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Abstract: Heat waves were analysed on the basis of maximum daily temperature from 24 meteorological stations in
Poland. Heat waves are defined as the longest continuous period during which 7max (daily maximum air temperature)
is equal to or higher than 30°C in at least three days, the mean 7max during the whole heat wave is equal or higher
than 30°C and Tmax does not drop below 25°C during the whole period of heat wave duration. Heat waves occur
in Poland from April to September with their maximums in July and August. Four-day-long heat waves are most
frequent but the longest one lasted 31 days. The most persistent heat waves were in 1994 and 2015. An increasing
trend in heat wave frequency and intensity is observed in Poland, however the increase is statistically significant at
only about 60% of analysed stations. Four synoptic patterns favouring heat waves have been distinguished. A strong
high over the Azores accompanies all of them, as well as slightly higher than normal pressure over Central Europe —
this causes calm and sunny weather over Poland. Strong blocking appears over the North Atlantic during heat wave
events, proofing that the development of strong heat waves in Poland is related to large scale circulation and that they

are not of local origin. The analysis of the impact of soil moisture in months leading up to the development of heat

waves should be the next step in analysis.
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1. Introduction

In developed countries heat waves are regarded
as a major cause of weather-related fatalities (Changnon
et al. 1996; Karl, Knight 1997; De Bono et al. 2004; Van-
dentorren et al. 2004). According to the last IPCC report
(IPCC 2013) wit is very likely that the number of cold
days and nights has decreased and the number of warm
days and nights has increased on the global scale«; also,
wit is likely that the frequency of heat waves has increased
in large parts of Europe, Asia and Australia«. Since the
beginning of the twentieth century the temperature has
been increasing and for regions such as Europe, for which
there are historical temperature reconstructions going
back several hundreds of years, the indications are that
some areas have experienced a disproportionate num-
ber of extreme heat waves in recent decades (Hartmann
etal. 2013).

In Poland and Czech Republic the heat wave which
occurred in 1994 was very intensive and widespread
(Kysely 2002; Wibig et al. 2009; Kysely 2010). A lot
of attention has been devoted to the 2003 heat wave
over Central-European countries (Beniston 2004; Black
et al. 2004; Zaitchik et al. 2006), followed by another
exceptional heat wave in July of 2006 in Central Europe
(Kysely 2010), the heat wave in July 2010 in Eastern

Europe (Barriopedro et al. 2011) and the heat wave in
Central Europe in August 2015 (Dong et al. 2016; Duchez
et al. 2016). Due to global warming, it is very likely that
the frequency and intensity of such events will increase
in the future (Meehl, Tebaldi 2004; Schir et al. 2004).

So the question arises: has the frequency and intensity
of heat waves increased? To answer this question it is nec-
essary to formulate definitions of “heat wave” and their
intensity, because a variety of measures that relate meteor-
ological conditions to the human sensation of heat can be
found in the literature (Driscoll 1985; Kalkstein, Valimont
1986; Hoppe 1999; Robinson 2001). A wide review of
heat waves was made by Perkins and Aleksander (2013).
Reviews of heat wave definitions used in Polish literature
were made by Kuchcik (2006), Kossowska-Cezak (2010)
and Krzyzewska (2014).

A definition of heat wave often includes a combination
of weather elements related to human sensation of heat,
with a duration and appropriate thresholds for daytime
and nightime periods. Robinson (2001) suggested that for
long-term countrywide analysis of heat wave variations,
an index that relies on routine observations is desirable.
There are two facets to the establishment of a threshold
for heat waves. The first relies on a fixed value, the second
uses percentiles. The criterion of duration is also important
as there is evidence that the persistence of adverse condi-
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tions fosters an increase in mortality (Kalkstein, Smoyer
1993; Vandentorren et al. 2004; Hutter et al. 2007).

