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Abstract The aim of this work was to determine the criteria
for heat loads associated with an increase in mortality in
different climatic regions of Croatia. The relationship between
heat stress and mortality was analysed for the period 1983–
2008. The input series is excess mortality defined as the
deviations of mortality from expected values determined by
means of a Gaussian filter of 183 days. The assessment of the
thermal environment was performed by means of physiolog-
ically equivalent temperature (PET). The curve depicting the
relationship between mortality and temperature has a U shape,
with increased mortality in both the cold and warm parts of the
scale but more pronounced in the warm part. The threshold
temperature for increased mortality was determined using a
scatter plot and fitting data by means of moving average of
mortality; the latter is defined as the temperature at which
excess mortality becomes significant. The values are higher in
the continental part of Croatia than at the coast due to the
refreshing influence of the sea during the day. The same
analysis on a monthly basis shows that at the beginning of
the warm season increased mortality occurs at a lower tem-
perature compared with later on in the summer, and the
difference is up to 15 °C between August and April. The
increase in mortality is highest during the first 3–5 days and
after that it decreases and falls below the expected value.
Long-lasting heat waves present an increased risk, but in very
long heat waves the increase in mortality is reduced due to
mortality displacement.

Keywords Thermal load .Mortality . Physiologically
equivalent temperature . Threshold temperature .

Thermo-physiological stress

Introduction

Living in extremely varied climate conditions, ranging from
polar cold to tropical heat, human beings are able to adapt
gradually to a wide range of thermal conditions, but there are
absolute limits of heat load that a person can bear. Considerable
deviations from the conditions a human body is used to, i.e.
warm or cold stress, can cause adverse effects and even long-
term consequences. The heat regulatory mechanism of healthy
adults is to some extent able to adapt to environmental condi-
tions, but the ability to adapt is lower for risk groups (the
elderly, children, or people with compromised health) (Frost
et al. 1992; Pan et al. 1995; Díaz et al. 2002; Shao et al. 2008;
Matzarakis et al. 2011; Kovats and Hajat 2008; Iñiguez et al.
2010). Women are more vulnerable than men, probably due to
the overall higher number of elderly women and their different
thermo-physiology (Toulemon and Barbieri 2006). Particularly
vulnerable are socially sensitive people due to a reduced possi-
bility of mitigation (Guest et al. 1999; Schwartz 2005; Laaidi
et al. 2006;McGregor et al. 2007; Bassil et al. 2008; Nastos and
Matzarakis 2008a; Farajzadeh and Darand 2009) and those
exposed to high temperatures while at work (WHO 2003;
Dunne et al. 2013). Heat waves are an environmental and
occupational hazard (Kovats and Hajat 2008), therefore early
warning and the organisation of public health services can
reduce the risk and protect the population.

A population becomes acclimatised to the local climate but
the adaptive capacity varies geographically and therefore con-
ditions for heat wave occurrence are geographically variable in
nature (Yamanaka and Nakamura 1999; Keatinge et al. 2000;
Saez et al. 2000; Laaidi et al. 2006; Gosling et al. 2007;
Asanuma et al. 2008). The lowest mortality in warm climates
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occurs at higher temperatures than in cold climates (Pan et al.
1995; Ballester 1997; Keatinge et al. 2000; Laaidi et al. 2006;
Iñiguez et al. 2010). Dependence on latitude is also manifested
in different temperature thresholds above which increased mor-
tality occurs (Díaz et al. 2006; Blazejczyk and McGregor
2008), as well as in the more significant increase in mortality
with temperature at higher latitudes, despite similar temperature
thresholds (Kim et al. 2008).

Thus, there is no single definition of a heat wave, but each
country should determine the conditions for the occurrence of
heat waves and take into account that these rare events could
be harmful for the population (Koppe 2005). Heat waves are
often defined as prolonged periods of high thermal load
(Robinson 2001; Pascal et al. 2006; Gosling et al. 2009).

