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H I G H L I G H T S

• The 20th Century Reanalyses allow
identifying of several undocumented
heat waves of the past.

• Recently, significant heat wave patterns
have emerged on a global scale.

• Water availability in Europe may de-
cline in the future.
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Heat waves represent one of the most significant climatic stressors for ecosystems, economies and societies. A
main topic of debate iswhether they have increased or not in intensity and/or their duration due to the observed
climate change. Firstly, this is because of the lack of reliable long-term daily temperature data at the global scale;
secondly, because of the intermittent nature of such phenomena. Long datasets are required to produce a reliable
and meaningful assessment. In this study, we provide a global estimate of heat wave magnitudes based on the
threemost appropriate datasets currently available, derived frommodels and observations (i.e. the 20th Century
Reanalyses from NOAA and ECMWF), spanning the last century and before. The magnitude of the heat waves is
calculated by means of the Heat Wave Magnitude Index daily (HWMId), taking into account both duration and
amplitude.
We compare themagnitude of themost severe heatwaves occurred across different regions of theworld andwe
discuss the decadal variability of the larger events since the 1850s. We concentrate our analysis from 1901 on-
wards,where all datasets overlap. Our results agreewith other studies focusing onheatwaves that have occurred
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in the recent decades, but using different data. In addition,we found that the percentage of global area covered by
heatwave exceeding a givenmagnitude has increased almost three times, in the last decades, with respect to that
measured in the early 20th century. Finally, we discuss the specific implications of the heat waves on the river
runoff generated in the Alps, for which comparatively long datasets exist, affecting the water quality and avail-
ability in a significant portion of the European region in summer.

© 2016 Elsevier B.V. All rights reserved.

River discharge
Water resources

1. Introduction

Heatwaves are periods of abnormally hotweather.While the defini-
tion may vary across different studies, a wide consensus exists on the
implications of the strongest events on, agriculture and land ecosystems
(Ciais et al., 2005), wildfires and air pollution (Vautard et al., 2005),
human comfort andmortality (WHO, 2004, 2010), and power shortages
(Fink et al., 2004), amongst others.

Whether heat waves have increased in frequency, duration, and/or
amplitude is a much-debated issue in climate change science. Given
the limited data availability on a daily time scale, most studies of heat
waves are based on data since 1950. On a global scale, there is amedium
level of confidence that they have increased in frequency and/or dura-
tion (IPCC, 2013). It is likely that the frequency of heat waves has in-
creased in large parts of Europe (Perkins et al., 2012; Della-Marta et
al., 2007a). This is also connected to a drying trend in theMediterranean
(Zampieri et al., 2009; Wang et al., 2011), Asia (Perkins et al., 2012;
Rahimzadeh et al., 2009; Ding et al., 2010), and Australia (Perkins et
al., 2012; Perkins and Alexander, 2012; Tryhorn and Risbey, 2006). A
general increase is also found, with less confidence, in Northern and
Central America (Kunkel et al., 2008; Peterson et al., 2008; Perkins et
al., 2012). However, the overall longer-term trend is negative in the
U.S. if the so-called “Dust Bowl” that occurred in the 1930s is taken
into account (Peterson et al., 2013). South America, Africa and Asia suf-
fer from a lack of data. Nevertheless, in South America there exist more
evidence on increases rather than on decreases (Skansi et al., 2013) and
medium confidence of an increase in Northern Africa and the Middle
East (Perkins et al., 2012; New et al., 2006) and in South Africa
(Kruger and Sekele, 2013). It is very likely that heat waves will occur
with a higher frequency, intensity and duration in the future, if there
is an increasing concentration of greenhouse gases (IPCC, 2013; Russo
et al., 2014).

Future trends in heat waves may also influence the supply of water.
Runoff production and river discharge is expected to be anti-correlated
with anomalous hot weather because of a variety of reasons and feed-
backs processes. In fact, heat waves cause an increase of evapo-transpi-
ration that reduces soil moisture, and soil moisture deficit itself can act
as an amplifier of heat waves amplitude (see e.g. Seneviratne et al.,
2010; van den Hurk et al., 2011). Moreover, in several regions as Europe
and theMediterranean -where thefinal part of this study is focused on -
soil dryness can represent a precursor of heat waves in the summer sea-
son (Vautard et al., 2007; Zampieri et al., 2009), while circulation anom-
alies producing meteorological and soil dryness can be simply the same
connected to hot weather (Della-Marta et al., 2007b; Lionello, 2012).

