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Abstract: During the last decades, the number of heatwaves (HWs) has increased worldwide, as well
as in Ukraine. It is very important to determine the duration, intensity, and other HW parameters,
in particular under climate change condition. For this purpose, various heatwave indices and
characteristics are used. The aims of this study were (1) to investigate heatwave indices and their
characteristics over the territory of Ukraine for the reference period 1981–2010, as well as to examine
the extreme heatwave event of 2010 and (2) to make a comparison and establish a statistical relationship
between the HW indices and their characteristics and to assess their suitability and sensitivity to
changes in the modern climate of Ukraine. On the basis of 49 selected stations, daily values of
maximum air temperature (Tmax) in the summer months June to August of 1981–2010 were used
to determine two heatwave indices (HWMI (heatwave magnitude index) and HWMId (heatwave
magnitude index daily)) and five heatwave characteristics (HWM (heatwave mean), HWA (heatwave
amplitude), HWN (heatwave number), HWD (heatwave duration), HWF (heatwave day frequency)).
The calculated indices of heatwaves appeared to be sufficiently sensitive to minor changes in the
daily maximum air temperature. HWMId was found to be more sensitive to temperature changes
than HWMI. The heatwave characteristics of the HWN, HWF, HWM, and the HWMId climate index
proved to be the most informative in the study of heatwaves in Ukraine.

Keywords: heatwave; temperature anomalies; heatwave propagation; heatwave indices; heatwave
characteristics; temperature thresholds

1. Introduction

Climate extremes are of the major concern in the global context, since they can result in significant
financial losses and human casualties [1–3]. Summertime heat waves (HWs) top the list of extreme
climate and weather events [4]. During the last decades, the number of HWs has increased worldwide.
Extreme HWs were observed in Central Europe in June and August 2003 [5], in June and July 2006 [6,7],
in summer 2015 [8]. A particularly extreme heatwave occurred in July and August 2010 in Eastern
Europe as well as Western Russia [9,10]. The Central European heatwave in summer 1994 was most
extreme in some Central European stations [3,8,11].

The HWs are most commonly linked with climate change, which brings with it an increase in the
frequency of heatwaves [12,13]. Global climate change has been observed on our planet today [14],
as well as in Ukraine [15]. Studies on the climate of Ukraine indicate that in recent decades the values of
some meteorological parameters differ from the long-term average. The most evident of these changes
include changes in air temperature and the phenomena associated with it (for example, the frequency of
occurrence of hot days, tropical nights and heatwave cases, displacement of climatic seasons duration,
etc.) [16]. According to Shevchenko et al. [10], the number of heatwave episodes was the highest in
the decade 2001–2010 and the fewest for the two decades between 1961 and 1980. For many stations,
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the longest and strongest heatwave occurred from the end of July till the middle of August 2010, i.e.,
in the period of the extremely severe heatwave in Western Russia.

In principle, the heatwave is a meteorological phenomenon that consists of abnormally hot
weather and belongs to the atmosphere’s synoptic-scale circulation. To date, there is no one universally
acceptable HW definition [4,17–19].

Daily Tmax represents the meteorological variable, which is used in numerous HW investigations.
One approach to identify an HW is based on the exceedance of a fixed absolute threshold for daily
Tmax. An HW definition based on the exceedance of an absolute Tmax threshold, e.g., a period of
at least five days, each of which has a Tmax ≥ 25 ◦C, was used by National Weather Service’s [4] or
in similar investigations [20–22]. However, this type of HW definition cannot be applied to larger
territories because they are often characterized by different climatic conditions. In cooler regions,
the absolute thresholds may never be reached, and they may have to be higher in hotter regions to
ensure only those events perceived as stressful are identified as HWs.

In order to reduce the degree of arbitrariness involved in the selection of a threshold for HWs and
to provide an HW definition, which may also be easily transferable to other regions, fixed percentiles
turn out to be more suitable [23–25].