As early as the first half of the twentieth century, Gover
(1938) observed that mortality rates can be four times higher
than expected after several consecutive days of extreme air
temperatures. Many investigations were instigated following
heat waves that had caused a number of unexpected deaths.
Such was the case of heat waves that attacked the United
States during the summers of 1966 and 1995 (Schuman
1972; Kalkstein et al. 1996; Kunkel et al. 1996; Whitman
et al. 1997), or the well-known heat wave in 2003 that affected
a large area of Europe (WHO 2003; Johnson et al. 2005;
Toulemon and Barbieri 2006; Robine et al. 2007; Muthers
et al. 2010), causing more than 52,000 deaths (Larsen 2006).
Extensive research after such incidents resulted in the imple-
mentation of the Heat-Health-Warning-System (HHWS)
(Pascal et al. 2006; Fouillet et al. 2006, 2008; Koppe and
Becker 2009).

The motivation for this study was the necessity of intro-
ducing the HHWS in Croatia. Therefore, the aim was to
determine the criteria for heat loads that are associated with
an increase in mortality in different climate regions of Croatia.
The method of investigation was chosen to include parameters
that can be accessed in the daily operational weather forecast
of the national meteorological service and implemented easily
in an early warning system. This would allow public health
activities aimed at preventing heat-related morbidity and mor-
tality to be performed.

Data and methods

The relationship between mortality and the thermal environ-
ment was investigated in different climatic regions of Croatia.
For that reason four cities were chosen: Osijek as a representa-
tive of the lowland continental climate, the capital—Zagreb—
as a representative of the continental climate with a maritime
influence, and two representatives of maritime climates of the
northern and southern Adriatic: Rijeka and Split, respectively
(Fig. 1). The investigation was performed using mortality and
meteorological data in the 26-year period 1983–2008.

Graphical presentation of the results are shown only for
Zagreb in the article, while the results for other cities are
provided in tables and described.

Thermal environment

The balance between a human organism and the thermal
environment is a complex system depending on air tempera-
ture, wind, humidity, solar and terrestrial radiation, but also on
gender, metabolism and clothing. Thermal impact on humans
can therefore be determined using a biometeorological index
derived using the equation of thermal balance between body
and environment and taking into account all the components
of this relationship. To assess the vulnerability of the popula-
tion to the climatology of heat waves, the frequency of their
occurrence, intensity and duration will be also analysed. The
assessment of the thermal environment is performed by
means of the physiologically equivalent temperature PET
(Mayer and Höppe 1987; Höppe 1999; Matzarakis et al.
1999). This is based on the energy balance equation between
a human body and the environment derived from the MEMI
model (Munich energy-balance model for individuals;
Mayer and Höppe 1987; Höppe 1999). PET is defined as
equivalent to the air temperature at which a person (male,
35 years; 1.75 m, 75 kg) sitting indoors (work activity 80 W,
heat resistance of clothing Iclo=0.9, mean radiant tempera-
ture equal to air temperature (Tmrt=T), velocity 0.1 m/s,
water vapour pressure 12 hPa) would feel the same as in
real conditions.

The calculation of PET makes use of data on air tem-
perature, relative humidity, wind speed and cloud cover, as
there are no radiation data (Matzarakis et al. 2007, 2010).
Thermal perception based on the PET is determined as in
Table 1.

Due to adaptation to the thermal environment, the effects of
heat waves on mortality at the beginning of the warm season
differ from those later on in the summer, with a stronger
impact of early heat waves compared with heat waves with
the same characteristics in late summer (Hajat et al. 2002;
Kyselý 2004). In order to include short-term adaptation, in-
tensifying earlier heat waves and reducing later ones, the
method introduced by Koppe and Jendritzky (2005) is used.
The method modifies the thresholds of thermal perception
expressed by means of PET (Table 1) by introducing a vari-
able part of the threshold (the relative threshold). Assuming a
30-day short-term adaptation the latter authors used the one-
fold Gaussian filter of 41 days (which corresponds to a half of
two-fold 81-day filter) as this filter has 30 significant filter
weights (Schönwiese 1992;Matzarakis and Nastos 2011). The
ratio between absolute and relative values was chosen arbi-
trarily as one-third and two-thirds; therefore, the changed
threshold that includes short-term adaptation (Tha) is calcu-
lated as (Koppe 2005):
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Tha ¼ Thþ 1

3
PETF41−Thð Þ ð1Þ

where Th is the absolute threshold and PETF41 is PET
smoothed with the Gaussian filter. In the case of a colder
previous period (PETF41<Th), the adapted threshold Tha is
lower than the absolute threshold (Th).

