the form of three published papers. A complete list of acronyms,
figures, and tables as well as a bibliography can be found at the end of this thesis.



Part |I.

Synopsis






1. Introduction

Weather and climate at mid-latitudes are strongly linked to large-scale atmospheric
circulation and phenomena, such as the jet stream, storm tracks, and blocking.
Some of these processes and their interlinkages are not yet fully understood,
introducing a high level of uncertainty to their predictability and the modeling
of their future evolution (Woollings 2010). This is particularly relevant when one
considers weather and climate extremes and their impacts. The World Climate
Research Programme (WCRP) regards “advances in the understanding of the
physical mechanisms leading to extremes” as a crucial development for the Grand
Challenge on Weather and Climate Extremes (Zhang et al. 2013). In the 2015
Paris Agreement, the parties to the United Nations Framework Convention on
Climate Change (UNFCCC) recognized the “importance of averting, minimizing
and addressing loss and damage associated with the adverse effects of climate change,
including extreme weather events and slow onset events, and the role of sustainable
development in reducing the risk of loss and damage” (United Nations 2015). This
underlines the need to understand and predict the atmospheric processes involved
in the development of such extremes to provide a reliable scientific foundation for
policy makers.

In this context, atmospheric blocking, which describes stationary high-pressure
systems blocking the westerly (i.e., eastward) flow at mid-latitudes, is a particularly
important phenomenon. Blocking-related extremes repeatedly affect densely-
populated and heavily-cultivated areas, causing severe damage to society and
economy. At the same time, key mechanisms involved in blocking evolution are
still unclear, and its occurrence is still underestimated in current weather and
climate models (e.g., Pfahl et al. 2015, and references therein). Recent examples of
such extreme events are the heat wave that occurred in eastern Europe and Russia
during the summer of 2010 and the cold spell that occurred in central Europe
during the spring of 2016 (Matsueda 2011; AGRI4CAST 2016).

Especially in a changing climate reliable information on the future development
of extremes is essential for policy makers to be able to minimize or avoid negative
impacts on human health and economy. In this context, atmospheric blocking
is also highlighted in the Intergovernmental Panel on Climate Change (IPCC)
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Fifth Assessment Report (AR5) as an important source of climate anomalies and
extreme events in regions such as Europe, North America, and Australia. The future
evolution of atmospheric blocking with regard to its locations and frequency is seen
as “crucially important for understanding regional climate change in particular
with respect to extreme conditions” (Christensen et al. 2013). But at the same
time, it is stated that there is only “medium confidence that the frequency of [...]
blocking will not increase, while trends in blocking intensity and persistence remain
uncertain” (Christensen et al. 2013). Barnes et al. (2014), for example, investigated
historical blocking occurrence and did not find any robust trends across different
reanalyses and using different detection methods. Many studies were carried out on
the evaluation of blocking frequencies in climate models. Findings show a general
tendency toward decreasing blocking occurrence in the future from models (e.g.,
Matsueda and Endo 2017), but also a considerable under-representation of blocking
compared to reanalyses (e.g., Davini and D’Andrea 2016) due to, e.g., too sparse
resolution and too strong climatological westerly flow (e.g., Scaife et al. 2010).

In this context, the work presented in this thesis gives a new perspective on
atmospheric blocking from observations. Satellite-based observations from Global
Positioning System (GPS) radio occultation (RO) are introduced for blocking
detection in order to better quantify and eventually reduce uncertainties in blocking
representation across different data sets (Brunner et al. 2016, presented page 45ff.).
In a next step a detailed global analysis of blocking occurrences based on a decade
of RO observations is presented and blocking impacts in the free atmosphere, from
the troposphere to the lower stratosphere, are investigated (Brunner and Steiner
2017, presented page 57ff.).

Highlighting the importance of blocking in the spring season, which has rarely
been considered in the scientific literature, this work looks into blocking impacts
on surface temperature extremes in spring. The link between blocking and the
occurrence of cold spells and warm spells in Europe is investigated (Brunner et al.
2017, presented page 77ff.).

In summary, this work is driven by two main aims:

1. To introduce the novel GPS RO record for blocking research, testing the
feasibility of RO observations for blocking detection and using the data to
analyze the atmospheric structure during blocking on a global scale.

2. To investigate the link between blocking and large-scale surface temperature
extremes, such as heat waves and cold spells during the spring season, based
on established observational data sets.



The following synopsis is structured as follows: In chapter 2, the current state
of knowledge on changes in the atmospheric circulation and their connection to
changes in extremes is addressed, with a focus on the role of atmospheric blocking.
In chapter 3, a historical overview is given on the development of blocking definitions
from 1950 to the present. A global blocking detection index is presented, which
was developed in the course of this work and which is used in all three publications.
In chapter 4, climate models and reanalyses and their use in blocking research are
summarized. GPS RO observations are introduced as a new data set for blocking

research. Chapter 5 provides a summary of this work and concluding remarks.






2. Weather and climate

“Human influence on the climate system is clear. This is evident from
the increasing greenhouse gas concentrations in the atmosphere, positive
radiative forcing, observed warming, and understanding of the climate
system” (IPCC 2013).

2.1. Extremes in a changing climate

The increase in global mean surface temperature is the most frequently-used proxy
in the public discourse about climate change (e.g., United Nations 2015; Knutti
et al. 2016; Medhaug et al. 2017; Millar et al. 2017; Fig. 2.1). However, changes in
extreme temperature can exceed the mere change in the mean by far (e.g., Schar
et al. 2004; Clark et al. 2006; Perkins 2015) and can have significantly greater effects
than changes in the mean on society as adaptation to extremes is considerably
more difficult (Seneviratne et al. 2006). For this reason the occurrence of extreme
events often triggers public interest in topics related to climate change (Center for
Research on Environmental Decisions 2009).

Whether a certain weather event was caused by climate change, a then frequently-
posed question, does not have an easy answer (Hegerl and Zwiers 2011; Hulme 2014;
National Academies of Sciences, Engineering, and Medicine 2016). The fraction of
attributable risk (FAR) (e.g., Stone and Allen 2005; Pall et al. 2011) is one way
to express the contribution of human-caused climate change to a certain event.
Stott et al. (2004) calculated that the risk that mean temperatures, such as those
observed during the record summer of 2003 in Europe, would be exceeded was very
likely doubled due to human interference. The IPCC AR5 found an increasing
amount of evidence for human contributions to the increase in the frequency and
intensity of daily temperature extremes (IPCC 2013). Fischer and Knutti (2015)
calculated that in our current climate up to 75 % of hot extremes are attributable to
increased temperatures, and many other studies have shown a significant increase
in the frequency and intensity of hot extremes in recent decades (Della-Marta et al.
2007a; Della-Marta et al. 2007b; Hansen et al. 2012; IPCC 2012; Hartmann et al.
2013; Christidis et al. 2015).
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Figure 2.1.: Global average temperature anomalies relative to the 1961 to 1990 climatology
from three data sets as given in the figure. The gray shading indicates the 95 % confidence
range from the Met Office data set. Reprinted from WMO (2017).

Figure 2.1 shows global average temperature anomalies from 1850 to 2016 relative
to the 1961 to 1990 reference climatology for three different data sets. 2016 was on
average 0.83°C £ 0.10 °C warmer than the climatology and was found to be the
warmest year on record so far (WMO 2017). Figure 2.2 shows the fraction of land
area that has been affected by anomalously cold and warm temperatures from 1950
to 2010. The anomalies are classified based on multiples of the standard deviation
o, assuming a Gaussian temperature distribution over the base period 1951 to 1980.
Hot or cold temperatures are defined if the anomalies exceed +0.430, respectively.
With that definition there is a one-third chance for each of the three cases hot,
cold, and “normal” during the base period (Hansen et al. 2012). A general increase
in the fraction of land affected by hot temperatures as well as a general decrease
in the fraction of land affected by cold temperatures is clearly visible. Based on
these results, Hansen et al. (2012) stressed the fact that an “emergence of a new
category of ‘extremely hot’ summers, more than 30 warmer than the base period
mean” was observed.

Concerning future changes, the importance of stabilizing global temperatures as
soon as possible is often stressed, since the probability of hot extremes increases
nonlinearly with mean temperature (Fischer and Knutti 2015; Schleussner et al.
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Figure 2.2.: Area covered by temperature anomalies in the categories defined as hot
(> 0.430), very hot (> 20), and extremely hot (> 3¢), with analogous divisions for cold
anomalies. Anomalies are relative to 1951-1980 base period, with ¢ also from 1951-1980
data. Lowest row is Southern Hemisphere summer. Reprinted from Hansen et al. (2012).

2016; Mitchell et al. 2017; Schleussner et al. 2017). Figure 2.3 depicts three possible
mechanisms that can lead to a change in the occurrence of extremes: a shift in the
mean temperature, increased temperature variability, or a changed symmetry of
the temperature Probability Density Function (PDF) (IPCC 2012). Indeed, studies
found that the European climate has become more extreme, and the observed
increase in the frequency of temperature extremes can only be explained by a
combination of a change in the mean accompanied by a change in the variance
(Schér et al. 2004; Della-Marta et al. 2007a).

Hot temperature extremes like heat waves are almost always connected to an
atmospheric high-pressure system (Perkins 2015). If such a high-pressure system
is located in the zone of prevailing westerlies at mid-latitudes and if the system
is stationary for several days, it is usually referred to as a blocking high-pressure

11



2. Weather and climate

Probability of Occurrence Probability of Occurrence
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Figure 2.3.: The effect of changes in temperature distribution on extremes. Different
changes in temperature distributions between present and future climate and their effects
on extreme values of the distributions: (a) effects of a simple shift of the entire distribution
toward a warmer climate; (b) effects of an increase in temperature variability with no shift
in the mean; (c) effects of an altered shape of the distribution, in this example a change in
asymmetry toward the hotter part of the distribution. Reprinted from IPCC (2012).
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2.1. Extremes in a changing climate

system (Rex 1950a). Particularly persistent blocking events, lasting for up to
several weeks, can lead to severe heat waves, as they allow for an increasing amount
of heat to build up in the atmospheric boundary layer (Kysely 2007; Miralles et al.
2014).

Beside blocking, other mechanisms also contribute to the development of heat
waves, most notably soil moisture (Fischer et al. 2007a; Stefanon et al. 2012;
Perkins 2015; Sillmann et al. 2017). In the example of the European heat wave
of 2003, Fischer et al. (2007b) showed that without the negative soil moisture
anomalies, due to the precipitation deficit in early 2003, temperature anomalies
would have been about 40 % lower. In addition, land-atmosphere interactions are
found to increase the diurnal temperature variability (Fischer et al. 2007a) and
may play even more important roles in a warming climate (Seneviratne et al. 2006).

On the other side of the temperature distribution, extreme cold events like cold
spells continue to have severe impacts even in a warming climate (Cattiaux et al.
2010; Wang et al. 2010), and temperature-related excess mortality is still mostly
attributable to extreme cold (Gasparrini et al. 2015). A range of studies has shown
that atmospheric blocking —beside its impacts on heat waves— also significantly
contributes to cold extremes such as the severe winter 2010 (Trigo et al. 2004;
Barriopedro et al. 2008; Cattiaux et al. 2010; Buehler et al. 2011; Sillmann et al.
2011; Whan et al. 2016). For the future, Sillmann et al. (2011) found that model
projections show a persistent link between extreme low temperatures and blocking.
These findings have been confirmed by Brunner et al. (in press) in a study using a
50-member ensemble of the second Canadian Earth System Model (CanESM2).

Finally, changes also occur during the transition seasons of spring and fall. Using
a metric based on circulation patterns, Cassou and Cattiaux (2016) showed that the
onset of summer has shifted by about 10 days from mid-April towards early April
in the period between 1960 and 2010. These changes are of particular relevance as
they also influence the growing periods of plants. Menzel et al. (2006), for example,
investigated several hundred plant species in Europe over the period from 1971
to 2000 and found that most of them showed an advance towards earlier leafing
and flowering in spring by about 2.5 days per decade. This advance can have
potentially devastating effects, as an earlier onset of the vegetation period may
increase the risk of susceptibility to severe frost damages (Hufkens et al. 2012;
Menzel et al. 2015; Brunner et al. 2017; Unterberger et al. accepted). In this
regard, blocking can, on the one hand, contribute to early warm spells, which may
favor a premature greening onset. On the other hand, blocking can lead to late
cold spells in spring, which can be devastating for vegetation and lead to high
economic damages (Brunner et al. 2017; Unterberger et al. accepted).
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2. Weather and climate

2.2. Changes in atmospheric circulation

In parallel to the ongoing changes in extreme temperature occurrence, there is
also evidence that atmospheric circulation patterns are shifting due to climate
change. The stronger warming in the Arctic region compared to the warming at
lower latitudes (referred to as Arctic amplification) is often discussed as one of
the drivers behind changes in the jet stream (Feldstein and Lee 2014; Barnes and
Screen 2015; Francis and Vavrus 2015; Hall et al. 2015), planetary waves (Barnes
2013; Screen and Simmonds 2013), and blocking (Woollings et al. 2014; Barnes and
Polvani 2015). Francis and Vavrus (2015) suggested that the Arctic amplification
leads to a wavier jet stream, which favors more persistent weather. Observational
studies have also noted a weakening (Archer and Caldeira 2008) and a northward
shift (Fu and Lin 2011) of the Northern Hemisphere (NH) jet stream.

The North Atlantic storm tracks are another important driver of European
weather variability and are also expected to change in a warming climate (Yin
2005; Bengtsson et al. 2005; Kysely 2008; Dong et al. 2013; Catto et al. 2014; Lau
and Nath 2014). Most studies agree that a poleward shift of the storm tracks
is occurring, which is found to be “likely to support more persistent circulation
patterns over Europe, and impacts of the climate change on the occurrence and

severity of temperature extremes may be exacerbated” (Kysely 2008).

Blocking of the mid-latitude climatological flow by stationary high-pressure
systems is closely connected to all of the features described above and, therefore, is
likely to change as well in a warming climate (e.g., Barnes et al. 2014; Vries et al.
2013; Dong et al. 2013; Kennedy et al. 2016). The results of model studies suggest
that winter blocking in the Euro-Atlantic sector will decrease towards the end of
the 21st century (Masato et al. 2013; Kennedy et al. 2016; Matsueda and Endo
2017; Brunner et al. in press). Masato et al. (2013) and Matsueda and Endo (2017)
found a decrease of blocking frequency of up to 30 % in winter in Europe. However,
in some regions, like eastern Europe, no such trend has been detected (Masato
et al. 2013; Matsueda and Endo 2017). Authors of some studies have, therefore,
noted that the detection of trends in blocking may be sensitive to the selected
region and that some part of the blocking decline, particularly over Europe, may
in fact be a shift to the east (Vries et al. 2013; Masato et al. 2014; Brunner et al.
in press). Analyzing reanalyses, Croci-Maspoli et al. (2007) found negative trends
in NH winter blocking, while Barnes et al. (2014) concluded that they did not
find any trend over the period of 1980 to 2012. Such inconclusive results highlight
the need for continued research to focus on the current and future evolution of
blocking, particularly in light of the expected continuing climate change.
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2.3. Atmospheric blocking and its impacts

Atmospheric blocking describes a synoptic situation in which a strong and stationary
anti-cyclone weakens or reverses the climatological westerly flow at mid-latitudes
for up to several weeks (Rex 1950a). Due to its persistence, it can lead to strong
anomalies in key atmospheric variables such as temperature and humidity via direct
and remote effects (Pfahl 2014; Bieli et al. 2015). It also frequently contributes
to surface extremes, such as heat waves, cold spells, droughts, and flooding, with
potentially disastrous effects for human society and economy (e.g., Cattiaux et al.
2010; Barriopedro et al. 2011; Galarneau Jr. et al. 2012) as mentioned in the

previous sections.

One of the strongest and longest blocking cases in recent history occurred over
eastern Europe and Russia during the summer of 2010. It was closely linked to
a severe heat wave, which broke temperature records in many regions of Europe
and Russia and is, therefore, often referred to as the 2010 Russian heat wave.
Fig. 2.4 (top) shows the distribution of European summer temperatures for the
period 1500 to 2010. The summer of 2010 clearly stands out as it was about 1.8°C
(3.5 standard deviations) warmer than the climatological mean of 1970 to 1999.
The heat led to over 50000 additional deaths and over 10 billion USD in economic
losses in Russia alone (Barriopedro et al. 2011, and references therein). At the
same time, the blocking also contributed to intensify the Monsoon rain fall, which
led to one of the worst flooding events in Pakistan and northwestern India ever
recorded. Over 20 million people were affected, and the economic damage was
estimated to exceed 40 billion USD (Hong et al. 2011). The crucial role of the
extraordinary synoptic condition during the summer of 2010 in the development
of theses extremes has been noted by many authors in the aftermath of the event
(Hong et al. 2011; Houze Jr. et al. 2011; Schneidereit et al. 2012; Galarneau Jr.
et al. 2012; Lau and Kim 2012; Lupo et al. 2012; Martius et al. 2013; Miralles et al.
2014).

In general, blocking has been identified as a main contributor to summer hot
extremes by a range of authors (e.g., Black et al. 2004; Meehl and Tebaldi 2004;
Pfahl and Wernli 2012; Rodrigues and Woollings 2017). It affects co-located regions
by leading to persistent clear-sky conditions, increasing the radiative heating, and
diverting the succeeding cyclonic systems and their fronts (Pfahl 2014; Bieli et al.
2015). Pfahl and Wernli (2012) found that up to 80 % of NH hot extremes coincide
with a co-located blocking. A similar result was found by Rodrigues and Woollings
(2017) for the Southern Hemisphere (SH).

15



2. Weather and climate
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Figure 2.4.: (Top) Statistical frequency distribution of reconstructed and instrument-
based European (35°N to 70°N and 25°W to 40 °E) summer land temperature anomalies
(relative to the 1970 to 1999 mean) shown from 1500 to 2010 (vertical lines). The five
warmest and five coldest summers are labeled. Gray bars represent the distribution with a
Gaussian fit in black. (Bottom) The running decadal frequency of extreme summers, defined
as those with temperature above the 95th percentile of the 1500 to 2002 distribution. A
10-year smoothing is applied. The dotted line shows the 95th percentile of the distribution
of maximum decadal values that would be expected by random chance. Reprinted from
Barriopedro et al. (2011) with permission from AAAS.

In winter, the most frequently-noted temperature effect of blocking comes from
the advection of cold air, which mainly affects the regions surrounding the block
and can lead to severe cold spells (e.g., Trigo et al. 2004; Mendes et al. 2008;
Sillmann et al. 2011; Pfahl 2014; Rimbu et al. 2014; Whan et al. 2016). Pfahl
(2014), for example, found that “cold temperature extremes at most locations in
Europe are found to be associated with blocking over northern Europe and the
North Atlantic”.