The combined surface temperature warming and the reduction in
water availability showed the vulnerability of the energy sector in Eu-
rope and around the world (van Vliet et al., 2013; Scanlon et al., 2013;
Koch and Vogele, 2009). Heat waves may physically damage electricity
infrastructures (Depietri et al., 2012), causing problems for both energy
generation and transmission (Matzarakis and Nastos, 2011), and there-
by affecting energy supply. This may result from both low water avail-
ability and quality (van Vliet et al., 2013). The increase in consumers'
demand combined to a shortage in supply due to the warm and dry
summers of 2003, 2006, 2009 has led to higher variability of energy
prices and to an increase in electricity prices in several European coun-
tries (van Vliet et al., 2013). On a similar ground, heat waves lead to an

increase in water consumption (Rinaudo et al., 2012) and to a decrease
in water quality (Wetz and Yoskowitz, 2013). Indeed, peak demand as-
sociated with energy consumption during hot summers has become a
problem in many developing and in some developed countries as well
(Strengers, 2012). For example, the effects of the 2010 Russian heat
wave extended as far as the Red Sea region. Temperatures reached
52.0 °C in Jeddah (WMO, 2011), causing unprecedented demand for
electricity for air conditioning and which led to blackouts in the whole
Saudi kingdom (Gulf News, June 22, 2010, ‘Heatwave in Middle East
no cause for panic’).

Recently, a new Heat Wave Magnitude Index daily (HWMId) has
been introduced (Russo et al., 2015) in order to capture both the inten-
sity and duration of a heatwave. TheHWMId sums excess temperatures
beyond a certain normalized threshold and merges durations and tem-
perature anomalies of intense heat wave events into a single number.
The HWMId is the improvement of the previous HeatWave Magnitude
Index (i.e., HWMI, Russo et al., 2014), overcoming theHWMI limitations
in assigningmagnitude to very high temperatures in a changing climate
(for further detail see Russo et al., 2014, 2015). The HWMId is the most
widely applicable index currently available and allows heat waves to be
compared across different regions and time periods.

In this study, we compute the HWMId on the reanalyses of the 20th
Century, recently produced by the National Oceanic and Atmospheric
Administration (NOAA, Compo et al., 2011, 2015) and the European
Centre for Medium-Range Weather Forecasts (ECMWF, see link in Ref-
erences). The reanalyses are created through an assimilation procedure
that integrates the information from the observations into numerical
models. The models are used to “fill the gaps” in the observations, lead-
ing to a comprehensive representation of the atmospheric circulation
and the land surface variables, including those that are not measured
but are included in the model formulations. In this way, the weather
of the past can be reconstructed globally, including the regions with
scarce data coverage. In general, there is an unresolved issue about
trend computation on reanalyzed data because of the quality and the
coverage of the observed data change in time, affecting the homogene-
ity of the products. As explained in the data and methods section, the
20th Century Reanalyses adopted here limit this problem as much as
possible. Thus, they are themost homogeneous representation of the at-
mospheric circulation and land surface variability currently available at
the global scale and over the long time-scales we are addressing. The
20th Century Reanalysis produced by NOAA, for instance, has been suc-
cessfully adopted for regional long-term studies of decadal climate var-
iability (Zampieri et al., 2013) and long-term trends (Zampieri et al.,
2015, see also Parker, 2011for a validation of the recent trend and of
the daily temperatures of the 20CR-2 against observations). While our
results are consistentwith recent studies analyzingheatwaves occurred
after 1950, it must be noted that a strict validation of the daily data is
impossible for the earlier period at the global level.

