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Abstract

In this study, heat waves at two meteorological stations in Serbia are analysed based on daily maximum temperatures in July
and August. The warmest summers as regards heat wave duration and severity occurred within the periods 1946-1952, 1988-
1998 (especially 1992-1995) and 2000-2003. The longest heat waves were recorded in 1952, lasting 53 days in Belgrade and 62
days in Nis. The summers of 1994 in Belgrade and 2003 in Ni$ are characterized with the highest numbers of consecutive trop-

ical days (21 and 29, respectively).

The first-order autoregressive model is applied to generate long series of the daily maximum temperature, from which the
relative frequencies of heat waves are estimated. The relationships between the typical and longest heat waves, and the cir-
culation conditions are analysed using the Hess-Brezowsky catalogue of macrocirculation types.
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Introduction

Many research activities during the 20t? century focused on
extreme climate phenomena, including heat waves, because
of their influences on ecosystems and human society (agri-
culture, water resources, energy demand and human mor-
tality). The impact of extreme events is more serious when
the extreme weather conditions prevail over extended peri-
ods. For this reason, prolonged extreme temperature events
(usually referred to as heat waves and cold spells) have fre-
quently been investigated (Colombo et al., 1999; Huth et al.,
2000; Kysely, 2002; Beniston and Stephenson 2004).

High summer temperatures are harmful to human
health. The most frequent exceedances of threshold tem-
peratures above which mortality rises significantly were
observed in the 1930s-1940s in Chicago (Kunkel et al., 1999).

During the 1980s and 1990s, unusually hot summers
were recorded in Europe. Especially, the summer seasons
of 1994 and 1995 established many record-breaking temper-
atures in a large number of cities across Europe and USA
(Whitman et al. 1997).

Also, from June to August in 2003, record-breaking high
temperatures were reported across Europe, including Spain,
the Netherlands, Switzerland, France, Germany and Eng-
land (Jendritzky et al., 2003; Martinez Navarro et al., 2004;
Fischer et al., 2004; Stedman, 2004). France was the Euro-

pean country most affected by the heat wave, according to
the registered rate of mortality.

The aims of this study are to analyse heat waves in Serbia
based on the daily maximum temperatures (T,,) in July and
August. The analysis covers the period of the last 60 years at
two meteorological stations in Serbia. Extreme high temper-
ature events and heat waves are analysed. The frequency and
persistence of heat waves are examined applying the first or-
der autoregressive [AR(1)] model. AR(1) model results and ob-
served characteristics are compared. Relationships between
heat waves and the European atmospheric circulation are ana-
lysed. The conclusions are shown at the end of the paper.

Data and Methods

Data
The observations were taken at the Belgrade Meteorologi-
cal Observatory (¢ = 44°%8" N, A =20°28" E, h=132 m) and at
Ni$ (¢ = 43°19" N, A = 21°54" E, h=201 m). The analysis covers
the periods 1943-2004 (Belgrade) and 1948-2004 (Nis). Bel-
grade and NiS are representative for a plain and a hilly re-
gion of Serbia, respectively. The climate of this area is conti-
nental. Ni$ is located south-east from Belgrade.

Daily T,, values of July and August are examined. Tem-
peratures were measured using a Schneider thermometer.
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Technical and critical controls of these measurements were
made by the National Meteorological Service. The stations
were not moved during the study periods and the data sets
have no missing records.

Series of daily temperatures observed in Belgrade and
Ni$ have been used earlier by Domonkos et al. (2003) in
their analysis of extreme temperature events in South and
Central Europe. Seasonal means for July-August periods,
and annual absolute maximum temperatures for Belgrade
have been analysed by Unkasevi¢ and Tosi¢ (2005).

Heat wave definition

First the concept of heat wave must be defined. Many def-
initions could apply to heat waves that quantify the dura-
tion and/or extremity of either night time minima or day-
time maxima of temperatures (Karl and Knight, 1997; Huth
et al., 2000; Palecki et al., 2001; Meehl and Tebaldi, 2004).

