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Abstract With record breaking heat waves, dryness, and floods in several parts of the world
in recent years the question arises whether and to what extent the hazard of hydrometeo-
rological extreme weather events has changed, and if changes can be attributed to specific
causes. The methodology of probabilistic event attribution allows to evaluate such poten-
tial changes in the occurence probabilities of particular types of extreme events. We show
that such a probabilistic assessment not only provides information on changing hazards
in hydrometerological events but also permits statements about multivariate combinations
of hydrometeorological variables. Hence attribution studies could be targeted specifically
towards relevant impacts in particular sectors, if different suitable multivariate proxies are
used. We demonstrate our methodology by using combinations of temperature, precipita-
tion and humidity in the large ensemble of climate simulations within the weather@home
project in order to derive impact-relevant quantities such as a seasonal water balance and
heat stress imposed on the human body. Finally, we estimate the hazard probabilities of
those events in South-East Europe, a region that has recently experienced severe summer
dryness (2012) in combination with multiple heat waves.

Keywords Probabilistic event attribution - Weather ensemble modelling - Climate impacts

1 Introduction

Extreme weather and climate events have considerable and potentially highly destructive
impacts on human societies and ecosystems, which include losses of human lives, economic
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and non-economic damages, and ecological responses (Meehl et al. 2000; Parmesan et al.
2000; Jentsch and Beierkuhnlein 2008; IPCC 2012; Reichstein et al. 2013). Meteorologi-
cal extreme events in recent years (WMO 2011) have raised two major questions among
scientists, decision-makers and the public (Coumou and Rahmstorf 2012):

— whether and to what extent the magnitude and/or frequency of extreme events have
increased,
— and if such events are indeed linked to human-induced climate change.

Scientific studies have reported an increasing magnitude and frequency of some extreme
events, such as heat waves and intense precipitation on different spatiotemporal scales,
although reported changes are not evenly distributed (Allen and Ingram 2002; Benestad
2006; Alexander et al. 2006; Perkins et al. 2012; Coumou and Rahmstorf 2012; Hansen
et al. 2012). Furthermore, it was pointed out that daily minimum temperatures are warm-
ing stronger than maximum temperatures and that the distributions of daily temperatures
have shifted to higher temperatures, whereas changes in the variance are not as clearly pro-
nounced (Donat and Alexander 2012; Donat et al. 2013). With respect to daily precipitation
extremes, trends are generally more heterogenous, but nevertheless globally roughly two
thirds of stations show increases, which lie mostly in the tropics and in higher latitudes
(Westra et al. 2013).

Despite considerable natural climate variability, recent studies have highlighted the
existence of a connection between human-induced global warming and changes in the
odds of some meteorological extremes (Stott et al. 2004; Rahmstorf and Coumou 2011).
This includes in particular threshold-exceeding heat extremes, which have been observed
consistently with theoretical observations (Rahmstorf and Coumou 2011; Coumou et al.
2013) and are projected to further increase in frequency (Coumou and Robinson 2013).
However, a causal attribution of any single extreme weather event to climate change
in a deterministic sense is impossible (Allen et al. 2007), since any extreme event
could occur ‘by chance’ in a natural climate. Hence approaches to attribute individual
events deploy large climate model ensembles to derive probabilistic statements about
rare extremes (Hegerl et al. 2006), which requires thorough model evaluation and bias
adjustment (Massey et al. 2012). Such ‘Probabilistic Event Attribution’ has been demon-
strated for several recent individual extreme weather events, such as heat waves in
Western Europe and Russia (Stott et al. 2004; Otto et al. 2012), which mainly focus
on one variable (e.g. 2m temperature) alone. Pall et al. (2011) extend this approach
to study floods in England and Wales, using daily precipitation and combining a
meteorological and hydrological model and analyses. However, many extreme events
and their impacts on societies and ecosystems are characterised by a combination of
extreme climate variables, and using joint quantities in order to evaluate more reliably
present and future impacts of climatic changes has been suggested (Fischer and Knutti
2012).

