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Abstract

Heat waves (HWs) represent a major danger to society and
natural environment. The increasing occurrence of high
magnitude and impact HWs has raised concerns worldwide and
has attracted an increasing interest on this issue among
climatologists over the past decade. In this review the research
from 2007-2018 period on HWSs definitions, driving mechanisms,
present changes, future changes, and impact on human mortality
is summarized. By reviewing the recent literature, it was found
that whilst the atmospheric dynamic is considered to be the
primary driver in HW occurrence, the sea surface temperature
(SST) and land surface conditions are also essential driving
components. The vastness of HW-definitions raises difficulties in
selecting the appropriate methodology to identify heat episodes
and to compare results from studies which used different
definitions. However, by analyzing a sample of 109 papers, a
preference for percentile-based definitions was observed.
Therefore, 71.6% of the analyzed articles used only percentile-
based definitions to identify HWs. Despite the wide variety of
definitions, the analysis of changes in HWs converged to similar
results. Thus, the existing recent literature provided extensive
evidence of significant increase in HWs characteristics across large
regions of the planet. Available scientific literature indicated that
HWs have been responsible for a considerable increase in
mortality in many regions of the world. In the future HWs are
predicted to increase in their main characteristics leading to a
greater impact on human mortality. Nevertheless, the
implementation of rigorous adaptation measures can mitigate the
negative impact on mortality. In conclusion, it was noted that a
substantial progress has been done in the HW research, but there
are still important gaps in this issue which need to be addressed.

Keywords: climate change, extreme temperatures, heat
wave, excess heat factor

Introduction

Over the last decade heat waves (HWSs) received
increasing attention from climatologists. Thus, a large
number of climate studies focused on analyzing these
events. The main aims identified in these studies
were understanding the mechanisms and synoptic
conditions behind HW occurrence and persistence,

Rezumat. O revizuire a studiilor recente privind
definitiile, mecanismele, schimbarile undelor
de caldura si impactul asupra mortalitatii

Valurile de caldura (HWSs) reprezinta un pericol major pentru
societate si mediul inconjurdtor. Cresterea frecventei HWs cu
magnitudine si impact ridicate a generat preocupare la nivel global
si a atras interes asupra problemei in randul climatologilor in
ultimul deceniu. In articol sunt inventariate studiile realizate in
perioada 2007-2018 privind definitiile HWs, factorilor declansatori,
schimbarilor prezente si viitoare si impactul asupra mortalitatii.
Prin inventarierea literaturii de specialitate recente, a fost
evdentiat cd desi dinamica atmosferei este principalul factor
generator al HWSs, temperatura apei de suprafata (SST) si
conditiile date de suprafata terenurilor sunt de asemenea factori
generatori importanti. Diverstatea definitiilor atribuite HWSs
determina dificultati in selectarea unor metodologii potrivite
pentru identificarea fenomenelor respectve si compararea
rezultatelor unor studii care utilizeaza definitii diferite. Totusi,
analizand un esantion de 109 lucrari, a fost observata o preferinta
asupra unor definitii bazate pe percentile. Asadar, in 71.6% din
articolele analizate au fost utilizate doar definitii bazate pe
percentile pentru identificarea HWSs. In ciuda marii varietdti de
definitii, rezultatele analizelor au fost similare. Astfel, literatura
recenta furnizeaza dovezi ample care atesta o crestere
semnificativa a caracteristicilor HWs pe suprafete extinse ale
planetei. Literatura stiintificd indica faptul ca@ HWs au fost unul
dintre factorii responsabili pentru cresterea mortalitdtii in multe
parti ale lume. In viitor este anticipatd o amplificare a
caracteristicilor HWs, conducand la o crestere a impactului pe care
acestea il vor avea asupra mortalitatii. Cu toate acestea, prin
implementarea unor masuri riguroase de adaptare, poate fi
diminuat impactul negativ care conduce la mortalitate. In
concluzie, a fost remarcat faptul ca s-a realizat un progres
substantial in cercetarea HWs, ramanand insa lacune importante
care necesita abordare.

Cuvinte-cheie: schimbéri climatice, temperaturi extreme,
val de caldura, factorul excesului de caldurd

analysis of changes in their main characteristics
(frequency, duration, intensity), and assessing the
impact on mortality. The majority of these studies
found important changes in the frequency, duration,
intensity, and other indices related to these
parameters (Perkins et al., 2012; Perkins and
Alexander, 2013; Acero et al., 2017; Allen and
Sheridan, 2016; Ceccherini et al., 2016; Ceccherini et
al., 2017; Panda et al.,, 2017; Piticar et al., 2017;
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Zhang et al., 2017a). It was estimated that as global
warming progresses these changes will continue at
even higher rates in the future. Therefore, we can
expect HWs that are more frequent, longer, and more
intense. This can have serious negative consequences
on society. Zacharias et al. (2015) estimated that
more frequent, longer, and more intense HWs may Kkill
5 times more people from ischemic heart diseases by
the end of the century compared to the present.
However, if 50% acclimatization approach will occur,
excess mortality will be attenuated to a factor of 2.4
(Zacharias et al., 2015).

The abundance of HW studies in the last years
could have been triggered among devastating high
impact events such as that of the summer of 2003
(with estimated heat related deaths varying between
25000 and 70000 in Europe) (D'Ippoliti et al., 2010;
Amengual et al., 2014), or that of 2010 in central
Russia in which exceptional heat and poor air quality
due to wildfires led to a high death toll (Dole et al,,
2011). Another example, is the extreme HW of the
summer of 2008/2009 in Australia which was followed
by the most devastating bushfires in the Australian
history (Perkins-Kirkpatrick et al., 2016). Moreover, a
record-breaking persistent HW spanned over the
Australian continent was unprecedented spatially and
temporally lasting for seven consecutive days with
maximum temperature above 39 °C and setting a new
national temperature record of 40.33 °C (Perkins-
Kirkpatrick et al., 2016).

The increasing occurrence of high magnitude and
impact HWs in the last two decades (e.g. Europe in
2003, southern and southeastern Europe in 2007,
Australia in 2009, and Russia in 2010) has raised
concerns worldwide and has outlined the importance
of understanding present changes and predicting
future changes of these events. Anthropogenic
influences played a leading role to their magnitude,
forcing HW trends towards unprecedented rates of
increase (Weaver et al., 2014; Perkins-Kirkpatrick et
al., 2017). For instance, Australia’s HW frequency and
intensity during the 2012/2013 summer increased by
two and three fold due to anthropogenic greenhouse
gas emissions (Perkins-Kirkpatrick et al., 2016).

Extended periods of unusually high temperature
are stressful to biologic systems. HWs have a negative
impact on plant growth and development; they can
damage plants, and cause illness or even death to
animals and humans (Anandhi et al., 2016). A
significant  relationship  between certain HW
parameters and human mortality was observed in
many parts of the world Son et al., 2012; Ma et al.,
2015; Dong et al., 2016; Lee et al., 2016; Guo et al.,

2017a).
Such events have also many ecological,
hydrological, and socioeconomically negative

consequences (Liu et al., 2015; Anandhi et al., 2016).
For instance, HWSs can induce changes in the growing

season, milk production, and have implications on the
water cycle and its quality (Liu et al., 2015; Anandhi
et al,, 2016). The number of HWs was found to be
significantly correlated with the fire occurrences in
western Turkey (Unal et al., 2013). In terms of
regional distribution, the number of fires had slightly
higher correlations with the number of HWs over the
inlands regions than the coastline (Unal et al., 2013).
In the Nanjing metropolitan region (China) the major
issues caused by high temperature and HWs were
energy consumption, power shortage, human health
and human habitat deterioration (Liu et al., 2015).
Heat episodes can also have a serious impact on the
local or regional economy. Herbel et al. (2017)
assessed the potential economic loss during HWs in
the city of Cluj-Napoca (Romania) and estimated a
loss of about 2.5 mil. EUR for each HW day in
summer. In Zaragoza (Spain), the cost of heat events
in terms of health-related impacts alone was
estimated at approximately 100000 USD per year
(Roldan et al., 2016, cited by Horton et al., 2016). A
higher demand for energy (around 0.15 MW) is
noticed in Serbia when air temperature is above 30
°C, mostly during HWs with a maximum electricity
consumption during daytime (Savi¢ et al., 2014).
Moreover, HW episodes put pressure on health
services and emergency call lines. Hospital
admissions increase during HWs (WMO and WHO
2015). Another negative consequence of heat
episodes is the major threat to global crop production
with implications that go as far as food security and
economy (Horton et al., 2016).

For extreme temperature events related to heat,
including HWSs, there are review articles already
available in the existing literature to which readers
may refer at a regional (Rusticucci, 2012; Bittner et
al., 2013; Schubert et al., 2014; Grotjahn et al., 2016;
Perkins-Kirkpatrick et al., 2016) or a global scale
(Coumou and Rahmstorf, 2012; Xu et al.,, 2014;
Perkins, 2015; Horton et al., 2016; Mora et al., 2017;
Song et al., 2017).

The aims of this paper are to summarize the
mechanisms behind HW formation and the factors
that maintain such events, changes in their
characteristics (frequency, duration, and intensity),
impact on human mortality, and to address the issue
of HW definitions by synthesizing recent studies
published in the 2007-2018 period in peer-review
journals.

This article is organized as follows: Section 2
addresses the issue of HWs definitions. In Section 3
the physical mechanisms that causes and sustain
HWs are described. Section 4 is dedicated to changes
in HW characteristics. Section 5 focuses on the
relationship between HWs and mortality. Conclusions
are provided in section 6.
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Definitions of heat waves

The purpose of this section is to address the issue
concerning the various definitions related to HWs.
Generally, a HW is defined as a prolonged period of
excessive heat (D'Ippoliti et al., 2010; Perkins-
Kirkpatrick and Gibson, 2017; Yan et al., 2017).
Depending on the data availability, and the region and
sector of interest (i.e. human health, agriculture,
infrastructure) there are many ways to statistically
define a HW. Typically, HWs can be identified and
investigated based on daily maximum (TX) and
minimum (TN) temperature separately or by
combining these variables. Beside temperature data,
other human impact orientated studies took in
consideration supplementary variables as well. For
instance, Basarin et al., (2016) assessed HWs and
cold waves (CWs) in Serbia by employing
physiologically equivalent temperature (PET) which
incorporates air temperature, vapor pressure, wind
velocity, and mean radiant temperature. This
definition also includes information about clothing
insulation, human activity and height and weight.
Unal et al. (2013) analyzed HWSs over western Turkey
based on apparent temperature as a function of daily
TX and relative humidity.

Based on the data availability and purpose of the
study, a HW can typically be identified by a
combination of duration and intensity thresholds.
Thus, the duration thresholds can vary from a
minimum of two to six or even more consecutive days
(Ringard et al., 2016; Piticar et al., 2017). Some
definitions take into consideration 1 or 2 days of no
HW conditions included within a longer event, while
others eliminate or break it into two or more events
(Piticar et al., 2017). Intensity thresholds can take the
form of relative (i.e. 90 — 99th percentile, deviation
above n °C from the normal local climate) or fixed
(i.e. 30 — 40 °C) thresholds. The most common
approach to identify a HW is based on the exceedance
of a relative or absolute threshold for daily
temperature for a period of at least n consecutive
days (usually 2 — 6 days). Although fixed thresholds
can have some advantages they are limited to specific
areas. Percentile thresholds are more flexible,
allowing comparisons among regions with different
climates and geographical features and identifying
warm events which are not dependent on the warm
season.

Although, there is no universal method for HW
identification, by analyzing a sample of 109 articles
published in the 2007-2018 period a preference for
percentile-based definitions was observed (Fig. 1).
Thus, 71.6% of the analyzed articles used only
percentile-based definitions to identify and examine
HW events and their characteristics. Definitions based
on fixed thresholds were selected in the case of 11.9%
papers. The WMO definition (when the daily maximum

temperature of more than five consecutive days
exceeds the average maximum temperature by 5 °C,
the normal period being 1961-1990) was used in 3.7%
studies. Both percentile and fixed or WMO definitions
were employed to analyze HWs in 3.7% articles. In the
case of 9.2 % of articles, HWs were identified based
on more complex definitions which could not be
included in any class (percentile-based, fixed, WMO,
and mixed definitions). For instance, Guo et al. (2017b)
analyzed projection of HWs over China using a
definition based on a combination of a percentile
threshold and a fixed threshold. Thus, a HW was
defined as a consecutive period of at least 3 days
during which the daily TX exceeded the 95th percentile
of the 1971-2000 reference period and where the
percentile threshold was no less than 30 °C.
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Fig. 1. Frequency of definition types identified
in a sample of 109 studies published
from 2007 to 2018 period.