Brunner et al. (in press) showed that blocking is statistically significantly linked
to European heat wave and cold spells during present (1981 to 2010) conditions
and will remain so in a future (2070 to 2099) scenario, driven by the Representative
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Future frequency anomaly during blocking at different locations
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Figure 2.5.: Extreme temperature occurrence anomaly for blocking in different regions
(gray boxes) for future (2070 to 2099) conditions based on the CanESM2 ensemble mean.
Shown is the (a) summer heat wave anomaly and the (b) winter cold spell anomaly. The
statistical significance at the 10% (2-sided) level is indicated by dots and the dot size
indicates the number of ensemble members which show significance. Adapted from Brunner

et al. (in press).

Concentration Pathway 8.5 (RCP8.5). Fig. 2.5 shows the frequency anomaly for
summer heat waves and winter cold spells during blocking in the future (2070 to
2099) period. The impact of blocking on triggering summer heat waves (Fig. 2.5a)
is strongest at the location of the block. For blocking over Greenland no significant
effects on temperatures in Europe is found (Fig. 2.5a, top). In contrast, for blocking
over Scandinavia (Fig. 2.5a, bottom), a strong correlation to co-located heat waves
is observed while “less than 10% of [heat waves| in southern Europe co-occur
with blocking” (Brunner et al. in press). Regarding the impacts of blocking in
winter, strong remote effects are visible, and a strong and statistically significant
increase in the occurrence of cold spells in Europe for blocking in all regions is
found (Fig. 2.5Db).
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Figure 2.6.: Spring blocking frequency during days with (a) warm and (b) cold spells in
Europe (black box) in the period 1979 to 2014. The 1979 to 2014 blocking climatology in
spring is indicated by black contour lines, values that are statistically significantly larger
than the number of blocks from random days (above 95th percentile) are marked with a
plus sign, and values that are statistically significantly lower (below 5th percentile) are
marked with a times sign. Adapted from Brunner et al. (2017).

Only a few studies have investigated blocking in the spring and fall seasons,
mostly looking into the blocking climatology and possible trends (Wiedenmann
et al. 2002; Croci-Maspoli et al. 2007; Tyrlis and Hoskins 2008a). The link to
temperature anomalies during these transition seasons has, so far, not been a
focus of the literature. However, especially in the phase in spring during which
vegetation emerges and flowers blossom, plants are particularly vulnerable to
(blocking-induced) cold spells (e.g., Eccel et al. 2009). In late spring 2016, for
example, a persistent blocking situated over the British Isles led to the advection
of cold air from the north into Europe. The resulting frost and snow caused severe
damages in many regions in central Europe (AGRI4CAST 2016). The connection
between blocking and temperature anomalies in Europe in historical springs from
1979 to 2014 is addressed in Brunner et al. (2017, presented page 77ff.), who found
the “occurrence of atmospheric blocking in the European region [...] crucial for the
development of both extended cold and warm spells in spring”. Figure 2.6 shows
the blocking frequency during warm spells (Fig. 2.6a) and cold spells (Fig. 2.6b)
compared to the climatological frequency. For both cases a statistically significant
link between blocking and temperature is found, highlighting the importance of
blocking in the spring season. Therefore, it is essential that further research is
conducted to address the effects of blocking also in spring and fall, particularly

with regard to vegetation.
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3. Blocking detection methods

In the following a historical overview of the development of blocking detection
algorithms is given in chapter 3.1. The blocking detection algorithm developed as
part of this work is presented in chapter 3.2.

3.1. History of blocking definitions

Blocking detection indices are used to objectively identify stationary high-pressure
systems associated with a reversal of the climatological westerly flow at mid-
latitudes. The first description of blocking was made by E. B. Garriott in 1904
(Garriott 1904, cited by Rex 1950a) although the classical definition was given in
1950 by Rex (1950a) via five criteria:

1. the basic westerly current must split into two branches
2. each branch current must transport an appreciable mass
3. the double-jet system must extend over at least 45° of in longitude

4. a sharp transition in the westerlies from a zonal type flow upstream to a
meridional type downstream must be observed across the current split

5. the pattern must persist with recognizable continuity for at least 10 days

Following the work of Rex (1950a), authors of several studies have investigated
blocking and its impacts on weather and climate (e.g., Rex 1950b; Rex 1951; Sumner
1954; White and Clark 1975; Dole and Gordon 1983). The main characteristics
for defining blocking have, in principle, hardly changed over the years. At its
core, blocking is an atmospheric pattern, which is located in the zone of prevailing
westerlies at mid-latitudes. It is persistent and stationary, and hence, diverts the
climatological flow. The two main blocking types are termed Rex block (also:
dipole block, diffluent block) and Omega block. A schematic view of the involved
high- and low-pressure systems is shown in Fig. 3.1. A Rex type block consists
of a dipole pattern with a high-pressures system to the north and a low-pressure
system to the south, which split the jet stream as indicated by the black arrows in
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(a) Rex block (b) Omega block

Figure 3.1.: Schematic pressure patterns during the two main blocking types: (a) Rex
block and (b) Omega block. Lines of constant geopotential height on a given pressure level
(isohypses) are shown in black, red, and blue, the embedded arrows indicate the direction
of the flow. Adapted from Met Office. Contains public sector information licensed under
the Open Government Licence v1.0.

Fig. 3.1a. Omega blocks consist of a central high-pressure system with low-pressure
on the south-western and south-eastern flanks, creating a pattern shaped like the
Greek letter €.

About 30 years after Rex introduced his definition, Lejends and colleagues, in
a two paper series, presented a blocking climatology for the NH (Lejenéds and
(Okland 1983) as well as for the SH (Lejenéis 1984). They introduced an objective
daily blocking index, noting that the description by Rex “is difficult to translate
[...] into a computer program” (Lejenéds and Okland 1983). A typical blocking
pattern was, at the time, considered to be composed of an anti-cyclone centered
at about 60°N in the NH and at about 50°S in the SH and of a cyclone on the
equatorward side. To detect these structures, geopotential height (GPH) gradients
AZ at 500 hPa were defined in both hemispheres as:

AZ()\) = Z4O°N()\) - Z60°N()\) in the NH (31)
AZ(A) = 23503()\) - Z5()os()\) in the SH,

where Zy(\) is the GPH at 500 hPa at longitude A and latitude ¢.

Figure 3.2 shows the mean GPH field at 500 hPa during NH meteorological
summer (June, July, August — JJA) computed over the 10-year period from
September 2006 to August 2016. Under climatological conditions, GPH increases
from the poles towards the Equator at a rate of 10m/(°lat.) to 20m/(°lat.) and
the gradients AZ(\) are positive. The gradient is generally stronger in the SH and
in the winter hemisphere, indicating stronger westerlies.
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Figure 3.2.: Mean geopotential height at 500 hPa in Northern Hemisphere summer (JJA)
based on radio occultation data from September 2006 to August 2016.

Lejenas and Okland (1983) and Lejenés (1984) defined a certain longitude N
in the NH or SH as blocked if the GPH gradient is reversed, that is, if AZ()\) is

negative:
AZ(N) < 0m/(°lat.) (3.2)

This blocking index did not include any criteria for the extent or persistence of the
block or an actual split of the jet, but was solely based on the reversal of the GPH
gradient. Figure 3.3 shows this reversal for an exemplary day during the Russian
heatwave in summer 2010 when an Omega-block was located over eastern Europe
and Russia. The local maximum in the GPH field was centered at about 50 °E and
60 °N and is clearly visible in this view.

Tibaldi and Molteni (1990) adapted Eq. (3.1) for the NH and laid the basis for
most modern definitions of GPH-based blocking indices. They allowed for slight
variations in the central blocking latitude ¢, that is, Zggen(A) = Z(A, ¢), with ¢
being either 56 °N, 60 °N, or 64 °N. Moreover, to exclude a pure southward shift of
the mid-latitude jet from the blocking definition, they used two GPH-gradients
AZy and AZs:

_ZA o+ AP) — Z(A ¢)

AZN(A, @) = Ao (3.3)
AZs(\, ) = Z(A¢) — ZE;\,QS - A¢)’
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500 hPa geopotential height [m] on July 25, 2010
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Figure 3.3.: Geopotential height at 500 hPa on July 25, 2010 showing a blocking that
occurred over eastern Europe and Russia (black box) based on radio occultation data. The
red line shows the 5800 m GPH contour in the blocking region.

where A¢ = 20°. AZg is termed southern gradient and is equivalent to AZ in
Eq. (3.1) but with the opposite sign, and AZy is the additional northern gradient.
According to this definition, a certain longitude X is blocked if the gradients
simultaneously fulfill:

AZx(N, ¢) < —10m/(°lat.) (3.4)
AZs(N,¢) > 0m/(°lat.) with ¢ in 56°N, 60°N, 64°N

for at least one latitude ¢.

Scherrer et al. (2006) used the gradient definition from Eq. (3.3), but extend
the blocking detection to two dimensions by applying the gradient criteria to all
latitudes ¢ between 35°N and 75 °N. According to their definition, a certain grid
point (X, ¢') is blocked if the gradients meet:

AZN(N,¢') < —10m/(°lat.) (3.5)
AZs(N,¢') > 0m/(°lat.)

This adaptation broadened the classical blocking definition to include a far greater
range of latitudes by also considering events at low latitudes, which are often not
considered as blocking in a classical sense (sometimes referred to as low-latitude
blocking) (e.g., Davini et al. 2012). Also, in order to allow blocking detection as
far north as 75 °N, the latitude width over which the gradients are calculated was
reduced by 5° to A¢ = 15° in the definition by Scherrer et al. (2006).
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To filter out events that are too short-lived, Scherrer et al. (2006) added a
stationarity criterion. Only grid points where Eq. (3.5) is fulfilled for at least
five consecutive days were considered blocked. A weaker form of this persistence
criterion has been used by other authors before (e.g., D’Andrea et al. 1998; Doblas-
Reyes et al. 2002).

Blocking indices giving a blocking distribution only with regard to longitude are
often referred to as one-dimensional blocking indices. Indices that resolve blocking
in longitude and latitude are equivalently termed two-dimensional blocking indices.
When looking at the values of blocking frequency, one-dimensional indices often
yield significantly higher values since they basically integrate over several latitudes.
To compare one- and two-dimensional indices, two-dimensional indices can be
reduced to one dimension by defining a certain longitude as blocked if at least one
latitude in a certain range (e.g., 50 °N to 75°N) is blocked.

In recent years, a range of variations and adaptions of the original index of
Tibaldi and Molteni have been used (e.g., Barriopedro et al. 2006; Davini et al.
2012; Barnes et al. 2014). Pelly and Hoskins (2003) introduced a different approach
based on potential temperature on a potential vorticity (PV) surface, building
upon the earlier work by Hoskins et al. (1985). Their index differs from the Tibaldi
and Molteni index in several aspects. It uses PV=2 as reference surface for the
reversal of potential temperature. This surface corresponds to the approximate
height of the dynamical tropopause at about 250 hPa and is, hence, considerably
higher up in the atmosphere than the 500 hPa pressure surface, which is normally
used in the GPH-based indices. The Pelly and Hoskins index yields maximum
blocking frequencies that are almost twice as high compared to the Tibaldi and
Molteni index and also shows deviations in the blocking regions and the seasonal
variability. Pelly and Hoskins (2003) argued that their index, in particular, is more
appropriate for the detection of certain blocking types, such as Omega-blocks.

Schwierz et al. (2004) suggested a blocking indicator based on anomalies of
vertically-integrated PV from 500 hPa to 150 hPa. They argued that the choice of
the 500 hPa pressure level in the GPH-based indices might not be ideal, since the
largest GPH anomalies during blocking episodes tend to appear higher up between
300 hPa to 200 hPa. This was also discussed by Brunner et al. (2016) using GPS
RO data. Figure 3.4 shows GPH gradients AZn (A, ¢) and AZg(\, ¢) (defined
following Eq. 3.3 but for a larger range of latitudes ¢) in a selected region for
climatological conditions and for a blocking in winter 2013. During climatological
conditions the gradients are between —15m/(°lat.) and —10m/(°lat.) at 500 hPa,
while the strongest gradients between —20m/(°lat.) and —15m/(°lat.) appear at
about 300 hPa (Fig. 3.4a). During a blocking centered in the region, the southern
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(a) FMA, 15°W-5°W, 55°N-60°N: GPH gradients (b) 2013-03-01, 15°W-5°W, 55°N-60°N: GPH gradients
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Figure 3.4.: Vertical profiles of geopotential height gradients AZg (red) and AZy (blue)
during (a) climatological conditions in February, March, April (FMA) 2013 and (b) on
March 1st 2013 during a blocking case. Adapted from Brunner et al. (2016).

gradients (AZg) become positive in the entire troposphere, with highest values of
about 10m/(°lat.) found from 500 hPa to 300 hPa. The northern gradients (AZx)
become more negative, with the strongest decrease of about —40m/(°lat.) found
at approximately 300 hPa. As evident from Fig. 3.4b, the largest gradient spread
therefore appears considerably above the 500 hPa pressure level, as high up as
300 hPa.

Several other studies have investigated atmospheric blocking using a PV index
(e.g., Dong and Colucci 2005; Berrisford et al. 2007; Tyrlis and Hoskins 2008a;
Tyrlis and Hoskins 2008b; Sillmann and Croci-Maspoli 2009; Small et al. 2014;
Nakamura and Huang 2017) and a comparison of different blocking indices based
on GPH and PV can be found in Barnes et al. (2012). In this work blocking
indices are based on the classical 500 hPa GPH gradient-based approach, following
a description given by Davini et al. (2012) and Davini et al. (2014b), which is an
adaptation of the Scherrer et al. (2006) index. The main reason for the use of a
GPH-based index in this work is that PV is not available as a variable in many data
sets and, in particular, not in the GPS RO data set. The use of a gradient-based
index also provides independence from a reference climatology, which is needed
in anomaly-based approaches. This is particularly important when investigating
longer time periods in a changing climate.

The index by Davini and colleagues uses a three-step approach (Davini et al.
2014b):

1. Instantaneous Blocking (IB): is defined at a grid point basis if the gradient
criteria Eq. (3.5) are fulfilled on a given day.
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2. Extended IB: only IBs with at least 15° continuous extent in longitude are
considered to filter out events that are too small.

3. Blocking: is defined at a grid point if an extended IB is found within a region
of 10°x5° in longitude and latitude for at least 5 days.

In this work, Brunner et al. (2016) and Brunner et al. (2017) use the same
definition but a different implementation based on Python in order to allow for
direct incorporation into the post-processing system of the Wegener Center for
Climate and Global Change (WEGC). Brunner and Steiner (2017) introduce a
further updated version as discussed in the next section.

3.2. Introducing a global blocking detection algorithm

A global blocking detection algorithm implemented in Python is presented that
closely follows the one used by Brunner and Steiner (2017). The algorithm is
based on Python’s zarray package (Hoyer and Hamman 2017) and is available for
download via a GitHub repository at https://github.com/lukasbrunner/blocking.git.
It is published under the MIT License and, therefore, is open for use and further
development.

Adding to the methods introduced above, this index allows the consistent and
simultaneous detection of blocking in both hemispheres. It can be applied globally
without needing to manually differentiate between NH and SH. In addition, all
criteria presented below are optional and manually changeable, so that specific
blocking definitions that are consistent, for example, with Lejenéds and @Qkland
(1983), Tibaldi and Molteni (1990), Scherrer et al. (2006), and Davini et al. (2012)
are also possible with this index. Furthermore, the index is not limited to the
500 hPa level, where GPH-based blocking detection if typically carried out, but
can be applied at arbitrary pressure levels.

First, three GPH gradients at the 500 hPa pressure level over a latitude width
of A¢ = 15° are calculated for each latitude between 75°S and 75 °N:

AZx(\, @) = Z<A’¢+AA‘2_Z(’\’¢> (3.6)
AZS(A’¢) — Z()Hd)_AAQZ_Z()‘aQS)

AZs(\d—Ag)  if ¢ > 15°N
AZpg(\8) = L AZx(N ¢+ Ap)  if ¢ < 15°S

0 else,
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where AZx and AZg are the northern and southern gradients, respectively. Note
that, in contrast to some of the definitions given in the last section, both these
gradients are defined positive if the GPH increases from the central latitude ¢
towards the south (¢ — A¢) or north (¢ + A¢). During climatological conditions,
mid-latitude GPH increases from the poles towards the Equator with a rate of
about 10m/(°lat.) to 20m/(°lat.) at 500 hPa (see Fig. 3.2), so that AZg is negative
in the SH and positive in the NH and vice versa for AZy.

In addition a third gradient is defined, AZg,, which is termed the equatorward
gradient. In the SH, AZg, is defined as positive at a latitude ¢ if at a distance A¢
northward (equatorward) of that latitude the northern gradient AZx(¢ + Ag) is
positive. Equivalent considerations are valid for the NH. This third gradient is
used to avoid the detection of low latitude blocking by ensuring a clear trough in
the GPH field between the block and the Equator.

IB is defined at a certain grid point (), ¢') if the three gradients simultaneously
fulfill:

AZu(X. 0 {< “10m/(Clat.)  if ¢/ > 0° o
< 0m/(°lat.) else

AZs(N, &) {< e if ¢/ > 0°
< —10m/(°lat)  else

AZig(X,6) > 5m/(°lat.)

Note that, although all GPH-gradients AZ are defined at the 500 hPa pressure
level, they are not restricted to that level. The algorithm allows gradient calcu-
lation at arbitrary pressures levels p, hence, AZ (A, ¢) — AZ(X, ¢,p). The same
considerations hold true for the definition of IB and all subsequent definitions.

Extended IB is defined as an IB that is continuously found over at least 15° in
longitude, in order to filter out systems that are too small-scale. Finally, blocking
is defined if extended IB is persistent and stationary, that is, if extended IB is also
found on each of the neighboring +2 days within a box of 10° in longitude (A 4 5°)
and 5° in latitude (¢’ &+ 2.5°) at a certain grid point at longitude A" and latitude
¢'. Figure 3.5 shows the steps of blocking detection in a Hovméller diagram (time
versus longitude) indicating IB, extended IB, and blocking over eastern Europe
and Russia for the case of summer 2010. The effect of the extension and duration
criteria can be seen from the fact that several light and dark gray features (IB and
extended IB, respectively) are not identified as blocking as they are too small or
do not last long enough.
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Figure 3.5.: Longitude-time (Hovmoller) diagram of blocking over eastern Europe and
Russia during summer 2010. Blocking is considered from 50°N to 65°N. Shading indi-
cates the three blocking detection steps: Instantaneous Blocking (light gray), extended
Instantaneous Blocking (dark gray), and blocking (black). Adapted from Brunner et al.
(2016).

Figure 3.6 shows two-dimensional, annual mean blocking frequencies based three
variations of the global blocking detection index introduced above, using RO data
for the period of September 2006 to August 2016. Figure 3.6a depicts the IB
frequency, without applying the third gradient criterion AZg, defined in Eq. (3.7).
The highest IB frequencies for this case are found equatorward of about 45° latitude.
The black boxes highlight the 55° to 65° latitude range. Considering only IB in
this area in the NH is approximately equivalent to the index used by Tibaldi and
Molteni (1990). As can be seen from the IB frequency distribution, several main
blocking areas are missed when restricting the detection latitudes to this rather
narrow range for the NH. In the SH, the IB frequency maxima are, in fact, outside
this range, since blocking there tends to be located at lower latitudes (Lejenés
1984).