An extraordinary dry summer season in combination with multiple heat waves reaching
up to 40 °C has affected South-East Europe (SEE) in 2012 (Hydrometeorological Ser-
vice of Serbia 2012b) and has been associated with losses in the order of billion euros
(Gordana Simic, pers. comm.). This seems in line with studies that observed that heat
wave intensity, length and frequency have increased in Europe over the last century (Della-
Marta et al. 2007) and particularly in the last 50 years in South-East Europe (Kuglitsch
et al. 2010). Those insights have been further substantiated by modelling studies that indi-
cated that extreme temperatures are increasing more rapidly than mean temperatures in
South-Central European regional climate simulations, indicating that heatwave frequency,
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amplitude, number and length will likely become more severe in this century (Fischer and
Schir 2010).

However, changes in hydrometeorological phenomena that are not explicitly linked to
temperatures - such as droughts -, are highly uncertain. Droughts are complex phenom-
ena driven by human and hydrometeorological factors with impacts that differ greatly
between locations. In this study, we focus on meteorological droughts or dryness, which
is characterised by a precipitation deficit. Hence, we do not account for links between
dryness and the socio-economic contexts of human water use. Projections of future condi-
tions of dryness are highly non-trivial and uncertain, because land-atmosphere interactions
and feedbacks can induce non-linear and self-enforcing events (Koster et al. 2004) and
precipitation patterns are influenced by atmospheric components such as aerosols and
large-scale atmospheric circulation patterns (Seneviratne et al. 2012). Furthermore, obser-
vational data of dryness and associated variables (e.g. soil moisture) is relatively rare
(Seneviratne 2012). On a global scale, overall increases and decreases in meteorological
droughts have been reported, highlighting the aforementioned uncertainties (Dai et al. 2004;
Dai 2011; Sheffield and Wood 2008; Seneviratne 2012). Nevertheless, studies agree that
drought indices in southern and southern-central Europe have recently increased (Alexan-
der et al. 2006; Sheffield and Wood 2008). Hoerling et al. (2012) assess and discuss the
observed Mediterranean wintertime drying in detail and find that this drying signal is at
least in part attributable to external anthropogenic forcing, and changing patterns in sea
surface temperatures have likely played an important role. Giorgi (2006) suggested the
Mediterranean region and adjacent North-Eastern Europe as ‘climate hot spots’, mainly
due to increasing summer precipitation deficits in the former region, and a pronounced
regional warming combined with increasing interannual variability of precipitation in the
latter.

In this study we explore the insights into inter-decadal changes to be gained from a prob-
abilistic assessment targeted at the extreme summer of 2012 in South-East Europe. Hereby,
we follow the definition of the World Meteorological Oranization’s Disaster Risk Reduc-
tion Programme,! in which the term ‘hydrometeorological hazard’ denotes a potentially
damaging physical event, including extreme multivariate combinations of hydrometeoro-
logical variables. Accordingly, the broader notion of ‘risk” implies a combination of hazard,
exposure and vulnerability, which determines actual impacts. In this context, by utilizing
‘impact-relevant proxies’, we mean that the pertinent hydrometeorological variables or com-
binations thereof are likely to cause significant impacts in specific sectors with a strong
connection to climate, particularly agriculture and human health.

First, we will derive indices of combinations of climate variables in order to obtain prox-
ies for impact-relevant meteorological conditions. In particular, we deploy an index for
seasonal/monthly precipitation deficits to estimate the hazard probability of summer dry-
ness. Furthermore, we use the simplified wet bulb globe temperature as a proxy for heat
stress imposed on the human body.

Second, we apply our methodology to asses changes in heat and dryness probabilities
in South-East Europe using two decade-long climate ensembles similar to Massey et al.
(2012). A prerequisite to this approach is to obtain a large ensemble of simulations, which
is evaluated and adjusted for relative biases with observational products. Hence, we first
perform some basic tests and bias adjustment in order to ensure that past and present climatic
conditions in South-East Europe are adequately represented.

Thitp://www.wmo.int/pages/prog/drr/
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2 Material and methods
2.1 Study Area

This study focuses on a recent hot and dry summer with exceptional multi-day heat waves
in South-East Europe. The study region is bounded by 43.5-47°N and 18.5-22°E, spanning
about 450 km in N-S and 300 km in W-E direction, and covers large parts of Northern
Serbia and Southern Hungary, as well as smaller areas in Bosnia-Herzegovina, Croatia and
Romania. The largest fraction of the region is part of the southern Pannonian Basin, whereas
southeastern and southwestern stretches are covered by highlands. This region comprises
relatively homogeneous topographical conditions which provides for better model perfor-
mance. Although the region is geographically located at the crossroads between South-East
and East-Central Europe, for both of which no universal geographical definition exists, the
region will be henceforth referred to as ‘South-East Europe’, since its largest parts lie within
states on the Balkan Peninsula.