According to the heat wave definition by Huth et al.
(2000), a heat wave is a continuous period during which:

1. the daily maximum air temperature is equal or high-

er than 30.0°C on at least 3 days;

2. the mean daily maximum air temperature over the

whole period is higher than 30.0°C, and

3. the daily maximum air temperature does not drop

below 25.0°C.

Tropical days refer to days with T, reaching or exceed-
ing 30.0°C. According to the above definition of heat waves,
two periods of tropical days separated by a slight drop of
temperature constitute one heat wave. However, two peri-
ods of tropical days separated by a pronounced tempera-
ture drop below 25.0°C are treated as separate heat waves.

The modified auxiliary threshold of 28°C (instead of
25°C) is introduced here, because Serbia has much warm-
er summer climate in comparison with Prague, the 28°C
is just the median of the T, values examined in this study).

The Autoregressive model

The first-order autoregressive model is frequently used to
simulate time series of daily maximum temperatures and
provide characteristics of heat waves and consecutive trop-
ical days which are usually in good agreement with obser-
vations (Mearns et al., 1984; Macchiato et al., 1993, Colom-
bo et al., 1999; Kysely, 2002).

It is assumed that the sequence of daily maximum tem-
peratures constitutes a realization from a first-order au-
toregressive process. Letting T, (f) denote the maximum
temperature on day t, an AR(1) process requires that the
conditional probability distribution of T, (f), given the past
record of observed daily maximum temperatures, T, (1),
T.,(t-2)..., depends only on T,,(t-1), i.e. the observed maxi-
mum temperature for the previous day:

7:»(-']—.‘1=a|(?:n(f‘l)‘l-‘~)+ Wi s (1)

where the daily maximum temperatures are expressed in
terms of deviations from their common mean y, and a, de-
notes the first-order autocorrelation coefficient. The error
terms (w,) in (1) are assumed to constitute a “white-noise”
process, i.e., they are uncorrelated random variables with
zero mean and a constant variance o,” equal to:
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where ¢® denotes the variance of T, (f). The first-order
autocorrelation coefficient is estimated according to Ken-
dall and Stuart (1976):
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where L represents the size of the time series at each sta-
tion, while / stands for the standardized variable:

-

q
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Although the daily maximum temperature time se-
ries are clearly non-stationary because seasonal cycles
are present, the stationary assumption is a reasonable ap-
proximation when dealing with July-August periods only
(Mearns et al., 1984).

Then, the AR(1) model is applied to generate a synthet-
ic time series of daily maximum temperatures, from which
the probabilities and return periods of long heat waves are
estimated.

Macrocirculation classification

Circulation conditions are analysed using the Hess-Br-
ezowsky catalogue of subjectively classified large-scale
circulation patterns (Hess and Brezowsky, 1952; Gersten-
garbe et al., 1999). The Hess-Brezowsky classification is
based on the positions of large high and low pressure sys-
tems relative to Germany. This classification recognizes
three groups of circulations (zonal, half-meridional and
meridional) divided into ten major types and 29 subtypes.
Any circulation type persists for several days. The Hess-Br-
ezowsky classification is often used for quite distant areas
relative to Germany, because i) the classification is usable
in much larger area than one country, and ii) the Hess-
Brezowsky catalogue is long, complete and homogene-
ous, thus it is a popular tool for climatological investiga-
tions. This catalogue of large-scale circulation patterns is
commonly used to characterise the relations between lo-
cal weather and European circulation (e.g. Domonkos et
al. 2003; James, 2006).

The present analysis is carried out for nine groups of
cicrulation types, because the SE major type didn’t exist in
summer. The analysed major types are: west (W), central
European high (HM), southwest (SW), south (S), north (N),
northwest (NW), northeast (NE), east (E) and central Eu-
ropean low (TM).

Results

Extreme high temperatures

The highest temperatures in Belgrade were observed in 1988
(40.2°C) and in 2000 (40.5°C), while in Ni$ in 1952 and 1994
(42.2°C). According to the temperature observations in July
2007, the former highest temperatures recently have been
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Figure 1 Height of 500hPa surface (gpm) and sea level pressure
(hPa) at July 30,1992 at oo UTC

exceeded (43.6°C in Belgrade and 43.2°C in Ni$). The new
records will be the subject of a future investigation.