Figure 3.6b shows annual mean blocking frequencies again without the AZg,
criterion. Using this definition yields a band of very high blocking frequencies at
low latitudes in both hemispheres. When considering blocking in the classical sense,
this figure clearly illustrates the need for a certain amount of restriction to avoid
the detection of the slow moving atmospheric ridges at low latitudes. Different
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Figure 3.6.: Annual mean frequency of (a) instantaneous blocking without latitude restric-
tion, (b) blocking without latitude restriction, and (c) blocking with latitude restriction.
The black boxes in (a) indicate the 55° to 65° latitude range corresponding to the blocking
index by Tibaldi and Molteni (1990) for the Northern Hemisphere. The black lines in (b)
indicate 50° latitude as a possible cut-off for slow moving ridges at low-latitudes. Note the

differing color bar range in (a).
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Figure 3.7.: Comparison of different blocking indices in the Northern Hemisphere based
on radio occultation data from September 2006 to August 2016.

authors have used various latitude restrictions for blocking detection (Tibaldi and
Molteni 1990; Barriopedro et al. 2006; Scherrer et al. 2006; Davini et al. 2012;
Davini et al. 2014b), and the black lines in Fig. 3.6b indicate 50° latitude as one
possible cut-off value. However, as can be seen from Fig. 3.6b, it does not seem
feasible to separate blocking by a single cut-off latitude. Moreover, the zone of the
low-latitude blocking maxima is not constant over the year but shifts poleward
during the hemispheric summers, so that a seasonally moving cut-off latitude could
be considered necessary. In the SH, a cut-off value near 40°S would be more
appropriate. So, in order to avoid the use of such multiple and somewhat arbitrary
cut-off latitudes, a third gradient criterion is used in this work as defined in Eq. 3.7.

Figure 3.6¢ shows the annual mean blocking frequencies when restricting AZg, >
5m/(°lat.). While the mid-latitude blocking maxima in both hemispheres remain
nearly constant, the low-latitude blocking disappears for this case. In this view,
the three main blocking regions are clearly visible: the Euro-Atlantic region and
the North Pacific region in the NH as well as the southeastern Pacific region in
the SH.

Figure 3.7 presents a comparison of one-dimensional blocking frequencies based
on several different indices in the NH using RO data in the period of September
2006 to August 2010. The indices by Scherrer et al. (2006) (labeled Scherrer
in Fig. 3.7) and Davini et al. (2014b) (labeled Davini) have been reduced to
one dimension by defining a certain longitude as blocked if at least one latitude
between 50 °N and 75 °N is blocked. The index used in this work (labeled Brunner)
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is reduced to one dimension by defining a certain longitude as blocked if at least
one latitude in the NH is blocked. The definition of Tibaldi and Molteni (1990)
(labeled Tibaldi) has been slightly adapted here in order to be able to use data
on the same grid. Instead of the three defined latitudes (56 °N, 60 °N, 64 °N), five
latitudes (55 °N, 67.5°N, 60 °N, 62.5°N, 65 °N) are used.

Comparing the index by Lejends and @Okland (1983) (labeled Lejends) to the
Tibaldi index, the dominating feature is an increase in frequency in the Tibaldi
index due to the expansion of the blocking latitude from only 60 °N to five latitudes
between 55 °N and 65°, superimposing the additional gradient criterion which is
used in the Tibaldi index.

A notable difference is also visible between the indices without a persistence-
criterion (Lejends, Tibaldi) and the indices which demand at least five consecutive
blocked days (Scherrer, Davini, Brunner), particularly in the Euro-Atlantic blocking
region. The maximum blocking frequency in the latter is clearly located further
to the west, indicating that anti-cyclones westward of the British Isles are more
persistent (compare frequency maxima over Greenland in Fig 3.6a and b with and
without stationarity-criterion, respectively).

Only minor differences appear between the Scherrer, Davini, and Brunner indices,
indicating that blocking frequency is not very sensitive to the exact definitions of

the extension and stationarity-criterion.
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The systematic and consistent detection of blocking on a global scale requires
several demanding properties of potential data sets. Blocking indices are often
applied at the 500 hPa pressure level, which excludes the direct use of any in situ
measurements on the surface. For the calculation of the GPH gradients, data on a
regular grid with a sufficiently fine temporal and horizontal resolution are needed.
In situ measurements of the free atmosphere mostly rely on radiosondes or airplanes,
which sample far too sparsely to allow for the creation of blocking-resolving GPH
or PV fields. In recent decades, new, satellite-based, observational data records
have become available which promise to overcome these constraints. The GPS RO
method provides such a data set, which allows blocking detection and analysis
based on a single, integrated measurement system.

So far, however, blocking research has mostly been based on reanalyses or climate
models, which are discussed in chapter 4.1 and chapter 4.2, respectively. GPS RO
observations, the data characteristics, and use for blocking research are introduced
in chapter 4.3.

4.1. Reanalyses

Reanalyses are a frequently used data foundation in many fields of climate research.
Observations from a range of different measurement systems are combined with a
model to produce a global picture of the atmospheric state that is as accurate as
possible (Dee et al. 2014; Parker 2016). Several large processing centers provide
reanalysis products that are free to download for scientific use. Some of the most
frequently-used reanalyses are produced by the European Centre for Medium-Range
Weather Forecasts (ECMWF), the National Center for Atmospheric Research
(NCAR)/National Centers for Environmental Prediction (NCEP), the National
Aeronautics and Space Administration (NASA), and the Japanese Meteorological
Agency (JMA). Table 4.1 summarizes some reanalyses products, available time
periods, and reference publications. An overview of different reanalysis products
can also be found in Fujiwara et al. (2017, Table 1) and in a regularly-updated,
online summary by Dee et al. (2016).
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Table 4.1.: Summary of frequently used reanalysis products, processing centers, coverage
periods, and reference publications.

Center Product name Coverage Reference

ECMWF ECMWF 40-year 1957 - 2002 Uppala et al. (2005)
reanalysis (ERA-40)

ECMWF Reanalysis 1979 - present Dee et al. (2011)
Interim (ERA-Interim)

NCAR/ NCAR reanalysis 1948 - present Kalnay et al. (1996)
NCEP  (R-1)

NCEP-Department of 1979 - present Kanamitsu et al. (2002)
Energy reanalysis (R-2)

NASA Modern-Era Retrospective 1979 - 2016 Rienecker et al. (2011)
analysis for Research and
Applications (MERRA)

MERRA-2 1980 - present  Gelaro et al. (2017)
JMA Japanese 25-year reanalysis 1979 - 2004 Onogi et al. (2007)

(JRA-25)

JRA-55 1958 - present Kobayashi et al. (2015)

The representation of NH blocking frequencies in reanalyses has been investigated
by Barnes et al. (2014) using different detection indices for four different reanalyses
(ERA-Interim, MERRA, R-1, R-2). They particularly highlighted the fact that
blocking trends can differ depending on the reanalysis in use, noting that “studies
using different reanalysis products could disagree on ‘observed’ trends in blocking,
even if the same blocking identification method is employed” (Barnes et al. 2014).
More generally, it has been noted that the data assimilation process employed in
the creation of reanalysis products, leads to a less well understood accuracy of
variables (Parker et al. 2014) and can result in deficiencies in the representation of
the free atmospheric state (Fujiwara et al. 2017). In this context, Simmons et al.
(2017) concluded that the “use of reanalysis to monitor recent and future change
requires a careful, comparative and selective approach. [...] Some reanalyses
are more fit for purpose than others for a particular application such as surface
temperature trends, whereas others may be competitive for other applications”.
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In blocking research, reanalyses have, so far, been the only observation-based
data set in use. The reanalyses by NCAR/NCEP (e.g., Renwick and Revell 1999;
Trigo et al. 2004; Davini et al. 2014b) and ECMWF (e.g., Sinclair 1996; Woollings
et al. 2010; Sillmann et al. 2011; Schneidereit et al. 2012; Schiemann et al. 2017)
are particularly frequently used.

In this thesis, ERA-Interim (Brunner et al. 2016; Brunner et al. 2017; Brunner
and Steiner 2017) as well as JRA-55 and MERRA-2 (Brunner and Steiner 2017)
are used for blocking detection and comparison to observations. ERA-Interim,
JRA-55, and MERRA-2 have been chosen, since they constitute three of the most
recent reanalyses and have been found to deliver consistent temperature fields
(Brunner and Steiner 2017; Long et al. 2017). The GPS RO record introduced in
chapter 4.3 has the potential to complement reanalyses as an observational data
set of known accuracy and with clearly-defined uncertainties (e.g., Leroy et al.
2006; Foelsche et al. 2011; Schreiner et al. 2007). Brunner et al. (2016, presented
page 45ff.) show the potential of RO for the first time for exemplary blocking
events. Brunner and Steiner (2017, presented page 57ff.) analyze the complete RO
record and compare it to reanalyses.

4.2. Climate models

For the prediction of blocking in numerical weather prediction (NWP) and for
the investigation of future blocking evolution various models have been used over
the years. Many researchers have also investigated the representation of historical
blocking in models of different types and/or resolutions, especially in the NH.

D’Andrea et al. (1998) compared 15 models from the first Atmospheric Model
Intercomparison Project (AMIP) (Gates 1992). They found a wide range of
behaviors, with most models considerably underestimating the blocking frequency,
with respect to reanalyses. Other studies have since found similar results in different
model generations, especially for the Euro-Atlantic blocking region (Barnes et al.
2012; Vial and Osborn 2012; Anstey et al. 2013; Christensen et al. 2013; Dunn-
Sigouin and Son 2013; Masato et al. 2013; Davini and D’Andrea 2016). Regarding
the SH, researchers have found that the model performance in the representation
of blocking in terms of both frequency and persistence also needs considerable
improvement (Anderson 1993; Matsueda et al. 2010; Grose et al. 2012; Marshall
et al. 2014).

Davini and D’Andrea (2016) investigated the development of blocking repre-
sentation in models over the last 20 years. They used models included in the
coordinated modeling approaches AMIP as well as the Coupled Model Intercom-
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Figure 4.1.: Instantaneous blocking frequencies based on different multi-model ensemble
means (colored lines) and ERA-Interim (black dotted line) in winter (DJF) over the period
of 1979 to 1988. Reprinted from Davini and D’Andrea (2016) with permission from the
authors.

parison Project phase three (CMIP3) (Meehl et al. 2007) and five CMIP5 (Taylor
et al. 2012). The multi-model mean of the latest CMIP5 models still underesti-
mates the maximum frequency in the Euro-Atlantic blocking sector by almost 50 %
compared to ERA-Interim (Fig. 4.1). However, several individual models have
developed significantly over the years, and the authors acknowledge the “slow but
constant improvements” due to increased resolution, better dynamics, and new
parameterization schemes (Davini and D’Andrea 2016).

Recently, Schiemann et al. (2017) analyzed the resolution sensitivity of NH
blocking in atmospheric General Circulation Models (GCMs) with a very fine,
25km grid spacing. They found increasingly realistic blocking representation with
finer grid spacing, however, also highlighted that “considerable biases remain also
at that resolution” (Schiemann et al. 2017).

It has also been shown that stratospheric processes and feedbacks play an impor-
tant role in tropospheric dynamics. Karpechko and Manzini (2012) compared “low
top” models, with the highest level at 10 hPa (about 30km), with stratosphere-
resolving “high top” models, which extend up to 0.01 hPa (about 80 km). They
conclude that “stratosphere-resolving models can lead to a significant improvement

34



4.3. Observations from radio occultation

of tropospheric climate predictions” (Karpechko and Manzini 2012). Specifically
for blocking, several researchers have investigated the connection to stratospheric
processes and have found links to the stratospheric polar vortex, sudden strato-
spheric warming events, and stratospheric ozone (O’Neill et al. 1994; Taguchi 2008;
Barriopedro et al. 2010a; Castanheira and Barriopedro 2010; Woollings et al. 2010;
Cullen and Ngan 2013; Ayarzagiiena et al. 2015).

Pfahl et al. (2015) discussed the importance of latent heat in the formation
and maintenance of blocking. Their results indicate that “systematic problems in
blocking forecasts |...] may be due to an erroneous representation of latent heating
in weather prediction models”, and that “in addition to changes in horizontal
temperature gradients, Rossby wave dynamics and sea ice cover, the enhanced
atmospheric moisture content and its effect on latent heating must be considered
when pondering about future changes of atmospheric blocking” (Pfahl et al. 2015).

In summary, there is increasing trust in the assessment of blocking occurrence
and blocking impacts based on the latest, high-resolution climate models. Improved
process understanding of the formation and evolution of blocks will contribute to
an increasingly realistic blocking representation. Also, efforts are ongoing to further
enhance model resolution, for example, within the frame of the High Resolution
Model Intercomparison Project (HighResMIP) (Haarsma et al. 2016) as part of
CMIP6 (Eyring et al. 2016).

To evaluate the model performance in blocking-representation reliable reference
data sets, with high accuracy and known uncertainty are needed. Reanalyses are
currently frequently used for this purpose. However accuracy and uncertainty in
reanalyses are less well understood compared to observations (Parker 2016). In
this context, the next section introduces the GPS RO record, which is the first
observational data set to allow blocking detection and, therefore, has the potential
to complement reanalyses as a reference data set.

4.3. Observations from radio occultation

Global Navigation Satellite System (GNSS) RO is a relatively new remote sensing
technique for exploring the Earth’s atmosphere (Kursinski et al. 1997; Hajj et
al. 2002). It delivers key properties of the free atmosphere, such as pressure,
GPH, temperature, and specific humidity. RO measurements are based on radio
signals emitted by GNSS satellites, which operationally have, so far, only been
GPS satellites (Anthes 2011; Steiner et al. 2011). The rays are refracted by the
Earth’s atmosphere and are received by a Low Earth Orbit (LEO) satellite in a
limb-sounding geometry.
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a\ GPS

Tangent point
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Figure 4.2.: Schematic GPS-LEO satellite occultation geometry. The ray path from the
transmitter to the receiver is indicated, with the atmospheric bending angle «, the impact
parameter a, and the radius to the tangent point r. Reprinted from Steiner et al. (1999).

Figure 4.2 shows the schematic occultation geometry for an RO event. Due to
the different orbits and resulting different relative velocities of the GPS and LEO
satellites, the signal traveling from the GPS to the LEO satellite scans vertically
through the atmosphere during such an occultation event. Each occultation event,
therefore, yields a vertically-resolved measurement of the atmosphere (termed
RO profile in the following). The profiles have a very high vertical resolution of
about 100m in the troposphere and 1.5km in the stratosphere (Gorbunov et al.
2004). The horizontal resolution lies between about 60 km in the troposphere and
about 300 km in the stratosphere along the ray and about 1.5 km across-ray at all
altitudes (Kursinski et al. 1997). RO measurements are long-term stable and do
not need satellite-to-satellite inter-calibration, since the phase measurements are
based on time measurements with highly precise clocks aboard the GPS and LEO
satellites (e.g., Foelsche et al. 2011; Ho et al. 2012; Steiner et al. 2013). The GPS
radio waves (of about 20 cm wavelength) are not disturbed by clouds, allowing RO
measurements to be taken under all weather conditions. The measurements provide
data with high accuracy, of about 10m for GPH in the upper troposphere/lower
stratosphere region (Scherllin-Pirscher et al. 2011b; Scherllin-Pirscher et al. 2017).

The first RO measurements of the Earth’s atmosphere were carried out during
the GPS/Meteorology proof-of-concept mission conducted from 1995 to 1997 (Mel-
bourne et al. 1994; Kursinski et al. 1996; Ware et al. 1996; Steiner et al. 1999).
Since 2001 the Challenging Minisatellite Payload (CHAMP) satellite continuously
provided about 200 RO profiles per day and since the launch of the first dedicated
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Figure 4.3.: Daily number of high-quality radio occultation profiles for different satellites
(different colors) as a function of time from 2001 to 2017. Reprinted from Angerer et al.
(2017).

RO mission, the Formosa Satellite mission #3/Constellation Observing System for
Meteorology, Ionosphere, and Climate (FORMOSAT-3/COSMIC) in April 2006,
about 1500 to 2500 RO profiles are available per day on average. Figure 4.3 shows
the monthly mean of high-quality RO profiles per day in the WEGC occulta-
tion processing system version 5.6 (OPSv5.6) record from 2001 to 2017. With
FORMOSAT-3/COSMIC global coverage is possible on a scale which allows the
resolution of synoptic-scale atmospheric pattern such as blocking as depicted by
Brunner et al. (2016, Fig. 1, page 48). In the future, further dedicated RO missions,
like the planned FORMOSAT-7/COSMIC-2 mission (Yue et al. 2014) and the
planned European MetOp follow-on series, will multiply the number of events and
allow for an even finer resolution and better representation of blocking. Moreover,
the launch of other GNSS systems beside GPS, like the European Galileo, the
Russian GLONASS, and the Chinese BeiDou will significantly increase the number
of potential transmitters and the number of total profiles (Anthes 2011).

RO observations have already been used for a range of weather (e.g., Healy and
Thépaut 2006; Cardinali 2009) and climate applications (e.g., Anthes 2011; Steiner
et al. 2011; Gleisner et al. 2015; Randel and Wu 2015) and are assimilated into
several reanalyses (e.g., Poli et al. 2010; Kobayashi et al. 2015; McCarty et al. 2016),
where they serve as anchor measurements. RO data were also used to investigate
dynamical features of the Earth’s atmosphere, such as the planetary boundary layer
(Engeln et al. 2005), the tropopause (Schmidt et al. 2008; Rieckh et al. 2014; Peevey
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Figure 4.4.: Distribution of radio occultation profiles in the Northern Hemisphere for
(top) one day on July 1, 2010 and (bottom) three days from June 30 to July 2, 2010 with
an effective resolution of 20°x5° in longitude and latitude. The location of individual
profiles is indicated by plus signs and the number of profiles per grid cell as shading.

et al. 2014), the El Nifio-Southern Oscillation (ENSO) (Scherllin-Pirscher et al.
2012; Sun et al. 2014), wind fields (Scherllin-Pirscher et al. 2014), atmospheric tides
and waves (Randel et al. 2003; Torre and Alexander 2005; Randel and Wu 2005;
Schmidt et al. 2005; Pirscher et al. 2010; Tsuda 2014), the thermodynamic structure
of cyclones (Biondi et al. 2015), and now —as part of this thesis— atmospheric
blocking (Brunner et al. 2016; Brunner and Steiner 2017).