The climate in the defined region is temperate to moderate continental and lies in a transi-
tional zone between humid-continental climate to the north and east and humid-subtropical
climate to the south and west (Peel et al. 2007). The average annual precipitation sums are in
the range of 540 to 820 mm and precipitation falls throughout the year with a wetter season
in summer (Hydrometeorological Service of Serbia 2012a). The average summer temper-
ature in the E-OBS observational dataset for the study area has increased from 19.9 °C in
the 1960s to 21.4 °C in the 2000s decade. Changes in mean precipitation seem less clear and
are subject to large intra- and interannual variability. The E-OBS dataset points at a slight
increase of summer rainfall since the 1960s.

2.2 Model simulations and observational data

A large number of climate simulations has been generated by volunteers through the cli-
mateprediction.net project (Allen 1999). In this project, members of the public donate idle
computer time to compute large ensembles of climate model simulations. This study fol-
lows a similar methodological approach to Massey et al. (2012), in which decade-long
ensembles are assessed in order to determine meteorological risk of extreme weather. A
large number of ensemble members (> 1500 for each decade) of possible weather in
1960-1970 are compared to simulations of 2000-2010 climate, with decade-long simula-
tions being assumed to smooth the influence of natural climatic variability (Massey et al.
2012). The ensembles were generated by the HadAM3P general circulation model (GCM)
and an embedded dynamical regional climate model (RCM) at a horizontal resolution of
1.25x1.875° and 0.44x0.44°, respectively. HadAM3P is based on a regular N96 Gaussian
Grid with 19 vertical levels and a time step of 15 minutes. The model is based on the
HadAM3 atmospheric GCM (Pope et al. 2000), with some improvements regarding the
representation of clouds, radiative effects of convection, a more realistic sulphur cycle and
changes to the land surface scheme (Massey 2013). The model is forced at the boundaries
by observed sea-surface temperatures taken from the HadISST dataset (Rayner et al. 2003).
For a detailed description of both models and the weather@home modelling setup, please
see Massey (2013) and Massey et al. (2014, submitted). The large number of simulations
allows to assess climatic extremes, although a model evaluation is required to assess the
model’s ability to reproduce observations of real climate variables and account for model
bias (Massey et al. 2012). Importantly, the evaluation and bias adjustment procedure of
the model ensemble on sub-monthly time scales does not include the extreme events in
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2012, because otherwise occurrence of extremes would potentially be treated as evidence
of its cause.

Observational data is crucial in order to assess potential biases in the model simulations.
The high-resolution (0.22° x 0.22°) land-only E-OBS dataset is used for model evaluation
with daily mean temperatures (Haylock et al. 2008). Relative humidity is not available in
the E-OBS data and was obtained from the NCEP reanalysis project (Kalnay et al. 1996).
Furthermore, a simple plausibility check of the model’s simulations was conducted as a
correlation analysis between 500 hPa geopotential heights and monthly temperatures using
ERA-Interim reanalysis data (Dee et al. 2011).

Area-averaged 90-day time series of temperature and relative humidity were constructed
for the summer season from the RCM ensemble. In addition, 30-day time series of daily
temperatures and precipitation were constructed in order to analyse individual summer
months. The applied bias adjustment procedure is outlined in the next subsection. We
assess and discuss in this study only extremes in the summer season and hence, the
return period estimates do not account for potentially similar conditions in other seasons.
Return periods were derived by plotting each ensemble value against its rank in the entire
sorted sample. A bootstrapping procedure similar to Otto et al. (2013) was applied to
derive 5 to 95% uncertainty intervals for return periods by resampling each ensemble 2500
times.

2.3 Model evaluation and bias adjustment

Basic tests are crucial in modelling studies in order to evaluate whether model output is in a
plausible range. An initial large-scale check of the model’s ability to represent meteorologi-
cally plausible conditions is conducted as a correlation analysis of geopotential heights over
Europe on temperatures and precipitation in the study region, similar to Otto et al. (2012).
This analysis is performed for monthly mean values in ensemble members in the 2000-2010
decade and 34 years of ERA-Interim data as a monthly correlation analysis and revealed
that geopotential heights over southern and eastern Europe correlate well with SE Euro-
pean temperatures (Fig. 1). Precipitation shows an inverse pattern, in which dry Augusts
in SE Europe are associated with high geopotential heights. Although some details are not
well-represented in the model, which might also be due to the observations being noisier
because of differences in the sample size (Nops = 34 vs. Npyroaer = 1400), the model cap-
tures both patterns well. This might indicate relatively realistic large-scale meteorological
conditions on monthly time scales and hence some confidence in the model. Despite a large
warm bias that prevails in the global model (Fig. 1), geopotential heights in August 2012
are well within the scatter-plot of previously observed conditions, which might point at not
fundamentally different meteorological conditions.