The preference for definitions based on percentile
thresholds could be explained by the advantages they
offer, the effort of the Expert Team on Sector-Specific
Climate Indices (ET-SCI) of the World Meteorological
Commission for Climatology and Indices (CCI) to
introduce a standardized set of definitions which are
based on percentile thresholds, and the significant
contribution of Perkins et al. (2012) and Perkins and
Alexander (2013) that proposed the use of a set of
HW definitions based on percentile thresholds in
order to reduce the large number of metrics employed
to measure these events (Perkins, 2015).

Understanding the role of using different
definitions to analyze various aspects in HWs studies
(i.e. changes, projections, impact) is crucial in
selecting the appropriate methodology of HWs
identification. In particular, the selection of HW-
definitions is very important in human impact studies,
since researchers suggested that they could affect
mortality differently (Lee et al., 2016).

Beyond all these statistical definitions which
indubitably have a strong physical basis, there are the
driving physical mechanisms which generates and
maintain such events. Thus, in the following section
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the main drivers which generate and maintain HWs
are described.

Physical mechanisms responsible
for the heat waves formation
and persistence

General considerations

Much effort was put into understanding the
mechanisms that cause and sustain HWs in different
regions of the world. Previous studies have indicated
the significant role of large-scale atmospheric
circulation and sea surface temperature (SST) on
HWs occurrence (Cerne and Vera, 2011; Parker et al.,
2014; Wang et al., 2017).

Persistent and intense anticyclone systems are the
central components that generate and sustain HW
events (Geirinhas et al.,, 2017; Kueh et al., 2017;
Tomczyk and Sulikowska, 2017; Wang et al., 2017).
These systems are also called blocking highs or
persistent highs (Perkins, 2015). They occur when
upper-level atmospheric winds split as a consequence
the meandering of the jet stream (Pezza et al., 2012;
Perkins, 2015). Other persistent highs may have other
causes and occur at lower latitudes than the typical
blocking region (Perkins, 2015). Such persistent highs
were responsible for numerous HWs over Europe,
Australia, and other regions of the planet (Purich et
al., 2014; Perkins, 2015). The high anticyclone
structures are extended vertically from the surface
into the atmosphere with high pressure anomalies
detected at the 500 and 250 hPa geopotential height
levels (Loikith and Broccoli, 2012; Bumbaco et al.,,
2013; Perkins, 2015; Hafez and Almazroui, 2016).
Blocking highs which generate HWs in the Northern
Hemisphere are generally centered over the affected
area, with the direction of wind flow guiding warm
and dry air from south over the region in cause
(Perkins, 2015). Blocking anticyclones through their
persistence and stationarity or slow moving allow
HWs the time to build (Horton et al., 2016). Over a
recent period of time, the occurrence of mid-latitude
anticyclone systems related to atmospheric blocking
and climate change process increased (Morabito et
al., 2017) leading to a higher frequency of HWSs.

SST positive anomalies can also significantly
contribute to HW formation and persistence (Feudale
and Shukla, 2011; Jia et al., 2016) and can be a good
predictor of their occurrence. For example, SST over
the south sea of the Korea/Japan is warming about a
week before HWs occur in Korea (Ham and Na, 2017).
Understanding the relation between HWs and large-
scale atmospheric circulation and SSTs is important
for predicting these events.

Another fundamental element which contributes
to HW development and severity are surface heating

and soil moisture (Loughran et al., 2017; Wang et al.,
2017). Dry soil tends to intensify HWs and extend
their duration. For example, the 2003 HW over
Europe was up to 40% more intense as a result of dry
conditions (Fischer et al., 2007b; Perkins et al., 2015;
Horton et al., 2016).

Furthermore, the intensity of HWSs is built by
regional land surface feedback and intense radiation.
Fischer et al. (2007a) investigated major summer
HWs of 1976, 1994, 2003, and 2005 in Europe
conducting regional climate simulations with and
without land-atmosphere coupling. The results of the
experiment revealed that land-atmosphere coupling
was an important factor in the evolution of the
investigated HWs both trough local and remote
effects. Soil moisture-temperature interactions
increased the analyzed HWSs duration and account for
50 - 80% of the number of hot summer days. This
effect occurred mainly due to the limitation of
evaporation caused by drought conditions. Moreover,
it looks like spring precipitation deficits could enhance
the strength of summer HWs (Fischer et al., 20073,
2007b).

Teng and Branstator (2017) investigated linkages
between HWs in the Northern Hemisphere and the
quasi-stationary planetary wave anomaly produced
by atmospheric internal variability based on the
12000-year integration of a climate model. The main
findings suggested that when circulation anomalies
had unusually high projections onto circumglobal
teleconnection patterns, the probability of HWs can
be increased/decreased over much of the hemisphere
by a factor of 4, both concurrently and in the following
two weeks. These circumglobal teleconnection
patterns are quasi-stationary, through their influence
on the likelihood of HWs and therefore they provide
a viable source of predictability of HWs on
subseasonal timescales (Teng and Branstator, 2017).

Regional considerations

Europe

In Europe HWs are closely linked to the
atmospheric blocking regime and SST anomalies
(Purich et al., 2014). In Western Europe, HWs are
strongly related to the high pressure centers over
Scandinavia and central Western Europe (Della-Marta
et al.,, 2007; Wang et al., 2017). For instance, SST
anomalies and convection processes in the Atlantic
Ocean associated with the Rossby wave train system
and downstream atmospheric blocking lead to
summer HW formation across Europe and Russia
(Della-Marta et al., 2007; Purich et al., 2014). In the
United Kingdom (UK), Sanderson et al. (2017)
showed that higher numbers and lengths of HWs are
related with the positive phase of the Atlantic
Multidecadal Oscillation (AMO), while negative phases
of the AMO moderate the number and duration of
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such events. However, there are other atmospheric
modes and weather conditions which can exacerbate
HWs even when negative phases of the AMO are in
progress. For example, the long HWs of 1975 and
1976, were exacerbated most likely because of the
simultaneously manifestation of drought (Sanderson
et al.,, 2017). The same study also suggested that the
summertime North Atlantic Oscillation (NAO)
moderates the number and duration of HWs. Tomczyk
and Sulikowska (2017) indicated that the occurrence
of HWs in northern Germany was related to a ridge of
high pressure over Europe with a local anomaly of
high-pressure in the Baltic Sea center. In Serbia
almost 84% of the longest HW days were possible
under anticyclonic conditions and southerlies major
types of Grossweterlagen patterns (GWL) (Unkasevi¢
and TosSi¢, 2009). Unkasevi¢ and Tosi¢ (2009, 2015),
also indicated that the severe HWs of summers of
2007 and 2012 in Serbia occurred as a consequence
of warm and dry air advection from North Africa. The
synoptic conditions generating HWs in Greece consist
in the Subtropical Jet Stream (STJ) shifting northward
to the North of the Greek area resulting in warmer
than normal temperatures at the surface thus
facilitating conditions for the North-African warm air
masses to invade Greece and move northward over
the Balkans (Theoharatos et al, 2010). The
displacement of STJ can be determined by low-
pressure systems over southwestern England and
Northern Biscayan Gulf areas, combined with ridges
projected from Africa towards the Mediterranean
(Theoharatos et al., 2010). This type of mechanism
causes a powerful intrusion of heat in the Balkan
region (Theoharatos et al., 2010). In eastern Europe,
HWs are strongly related to warmer SSTs in the
Mediterranean and Black Sea which reinforces upper-
level anticyclonic flow (Unal et al., 2013).
Asia

The stationary Rossby waves play a key role in the
development of HWs in the Northern Eurasian region,
including events such as the one in 2010 in Russia
(Schubert et al., 2014). Mid-latitude heat episodes are
often associated with strong Rossby wave activity in
the upper troposphere (Fragkoulidis et al., 2018). A
study over West Asia indicated that severe HWSs in
Georgia are attributed to negative sea level pressure
(SLP) anomalies over southern Scandinavia and Red
and Black Sea, and positive SLP anomalies across
western Asia in association with mid-tropospheric
anticyclonic conditions (Keggenhoff et al., 2015b).
This atmospheric configuration blocks westerlies, and
allows warm air from the Southeast to cause extreme
high temperature over Georgia (Keggenhoff et al.,
2015b). Moreover, high atmospheric stability, intense
insolation, and pronounced soil dryness contribute to
the increased severity of HWs in this region
(Keggenhoff et al., 2015b).

HW occurrence over India is related with large
scale atmospheric anomalies connecting sub-tropical
high quasi-stationary Rossby waves over the mid-
latitudes, pronounced soil dryness, and clear sky
(Rohini et al., 2016). Moreover, Rohini et al. (2016)
also suggested that SST anomalies of the Indian
Ocean and of ENSO events have a large contribution
on Indian HWs and changes in these features are
expected to have consequences on the frequency and
the duration of extreme heat episodes. Based on
observed patterns and the statistical analyses of the
TX variability Ratnam et al. (2016) identified two
types of HWs over India. The first type is specific to
north-central India and was found to be associated
with blockage over the North Atlantic which results in
a cyclonic anomaly in the western region of North
Africa at upper levels. The stretching of vorticity
generates a Rossby wave source near the entrance of
the African Jet. The generated quasi-stationary wave
train along the jet has a positive phase over India
causing anomalous sinking motion and thereby HW
conditions over this region. The second type of HWSs
is common to coastal eastern India and is generated
by the anomalous Matsuno-Gill response to the
anomalous cooling in the Pacific. Thus, the Matsuno-
Gill response results in northwesterly anomalies over
the land reducing the land-sea breeze, conducting in
HWs occurrence.

Wang et al. (2017) identified three leading modes
governing the spatiotemporal distribution of extreme
heat episodes in China: interdecadal (ID),
interannual-tripole (IA-TR), and interannual-dipole
(IA-DP) modes. ID pattern generated more frequent,
longer and stronger events over North China. The IA-
TR structure underlines a tripole anomaly pattern
with positive (negative) anomalies centered on north
and south China and negative (positive) anomalies in
central China. The IA-DP mode exhibits a meridional
dipole pattern with anomalies of opposite signs
between the north and most of the southern areas of
China (Wang et al., 2017). Wang et. al (2017) also
emphasized the important role of SST anomalies on
HWSs genesis over China. Thus, the considerable SST
warming over Tropical Western Pacific (TPWP) leads
to convective processes. The positive and negative
SST anomalies over the tropical western and eastern
Pacific strengthen Walker circulation resulting in
intense convective processes over TPWP in the case
of the IA-DP and IA-TR patterns. Furthermore, the
increase of TPWP diabatic heating associated with the
convection triggered northward, propagates Rossby
wave trains leading to an anomalous descending
motion and less precipitation over the high pressure
nodes influencing HWSs in China. Luo and Lau (2017)
analyzed HWs in southern China and indicated that
these events are accompanied by anomalous surface
high pressure and anticyclonic circulation. The
dominant anomalous northwesterly flow reduces
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moisture advection from sea to land. Thus, the region
is dominated by dry and warm conditions and along
with clear sky, which prolongs sunshine duration and
enhances the solar radiation leading to a greater solar
heating. The SLP and temperature anomalies are
associated with the westward displacement of the
western North Pacific subtropical high (WNPSH),
suggesting that westward circulation of this system is
partially responsible for the occurrence of HWs in
south China (Luo and Lau, 2017). In Yangtze River
valley approximately two third of the total HW
variability in the July-August interval can be attributed
to anomalous SST forcing, whereas the other one
third is due to internal variability (Chen and Zhou,
2017). ENSO also plays an important role in the SST
forcing. Wang et al. (2017) suggested that intensity
of HWSs in China could be strongly enhanced by the
deficiency of soil moisture.