However, given the importance of heat waves for ecosystems, econ-
omies and societies, it is still interesting and useful to produce a global
assessment of the larger events occurred in the entire century, especial-
ly in the regions characterized by scarce knowledge of the past climate,
which are often the most vulnerable to the impacts of climate change.
Our results are comparable with local records, documentary sources
and non-peer reviewed literature for the specific regions of interest. In
particular, we also conduct a specific validation of the heat waves
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variability in the Alps, often referred as the “water towers of Europe”
(Beniston et al., 2011), in order to assess the correlation between the cli-
mate variability connected to heat waves occurrence and the river dis-
charge originating there. This effort can potentially reduce the gaps
between the understanding of the effects of climate variability on
water resources and the need for a development of a water-related de-
cision-making framework in that region (Ludwig and Roson, 2016).

2. Data and methods

In order to produce a general assessment analysis of heat waves on a
global scale and over a long period, we adopt the HeatWaveMagnitude
Index daily (HWMId, Russo et al., 2015). The HWMId is defined as the
maximum magnitude of the heat waves in a year, where a heat wave
is a period of at least 3 consecutive days with maximum temperature
exceeding the daily threshold for the reference period (1981–2010).
The threshold is defined as the 90th percentile of daily maxima temper-
ature, centered on a 31 daywindow. TheHWMId is the sum of themag-
nitude of the consecutive days composing a heat wave, with daily
magnitude calculated by means of the magnitude daily function (Md)
as defined in Russo et al., 2015. The HWMId calculation in this study
has been done by using the “HWMId” R function, recently published
in the R package called extRemes (Gilleland and Katz, 2011).

We compute the HWMId onmaximum daily temperature data from
long-term atmospheric reanalyses, forced by prescribed SST and Sea ice
and letting land surface processes free to evolve: the 20th Century Re-
analysis version 2 (20CR-2, Compo et al., 2011), produced by National
Oceanic and Atmospheric Administration (NOAA) and available from
1871 to 2012 on aGaussian T62 grid (i.e. 192× 94points, corresponding
to the centers of regularly spaced cells in longitude and latitude); the
newer version of NOAA reanalysis (version 2c, 20CR-2c, Compo et al.,
2015), produced in collaboration with the University of Colorado Coop-
erative Institute for Research in Environmental Sciences (CIRES) and ex-
tended back in time to 1851. 20CR-2c uses the samemodel as version 2
with new sea ice boundary conditions from the COBE-SST2 (Hirahara et
al., 2014), new pentad Simple Ocean Data Assimilation with sparse
input (SODAsi.2, Giese et al., 2015) sea surface temperature fields, and
additional observations from ISPD version 3.2.9 (Cram et al., 2015);
ERA-20C, produced by the European Center for MediumWeather Fore-
casts (ECMWF) and available from 1900 to 2010 at a horizontal resolu-
tion of about 125 km (spectral truncation T159). Given the possibility of
downloading this reanalysis at different resolutions,we have chosen the
1.5 degrees product (240 × 120 points), ensuring a better consistency
with 20CR-2 and 20CR-2c. The observations assimilated in ERA-20C in-
clude surface and mean sea level pressures from ISPDv3.2.6 and
ICOADSv2.5.1, and surface marine winds from ICOADSv2.5.1
(Woodruff et al., 2011).

These reanalyses are produced by adopting aminimal number of ob-
servations with respect to the earlier reanalyses focusing on recent de-
cades (which tend to use all available data, disregarding homogeneity
issues). Namely, the considered observations consist of sea surface tem-
perature (SST) and sea ice distribution (and sea wind, in ERA-20C), at-
mospheric CO2 concentrations, solar and volcanic forcings (as
boundary conditions) and surface pressure (as assimilated data). Land
surface temperature is free to evolve. Reanalyses uncertainty depends
on the quality of the atmospheric model and data, on the accuracy of
themodel's response to the large-scale forcings and to the sparse assim-
ilated surface pressure data and on the intrinsic predictability of the
heat waves events from these forcings. Also, the need to parameterize
the details of the land-surface processes and their interactions with
the atmosphere further amplifies the uncertainty associated to the
Reanalyses' results. Thus, there is no guarantee that all heat waves we
are looking for are correctly reproduced in terms of magnitude and spa-
tial coverage. This motivated us to compare these reanalyses among
each other and to produce an integrated dataset that maximized the
skill in diagnosing the heat waves more reliably.