Despite the good representation of large scale patterns and constant improvements in
model formulation considerable biases in GCM and RCM simulations in many parts of the
world persist. Hence statistical evaluation and an adjustment for relative biases with obser-
vational products is important for impact-relevant interpretations of model output (Massey
et al. 2012), since ensemble simulations of the global and regional model have shown
biases over European land regions (Otto et al. 2012; Massey 2013). For example, uncor-
rected averaged model ensembles underestimate summer warming between the 1960s and
2000s, and the slight increase of average summer precipitation in the E-OBS data of about
26mm is not reflected in resampled uncorrected model realizations (A Pagpos—1960s = —6=E
46mm).
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Fig. 1 (Top) Pearson’s correlation coefficients between August temperatures in South-East Europe and
geopotential heights in the ERA-Interim dataset (left) and the global model (right). (Center) Similar to above,
correlation between SE European August precipitation and geopotential heights in the observations (left)
and in HadAM3P (right). (Bottom) Scatter plots of August temperature (left) and precipitation (right) vs.
ERA-Interim observations in SE Europe

A simple mean and variance correction is applied to the area-averaged model output of
temperatures and relative humidity for both decades to obtain a bias adjusted distribution
MOD:

MOD — pumop

MOD = 00BS + HOBS. (D
oMOD

Mean and standard deviation of the non-parametric modelled and observed distributions are
specified by uyop, omop and nops, oops, respectively. The model output is given by
MO D. This simple correction procedure is used extensively to account for biased model
output elsewhere (Massey et al. 2012). It can be considered as a sensible method, as it
simply scales mean and variance of modelled data to match observations and thus does not
qualitatively alter the distributions.

2.4 Assessment of impact-related variables

To ensure the usefulness of this study beyond scientific understanding alone we aim
to address impact-related variables. However, it should be noted that a comprehensive
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assessment of disaster risk imposed by extreme weather is hardly possible with single
meteorological variables alone, because vulnerability and exposure are likewise important
(Huggel et al. 2013; IPCC 2012). Hence this study assesses multivariate proxies of hydrom-
eteorological variables, which we assume to be in general more likely to be associated with
significant societal impacts than ‘classical’ univariate meteorological variables (see also
Beniston (2009); Fischer and Knutti (2012)), although we emphasize that these indices are
not ‘per se’ relevant for any particular impacts. More specifically, we have chosen two mea-
sures that are presumably a suitable proxy for evaluating monthly or seasonal dryness in
ecosystems and the agricultural sector (a seasonal water balance), and for short-term (5-day)
heat stress imposed on the human body.

With regard to summer 2012, most damages that were quantified in monetary terms were
caused by dryness and wildfires, particularly affecting forest ecosystems and agriculture
(Gordana Simic, pers. comm.), for which the former regional water balance might be a use-
ful proxy. Multi-day heat waves had a considerable impact on human health, particularly on
the elder population, which we assume to be reasonably approximated with the latter index.
It should be further stressed that we are using spatially aggregated measures in a rectangu-
lar region in South-East Europe derived through uniform spatial weighting, which are bias
adjusted with observational products. The estimated hazard probabilities are not uniform
in a region that comprises greatly varying socio-economic and local meteorological condi-
tions. Hence, absolute thresholds for specific impacts, e.g. for local agriculture in valleys,
should not be confounded with spatially aggregated measures. Nevertheless, the assessment
provides an estimate of how the probability of conditions similar to summer 2012, with large
measurable effects on the ground in several countries, have changed between the 1960s and
the present on a regional scale.