In this work, quality-controlled (Angerer et al. 2017) RO profiles that were
processed with the WEGC OPSv5.6 (Schwérz et al. 2016) from September 2006 to
August 2016 are used. Before the blocking detection, the profiles were brought to
a consistent grid. In the vertical domain, each profile was interpolated to pressure
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levels p corresponding to an altitude grid z with equidistant 200 m steps and
calculated as

p(:) = poexp (— 7 ) (4.1)

with the standard surface pressure pg = 1013.25 hPa and the scale height H =
7000 m. Horizontally, the profiles x; were averaged to a regular 2.5°x2.5° longitude-
latitude grid g9 by applying a weighted mean given as:

i wimi (N, ¢y, dy)

mgrid()\a ¢7 d) Z 0 with (42)
2 2
exp (— {(ALA) + (%’) D if (A, iy di) in (N £ 7.5° ¢ £ 2.5,d+2)
w; =
0 else,

where AX\; = A\ — ); is the (continuous) longitudinal distance of a certain profile at
a longitude \; with reference to the grid center A\, Ad; = d — d; is the (discrete)
temporal distance of a certain profile on a day d; to the reference day d, L = 7.5°,
and D =1 day (see also Randel and Wu 2005). The grid resolution of 2.5°x2.5°
has been chosen to be consistent with many reanalyses and climate models and
because it is a frequently-used resolution for blocking detection (Barriopedro et al.
2006; Scherrer et al. 2006; Davini et al. 2014b). The effective resolution to average
the profiles of five days and 15°x5° in longitude and latitude has been selected
to minimize the number of empty grid cells, while still being able to resolve the
maximum amount of atmospheric variability (Brunner et al. 2016).

During the course of this work, several other resolutions have been tested in
order to find the optimal possible resolution. Figure 4.4 shows examples of the
NH RO event distribution for two slightly different effective resolutions: 20°x5°
and for one day (Fig. 4.4a) as well as for three days (Fig. 4.4b). For the first case
about 10 % of the grid cells are empty and empty cells can appear at all latitudes.
Since the detection algorithm employed in this work requires blocking to extend
continuously over 15° longitude and to persist for at least five consecutive days,
empty grid cells can significantly lower the blocking frequency if they appear during
a blocking, and hence, artificially interrupt it (Brunner and Steiner 2017). Also,
more than 30 % of the grid cells in Fig. 4.4a have fewer than three contributing RO
profiles, prohibiting the calculation of the standard deviation of individual profiles
as a measure of uncertainty for many grid cells at this resolution. If also events
from the neighboring days are used for computing the grid cell mean, over 90 % of
grid cells have more than three contributing RO profiles and hardly any empty
grid cells appear (Fig. 4.4b). Based on a comparison of different settings, averaging
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over additional days was found to perform better in order to be able to increase
the longitudinal resolution. Therefore the final effective resolution of five days and
15°x5° in longitude and latitude was chosen (Brunner et al. 2016, Fig. 1, page 48).
The gridded RO data set, covering one decade from September 2006 to August
2016, is available online via the Climate Change Centre Austria (CCCA) under a
CC BY license. The variables GPH (https://hdl.handle.net/20.500.11756/e4f48220),
temperature (https://hdl.handle.net/20.500.11756,/8245c63e), and specific humidity
(https://hdl.handle.net/20.500.11756/122eeb7a) are provided.

The gridded daily RO fields have then been used to detect blocking and to
analyze blocking impacts on free atmospheric variables (Brunner et al. 2016;
Brunner and Steiner 2017). Data from RO measurements are found to be “very
well suited for blocking detection and for providing information on the atmospheric
structure during blocking episodes” (Brunner et al. 2016) and they provide a
“mostly independent, comprehensive observation-based record of known accuracy
[...] complementing reanalyses and models” (Brunner and Steiner 2017). In this
sense, RO data are a promising new data set for blocking research.
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5. Summary and conclusions

Atmospheric blocking describes stationary high-pressure systems at mid-latitudes,
which persist for up to several weeks. They interrupt the climatological westerly
flow and can lead to the development of extreme events, such as heat waves
and cold spells. Atmospheric blocking has been investigated intensively in recent
decades based on data from reanalyses and models, and with a focus on impacts
on the surface in summer and winter. However, blocking is still significantly
underestimated in current climate models and its future evolution in a changing
climate remains uncertain.

This thesis, including the synopsis in part I and foremost the published papers in
part II, provided a new perspective on atmospheric blocking from observations. It
addressed the detection of blocking on a global scale, analyzed the free atmospheric
structure during blocking events, and looked into impacts of blocking on surface
extremes. Measurements from GPS RO have, for the first time, been introduced
for blocking research. Is has been shown that this highly accurate data set is fully
capable of blocking detection and analysis on a global scale. Blocking development
during the spring season has been investigated and statistically highly significant
links to European temperature extremes have been proven.

Quality controlled RO measurements processed with the WEGC OPSv5.6 for
the time period from September 2006 to August 2016 have been used in this work.
We demonstrated the feasibility of blocking detection with RO for two well-known
blocking events in summer 2010 and late winter 2013. Results of this work, presented
in paper I, show that observations from RO capture the atmospheric structure
during these two blocking cases well, compared to established reanalyses and the
scientific literature (Brunner et al. 2016). The vertically resolved atmospheric
GPH and temperature from RO reveals strong positive anomalies in the entire
troposphere during both blocking events exceeding 300 m and 10 K (Brunner et al.
2016).

Building on the excellent performance of RO in the feasibility study, the RO
record from 2006 to 2016 was used to systematically detect and analyze blocking
in the entire period as well as on a global scale in paper II. Results show that RO
data fully capture the main blocking regions in both hemispheres as well as the
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seasonal variability. RO observations slightly underestimate blocking occurrences
compared to reanalyses, which is expected to improve in the future as a denser RO
measurement coverage becomes available from planned GNSS and RO missions
(Brunner and Steiner 2017).

RO measurements are particularly well-suited for investigating the vertically
resolved atmospheric structure during blocking events. Strong positive anomalies
in tropospheric temperature and specific humidity composites occur at the location
of the blocking. In the lower stratosphere, negative temperature anomalies are
present while specific humidity anomalies decreased rapidly above the tropopause.
A distinct band of tropospheric cold and dry anomalies surrounding the blocking
center indicates for the anti-cyclonic motion of air around blocking high-pressure
systems (Brunner and Steiner 2017).

RO measurements are available globally in the same high quality and, therefore,
provide a consistent data basis for both hemispheres covering the troposphere
and lower stratosphere. They are mostly independent and have clearly defined
accuracy. Future planned development in the reprocessing will further improve the
accuracy and make it traceable back to the standard of the International System
of Units (SI) second (e.g., Schwarz et al. 2017, and references therein), making
RO an ideal reference data set. The data used in this work will be made freely
available for the community in the near future. In conclusion, RO measurements
provide a promising new data set for blocking research, which can be used to detect
and analyze blocking high-pressure systems and study their impacts on the free
atmosphere.

In paper III we investigated the connection of blocking to warm and cold
spells in Europe over a longer time span 1979 to 2014, using the observation-
based ERA-Interim for blocking detection and the European daily high-resolution
gridded dataset (E-OBS) for the detection of extremes. Results show for summer a
statistically significant correlation of blocking to warm spells as well as a statistically
significant anti-correlation with cold spells and vice versa for winter. In the
transition season of spring blocking is linked to extremes on both ends of the
temperature distribution. The link changes through the spring season with a
decreasing impact of blocking on cold conditions toward summer and vice versa
for warm conditions (Brunner et al. 2017).

Temperature anomalies in the spring season are of particular relevance as they
can have devastating effects on vegetation in the early green-up phase and, hence,
affect agriculture and economy. Continued research on extreme events, their
impacts, and their drivers in the spring season is crucial in light of the disturbances
due to continued climate change (e.g., Cassou and Cattiaux 2016).
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Abstract. Atmospheric blocking has been closely investi-
gated in recent years due to its impact on weather and cli-
mate, such as heat waves, droughts, and flooding. We use, for
the first time, satellite-based observations from Global Po-
sitioning System (GPS) radio occultation (RO) and explore
their ability to resolve blocking in order to potentially open
up new avenues complementing models and reanalyses. RO
delivers globally available and vertically highly resolved pro-
files of atmospheric variables such as temperature and geopo-
tential height (GPH). Applying a standard blocking detection
algorithm, we find that RO data robustly capture blocking as
demonstrated for two well-known blocking events over Rus-
sia in summer 2010 and over Greenland in late winter 2013.
During blocking episodes, vertically resolved GPH gradients
show a distinct anomalous behavior compared to climatolog-
ical conditions up to 300 hPa and sometimes even further up
into the tropopause. The accompanying increase in GPH of
up to 300m in the upper troposphere yields a pronounced
tropopause height increase. Corresponding temperatures rise
up to 10K in the middle and lower troposphere. These re-
sults demonstrate the feasibility and potential of RO to detect
and resolve blocking and in particular to explore the vertical
structure of the atmosphere during blocking episodes. This
new observation-based view is available globally at the same
quality so that blocking in the Southern Hemisphere can also
be studied with the same reliability as in the Northern Hemi-
sphere.

1 Introduction

Weather and climate in the Northern Hemisphere (NH) mid-
latitudes are dominated by large-scale circulations of the at-
mosphere and ocean and by dynamical features including
jet streams, storm tracks, and blocking. Blocking describes
an atmospheric situation where a persistent and stationary
high-pressure system blocks the climatological westerly flow
for several days to weeks (Rex, 1950). It is often associated
with anomalous weather patterns and extreme events (see,
e.g., Cattiaux et al., 2010; Matsueda, 2011; Mattingly et al.,
2015). The blocking over Russia in summer 2010, for in-
stance, was one of the strongest blocking events in recent
history, with impacts on large parts of Europe and Asia. It did
not only lead to record-breaking temperatures in Russia but
has also been associated with severe flooding in Pakistan at
the same time (Matsueda, 2011; Galarneau Jr. et al., 2012).
Severe impacts of these blocking-related extremes on soci-
ety and the economy have increased the interest in investi-
gating blocking evolution and impacts of climate change on
blocking frequency and duration (Sillmann et al., 2011; Co-
hen et al., 2014; Shepherd, 2014; Gramling, 2015; Lhotka
and Kysely, 2015).

In the NH, blocking preferentially occurs near the north-
eastern ends of the Atlantic and Pacific storm tracks (Euro-
Atlantic blocking and North Pacific blocking, respectively)
(Doblas-Reyes et al., 2002; Barriopedro et al., 2010; IPCC,
2013). Blocking is connected to the North Atlantic oscilla-
tion and to jet stream variability (see, e.g., Scherrer et al.,
2006; Davini et al., 2014a). A connection of blocking to
stratospheric phenomena such as sudden stratospheric warm-
ing events has been suggested by several authors in the past
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(e.g., Quiroz, 1986; Martius et al., 2009; Woollings et al.,
2010; Barriopedro and Calvo, 2014). Recently, thermody-
namic processes in the troposphere such as latent heating
have also been found to be important for the formation of
blocking (Pfahl et al., 2015).

In the Southern Hemisphere (SH) where the midlatitudes
are mostly characterized by oceanic regions with very sparse
human population, blocking has received less attention. Main
blocking regions are located in the Australia—New Zealand
area and in the southeast Pacific (Lejends, 1984; Mendes
et al., 2008). The frequency and location of SH blocking
are strongly influenced by the El Nifio—Southern Oscillation
(ENSO) and the southern annular mode (Wiedenmann et al.,
2002; Oliveira et al., 2014). However, sparse coverage by
classical observational systems in the SH introduces larger
uncertainties into SH blocking research (Tibaldi et al., 1994;
Marques and Rao, 2000).

Most blocking studies are based on climate model out-
put or reanalysis data analyzing geopotential height (GPH)
fields at a constant pressure level (see, e.g., Barriopedro et al.,
2006, 2010; Barnes et al., 2014; Davini et al., 2014b). Other
studies employed dynamical atmospheric parameters such as
vertically averaged potential vorticity or potential tempera-
ture in the dynamical tropopause (e.g., Pelly and Hoskins,
2003; Schwierz et al., 2004). However, it has been shown that
the blocking frequency exhibits considerable inter-model
spread in current climate models (Anstey et al., 2013; IPCC,
2013) and blocking trends can differ depending on the re-
analysis used (Barnes et al., 2014).

We use, for the first time, observations from Global Posi-
tioning System (GPS) radio occultation (RO) to detect block-
ing and inspect the atmospheric structure during blocking
events. This study does not provide an analysis of blocking
dynamics nor an extended comparison to model or reanalysis
data. Our objective is to explore the feasibility of detecting
blocking and to characterize its three-dimensional structure
with RO observations. To this end we show blocking patterns
and the vertically resolved structure of the troposphere and
lower stratosphere during two well-known blocking events:
the blocking over Russia in summer 2010 and the blocking
over Greenland in winter 2013.

2 Radio occultation data

The analysis presented here is based on RO measurements.
RO is a satellite-based limb sounding technique, delivering
profiles of atmospheric parameters with global coverage and
high vertical resolution of about 100 m in the troposphere to
1.5km in the stratosphere (Kursinski et al., 1997; Gorbunov
et al., 2004). The horizontal resolution ranges from about 60
to 300 km (Kursinski et al., 1997). RO data are of high qual-
ity. In the troposphere the accuracy of GPH is about 10m
and that of temperature is better than 1 K (Scherllin-Pirscher
et al., 2011b), with averaged profiles exhibiting further sta-
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tistical reduction of errors (Scherllin-Pirscher et al., 2011a).
Structural uncertainty is low and data from different satellites
are highly consistent and require no inter-satellite calibration
(Foelsche et al., 2011; Ho et al., 2012; Steiner et al., 2013).

RO data are of great benefit for improving weather fore-
casts and atmospheric analyses (note that several weather
prediction centers already assimilate RO data) as well as for
monitoring atmospheric climate variability and changes (see,
e.g., Anthes, 2011; Steiner et al., 2011; Gleisner et al., 2015;
Randel and Wu, 2015). RO has been applied, so far, for a
range of atmospheric dynamics studies, such as investigating
the planetary boundary layer (e.g., von Engeln et al., 2005)
and tropopause (Schmidt et al., 2008; Rieckh et al., 2014;
Peevey et al., 2014), the ENSO (Scherllin-Pirscher et al.,
2012; Sun et al., 2014), atmospheric tides (e.g., Pirscher
et al., 2010), and waves, including the Quasi-Biennial Os-
cillation (Randel et al., 2003; Schmidt et al., 2005), Kelvin
waves (e.g., Randel and Wu, 2005), and stratospheric gravity
waves (e.g., de la Torre and Alexander, 2005; Tsuda, 2014).
Recent studies also focused on tracing wind fields (Scherllin-
Pirscher et al., 2014) and analyzing the thermodynamic struc-
ture of cyclones (Biondi et al., 2015).

RO data used in the present study were processed with the
Wegener Center occultation processing system version 5.6
(OPSv5.6) (Schwérz et al., 2013). The full set of atmo-
spheric variables derived from RO includes density, pres-
sure, GPH, temperature, potential temperature, and tropo-
spheric water vapor. Observations from several RO missions
are exploited including from the CHAllenging Minisatellite
Payload (CHAMP), the Gravity Recovery and Climate Ex-
periment (GRACE), and the Constellation Observing Sys-
tem for Meteorology, lonosphere, and Climate (COSMIC)
for the period 2006 to 2013, where we focus on two well-
known blocking events: over Russia in summer 2010 (Rus-
sian blocking) and over Greenland in late winter and early
spring 2013 (Greenland blocking). During these time peri-
ods about 800 high-quality RO profiles are available per day
in the NH.

We analyze GPH and temperature profiles as a function of
pressure. The levels of the pressure grid have been calculated
from p;(z;) = poexp(—35), with po=1013.25hPa (stan-
dard surface pressure), H = 7000 m (constant scale height),
and altitude z; ranging from the surface to 16 km (corre-
sponding to about 100 hPa) in equidistant 200 m steps.

We calculate daily fields on a 2.5° x 2.5° longitude—
latitude grid by applying a weighted average to the RO pro-
files:

Zi W; X ()\'/7 ¢/7 d/)

2 Wi ’
where xgrid (1, ¢, d) is GPH or temperature at a specific grid
point at longitude A, latitude ¢, and day d. x; (A, ¢’,d") de-
notes an individual atmospheric profile at the RO event lo-
cation (1, ¢’) and day (d’). All RO events within £7.5° in
longitude, £2.5° in latitude, and 42 days are considered and

xgrid (}‘" ¢7 d) =
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weighted with a Gaussian weighting function w; over longi-
tude and time according to w; = exp (— [(%)2 + (%d)z]),
with L = 7.5° and D = 1 day (adapted from Randel and Wu,
2005). This effective resolution has been chosen to min-
imize the number of bins in which no measurements ex-
ist, while still resolving most of the atmospheric variabil-
ity. Sensitivity tests with data from the European Centre for
Medium-range Weather Forecasts (ECMWF) reanalysis In-
terim (ERA-Interim) (Dee et al., 2011) showed only small
differences (< 100 m in geopotential height) between mean
fields obtained from this binning and native 2.5° x 2.5° daily
fields, confirming the robustness of our gridding strategy.

Figures 1a and 2a depict the distribution of RO profiles
and the number of profiles contributing to each grid cell for 2
exemplary days during the Russian blocking in 2010 and the
Greenland blocking in 2013. More than 80 % of all grid cells
contain information of at least four RO profiles. Only near the
equator and at very high latitudes does the number of profiles
decrease, and some grid cells with no measurements exist.

Applying our gridding method, we are able to resolve
synoptic-scale atmospheric variability on a daily basis as
shown for GPH at the 500 hPa pressure level (Figs. 1b and
2b). At midlatitudes (between approximately 45 and 65° N),
mean GPH fields reveal high-pressure systems over Scandi-
navia and the western part of Russia in summer 2010 (Rus-
sian blocking) and over the east Atlantic in winter and spring
2013 (Greenland blocking), representing typical blocking sit-
uations (Davini et al., 2014a).

These features are even more pronounced in GPH anomaly
fields (Figs. 1c and 2c) which are calculated relative to
the daily means averaged over 8 years (2006 to 2013).
GPH anomalies are larger during the Greenland block-
ing (>300m) in winter than during the Russian blocking
(mainly within 200 m) in summer. However, both anomalies
are distinctively larger than the variability, shown as the stan-
dard deviation of the individual RO profiles in each grid cell
in Figs. 1d and 2d for the Russian and Greenland blocking,
respectively.

To provide information about uncertainty associated with
discrete data sampling and our averaging method, Figs. 1le
and 2e show the sampling error (SE). It is calculated as the
difference between the mean field from co-located ECMWF
analysis profiles applying the same averaging technique as
for RO profiles (see above) and the daily mean ECMWF
analysis field on a native 2.5° x 2.5° resolution. For both
blocking events, the SE is distinctively smaller than the GPH
anomalies. It is slightly larger during the Greenland block-
ing than during the Russian blocking because (i) atmospheric
variability is stronger in the winter season than in the sum-
mer season and (ii) the number of profiles is slightly smaller
in 2013 than in 2010. However, the small magnitude of the
SE (Figs. 1e and 2e) compared to blocking-related anomalies
(Figs. 1c and 2c) as well as small standard deviation (Figs. 1d
and 2d) underpins the fact that RO data sampling is sufficient
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to capture atmospheric variability on a daily basis when ap-
plying a suitable averaging technique. RO data are therefore
well suited for blocking detection.

