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Example: 2003 heat wave 

Schär et al., 2004 Ferranti and Viterbo, 2006 

show that this framework fails to explain the record-breaking
central European summer temperatures in 2003, although it is
consistent with observations from previous years.We find that an
event like that of summer 2003 is statistically extremely unlikely,
even when the observed warming is taken into account. We
propose that a regime with an increased variability of tempera-
tures (in addition to increases in mean temperature) may be able
to account for summer 2003. To test this proposal, we simulate
possible future European climate with a regional climate model
in a scenario with increased atmospheric greenhouse-gas con-
centrations, and find that temperature variability increases by
up to 100%, with maximum changes in central and eastern
Europe.

A record-breaking heatwave affected the European continent in
summer 2003. In a large area, mean summer (June, July and August,
referred to as JJA below) temperatures have exceeded the 1961–90
mean by ,3 8C, corresponding to an excess of up to 5 standard
deviations (Fig. 1a). Even away from the centre of action, many
long-standing temperature records have tumbled.

For further analysis, we consider long-term temperature series

from Switzerland, located close to the centre of the anomaly. Twelve
carefully homogenized series8,9 are available with daily resolution
since 1864. To minimize contamination by local meteorological
and instrumental conditions, we amalgamate four independent
and particularly reliable stations (Basel-Binningen, Geneva, Bern-
Liebefeld, and Zürich) into one single series with monthly temporal
resolution. This series is representative for the northwestern foot-
hills of the Alps. Figure 1b–e displays the statistical distribution of
monthly and seasonal temperatures. The year 2003 is far off the
distribution in three of the four panels. For instance, the previous
record holder for JJA was 1947 with a temperature anomaly of
T 0 ¼ 2.7 8C (with respect to the 1864–2000mean). The correspond-
ing value for 2003 is as high as T 0 ¼ 5.1 8C and this amounts to an
offset of 5.4 standard deviations from the mean (the corresponding
values of individualmonths are listed in Fig. 1). Such extreme values
(which indeed have the characteristics of outliers) pose serious
challenges to any analysis, as the statistical distribution so far away
from the mean is not described by the data.
In a first step, we thus restrict attention to the time period 1864–

2000 and compile compound statistics for all monthly temperature
anomalies (January–December). The purpose of this is to identify
changes near the tails of the statistical distribution that result from
the warming trend in the series. To this end, we consider two 60-yr
periods, one covering the beginning of the series (1864–1923), and
one the end (1941–2000). Figure 2a, b shows the resulting statistical
distributions, both in terms of cumulative probability and prob-
ability density functions. The two distributions show similar
characteristics in general, but the 1941–2000 distribution is shifted
by the mean warming (DT ¼ 0.8 8C) between the two periods. This
shift also implies a change in the frequency of extremes. For instance
(Fig. 2c), the frequency of a month with an anomaly of T 0 ¼ 3 8C
has increased by,100%. Hence, a month in the 1941–2000 period
with an excess temperature of T 0 ¼ 3 8C can be tied with a
probability of 50% to the warming between the two periods, in a
probabilistic sense as recently proposed10. This illustrates how
comparatively small shifts in climate mean may imply pronounced
changes at the tails of the statistical distribution and in the
frequency of extremes.
The dashed and full curves in Fig. 2 relate to the empirical and the

fitted gaussian distributions, respectively, and their close agreement
shows that the gaussian distribution is an excellent approximation
to the data. The small reduction in variability (Fig. 2b) is not
statistically significant, and is entirely due to changes in the month
of December (where the variability was substantially reduced owing
to the absence of cold northeasterly weather types).
A conclusive analysis such as that in Fig. 2 is not feasible for

summer 2003, as there is only one data point so far off the mean. To
quantitatively assess the situation, we have estimated its return
period. The return period t is an estimate of the frequency of a
particular event (or its exceedance) based on a stochastic concept.
Here we employ a gaussian distribution fitted to JJA temperatures to
estimate t with respect to a selected reference period (see Methods
section for details). With respect to the reference period 1864–2000,
a return period of several million years is obtained, but such an
excessive estimate based on a short series is dubious. To account for
the warming in the last decades, we use a more recent reference
period 1990–2002 (with DT ¼ 1.25 8C warmer mean temperature,
but assuming an unchanged standard deviation). With respect to
this climatology, the resulting return period for summer 2003 still
amounts to t ¼ 46,000 yr. The uncertainty of this estimate is
considerable, however, and the lower bound of the 90% confidence
interval is t ¼ 9,000 yr.
This large return period should not be overstated, and is here

merely used to express the rareness of such an extreme summer with
respect to the long-term instrumental series available. In particular,
the analysis does not exclude the possibility that such warm
summers might have occurred in the more distant historical past,

Figure 1 Characteristics of the summer 2003 heatwave. a, JJA temperature

anomaly with respect to the 1961–90 mean. Colour shading shows temperature

anomaly (8C), bold contours display anomalies normalized by the 30-yr standard

deviation. b–e, Distribution of Swiss monthly and seasonal summer temperatures for
1864–2003. The fitted gaussian distribution is indicated in green. The values in the

lower left corner of each panel list the standard deviation (j) and the 2003 anomaly

normalized by the 1864–2000 standard deviation (T 0 /j). See Methods section for further

details.
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Summer 2003: 



•  Identify atmospheric blocking as temporally persistent negative 
potential vorticity anomalies in the middle/upper troposphere 
(Schwierz et al., 2004) based on ERA-Interim reanalysis data. 

•  Determine blocking frequencies during six-hourly near-surface  
temperature extremes (1% most extreme events). 

Method 

Frequency (%) of 
weak blocking during 
summer 1989-2009. 



Summer hot extremes co-located with blocking 

Pfahl and Wernli, Geophys. Res. Lett., 2012 

Percentage of 
hot temperature 
extremes co-
occurring with 
atmospheric 
blocking at the 
same location. 



Pfahl, Nat. Hazards Earth Syst. Sci., 2014 

Blocking frequency anomalies (%) during hot extremes at 

Nottingham, UK Pamplona, Spain 

Blocking frequencies during European summer hot extremes 



Blocking frequencies during European winter cold extremes 

Pfahl, Nat. Hazards Earth Syst. Sci., 2014 

Blocking frequency anomalies (%) during cold extremes at 

Grenoble, France Athens, Greece Western Ireland 



Density of backward trajectories started during temperature 
extremes in Central Europe (green box) four days before the events. 

Hot extremes Cold extremes 

Air masses associated with Central European temperature extremes 

Bieli, Pfahl and Wernli, Q. J. R. Meteorol. Soc., 2015 



Hot extremes Cold extremes 

Air masses associated with Central European temperature extremes 

Bieli, Pfahl and Wernli, Q. J. R. Meteorol. Soc., 2015 

Median temperature and potential temperature evolution along 
trajectories associated with temperature extremes in Central Europe. 

10 days before the event 

extreme event 



Conclusions 

•  Hot extremes in summer over the mid- to 
high-latitude continents occur near the center 
of blocking anticyclones. High temperatures 
are due to adiabatic warming in descending air 
masses as well as diabating heating by 
radiation and surface fluxes. 

•  Wintertime cold extremes over the European 
continent occur downstream of blocking 
anticyclones over the North Atlantic. They are 
primarily caused by cold air advection. 