Water balance A comprehensive metric to assess meteorological droughts is very difficult
to derive, as characteristics for dryness such as intensity, magnitude, duration and spatial
extent are highly variable. Drought indices such as the Standardized Precipitation Index
(SPI) are widely in use (Vicente-Serrano et al. 2010), in which a parametric distribution is
fitted to data, and drought is defined as a relative deviation from the mean. This approach
seems not very practical for decadal ensemble simulations such as in this study though,
because dryness is not assumed to be stationary between both decades. Therefore, we define
an absolute measure as the monthly and seasonal difference between precipitation (P) and
potential evapotranspiration (PET), P — PET, similarly to the first step in the derivation
of a PET-adjusted SPI (Vicente-Serrano et al. 2010). A combined consideration of these
two quantities can hence be taken as a useful proxy for dryness (see also further discussion
in Sherwood and Fu (2014)), or a simple hypothetical water balance, as PET reflects envi-
ronmental water demand. PET can be estimated with physical or empirical methods, where
the former are likely to be more realistic, and the latter require less input data and emipiri-
cally estimate PET. The widely used Thornthwaite (1948) method is applied in this study to
compute PET from bias adjusted model output, so that

107 \"”
PET=16K< ; ) . )

Herein, T is the monthly mean temperature (in °C), I is a location-specific heat index
based on monthly-mean temperatures” and m is a coefficient®. K is a function of the number

2] ZZ}iI(TS})l'SM
3m=6.75%x 107713 = 7.71 x 107312 4+ 1.79 x 10721 4 0.492
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of days in a given month and the latitude, thus reflecting the average number of daytime
hours in a given month. Although the empirical Thornthwaithe-method has been criticized
as being oversimplistic and biased (Seneviratne 2012; Sheffield et al. 2012; Trenberth et al.
2014), the so-derived metric P — P ET can be seen a simple proxy for dryness in any given
month or season.

Heat stress Heat stress to the human body is not only a function of ambient temperatures,
but depends also on other variables such as relative humidity. This is due to the body’s
ability to release moisture more easily in dry air and hence enable cooling. Thus multivariate
heat stress metrics are designed to reflect the fact that combinations of climate variables
determine heat stress (Fischer and Knutti 2012). The simplified wet-bulb globe temperature
(WBGT) is designed to reflect this concept and used by weather services to issue health
warmings:

WBGT = 0.567T 4 0.393e 4 3.94 3)
In the latter equation, T is air temperature and e denotes water vapour pressure* (Fischer
and Knutti 2012).

3 Results
3.1 Model evaluation

Despite large-scale plausible atmospheric regression patterns in the model, the evaluation of
the model output with observations is crucial in order to assess and adjust potential model
biases. A reasonable match of model output with observations is a prerequisite for assess-
ing extreme events in the tails of the distribution. Five day rolling mean temperatures were
individually adjusted for relative biases for the analysis of short term heat extremes (Fig. 2).
Additionally, daily temperatures were bias adjusted and subsequently aggregated to derive
monthly temperatures and PET (see Supplementary Online Material (SOM), Fig. 1). The
heat proxy WBGT was jointly biased-adjusted, i.e. using 5-day ‘observed’ and simulated
WBGT values from the large ensemble (Fig. 2). The simple bias correction procedure was
not applied to simulated precipitation though, because this could potentially introduce off-
sets or non-physical values in the dry tails of the distribution if for instance the variance
in the ensemble differs to the observations. We also did not use more invasive or paramet-
ric bias correction techniques, because we are interested in the tails of the large ensemble,
which could be highly sensitive if adjusted to ten years of observations. Nevertheless, since
our study focuses on interdecadal changes of extremes, we argue that the considerable
dry bias in the simulations (SOM, Fig. 2) is consistent within the model between the two
decades, and hence changes in the return periods of P — PET extremes can be evaluated.
Five day area-averaged uncorrected model ensembles show cold biases for both decades
in lower quantiles in summer (Fig. 2) but relatively good agreement for the upper (hot)
quantiles. Applying the simple bias adjustment procedure described above, temperatures
match observations in the lower and upper quantiles, and considerable biases only remain

4Water vapour pressure is calculated from relative humidity in the model output by r H = 7 x 100%. Herein,
E reflects saturation vapour pressure, which can be approximated with the Magnus-Formula (Sonntag 1990):

62
E(T) =6.112hPa x g243{|72°cT+r.
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Fig.2 Observed and modelled 5-day temperatures (top) for the summer season, with uncorrected (grey) and
bias adjusted (black) simulated temperatures. The distribution of the ‘simplified wet bulb globe temperature’
as a proxy for 5-day heat stress (bottom) is shown for the ‘observations’ and the model. The red dots indicate
a joint bias adjustment of WBGT, whereas the black dots show WBGT, when temperatures and relative
humidities are accounted for individually (grey dots: uncorrected model)

in very few extreme values. This also holds for the correction of temperature biases for
the individual summer months (SOM, Fig. 1). A notable exception are June temperatures
(SOM, Fig. 1) in both decades, which seem to be not as well represented in the model.