A recent study over Taiwan indicated that HW
events over this region are associated with abnormal
warming and drying atmospheric conditions
controlled by enhanced WNPSH (Kueh et al., 2017).
The drying magnitude is suppressed by surrounding
waters which serve as a vast moisture source (Kueh
et al., 2017). The WNPSH, a key component of the
East Asian summer monsoon system, is a major
regulatory element of the summer monsoon rainfall
and tropical storm activities over the western North
Pacific (Kueh et al., 2017). The anomalous WNPSH is
a major cause of weather extremes, HWs included, in
the region (Wang et al., 2016; Kueh et al., 2017; Luo
and Lau, 2017). HWs in East Asia were attributed to
the variation of WNPSH and could be further
enhanced by the ENSO and the tropical Indian Ocean
warming (Kueh et al., 2017). However, there still are
gaps in the scientific analysis of the physical causes
which generate extreme heat events in this region.

Lee and Lee (2016) found that the number of HWs
in South Korea are related to a north — south dipole
pattern between the South China Sea and Northeast
Asia. When this large-scale circulation configuration
facilitates deep convection in South China Sea, it
tends to weaken moisture advection from this region
to Northeast Asia. Intense deep convection in the
South China Sea triggers a Rossby wave train along
southerly winds which lead to the formation of
positive geopotential height anomalies around Korea
and Japan, accompanied by large-scale subsidence
and therefore providing favorable conditions for
extreme hot and dry days in Korea.

Africa

Summer HWs in Northern Africa are related to a
cyclonic anomaly activity in central Sahel favoring the
monsoon eastward to 0° longitude and a midlevel
anticyclonic anomaly over the Western Sahara,
increasing southward the flux divergence associated
with the African Easterly Jet (Fontaine et al., 2013).

In the March—-May period, two to three HWs
propagate toward east. They are preceded by an
abnormal warm cell over Libya and southwesterlies
over the West Sahara. Midtropospheric subsidence
and anticyclonic rotation associated with a large
trough which stagnates over North Atlantic reinforce
across the continent, then moves toward the Arabian
Peninsula. These signals are spatially coherent and
might suggest the role of short Rossby waves with an
eastward group velocity and a baroclinic mode,
possibly associated with jet stream deformation
(Fontaine et al., 2013). In spring, heat episodes are
also connected to midlevel cyclonic rotation over
Morocco associated with a Rossby wave pattern,
lessening the Harmattan (Fontaine et al., 2013).

Another important driver which generates HWs
(day-time events) in the western Sahel region is the
increased shortwave radiation and a reduction in
cloud cover (Oueslati et al., 2017). Nigh-time events
are explained by the greenhouse effect of water vapor
increasing longwave radiation (Oueslati et al., 2017).
Atmospheric circulation has an important role in
sustaining these warm anomalies during the night by
transporting moisture from the Atlantic Ocean and the
Guinean coasts into Sahel. ENSO is also a key factor
in the occurrence and variability of HWs in Sahel,
favoring high TN and increased event frequency
(Oueslati et al., 2017).

The African Intertropical Convergence Zone
(ITCZ) is also an important element of HW occurrence
in North Africa. An outstanding significant positive
correlation between the abrupt shift of ITCZ position
and HW occurrence was found in Egypt in the
summer of 2015, suggesting that the southerly
movement of the eastern African ITCZ controls the
weather over this country and led to the extreme HWs
(Hafez and Almazroui, 2016). The geopotential height
at a 500-hPa anomaly becomes positive for the
duration of a HW over Egypt for the summer season
(Hafez and Almazroui, 2016). The stability conditions
of high pressure system in the upper atmosphere over
this area create lower inversion of temperature near
the surface and cause the heat accumulation (Hafez
and Almazroui, 2016).

We could not identify any study between 2007 and
2018 which analyzed mechanisms that generated
HWs over the southern half of the African continent.
Therefore, future research should identify the key
mechanisms which generate and maintain such
events in this area of the globe.

Australia

In Australia as in the case of other continents,
both large-scale atmospheric circulation and land
surface conditions are some of the most important
drivers in the HW genesis and persistence (Pezza et
al, 2012; Gibson et al., 2017). Australian HWs
conditions of occurrence can roughly be described as
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a consequence of a high pressure system of the
subtropical ridge advecting warm air from the North
(Loughran et al., 2017). The high pressure system is
often embedded in a stationary Rossby wave.
Loughran et al. (2017) found that ENSO has a great
influence on HWs in Australia, especially on frequency
days, duration, and number in northern and
northeastern areas of the continent.

The fundamental mechanism of HWs in southern
Australia was identified as a transient pulse arriving
from the Indian Ocean which resonates with the
Australian continent projecting a very strong ridge
towards the south (Pezza et al.,, 2012). Events in
Southern Australia are also related with feedbacks
between SST anomalies and atmospheric variability
and interactions with tropical variability (Purich et al.,
2014). In southeastern Australia extreme heat events
occur under persistent subtropical high pressure
systems associated with northerly winds, while in the
southwestern part of the continent high pressure
systems in the Great Australian Bight produce
easterly winds which can induce conditions for HWSs
formation (Purich et al., 2014). Parker et al. (2014)
have also analyzed the physical mechanism behind
HW formation in southeastern Australia and found
that these events are accompanied by a slow-moving
transient surface anticyclone over the Tasman Sea to
the East, which directs warm continental air over this
region. Also, summer HWs over southeastern
Australia seemed to be related with heavy rainfall in
the northeastern areas of the continent (Cowan et al.,
2014; Parker et al., 2014). The mechanism behind
this dipole of extreme heat in the southeast and
heavy rainfall in the northeast and adjacent waters is
generated by upper-level cyclonic potential vorticity
troughs which rainfall by vertical motion, high
instability, and modification to moisture flux (Parker
et al,, 2014).

North America

Extreme heat episodes in North America are
associated with anomalous circulation at 500 hPa
geopotential height (positive anomalies) and SLP
anomalies (Loikith and Broccoli, 2012). These
episodes are accompanied as in the case of other
areas on the globe by quasi-stationary mid-latitude
Rossby waves (Teng et al., 2013). Other processes,
such as low soil moisture content can be an important
component of HW formation in this area as well
(Loikith and Broccoli, 2012). Some of the most severe
high impact HWs in the North America occurred in
relation to low-humidity and drought conditions
(Peterson et al., 2013).

It was found that HW frequency over this region
is dominated by two distinct modes. (i) The
interdecadal mode primarily depicts a HW frequency
increasing pattern over most of North America except
some western coastal areas (Wu et al., 2012). (ii) The

interannual mode resembles a tripole anomaly
pattern with three centers over the northwestern,
central, and southern continent. The interdecadal
mode is closely associated with the prior spring SST
anomaly in the tropical Atlantic and tropical western
Pacific that can persist during the summer, whereas
the interannual mode is related to the development
of ENSO. For the interdecadal mode the tropical
Atlantic sea surface anomaly can induce a Gill-type
response which extends to North America, while the
northwestern Pacific sea surface anomaly excites a
Rossby wave train propagating eastward towards the
continent. These two circulation patterns jointly
contribute to the formation of the large-scale
circulation anomalies associated with the interdecadal
mode. For instance, SSTs over the North Atlantic,
Tropical Atlantic, tropical Pacific, North Pacific, and
uniform global SST warming contributed to the 2012
summer warm temperature anomalies over large
areas of the US (Jia et al., 2016). In the case of
interannual mode, the corresponding circulation
anomalies are similar to a Pacific-North America
pattern. The subsidence associated with high-
pressure anomalies warms and dries the boundary
layer, inhibiting cloud formation. The resulting surface
radiative heating further warms the surface (Wu et
al., 2012). Moreover, some patterns suggest influence
from other large-scale teleconnections, such as Arctic
Oscillation and the Pacific-North American mode
(Loikith and Broccoli, 2012). The orientation, physical
characteristics, and spatial scale of these circulation
patterns vary based on latitude, season, and
proximity to major geographic features such as
mountains, coastlines and others (Loikith and
Broccoli, 2012).

Bumbaco et al. (2013) analyzed day-time and
night-time HWs in the Pacific Northwest and found
that stronger 850 hPa winds, higher 500 hPa
geopotential heights, and larger SLP gradient
associated with TX events over the region indicated
that downslope warming across the west side of the
Cascade Mountains is more important for the day-
time events. Moreover, this finding was supported by
a positive relationship between the strength of the
500 hPa anomalies and the magnitude of the TX
regional anomalies. On the other hand, nigh-time
events had a less pronounced 500 hPa ridge and a
weaker 850 hPa easterly winds, a weaker SLP
gradient, and there was no relationship between the
strength of the 500 hPa Z and the regional anomaly.

Hence, the atmospheric dynamics, land initial
conditions, SSTs, and radiative forcing are all
important drivers, and source of predictability for
North America HWs (Jia et al., 2016).

South America

One important characteristic of South America
HWs is that they are less common and intense
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compared to the Northern Hemisphere ones
(Rusticucci, 2012). A study over subtropical South
America found that 73% of HWs which occurred in
this region were related to an active South Atlantic
Convergence Zone (SACZ) associated with the
strengthening of an anticyclonic anomaly in the
subtropical region (Cerne and Vera, 2011). Moreover,
the high anticyclonic activity over this area is
embedded in a large-scale Rossby wave train
extended along the South Pacific Ocean which was
found to be linked with intraseasonal changes of the
convective processes at the equatorial western and
central Pacific Ocean (Cerne and Vera, 2011).
Jacques-Coper et al. (2016) also found similar results
in southeastern Patagonia in respect to the relation of
HW events to convective conditions in the SACZ (two
thirds of the HWSs in southeastern Patagonia were
related to SACZ). A low number of HWs (7 of 26
identified in the 1979-2003 period) were not related
with active SACZ (Cerne and Vera, 2011). They
occurred under warmer than normal conditions over
the subtropical regions. These conditions are
sustained by the persistence of advections of very
warm and moist air promoted into the region by a
quasi-stationary frontal system located at the
southern tip of South America (Cerne and Vera,
2011). Therefore, HWs in the subtropical South
America occur even when the activity of the SACZ is
suppressed (Cerne and Vera, 2011; Rusticucci et al.,
2016). Over Brazil, HWs can be induced by a
westward migration of the South Atlantic Subtropical
high in association with SST anomalies over the South
Atlantic Ocean (Geirinhas et al., 2017). In the
equatorial areas, HWs are related to the migration of
the Intertropical Convergence Zone (ITCZ) northward
and warmer SST over the North Tropical Atlantic
Ocean and also with the ENSO (Geirinhas et al.,
2017). The radiative balance at the surface has been
also found to be an important driver for the
development of HWs in some locations of Brazil
(Geirinhas et al., 2017).

Changes in heat waves across the globe

Observed changes

Even though there is a wide variety of definitions,
the analysis of changes in HWs converged to similar
results: increase in frequency, duration and intensity.
Globally averaged, HWs (analyzed by the warm spell
duration indicator - WSDI) have increased by approx-
imately 8 days since the middle of the twentieth cen-
tury (Donat et al., 2013). The increase was more ev-
ident since 1990. Conversely, the duration of cold
spells (analyzed by the cold spell duration indicator -
CSDI) has significantly decreased over large areas, by
circa 4 days since 1950 (Donat et al., 2013). Thus,
these results indicated that the warming process at a

global scale is reflected more in HWs than in CWs.
Large areas of the globe experienced significant in-
creasing trends in WSDI for the 1951-2010 period.
However, these changes are not uniform from a spa-
tial and temporal point of view. The most affected re-
gions seemed to be Europe, almost the entire surface
of Asia and Australia, Southern Africa, the northern
half of North America, and sparse regions of South
America located in the north, west, and south (Donat
et al., 2013). These results are similar with those re-
ported by Perkins et al. (2012) which analyzed HWs
at a global scale by employing three different defini-
tions: TX above the 90th percentile for at least three
days, TN above the 90th percentile for at least three
days, and excess heat factor (EHF). Moreover, the
global area affected by HWs has increased in recent
decades (Russo et al., 2014).