Heat waves in Poland have been analysed by several
authors. Wibig et al. (2009) have shown that the frequen-
cies of very warm and hot days increased in the period
1951-2006, especially in the second part of this period
(1979-2006). The analysis was performed using records
from six stations in Poland. The frequency of hot days
increased at all analysed stations, but this increase was
only significant at four of them. Heatwaves were also
analysed at selected sites in the Wyzyna Kielecka (Jarzyna
2012) and in Warsaw (Kossowska-Cezak, Skrzypczuk
2011). Twardosz and Kossowska-Cezak (2013) analysed
thermal extremes in Central Europe on the basis of data
from 54 stations. They distinguished extremely hot sum-
mers, i.e., summers having an average temperature equal
to or greater than the long-term average plus two standard
deviations and analysed the frequencies of days with ¢,
exceeding selected thresholds. Krzyzewska and Wereski
(2011) analysed waves of both heat and cold in bioclimatic
regions over the short period of 2000-2010. Tomczyk and
Bednorz (2016) have shown that the occurrence of heat
waves was mainly connected with positive anomalies
in sea level pressure and the 500 hPa level geopotential
height indicating the presence of high-pressure systems.
They have also shown that heat waves in Central Europe
were usually accompanied by positive T850 and precipi-
table water anomalies. Similar results were obtained by
Porebska and Zdunek (2013), who showed that prolonged
high pressure blocking events in summer accompany the
occurrence of positive thermal anomalies. Duchez et al.
(2016) for the specific case of 2015, showed that an ocean
anomaly can cause the Jet Stream to have a stationary
position, thus favouring the development of high surface
temperatures over Central Europe during a heat wave.

This paper has two main aims: 1) to investigate the
variability and long-term changes of frequencies and inten-
sities of heat waves and 2) to investigate the relationship
between heat wave occurrence and atmospheric circulation.
Section 2 presents the data and discusses the methods used
in the study. Section 3 presents the variability and long-
term changes of frequencies and intensities of heat waves.
Section 4 shows how the heat waves are conditioned by
the atmospheric circulation. A discussion of the results,
followed by conclusions, is presented in Section 5.

2. Data and methods
2.1. Heat wave definition

In the paper the definition of heat wave used by Huth
et al. (2000) is used. It defines a heat wave as the longest

continuous period during which 7max (daily maximum air
temperature) is equal to or higher than 30°C in at least
three days, the mean 7max during the whole heat wave
is equal to or higher than 30°C, and Tmax does not drop
below 25°C during the whole period.

2.2. Data

Heat waves are described using maximum daily
temperature records from 24 meteorological stations
in Poland covering the period 1951-2015. The locations
of these stations are presented in Fig. 1. Data were pro-
vided by the Institute of Meteorology and Water Manage-
ment (IMGW-PIB) in Poland.
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Fig. 1. Location of meteorological stations

To describe the atmospheric circulation, the daily sea
level pressure values from NCEP/NCAR reanalysis from
the period 1951-2015 were used (Kalnay et al. 1996). Data
from the area 60°W to 60°E and 30°-70°N were extracted
for this paper.

To calculate the blocking index (B/) daily 500 hPa
geopotential height from the same reanalysis were used.
Data for two latitudes 40° and 60°N were used from the

hemisphere spreading from 90°W to 90°E.

2.3.Measures of heatwave frequency, severity and
long-term variability

To present the statistics of heat waves in Poland,
the monthly frequencies and relative frequencies of heat
waves were calculated together with monthly frequencies
and relative frequencies of the amount of days in heat
waves. Heat wave severity (HWS) was defined as the sum
of temperature surplus over 30°C for all days in a heat

wave: .
HWS = (tmax;—30) (1)

i=1

where ¢max; denotes the maximum air temperature on day
i and n denotes the number of days in a heat wave.
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The long-term variability of frequencies, number of
days in heatwaves and HWS were analysed. As not all
variables are normally distributed, the nonparametric
Mann-Kendall was used to detect trends (Mann 1945;
Hamed 2008). This test is based on a rank correlation of
the observed values and their order in time. The Mann-
Kendall test statistic S is defined as:

n

1 n
§=2, X sgn(y—x) @)
k=1 j=kt1
where:
+1 if (—x)>0
sgn(x;—x)=1{0 if (x—x)=0 3)
-1 if (1) <0

and 7 is the length of the series. The statistics S approxi-
mates a normal distribution with mean £(S) = 0 and a vari-
ance var(S) defined as:

var@i%' n(n—1)(2n+5)—i(t,-(t,-—1)(2t,-+5) “

where p is the number of ties (values that have duplicates
in the series) and ¢, is the number of duplicates for tie i.