3 Blocking detection

Blocking diagnosis is usually performed on a fixed pressure
level (see, e.g., Barriopedro et al., 2006, 2010; Barnes et al.,
2014; Davini et al., 2014b). To detect blocking episodes we
utilize a frequently used blocking index based on GPH at
500 hPa (Tibaldi and Molteni, 1990; Scherrer et al., 2006;
Davini et al., 2012, 2014b). Blocking is identified via three
criteria.

First, the northern and southern GPH gradients, AZy and
AZs, are calculated as

Z, 4+ Ag, p)— Z(\, b,
AZNG.. . p) = A, ¢+ ¢>qu2 ( ¢p)’

Z, ¢, p)—Z(\, ¢ — A¢, p)
A ’

where A¢ = 15°. The computation is performed separately
for each 2.5° x 2.5° grid point from 50 to 65°N; thus,
grid points are effectively used from 35 to 80° N over all
longitudes. Following Davini et al. (2014a), instantaneous
blocking (IB) is identified if both of the following condi-
tions are met: AZs(A, ¢, p’) > 0m/°lat and AZN(A, ¢, p')
< —10m/°lat at p’ =500hPa. A positive southward gradi-
ent indicates the reversal of the meridional GPH gradient
with easterlies equatorward of ¢. This is the essential con-
dition for blocking. Additionally, the second condition indi-
cates strong westerlies poleward of ¢. It rules out some syn-
optic cases which marginally satisfy condition one but are not
blockings (Tibaldi and Molteni, 1990; Anstey et al., 2013).

The second blocking detection criterion is set to account
only for large high-pressure systems. Thus, extended IB is
identified at a grid point if all neighboring grid cells within
+7.5° longitude are instantaneously blocked.

The third criterion guarantees detecting only stationary
high-pressure systems and filtering out fast-moving events. It
specifies that a grid cell with extended IB is blocked if at least
one grid cell with extended IB is found within a box of 10°
longitude x 5° latitude on each of the neighboring +2 days.

Figure 3 shows the blocking occurrence and temporal
evolution at the 500 hPa pressure level for the Russian and
Greenland blocking. To demonstrate the influence of the
three blocking criteria, Fig. 3 also includes IB and extended
IB. Note the very similar patterns for all criteria, indicating
that the gradient criterion (first criterion) is in principle suffi-
cient for catching most of the blocking features.

Overall, the evolutions of the blocking patterns are differ-
ent for the Russian blocking and the Greenland blocking.
While the Russian blocking is more continuous, lasting for
more than 6 weeks from the end of June to mid-August,
the Greenland blocking is most pronounced only for about

AZs(h, ¢, p) =
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Figure 1. Panel (a): RO event distribution (plus signs) in the NH for an exemplary day (+2 neighboring days) during the Russian blocking
and number of events per grid cell (shading). Other panels: geographic maps at 500 hPa of (b) GPH, (c) GPH anomaly relative to the mean
from 2006 to 2013, (d) standard deviation of individual profiles, and (e) sampling error. Blocked grid cells are indicated by dots; missing
data are white.
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Figure 2. Same layout as Fig. 1 but for an exemplary day during the Greenland blocking.
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(b) Greenland blocking (2013): 500 hPa
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Figure 3. Hovmoller diagrams of observed blocking occurrence at 500 hPa over (a) Russia in June-July—August (JJA) 2010 and over
(b) Greenland in February—March-April (FMA) 2013. Blocking is considered between 50 and 65° N. Shading indicates the three blocking
detection steps: IB (light gray), extended IB (dark gray), and blocking (black).

2 weeks from mid-February to early March, with minor and
less extended blockings taking place until mid-April 2013.
The Russian blocking is smaller in longitudinal extent, rang-
ing over 55°, while the Greenland blocking is twice as large,
ranging over 100° in longitude.

We compared the resulting blocking patterns from RO ob-
servations to those from ERA-Interim data and found very
good agreement (Brunner et al., 2015). The consistency of
our results is also confirmed by comparison with existing lit-
erature (see, e.g., Matsueda, 2011, Fig. 1b). This again proves
the feasibility of blocking detection with RO.

4 Vertically resolved blocking patterns

Tropospheric profiles of GPH gradients are shown in Fig. 4
for 2 exemplary days and regions for the Russian and Green-
land blocking, respectively. Climatological GPH gradients
in the same region are additionally shown for comparison.
These climatological gradients AZs and AZy for June-
July—August (JJA) and February—March—April (FMA) are
obtained from averaging over all available years (2006 to
2013).

During normal, climatological conditions (Fig. 4a, b),
all gradient profiles are close to each other. In the entire
troposphere above the boundary layer GPH gradients are
smaller than 0 m/° lat indicating the climatological westerly
geostrophic flow at NH midlatitudes. In general, the climato-
logical northern gradients are near to the blocking threshold
(=10 m/° lat). For the inspected regions they are even found
below the threshold.

A clear separation between the northern and southern gra-
dients can be observed during blocking events as presented
for 2 exemplary days and regions for the Russian and Green-
land blocking, respectively (Fig. 4c, d). While the south-
ern gradient becomes positive (i.e., easterly geostrophic flow
equatorward of the depicted region), the northern gradient
becomes distinctively more negative compared to the clima-
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tology: at 500 hPa A Zy exceeds —20 m/° lat over Russia in
July and even —30 m/° lat over Greenland in March, further
increasing upwards. Figure 4c also shows some A Zs profiles
which do not reach the IB criterion at some grid cells within
the depicted region. However, the all-mean gradients AZs
and AZy clearly represent instantaneously blocked condi-
tions during these particular days.

The corresponding evolution of the GPH gradients over
time is shown in Fig. 5 for exemplary grid cells during the
Russian and Greenland blocking. Different temporal and ver-
tical behavior of AZy (Fig. 5a, b) and AZs (Fig. 5¢, d) is ev-
ident. AZy is always negative in JJA 2010 and meets the IB
criterion during almost the entire period. During some days
in February and March 2013, however, it is positive in the
entire troposphere, indicating a potential high-pressure sys-
tem at high northern latitudes (70 to 75° N). In JJA 2010, the
southern gradient is positive for a couple of days by the end
of June 2010 and for a longer time period from mid-July to
mid-August 2010. In FMA 2013, positive A Zg can be found
for several days from mid-February to early March 2013 as
well as for some days in early April 2013.

The comparison of the northern and the southern gradient
and their combined use for 1B detection based on the two
blocking cases reveals that the AZgs criterion is harder to
meet than the AZy criterion, in particular during JJA 2010.
During this time period two IB episodes can be identified
over Russia: a short one at the end of June 2010 and a
more persistent one from mid-July to mid-August 2010. Over
Greenland, IB is found for mid-February to early March 2013
as well as for 3 days in early April 2013. Note that IB periods
that are too short will no longer appear as blocking since ad-
ditional blocking criteria become effective. Overall, blocking
episodes show a distinct vertical extent of the GPH gradient
up to 300 hPa (Russia) and even up to the tropopause at about
200 hPa (Greenland). Outside blocked episodes the gradients
mainly show climatological behavior.
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Figure 4. Vertical profiles of (blue) AZy and (red) AZg during climatological conditions in (a) JJA 2006 to 2013 within 40 to 50° E and 55
to 60° N and (b) FMA 2006 to 2013 within 15 to 5° W and 55 to 60° N. AZn and AZg are given for individual grid cells (thin lines) and
the respective region mean (bold lines). 1B blocking criteria at 500 hPa are shown for AZy (blue dot) and AZs (red dot). Vertical profiles
of GPH gradients for an exemplary day during the (c) Russian blocking and (d) Greenland blocking; same area as (a) and (b), respectively.
Blocked profiles (blue, red) and those not meeting the blocking criteria (light blue, light red) are shown, as are mean (bold colored) and
all-mean (bold black) AZy and A Zg profiles. Note that the mean is identical with the “all-mean” for the Greenland blocking.

The vertical structure of blocking in GPH and tempera-
ture anomalies during the Russian and Greenland blocking is
shown in Figs. 6 and 7, respectively. Meridional cross sec-
tions reveal the longitudinal extent of blockings with strong
positive GPH anomalies during these events (Fig. 6a, b). The
different characteristics in their temporal evolution are shown
in Fig. 6¢c and d. Positive GPH anomalies extend into the
stratosphere and show a maximum near the tropopause at ap-
proximately 200 hPa, exceeding 250 to 300 m during block-
ing episodes. The height of the lapse-rate tropopause corre-
lates well with GPH maxima and minima. During the persis-
tent Russian blocking, it stays almost constant (Fig. 6¢) com-
pared to its usual variations during unblocked conditions.
Meridional cross sections of temperature anomalies (Fig. 7a,
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b) reveal strong positive anomalies in the troposphere during
blocking. These correspond to strong positive GPH anoma-
lies and further result in a higher lapse-rate tropopause and
in negative temperature anomalies in the stratosphere rela-
tive to climatological conditions. Strongest positive temper-
ature anomalies of up to 10K are found in the lower tro-
posphere towards the surface during the Russian blocking
(Fig. 7c). During the Greenland blocking, maximum tem-
perature anomalies of up to 6 K are observed in the mid-
troposphere (Fig. 7d).
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Figure 5. Temporal evolution of AZy and AZg during the (a, ¢) Russian and (b, d) Greenland blocking. Blocking criteria (solid black
contours) are indicated at —10 m/° lat for AZy and 0m/° lat for AZg. IB (crosses) is indicated at the 500 hPa pressure level (dashed black
line).
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Figure 6. GPH anomalies during (left column) Russian blocking and (right column) Greenland blocking. Panels (a, b): meridional cross
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at the 500 hPa level (dashed line) is indicated if at least one grid cell in the averaged area is blocked. The solid line denotes the lapse-rate
tropopause.
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Figure 7. Same layout as Fig. 6 but for temperature anomalies.

5 Conclusions

We demonstrated the feasibility of atmospheric blocking de-
tection in observations from radio occultation (RO). Utiliz-
ing about 800 profiles per day in the NH and applying an
adequate gridding strategy, RO data are found to be dense
enough to resolve atmospheric variability reasonably well on
a daily basis as shown for geopotential height (GPH) fields
and corresponding uncertainty measures.

For blocking detection we utilized a standard blocking de-
tection algorithm based on GPH gradients at the 500 hPa
pressure level. We analyzed two well-known blocking events
over Russia in summer 2010 and over Greenland in late win-
ter and early spring 2013. The resulting blocking pattern and
temporal evolution in RO fields fully represent the character-
istics of the events, consistent with existing literature.

Furthermore, we explored the vertically resolved atmo-
spheric structure during blocking based on tropospheric pro-
files of GPH gradients. While GPH gradient profiles dur-
ing climatological conditions are found to be smaller than
0m/° lat in the entire troposphere above the boundary layer,
indicating the westerly geostrophic flow at NH midlatitudes,
a clear separation between the northern and southern gra-
dients is observed during blocking episodes. The southern
gradients become positive, indicating an easterly geostrophic
flow equatorwards, while the northern gradients become dis-
tinctively more negative up to a few —10m/° lat, depending
on region and season. A distinct vertical extent of these fea-
tures up to 300 hPa and even up to the tropopause is found.

During blocking, characteristic structures in GPH and
temperature anomaly fields are found in the troposphere and
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lower stratosphere. Strong positive GPH anomalies of up
to 300 m in the upper troposphere yield a clear tropopause
height increase. Corresponding temperature anomalies of up
to 10K are found in the middle and lower troposphere.

Overall, RO data are found to be very well suited for
blocking detection and for providing information on the
atmospheric structure during blocking episodes. They al-
low the detection and analysis of vertically resolved atmo-
spheric blocking patterns in a comprehensive observation-
based record and a set of atmospheric variables comprising
density, pressure, GPH, temperature, potential temperature,
and tropospheric water vapor.

RO observations from constellations such as COSMIC
cover the entire Earth and can therefore provide a reliable
data basis also in the Southern Hemisphere. They allow for
comparisons of the atmospheric characteristics of both hemi-
spheres without being affected by inhomogeneous data cov-
erage. Since RO profiles also sample the lower stratosphere,
they can, moreover, provide valuable information about the
influence of stratospheric phenomena on blocking. RO could
therefore complement ongoing research on the connection
between sudden stratospheric warming events and blocking.
Furthermore, combining RO observations in the free atmo-
sphere with surface measurements will allow for a better un-
derstanding of the evolution of surface impacts, planned for
future research.
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Abstract. Atmospheric blocking represents a weather pat-
tern where a stationary high-pressure system weakens or re-
verses the climatological westerly flow at mid-latitudes for
up to several weeks. It is closely connected to strong anoma-
lies in key atmospheric variables such as geopotential height,
temperature, and humidity. Here we provide, for the first
time, a comprehensive, global perspective on atmospheric
blocking and related impacts by using an observation-based
data set from Global Positioning System (GPS) radio occul-
tation (RO) from 2006 to 2016. The main blocking regions
in both hemispheres and seasonal variations are found to be
represented well in RO data. The effect of blocking on ver-
tically resolved temperature and humidity anomalies in the
troposphere and lower stratosphere is investigated for block-
ing regions in the Northern and Southern hemispheres, re-
spectively. We find a statistically significant correlation of
blocking with positive temperature anomalies, exceeding 3 K
in the troposphere, and a reversal above the tropopause with
negative temperature anomalies below —3 K in the lower
stratosphere. Specific humidity is positively correlated with
temperature throughout the troposphere with larger anoma-
lies revealed in the Southern Hemisphere. At the eastern and
equatorward side of the investigated blocking regions, a band
of tropospheric cold anomalies reveals advection of cold air
by anticyclonic motion around blocking highs, which is less
distinct in the Southern Hemisphere due to stronger zonal
flow. We find GPS RO to be a promising new data set for
blocking research that gives insight into the vertical atmo-
spheric structure, especially in light of the expected increase
in data coverage that future missions will provide.

1 Introduction

Global weather and climate are determined by different pro-
cesses such as the jet stream, the storm tracks, and blocking.
Blocking is a particularly important feature in many regions
at mid-latitudes (e.g. Woollings, 2010). It describes a synop-
tic situation, in which a strong and stationary high-pressure
system weakens or reverses the climatological eastward flow
at mid-latitudes (Rex, 1950; Trenberth and Mo, 1985; Tibaldi
and Molteni, 1990; Pelly and Hoskins, 2003; Barriopedro
et al., 2006; Croci-Maspoli et al., 2007; Oliveira et al., 2014).
Due to its persistence of up to several weeks, atmospheric
blocking significantly influences key atmospheric variables
such as geopotential height (GPH), temperature, and humid-
ity throughout the troposphere and lower stratosphere. Fur-
ther impacts of blocking are surface extremes which can
lead to severe damages on economy and society (e.g. Garcia-
Herrera et al., 2010; Gilbert, 2010; Rodrigues and Woollings,
2017).

In the Northern Hemisphere (NH), the main blocking re-
gions are located over the North Atlantic and Europe (Euro—
Atlantic blocking region) as well as over the North Pacific
(also referred to as the Alaskan blocking region) (Barriope-
dro et al., 2010; Whan et al., 2016). The impact of blocking
on surface temperature extremes is well established for both
regions and different seasons (e.g. Favre and Gershunov,
2006; Buehler et al., 2011; Pfahl and Wernli, 2012; Bieli
et al., 2015; Whan et al., 2016; Brunner et al., 2017). The
connection to humidity, precipitation, and droughts has also
been intensively investigated, especially in recent years (e.g.
Carrera et al., 2004; Galarneau et al., 2012; Pfahl et al., 2015;
Wise, 2016; Sousa et al., 2017).
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In the Southern Hemisphere (SH), blocking occurs in the
entire South Pacific between 160°E and 75° W. The high-
est frequencies are found in the south-eastern Pacific during
winter (e.g. de Adana and Colucci, 2005; Berrisford et al.,
2007; Parsons et al., 2016). However, in the SH blocking oc-
currence is considerably lower than in the NH. Furthermore,
the impacts of blocking on populated areas are weaker com-
pared to the NH (e.g. Lejenis, 1984; de Adana and Colucci,
2005). Due to this imbalance comparably few studies investi-
gate blocking in the SH, mostly focusing on impacts in Aus-
tralia and New Zealand (Australian—-New Zealand blocking
region) and in South America (south-eastern Pacific block-
ing region) (e.g. Marques and Rao, 1999; Cowan et al., 2013;
Pook et al., 2013; Parker et al., 2014). Several studies have
also looked into the influence of other phenomena like the El
Nifio—Southern Oscillation (ENSO) or the Antarctic oscilla-
tion (also known as Southern Annular Mode) on SH blocking
(Damido Mendes and Cavalcanti, 2014; Oliveira et al., 2014).

The systematic and global detection and analysis of atmo-
spheric blocking as well as its impacts set demanding re-
quirements of the data sets in use. Apart from global cov-
erage, observations with high spatial and temporal resolu-
tion are needed. Hence, blocking research mainly relies on
model output and reanalysis data rather than using direct ob-
servations. However, most models show only limited skill in
blocking representation, as has been noted by many studies
in the past (D’Andrea et al., 1998; Vial and Osborn, 2012;
Barnes et al., 2012; Anstey et al., 2013; Christensen et al.,
2013; Dunn-Sigouin and Son, 2013; Masato et al., 2013). Re-
cently, Davini and D’ Andrea (2016) showed that current cli-
mate models still underrepresent blocking occurrence by up
to 50 %, particularly in the Euro—Atlantic blocking region.
Reanalyses combine an atmospheric model with a range of
observations from different measurement systems to approx-
imate the atmospheric state as accurately as possible. Due to
this data assimilation the accuracy of reanalyses is less well
understood compared to observations (Parker, 2016). In ad-
dition, there can be significant differences between different
reanalyses and the causes are not yet fully understood (Fu-
jiwara et al., 2017). Brunner et al. (2016) demonstrated the
potential of Global Positioning System (GPS) radio occul-
tation (RO) to detect and analyse blocking in this observa-
tional data set, using two exemplary blocking cases in 2010
and 2013. GPS RO provides highly accurate measurements
of atmospheric variables and has therefore the potential to
complement models and reanalyses as data set for blocking
research.

In this study we provide, for the first time, a global per-
spective on atmospheric blocking based on the RO record
from September 2006 to August 2016 exploiting its good
vertical resolution for investigating the atmospheric verti-
cal structure in temperature and humidity during blocking
events. In Sect. 2, we introduce the RO record as well as the
reanalysis data sets used for comparison. Section 3 describes
the blocking detection algorithm, the gridding method for
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RO, and the computation of anomalies, composites, and sig-
nificance testing. We present the results of our study in
Sect. 4 and conclude with a summary in Sect. 5.