In all of the regions of the planet, short-term
downward trends in HWs are followed by a rise in
their metrics within 5 — 10 yr, indicating that those
areas will experience an increase within the next dec-
ade (Perkins-Kirkpatrick et al., 2017). Changes in the
metrics of these events are highly sensitive to
changes in mean global-scale warming (Horton et al.,
2016; Perkins-Kirkpatrick and Gibson, 2017). Thus,
limiting the global warming to 2 °C as recommended
by the Paris agreement can avoid considerable
changes in HWs (Perkins-Kirkpatrick and Gibson,
2017).

Regional changes

Europe

The European continent faced many extreme heat
events in the last decades. A considerable number of
studies showed an important increase in HW fre-
quency, duration, and intensity over large regions of
Europe. Thus, these changes were observed in: Spain
(Acero et al., 2017), Northern Europe (Tomczyk et al.,
2017), lowland Germany (Tomczyk and Sulikowska,
2017), the Carpathian Region (Spinoni et al., 2015),
Ukraine (Shevchenko et al., 2014), Romania (Croitoru
et al,, 2016; Piticar et al., 2017), and Serbia (Un-
kaSevi¢ and ToSi¢, 2015; Basarin et al., 2016). Long-
term changes analysis showed that the duration of
intense HWSs has doubled in Western Europe between
1880-2003 (Della-Marta et al., 2007). Sanderson et
al. (2017) found some positive trends in the number
and duration of HWs at some stations in the United
Kingdom. However, for some stations in the south-
eastern of England, the duration of very long events
(over 10 days) had decreased since 1970s, whereas
the duration of shorter events (up to 10 days) had
slightly increased.

Asia
Trend analysis of HWs over western Asia (Georgia)
demonstrated a significant increase in the frequency,
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duration, and intensity of these events (Keggenhoff
et al. 2015a, 2015b). Unal et al. (2013) also found
increasing trends in the frequency and duration of
HWs in western Turkey. Important changes were
found in HW variables related to frequency, duration,
and intensity in China, pointing out towards more se-
vere events (Dian-Xiu et al., 2014; Liu et al., 2015;
Chen et al., 2017; Chen and Li, 2017; Luo and Lau,
2017; Wang et al.,, 2017; Yan et al., 2017; Zhang et
al., 2017a). Rohini et al. (2016) and Panda et al.
(2017) found statistically significant increasing trends
in HW frequency, total duration, and maximum dura-
tion in India, especially in central and northwestern
regions.

Africa

For the African continent the situation is similar to
Europe and Asia in respect to changes in HWs. Thus,
the number of HWs increased both in day-time and
night-time events in the 1981-2015 period over Africa
(Ceccherini et al., 2017). Russo et al. (2016) indicated
that in the recent years Africa experienced hotter,
longer, and more extent HWs than in the last two dec-
ades of the 20th century. The annual number of diurnal
and nocturnal events increased over the coastal re-
gions of the Gulf of Guinea in the second half of 20th
century, becoming more accelerated after 1980s pe-
riod (Ringard et al., 2016). Oueslati et al. (2017) also
reported that over the last three decades, HW fre-
quency, duration, and intensity increased in the Sahel
region. In southern Africa, a shift toward higher heat
wave frequency in recent years occurred (Lyon, 2009).

Australia

Significant changes were also found across large
areas of Australia in different HW parameters which
measured frequency, duration, and intensity (Perkins
and Alexander, 2013; Parker et al., 2014; Nairn and
Fawcett, 2015; Perkins-Kirkpatrick et al., 2016).

Greater statistical significance was found in fre-
guency-based indices (Perkins and Alexander, 2013).
In terms of intensity-based indices, the results of the
same study showed that changes are more substantial
in the highest intensity values than in average ones.

North America

North America experienced an increase of the
number of HWs (Keellings et al., 2018). Peterson et
al. (2013) indicated that over the last decades HWSs
are generally increasing in the US. Smith et al. (2013)
have also found positive trends in HWs indices over
most of the US territory. Only few significant negative
trends were found in portions of the Southwest,
Northwest, and Great Plains (Smith et al., 2013).
Anandhi et al. (2016) found a general increase in the
number of warm spells (WSs) in winter in Kansas and
a decrease over the whole year. In Florida HWs have
become more frequent and intense (Keellings and

Waylen, 2014). The duration and intensity of HWSs
have increased in summer in Mexicali City (Mexico)
(Cueto et al., 2010). Allen and Sheridan (2016) ana-
lyzed spatio-temporal changes in HWs in 55 US met-
ropolitan areas over the 1948-2012 period and found
that across many locations these events have become
more frequent, longer, and earlier occurring. Mazdi-
yasni and AghaKouchak (2015) showed a substantial
increase in concurrent droughts and HWSs across most
areas of the US and a statistically significant shift in
the distribution of concurrent extremes. Bumbaco et
al. (2013) noted that a significant increasing trend in
the frequency of nighttime HWs is the only significant
increasing trend in the Pacific Northwest.

South America

The analysis of changes in HWs in South America
also showed that these events became more fre-
quent, more intense, and longer. Ceccherini et al.
(2016) revealed an increase in the intensity and fre-
quency of HWs in South America. Rusticucci et al.
(2016) found increasing frequency in HWs in Argen-
tina over the 1961-2010 period. Geirinhas et al.
(2017) revealed the existence of positive and signifi-
cant trends in HW frequency in Brazil, particularly for
the cities of Sao Paulo, Manaus, and Recife.

Future changes

Projections of HWs indicate that these events will
continue to increase in the future at higher rates in
terms of frequency, duration, and intensity compared
to the present situation and at a greater magnitude
than the global mean temperature (Amengual et al.,
2014; Perkins, 2015; Perkins-Kirkpatrick and Gibson,
2017). HWs as defined by present-day standards, will
have an extraordinary duration which will vary from
several weeks (under the optimistic B2 scenario) to
months (under the A2 scenario) (Zittis et al., 2016).
These changes could lead to increased discomfort
and mortality, especially among elderly, children, and
people with health problems if appropriate adaptation
measurements will not be considered.

At a global scale, model predictions indicated an in-
crease in the probability of occurrence of extreme and
very extreme HWSs in the coming years, in particular,
by the end of the century (Russo et al., 2014). HWs of
the same severity as those in Russia in the summer of
2010 are projected to occur as often as every 2 years
in southern Europe, North America, South America, Af-
rica, and Indonesia under the most severe IPCC AR5
scenario (Russo et al., 2014). However, the extreme
Russian heat event can still be considered a rare event
in the future under the less severe scenarios (RCP2.6
and RCP4.5) (Russo et al., 2014).

Amengual et al. (2014) analyzed HW projections
with high impact on human health in Europe over the
21st century and concluded that the population will
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be exposed to higher health risk related to these
events. Other studies also found that until 2100 HW
variables may increase drastically in Europe (Ballester
et al., 2010; Fischer and Schar, 2010; Jacob et al.,
2014; Lelieveld et al., 2014; Schoetter et al., 2015;
Zacharias et al., 2015; Ouzeau et al., 2016). However,
changes in HW metrics are estimated to vary consid-
erably across different regions of the continent. The
most pronounced changes are projected to occur in
southernmost Europe for frequency and duration, in
further north for amplitude, and in low-altitude south-
ern regions for health-related indicators (Fischer and
Schar, 2010).

As in the case of European continent, large areas
of Asia will face more severe heat episodes. Zittis et
al. (2016) indicated that all variables that characterize
HW severity are estimated to strongly increase com-
pared with the control period of 1961-1990 in the
eastern Mediterranean and the Middle East. The
Northern Eurasia region will experience more HWs es-
pecially by the second half of the 21st century (Schu-
bert et al.,, 2014). The Indian subcontinent is ex-
pected to experience more intense, longer, higher
numbers of HWSs, and earlier occurrence across the
year (Murari et al., 2015). Moreover, Southern India,
currently not influenced by HWSs, is expected to be
severely affected by the end of the century (Murari et
al., 2015). Guo et al. (2017b) analyzed the projection
of HWs over China using 12 CMIP5 models and found
that as global temperature will cross the 1.5, 2.0, 2.5,
3.0, 3.5, 4.0, 4.5, and 5.0 °C targets, HWs would be-
come more frequent, longer, and more intense. HWs
are also forecast to become more severe in the future
in Taiwan (Kueh et al., 2017). Coupled Model Inter-
comparison Project Phase 3 (CMIP3) models pro-
jected that the number of HW days will increase in
northern, eastern, and western Japan (Nakano et al.,
2013). Also, the duration of HW days is estimated to
increase in areas in which HW days frequency will in-
crease as well (Nakano et al., 2013).

In a recent review article, Perkins-Kirkpatrick et
al. (2016) indicated that observed increasing trends
in HW metrics in Australia are projected to continue
at higher rates until the end of the century. CMIP5
projections over this continent showed more fre-
quent, hotter, and longer summer HWs and winter
WSs by the end of the century with more extreme
conditions under RCP8.5 compared to RCP4.5
(Cowan et al., 2014).

50% of regional climate projections over Africa
suggest that HWs which are unusually severe under
the present climate will occur on a regular basis by
2040 under the RCP8.5 scenario (Russo et al., 2016).
The Gulf of Guinea, the Horn of Africa, the Arabian
Peninsula, Angola, and the Democratic Republic of
Congo are expected to face, every two years, HWs of
a length comprised between 60 and 120 days under
the RCP8.5 scenario (Dosio, 2017).

Over North and South America HWs are estimated
to increase considerably in frequency and duration
during the 21st century (Lau and Nath, 2012; Ma-
rengo et al., 2014; Grotjahn et al., 2016; Li et al.,
2017; Angeles-Malaspina et al., 2018).

The impact of heat waves on mortality

HWSs have a considerable impact on various sys-
tems. Nevertheless, the most direct and brutal socie-
tal impact is death (Perkins, 2015; WMO and WHO,
2015). A significant impact on mortality has been
clearly demonstrated in numerous studies (D'Ippoliti
etal,, 2010; Barnett et al., 2012; Lee et al., 2016; Guo
et al.,, 2017a; Zhang et al., 2017b and many others).
The most illustrative example is the HW of the 2003
summer that caused between 25000 and 70000 ex-
cess deaths in 12 European countries (D'Ippoliti et al.,
2010; Amengual et al., 2014; WMO and WHO, 2015).
HWs have been responsible for more deaths in Eu-
rope, US, and Australia than any other natural hazard
(Nairn and Fawcett, 2015).

Extreme heat episodes can also have a serious im-
pact on humans from a health perspective causing
heatstroke, heat exhaustion, heat cramps, heat syn-
cope, heat oedama, and heat rush (WMO and WHO,
2015). Heat is also responsible for severe dehydration,
acute cerebrovascular accidents, and contributes to
thrombogenesis (WMO and WHO, 2015). Moreover,
HWSs can aggravate chronic pulmonary and cardiac
conditions, kidney disorders, and psychiatric illness
(WMO and WHO, 2015). In Korea it was found that
cardiovascular hospitalizations were significantly asso-
ciated with high temperature during HWSs, particularly
in women and younger persons (Son et al., 2014).

A comprehensive study analyzed the impact of
HWSs on mortality in 18 countries in different regions
of the globe using 12 HW-definitions (each 90th,
92.5th, 95th, and 97.5th percentile intensity thresh-
olds combined with duration thresholds above 2, 3,
and, 4 days) and found significant association in all
countries for all types of HWs (Guo et al.,, 2017a). The
same study indicated that HWs had a higher associa-
tion with mortality in moderate cold and moderate hot
areas than cold and hot areas. Barnett et al. (2012)
found that HWs generally increased the risk of death
in the US. The largest increase was found for the most
extreme temperatures (Barnett et al., 2012). Linares
et al. (2015) showed that the impact of heat on daily
mortality was greater than that of cold in Spain. Other
factors such as interaction between HWs and air pol-
lution from wildfires substantially increase the num-
ber of deaths as was the case of Russian mega-HW
in 2010 (Shaposhnikov et al., 2014).