2.4. Blocking index and clustering of weather types

Blocking is a synoptic situation when a basic westerly
current is splitted into two branches, each of them trans-
porting an appreciable air mass (Lejends, @akland 1983).
During such a situation there is an abrupt transition from
zonal to meridional flow and this situation persists for
a few days at least. Lejends and @Qakland (1983) proposed
a measure of the blocking as the difference between values
of geopotential height at 500 hPa level on two latitudes —
40°N and 60°N:

BI(2) = Zin(A)—ZsN (1) (%)
where / is a longitude and Z,.y and Zyy are geopotential
heights at 500 hPa level at gridpoints with latitude 40°N
and 60°N respectively and longitude 4. To check the rela-
tion of blocking with the occurrence heat waves, the dif-
ference between an average blocking index on heatwave
days with an average blocking index on all summer days
was analysed (summer lasts from 1* June to 31" August).

Many papers have suggested that atmospheric circula-
tion is one of the most important reasons for heat waves.
To find weather types favouring heat wave occurrence all
days with heat waves were divided into a few clusters char-
acterising similar synoptic situations. The k-means cluster-

ing was used to distinguish weather types favouring the
occurrence of heat. The synoptic situations were described
by daily sea level pressure (SLP) fields on the area from
60°W to 60°E and from 30° to 70°N. Gridded data with
a resolution of 2,5 degrees were used. Daily fields from
795 days were extracted from NCEP/NCAR reanalysis
(Kalnay et al. 1996). The k-means algorithm was used to
find the optimum division of all days into 4 clusters, as
this number was suggested by principal component analy-
sis. Initial cluster centres were chosen to maximize initial
between cluster distances, then the average SLP fields
within each cluster were calculated and compared.

3. Frequencies and intensities of heat waves

In the analysed 65 year period heat waves were
observed at each station on average once per two years.
They appeared most often in Stubice (56 waves over
65 years), Poznan (54 waves), Kalisz (53 waves) and
Legnica (52 waves). All these stations are located in the
central part of western Poland. Heat waves were observed
least frequently in Hel (only 2 waves over 65 years), Zako-
pane (3 waves) and Swinoujécie (4 waves). These stations
are located at the coast or in the mountains. Heat waves
can appear in Poland from April to September (Fig. 2).
49,13% of all heat wave days happened in July, 38,63%
in August and 9,88% in June. Only 2,76% of days in heat
waves occurred in April (5 station-days); in May there
were 29 such days and in September there were 80.

When the length of heat waves was analysed, the fre-
quencies of heat waves were assessed in the function of
their length (Fig. 3). The most common were heat waves
lasted four days. These appeared in more than 28% of all
cases. Heat waves lasting 3 and 5 days appear slightly less
often (18 and 16% respectively). Heat waves of a length
of 6-9 days were observed in more than 5% of cases each.
10-16-day-long waves made up a little more than 1% of
heatwaves. The longest wave lasted 31 days (Stubice, from
2" August to 1" September 2015), and the next one lasted
only 22 days (Szczecin, 21% July — 11" August 1994).
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Fig. 2. Annual course of heat wave occurrence in Poland during
the period 1951-2015
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Fig. 3. Frequencies of heat waves in function of their length
in the Poland during the period 1951-2015

Sixteen of the longest waves are collected in Table 1.
As can be seen from this table they all happened during two
periods. The first occurred in 1994, and long heat waves
lasting ceaselessly for at least 17 days were observed at
12 from all the 24 stations analysed in this paper. The sec-
ond occurred in August 2015 and at 4 stations lasted cease-
lessly for at least 17 days. The heat wave in July/August
1994 was also the longest single heat wave (before 2009)
at a majority of sites in Czech Republic (Kysely 2010).
The severity of heat waves was measured using the
HWS index which describe the severity as a cumulative
surplus of temperature above 30°C at single stations.
The most frequent are waves with an HWS from the inter-
val (0°C, 5°C>. This is 58% of all heatwaves (Fig. 4).

number of cases

0 5 10 15 20 25 30

35 40 45 50 55 60
heat wave severity [°C]

Fig. 4. Frequencies of heat waves in function of their severity
in Poland during the period 1951-2015