All the reanalyses considered here are actually comprised of an en-
semble of model simulations starting from perturbed initial conditions
in order to account for the variability associated with the models' re-
sponse. We show the HWMId computed on the ensemble means,
which are the freely available products. Moreover, we provide a single
estimate of heat waves variability, integrating the information from all
the datasets. A difficulty rises from the fact that the reanalyses are not
completely independent, especially the NOAA ones. Therefore, some
sort of weighting is necessary to obtain a final unbiased averaged esti-
mate. We simply average together the HWMId computed on NOAA re-
analysis, restricting our analysis to the twomost independent products -
ECMWF reanalysis itself, and the average of NOAA's reanalyses - andwe
average these two together to obtain the final weighted average esti-
mate, with the least loss of available information.

We validate the three long-term reanalysis and their weighted aver-
age for the present climate using the HWMId computed on the more
conventional reanalyses, which assimilate all possible observations in
order to maximize the accuracy of the product. These are, namely,
NCEP-2 (Kanamitsu et al., 2002) and ERA-Interim (ERA-Int, Dee et al.,
2011), defined in the period covered by satellites, from 1979 to present,
and NCEP-1 (Kalnay et al., 1996) and ERA-40 (Uppala et al., 2005), cov-
ering also earlier periods (from 1948 to present and from end of 1957 to
2002, respectively). Fig. 1 show the spatial distribution of the skills of
the longer-term reanalysis computed with respect to the shorter-
terms one. The panels show the frequency for which the events are cor-
rectly captured. For each year, an event is considered as correctly cap-
tured if the HWMId predicted by the longer-term reanalysis is at least
half of that computed on the shorter-term reanalyses and no more
than double. This includes the true negatives, i.e. the years when both
the longer-term and the shorter-term reanalysis diagnose no heat
waves (HWMId = 0), allowing a small confidence interval
(HWMId = 1). This criterion is consistent with the ‘percent correct’,
used to measure the skill of precipitation simulations in meteorology.

All Reanalyses show some skill (see Fig. 1). The skills vary depending
on the dataset and in space. The 20CR-2 is correctly capturing the
HWMId most of the years in most of the regions, especially compared
with the more recent reanalyses (NCEP-2 and ERA-Int), with the nota-
ble exception of the North American plains and Argentina. The recent
update of 20CR-2c resulted in an overall degradation of this result, espe-
cially in the tropics and Northeast Asia. ERA-20C skill is approximately
between those of the NCEP Reanalyses. It is poorer than them especially
in Brazil and India. The weighted average shows the best skill in almost
all areas.

We compute the decadal maximaHWMId time-series from the indi-
vidual reanalyses following the IPCC regionalization, as defined in the
Special Report on Managing the Risks of Extreme (SREX, Seneviratne
et al., 2012). For the weighted average, we plot the spatial distribution
of the decadal maxima, together with a quantification of the accuracy
in terms of the level of agreement among the individual datasets. To
measure this, we define a signal-to-noise ratio of the detected heat
waves in terms of the ratio between the weighted mean HWMId and
the absolute difference between the NOAA averaged HWMId and
ECMWF HWMId. We set an arbitrary threshold at 1, meaning that we
highlight a certain heat wave obtained from theweighting average pro-
cedure if a heat wave of at least half magnitude is present either in
ECMWF or in the combination of the NOAA reanalyses.

We provide a cross-comparison of the HWMId time series with the
river discharge originated over the Alps, using data provided by the
Global Runoff Data Center (GRDC, see link in References). With this
analysis, we provide a measure of the consistency of heat waves and
river discharge time-series, and a certain degree of validation of the
inter-annual variability and long-term trend of both datasets before
the period covered by the recent Reanalyses.

Fig. 2 shows the spatial distribution of the gauge stations and the
corresponding contributing basins in the Alpine region. The climatic
characteristics of this study area are discussed by Zampieri et al.
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(2015), for each basin.Most of the precipitation is located over the orog-
raphy,with seasonal variations that dependon the location. The season-
al precipitation cycle varies from a continental one in the northern flank
of the Alps, characterized by amaximum in summer, to amore reminis-
cent of the ‘Mediterranean like’ climate, characterized by a summer
minimum, in the southern flank. In fact, in the southern flank, precipita-
tion shows two peaks in the intermediate season. The Alpine and sur-
rounding regions can be subject to heat stress in summer.