Mortality

The daily mortality data for the period 1983–2008 were
obtained from the Croatian Bureau of Statistics with no
classification according to age, gender or cause of death.
Therefore, data are not age-, gender- or cause-standardized
and these effects are not fully controlled. Population data were
obtained from censuses carried out in 1981, 1991 and 2001,
and the daily population was estimated by linear interpolation.
The daily mortality data were standardized to 10,000 inhabi-
tants, as most cities, with the exception of Zagreb, have fewer
than 200,000 inhabitants: at the end of the period analysed,
Zagreb had 780,068; Split 180,459; Rijeka 128,741 and
Osijek 103,993 inhabitants.

Heat-related mortality is defined as the incidence of deaths
that would not have occurred in the absence of heat stress
(McMichael et al. 1996). Therefore, it is necessary to estimate
the “expected” mortality, or deaths that would have occurred
without heat stress. In order to avoid long-term variability,
trend or other events that can cause a greater excess mortality,
the expected mortality is determined by using a low-pass filter
as is recommended in such cases (Schönwiese 1992). The
advantage of this method is that the expected value is based
on current data. Thus, a trend adjustment is not necessary
and the expected value adapts with flexibility to the current
reality (Koppe 2005). In this study, the expected mortality or
the baseline mortality is estimated by means of a two-sided

183-day filter. The advantage of applying a half-year filter lies
in minimising the influence of extreme winter mortality
events, as they are on the edge of the series for estimating
expected mortality in summer, with the smallest impact on
smoothed values. In order to avoid shortening at the beginning
and the end of the series, the series of mortality is extended by
91 days at each end, with 5-year mean daily mortalities; i.e.,
with the 1983–1987 daily means at the beginning, and the
2004–2008 daily means at the end of the period. As it is a cold
period, these data could not affect the results (Fig. 2).

The quality of the results depends on population size, and
low daily mortality is a limitation factor because the values are
highly influenced by noise (Pascal et al. 2006; Matzarakis
et al. 2011). Accordingly, one could expect satisfactory results
for Zagreb with nearly 800,000 inhabitants, and to a lesser
extent for other cities in Croatia.

According to the definition of heat-related mortality as the
number of deaths excessive in comparison to the expected
mortality, the investigation was performed using series of devi-
ations of mortality data from the expected values. Deviations

Table 1 Thermal sensitivity and the grade of physiological stress related
to the physiologically equivalent temperature (PET; Matzarakis and
Mayer 1996)

PET (°C) Thermal sensitivity Grade of physiological stress

<4 Very cold Extreme cold stress (exCS)

4–8 Cold Strong cold stress (stCS)

8–13 Cool Moderate cold stress (moCS)

13–18 Slightly cool Slight cold stress (slCS)

18–23 Comfortable No thermal stress (noS)

23–29 Slightly warm Slight heat stress (slHS)

29–35 Warm Moderate heat stress (moHS)

35–41 Hot Strong heat stress (stHS)

>41 Very hot Extreme heat stress (exHS)
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Fig. 1 Location of the Osijek,
Zagreb, Rijeka and Split
meteorological stations

Int J Biometeorol (2014) 58:1135–1145 1137



are expressed as percentages; in the following text these values
will be referred to as excess mortality and annotated by the
abbreviation MR dev.

Relationship between thermal environment and mortality

The relationship between mortality and the thermal environ-
ment was examined by means of scatter plots of meteorolog-
ical parameters and excess mortality. The selected meteoro-
logical parameters were PET during the warmest part of the
day (at 2.00 p.m.), and the minimum and maximum air tem-
perature. Besides the relationship between mortality and me-
teorological parameters on the same day, the relationships
between accumulated 3- and 5-day excess mortalities and 3-
and 5-day mean PET values at 2.00 p.m. for the previous 3 or
5 days were also analysed in order to clarify how prolonged
heat stress affects mortality.