For the five daily WBGT, we conducted both an individual (single variables) and joint
bias adjustment (Fig. 2). We find that the uncorrected model ensemble is strongly biased
towards too low relative humidity. However, both adjustment procedures are capable to
remove this strong bias, particularly in the hot tail of the distribution. Since the joint cor-
rection w.r.t. observations shows slightly less biases, we use the so-derived ensemble for
analyzing the odds of extreme conditions.

3.2 Changes in the odds of extreme weather

Summer 2012 was very hot and dry in SE Europe (Fig. 3). A high pressure zone pre-
vailed throughout most of the summer, which made it the hottest and third-driest on record
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in Serbia (Hydrometeorological Service of Serbia 2012b). Seasonal temperature anoma-
lies between 2 °C and 5 °C (relative to 1961-1990) and exceptionally low precipitation
levels were recorded throughout southern Europe (Hydrometeorological Service of Serbia
(2012b); Dong et al. (2012); Fig. 3). Several multi-day heat waves occurred in summer 2012
through high pressure ridges and anticyclones that caused advection of hot subtropical air
into the SE European region. Maximum daily temperatures surpassed 40°C and minimum
daily temperatures remained above 25°C in some locations for several days during two heat
waves in August 2012 (Hydrometeorological Service of Serbia 2012b).

A pronounced warming of mean summer temperatures of about 1.5 °C was observed in
the study region between the 1960s and 2000s. Changes in return periods of mean monthly
temperatures reflect this pattern, as the frequency of very warm months has increased (hor-
izontal difference between blue and red line in Fig. 4). However, neither magnitude nor
frequency of extreme warm months show uniform changes. The magnitude of a 10 year
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event in monthly or 5-day temperatures has increased by about 1.5 °C to 2 °C, which is
relatively small compared to the anomaly itself (a 10-year heat event in 5-day tempera-
tures is both in the 1960s and 2000s more than 6°C above the mean) but huge compared
to global mean temperature increase. Observed magnitude increases are strongest in July
mean temperatures, as a statistical ‘1-in-10 years’ warm July exceeded 22.7 °C in the 1960s
and 24.8 °C in the 2000s. In addition, the frequency of very rare events in July with return
periods of 100+ years in the 1960s shows a pronounced increase by about an order of
magnitude. Similar, but slightly less pronounced changes are observed in June and August
(Fig. 4). Interestingly, the changes in the tails of the temperature distribution in the ensem-
ble in July and August, as well as for the 5-day temperatures in summer can be largely
explained by the mean warming. This can be seen in Fig. 4, where the darkblue line repre-
sents the simulated ensemble of the 1960s with the added mean warming between the two
decades.

For some types of impacts, 5-day temperatures might be more relevant than monthly
mean temperatures, for example as a proxy for short-term heat stress during a summer heat
wave. The large model ensemble indicates a pronounced reduction in the return periods of
those multi day heat wave events in the summer season. For instance an event similar to the
highest 5-day average temperature in SEE 2012 returned in average only once or twice per
century in the 1960s, whereas in the 2000s return periods of well below ten years are shown.
Return periods were also calculated for single years in the large ensemble (Fig. 4, bottom
two panels) and confirmed the overall picture of a pronounced increase in the frequency of
heat extremes. Model ensembles for all years in the 2000s showed a distinctly higher fre-
quency of warm extremes, both in bias adjusted and uncorrected simulations. This finding
indicates that the interannual temperature variability between ensembles based only on indi-
vidual years, which could be for example driven by different modes of the North Atlantic
oscillation and associated different observed sea surface temperatures, is only of relatively
minor importance in our study region compared to the interdecadal changes, which are
mainly caused by other drivers such as greenhouse gases and aerosols. Since this holds both
for the bias-corrected and non-corrected ensembles, this potentially confounding factor does
not constrain our methodology, bias adjustment procedure and results.