Most extreme temperatures in Belgrade were confined to
relatively short duration heat waves (15 days in 1988 and 12
days in 2000), with a cumulative excess (sum of T, above
30.0°C) of 38.2°C and 39.5°C, respectively, not reaching a
severity comparable to those of 1946 and 1992 (Table 1a).
However, the highest temperatures in Ni§ were accompa-
nied with longer duration heat waves, 62 days (1952) and 41
days (1994), as can be seen from Table 1b. In 1992, the long-
est periods (42 days in Belgrade and 40 days in Ni§) with
high air temperature and low interdiurnal temperature var-
iability were related to persistent circulation patterns over
Europe, with a high-pressure system influencing central
Europe and the Balkan (Fig. 1).

The total number of tropical days (days with the daily
maximum temperatures exceeding threshold value of 30°C)
for Belgrade and Nis is illustrated in Fig. 2. We can see an
increase until 1952 and after 1975, while a minimum appears
from 1965 to 1985 for both meteorological stations. Based
on surface temperature data from 100 European stations,
ECSN (1995) reports a temperature increase from the be-
ginning of the 20*? century until 1940, a period of stabiliza-
tion or even cooling until around 1970, followed by a new
increase extending up to the present time. Our results co-
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incide with ECSN (1995) and the analysis of Founda et al.
(2004) for Athens.

The number of tropical days is greater in Nis than in Bel-
grade, as a consequence of more continental climate in Nis.
It was calculated that the total number of tropical days in
Belgrade during the last decade (1995-2004) is 259 days, with
the same parameter being 1300 days for the whole record.
This means that 20% of the tropical days for the whole pe-
riod examined occurred during the last 10 years. This pro-
portion is 21% for Nis.

Observed heat waves

To characterize heat waves in Serbia, the duration, the peak
temperature and the cumulative T,, excess above 30.0°C
during heat waves are used. The cumulative T, excess is
one of the most appropriate variable to characterize the se-
verity of heat waves (see e.g. Kysely, 2002).

The longest heat waves in Belgrade were recorded in 1952
(lasting 53 days) and 1992 (42 days), which are represent-
ed in Fig. 3a,b. Then, the heat waves recorded in 1946 and
1995 (38 days), 2000 (34 days), and 1994 and 2003 with a
duration of 29 days follow (Table 1a). In the southeast the
durations of the most persistent heat waves are longer (Ta-
ble 1b). The longest heat waves with durations of 62 and 54
days were observed in Ni$ in 1952 and 1988, respectively
(Fig. 3¢,d). The next longest heat waves were observed in
2003, 1948, 1994 and 1998 (41-43 days, Table 1b). The most se-
vere heat waves in terms of the cumulative T, excess above
30.0°C were in 1946 (150.2°C, Table 1a) in Belgrade and in
1952 (302.0°C, Table 1b) in Nis.

Summers of 1994 and 2003 have been mentioned among
the hottest summers observed in Europe. As for Serbia, the
summer of 1994 in Belgrade and that of 2003 in Ni§ were
characterized with the highest numbers of consecutive
tropical days (21 and 29, respectively, Table 1).