HW definitions could be based not only on maximum air temperature values but on different
meteorological parameters values. Cowan et al. [26], Cloutier-Bisbee et al. [27], Gershunov, et al. [4],
Fischer, and Schär [2] use maximum and minimum air temperature data, as well as some other
parameters for heatwave investigations. How to define an HW in detail often depends on the aim
of a study and the meteorological data, which are available for the method of definition [4,28,29].
For instance, it is necessary to use a few meteorological parameters to assess negative impacts of
heatwaves on human health, as the most of the impacts of temperature extremes on human health
relate not only to extreme heat but are strongly affected by average daily temperature, minimum air
temperatures, and air humidity, wind speed, solar radiation, and other factors. Applying a time series
of a few variables often related to the problem of too many and too long gaps, cannot be filled to the
required extent. Therefore, it is better to avoid using complex HW definitions, which require a lot of
data, if it does not correspond to the aim of the research.

With no regards, which type of heatwaves definition is used, it helps only to identify HW
events but does not characterize duration, intensity, and other their parameters. For this purpose,
various heatwave indices are used. They based on different methods for calculation. First is the
temperature anomaly over a calendar-based threshold. The second method is based on a temperature
exceedance over a constant annual threshold that takes into account the seasonal cycle and therefore
increases the magnitude of waves occurring at the season’s peak. Quite successful was the idea by
Russo et al. [30,31] who proposed a single metric for heat/cold waves assessment based on several
indices such as the HWMI (Heatwave Magnitude Index)/CWMI (Cold Wave Magnitude Index) and
HWMId (Heatwave Magnitude Index daily). These are relatively easy to calculate from climatological
data and provide integral information taking into account different aspects of the heat/cold waves.
So far, it has been difficult to compare heat/cold waves across the climatic zones because temperatures
considered as normal in a certain region can be categorized as hot/cold in other areas if they are
outside the area’s normal temperature range [32]. This problem was resolved by the introduction
of HWMI [30]. It sums up the excess temperatures beyond a certain normalized threshold and
merges duration and temperature anomaly of intense heat events into a single number. This enables a
comparison of heatwaves with different duration and peak magnitudes that have occurred in different
regions and in different years [33]. However, the authors were a bit critical about the proposed
HWMI, since it has some limitation on measuring the magnitude of sub-heatwaves composed by
high-temperature values, as a probabilistic event. In other words, the one-to-one correspondence
between the sum of temperature of three consecutive hot days (sub-heatwave) and probability saturates
when a sub-heatwave is composed of days with temperature values exceeding the highest temperature
recorded during the reference period 1981–2010. The problem of saturation results in a certain distortion
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(underestimation) of heatwave magnitude, especially given the increasing temperatures in a globally
warming climate. According to Russo et al. [31], to overcome this problem, the HWMI can be replaced
by the heatwave magnitude index daily (HWMId) using a different formula in assigning magnitude to
a single day composing a heatwave.

Additionally, to assess the various aspects of heatwaves, five “heatwave aspects” (characteristics)
can be used based on Fischer and Schär [2] and Perkins and Alexander [34] as below: magnitude (HWM,
average daily magnitude across all heatwave events within a year), amplitude (HWA, the hottest day
of hottest yearly event), the number of heatwave events (HWN), duration (HWD, length in days),
frequency (HWF, the sum of participating heatwave days).

Despite some uncertainties in the proposed methods, they have great potential to be useful
for many different weather- and climate-dependent sectors affected by heatwaves, as well as being
applicable to a broad range of climates. The present study attempts to achieve this, using Ukraine as a
region, which shows different climatic conditions.

This paper, therefore, has the following aims:

• to investigate heatwave indices and characteristics over the territory of Ukraine for the reference
period 1981–2010, as well as examine the extreme heatwave event of 2010;

• to make a comparison and establish a statistical relationship between the HW indices and
characteristics and to assess their suitability and sensitivity to changes in the modern climate
of Ukraine.

2. Materials and Methods

2.1. Data

For the purpose of this study, data of daily observations of maximum air temperature (Tmax)
from 49 meteorological stations in Ukraine (Figure 1, Table S1) for June–August months of 1981–2010
were used.
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The study period was chosen according to the current World Meteorological Organization Technical
Regulations. The WMO (World Meteorological Organization) recommends defining climatological
standard normal as averages of climatological data computed for successive 30-year periods, updated
every ten years, with the first year of the period ending in 1, and the last year, with 0. That is, consecutive
30-year normal include: 1981–2010, 1991–2020, and so forth. Therefore, the modern climatological
standard normal is 1981–2010 and this period was used in our research as a reference period. Summer
2010 was chosen for the research because it was a period of abnormally hot weather in Eastern Europe
(including Ukraine) [10] and it is important to study in detail different characteristics of the strong
heatwave occurred from the end of July till the middle of August over the territory of Ukraine.