Data were fitted by locally weighted scatter plot smoothing
(lowess smoothing)—a robust statistical method where fitting
simple models to localised subsets of the data builds up a
function that provides a clearer picture of the overall shape of
the relationship between variables (Cleveland 1979). Next, the
average excess mortality was calculated at successive 3 °C
temperature bands (PET, minimum, maximum and mean tem-
perature) at increments of 0.5 °C to enable the determination
of the temperature interval with the lowest mortality and the
thresholds at which a mortality increase occurs (Keatinge et al.
2000; Kyselý 2004). The temperature thresholds were set as
centres of the first 3 °C temperature bands for which excess
mortality was significantly higher than the mean excess mor-
tality of the entire series (significance level P =0.05). The
regression lines between mortality and mean temperature in
intervals with increased mortality were then determined. In
some cases, when the regression line deviated significantly
from the lowess smoothing, the peripheral bands with a small
number of cases that acted as outliers were rejected.

The displacement of mortality was analysed by means of
lagged correlation with lags of 0 to 15 days between mortality
rates and PET at 2.00 p.m. higher than threshold temperatures
[PET> heat cut point (HCP) in Table 2].

The following analysis will focus on the investigation of
mortality for different heat loads, taking into account the
short-term adaptation described in “Thermal Environment”.

Results

Both fitting methods, i.e. lowess smoothing and successive
3 °C temperature bands, corresponded very well, with the
greatest discrepancies at the edges due to a small number of
cases, which is, as expected, more pronounced in smaller cities,
highlighting the lower reliability of these results (Figs. 3, 4).

Threshold temperatures (HCPs) causing heat-related mor-
tality vary geographically. The threshold temperatures for
PET at 2.00 p.m. and the maximum temperature are the
highest in Osijek (38 °C PET and 33 °C maximum tempera-
ture), somewhat lower in Zagreb (37 °C and 30 °C respec-
tively), and lowest on the coast (36 °C and 31.5 °C in Split,
36.5 °C and 30.5 °C in Rijeka) (Table 2). On the contrary,
minimum temperature thresholds on the coast are higher than
on the mainland (17 °C), and are also higher at the southern
(Split with a minimum temperature threshold of 24 °C) than at
the northern Adriatic coast (21.5 °C in Rijeka). These differ-
ences appear to be due to the influence of the sea, which
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Fig. 2 Time series of relative mortality (MR) and 183-day Gaussian
smooth for relative mortality (MR F183) in Zagreb, period 1983–2008

Table 2 Threshold temperatures [heat cut point (HCP) in °C] for PET at
2 p.m., 3- (PET3) and 5-day mean PET at 2.00 p.m. (PET5), maximum
(Tmax), minimum (Tmin) and average daily temperature (Tave), percen-
tiles of HCP and increase in mortality for each °C rise above HCP
(MR dev/°C)

PET PET3 PET5 Tmax Tmin Tave

Osijek

HCP 38.0 37.5 39.0 33.0 17.0 25.5

Perc 95.0 95.6 98.3 97.5 94.0 97.0

MR dev /°C 2.3 10.4 32.0 5.0 0.3 7.7

Zagreb

HCP 37.0 35.0 35.0 30.0 17.0 23.5

Perc 96.6 97.3 98.4 94.2 93.5 94.5

MR dev /°C 1.7 4.4 10.1 1.3 2.0 2.1

Rijeka

HCP 36.5 33.5 33.5 30.5 21.5 25.5

Perc 93.7 89.0 89.5 93.4 96.0 94.1

MR dev /°C 1.9 3.0 6.5 1.4 7.3 3.0

Split

HCP 36.0 35.5 35.5 31.5 24.0 27.5

Perc 92.0 91.8 92.3 92.5 94.1 93.0

MR dev /°C 2.7 9.7 20.8 5.4 5.4 6.5
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reduces the differences between extreme temperatures com-
pared with continental ones. The threshold temperatures of
mean air temperature vary between 23.5 °C in Zagreb, 25.5 °C