HWSs impact on mortality can vary according to
their characteristics and severity. Thus, variables such
as duration and intensity, and their degree of severity
correlate and affect differently the number of deaths.
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The increase in mortality was up to 3 times greater
during long duration and high intensity events (D'Ip-
politi et al., 2010). HW duration was of major im-
portance in all-cause and respiratory-cause mortality
in Spain (Linares et al., 2015). Kim et al. (2016) has
also indicated that the duration of HWs is highly cor-
related with the number of deaths from heat. This can
be explained by the fact that as the HWs progress,
the thermal stress accumulated in the human body
increases (Kim et al., 2016). Therefore, the maximum
duration of HWs is of a great concern. The intensity
of HWs also plays a major role in the number of
deaths. Thus, the more intense a HW is, the higher
the number of deaths will be (Guo et al., 2017a; Lee
et al., 2016; Zhang et al., 2017b).

Mortality risk also varies significantly within re-
gions and cities (Horton et al., 2016). These differ-
ences are mainly determined by the level of develop-
ment of each country, the pyramidal structure of pop-
ulation, poverty, level of education, climate, geo-
graphical features of each region, intensity of the heat
island in urban environments, and others. D'Ippoliti
et al. (2010) studied the impact of HWs on mortality
in 9 European cities and found that the effect of these
events showed a great geographical heterogeneity.
The increase in mortality during HW days varied from
7.6 % in Munich (Germany) to 33.6 % in Milan (Italy)
(D'Ippoliti et al., 2010). It was also found that heat
episodes showed a greater impact in the Mediterra-
nean (21.8 %) than in northern Europe (12.4 %) cit-
ies. The highest impact was noted in the case of those
with respiratory diseases in terms of preexistent con-
dition. Women between 75-84 years old seemed to
be the most affected in terms of gender and age
(D'Ippoliti et al., 2010).

The number of deaths also vary across the year.
In a study on the impact of HWs on mortality in seven
major cities in Korea the results showed an average
increase of 4.1 % and a higher effect of episodes that
occured earlier in the summer (Son et al., 2012). Sim-
ilar to the results of D'Ippoliti et al. (2010) for Europe,
in Korea, cities mortality was higher during longer and
more intense heat episodes and has affected more
women than men (Son et al., 2012). This is also the
case of Whan (China) (Zhang et al., 2017b). Contrary
to results of D'Ippoliti et al. (2010), Son et al. (2012),
and Zhang et al. (2017b), other studies did not found
any difference in estimated HW effect on mortality by
gender (Basu and Ostro, 2008; Huang et al., 2010).

Selecting the appropriate HW-definition to esti-
mate the excess deaths in a specific area or for a spe-
cific category of death (i.e. cardiovascular, respira-
tory) is crucial. For example, a study in Beijing
(China), found that the added effect of HWs on car-
diovascular mortality was best captured by using a
duration threshold of at least 5 consecutive days and
a temperature intensity threshold equal or higher
than the 93rd percentile (Dong et al., 2016).

In general, a greater association of HWs defined
by higher percentile thresholds with mortality was
found (Guo et al., 2017a). Lee et al. (2016) investi-
gated the impact of heat episodes on mortality in Ko-
rea and showed that mortality increased by 14.8 %
when HWs were identified based on the 98th percen-
tile. When the intensity threshold was lowered to the
95th and 90th percentile, the excess mortality during
HWs decreased to 8.6 — 11.3 % and 3.7 — 5.8 %,
respectively.

HWs defined by daily mean temperatures and TX
generated similar HW-mortality association, while
there was statistical difference in effect estimates by
TN. Therefore, using daily mean temperature and TX
can estimate mortality excess better than daily TN
(Guo et al., 2017a). Another study analyzed the im-
pact of HWs identified by different definitions on daily
mortality in Wuhan (China) and found that the daily
mean temperature threshold = 99th percentile and
the duration > 3 days had the best predictive ability
in assessing the mortality effects of HWs (Zhang et
al., 2017b). Therefore, the definition of HWs is critical
in estimating their relationship with mortality (Lee et
al,, 2016).

In many cases HWs lead to higher mortality
among elderly, children, women and persons with
pre-existent cardiovascular and respiratory diseases
(Fischer and Schar, 2010). Obesity may also increase
the risk of death during HW episodes. In 66 Chinese
communities, a total of 5 % excess deaths were as-
sociated with HWs, with the highest value in north
China (6 % excess deaths) (Ma et al., 2015). Greater
effects were observed on cardiovascular, cerebrovas-
cular, and respiratory mortality. Also, elderly, females,
and those living in urban or densely populated com-
munities were more affected by HWs in terms of mor-
tality. Bell et al. (2008) investigated heat-related mor-
tality for three Latin American cities (Mexico City,
Mexico; Sao Paulo, Brazil; Santiago, Chile) and found
increased susceptibility for older population in all cit-
ies. Thus, the increase in mortality risk for those > 65
was between 2.69% and 6.51%.

A systematic review on the relationship between
HWs and children’s health indicated that the existing
literature does not consistently suggest that mortality
among children increases significantly during HWSs,
even though infants were associated with more heat-
related deaths (Xu et al., 2014). Pediatric diseases or
conditions associated with HWs include renal and res-
piratory disease, electrolyte imbalance and fever (Xu
et al., 2014). The same study suggested that future
research should focus on the development of a HW
definition from a children’s health perspective.

Despite the increase of HW frequency, duration,
and intensity, a recent study found an attenuation of
heat-mortality risks in the past decades in a multi-
country analysis (Australia, Brazil, Canada, Ireland,
Japan, South Korea, Spain, Switzerland, UK, USA)
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(Vicedo-Cabrera et al., 2018). Significant decrease in
heat-related mortality risk during recent decades
have been also reported in other studies (Gasparrini
et al,, 2015; Urban et al., 2017). In England and
Wales, deaths related to heat showed only a small
increasing trend in the 1976-2005 period (Christidis
et al., 2010). These results suggest that non-climatic
driven attenuation mechanisms, such as infrastruc-
ture changes and improved health care, have made a
large contribution to the decrease in susceptibility to
heat (Vicedo-Cabrera et al., 2018). Thus, these facts
indicate that there is reason for the development of
adaptation and public health strategies to mitigate
negative impact of HWs on mortality (Vicedo-Cabrera
et al., 2018).

By the end of the century, the annual number of
ischemic heart diseases excess deaths in Germany at-
tributable to HWs is expected to rise by factor 2.4 and
5.1 in the acclimatization and non-acclimatization
conditions (Zacharias et al., 2015). Roldan et al.
(2016) showed that expected mortality caused by ex-
treme temperatures in the form of HWs in Zaragoza
(Spain) will increase by 0.4 % for the 2014-2021 pe-
riod. This effect is expected to increase until the end
of the 21st century due to an increase in HW severity.
Thus, in the future HW-induced mortality is projected
to be higher (Murari et al., 2015; Kim et al., 2016).
However, the increase of mortality caused by HWs can
be limited if global warming is restricted to 2 °C (Mu-
rari et al., 2015) and appropriate adaptation strate-
gies are considered and implemented. Furthermore,
the number of strong and extreme stress HWs could
increase in densely populated regions until the end of
the century (Amengual et al.,, 2014). Mora et al.
(2017) reviewed papers published between 1980 and
2014 and found 783 cases of excess human mortality
associated with heat from 164 cities in 36 countries.
Their results showed that in the present around 30%
of the world’s population is exposed to climatic con-
ditions exceeding the deadly threshold (Mora et al.,
2017). By 2100, this value is projected to increase to
48 % under a scenario with drastic reduction of
greenhouse gas emissions and 74% under a scenario
of growing emissions (Mora et al., 2017). Therefore,
overcoming the societal vulnerabilities related to
these events and the role of political decision making
in this direction are essential aspects (Amengual et
al., 2014). However, in many countries, governments
do not perceive HWs as a major risk problem, alt-
hough they caused the highest nhumber of deaths
among natural hazards.

Conclusions

During the last decade, research on HWs has
greatly expanded and has brought significant
knowledge in terms of causes, changes, and impact
on human mortality. This review summarized the

current state of knowledge in HW definitions, driving
mechanisms, observed changes, future changes and
impact on human mortality in the period 2007-2018.

HW definitions are the core elements of studies
which investigates these events. However, the
vastness of methodologies used to identify these
episodes can make comparisons between the results
of different studies quite difficult and the need of a
unified set of definitions has aroused interest among
climate researchers. Despite the abundance of
definitions used to identify these events, by analyzing
a sample of 109 papers, a preference for percentile-
based definitions was observed. Thus, 71.6 % of the
analyzed papers used only this type of definitions.
However, percentile-based definitions may also differ
between them by using different reference periods
(i.e. 1961-1990, 1971-2000, 1981-2010), and
intensity and/or duration thresholds which can also
make comparisons between the results of different
studies difficult.

The atmospheric dynamics are the main drivers of
HW occurrence and persistence. Other key factors
such as soil low humidity and high temperature, and
SST anomalies add an important contribution to the
frequency and severity of these events. ENSO seems
to have a global influence on HWSs, while other
teleconnection structures play a key role at a regional
scale (i.e., NAO, AMO, Pacific-Japan pattern). Efficient
forecast for extreme heat episodes requires a high
level of knowledge of the characteristic patterns in
key atmospheric variables. Therefore, understanding
the associated physical mechanism plays a crucial role
in building reliable predictions (Oueslati et al., 2017).
Although there is consensus on many aspects of HW
driving mechanisms such as the role of blocking
systems, researchers pointed out that there are still
many gaps in the knowledge of this issues (Perkins et
al,, 2012; Hartmann et al.,, 2013; Schubert et al.,
2014; Rusticucci et al., 2016).

The reviewed scientific papers which analyzed
changes in HWs, provided extensive evidence of
significant changes in these events for large regions
of the world. Thus, HWs increased in their frequency,
duration, and intensity in the past decades. Models
suggested that HWs and Mega-HWs are expected to
become more frequent and severe under a warmer
climate and also to occur in regions rarely affected by
such events. There is proof that adaptation measures
can significantly reduce the number of deaths. For
instance, Christidis et al. (2010) found that adaptation
has prevented a significant increase in heat-related
mortality. Thus, adaptation strategies are of crucial
importance in order to mitigate the negative impact
of such events on society and natural environment.

HWSs were found to be significantly associated with
increased mortality. Despite the recent high impact
mega-HWs and intense mediatisation, the population
does not perceive these events as a serious threat to
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human life, especially for vulnerable categories
(children, elderly, and persons with pre-existent
diseases). This may happen because of the lack of
sudden dramatic manifestation of these events as in
the case of hurricanes and floods (Morabito et al.,,
2017). To prevent the harmful effects of HWs on
human health some measures can be effective. These
consists in wearing lightweight clothes during hot
episodes, rehydration, reducing excess weight,
rigorous emergency planning, heat health warning
systems, and reduction of heat stress in outdoor or
indoor environments (Cueto et al., 2010).

Although, much effort was put into studying these
extreme events across the world, there are still large
areas with insufficient scientific information especially
in Africa, Latin America, and Asia (Perkins et al., 2012;
Hartmann et al., 2013; Rusticucci et al., 2016). This
is mainly caused by poor quality of reliable climate
data or even lack of it. It is important to note that
there are very limited published results on HWs
driving mechanisms, changes and impact on human
mortality in Africa. Therefore, further studies should
focus on this region.

Acknowledgements

The authors kindly acknowledge Ms Maddlina
Timu for the English technical support. This research
did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit
sectors.

References

Acero, FJ. Fernandez-Fernandez, M.I., Carrasco,
V.M.S,, Parey, S., Hoang, T.T.H., Dacunha-Castelle,
D., Garcia, J.A. (2017). Changes in heat wave
characteristics over Extremadura (SW Spain).
Theor. Appl. Climatol. DOI: 10.1007/s00704-017-
2210-x.

Allen, M.J.,, Sheridan, S.C. (2016). Spatio-temporal
changes in heat waves and cold spells: an analysis
of 55 U.S. cities. Physical Geography. DOI:
10.1080/02723646.2016.1184078.

Amengual, A., Homar, V., Romero, R., Brooks, H.E.,
Ramis, C. Gordaliza, M., Alonso, S. (2014).
Projections of heat waves with high impact on
human health in Europe. Glob. Planet. Chang. 119,
71-84. DOI: 10.1016/j.gloplacha.2014.05.006.