2 Data
2.1 Radio occultation data

GPS RO is an active limb-sounding technique (Kursinski
et al., 1997; Hajj et al., 2002). The measurements are char-
acterised by global coverage, high vertical resolution, high
accuracy, and no need for inter-satellite calibration (e.g.
Foelsche et al., 2011; Ho et al., 2012; Steiner et al., 2013).
The resolution reaches about 60 km horizontally and 100 m
vertically in the lower troposphere and about 300 km hori-
zontally and 1.5 km vertically in the lower stratosphere (Mel-
bourne et al., 1994; Kursinski et al., 1997; Gorbunov et al.,
2004). RO data have, so far, been used for a range of dif-
ferent applications in monitoring atmospheric variability and
changes in Earth’s climate (Anthes, 2011; Steiner et al.,
2011; Gleisner et al., 2015; Randel and Wu, 2015). Signif-
icant improvement of weather forecasting (e.g. Healy and
Thépaut, 2006; Cardinali, 2009) and atmospheric reanalyses
(e.g. Poli et al., 2010; Simmons et al., 2014) has been made
since RO observations can be assimilated without bias cor-
rection and act as anchor measurements. Including RO into
reanalyses can reduce biases in the troposphere and strato-
sphere in both hemispheres (Poli et al., 2010). Several studies
also used RO data to investigate dynamical features of the at-
mosphere such as waves (Randel and Wu, 2005; de la Torre
and Alexander, 2005; Tsuda, 2014), the ENSO (Scherllin-
Pirscher et al., 2012; Sun et al., 2014), tropopause character-
istics (Schmidt et al., 2008; Rieckh et al., 2014; Peevey et al.,
2014; Randel et al., 2003; Schmidt et al., 2005), and blocking
(Brunner et al., 2016).

In this study we use RO data processed by the Wegener
Center occultation processing system version 5.6 (OPSv5.6).
Quality-controlled measurements (Angerer et al., 2017) for
the 10-year period from September 2006 to August 2016
are selected, including data from CHAMP, FORMOSAT-
3/COSMIC, C/NOFS, GRACE, SAC-C, and TerraSAR-X. A
detailed description of the OPS retrieval is given by Schwiirz
et al. (2016, Appendix A therein). Error estimates are pro-
vided by Scherllin-Pirscher et al. (2017). The accuracy of the
data is best in the upper troposphere and lower stratosphere
with 0.7 K in temperature and 10 m in GPH for individual
profiles (Scherllin-Pirscher et al., 2011b, 2017) and even
better when averaging over a range of profiles (Scherllin-
Pirscher et al., 2011a).

We compute daily fields at a regular 2.5° x 2.5° grid using
a weighted average in space and time applied to the randomly
distributed RO events, following

www.atmos-meas-tech.net/10/4727/2017/
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Table 1. Summary of reanalysis products, their resolution, assimilation of GPS RO data, and reference publications.

Name Provider = Downloaded resolution RO assimilation Reference
ERA-Interim ECMWF  6h, 2.5° x 2.5° Since 1 January 2001  Poli et al. (2010), Dee et al. (2011)
JRA-55 JMA 6h, 1.25° x 1.25° Since 1 January 2001  Ebita et al. (2011), Kobayashi et al. (2015)
MERRA-2 NASA 6h, 0.625° x 0.5° Since 15 July 2004 McCarty et al. (2016), Gelaro et al. (2017)
2010; Dee et al., 2016); MERRA-2 additionally includes
o d SAC-C (McCarty et al., 2016); and JRA-55 all the former
xgia (o d) = Ziwi%( 254D (1)  plus C/NOFS (Kobayashi et al., 2015).
i Wi

where xgiq(A, ¢, d) represents a certain grid cell centred
at longitude A, latitude ¢, and day d. Each RO event
xi(M,¢',d") within +7.5° in longitude, £2.5° in latitude,
and +2 days of the grid cell centre is considered and
weighted with a Gaussian weighting function, w;. The
weighting function is given as

AN\ (A 2 )
i=expl — || — — ,
Wi p I D
with AA=A—2, Ad=d—d', L=7.5° and D =1 day.
This effective resolution has been chosen to minimise the
number of empty grid cells while maintaining most of the at-

mospheric variability. For more detailed information on the
applied gridding method we refer to Brunner et al. (2016).

2.2 Reanalysis data

Different reanalyses have extensively been used to inves-
tigate blocking and to evaluate the model performance in
blocking representation (e.g. Sinclair, 1996; Trigo et al.,
2004; Sillmann et al., 2011; IPCC, 2013; Davini and
D’Andrea, 2016; Schiemann et al., 2017). Here, we se-
lected three of the more recent reanalyses (Table 1), which
compare well against each other, e.g. in terms of temper-
ature and zonal winds (e.g. Long et al., 2017), to investi-
gate their representation of blocking in comparison to RO:
the European Centre for Medium-Range Weather Forecasts
(ECMWF) Reanalysis Interim (ERA-Interim), the Japanese
55-year Reanalysis (JRA-55) by the Japan Meteorological
Agency (JMA), and the recently published second Modern-
Era Retrospective analysis for Research and Applications
(MERRA-2) by the National Aeronautics and Space Admin-
istration (NASA). We use GPH at the 500 hPa pressure level
from September 2006 to August 2016, from ERA-Interim,
JRA-55, and MERRA-2 for blocking detection. All three re-
analyses have a native 6-hourly time resolution, which is av-
eraged to daily fields. The varying spatial resolutions are in-
terpolated to a consistent 2.5° x 2.5° longitude—latitude grid.

All three reanalyses assimilate RO data. ERA-Interim
includes measurements from CHAMP, FORMOSAT-
3/COSMIC, GRACE, MetOp, and TerraSAR-X (Poli et al.,

www.atmos-meas-tech.net/10/4727/2017/

3 Methods

A blocking detection algorithm based on the reversal of
500 hPa GPH gradients is applied to the RO data between
September 2006 and August 2016. Resulting blocking fre-
quencies are investigated with regard to their horizontal and
temporal evolution and compared to established reanalyses.
Three main blocking regions in both hemispheres are se-
lected and the vertical atmospheric structure of temperature
and specific humidity anomalies during blocking in these
regions is analysed. Statistically significant links between
blocking and the anomalies in temperature and specific hu-
midity are found via a Monte Carlo test.

3.1 Blocking detection in RO GPH fields

We use a standard 500 hPa GPH gradient algorithm (Tibaldi
and Molteni, 1990; Scherrer et al., 2006; Davini et al., 2012,
2014), adapted to allow the simultaneous detection of block-
ing in the NH and SH. First, GPH gradients to the north
(AZy) and to the south (AZg) are calculated for each grid
cell:

Z(h, o+ AP)—Z(, )

AZN(L, @) = AD , 3)
ZA, o —Ap)—Z(A,
AZs(h,¢) = .9 Z:; .9 , “4)

with the longitude A running from 180° W to 177.5°E and
the latitude ¢ running from 72.5° S to 72.5° N. The gradient
is calculated over a latitude width of A¢ = 15°. By this def-
inition the northern gradient AZy is positive if the GPH is
higher to the north and equivalently AZg is positive if the
GPH is higher to the south.

GPH-based blocking detection indices are usually re-
stricted in latitude to avoid the detection of low-latitude at-
mospheric waves which are not considered as blocking in
the classical sense (e.g. Scherrer et al., 2006; Barriopedro
et al., 2006; Martineau et al., 2017). Particularly in hemi-
spheric summer, the poleward shift of slow-moving atmo-
spheric ridges can otherwise lead to very high blocking fre-
quencies equatorward of 45° latitude (e.g. Davini et al.,
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2014). In order to avoid the detection of low-latitude block-
ing and to ensure comparability of our results with existing
literature, we introduce a third gradient towards the Equator
(AZg), following Davini et al. (2012):

ZO@F2XAP)—Z(A, ¢ T AP)

AZg(h, ) = AD

. — in the NH
with Q)

+ in the SH,

where the minus sign is valid in the NH and the plus sign is
valid in the SH. To put it simply, A Zg is defined positive at
a certain grid cell if there is a clear trough in the GPH field
towards the Equator and is used to prohibit the identification
of slow-moving low-latitude ridges as blocking.

Instantaneous blocking (IB) is identified on a grid cell ba-
sis when the following three conditions are simultaneously
met:

< —10m(° lat.)"! in the NH

AZN(L, $) S ©6)
< O0m(°lat.)™" in the SH,
<0m(°lat.)~! in the NH

AZs(r, ) o 1. 7
< —10m(° lat.)”" in the SH,

AZg(h,¢) > 5m(° lat.)~! for both hemispheres. ®)

We only consider IB events with an extent of at least 15°
in longitude and filter out smaller blocking systems. In a fi-
nal step, we define blocking for a given day and grid cell
when such a large-scale event is also persistent and station-
ary, requesting IB to be found within a 10° x 5° longitude—
latitude region in the neighbouring +2 days. Reducing the
longitude—latitude view, one-dimensional blocking frequen-
cies consider a given longitude in the NH or SH as blocked
if at least one latitude is blocked.

To investigate the effects of blocking on temperature and
humidity we further define blocked days with respect to three
selected regions. A blocked day is found if at least one grid
point is blocked in such a region. The regions are chosen
to cover the blocking maxima in both hemispheres. These
main blocking regions are, in the following, referred to as the
North Atlantic region (30° W to 10° E and 30 to 72.5° N), the
North Pacific region (160° E to 160° W and 30 to 72.5° N),
and the East Pacific region (150 to 90° W and 72.5 to 30° S).
The coincidence of temperature and humidity anomalies dur-
ing blocked days is tested statistically (see Sect. 3.3) in order
to investigate the effects of blocking on the atmospheric tem-
perature and humidity structure (see Sect. 4.2).

3.2 Anomaly computation in RO temperature and
humidity fields

Anomalies of atmospheric temperature (Tapom) and relative
specific humidity (ganom) during blocked days ¢ are calcu-

Atmos. Meas. Tech., 10, 4727-4745, 2017
60

lated for each location (A, ¢) and pressure level p:

TAnom =T-— 77 (9)

Ganom = —2 % 100%, (10)

with temperature 7 =T (t,A,¢, p) and specific humid-
ity ¢g =q(t, 1, ¢, p). Respective daily mean values T =
T(d, A, ¢, p) and g =q(d, A, ¢, p) are calculated over the
10 years from September 2006 to August 2016 for each day
of the year d. For specific humidity we show relative anoma-
lies to allow easier comparison across different pressure lev-
els due to its exponential decline with altitude. Composites
of the temperature and specific humidity anomalies are then
obtained by averaging over all blocked days ¢ of a certain
region.

3.3 Statistical significance testing

Statistical significance of the composites is determined for
each pressure level on a grid cell basis using a Monte Carlo
test. Given n blocked days in a certain region and period,
1000 samples of n random days are drawn from the same pe-
riod (e.g. season) and averaged. To conserve the autocorrela-
tion, consecutive blocked days are clustered and lead to con-
secutive days in the random samples. Based on the 1000 ran-
dom samples the probability density function (PDF) is calcu-
lated, with values below the 5th or above the 95th percentile
of this PDF being considered statistically significant.

4 Results
4.1 Blocking climatologies from RO

Figure 1 shows annual mean blocking frequencies derived
from the RO data set and the three reanalyses, ERA-Interim,
JRA-55, and MERRA-2. All four data sets agree on the
two main blocking regions in the NH (Fig. 1a). There is
a clear maximum in the blocking frequency in the Euro—
Atlantic blocking region between 50°W and 50°E and a
smaller maximum in the North Pacific blocking region be-
tween 150° E and 150° W (compare IPCC, 2013, Box 14.2).
In the Euro—Atlantic region, the maximum frequency is be-
tween about 10 % for ERA-Interim and JRA-55 and about
10.5 % for MERRA-2, while the maximum RO frequency
is a bit lower with 8 %. In addition, the RO maximum in
this region is shifted by about 10° to the east compared to
the reanalyses. All four data sets consistently place the mini-
mum blocking frequency east of the Euro—Atlantic region at
100° E. RO shows frequencies of 2 % here, ERA-Interim and
JRA-55 are about 1 % higher, and MERRA-2 is about 1.5 %
higher. In the North Pacific region, RO reaches a maximum
frequency of about 6 %, while the reanalyses show about 7
to 8 %. The region with lowest blocking frequencies below
1% is found at 90° W across all data sets. In general, RO
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Figure 1. Annual mean blocking frequencies for the (a) Northern and (b) Southern Hemisphere in the period September 2006 to August
2016. Each coloured line represents a data set, the dashed lines show the respective differences of reanalyses to RO. Note the different y-axis

ranges.

data show an underestimation of one-dimensional blocking
frequencies. The absolute difference to the reanalyses stays
below 2 % at most longitudes. Only near the maximum in the
Euro—Atlantic blocking region the difference exceeds 3 %.

Figure 1b shows the SH blocking distribution. Again, all
data sets agree on the main blocking region in the South
Pacific, with RO again showing a slight underestimation of
about 0.5 %. Highest frequencies are consistently found in
the south-eastern Pacific between 150 and 100° W. MERRA-
2 shows the highest maximum frequency with about 2.25 %,
followed by ERA-Interim and JRA-55 with about 2 %, and
RO with about 1.25 %. Eastward of the south-eastern Pacific
region, RO shows hardly any blocking and all three reanal-
yses stay below 0.5 % blocking frequency as well (corre-
sponding to about 2 blocked days per year on average). In the
Australian—-New Zealand region between 100° E and 150° W,
RO blocking frequencies hardly exceed 0.5 % and the reanal-
yses hardly exceed 1 %.

The time evolution of blocking is presented in Fig. 2 for
both hemispheres from September 2006 to August 2016.
Both main blocking areas in the NH, as well as the South
Pacific region in the SH are clearly recognisable in this view.
A closer inspection reveals that a NH blocking has an av-
erage duration of 4 days and an average longitudinal extent
of about 34°. The most persistent and continuous blocking
cases in the NH occurred in March—April 2007 (27 days),
in December—January 2009/2010 (28 days), and in February
2015 (23 days). All three cases were connected to unusual
temperature anomalies, as e.g. discussed by Cattiaux et al.
(2010) for winter 2009/2010 with severe cold spells hitting
Europe.

Note that blocking can show considerable fluctuations in
intensity during its evolution so that blocking cases may be
interrupted by a few unblocked days and are not regarded as
continuous signal. An example is the sequence of blockings
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in summer 2010 (see e.g. Brunner et al., 2016, Fig. 3) leading
to a severe heat wave in Russia (e.g. Barriopedro et al., 2011).

In the SH, an average blocking only lasts 2.5 days and
has an extent of 23° in longitude. There, the most persistent
blocking cases are found in May—June 2012 (12 days), in
July—August 2014 (8 days), and in September 2015 (8 days).
In general, blocking in the SH is by far weaker and less fre-
quent than in the NH.

Taking a closer look into the characteristic blocking fea-
tures, we further investigate the distribution of blocking fre-
quencies in longitude and latitude for different seasons. Fig-
ure 3 shows horizontally resolved blocking frequencies for
all seasons in the NH for RO and ERA-Interim. A compar-
ison of blocking frequencies with JRA-55 and MERRA-2
is not shown as they are highly consistent and agree within
0.2 % annual mean blocking frequency to ERA-Interim. RO
resolves all the main features in the NH blocking distri-
bution. Annual mean frequencies from RO show the main
blocking regions over the North Atlantic and Europe (Euro—
Atlantic blocking region) as well as a maximum over the
North Pacific. In the seasonally resolved analysis, RO detects
the highest blocking frequencies over the Euro—Atlantic re-
gion during winter (DJF) and spring (MAM) consistent with
ERA-Interim. Blocking occurrence in the North Pacific re-
gion is high during the entire year, with fewest blockings
in fall (SON). In general, RO and ERA-Interim agree very
well on the location of the blocking regions in all seasons.
Larger differences exceeding 2 % are only found in NH sum-
mer (JJA), where RO does not fully capture the frequency
maxima over northern Russia. In winter, RO shows slightly
higher blocking frequencies than ERA-Interim in the North
Atlantic and over Scandinavia.

One possible reason for the generally lower blocking fre-
quencies in the RO record is the measurement density of
the RO events. As described in Sect. 2, RO data are aver-
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Figure 2. Hovmoller diagram of blocking as function of time over longitudes for the (a) Northern and (b) Southern Hemisphere based on
the RO record for the period September 2006 to August 2016. Red arrows mark the three longest blocking events in each hemisphere.
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aged from the randomly distributed measurements to a reg-
ular daily grid using a weighted mean. Due to the random
distribution of observations, some grid cells may not have
any contributing RO events (see also Brunner et al., 2016,
for a detailed analysis). Such empty grid cells can artificially
lower the blocking frequency if they appear at the location of
a blocking.

We tested the effect of the weighted averaging in the grid-
ding of RO data and applied the same weighted averaging in
space and time to ERA-Interim data. Comparing then block-
ing frequencies from the similarly weighted ERA-Interim
fields to RO yields slightly reduced differences in blocking
frequency and shows that about 0.5 % in difference can be
explained by the weighted averaging.

In the SH, the overall blocking frequency is notably lower
compared to the NH. It has been argued that the stronger
zonal flow at mid-latitudes in the SH leads to less persistent
blocking conditions (e.g. Trenberth and Mo, 1985). Oliveira
et al. (2014) suggest a 3-day stationarity criterion for block-
ing detection in the SH as opposed to the typical 5-day crite-
rion in the NH to account for the stronger westerlies. How-
ever, we here aim at a consistent comparison of blocking in
both hemispheres and therefore use the 5-day criterion glob-
ally. This approach allows a direct comparison of blocking
anticyclones and their impacts in both hemispheres.

In the SH, blocking is almost exclusively found in the
South Pacific (Fig. 4). Normally two sub-regions are distin-
guished mainly with regard to the impact on populated ar-
eas: blocking in the south-western Pacific (often referred to
as the Australian—-New Zealand blocking region) and block-
ing in the south-eastern Pacific region (influencing populated
areas in South America; referenced to as the East Pacific re-
gion). In contrast to the NH, SH blocking is mainly constraint
to the southern winter (JJA) season, where two-dimensional
frequencies can reach 2 %. RO and ERA-Interim consistently
show this seasonal development. Differences between the
two data sets stay mostly below 0.25 % annually and below
0.5 % seasonally. Largest differences are found during the
blocking maximum in SH winter.