in Osijek and Rijeka and 27.5 °C in Split. The thresholds for
the prolonged duration of high temperatures (PET3 and PET5
for duration of 3 and 5 days) are lower than the previous
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ically equivalent temperature (PET) at 2.00 p.m. (°C) for durations of 1–
5 days in Zagreb. Circles Mean values of excess mortality set for 3 °C
bands, dashed line locally weighted scatter plot smoothing (lowess
smooth), full tick line linear regression betweenmortality and temperature
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thresholds (the exception is Osijek for 5 days, but this can be
attributed to unreliability due to a small amount of data).
Percentiles of threshold temperature for increased mortality
range between 89 % and 98 %. The regression lines between
temperature and excess mortality coincide closely with the
lowess smoothing, with the exception of Osijek and minimum
temperature in Rijeka (Figs. 2, 3). In most cases, mortality
increases by about 2% for each °C rise of PET. Slightly bigger
changes in Split (2.7 %) could be caused by a much larger
number of people staying in the central Adriatic area during
the tourist season, especially if these are tourists coming from
different climatic conditions who have not adapted to higher
temperatures. A prolonged effect of high temperatures (PET3
and PET5) can be a significant increase in mortality, and a rise
of 1 °C is associated with an increase in mortality several
times larger than in the case of a 1-day impact of high
temperatures. In the case of a 3-day duration (PET3 exceeding
the determined threshold), a rise of 1 °C is associated with a 2-
to 5-times higher mortality increase than in the case of a 1-day
impact, and 3- to 15-times higher in case of a 5-day duration
(Table 2).

Mortality increases by 1.3 % and 1.4 % for a rise of 1 °C of
maximum temperature in Zagreb and Rijeka, and a little more
for minimum (2.0 % / 1 °C in Zagreb) and mean air temper-
ature (2.1 % / 1 °C in Zagreb and 3.0 % / 1 °C in Rijeka). The
changes in mortality with temperature are more pronounced in
Split than in other cities, varying between 2.7 % / 1 °C for
PET, 5.4 % / 1 °C for minimum and maximum temperature
and as much as 6.5 % / 1 °C for mean temperature (Table 3).

Analysis of the relationship between mortality and PET at
2.00 p.m. for eachmonth fromApril to October shows that the
thresholds for the occurrence of increased mortality are not
equal at the beginning of the warm season and in late summer
Fig. 5, Table 4). The values in Table 4 do not correspond to the

values in Table 2 because they present the thresholds of PET
for MR dev=0; i.e., the beginning of positive mortality, and
not threshold temperatures as in Table 2. In April, mortality
starts to rise when PETexceeds 26.5 °C in Osijek and 29.5 °C
in Zagreb. In subsequent months these values increase,
reaching the maximum mainly in August, when they vary
between 34 °C in Split and as much as 45.5 °C in Osijek.
After that, thresholds fall again. Some deviations from these
mainly regular changes occur due to the small sample sizes.

Previous results show that, at all stations analysed in
Croatia, increased mortality occurs when the PET at
2.00 p.m. varies between 36 °C and 38 °C and exceeds
the threshold for strong thermal stress, according to the
grades of physiological stress shown in Table 1. According to
the distribution of mortality for different heat loads, the
relationship between mortality and thermal conditions
has a U pattern, with increased mortality in the cold
and warm part of the scale (Fig. 6). The lowest mortality
occurs in the classes with no heat load or with slight heat

Table 3 Mean mortality rates at different levels of thermal load
according to PET at 2.00 p.m. ex Extreme, st strong, mo moderate, sl
slight, HS heat stress, CS cold stress, noS no thermal stress

Heat load Osijek Zagreb Rijeka Split

All −0.2±1.2 −0.1±0.5 0.0±1.0 0.1±1.1

exCS 2.1±2.2 1.7±1.0* 2.0±2.8 3.3±3.1

stCS 0.7±4.2 0.7±1.7 3.4±3.4 1.7±3.4

moCS −2.2±3.7 0.1±1.4 1.5±2.7 0.9±2.7

slCS −3.3±3.6 −0.8±1.4 −3.6±2.8* −0.7±2.8

noS −1.0±3.5 −2.8±1.3* −1.8±2.9 −3.5±3.0*

slHS −1.1±3.7 −3.0±1.3* −3.2±2.9* −5.3±2.9*

moHS −4.1±3.7* −1.5±1.4 −1.7±3.0 −4.8±3.0*

stHS −3.3±4.1 1.3±1.7 0.9±3.5 2.8±3.6

exHS 10.4±5.4* 6.0±2.3* 9.1±5.0* 17.7±5.3*

*Significantly different from the means of the complete series at the 5 %
level
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stress. Mortality is also below the expected value for moderate
heat stress between −1.5 % in Zagreb and −4.8 % in Split
(Table 3). Therefore, moderate heat stress has no impact on
increased risk in Croatia.