For the river discharge originated over the Alps, in order to have a
good compromise between the spatial coverage of the signal footprint
and length of the records, we sum up the contributions of the four
major rivers. Namely, they are the Rhine, the Danube, the Rhone and
the Po rivers. The resulting time-series integrating the four river dis-
charges is defined from 1921 to 2007. Unfortunately, data provided by
GRDC do not cover the last years for the Rhone and the Danube rivers.
In order to account for a lag between the heat waves occurring in sum-
mer and the river discharge recoded at the gauge stations, we related
theHWMIdmaximumcomputed over the Alpine region to the total dis-
charge recorded in August (see Zampieri et al., 2015 for a discussion of
this topic and a description of the river discharge data provided by
GRDC). We compare the river discharge data with the HWMId time-se-
ries computed over an area covering the basins where the rivers runoff
is generated. More precisely, we consider the maximum HWMId be-
tween 5E to 15E and 44E to 49N (area depicted in Fig. 2). Given the rel-
atively low resolution of the reanalyses and the spatial coherence of the
heat waves, the results are not sensitive to small changes in the defini-
tion of the area where the index is computed. In order to show the con-
sistency of the twodatasets in terms of inter annual variability and long-
term trends, we simply discuss the correlations of the annual HWMId

and August discharge values, also showing the time-series of the decad-
al means.

3. Results and discussion

Fig. 3 shows the HWMId spatial maximum computed for each IPCC-
SREX region and for each decade of the 20th Century Reanalyses (20CR-
2, 20CR-2c and ERA-20C). The overall magnitude of heat waves varies
with the region, reflecting the different climates and different climatic
variability (note that the scales of the y-axis vary with the region). A
first visual impression suggests that the nature of these events is so in-
termittent that it strongly limits the validity of linear trends computa-
tion, even with such long datasets. For instance, a single large heat
wave at the beginning or the end of the records is sufficient to dominate
the linear trend computed in most of the regions. Moreover, the effects
of natural climate variabilitymay bemore significant than those related
to global warming at the regional level. In fact, the trends would change
significantly if computed from1950 or earlier, inmost regions. For these
reasons, we do not show the results of linear HWMId trends.

The level of agreement among the datasets can be roughly assessed
by comparing the time-series plotted in Fig. 3. In general, the two
reanalyses from NOAA tend to be more similar to each other than to
the ECMWF one, as anticipated. The plotted maxima computed on the
individual datasets could be located in different portions of the regional
domains and could have happen in different years of the decades. The
comparison with the weighted average can be used to better quantify
this uncertainty. LowHWMId values in theweighted average compared
to the individual datasets indicate poor agreement in the location and/
or in the timing of the diagnosed heat waves. The specific year

Fig. 1. Skills of the NOAA 20th Century Reanalysis version 2 (20CR-2), of the 20th Century Reanalysis version 2c (20CR-2c), of the ERA-20C, produced by ECMWF, and their weighted
average in reproducing the annual HWMId values computed on “Conventional” Reanalysis: NCEP-2, over period 1979–2010, ERA Interim (ERA-Int), over period 1979–2010, NCEP-1,
over period 1948–2010, and ERA-40, over period 1958–2002. The panels show the frequency of years when the heat waves are correctly captured (within a certain confidence range),
including the true negatives (see Data and methods for explanations).
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responsible for the decadal regional maxima can be deduced by com-
parison with Fig. S1, where we also include the results of the weighted
average in order to provide a more reliable result, and to quantify the
spatial uncertainty of the individual Reanalyses.

In Fig. 4, we plot the spatial distribution of the decadalmaxima of the
weighted averaged HWMId computed since 1901, where all datasets
overlap. We mask the regions where the detected signals correspond
to a low level of agreement between the datasets, as the consistency
condition is not satisfied (signal-to-noise ratio b 1), for each year. This
is a more stringent condition with respect to the simple comparison of
the regional maxima of the individual datasets shown in Fig. 3.