4.2 Atmospheric temperature and specific humidity
response to blocking

In the following we investigate the atmospheric structure of
vertically resolved temperature and relative specific humidity
anomalies in the troposphere and lower stratosphere during
blocked days. The effects of blocking are shown for three
regions (two in the NH, one in the SH) and for five selected
pressure levels: 850, 500, 270, 200, and 100 hPa. These levels
represent (bottom to top) regions of main blocking influence
in the lower- and middle-tropospheric region, the tropopause
region, the region of main blocking influence in the lowest
stratosphere and of decreasing influence in the stratosphere
above.
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Winter and summer seasons are compared in Figs. 5 and 6
for temperature and relative specific humidity anomalies dur-
ing blocked days over the North Atlantic region showing ex-
tended winter (NDJFM) and extended summer (MJJAS), re-
spectively. During winter a clear and statistically significant
positive temperature anomaly dominates most of the block-
ing region throughout the troposphere up to about 300 hPa
(Fig. 5a). The anomalies reach about 2 K in the lower tropo-
sphere and exceed 3K at their maximum at about 500 hPa.
At upper levels, the positive anomalies decrease towards the
tropopause. Beginning near 300 hPa, the decrease is accom-
panied by a shift to the north. The temperature anomalies
are smallest at about 270 hPa, where they change from posi-
tive to negative. In the lower stratosphere, increasingly neg-
ative temperature anomalies, falling below —3 K at 200 hPa,
are the dominating feature. At higher altitudes, the influence
of blocking on the temperature weakens and the anomalies
decrease. A noticeable feature is also that the temperature
anomalies are not centred in the blocking region in the tro-
posphere near 500 hPa but appear to be shifted to the west.
This asymmetry disappears at higher altitudes and especially
the lower-stratospheric cold anomalies are perfectly centred
in the blocking region.

In the troposphere the central positive temperature
anomaly is surrounded by a cold anomaly on the northern,
eastern, and southern flanks. This anomaly, which is con-
siderably weaker in summer (see Fig. 6), hints at the influ-
ence of the circulation during blocked conditions. The anticy-
clonic motion of air around stationary high-pressure systems
in the investigated region favours the advection of cold air
from the north towards central Europe. The cold anomalies
are stronger in the lower regions of the troposphere, falling
below —2 K at 850 hPa. At 500 hPa a band of cold air with
composite temperatures below —1 K is still visible to the east
and south of the positive anomaly which change above the
tropopause at the 200 and 100 hPa level into positive anoma-
lies of about 0.5 to 1.5 K, especially north and south of the
central cold anomaly.

The analysis of relative specific humidity anomaly com-
posites (Fig. 5b) reveals a clear correlation with tempera-
ture in most of the troposphere: positive temperature anoma-
lies are accompanied by positive specific humidity anoma-
lies and negative temperature anomalies are accompanied by
negative specific humidity anomalies. However, dry anoma-
lies are mostly restricted to the European continent, es-
pecially in the lower troposphere. In contrast to tempera-
ture, specific humidity anomalies do not change sign in the
tropopause region. The strongest anomalies, exceeding 30 %,
are found at the altitude of weakest temperature anomalies
(near 270 hPa). In the (generally) very dry stratosphere the
specific humidity anomalies decrease rapidly and no statis-
tically significant signal of blocking is found above about
150 hPa.

For extended summer, temperature and relative specific
humidity anomaly composites during blocked days in the
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Figure 4. As Fig. 3 but for the Southern Hemisphere. Note the different colour bar ranges compared to Fig. 3.
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Figure 5. Composites of (a) temperature anomalies and (b) relative specific humidity anomalies during blocked days in the North Atlantic
region between 30° W-10° E and 30-72.5° N (grey box; 267 days in total). Shown is the northern hemispheric extended winter (NDJFM)
season. Hatched regions denote statistical significance at the 5th and 95th percentile levels.
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Figure 6. As Fig. 5 but for the extended summer (MJJAS) season (186 days in total).

Euro—Atlantic region (Fig. 6) are about 1 K and 10 % lower
compared to respective anomalies in winter. Moreover, the
band of cold air surrounding the central warm anomaly is less
distinct in summer. At 500 hPa, where the feature is clear-
est in winter, large regions, especially over north-eastern Eu-
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rope, are not statistically significantly colder during blocked
conditions. This indicates that cold advection from the north
is less important during summer blocking. Specific humid-
ity anomalies during summer blocking in this region are not
statistically significant in most of the troposphere. Stronger
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Figure 7. As Fig. 5 but for blocking in the North Pacific region between 160° E-160° W and 30-72.5° N (191 days in total).

anomalies are only visible near the tropopause and above,
between 270 and 200 hPa.

In the North Pacific blocking region during extended win-
ter (Fig. 7), the main feature in temperature is again a strong
positive anomaly in the troposphere. Compared to the North
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Atlantic region the anomaly is stronger in the lower tropo-
sphere below 500hPa, while the negative anomaly in the
lower stratosphere is slightly weaker. The tropospheric cold
anomalies are limited to east and south-west of the blocking
region with the coldest temperatures found over the north-
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west of the North American continent. In the lower strato-
sphere the warm anomaly is limited to the south of the block-
ing region, creating a distinct dipole feature near the 200 hPa
pressure level.

Specific humidity anomalies are strongest in the lower and
middle troposphere between 850 and 500 hPa and about 10 %
lower than in the North Atlantic region between 270 and
200 hPa. At 270 and 200 hPa a clear dipole similar to the
200 hPa temperature anomaly can be found. Above 200 hPa
the influence of blocking on atmospheric humidity decreases
and hardly any significant signal is found.

For the SH (Fig. 8) we show blocking effects in the East
Pacific region. Similar to the NH, both temperature and spe-
cific humidity anomalies are clearly shifted to the west of the
blocking region in the lower troposphere. The strongest tem-
perature anomalies during blocking, clearly exceeding 3 K,
are found in the lowermost part of the troposphere. Towards
the tropopause the anomalies decrease and again change sign
near 270 hPa. The lowest temperature anomalies below —3 K
are located near 200 hPa, similar to the NH. Above, the influ-
ence of blocking on temperature decreases. The tropospheric
cold anomalies surrounding the blocking region are less dis-
tinct in the SH. These results suggest that cold advection
plays a less important role in the SH due to the stronger
zonal flow. A clear band of negative temperature anomalies
is only visible at 500 hPa, while at 850 hPa the strongest cold
anomalies are restricted to downstream of the blocking re-
gion. Compared to the NH a stronger second temperature
maximum appears north-east of the blocking region.

Specific humidity anomalies in the SH show notably more
variation than in the NH. Throughout the entire troposphere
relative wet and dry anomalies exceed 30 %. The anomalies
spread in a wave-like pattern from the blocking region to
the north-east, which is most distinct near the tropopause at
about 270 hPa. In the lower stratosphere the specific humid-
ity anomalies again decrease rapidly.

In summary, we find similar effects of blocking on atmo-
spheric temperature and specific humidity anomalies in the
different investigated regions in both hemispheres. Largest
differences in amplitude appear between the seasons, while
the SH shows a more complex signature of blocking, espe-
cially in specific humidity. For all cases strong positive tem-
perature anomalies are found in the lower to middle tropo-
sphere and a maximum negative anomaly in the lower strato-
sphere at about 200 hPa. Specific humidity anomalies are
strongest higher up between 270 and 200 hPa except in the
North Pacific region, where the largest anomalies are found
at the 500 hPa level.

5 Summary, conclusions, and outlook
We presented the first comprehensive analysis of global at-

mospheric blocking based on GPS RO observations. We used
one decade of RO measurements from September 2006 to
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August 2016 to derive blocking climatologies and to inves-
tigate blocking impacts on vertically resolved atmospheric
temperature and specific humidity fields. We investigated the
representation of main blocking regions in the NH and SH
for different seasons. The impact of blocking on vertically
resolved temperature and humidity was examined based on
anomaly composites and its significance was tested.

Our results show that RO data are well suited for blocking
detection. RO correctly resolves the blocking regions in both
hemispheres, also capturing the seasonal blocking variability.
Average blocking episodes in the NH are found to persist
for 4 days and have a longitudinal extent of 34°. In the SH
blocking is less persistent and lasts on average 2.5 days, with
a typical extent of 23° in longitude.

The impact of blocking on temperature and specific
humidity is found to be statistically significant through-
out the troposphere and lower stratosphere in both hemi-
spheres. During extended winter a strong positive temper-
ature anomaly exceeding 3K is found in the centre of the
blocking area, slightly shifted to the west at lower altitudes.
Above about 500 hPa this anomaly decreases until it changes
sign above the climatological tropopause near 270 hPa. In the
lower stratosphere, blocking leads to a negative temperature
anomaly below —3 K near 200 hPa. Higher up the influence
of blocking on temperature decreases. In the troposphere,
cold anomalies surround the central warm anomaly, indicat-
ing the effect of advection of cold air from the polar region
by the anticyclonic motion around blocking highs, which is
in general agreement with findings by Bieli et al. (2015). In
the lower stratosphere this anomaly also changes sign and ap-
pears as anomalously warm region equatorward of the block.
Summer temperature anomalies are similar to those in winter
but notably weaker in amplitude of up to 50 %. In addition,
the advection of cold air plays a less important role, leading
to less distinct negative anomalies in the troposphere.

Specific humidity anomalies show a similar behaviour as
temperature in the troposphere. In the North Atlantic region,
a central wet anomaly is surrounded by dry anomalies on
the eastern and equatorward side. However, the anomalies do
not change sign at the tropopause, leading to inverse patterns
of temperature and specific humidity anomalies in the lower
stratosphere. This behaviour of temperature and specific hu-
midity at the tropopause level has recently also been noted
by Sitnov et al. (2017). Above about 200 hPa, the influence
of blocking on specific humidity is found to decrease rapidly.
In the south-east Pacific region, specific humidity anomalies
are generally stronger than in the NH and show a wave-like
pattern with positive and negative anomalies alternating from
the south-west to the north-east due to a stronger zonal flow.

Our findings highlight the main blocking regions in both
hemispheres and the effect of blocking in these regions on
atmospheric temperature and specific humidity using GPS
RO observations. The slight underestimation of blocking
frequencies in RO compared to three different reanalyses,
ERA-Interim, JRA-55, and MERRA-2, is most probably due
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Figure 8. As Fig. 5 but for the southern hemispheric extended winter (MJJAS) shown for blocking in the East Pacific region between
150-90° W and 72.5-30° S (81 days in total).

to a too-sparse measurement density. Future RO missions, the Russian GLONASS, and the Chinese BeiDou, are ex-
like the FORMOSAT-7/COSMIC-2 constellation, and the ex- pected to significantly increase the number of RO events,
ploitation of signals from more Global Navigation Satellite promising to overcome this undersampling and allowing an

System (GNSS) constellations, like the European Galileo,
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even better performance of RO data in blocking representa-
tion (Yue et al., 2014).

RO measurements provide a mostly independent, com-
prehensive observation-based record of known accuracy
(Parker, 2016) for the detection and analysis of atmospheric
blocking complementing reanalyses and models. The high
vertical resolution of the RO measurements makes them ideal
for investigating the atmospheric structure during blocking
episodes. This will allow to gain a better understanding of
the development of blocking related extreme events, like heat
waves and cold spells, flooding, or droughts, in the future.

Code availability. The analysis was carried out in Python 2.7,
and the code is available upon request from L. Brunner
(lukas.brunner@uni-graz.at).

Data availability. We used geopotential height fields from three re-
analyses: the European Centre for Medium-Range Weather Fore-
casts, ERA-Interim (ECMWF, 2017), the Japan Meteorological
Agency, JRA-55 (JMA, 2017), and the Global Modeling and As-
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ABSTRACT

Atmospheric blocking is an important contributor to European temperature variability. It can trigger cold and
warm spells, which is of specific relevance in spring because vegetation is particularly vulnerable to extreme tem-
peratures in the growing season. The spring season is investigated as a transition period from predominant con-
nections of blocking with cold spells in winter to predominant connections of blocking with warm spells in summer.
Extreme temperatures are termed cold or warm spells if temperature stays outside the 10th to 90th percentile range
for at least six consecutive days. Cold and warm spells in Europe over 1979-2014 are analyzed in observations from
the European daily high-resolution gridded dataset (E-OBS) and the connection to blocking is examined in geo-
potential height fields from ERA-Interim. A highly significant link between blocking and cold and warm spells is
found that changes during spring. Blocking over the northeastern Atlantic and Scandinavia is correlated with the
occurrence of cold spells in Europe, particularly early in spring, whereas blocking over central Europe is asso-
ciated with warmer conditions, particularly from March onward. The location of the block also impacts the spatial
distribution of temperature extremes. More than 80% of cold spells in southeastern Europe occur during blocking
whereas warm spells are correlated with blocking mainly in northern Europe. Over the analysis period, substantial
interannual variability is found but also a decrease in cold spells and an increase in warm spells. The long-term
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change to a warmer climate holds the potential for even higher vulnerability to spring cold extremes.

1. Introduction

European weather and climate are strongly influenced
by large-scale circulation patterns such as the Atlantic
storm tracks, the jet stream, and atmospheric blocking
(e.g., Woollings 2010). Atmospheric blocking describes
a meteorological situation in which a persistent and sta-
tionary high pressure system blocks the climatological
westerly flow at midlatitudes for several days to weeks
(Rex 1950; Tibaldi and Molteni 1990; Pelly and Hoskins
2003; Barriopedro et al. 2006; Croci-Maspoli et al. 2007).
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Extremes on both ends of the temperature distribution
are especially closely connected to atmospheric blocking.
Increased cold spell frequency is found during blocked
conditions in European winter (Buehler et al. 2011) and up
to 80% of summer hot temperature extremes in northern
Europe are associated with a collocated blocking (Pfahl
and Wernli 2012). Atmospheric blocking has also been
identified as main contributor to specific extreme events
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such as the cold European winter in 2010 (Cattiaux
et al. 2010) and the Russian heatwave in summer 2010
(Matsueda 2011).

Surface temperatures can be impacted by atmospheric
blocking via radiative forcing or advection. Radiative
effects are mainly constrained to the center of the block
where clear-sky conditions favor positive temperature
anomalies. The anticyclonic circulation of the block af-
fects temperatures especially on the eastern and south-
ern flanks by advection of cold air from the north and east
(e.g., Trigo et al. 2004; Bieli et al. 2015). A range of studies
have focused on either the predominant cooling effect of
blocking in winter (Trigo et al. 2004; Barriopedro et al.
2008; Cattiaux et al. 2010; Buehler et al. 2011; Sillmann et al.
2011; Whan et al. 2016) or the warming effect in summer
(Xoplaki et al. 2003; Cassou et al. 2005; Pfahl and Wernli
2012; Stefanon et al. 2012). Recently, Cassou and Cattiaux
(2016) showed that the transition from blocking being
linked to anomalously cold conditions in winter to blocking
being linked to warm conditions in summer has shifted by a
few days because of climate warming.

Here we investigate the link between atmospheric
blocking and European cold and warm spells during spring
to provide better insight into the shifting role of blocking
for extremes during this transition period. Spring tem-
perature extremes are of special relevance because vege-
tation during this season is particularly vulnerable to
abnormal temperatures. Late spring frost can severely
harm or even destroy fresh leaves, subsequently requiring
considerable additional resource use by plants. Corre-
spondingly, warm spells in early spring can lead to pre-
mature greening onset (Hufkens et al. 2012; Menzel et al.
2015, and references therein). Ma et al. (2016) showed the
potential of earlier spring green-up to also impact Euro-
pean warm spells via feedback processes. In this study we
analyze the connection of blocking and extreme temper-
ature occurrences, noting their spatial distribution and
change over the last decades. We focus on spring on a
month-by-month basis but also show results for the sea-
sonal mean of other seasons. We describe data and
methods in section 2. Results are presented in section 3
and a summary is given in section 4.

2. Data and methods

The detection of temperature extremes is based on the
European daily high-resolution gridded dataset (E-OBS),
version 12.0 (Haylock et al. 2008), an observational land-
only dataset for Europe. It comprises measurements
from a network of more than 2000 irregularly distributed
meteorological stations interpolated to a regular grid
(Klok and Klein Tank 2009). In this study we investigate
daily minimum temperature 7, and daily maximum
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temperature Ty, on a 0.25° X 0.25° longitude-latitude
grid between 1979 and 2014. We detect cold and warm
spells over mainland Europe and the British Isles
(35°-72.5°N, 12.5°W-30°E). First, the daily linear trend
from 1979 to 2014 is subtracted from each grid point in the
E-OBS temperatures to remove the long-term temperature
trend. Daily 10th and 90th percentiles of 7T}, and Ty, are
computed, respectively, over the 36-yr period using a 21-
day sliding window. A grid point with 7},,;, below the 10th
percentile or T},,,, above the 90th percentile for at least six
consecutive days is identified as a cold or warm extreme,
respectively. This study focuses on large-scale events on a
daily basis. Therefore we define a cold spell day (CSD) or
warm spell day (WSD) if at least 400 grid points (i.e., a 5° X
5° region) simultaneously are found to be exposed to a cold
or warm extreme criterion on a given day. Resulting cold
and warm spells are found to be spatially highly coherent,
so no separate adjacency criterion was applied.

The detection of blocking is based on daily geopotential
height (GPH) fields from ERA-Interim (Dee et al. 2011)
at a 2.5° X 2.5° longitude-latitude grid, which is available
from 1979 onward. We apply a standard algorithm utilizing
the reversal of midlatitude 500-hPa GPH gradients (Tibaldi
and Molteni 1990; Scherrer et al. 2006; Davini et al. 2012,
2014), detailed in Brunner et al. (2016). The blocking de-
tection algorithm identifies high pressure systems associated
with an overturning of the flow and selects extended and
persistent events of at least five days duration. Therefore this
classical approach covers stationary and isolated high pres-
sure systems northward of 45°N. We compute blocking
frequencies on a grid point basis for climatological condi-
tions as well as for CSDs and WSDs. We subsequently
define a blocked day if blocking is found anywhere in the
Euro-Atlantic blocking region (45°-72.5°N, 30°W—-45°E)
(Barriopedro et al. 2010; IPCC 2013) on a certain day. We
then also investigate the relative frequency of CSDs and
WSDs on a grid point basis during blocked and unblocked
days. This approach allows us to simultaneously investigate
the local and remote effects of blocking on CSDs and WSDs.

In addition, we analyze selected subdomains and in-
vestigate the importance of the location of cold and warm
spells and blocking for their connection. For selection of
CSDs and WSDs in subdomains we adjust the spatial cri-
terion to consider CSDs and WSDs with more than half of
their grid points in the selected subdomain. For selection
of blocking in subdomains we consider blocks with at least
one blocked grid point in the selected subdomain.

To test any co-occurrence of CSDs and WSDs and
blocked days for significance we perform a Monte Carlo
test. Given N CSDs or WSDs in a period (i.e., month or
season), we draw 1000 random samples of N days from
the same period. To ensure that each random sample
yields the same autocorrelation at all lags the samples
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FIG. 1. Time evolution of blocking for (a) CSDs and (b) WSDs in European spring based on detrended data. The
left panels in (a),(b) show blocked days in gray, cold (warm) spell days in blue (red), blocked cold (warm) spell days
in dark blue (dark red), and blocking within 5 days before a cold (warm) spell day in turquoise (orange). The right
panels in (a),(b) show percentages for each day during spring based on 36 years from 1979 to 2014. The seasonal
mean time series are shown for (c) CSDs and (d) WSDs where the trend was removed (top plots) and not removed
(bottom plots) from the underlying temperature time series.

are drawn as clusters of days similar as represented in
the original dataset. We then calculate for each random
sample of N days the blocking frequency on a grid point
basis as well as the occurrence of blocked days in the
blocking region. The correlation between blocking and
CSDs or WSDs is considered statistically significant if
the blocking frequency during CSDs and WSDs on a
grid point or if the number of blocked CSDs or WSDs is
smaller than the Sth percentile or larger than the 95th
percentile of the joined probability density function
(PDF) established over all 1000 random samples, re-
spectively. The same considerations are made for the
statistical significance of CSDs and WSDs given the
number of blocked days in each period.