The mean July-August daily maximum temperature ex-
pressed as an anomaly from the long-term mean (AJA) is
also given in Table 1. In terms of AJA most of the warmest
summers in Serbia occurred within the periods 1946-1952,
1988-1998 (especially 1992-1995) and 2000-2003. Similar re-
sults were obtained for large regions in Europe by other re-
searchers. Analyzing low-frequency fluctuations for many
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Figure 2 Annual numbers of tropical days (T, = 30°C) a) Belgrade and b) Ni$
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Figure 3 The longest heat waves (HW) observed in: a, b) Belgrade and ¢, d) Ni$
Table 1 The longest and most severe heat waves (as measured by cumulative T, excess above 30.0°C, TS30) in: a) Belgrade (1943-
2004) and b) Ni$ (1948-2004). NT30 - number of consecutive days with temperature above 30.0°C, AJA - mean July-August T,
anomaly from the long-term mean, HITV - highest rise and drop in the interdiurnal T, variability
Beginning Duration TS30 NT30 Peak T AJA HITV (°C)
and year (days) Q) (°C) (°C) Q) . drop
a) Belgrade
1.71952 53 1209 17 384 3.32 78 -9.6
21.71992 42 126.7 13 374 312 4.7 5.6
9.71995 38 349 7 343 1.08 39 -5.3
17.7.1946 38 150.2 18 393 3.68 8.2 -8.8
23.7.2000 34 1164 15 40.0 2.86 40 -6.5
16.7.1994 29 804 21 389 246 2.5 -8.0
3.8.2003 29 80.3 8 384 240 6.3 -6.1
b) Nis
1.71952 62 3020 23 42.2 5.53 6.7 -99
1.71988 54 1494 10 38.0 249 4.6 -7.0
20.7.2003 43 166.3 29 40.5 347 84 -9.5
18.71998 41 160.7 21 39.7 2.34 58 -11.5
16.7.1994 41 130.5 22 42.2 2.36 6.8 -8.0
20.71948 41 121.0 12 415 1.89 6.8 -9.3
23.7.1992 40 148.3 17 38.0 2.56 29 -59
22.71967 37 65.7 6 374 0.69 4.8 94
1.71950 35 135.2 7 40.7 4.60 6.7 -10.7
23.7.2000 34 155.0 16 40.2 346 4.2 -8.7
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Table 2 Return periods (years) of heat waves lasting 3, 5, 7, 10, 15, 20, 25 and 30 days for Belgrade and Nis$

Stations / days 3 5 7 10 15 20 25 30

Simulated (Bgd) 0.1 0.3 0.6 1.7 84 38.7 1721 4819
Observed (Bgd) 0.1 03 04 1.0 29 8.6 18.5 311
Simulated (Nis) 0.1 0.3 0.6 14 83 335 148.9 855.0
Observed (Nis) 0.1 03 0.5 1.0 29 55 9.0 144

sites in Europe (including Belgrade and Nis$ for the peri-
od 1949-1998), Domonkos et al. (2003) found that the high-
est frequencies occurred in the late 1940s and in the latest
decade, whereas the lowest frequency was around the late
1970s. Xoplaki et al. (2003) investigated summer air tem-
perature variability over Greece and western Turkey, and
pointed out that the summer air temperature of the area
is characterised by warm 1950s and 1990s and rather cool
19608, 1970s and early 1980s.

Interdiurnal temperature variability during long heat
waves is important for human health. The highest interdi-
urnal rises and drops of the maximum temperatures dur-
ing the longest heat waves at Belgrade and Ni§ are shown in
the last column of Table 1. It can be seen that the interdiur-
nal drop (in absolute value) was always greater than the in-
terdiurnal rise, with one exception only. The values of inter-
diurnal rise were between 2.5°C and 8.4°C, while the values
of interdiurnal drop varied from -53°C to -11.5°C. The in-
terdiurnal drops of T, in Ni§ were usually higher, than that
in Belgrade. The highest interdiurnal drop of T, recorded
in Belgrade in 1952 during the longest heat wave occurred
when a western and central European air pressure trough
existed, while in Ni§ in 1998, it occurred when a cyclone
dominated over Western Europe.

AR(1) model results

Simulated frequencies of heat waves were determined from
a 3,000-year long series. The distributions of the lengths of
heat waves obtained using the AR(1) model for Belgrade
and Ni§ are analysed. The AR(1) model slightly overesti-
mates the percentage of heat waves lasting up to 6 days for

25 T
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—e— AR(1)

Relative frequency (%)
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Length of heat waves (days)

Belgrade and Ni§. The percentage of long heat waves ap-
pears to be simulated well.

Return periods of heat waves lasting 10, 15, 20, 25 and
30 days are shown in Table 2. For example, the return pe-
riod for a heat wave lasting 20 days is 39 years for Belgrade
and 33 years for Ni§, according to the AR(1) simulation. The
estimated return periods for longest heat waves should be
treated as upper limits because of deficiencies in simulating
the temperature variability, which are inherent in the AR(1)
model (see also Kysely, 2002).