However, with increasing temperatures evapotranspiration is elevated, which might
induce a higher water demand for agricultural crops and in many ecosystems on monthly
to seasonal time scales. Therefore it is conceivable that dryness has increased in the region,
despite the absence of pronounced changes in the precipitation regime. The evaluation of
the simple potential water balance as a measure for dryness shows a reduction in return peri-
ods of extreme monthly and seasonal water deficits (Fig. 5), albeit antecedent soil moisture
and groundwater conditions were not accounted for. Furthermore, the precipitation ensem-
ble shows a considerable dry bias, and hence statements should only be made with reference
to interdecadal changes rather than absolute values of P — PET. Thus the measure is
indicative of changes in the hazard of dryness but does not allow for a quantification of
that risk.

On a seasonal scale (JJA), extreme summer dryness such as in summer 2012 now occurs
much more frequently than in the 1960s (Fig. 5d). Nevertheless it should be noted that the
frequency increase of dry summer events seems to be less pronounced than for temperature
alone, which is due to effectively unchanged dry tails in the precipitation ensemble (SOM,
Fig. 3). In the individual months, a consistent change towards drier summer conditions can
be seen in the large ensemble, albeit to a slightly varying degree. For example in June,
slightly and non-significant drier extremes in the model ensemble might explain a little
stronger increase in dryness compared to interdecadal changes in July and August.
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Besides economic losses heat waves in summer have considerable effects on human
health. Heat stress as expressed through a 5-day mean wet-bulb globe temperature is an
indicator for these effects and was calculated for the summer months in SEE (Fig. 5).
The observed average 5-day wet bulb globe temperature in summer has warmed from
23.4°C to 24.2°C in SE Europe between the two decades. Nevertheless, and despite the
observed strong increase in 5-day temperature extremes, we find that the extreme hot tails
of WBGT with return periods of more than 100 years have only marginally and not signifi-
cantly increased. On the other hand, moderately warm events, with return periods between
one and 20 years, show increased wet bulb globe temperatures and reduced return peri-
ods. For example, a 10-year event has warmed by about 0.3°C (from 28.4°C to about
28.7°C) in between the two decades. However, the observed changes in WBGT are clearly
less pronounced than changes in 5-day temperatures alone. This could be explained by
a decline in relative humidity in the 2000s, which partly counterbalances the effects of
increasing 5-day temperatures. This finding is substantiated by calculating a counterfactual
WBGT from the 1960s ensemble by adding the mean interdecadal warming (darkblue line
in Fig. 5), which shows much higher wet bulb globe temperatures due to higher relative
humidities.

In conclusion, it has been shown that the frequency of heat waves and other temperature-
related quantities (WBGT; P — P ET) has increased in South-Europe, but those increases
are neither temporally nor with respect to the different metrics and variables uniform.
This might indicate that impacts imposed on different sectors in the region might occur
differently, with exposure and vulnerability being likewise major factors.

4 Discussion

This study has two key objectives:

(1) the derivation of suitable indices based on combinations of meteorological variables
that might indicate impacts of extreme events and,

(2) the assessment of changes in extreme weather risk and impact-related variables from
the model simulations.

The magnitude and frequency of monthly and 5-day warm temperature extremes in sum-
mer have increased considerably in SEE between the 1960s and the 2000s. These results
agree with earlier studies on heat waves in Europe and Western Russia (Stott et al. 2004;
Otto et al. 2012) but on a smaller spatial scale particularly in a region recently experiencing
repeated heat waves. In addition to that indices combining temperature and precipitation to
assess changes in dryness and heat stress risk have been analysed and also show an increase
in return time. It should be noted that these model-based results are subject to uncertainties.

Firstly, decade-long observations are relatively short, which might limit the potential
of bias correction methods. Hence, a follow-up study could explore the sensitivity of
attribution results to different observational time periods and different observational data
sets.

Secondly, the model output has to be interpreted within the methodological limitations
of the climate model. In the context of this study, this includes particularly the ability of
the climate model to reliably represent the frequency and magnitude of self-enforcing and
complex extreme weather events such as heat waves and extreme dryness (Quesada et al.
2012). The large ensemble showed a considerable dry bias compared to observations, which
highlights that the presented potential water balance proxy should be interpreted only in
terms of the interdecadal changes, rather than absolute dryness.
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Thirdly, the tails of the temperature and WBGT distributions are sensitive to the applied
type of bias adjustment, which remains a fundamental methodological uncertainty. Our
methodology is based on the assumption that the extreme tails are reasonably well simulated
in the model, although largely unsampled in the observations. We applied a normalization
based bias adjustment, which could successfully account for biases in the mean and vari-
ance of the simulated temperature and WBGT ensembles, without qualitatively altering the
distribution.