We now discuss more explicitly some of the most significant heat
waves that occurred in the same region and decade. For instance, in
the U.S., we notice that the largest value, found in the 1930s, is actually
a superimposition of several heat waves that occurred in most of the
years of that decade, but with different intensities and variable spatial
distribution. The largest HWMId and spatial extensions are found in
1931, 1934, 1936 and 1937. All these were comparable in magnitude
and spatial extent to the most extreme heat wave in our historical re-
cord that occurred in Russia in 2010. Unfortunately, they are only par-
tially reproduced by ECMWF reanalysis. Similar, less intense events
happened in the decades before and afterwith different spatial distribu-
tions. It isworth noting that this region is characterized by comparative-
ly low skill in the Reanalyses (see Fig. 1). The 1980 heat wave in the U.S.
is less intense than the events happened in the 1930s in the same re-
gion. A detail to note here is that the decade is defined from “year 1”
to “year 10”, so that the 1970s decadal maxima are computed from
1971 to 1980. Often, the largest events that occurred in South American
countries at about an Equatorial latitude took place synchronously with
the events recorded in North America, while the events recorded in the
Central and Southern part of South America seemed to happen

independently. We note a noteworthy heat wave occurred in 1971 in
La Plata Basin (Argentina), which is reproduced by all datasets despite
the comparatively low skill in that region (see Fig. 1). This event is not
even reproduce by ERA-40 or NCEP-1 (not shown), but we found a re-
cord of it in documentary sources (Zamboni et al., in preparation). In
this region, the large event displayed in the 1980s is produced only by
NOAA reanalyses in 1985, but not by ECMWF. They all show an extreme
heat wave in the same year on the southern border of the continent.

A better data agreement has been found over Europe, especially
since the 1950s (see also Fig. 1). In this case, the recorded heat waves
show quite similar extension and magnitude compared with Russo et
al. (2015) study, which is based on observed data. They include the
heat waves found in 1954 in Russia, 1969 in Norway, 1972 in Finland
and the Kola Peninsula, 1976 in UK, 1994 in Germany, 2003 inWestern
EU, 2006 in Central EU, 2007 in the Balkan Peninsula and 2010 in Russia.
Interesting earlier large heat waves are found in Europe before the
1950s. Several events occurred in the first part of the 20th Century in
the Baltic region (notably, the one in 1914), Russia and Turkey. The
first significant event affecting Central Europe is found in 1938 in the
NOAA reanalysis, while a severe heat wave over Russia emerges in all
of the considered reanalyses, during the same year. The maximum
displayed in the 1940s in Fig. 4 is due to an event that occurred in
1946 in all of the datasets. We also identified an interesting heat wave
in Ireland in 1955. This was actually already documented. In fact, it
was ranked as one of the sunniest summers ever recorded by the Obser-
vatory of Armagh in the last 100 years (McNeill, see link in References).

Themajority of heat waveswe recorded happened independently in
different regions. Nevertheless, the 2010 Russian eventwas actually of a
“global” nature, as it simultaneously affected regions other than Russia,
often spatially interconnected. These included Turkey, the Red Sea re-
gion, part of the Sahel, Southern Greenland, Southern U.S., South