Anandhi, A., Hutchinson, S., Harrington, J., Rahmani,
V., Kirkham, M.B., Rice, C.W. (2016). Changes in
spatial and temporal trends in wet, dry, warm and
cold spell length or duration indices in Kansas,
USA. Int. J. Climatol. 36, 4085—4101. DOI:
10.1002/joc.4619.

Angeles-Malaspina, M., Gonzalez-Cruz, J.E., Ramirez-
Beltran, N. (2018). Projections of Heat Waves
Events in the Intra-Americas Region Using

Multimodel Ensemble. Adv. Meteorol. DOI:
10.1155/2018/7827984.

Ballester, J., Rodo, X., Giorgi, F. (2010). Future changes
in Central Europe heat waves expected to mostly
follow summer mean warming. Clim. Dyn. 35,
1191-1205. DOI: 10.1007/s00382-009-0641-5.

Barnett, A.G., Hajat, S., Gasparrini, A., Rockldv, J.

(2012). Cold and heat waves in the United States.

Environ. Res. 112, 218-224, DOI:
10.1016/j.envres.2011.12.010.
Basarin, B., Luki¢, T, Matzarakis, A. (2016).

Quantification and assessment of heat and cold
waves in Novi Sad, Northern Serbia. Int. J.
Biometeorol. 60, 139-150, DOI: 10.1007/s00484-
015-1012-z.

Basu, R., Ostro, B.D. (2008). A multicounty analysis
identifying the populations vulnerable to mortality
associated with high ambient temperature in
California. Am. J. Epidemiol. 168, 632—637.

Bell, M.L., O'Neill, M.S., Ranjit, N., Borja-Aburto, V.H.,
Cifuentes, L.A., Gouveia, N.C. (2008). Vulnerability
to heat-related mortality in Latin America: a case-
crossover study in Sdo Paulo, Brazil, Santiago,
Chile and Mexico City, Mexico. Int. J. Epidemiol.
37, 796-804, DOI: 10.1093/ije/dyn094.

Bittner, M.I., Matthies, E.F., Dalbokova, D., Menne, B.
(2013). Are European countries prepared for the
next big heat-wave? Eur. J. Public. Health. 24, 615-
619, DOI: 10.1093/eurpub/ckt121.

Bumbaco, K.A., Dello, K.D., Bond, N.A. (2013). History
of Pacific Northwest Heat Waves: Synoptic Pattern
and Trends. J. Appl. Meteorol. Clim. 52, 1618-
1631, DOI: 10.1175/JAMC-D-12-094.1.

Ceccherini, G., Russo, S., Ameztoy, 1., Marchese, A.F,
Carmona-Moreno, C. (2017). Heat waves in Africa
1981-2015, observations and reanalysis. Nat.
Hazards Earth Syst. Sci. 17, 115-125,
DOI:10.5194/nhess-17-115-2017.

Ceccherini, G., Russo, S., Ameztoy, 1., Romero, C.P,
Carmona-Moreno, C. (2016). Magnitude and
frequency of heat and cold waves in recent
decades: the case of South America. Nat. Hazards
Earth Syst. Sci. 16, 821-831, DOI: 10.5194/nhess-
16-821-2016.

Cerne, S.B., Vera (2011). Influence of the
intraseasonal variability on heat waves in
subtropical South America. Clim. Dyn. 36, 2265-
2277, DOI: 10.1007/s00382-010-0812-4.

Chen, Y., Hu, Q., Yang, Y., Qian, W., (2017). Anomaly
based analysis of extreme heat waves in Eastern
China during 1981-2013. Int. J. Climatol. 37, 509-
523, DOI: 10.1002/joc.4724.

Chen, Y., Li, Y. (2017). An inter-comparison of three
heat wave types in China during 1961-2010:
Observed basic features and linear trends. Sci.
Rep. 7, 45619 DOI: 10.1038/srep45619.

Chen, X., Zhou, T. (2017). Relative contributions of
external SST forcing and internal atmospheric

115



A review of recent studies on heat wave definitions, mechanisms, changes, and impact on mortality

variability to July-August heat waves over the
Yangtze River valley. Clim. Dyn. DOI:
10.1007/s00382-017-3871-y.

Christidis, N., Donaldson, G.C., Stott, PA. (2010).
Causes for the recent changes in cold- and heat-
related mortality in England and Wales. Clim.
Chang. 102, 539-553, DOI: 10.1007/s10584-009-
9774-0.

Coumou, D., Rahmstorf, S. (2012). A decade of eather
extremes. Nat. Clim. Chang. 2, 491-496. DOI:
10.1038/NCLIMATE1452.

Cowan, T., Purich, A., Perkins, S., Pezza, A., Boschat,
G., Sadler, K. (2014). More frequent, longer, and
hotter heat waves for Australia in the twenty-first
century. J. Climate 27, 5851-5871, DOI:
10.1175/1CLI-D-14-00092.1.

Croitoru, A.E., Piticar, A., Ciupertea, A.F, Rosca, C.F.
(2016). Changes in heat waves indices in Romania
over the period 1961-2015. Glob. Planet. Change
146, 109-121. DOL:
10.1016/j.gloplacha.2016.08.016.

Cueto, R.G., Martinez, A.T., Ostos, E.J. (2010). Heat
waves and heat days in an arid city in the
northwest of México: current trends and in climate
change scenarios. Int. J. Biometeorol. 54, 335-
345, DOI: 10.1007/s00484-009-0283-7.

D'Ippoliti, D., Michelozzi, P., Marino, C., De'Donato, F,
Menne, B., Katsouyanni, K., Kirchmayer, U.,
Analitis, A., Medina-Ramon, M., Paldy A., Atkinson,
R., Kovats, S., Bisanti, L., Schneider, A., Lefranc,
A., Ifiguez, C., Perucci, C. (2010). The impact of
heat waves on mortality in 9 European cities:
results from the EuroHEAT project. Environmental
Health 9:37. DOI: 10.1186/1476-069X-9-37.

Della-Marta, P. M., Luterbacher, J., von Weissenfluh,
H., Xoplaki, E., Brunet, M., Wanner, H. (2007).
Summer heat waves over western Europe 1880—
2003, their relationship to large-scale forcings and
predictability. Clim. Dyn. 29(2-3), 251-275.

Dian-Xiu, Y., Ji-Fu, Y., Zheng-Hong, C., You-Fei, Z.,
Rong-Jun, W. (2014). Spatial and Temporal
Variations of Heat Waves in China from 1961 to
2010. Advances in Climate Change Research 5(2),
66-73, DOI: 10.3724/SP.].1248.2014.066.

Dole, R., Hoerling, M., Perlwitz, 1., Eicheid, J., Pegion,
P, Zhang, T., Quan, X.-W., Xu, T, Murray, D.
(2011). Was there a basis for anticipating the 2010
Russian heat wave? Geophys. Res. Lett. 38,
L06702.

Donat, M.G., Alexander, L.V,, Yang, H., et al. (2013).
Updated analyses of temperature and
precipitation extreme indices since the beginning
of the twentieth century: the HadEX2 dataset.
Journal of Geophysical Research: Atmospheres
118, 2098-2118. DOI: 10.1002/jgrd.50150.

Dong, W, Zeng, Q. Ma, Y., Li, G, Pan, X. (2016).
Impact of heat wave definitions on the added effect

of heat waves on cardiovascular mortality in Beijing,
China. Int. J. Env. Res. Pub. He. 13(9), 933.

Dosio, A. (2017). Projection of temperature and heat
waves for Africa with an ensemble of CORDEX
Regional Climate Models. Clim. Dyn. 49, 493-519,
DOI: 10.1007/s00382-016-3355-5.

Feudale, L., Shukla, J. (2011). Influence of sea
surface temperature on the European heat wave
of 2003 summer. Part I: an observational study.
Clim. Dyn. 36, 1691-1703, DOI: 10.1007/s00382-
010-0788-0.

Fischer, E.M., Schér. (2010). Consistent geographical
patterns of changes in high-impact European
heatwaves. Nature Geosciences 3, 398—403. DOI:
10.1038/ngeo866.

Fischer, E.M., Seneviratne, S.I., Lithi, D., Schar, C.
(2007a).  Contribution of land-atmosphere
coupling to recent European summer heat waves.
Geophys. Res. Lett. 34, L06707, DOI:
10.1029/2006GL029068.

Fischer, E.M., Seneviratne, S.I., Vidale, P.L., Luthi, D.,
Schar, C. (2007b). Soil Moisture—Atmosphere
Interactions during the 2003 European Summer
Heat Wave. J. Climate 20, 5081-5099, DOI:
10.1175/1CL14288.1.

Fragkoulidis, G., Wirth, V., Bossmann, P., Fink, A.H.
(2018). Linking Northern Hemisphere temperature
extremes to Rossby wave packets. Q. J. Roy.
Meteor. Soc. DOI: 10.1002/qj.3228.

Fountaine, B., Janicot, S., Monerie, P.A. (2013).
Recent changes in air temperature, heat waves
occurrences, and atmospheric circulation in
Northern Africa. J. Geophys. Res. Atmos. 118,
8536—8552, DOI: 10.1002/jgrd.50667.

Gasparrini, A., Guo, Y., Hashizume, M., Kinney, P.L.,
Petkova, E.P,, Lavigne, E., Zanobetti, A., Schwartz,
J.D., Tobias, A., Leone, M., Tong, S., Honda, Y.,
Kim, H., Armstrong, B.G. (2015). Temporal
variation in heat-mortality associations: a
multicountry study. Environ. Health Perspect. 123,
1200-1207, DOI: 10.1289/ehp.1409070.

Geirinhas, J.L., Trigo, R.M., Libonati, R., Coelho,
C.AS.,, Palmeira, A.C. (2017). Climatic and
synoptic characterization of heat waves in Brazil.
Int. J. Climatol., DOI: 10.1002/joc.5294.

Gibson, P, Pitman, A., Lorenz, R., Perkins-Kirkpatrick,
S. (2017). The role of circulation and land surface
conditions in current and future Australian heat
waves. J. Climate, DOI: 10.1175/1CLI-D-17-0265.1.

Grotjahn, R., Black, R., Leung, R., Wehner, M., Barlow,
M., Bosilovich, M., Gershunov, A., Gutowski Jr., W.,
Gyakum, J., Katz, R,, Lee, Y.Y,, Lim, Y.K., Prabhat.
(2016). North American extreme temperature
events and related large scale meteorological
patterns: a review of statistical methods,
dynamics, modeling, and trends. Clim. Dyn. 46,
1151-1184, DOI: 10.1007/s00382-015-2638-6.

116



Forum geografic. Studii si cercetari de geografie si protectia mediului

Volume XVIII, Issue 2 (December 2019), pp.103-220
http://dx.doi.org/10.5775/fg.2019.019.d

Guo, Y., Gasparrini, A., Armstrong, B.G. et al. (2017a).
Heat wave and mortality: A multicountry,
multicommunity study. Environ. Health Perspect.
DOI: 10.1289/EHP1026.

Guo, X., Huang, J., Luo, Y., Zhao, Z., Xu, Y. (2017b).
Projection of heat waves over China for eight
different global warming targets using 12 CMIP5
models. Theor. Appl. Climatol. 128, 507-522, DOI:
10.1007/s00704-015-1718-1.

Hafez, V.Y, Almazroui, M. (2016). Study of the
relationship between African ITCZ variability and
an extreme heat wave on Egypt in summer 2015.
Arab J. Geosci. 9, 476, DOI: 10.1007/s12517-016-
2497-4.

Ham, Y.G., Na, H.Y. (2017). Marginal Sea Surface
Temperature Variation as a Pre-Cursor of Heat
Waves over the Korean Peninsula. Asia-Pac. J.
Atmos. Sci. 53, 445-455, DOI: 10.1007/s13143-
017-0047-y.

Hartmann, D.L., Klein Tank, A.M.G., Rusticucci, M. et
al. (2013). Observations: Atmosphere and
Surface. In: Climate Change 2013: The Physical
Science Basis. Contribution of Working Group I to
the Fifth  Assessment Report of the
Intergovernmental Panel on Climate Change,
Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA.