The lagged correlation with lags of 0 to 15 days between
mortality rates and PET at 2.00 p.m. higher than threshold
temperatures (PET>HCP in Table 2) (Fig. 7), as well as the
course of excess mortality during strong and extreme heat
stress (Fig. 8), shows that, during heat stress, the highest
mortality usually occurs in the first 3 days after exposure,
followed by a decline to expected values or a fall below such
values 4 to 5 days after the stress (“mortality displacement”).
In Zagreb and Osijek, the correlation between PET>HCP and
mortality is positive 5–6 days after heat stress and then be-
comes negative. According to the results of correlation in
Rijeka and Split, it seems that mortality increases 9–10 days
after heat stress, and then declines below the expected value.
Shortly thereafter, mortality in Split increases again, but this
increase is probably not associated with previous heat stress.
The quantification of the effect of mortality displacement is
determined bymean cumulative excess mortality during 15 and
30 days after PET exceeds the threshold temperature. In the
continental part of Croatia (Zagreb and Osijek), the period with
positive excess mortality after the beginning of heat waves lasts

on average 4 days, resulting in mean cumulative excess mor-
tality of around 20 % (Table 5). At the coast, where mean
periods with positive excess mortality last longer (from 7 days
in Rijeka to 11 days in Split), cumulative excess mortality
ranges between 49 % and 92 %. On the other hand, the decline
of excess mortality after that period is about 34 % in the
continental part up to 15 days, and more than twice that up to
30 days after the beginning of a heat wave. Due to the longer
period of excess mortality at the Adriatic coast, the decline in
mortality up to 15 days after that ranges between 7% and 15%,
but is 32–50 % for an additional 15 days.

When the temperature (PET, minimum or maximum tem-
perature) exceeds the threshold temperature, the longer the
duration of unfavourable conditions, the more mortality in-
creases (Fig. 9). In addition, when both minimum and maxi-
mum temperatures exceed threshold temperatures, mortality
increases with duration faster than with a minimum or maxi-
mum temperature on its own. The increase in mortality with
the duration of unfavourable thermal conditions is more pro-
nounced in the continental part of Croatia (Zagreb and Osijek)
than on the coast, particularly in Split. After a 10-day duration
of heat stress in the continental part, mortality increases on
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Table 4 Thresholds of PET at 2.00 p.m. for the start of increase in
mortality (MR dev=0) by month

April May June July August September October

Osijek 26.5 35.5 36.0 36.5 45.5 – –

Zagreb 29.5 27.5 29.5 32.5 37.0 34.0 29.0

Rijeka – 35.0 35.0 35.5 40.5 – –

Split 29.0 34.0 35.5 35.0 34.0 37.5 –
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Fig. 6 Mean mortality for different levels of thermal stress for PET at
2.00 p.m. with the inclusion of short-term adaptation, Zagreb, period 1983–
2008. ex Extreme, st strong, mo moderate, sl slight, HS heat stress, CS
cold stress, noS no thermal stress
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average between 10 % (Osijek) and 17 % (Zagreb) but only
3 % in Split and 8 % in Rijeka, while during long-lasting heat
waves (10 days) cumulative mortality can rise to more than
100 % (Fig. 10). Unlike other cities, where heat waves did not
last longer than 9 (Osijek) to 13 days (Rijeka), a heat wave in
1994 in Split lasted for 25 days. At the end of prolonged heat
waves, as was the case in Split, mortality decreases due to
mortality displacement (Tobias et al. 2010). If only heat waves
lasting up to 13 days in Split are taken into account, the
increase in mortality is 17 % per 10 days. Similarly, the low
increase in mortality with duration of maximum temperature
in Zagreb is a consequence of mortality displacement in the
case of several long-lasting heat waves as well as a 7-day heat
wave with negative mortality in late August 2003, which is
actually a continuation of the previous known long-lasting
heat wave and can be also treated as mortality displacement.
This is confirmed by the analysis of the relationship between
the frequency of heat waves in the season and excess mortality
during the heat waves. This analysis shows that a greater
number of heat waves does not cause greater cumulative
excess mortality (Fig. 11). Moreover, it seems contradictory
that in 2003, when there were as many as 18 heat waves,
including one lasting 7 days and one lasting 8 days, as well as