The most severe heat waves have HWS above 55°C.
The other attribute of heat waves describe their spatial
coverage. This was measured by the number of stations
with a heat wave on particular day (Fig. 5). On 28% of all
heat wave days the heat wave was observed only at one
station. The most widespread waves encompass 22 of 24
stations on 4 days, 21 stations on 13 days and 20 stations
on 9 days. The heat waves spreaded over more than two
thirds of stations are collected in Table 2. The majority of
them happenedinthe 21" century, with three in the extremely
warm year of 2015. The simultaneously most prolonged
and widespread were two heat waves, which occurred
at the turn of July and August 1994 and in August 2015.
The existence of a long term positive trend in the num-
ber of days with heat waves and HWS index were tested
using the Mann-Kendall test (Table 3). A statistically
significant 95% level increasing tendency was shown for
15 of 24 stations in the number of days with heat waves

Table 1. Sixteen of the longest heat waves in Poland during the period 1951-2015

Met.eorological Length Period MeFeorological Lenght Period
station station

Stubice 31 02.08.-01.09.2015 | Poznan 18 02.08. - 19.08.2015
Szczecin 22 21.07.—11.08.1994 | Rzeszow 18 24.07.-10.08.1994
Stubice 21 22.07.-10.08.1994 | Wiodawa 18 24.07. - 10.08.1994
Legnica 21 | 22.07.-10.08. 1994 | Kalisz 17 | 23.07.-08.08.1994
Wroctaw 21 22.07.-10.08.1994 | Legnica 17 03.08. - 19.08.2015
Chojnice 20 | 24.07.-12.08.1994 |Lodz 17 23.07. - 08.08.1994
Torun 20 | 24.07.-12.08.1994 | Lublin 17 23.07. - 08.08.1994
Poznan 19 24.07.-11.08.1994 | Torun 17 03.08. - 19.08.2015

Table 2. The periods with the most widespread heat waves in Poland during

the period 1951-2015

No. Onset End Length | No. Onset End Length
1 | 10.07.1959 | 13.07.1959 4 6 | 11.07.2010 | 15.07.2010 5

2 | 24.07.1963 | 01.08.1963 9 7 | 04.07.2015 | 07.07.2015 4

3 | 17.06.1968 | 19.06.1968 3 8 | 03.08.2015 | 16.08.2015 14
4 1 26.07.1994 | 08.08.1994 14 9 | 30.08.2015 | 02.09.2015 4

5 | 16.07.2007 | 18.07.2007 3
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Table 3. The presence of statistically significant trend in
the number of days in heat waves (days) and the HWS index
(severity) during the period 1951-2015 according to the Mann-

Kendall test

Is\:[acettiz?lrological Days | Severity l\i[;tizcl)jrolog feal Days | Severity
Biatystok - - Olsztyn + -
Bielsko-Biata + + Poznan + +
Chojnice - - Rzeszoéw + +
Hel - - Stubice + +
Jelenia Gora - - Suwatki + +
Kalisz + + Swinoujs’cie - -
Katowice + + Szczecin - -
Kielce - - Torun + +
Legnica + + Warszawa + +
Lesko - - Wtiodawa + +
Lodz + + Wroctaw + +
Lublin - - Zakopane + +

and for 14 of 24 stations where the severity index was
analysed. These positive trends have also been shown by
other authors (Wibig et al. 2009; Tomczyk, Bednorz 2016).
The lack of statistical significance of trends at some places
is related to the rare occurrence of heat waves in the case
of coastal and mountainous stations and very high year-to-
year variability in the case of all stations.

However, there is a strong relationship between
the anomaly of average July-August maximum tem-
perature and the HWS index (Kysely 2002). High positive
anomalies occur in years with a high cumulated WS index
(sum of all HWS values during the year). At the major-
ity of stations, the heat waves in years 1959, 1963, 1968,
1992, 1994, 2006, 2010 and 2015 are the most evident.