Fig. 2. Distribution of the four stations (black diamonds) representative of the four major Alpine rivers and the respective contributing basins: the Rhine river in Basel (RHI-BASL, 7.59E-
47.55N, blue contour), the Danube river in Bratislava (DAN-BRAT, 17.11E-48.14N, violet contour), the Rhone river in Beaucaire (RHO-BEAU, 4.64E-43.81N, green contour) and the Po river
in Pontelagoscuro (PO-PLSC, 11.60E-44.89N, red contour). Thefilled contours depict the orography height (inm). The inner black boxdepicts the areawhere theHWMId displayed in Fig. 5
is computed. This area includes 17 land points of the NCEP Reanalyses (20CR-2 and 20CR-2c) and 20 land points of the ECMWF one (ERA-20C).
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Fig. 3. Decadal maximum Heat Wave Magnitude Index (HWMId) over IPCC regions, as defined in the Special Report on Managing the Risks of Extreme (SREX, Seneviratne et al., 2012). The time-series show the results computed on the NOAA 20th
Century Reanalysis version 2 (20CR-2), in red, on the 20th Century Reanalysis version 2c (20CR-2c), in blue, for the ERA-20C, produced by ECMWF, in green, and their weighted average (see text for explanations), in black Note that the scales of the y-
axis vary with the region. The bottom panels show the decadal maxima of global percentage of areas covered by heat waves greater with magnitude N 6, 9 and 15, computed from the same datasets.
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American countries along the Equator, Peru, and Indonesia. Also in
2003, different regions were affected by synchronous heat waves, but
to a lesser extent than in 2010. In 2003 Western Europe, Eastern
China, Bangladesh, the Western US, Southern Canada and Colombia
were affected by extreme heat waves. It is worth noting that in 1998
we found extreme heat waves in the Southern US, Florida, Central
America, the Northern part of South America, West Africa towards the
Gulf of Guinea, the Central part of the Arabian Peninsula, the Indonesian
Peninsula and Borneo. These heat waves are poorly discussed in the lit-
erature. Fewer andmore limited synchronous heatwaves are present in
the earlier records.

Africa was affected by several heat waves in the past, but there is
limited agreement among datasets with the notable exception of Cen-
tral Western Africa in 1968, Central Eastern Africa in 2005, and the
1998 and 2010 “global” events. All datasets agree that a severe heat
wave happened in Egypt in 1965. Similarly, a severe HW affected the
Middle Eastern countries facing the Eastern Mediterranean coast in
1987. In 2001, an extreme heat wave struck Iraq and northern Saudi
Arabia; this is not clearly visible in Fig. 4 because it is merged with the
2010 event.

Central and Northern Asia are affected by a large number of heat
waves of severe and extreme magnitude in all decades. Notable and re-
current events, often reported by all datasets, are located in Central Si-
beria, as in 1953, for instance and in southwestern Russia, north of the
Black and the Caspian Seas. Several heat waves affected the Himalayan
Chain in the 1940s, preceded by an extreme heat wave in Bangladesh
in 1935. These are found in all Reanalyses, as well as an extreme heat
wave in Central China in 1957.

Australia, which is one of the warmest and most arid regions of the
World, displays lowHWMId valueswith respect to the local climate var-
iability. Here, HWMId increased almost monotonically since the begin-
ning of the records. The largest heat waves are found in recent
decades (and in all datasets), affecting the northwestern part of the con-
tinent in 1991 and the southeastern part in 2009.

The time-series global percentage of land areas covered by heat
waves with HWMId larger than certain thresholds (Fig. 3) provide the
clearest evidence that something has changed in the last two decades.
Earlier, the percentage of areas covered by heat waves was actually al-
most constant. The widespread synchronous heat waves that occurred
in 1998, 2003 and 2010 are responsible for the discontinuity thatwe ob-
serve in all these time-series. The percentage of areas affected by heat
waves increases about three times for HWMId larger than 6 and 9 and
about twice for HWMId larger than 15 during the last two decades in
the NOAA Reanalysis. We found an even larger increase in the ECMWF
dataset. The weighted average shows consistent results. This is most
probably the most striking outcome of our global heat waves
assessment.

Fig. 5 shows the time-series of the HMWId computed over Alps for
the three reanalysis, their weighted mean, and the total discharge con-
tributing to the Rhine, Danube, Rhone and Po river. Themultiple reasons
discussed in the introduction are indeed responsible for a high level of
consistency between heat waves occurrence and negative river dis-
charge anomaly, as expected. From the annual values, it is possible to
infer a significant (anti)correlation of the data. The values we computed
are shown in Table 1. Linear correlations are −0.72 for the weighted
mean index, −0.62 for 20CR-2, −0.56 for 20CR-2c and −0.64 for
ERA-20C if computed until 1960,when themajority of the dams and hy-
draulic structures where built (Zampieri et al., 2015). Lower correla-
tions, around −0.5, characterize the full time-series (see the second
row of Table 1). Visual inspection of the decadal means also show a
high level of consistency, especially regarding the warm-dry event in

the 1950s and the trend characterizing the following decades. The
major mismatch is in the last decade. 20CR-2 and 20CR-2c show a rela-
tively warm period over the Alps at the end of the 19th Century.