a total of 49 days with PET exceeding threshold values,
cumulative excess mortality during the heat waves belongs
to the lowest in the whole series and is even negative. On the
contrary, cumulative excess mortality was highest in 2005
when there were 8 days with PET exceeding threshold values
during five heat waves, four of them lasting only 1 day and
one lasting 4 days.

Discussion

The results of the relationship between temperature and
mortality rate in Croatia show differences between various
geographical regions and confirm the hypothesis about the
adaptation of inhabitants to the local climate (Keatinge et al.
2000).

The mean percentile of temperature threshold for increased
mortality for the cities analysed amounts to 94 %. Assuming a
similar relationship, that result can be used to estimate thresh-
old temperatures for other areas in Croatia. The thresholds of
PET at 2.00 p.m. for increased mortality generally exceed
35 °C. This is the lower limit for a class of strong heat stress,
and the result confirms the appropriateness of the classifica-
tion. The thresholds of PET causing heat-related mortality are

Table 5 Cumulative excess mortality after the beginning of the period
with PETexceeding threshold temperature.MRdev cum Mean cumulative
excess mortality during the period with MRdev>0; MRdev cum 15 ,
MRdev cum 30 cumulative mortalities during the period of 15 and 30 days
after the beginning of heat wave, respectively, dur MRdev>0 mean
duration of period with consecutive days with MRdev>0

Osijek Zagreb Rijeka Split

dur MRdev>0 4 4 8 12

MRdev cum 21.1 18.4 49.3 91.8

MRdev cum 15 −33.6 −34.4 −14.9 −6.5

MRdev cum 30 −86.1 −70.8 −50.2 −31.6
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approximately equal to body temperature; therefore, when the
environmental temperature exceeds this threshold, cooling of
the body is difficult, especially if the temperature exceeds
40 °C, which can cause a heat stroke and even mortality
(Flynn et al. 2005; Kovats and Hajat 2008). The threshold
temperatures for maximum temperature (30–33 °C) are higher
than those found by Kyselý and Huth (2004) for the Czech
Republic (26 °C) and Michelozzi et al. (2000) for Rome
(28.0 °C). Differences between threshold temperatures for
Rome and Croatia may partly be a result of different methods
of investigation. On the contrary, due to the similarity of
methods applied in the Czech Republic and in our study, the
differences found are probably realistic and caused by climate
conditions. Tobias et al. (2010) found threshold temperatures
of maximum temperature for Barcelona to be similar to those
at the Adriatic coast, while Nastos and Matzarakis (2008a)
have shown 33 °C for Athens. The highest threshold temper-
ature of 41 °C was found by Díaz et al. (2002) for Seville. For
mean temperatures, threshold temperatures range between
23.5 °C and 25.5 °C and are similar to the values established
in Budapest (Paldý et al. 2005; Ishigami et al. 2008), Rome
(Michelozzi et al. 2000), Milan (Ishigami et al. 2008) and
Barcelona (Saez et al. 2000), but higher than in London
(Ishigami et al. 2008) and the Czech Republic (Kyselý and
Huth 2004). The increase in the risk of death beyond the
temperature threshold (1–2 % for each degree of increase in
temperature) is consistent with the results for different parts of
Europe (Ballester 1997; Iñiguez et al. 2010; Ishigami et al.
2008).

However, due to short-term adaptation to previous thermal
conditions, threshold temperatures vary during the warm sea-
son by as much as 10°. Such differences were also found in
other countries (Kyselý and Huth 2004; Saez et al. 2000; Hajat
et al. 2002; Koppe and Jendritzky 2005; Laaidi et al. 2006),
although the differences are not comparable due to different
temperature indicators used by different authors.