Torun

July-August 1,,,, anomalies [°C]

124 Torun

1950 1960 1970 1980
Fig. 6. The upper graph and left scale presents the mean July-August maximum temperature anomalies (thin line — annual values,
thick line — seven year running averages); bars on the lower graph and right scale show the cumulative sum of tmax > 30°C during
heat wave days, i.e., cumulative HWS index; they are both for Torun and for the period 1951-2015

July-August 7, _anomalies 90

cumulative sum of z, > 30°C

number of days

0 2 4 6 8 012 14 16 18 20 2 24
number of stations with 7,,,, > 30°C

Fig. 5. Frequencies of heat waves in function of their spatial
range in Poland during the period 1951-2015

The example of Torun is shown in Fig. 6. The increase
in summer maximum temperature which is reported by
many authors (Twardosz, Kossowska-Cezak 2013; Hart-
man et. al. 2013; Rutgersson et al. 2015), means that
the probability of long and widespread heat wave occur-
rence is also increasing.

4. Atmospheric circulation favouring heat wave
occurrence

The k-mean clustering method was used to distinguish
four typical situations favouring the development of heat
waves. The mean SLP fields for these clusters are pre-
sented in Fig. 7. On all four maps the strong high-pressure
system over the Atlantic Ocean in the latitudes 30-40°N
and low pressure system over the Asia Minor region can
be seen. Higher than usual pressure also exists over Cen-
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Fig. 7. The mean SLP for heat wave days belonging to four types distinguished by the k&~-mean method during the period 1951-2015;
a—type 1, 180 days; b — type 2, 162 days; ¢ — type 3, 243 days; d — type 4, 210 days

tral Europe and Poland. The maps differ in the location
and intensity of the low over the Northern Atlantic and
the intensity of the high-pressure system over Poland.
The most frequent (243 days) is the pattern with a high-
pressure system spreading far north over the Northern
Atlantic with absence of low-pressure system between
Greenland and Europe and a weak high-pressure wedge
spreading over Europe (Fig. 7c¢). In Poland this is con-
nected with sunny and calm weather. Slightly less frequent
(210 days) is the pattern with a well-developed Azorian
High with a wedge spreading far to the north-east up to
Russia (Fig. 7d). The Icelandic Low is also well developed,
but moved to the north. The strong SLP gradient is present
in the northern part of Europe, but over the central part
of the continent — including Poland, high pressure domi-
nates — this is associated with calm and sunny weather.
The next pattern, which occurred over 180 days (Fig. 7a),
is characterised by the presence of two highs, one centred
over the Azores and the second centred over the Scandina-
vian peninsula, linked by high-pressure ridge. Two low-
pressure systems are also present, a stronger one over Asia
Minor and a weaker one between Greenland and Iceland.
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Fig. 8. The difference between an average blocking index (BI)
during days with heat waves and an average B/ on all sum-
mer days in the function of longitude from 90°W to 90°E, for
the period 1951-2015

Poland is located at the southern part of the Scandinavian
High. The pressure gradient over Poland is very low, so the
weather is calm and sunny. The least frequent (162 days)
is the pattern with a strong high centered over the Azores
with a wedge spreading to the north-east (Fig. 7b).
The Icelandic Low is at its climatological position and is
relatively strong, but the main stream of air mass advection
occurs over Scandinavia. Over the area of Poland the pres-
sure gradient is also very low and it contributes to sunny
and calm weather in Poland and surrounding countries.
All these patterns are characterised by strong blocking
determined by a persistent and widespread high pressure
system over the Northern Atlantic close to the Azores.
The existence of high pressure over the Azores is very
important, much more than the existence of strong high
pressure over Poland. This is also indicated by the anoma-
lies of the blocking index calculated for latitudes 40-60°N.
As is shown in Fig. 8, the positive blocking anomalies
during heat wave days are the strongest for longitudes
70-20°W (i.e., over the Atlantic Ocean) and weaker for
longitudes 5-30°E (i.e., over Central Europe and Poland).