Fourthly, the empirical Thornthwaithe method that was used to derive PET in the sim-
ple water balance model has been shown to be biased, because it is not based on physical
principles (Seneviratne 2012; Sheffield et al. 2012; Sherwood and Fu 2014; Trenberth et al.
2014). Also, the applied water balance proxy P — P ET does not account for several other
factors that determine dryness, for example antecedent soil moisture deficits (Seneviratne
2012; Sheffield et al. 2012). Hence, a future study could address those caveats, for instance
by calculating PET based on the Penman-Monteith methodology, and by accounting for
time-dependent soil moisture deficits in European land regions.

However, despite these limitations our analysis allows to obtain robust results on the
change in risk of extreme weather events characterised by the employed indices. In particu-
lar, this study has demonstrated firstly, that a hypothetical water balance (P — P ET') points
at more frequent extreme monthly and seasonal water deficits in summer in SE Europe
despite the absence of clearly evident changes in the return times of summer precipitation.
Secondly, we showed that a proxy for heat stress imposed on the human body (WBGT) indi-
cates more frequent moderately warm 5-day periods in the summer season. We emphasize
that such a multivariate assessment of meteorological variables is likely to be more relevant
and a useful complement to a consideration of ‘meteorological’ variables alone in order to
assess climate impacts (see also Fischer and Knutti (2012)). Nevertheless, vulnerability and
exposure are critically important and have to be considered if an assessment of disaster risk
or climate impacts is to be carried out.

It should be noted further that extreme weather risk has not been attributed specifically
to human drivers in this study, since changes in natural and anthropogenic forcing have both
contributed to the probability of weather events (Peterson et al. 2012). Changes in natural
forcings are known to have exerted influence on the global climate, although the bulk of
global mean warming in the last 50 years has been due to anthropogenic forcing (Stott
et al. 2000). A future study could corroborate the here derived results with a counterfactual
experiment similar to Pall et al. (2011) or Otto et al. (2013), in which the model is run with
pre-industrial climate forcings. This could be particularly meaningful, if it was combined
with a model evaluation and observation-based accounting for biases over different time
periods, as performed in this study.

Despite the above described limitations, however, we can show that with relatively easily
obtained indices of dryness and heat stress quantitative insights into changes in extreme
weather risk and impact-related joint variables can be revealed. We demonstrate in a follow
up study (Sippel et al., in prep. ) that such results are indeed very valuable, within and
beyond acadamia. For example, this kind of results could serve stakeholders to assist in
adaptation planning in various sectors, such as health, water and agriculture in South-East
Europe, which is highly vulnerable to climatic extreme events.

This example shows that even without detailed impact model simulations relevant quanti-
tative information about potential changes of hazard in hydrometeorological extreme events
can be inferred. These changes are, not unexpectedly, different depending on the selected
proxy, with the heat stress index representing the health sector and the water deficit index
being most relevant for the agricultural sector.
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5 Conclusion

The main conclusion we can draw from this study is that hydrometeorological hazard has
changed in South-East Europe including a distinct increase in the frequency of summer heat
waves. Multivariate proxies for potential impacts show likewise pronounced changes and
constitute a promising approach to link probabilistic attribution studies with more impact-
relevant measures. These changes in hydrometeorological extremes can be attributed to
changes in sea surface temperatures, which are subject to a mix of different natural and
anthropogenic forcings, although a large fraction of the observed warming temperature
between the 1960s and the 2000s are qualitatively attributable to human-induced climate
changes (see e.g. Stott et al. (2004)). The outlined findings have implications for regional
adaptation planning as sector specific relevant variables are analysed in addition to purely
meteorological variables. The obtained results are robust as regional model evaluation and
bias adjustment with relatively fine-scaled observational data could largely remove biases in
temperature distributions, although a considerable dry bias is prevalent in the precipitation
ensemble.

This study is a promising example of how future research can extend attribution science
towards more impact-relevant approaches. For this kind of research to be most useful an
on-going dialogue between attribution scientists and stakeholders in the relevant sectors
and regions is crucial in order to develop climate information tools that are relevant for
adaptation planning.
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