Heat stress affects the increased mortality rate for the first
3–5 days, but then the effect decreases sharply and mortality
falls below average (“mortality displacement” or the
“harvesting effect”) (Rooney et al. 1998; Smoyer et al. 2000;
Kyselý and Huth 2004; Koppe 2005). This implies that the
increased mortality rate immediately after the heat wave is the
result of the mortality displacement of gravely ill patients who
would have probably lived a few days longer if there were no
heat stress (Kunst et al. 1993). Smoyer et al. (2000) think that
mortality levels decrease below the baseline after the heat
wave and suggest some pre-shifted mortality during the heat
wave, while Kyselý (2004) believes that this short-term mor-
tality displacement accounts for a substantial part of the mor-
tality increase during heat waves. In the continental part
of Croatia the decrease in cumulative mortality (up to 15 days)
is greater than the cumulative increase of mortality in the first
days of a heat wave. Prolonged heat stress causes significantly

higher mortality than 1-day heat stress because prolonged
exposure of the human body to adverse conditions increases
the risk, especially among vulnerable groups such as chronic
patients or the elderly (Díaz et al. 2002; Shao et al. 2008;
Matzarakis et al. 2011; Kovats and Hajat 2008; Iñiguez et al.
2010; Tobias et al. 2010). Extended duration of increased
(both) minimum and maximum temperature is particularly
dangerous due to the absence of night freshness that may
reduce the risk to the body after exposure to heat during the
day (Rooney et al. 1998; Díaz et al. 2002; Nastos and
Matzarakis 2008b). During long-lasting heat waves mortality
increases mostly during the first 3–5 days; after that the
increase is weaker, but in the case of very long heat waves,
mortality decreases at the end of the period due to mortality
displacement (Tobias et al. 2010). This happens in the south-
ern Adriatic where particularly long-lasting heat waves occur
as a result of the Azores anticyclone, which supports long
periods of fine and stable weather. In the mainland and in the
northern Adriatic, cold air on the edge of cold fronts passing in
the north briefly interrupt periods of warmweather (Zaninović
et al. 2008).

The introduction of the HHWS, in addition to educating the
population about the possibilities of behavioural adaptation,
may contribute to reducing the risk of heat stress (McGeehin
and Mirabelli 2001; Tan et al. 2007; Fouillet et al. 2008;
Koppe and Becker 2009). The risk of heat waves is particu-
larly prominent in large cities due to the impact of the urban
heat island (UHI), which can be even more pronounced be-
cause of atmospheric pollution (Smoyer et al. 2000; Fouillet
et al. 2006). The UHI can be mitigated by planting green
areas, applying better insulation and the orientation of build-
ings towards providing ventilation (Alberdi et al. 1998;
Matzarakis and Nastos 2011). In addition to warning the
population, successful suppression of heat wave impacts
requires good organisation of public health services for
effective prevention and for provision of help during the
heat waves (Kovats and Ebi 2006; Tan et al. 2007; Kovats
and Hajat 2008).

Conclusion

To summarise, it can be said that humans adapt to regional
climate. The more variable conditions humans live in, the more
they adapt. The thresholds of PETat 2.00 p.m. generally exceed
35 °C and can be taken as a good and relevant threshold. This is
close to core body temperature; therefore, when the environ-
mental temperature exceeds this threshold, cooling of the body
is difficult, especially if temperature exceeds 40 °C, which can
cause heat stroke and even mortality.

Heat-related increased mortality can be observed after the
first 3–5 days, but then the effect decreases sharply and
mortality falls below average. During long-lasting heat waves
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mortality increases mostly during the first 3–5 days; after that
the increase is weaker, but in the case of very long heat waves,
mortality decreases at the end of the period due to mortality
displacement. This can be seen principally in the southern
Adriatic where particularly long-lasting heat waves occur as
a result of the Azores anticyclone with long-lasting stable
conditions during summer.

Establishment of the HHWS, in addition to timely educa-
tion of the population and the authorities may reduce the
effects of heat stress. The results presented here enabled the
introduction of the HHWS in Croatia in the summer of 2012.
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