5. Discussion and conclusions

Heat waves can happen in Poland from April to Septem-
ber, but they are most common in July and August, when
almost 90% of all heat wave days occurred in the period
1951-2015. On average, they were observed at each sta-
tion once per two years, most frequently in the central part
of western Poland (almost one per year), least frequently
at the coast and in the mountains (one per 20-30 years).
There were a few years with intense heat waves: 1959,
1963, 1968, 1992, 1994, 2006, 2010 and 2015. However,
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their intensity is strongly relate to the chosen definition
and measure. The number of heat waves is very sensitive
to average maximum temperature and sometimes a small
increase in temperature can cause two short heat waves
to merge into a longer one, so the weather conditions are
more extreme in spite of a lower number of heat waves.
The other measure used in this paper is the total number of
days in heat waves. This expresses the persistence of hot
conditions, but a few short waves with a temperature only
slightly exceeding 30°C are less persistent than one long
heat wave with a really high temperature, even if the total
number of days is lower. So some measures of heat wave
intensity were used as a cumulative sum of temperature
surplus over 30°C. The other extremity indices consider-
ing both the intensity of a heat wave at particular place and
the spread of high temperatures were not analysed in this
paper, because the number of stations and the distances
between them were not sufficient for robust analysis.
The heat wave spread was measured by a number of sta-
tions, at which a heat wave was simultaneously observed.
Only nine heat waves in the analysed 65-year period were
spread over more than two-thirds of the stations at the
same time. Three of them happened at the beginning of
the analysed period, in the years 1959, 1963 and 1968.
Five happened in the 21* century and three of them in the
extremely hot year of 2015.

The long term trend of heat waves was analysed apply-
ing the nonparametric Mann-Kendall test to series of the
annual number of days with heat waves and annual heat
wave intensities. The increase was observed at 23 of 24
stations and at 15 the increase was statistically significant
(at 14 in the case of intensity). They were not significant
at coastal and mountainous stations because of their great
rarity. The other reason for a lack of significance is the
very high year-to-year variability of both measures.
It is worth noting that the increase in heat wave intensity
was not steady. Heat waves were relatively frequent in the
1950s and 60s, rare in the 70s and 80s, and their intensity
has evidently been increasing since the beginning of the
90s. This follows changes in the average daily maximum
temperature in summer. It is the main reason why we sus-
pect that the frequency and intensity of heat waves will
continuously increase in the future (Hartmann et al. 2013).
Similar results were obtained by Tomczyk and Bednorz
(2016). They looked for heat waves in the period 1971-
2010 and found them to be slightly more frequent than in
this paper. Their mean annual number varied from 0,25 at
the coast to almost 1 in the south-western part of Poland.
They defined a heat wave as a period lasting at least 5 days
with maximum air temperature exceeding the 95" per-
centile, so the threshold value varied from less than 24°C

at the coast to about 28°C in the south of Poland. Lower
threshold with a longer duration caused the frequency of
heat waves to be slightly higher. In spite of some differ-
ences in frequency the period of possible occurrence (from
April to September) is exactly the same. Long-term trends
in both papers are also similar.

The occurrence of heat waves in Poland is determined
by the presence of a deep high over middle latitudes of
the North Atlantic, with a ridge of high pressure spreading
into the north-east. It is always associated with higher than
usual pressure over Poland and a weak pressure gradient in
this area. Such patterns result in calm and sunny weather.
Patterns very similar to those shown in Fig. 7 have also
been distinguished by Tomczyk and Bednorz (2016)
using a different classification method, thus reaffirming
the correctness of the conclusions. Types 1, 2 and 3 from
their paper (Figs. 7a, 8a and 9a) correspond with types 1,
2 and 4 (Figs. 7a-b and d) of this one. Anticyclones have
also been indicated as a main reason for the development
of heat waves by Wibig et al. (2009) and Porgbska and
Zdunek (2013). However, on all these maps the deep high-
pressure system is located close to the Azores. Analysis of
the blocking index defined by Lejends and Qakland (1983)
as the difference between values of geopotential height at
500 hPa level at two latitudes, 40°N and 60°N, shows that
heat waves in Poland occur when strong blocking over the
Atlantic Ocean is observed. A positive blocking anomaly
over Central Europe is also present, but is much weaker.
This means that when analysing the circulation patterns
accompanying heat waves it is better to also include the
SLP over the Northern Atlantic, because the presence
of well-developed Azorian High is a key factor for their
occurrence.

There are some suggestions that soil moisture in spring
and early summer is a factor that affects the development
of heat waves in summer (Seneviratne et al. 2010; Keg-
genhoff et al. 2015). In the next step of research on heat
wave development in Poland, the impact of soil moisture
should be considered.
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