Herbel, I., Croitoru, A.E., Rus, A.V., Rosca, C.F, Harpa,
G.V,, Ciupertea, A.F, Rus, 1. (2017). The impact of
heat waves on surface urban heat island and local
economy in Cluj-Napoca city, Romania. Theor.
Appl. Climatol. DOI: 10.1007/s00704-017-2196-4.

Horton, R., Mankin, J., Lesk, C., Coffel, E., Raymond,
C. (2016). A Review of Recent Advances in
Research on Extreme Heat Events. Curr. Clim.
Change Rep. 2, 242-259, DOI: 10.1007/s40641-
016-0042-x.

Huang, W., Kan, H., Kovats, S. (2010). The impact of
the 2003 heat wave on mortality in Shanghai,
China. Sci. Total. Environ. 408, 2418-2420.

Jacob, D., Peterson, J., Eggart, B. et al. (2014). EURO-
CORDEX: new high-resolution climate change
projections for European impact research. Reg.
Environ. Change 14, 563-578. DOL:
10.1007/s10113-013-0499-2.

Jacques-Coper, M., Bronnimann, S., Martius, O., Vera,
C., Cerne, B. (2016). Summer heat waves in
southeastern Patagonia: an analysis of the
intraseasonal timescale. Int. J. Climatol. 36, 1359—
1374, DOI: 10.1002/joc.4430.

Jia, L., Vecchi, G.A,, Yang, X., Gudgel, R.G., Delworth,
T.L., Stern, W.F,, Paffendorf, K., Underwood, S.D.,
Zeng, F. (2016). The Roles of Radiative Forcing,
Sea Surface Temperatures, and Atmospheric and
Land Initial Conditions in U.S. Summer Warming
Episodes. J. Climate 29, 4121-4135, DOI:
10.1175/]CLI-D-15-0471.1.

Keellings, D., Waylen, P. (2014). Increased risk of heat
waves in Florida: Characterizing changes in
bivariate heat wave risk using extreme value
analysis. Applied Geography 46, 90-97.

Keellings, D., Bunting, E. Engstréom, J, (2018).
Spatiotemporal changes in the size and shape of
heat waves over North America. Climatic Change,
DOI: 10.1007/s10584-018-2140-3.

Keggenhoff, 1., Elizbarashvili, M., King, L. (2015a).
Heat wave events over Georgia since 1961:
Climatology, Changes and Severity. Climate 3,
308-328. DOI:10.3390/cli3020308.

Keggenhoff, 1., Elizbarashvili, M., King, L. (2015b)
Severe summer heat waves over Georgia: trends,
patterns and driving forces. Earth Syst. Dynam.
Discuss. 6, 2273-2322, DOI: 10.5194/esdd-6-
2273-2015.

Kim, D.-W., Deo, R.C., Chung, J.-H., Lee, J.-S. (2016).
Projection of heat wave mortality related to climate
change in Korea. Nat. Hazards 80, 623—-637.

Kueh, M.T,, Lin, C.Y., Chuang, Y.J., Sheng, Y.F, Chien,
Y.Y. (2017). Climate variability of heat waves and
their associated diurnal temperature range
variations in Taiwan. Environ. Res. Lett. 12,
074017, DOI: 10.1088/1748-9326/aa70d9.

Lau, N.C., Nath, M.J. (2012). A Model Study of Heat
Waves over North America: Meteorological
Aspects and Projections for the Twenty-First
Century. J. Climate 25, 4761-4784, DOI:
10.1175/1CLI-D-11-00575.1.

Lee, W.K., Lee, H.A,, Lim, Y.H., Park, H. (2016). Added
effect of heat wave on mortality in Seoul, Korea.
Int. J. Biometeorol. 60, 719-726, DOI:
10.1007/s00484-015-1067-x.

Lelieveld, J., Hadjinicolaou, P., Kostopoulou, E.,
Giannakopoulos, C., Pozzer, A., Tanarhte, M,
Tyrlis, E. (2014). Model projected heat extremes
and air pollution in the eastern Mediterranean and
Middle East in the twenty-first century. Reg.
Environ. Change 14, 1937-1949, DOI:
10.1007/s10113-013-0444-4.

Li, Z., Huang, G., Huang, W.,, Lin, Q., Liao, R., Fan, Y.
(2017). Future changes of temperature and heat
waves in Ontario, Canada. Theor. Appl. Climatol.
DOI: 10.1007/s00704-017-2123-8.

Linares, C., Diaz, J., Tobias, A., Carmona, R., Mirdn,
I.J. (2015). Impact of heat and cold waves on
circulatory-cause and respiratory-cause mortality
in Spain: 1975-2008. Stoch. Environ. Res. Risk
Assess. 29, 2037-2046, DOI: 10.1007/s00477-
014-0976-2.

Liu, G, ZzZhang, L., He, B., Jin, X, Zhang, Q.
Razafindrabe, B., You, H. (2015). Temporal
changes in extreme high temperature, heat waves
and relevant disasters in Nanjing metropolitan
region, China. Nat. Hazards 76, 1415-1430. DOI:
10.1007/s11069-014-1556-y.

117



A review of recent studies on heat wave definitions, mechanisms, changes, and impact on mortality

Loikith, P.C., Broccoli, A.J. (2012). Characteristics of

Observed Atmospheric  Circulation  Patterns
Associated with Temperature Extremes over North
America. J. Climate 25, 7266-7281, DOI:
10.1175/1CLI-D-11-00709.1.

Loughran, T.F, Perkins-Kirkpatrick, S.E., Alexander,
L.V. (2017). Understanding the spatio-temporal
influence of climate variability on Australian
heatwaves. Int. J. Climatol. 37, 3963-3975. DOI:
10.1002/joc.4971.

Luo, M., Lau, N.C. (2017). Heat Waves in Southern
China: Synoptic Behavior, Long-Term Change, and
Urbanization Effects. J. Climate 30, 703-720, DOI:
10.1175/1CLI-D-16-0269.1.

Lyon, B. (2009). Southern Africa summer drought and
heat waves: Observations and coupled model
behavior. J. Climate 22, 6033-6046. DOI:
10.1175/2009]CLI3101.1.

Ma, W., Zeng, W., Zhou, M., Wang, L., Rutherford, S.,
Lin, H., Liu, T., Zhang, Y., Xiao, J., Zhang, Y., Wang,
X., Gu, X., Chu, C. (2015). The short-term effect
of heat waves on mortality and its modifiers in
China: an analysis from 66 communities. Environ.
Int. 75, 103-109.

Marengo, J.A., Chou, S.C., Torres, R.R., Giarolla, A.,
Alves, L.M,, Lyra, A. (2014). Climate Change in
Central and South America: Recent Trends, Future
Projections, and Impacts on Regional Agriculture.
CCAFS Working Paper no. 73. CGIAR Research
Program on Climate Change, Agriculture and Food
Security  (CCAFS). Copenhagen, Denmark.
Available online at: www.ccafs.cgiar.org.

Mazdiyasni, O., AghaKouchak, A. (2015). Substantial
increase in concurrent droughts and heatwaves in
the United States. P. Natl. Acad. Sci. Usa. 112,
11484-11489, DOI: 10.1073/pnas.1422945112.

Mora, C., Dousset, B., Caldwell, I.R. et al. (2017).
Global risk of deadly heat. Nat. Clim. Chang. DOLI:
10.1038/NCLIMATE3322.

Morabito, M., Crisci, A., Messeri, A., Messeri, G., Betti,
G., Orlandini, S., Raschi, A., Maracchi, G. (2017).
Increasing heatwave hazards in the southeastern
European Union capitals. Atmosphere 8, 1-20,
DOI: 10.3390/atmos8070115.

Murari, K.K., Ghosh, S., Patwardhan, A., Daly, E., Salvi,
K. (2015). Intensification of future severe heat
waves in India and their effect on heat stress and
mortality. Reg. Environ. Change 15, 569-579.
DOI: 10.1007/s10113-014-0660-6.

Nairn, J.R., Fawcett, R.J.B. (2015). Int. J. Environ.
Res. Public Health 12, 227-253. DOI:
10.3390/ijerph120100227.

Nakano, M., Matsueda, M., Sugi, M. (2013). Future
projections of heat waves around Japan simulated
by CMIP3 and high-resolution Meteorological
Research Institute atmospheric climate models. J.
Geophys. Res.-Atmos. 118, 3097-3109. DOI:
10.1002/jgrd.50260.

Ouslati, B., Pohl, B., Moron, V., Rome, S., Janicot, S.
(2017). Characterization of Heat Waves in the
Sahel and Associated Physical Mechanisms. J.
Climate 30, 3095-3115, DOI: 10.1175/]CLI-D-16-
0432.1.

Ouzeau, G., Soubeyroux, J.M., Schneider, M., Vautard,
R., Planton, S. (2016). Heat waves analysis over
France in present and future climate: Application
of a new method on the EURO-CORDEX ensemble.
Climate Services 4, 1-12, DOLI:
10.1016/j.cliser.2016.09.002.

Panda, D.K., AghaKouchak, A., Ambast, S.K. (2017).
Increasing heat waves and warm spells in India,
observed from a multiaspect framework, J.
Geophys. Res. Atmos. 122, DOI:
10.1002/20161D026292.

Parker, T.J., Berry, G.J., Reeder, M.J. (2014). The
Structure and Evolution of Heat Waves in
Southeastern Australia. J. Climate 27, 5768-5785,
DOI: 10.1175/1CLI-D-13-00740.1.

Perkins, S.E. (2015). A review on the scientific
understanding of heatwaves—Their
measurement, driving mechanisms, and changes
at the global scale. Atmos. Res. 164-165, 242-267,
DOI: 10.1016/j.atmosres.2015.05.014.

Perkins, S.E., Alexander, L.V. (2013). On the
measurement of heat waves. Journal of Climate
26, 4500-4517. DOI: 10.1175/JCLI-D-12-00383.1.

Perkins, S.E., Alexander, L.V, Nairn, J.R. (2012).
Increasing frequency, intensity and duration of
observed global heatwaves and warm spells. J.

Geophys. Res. Letters 39, L20714, DOI:
10.1029/2012GL053361.
Perkins-Kirkpatrick, S.E., Gibson, P.B. (2017).

Changes in regional heatwave characteristics as a
function of increasing global temperature. Sci.
Rep. DOI: 10.1038/s41598-017-12520-2.

Perkins-Kirkpatrick, S.E., Fischer, E.M., Angélil, O.,
Gibson, P.B. (2017). The influence of internal
climate variability on heatwave frequency trends.
Environ. Res. Lett. 12, 044005, DOI:
10.1088/1748-9326/aab3fe.

Perkins-Kirkpatrick, S.E., White, C.]., Alexander, L.V.,
Arglieso, D., Boschat, G., Cowan, T, Evans, J.P,
Ekstrém, M., Oliver, E.C.]., Phatak, A., Purich, A.
(2016). Natural hazards in Australia: heatwaves.
Climatic  Change 139, 101-114, DOI:
10.1007/s10584-016-1650-0.

Peterson, T.C., Heim Jr, R.R., Hirsch, R., Kaiser, D.P.,,
Brooks, H., Diffenbaugh, N.S. Dole, R.M,,
Giovannettone, J.P,, Guirguis, K., Karl, T.R., Katz,
R.W., Kunkel, K., Lettenmaier, D., McCabe, G.J.,
Paciorek, C.J., Ryberg, K.R., Schubert, S., Silva,
V.B.S., Stewart, B.C., Vecchia, A.V,, Villarini, G.,
Vose, R.S., Walsh, J., Wehner, M., Wolock, D.,
Wolter, K., Woodhouse, C.A., Wuebbles, D. (2013).
Monitoring and understanding changes in heat
waves, cold waves, floods, and droughts in the

118



Forum geografic. Studii si cercetari de geografie si protectia mediului

Volume XVIII, Issue 2 (December 2019), pp.103-220
http://dx.doi.org/10.5775/fg.2019.019.d

United States: state of knowledge. Bull. Amer.
Meteor. Soc. 94, 821-834.

Pezza, A.B., Rensch, P.,, Cai, W. (2012). Severe heat
waves in southern Australia: Synoptic climatology
and large scale connections. Clim. Dyn. 38, 209-
224, DOI: 10.1007/s00382-011-1016-2.