3. Results

The time evolution of blocked and extreme days is
presented in Fig. 1. Over the spring season (MAM), a

decrease in the number of CSDs (both generally and
alsoif restricted to blocked days) is found toward late
spring (Fig. 1a, right). Over 1979-2014, the seasonal
mean time series (Fig. lc, top) shows periods with
less or more CSDs, pointing at significant interannual
variability. A considerable number of CSDs exhibit
blocking several days before their onset, indicating that a
certain amount of time is necessary to lower the tem-
perature sufficiently for a cold spell to develop (Fig. 1a,
left), consistent with findings of Buehler et al. (2011). If
the trend in the underlying temperature time series is not
removed (Fig. 1c, bottom) we find more CSDs at the
beginning of the period and a lack of CSDs at the end of
the period, indicating that extended cold periods
are constrained to winter in a warming climate. How-
ever, some lack of cold spells also occurs after detrending
(Fig. 1c, top), pointing at the role of internal variability.
Over the spring season, the number of WSDs and with
it the number of blocked WSDs increases toward
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TABLE 1. Overview on statistics of CSDs, WSDs, and blocked days. Columns from left to right: Period name and number of total days
per (top) season and (bottom) month, number of blocked days (percentage of total days), number of CSDs (percentage of total days),
number of WSDs (percentage of total days), number of blocked CSDs (percentage of blocked days/percentage of CSDs), and number of
blocked WSDs (percentage of blocked days/percentage of WSDs). Entries with the number of blocked CSDs and WSDs above (below)
the 95th (5th) percentile are indicated in boldface (italics).

WSDs

Blocked CSDs

Blocked WSDs

Period Days Blocked days CSDs
MAM 3312 1363 (41.15%) 299 (9.03%)
JJA 3312 961 (29.02%) 81 (2.45%)
SON 3276 1025 (31.29%) 308 (9.40%)
DIJF 3240 1176 (36.30%) 554 (17.10%)
Feb 1008 423 (41.96%) 157 (15.58%)
Mar 1116 395 (35.39%) 135 (12.10%)
Apr 1080 449 (41.57%) 80 (7.41%)
May 1116 519 (46.51%) 84 (7.53%)
Jun 1080 393 (36.39%) 30 (2.78%)

519 (15.67%)
565 (17.06%)
421 (12.85%)
361 (11.14%)

103 (10.22%)
105 (9.41%)

183 (16.94%)
231 (20.70%)
181 (16.76%)

139 (10.20%/46.49%)
11 (1.14%113.58%)
116 (11.32%/37.66%)
297 (25.26%/53.61%)

93 (21.99%/59.24%)
61 (15.44%/45.19%)
27 (6.01%/33.75%)
51 (9.83%/60.71%)
4 (1.02%113.33%)

280 (20.54%/53.95%)
301 (31.32%/53.27%)
138 (13.46%/32.78%)
102 (8.67%128.25%)

24 (5.67%123.30%)

46 (11.65%/43.81%)

99 (22.05%/54.10%)
135 (26.01%/58.44%)
111 (28.24%/61.33%)

summer (Fig. 1b, right). Over the analysis period, the
seasonal mean time series also show considerable in-
terannual variability for WSDs (Fig. 1d, top). If the
trend is not removed from the underlying temperature
time series (Fig. 1d, bottom) an increase of the number
of WSDs (both, generally and if restricted to blocked
conditions) in the investigated period from 1979 to 2014
is evident, consistent with the detection of changes in the
number of temperature extremes in Europe (Zwiers
et al. 2011; IPCC 2013; Morak et al. 2013). Note that
all subsequent discussions refer exclusively to the
detrended data.

A complete summary of statistics for CSDs and WSDs
in spring and all individual months of the extended spring
season (February-June) is shown in Table 1. We also
included results for the summer (JJA), fall (SON), and
winter (DJF) seasons for comparison. Our results gen-
erally indicate that blocking plays a strong role in spring—
summer warm spells and in fall-winter cold spells, con-
sistent with the literature (e.g., Cassou and Cattiaux
2016). In total about 46% of CSDs in spring are blocked
days and about 10% of blocked spring days coincide
with a CSD. A statistically significant link is found in the
extended spring season in February (correlation) and
June (anticorrelation) as well as in winter (correlation)
and in summer (anticorrelation; cf. Table 1). Regarding
WSDs in spring, a statistically significant fraction of
54% is blocked and about 21% blocked spring days
coincide with a WSD. Also, most individual months of
the extended spring show a significant correlation with
blocking (as do summer months); however, February
on the transition from winter to spring exhibits a sig-
nificant anticorrelation (as do winter months; cf.
Table 1).

Analyzing blocking on a grid point basis, the clima-
tological blocking frequency in the Euro-Atlantic region
is generally between 2% and 6% of spring days. The
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blocking frequency coinciding with CSDs in spring is
depicted in Fig. 2a. Three distinct regions are revealed:
west of the British Isles (region 1) and over northern
Scandinavia (region 2) the blocking frequency is up to 3
times higher for CSDs than for climatological conditions
and differs statistically significantly from the random
sample. This is consistent with cold advection during
such blocks into central and western Europe. Over
central and eastern Europe (region 3) there is signifi-
cantly less blocking during CSDs (<2%) than in the
climatology since blocking occurring there tends to lead
to warmer, fair-weather conditions.

A closer investigation of the extended spring season
based on monthly frequencies reveals how the role of
blocking associated with CSDs changes through spring
(Figs. 2b—f). February and March show significantly in-
creased blocking frequency northward of 60°N (ex-
ceeding 16% and 12%, respectively), indicating a strong
link of blocking in this region to cold conditions in
Europe in late winter—early spring. Between March and
April a distinct change is obvious such that maximum
blocking frequencies shift from northern Europe to the
west of the British Isles. This change may be founded in
the temperature seasonality over the European conti-
nent: in winter the continent is still relatively cold, such
that easterly flow is sufficient to lead to CSDs, while
northerly advection with blocking to the west is neces-
sary as the continent warms up in later spring. The CSD
blocking frequency in central and eastern Europe is
lowered during all spring months, highlighting the anti-
correlation between cold conditions and blocking in this
region. In June where only about 3% of total days are
associated with a cold spell (cf. Table 1) no significant
relationship with blocking is found.

The blocking frequency coinciding with WSDs in
spring is found to be up to 3 times higher than during
climatological conditions (Fig. 3a) and statistically
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FIG. 2. Blocking frequency per grid point (shading) coinciding with CSDs in the European region (gray box) for
(a) spring (MAM), (b) February, (c) March, (d) April, (¢) May, and (f) June. Values that are statistically signifi-
cantly larger than the number of blocks from random days (above 95th percentile) are marked with a plus sign and
values that are statistically significantly lower (below Sth percentile) are marked with a multiplication sign. The
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climatological blocking frequency is indicated by black contour lines.

significantly different from the random sample in most
of Europe. Blocks linked to warm spells are distributed
across Europe, whereas there are fewer than average
blocking days associated with WSDs west of the British
Isles. The anticyclonic motion of blocking highs in the
latter area would favor cold advection into Europe,
consistent with the results for CSDs (Fig. 2).

Resolving individual months (Figs. 3b—f) reveals that
in February the link between blocking and WSDs is
mostly negative. Over the entire winter season, a sig-
nificant and widespread anticorrelation is found be-
tween warm spells and blocking in the west and north
of the Euro-Atlantic blocking region (not shown).
However, over central Europe increased blocking fre-
quencies on WSDs can be found in February and in

winter, indicating that fair-weather conditions con-
nected with blocking highs can lead to winter warm
spells here. From March onward the WSD blocking fre-
quency shows a strong increase and is significantly
higher than the climatological mean. The maximum of
the frequency shifts slightly to the north toward
summer.

Having analyzed the distribution of blocking fre-
quencies, we now reversely investigate the spatial dis-
tribution of grid points contributing to CSDs and WSDs
(termed CSDs and WSDs per grid point) in the Euro-
pean region. Figures 4a and 4b show the number of
CSDs and WSDs per grid point over 36 springs from
1979 to 2014, respectively. The fraction of CSDs and
WSDs per grid point during 1363 blocked days in spring
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(Figs. 4c,d) reveals a distinct dipole pattern for both
cases. While in total about 46% of CSDs are blocked in
spring (cf. Table 1), in southeastern Europe more than
80% of CSDs per grid point are blocked. In contrast, a
strong anticorrelation is found over the British Isles and
in Scandinavia, where less than 30% of CSDs per grid
point coincide with blocking. For WSDs per grid point
the opposite picture arises with locally more than 80%
associated with blocking northward of 50°N. In south-
eastern Europe statistically significant anticorrelation is
found with less than 40% of WSDs per grid point con-
nected to blocking. This is consistent with the prefer-
ential location of blocks during WSDs, which is largely
limited to northern Europe (Fig. 3), particularly later in
spring. Differences for Ty, and Ty.,x composites of
blocked minus unblocked CSDs and WSDs show a
similar dipole pattern: both CSDs and WSDs with a
blocking anywhere in the blocking region are warmer in
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Scandinavia and colder in mainland Europe than without
a blocking.

For a closer investigation of the dipole feature we
divide Europe into two subdomains for CSDs and
WSDs: northern (>50°N) and southern (<50°N) Eu-
rope (cf. Figs. 4c,d). Selecting only CSDs and WSDs in
these subdomains we show the corresponding blocking
frequency in Fig. 5. For the 163 CSDs in northern
Europe hardly any blocking is found in the entire
Euro-Atlantic blocking region (Fig. 5a), indicating
that blocking tends to counteract CSDs here. CSDs
(136 days) in southern Europe (Fig. 5c) are clearly
linked to the blocking regions west of the British Isles
and over Scandinavia indicated by distinct maximum
blocking frequencies exceeding 18%. Considering con-
versely only blocking west of the British Isles (cf.
Fig. 2a), we consistently find correlation predominantly
with CSDs in southeastern Europe. Considering only
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blocking in northern Scandinavia (cf. Fig. 2a) leads to
statistically significantly increased CSDs per grid point
in most of central and eastern Europe (not shown).
WSDs in northern Europe (247 days) are found to be
clearly connected to blocking over Scandinavia, with
highest blocking frequencies exceeding 20% (Fig. 5b).
Consistently, blocking over Scandinavia is correlated
with increased frequency of WSDs in most of northern
Europe in spring. In contrast, WSDs in southern Europe
are connected to reduced blocking frequencies north-
ward of 60°N (Fig. 5d). These results show the impor-
tance of the location of blocking and are consistent

with a strong role of cold advection at the edges of
blocks for CSDs and increased solar radiation leading to
WSDs in blocked regions.

4. Summary and discussion

We analyzed the relationship between blocking oc-
currence and temperature extremes in European spring
for the period 1979-2014. Our results show statistically
significant correlations of blocking frequency and the
occurrence of cold spells and warm spells throughout
the spring season, with sensitivity to the location of the
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block. We found blocking in winter and early spring
to be stronger connected to cold conditions whereas
blocking in late spring and summer is stronger con-
nected to warm conditions. Blocked days in February
show a statistically significant correlation with cold spell
days whereas blocking in April is statistically signifi-
cantly correlated to warm spell days, suggesting that on
average the blocking—temperature relationship changes
sign during this time.

Over the spring season, the number of cold spell days
decreases toward late spring whereas the number of
warm spell days increases. Over the analysis period, the
seasonal mean time series shows considerable in-
terannual variability for both cold and warm spells. If
the trend is not removed from the underlying tempera-
ture time series, a lack of cold spell days and a clustering
of warm spell days in late spring in the last 15 years of the
investigated period suggest that the underlying long-
term global warming trend also influences the fre-
quency of cold spell days and warm spell days. In
contrast, there is no apparent trend in the number of
blocked days, suggesting that the trend is due to large-
scale warming rather than a change in circulation. The
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shift in probability of less cold extremes toward a higher
probability of warm extremes, particularly in late spring,
is consistent with recent findings on the earlier onset of
summer and disruption of the European seasonal clock
(Cassou and Cattiaux 2016). In such a warmer climate
the occurrence of a cold spell in spring becomes even
more critical and detrimental to vegetation, as just re-
cently happened in Europe. After exceptionally warm
spring temperatures, central and southeastern Europe
were affected by a cold spell in late April 2016 that
caused great damage to crops, orchards, and vineyards,
especially in Austria, Slovenia, Slovakia, and Croatia
(AGRI4CAST 2016). Our findings lay the basis for
further research into these changes, including the at-
mospheric dynamics driving the relationship of blocking
and temperature extremes and potential contributions
to improved seasonal forecasting.

The location of the block is also found to be essential
for its impact on European extreme temperatures.
Blocking west of the British Isles and over northern
Scandinavia is clearly connected with cold spells in
southern Europe whereas blocking over central Europe
and southern Scandinavia is associated with warm spells
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in northern Europe. This is consistent with the role of
cold advection at the edges of blocks leading to cold
spells outside blocked regions and with increased solar
radiation leading to warm spells in blocked regions.

The spatial distribution of cold and warm spells during
blocking reveals a distinct dipole pattern. Cold spells in
southeastern Europe are found to be highly correlated
with blocking, and more than 80% of cold spell days co-
occur with a blocking. In contrast, cold spells in northern
Scandinavia and blocking are anticorrelated with re-
gionally less than 30% co-occurrence. Warm spells show
the opposite relationship with locally more than 80% of
warm spell days in northern Europe co-occurring with
blocking, but anticorrelation in southern Europe. An
increased occurrence of both warm and cold spells
during blocked conditions is found around 50°N, in-
dicating that blocking increases the probability for both
high and low temperature extremes here.

The occurrence of atmospheric blocking in the Eu-
ropean region is found to be crucial for the development
of both extended cold and warm spells in spring. We
provide insight into the changing role of blocking in
spring as its connection to cold conditions decreases and
the connection to warm conditions increases. Our find-
ings furthermore underline the importance of the loca-
tion of blocking for its correlation with either cold or
warm spells, highlighting in particular the remote effects
of blocking on European temperatures.
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MetOp Meteorological Operational Satellite

MJJAS May, June, July, August, September

NASA National Aeronautics and Space Administration
NCAR National Center for Atmospheric Research

NCEP National Centers for Environmental Prediction
NDJFM November, December, January, February, March
NH Northern Hemisphere

NWP numerical weather prediction
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List of Acronyms

OPSv5.6 occultation processing system version 5.6 (WEGC)
PDF Probability Density Function

PV potential vorticity

R-1 NCAR/NCEP reanalysis

R-2 NCEP-Department of Energy reanalysis

RCP8.5 Representative Concentration Pathway 8.5

RO radio occultation

SAC-C Scientific Application Satellite-C

SE sampling error

SH Southern Hemisphere

S| International System of Units

SON September, October, November

UNFCCC United Nations Framework Convention on Climate Change
WCRP World Climate Research Programme

WEGC Wegener Center for Climate and Global Change

WSD warm spell day
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Abstract:

Stationary high-pressure systems at mid-latitudes, termed atmospheric blocking, are
frequently connected to extreme weather events such as cold spells and heat waves. Their
evolution and impacts in our changing climate have, hence, been extensively investigated in
recent decades but several aspects still remain uncertain. This work introduces observations
from GPS radio occultation (RO) as a new data set for blocking research. RO is a satellite-
based, remote-sensing technique, observing key atmospheric variables such as geopotential
height (GPH), temperature, and specific humidity with high accuracy. RO measurements
processed at the Wegener Center are used from 2006 to 2016. The feasibility of blocking
detection with RO is demonstrated for two blocking events in the Northern Hemisphere. The
evolution of both events in summer 2010 and winter 2013 is correctly captured by RO and
strong anomalies in atmospheric GPH and temperature are revealed. Observations over the
entire RO period are used to systematically detect blocking in both hemispheres. All main
blocking regions and the seasonal variability are well represented in the RO data set. The
vertical atmospheric structure is particularly well resolved, revealing strong impacts on
temperature and specific humidity throughout the entire troposphere and up into the lower
stratosphere during blocking. RO is found to be a promising new method, enabling blocking
detection and analysis from a single, comprehensive data set available globally at the same
high quality. Impacts of blocking on surface extremes in Europe are investigated for a longer
period from 1979 to 2014 in the observation-based ERA-Interim and E-OBS records.
Statistically significant links between blocking and European temperature extremes are found
that change during spring. Blocking impacts in spring are of particular relevance for
vegetation and, therefore, need further research, especially in light of continued climate
change.

Zum Inhalt:

Blockierende Hochdrucklagen in mittleren Breiten (en. Blocking) sind ein atmosphéarisches
Phéanomen, das héaufig zu Extremereignissen wie Kalte- und Hitzewellen fiihrt. Im Licht des
Klimawandels wurde Blocking daher in den letzten Jahrzehnten intensiv erforscht, doch
wesentliche Aspekte bleiben weiter unsicher. Diese Arbeit stellt die satellitenbasierte GPS
Radiookkultationsmethode (RO) fir die Blocking-Forschung vor. RO liefert vertikal
hochaufgeloste Messungen wichtiger atmosphéarischer Parameter wie Geopotentielle Hohe
(GPH), Temperatur und Spezifische Feuchte. Es werden RO Daten von 2006 bis 2016
verwendet, die am Wegener Center prozessiert wurden. In einer Fallstudie, die jeweils ein
Blocking in Sommer und Winter untersucht, wird gezeigt, dass RO gut zur Detektion und
Untersuchung von Blocking geeignet ist. Die Entwicklung wird korrekt dargestellt und starke
Anomalien von atmospharischer Temperatur und GPH wahrend Blocking werden aufgezeigt.
In einer systematischen Untersuchung wird Blocking im gesamten RO Datensatz und global
analysiert. Die Blocking-Regionen und saisonale Anderungen werden korrekt abgebildet und
es werden Anomalien von Temperatur und Spezifischer Feuchte wahrend Blocking in der
gesamten Troposphare und bis in die untere Stratosphare nachgewiesen. RO stellt daher
einen vielversprechenden, neuen Datensatz fur die Blocking-Forschung dar, der die globale
Detektion und Analyse von Blocking aus einer einzelnen Quelle mit hoher Qualitat erlaubt.
Die Auswirkung von Blocking auf Kalte- und Hitzewellen im europdaischen Frihling wird far
eine langere Zeitspanne von 1979 bis 2014, basierend auf ERA-Interim und E-OBS Daten,
untersucht. Die Ergebnisse zeigen statistisch signifikante Verbindungen zwischen Blocking
und Temperaturextremen in Europa. Die Auswirkungen von Blocking-Lagen im Frihling sind
von besonderer Wichtigkeit fur die Landwirtschaft und gerade im Licht des Klimawandels ist
weitere Forschung in diesem Bereich essenziell.
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