On changing the third condition of the heat wave defi-
nition (daily maximum air temperature does not drop be-
low 28.0°C), better results are obtained (Fig. 4). As a con-
sequence of this modification, the duration of the longest
heat waves becomes shorter, i.e., 32 days in Belgrade and
40 days in NiS$. Using this definition, the relative frequen-
cies of typical heat waves, lasting 3-4 days both in Belgrade
and Nis, are better approximated by the AR(1) model, while
the overestimations for return periods of the longest heat
waves are similar to the ones discussed above.

Relationship between heat waves

and atmospheric circulation

The relationship between the longest and typical heat waves,
and the circulation conditions are analysed using the Hess-
Brezowsky catalogue of large-scale circulation patterns.
Relative frequencies of circulation types during longest and
typical heat waves are shown in Figures 5 and 6, respective-
ly. Almost 33% of the longest heat wave days in Belgrade and
31% in Ni§ occurred under major type W (Fig. 5). Also, cir-
culation from the west contributes to typical heat waves of
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Figure 4 Distribution of simulated and observed heat waves lengths with the modified condition: daily maximum air temperature
does not drop below 28.0°C during heat waves. a) Belgrade and b) Ni$



35 T T
% _ [ Belgrade
07 I Nig

0 1 I 1 1 I
w HM  SW S N

AN I
NW NE E

Figure 5 Relative frequencies (%) of prevailing Hess-Brezowsky
major types during the longest heat waves in: a) Belgrade and
b) Nis. W - west, HM - Central European high, SW - southwest,

S - south, N - north, NW - northwest, NE - northeast, E - east,
and TM - central European low

about 30% in Belgrade and 25% in Ni$ (Fig. 6). Further 24.5%
of typical heat waves in Ni§ occurred under major type N.

Xoplaki et al. (2003) pointed out that the extreme-
ly warm summers in Greece and western Turkey are as-
sociated with subsidence and stability, anomalous advec-
tion from northeast at the mid and upper troposphere and
anomalous westerly air flow in the lower troposphere, and
decreased frequency and intensity of northerly winds in the
lower troposphere.

Baldi et al. (2006) have shown that the heat waves in the
Central Mediterranean are associated with the presence of
a jet stream located in the north of the Alps and an anticy-
clonic vortex over the Mediterranean, which forces a strong
subsidence and an adiabatic warming of the troposphere
over the Mediterranean.

Conclusions

An analysis of heat waves in Serbia was performed. Based on

the AR(1) model, the relative frequencies of heat waves were

computed and compared to that estimated from the observed
data. The relationship between the longest and typical heat
waves, and the circulation conditions was analysed using the

Hess-Brezowsky catalogue of macrocirculation types. From

the analysis of heat waves in Serbia, it can be concluded that:

o The warmest summers with regards to heat wave dura-
tion and severity occurred within the periods 1946-1952,
1988-1998 (especially 1992-1995) and 2000-2003; The low
frequency changes of summer heat occurrences in Serbia
turned out to be similar to that in other parts of central
and southern Europe.

o+ A longer duration of heat waves and periods of succes-
sive tropical days were recorded in Ni§ in comparison
with Belgrade, suggesting the effect of more continen-
tal climate in Nig;

o The annual number of tropical days has an increasing
tendency until 1952 and after 1975;

o 'The AR(1) model is able to reproduce the main character-
istics of heat waves in Belgrade and Ni$, but the chance
of extremely long heat waves is underestimated;
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Figure 6 The same as Fig.5, but for typical heat waves

« Almost 33% of the longest heat wave days in Belgrade and
31% in Ni§ occurred under the major type W of the Hess-
Brezowsky classification

o Major type W is also prevailing during typical heat
waves, though 24.5% of the typical heat wave days in Nis$
occurred under the major type N.

Barnett et al. (1999) concluded that the most probable
cause of the observed warming of the atmosphere since 1970
is a combination of internally and externally forced natural
variability and anthropogenic sources. We hope that the re-
sults of the study contribute to the better understanding of
the physical mechanisms yielding long heat waves which
are expected to occur more frequently in the course of the
twenty-first century, as suggested by regional climate sce-
narios (Beniston, 2004).
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