4. Conclusions

We have provided an assessment of decadal climate variability of
heat waves, based on the most homogeneous climate reconstruction
datasets currently available over the longest period and on a daily
basis, using a newnon-parametric estimator: theHeatWaveMagnitude
Index (HWMId, Russo et al., 2015).

In the decade 2001–2010 the percentage of global area covered by
heatwavewith a givenmagnitude (e.g. HWMId ≥ 6, HWMId ≥ 9) has in-
creased at least three times with respect to that measured in the early
20th century.

Climate variability and the intermittent nature of these regional
scale extreme events make simple linear trend estimation meaningless,
even if the computation is performed over the longest period of time for
which data is available (1850). A notable exception is in Australia, espe-
cially the southern part, for which all datasets show a positive HWMId
trend that is probably related to the general warming of that region.
Our study is consistent with other assessments based on different data
and documentary sources for past events. Moreover, we discovered
heat waves that have been never discussed, especially in regions with
limited data availability. We provide readers with additional informa-
tion for specific areas of interest following the IPCC regionalization, as
defined in the Special Report on Managing the Risks of Extreme.

We diagnosed the emergence of widespread synchronous heat
waves at the end of the 1990s and in the 2000s (i.e. in 1998, 2003 and
2010). This emerging phenomenology is responsible for the dramatical
increase of the global area affected by extremeheatwaves that occurred
over the last two decades, while the earlier period showed little or no
variation in this sense.

The physical reasons and the processes involved in generating such
events needs to be further explored and explained in order to provide
a deeper understanding of the present climate and to offer a solid
basis for the interpretation of future climate projections. Nevertheless,
our study offers an immediate understanding of past heat waves'
long-term variability which might be useful for the interpretation of
the relative magnitude of current and future heat waves for adaptation
planning.

Heat waves occurrence and magnitude is significantly correlated to
negative anomalies of river discharge originated over the Alps. This
poses legitimate concerns on the possible effects of a potential increases
of heat wave magnitudes in the future climate, which we already noted
in the last decades. Dams and hydraulic structure partially decouple the
river discharge variability from the inter-annual climate variability, and
may be used as a partialmeasure for counteracting the effects of climate
change on water availability for a large portion of Europe. On the other
hand, short-term adaptation strategies should be envisaged in the ener-
gy sector, to prevent undesired and distorted distributional and
allocative socio-economic effects due to changes in water availability,
energy supply, and therefore energy prices causing misallocation of
scarce resources. In fact, the existence of a negative correlation between
heat waves occurrence and river discharge that we diagnosed in sum-
mer is likely to exacerbate an already existing problem of water scarcity
with important implications for health and the economy (Ludwig et al.,
2011).

Indeed, the European energy sector, in addition to being directly
sensitive to warm conditions, it is highly dependent on water availabil-
ity (43% of total surfacewater withdrawal, according to EUREAU, 2009),

Fig. 4. Decadal maximum of weightedmean HWMId computed from the three datasets (see text for explanations). Each decade is defined from year 1 to year 10 (i.e. 2000s indicates the
maximumHWMId from2001 to 2010). Values smaller than 2 (normal heatwaves) aremasked. Shaded areas indicate regions of scarce agreement among thedatasets and low reliability of
the displayed value (see text for explanations). The bottom-right panel shows the overall maximum computed since 1901, where all datasets overlap.
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and quality. Van Vliet et al. (2013) anticipate a strong decline in
projected river flows for central, southern, and southeastern Europe
during 2031–2060 relative to 1971–2000 period. This reduction is
mainly concentrated in the summer season, over the Alps, where it
may pose some concern on water regulation to guaranty the minimum
ecological flow (Majone et al., 2016). Therefore, we expect higher com-
petition in the use of water in order to respond, simultaneously, to the
population's need of drinkingwater, to the demand coming from differ-
ent market sectors (e.g., agriculture, energy etc.) and to the ecosystems'
needs.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2016.07.008.
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