Piticar, A., Croitoru, A.-E., Ciupertea, F-A., Harpa, G.-
V. (2017). Recent changes in heat waves and cold
waves detected based on excess heat factor and
excess cold factor in Romania. Int. J. Climatol.
DOI: 10.1002/joc.5295.

Purich, A., Cowan, T.,, Cai, W., Rensch P, Udtila, P,
Pezza, A., Boschat, G. Perkins, S. (2014).
Atmospheric and Oceanic Conditions Associated
with Southern Australian Heat Waves: A CMIP5
Analysis. J. Climate 27, 7807-7829, DOI:
10.1175/1CLI-D-14-00098.1.

Ratnam, J.V., Behera, S.K., Ratna, S.B., Rajeevan, M.,
Yamagata, T. (2016). Anatomy of Indian
heatwaves. Sci. Rep. 6, 24395 DOI:
10.1038/srep24395.

Ringard, J., Dieppois, B.,, Rome, S., Diedhiou, A.,
Pellarin, T., Konaré, A., Diawara, A., Konaté, D.,
Dje, B. K. Katiellou, G.L., Seidou Sanda, I.,
Hassane, B., Vischel, T., Garuma, G.F, Mengistu,
G., Camara, M., Diongue, A., Gaye, A.T., Descroix,
L. (2016). The intensification of thermal extremes
in west Africa. Glob. Planet. Chang. 139, 66-77,
DOI: 10.1016/j.gloplacha.2015.12.009.

Rohini, P, Rajeevan, M., Srivastava, A.K. (2016). On
the variability and increasing trends of heat waves
over India. Sci. Rep. 6, 26153. DOI:
10.1038/srep26153.

Roldan, E.,, Gémez, M. Pino, M.R. Portoles, J.,
Linares, C., Diaz, J. (2016). The effect of climate-
change-related heat waves on mortality in Spain:
uncertainties in health on a local scale. Stoch. Env.
Res. Risk Assess. 30, 831-839, DOI:
10.1007/s00477-015-1068-7.

Russo, S., Marchese, A.F, Sillmann, J.,, Immé, G.
(2016). When will unusual heat waves become
normal in a warming Africa? Environ. Res. Lett. 11,
054016, DOI: 10.1088/1748-9326/11/5/054016.

Russo, S.A., Dosio, R.G., Graversen, J., Sillmann, H.,
Carrao, M.B., Dunbar, A., Singleton, P., Montagna,
P, Barbola, Vogt, J.V. (2014). Magnitude of
extreme heat waves in present climate and their
projection in a warming world. J. Geophys. Res.

Atmos. 119, 12,500-12,512. DOI:
10.1002/20141D022098.
Rusticucci, M. (2012). Observed and simulated

variability of extreme temperature events over
South America. Atmos. Res. 106, 1-17, DOI:
10.1016/j.atmosres.2011.11.001.

Rusticucci, M., Kysely, 1., Almeira, G., Lhotka, O.
(2016). Long-term variability of heat waves in
Argentina and recurrence probability of the severe
2008 heat wave in Buenos Aires. Theor. Appl.

Climatol. 124, 679-689. DOI: 10.1007/s00704-
015-1445-7.

Sanderson, M.G., Economou, T., Salmon, K.H., Jones,
S.E.O. (2017). Historical trends and variability in
heat waves in the United Kingdom. Atmosphere.
DOI: 10.3390/atmos8100191.

Savic, S., Selakov, A., Milosevi¢, D. (2014). Cold and
warm air temperature spells during the winter and
summer seasons and their impact on energy
consumption in urban areas. Nat. Hazards 73,
373-387, DOI: 10.1007/s11069-014-1074-y.

Schoetter, R., Cattiaux, J., Douville, H. (2015).
Changes of western European heat wave
characteristics projected by the CMIP5 ensemble.
Clim. Dyn. 45, 1601-1616.

Schubert, S., Wang, H., Koster, R. Suarez, M.,
Groisman, P. (2014). Northern Eurasian Heat
Waves and Droughts. J. Climate 27, 3169-3207,
DOI: 10.1175/1CLI-D-13-00360.1.

Shaposhnikov, D., Revich, B., Bellander, T., Bedada,
G.B., Bottai, M., Kharkova, T., Kvasha, E., Lezina,
E., Lind, T, Semutnikova, E. Pershagen, G.
(2014). Mortality related to air pollution with the
Moscow heat wave and wildfire of 2010.
Epidemiology 25(3), 359-364, DOI:
10.1097/EDE.0000000000000090.

Shevchenko, O., Lee, H., Snizhko, S., Mayer, H.
(2014). Long-term analysis of heat waves in
Ukraine 34, 1642-1650. DOI: 10.1002/joc.3792.

Smith, T.T., Zaitchik, B.F,, Gohlke, J.M. (2013). Heat
waves in the United States: definitions, patterns
and trends. Climatic Change 18, 811-825, DOI:
10.1007/s10584-012-0659-2.

Son, 1.Y., Bell, M., Lee, J.T. (2014). The impact of
heat, cold, and heat waves on hospital admissions
in eight cities in Korea. Int. J. Biometeorol. 58,
1893-1903, DOI: 10.1007/s00484-014-0791-y.

Son, 1.Y,, Lee, J.T., Anderson, B., Bell, M. (2012). The
impact of heat waves on mortality in seven major
cities in Korea. Environ. Health. Perspect. 120(4),
566-571, DOI: 10.1289/ehp.1103759.

Song, X., Wang, S., Hu, Y., Yue, M., Zhang, T., Liu, Y.,
Tian, J.,, Shang, K. (2017.) Impact of ambient
temperature on morbidity and mortality: An
overview of reviews. Sci. Total. Environ. DOI:
10.1016/j.scitotenv.2017.01.212.

Spinoni, J., Lakatos, M., Szentimrey, T., Bihari, Z.,
Szalai, S., Vogt, J., Antofie, T. (2015). Heat and
cold waves trends in Carpathian Region from 1961
to 2010. International Journal of Climatology 35,
4197-4209. DOI: 10.1002/joc.4279.

Teng, H., Branstator, G. (2017). Connections Between
Heat Waves and Circumglobal Teleconnection
Patterns in the Northern Hemisphere Summer, in:
Wang, S.-Y. S., Yoon, J.-H., Funk, C. C., Gillies, R.
R. (Eds.) Climate Extremes: Patterns and
Mechanisms. John Wiley & Sons, Inc., Hoboken,

119



A review of recent studies on heat wave definitions, mechanisms, changes, and impact on mortality

NJ, USA, pp. 177-193,
10.1002/9781119068020.ch11.

Teng, H., Branstator, G., Wang, H., Meehl, G.A,
Washington, W.M. (2013). Probability of US heat
waves affected by a subseasonal planetary wave
pattern. Nat. Geosci. 6, 1056-1061, DOI:
10.1038/NGEO1988.

Theoharatos, G., Pantavou, K., Mavrakis, A., Spanou,
A., Katavoutas, G., Efstathiou, P, Mpekas, P,
Asimakopoulos, D. (2010). Heat waves observed
in 2007 in Athens, Greece: Synoptic conditions,
bioclimatological assessment, air quality levels and
health effects. Environ. Res. 110, 152-161, DOI:
10.1016/j.envres.2009.12.002.

Tomczyk, A.M., Sulikowska, A. (2017). Heat waves in
lowland Germany and their circulation-related
conditions. Meteorol. Atmos. Phys., DOL:
10.1007/s00703-017-0549-2.

Tomczyk, A.M., Piotrowski, P, Bednorz, E. (2017).
Warm spells in Northern Europe in relation to
atmospheric circulation. Theor. Appl. Climatol.
128, 623-634, DOI: 10.1007/s00704-015-1727-0.

Unal, Y.S., Tan, E., Mentes, S.S. (2013). Summer heat
waves over western Turkey between 1965 and
2006. Theor. Appl. Climatol. 112, 339-350. DOI:
10.1007/s00704-012-0704-0.

Unkasevic, M., Tosic, I. (2009). An analysis of heat
waves in Serbia. Glob. Planet. Chang. 65, 17-26,
DOI: 10.1016/j.gloplacha.2008.10.009.

Unkasevic, M., Tosic, I. (2015). Seasonal analysis of
cold and heat waves in Serbia during the period
1949-2012. Theor. Appl. Climatol. 120, 29-40,
DOI: 10.1007/s00704-014-1154-7.

Urban, A., Hanzlikova, H., Kysely, J., Plavcova, E.
(2017). Impacts of the 2015 heat waves on
mortality in the Czech Republic—A comparison
with previous heat waves. Int. J. Environ. Res.
Public Health 14, 1562, DOI:
10.3390/ijerph14121562.

Vicedo-Cabrera, A.M., Sera, F, Guo, Y. Chung, Y,
Arbuthnott, K., Tong, S., Tobias, A., Lavigne, E.,
Coelho, M.S.Z.S., Saldiva, P.H.N., Goodman, P.G,,
Zeka, A., Hashizume, M., Honda, Y. Kim, H,,
Ragettli, M.S., Rd6sli, M., Zanobetti, A., Schwartz,
J., Armstrong, B., Gasparrini, A. (2018). A multi-
country analysis on potential adaptive
mechanisms to cold and heat in a changing
climate. Environ. Int. 118, 239-246, DOI:
10.1016/j.envint.2017.11.006.

DOI:

Wang, W, Zhou, W, Li, X, Wang, X., Wang, D.
(2016).  Synoptic-scale  characteristics and
atmospheric controls of summer heat waves in
China. Clim. Dyn. 56(9-10), 2923-2941, DOI:
10.1007/s00382-015-2741-8.

Wang, P, Tang, J.,, Sun, X,, Wang, S., Wu, J., Dong,
X., Fang, J. (2017). Heat waves in China:
Definitions, leading patterns and connections to
large-scale atmospheric circulation and SSTs. J.
Geophys. Res. Atmos. 122, DOI:
10.1002/20173D027180.

Weaver, S. J., Kumar, A., Chen, M. (2014). Recent
increases in extreme temperature occurrence over
land, Geophys. Res. Lett. 41, 4669-4675, DOI:
10.1002/2014GL060300.

WMO/WHO (World Meteorological
Organization/World Health Organization). (2015).
Heatwaves and Health: Guidance on Warning-
System Development. WMO-No. 1142, Geneva,
Switzerland.

Wu, Z., Lin, H,, Li, J.,, Jiang, Z., Ma, T. (2012). Heat
wave frequency variability over North America:
Two distinct leading modes. J. Geophys. Res. 117,
D02102, DOI: 10.1029/20111D016908.

Xu, Z., Sheffield, P, Su, H., Wang, X., Bi, Y., Tong, S.
(2014). The impact of heat waves on children's
health: a systematic review. Int. J. Biometeorol.
58, 239-247, DOI: 10.1007/s00484-013-0655-x.

Yan, Y., Qu, J., Hao, X., Yue, S. (2017). Characterizing
spatial-temporal changes of heat waves in China
using center of gravity analysis. Phys. Geogr. DOI:
10.1080/02723646.2017.1294415.

Zacharias, S., Koppe, C., Miicke, H.-G. (2015). Climate
Change Effects on Heat Waves and Future Heat
Wave-Associated IHD Mortality in  Germany.
Climate 3, 100-117, DOI: 10.3390/cli3010100.

Zhang, R., Chen, Z.-Y,, Ou, C.-Q., Zhuang, Y. (2017a).
Trends of heat waves and cold spells over 1951—
2015 in Guangzhou, China. Atmosphere. DOI:
10.3390/atmos8020037.

Zhang, Y., Feng, R., Wu, R., Zhong, P, Tan, X., Wu, K.,
Ma, L. (2017b). Global climate change: impact of
heat waves under different definitions on daily
mortality in Wuhan, China. Global Health Research
and Policy, DOI: 10.1186/s41256-017-0030-2.

Zittis, G., Hadjinicolaou, P., Fnais, M., Lelieveld, J.
(2016). Projected changes in heat wave
characteristics in the eastern Mediterranean and
the Middle East. Reg. Environ. Change. 16, 1863—
1876. DOI: 10.1007/s10113-014-0753-2.

120