Using data from meteorological stations located in different regions of Ukraine in this study
allowed the provision of spatially relatively uniform coverage of the entire territory and investigation
of the temperature differences with uncertainty in the resolution. Most of the territory of Ukraine
lies within the East European Plain and consists of regular plains with elevations of no more than
0–600 m a.s.l. among, which there are recognized lowlands and uplands. Plains are surrounded by two
mountain regions which are Carpathians (on the west) and Crimean Mountains (on the south) (Figure 1).
Although there is evidence that the rate of warming is amplified with elevation in the mountains,
according to the Pepin et al. [35], more rapid changes in temperature observed in high-mountain
environments. Carpathians and Crimean Mountains with heights of 1000–2000 m do not belong to such
categories of mountain systems. Therefore, we did not consider the influence of complex orography
on heatwave characteristics and dynamics, as well as it was in many other studies of HW events in
countries with complex orography [8,36–38].

2.2. Heatwave aspects

The selected methodology for the heatwaves research at this stage is based on the aspects proposed
by Perkins and Alexander [34]:

HWM—average magnitude of all summertime heatwaves;
HWA—hottest day of hottest summertime event;
HWN—frequency of heatwave events during summertime;
HWD—length of the longest summertime event;
HWF—sum of participating heatwave days in the summertime season, which meet the HW

definition criteria over a 30-day interval.
The difference is that heatwaves study was carried out only during the summertime season,

and more than five days duration heatwaves were analyzed.
HWM is the average magnitude (average maximum temperature) of all yearly heatwaves, scaled

over the 30-year reference period (1981–2010), and measured in ◦C. Regarding the summer of 2010,
it was defined as an anomaly against the reference period.

2.3. Heatwaves Climate Indices

One of the climate indexes that takes into account both heatwave duration and intensity is
the HWMI [30]. This index can be used for HW comparison across the various spatial and time
scales, and also for comparison of the heatwaves in the projected future climate with those of today.
The calculation of HWMI for the specific year consists of several stages. The identification of heatwaves
according to the proposed methodology is based on the filtration of time series of daily maxima
temperatures against the threshold value, which is calculated as the 90th percentile of daily maxima
based on a moving 31-day window in a 30-year reference period 1981–2010. Heatwave is considered
as an ensemble of sub-heatwaves, where the sub-heatwave represents three consecutive days with
a maximum above the daily threshold. The sub-heatwave unscaled magnitude, which is a sum of
the three daily maximum temperatures of a sub-heatwave, is transformed into a probability value
on a scale from 0 to 1, which is defined as the magnitude of a sub-heatwave. In turn, the magnitude
of a heatwave is defined as the sum of the magnitudes of the n sub-heatwaves, and the HWMI—as
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the maximum of all heatwave magnitudes for a given year. The final estimation of the heatwave
magnitude was determined according to the scale proposed by Russo et al. [30] for the HWMI values
based on the following categories: ≤1 Normal < 2 ≤Moderate < 3 ≤ Severe < 4 ≤ Extreme < 8 ≤ Very
Extreme < 16 ≤ Super Extreme < 32 ≤ Ultra Extreme.

Since the hypothetic maximum of the magnitude of the sub-heatwave tends to 1, then based on the
proposed scale the “Normal” heatwave can be obviously composed of at least two sub-heatwaves, the
“Moderate”—of at least three, the “Severe”—of at least four, etc. Therefore, the hypothetic maximum
of the HWMI is defined by the duration of the event, and then finely tuned by the temperature within
the range from 1 to the category’s hypothetic maximum.

The HWMId is an index developed based on the HWMI [31]. This index is definied as the
maximum magnitude of the heatwaves in a year, where heatwave is a period of more than six
consecutive days with maximum temperature (Tmax) above the daily threshold for the reference
period 1981–2010. HWMId magnitude is a sum of the magnitude of the consecutive days composing a
heatwave, with daily magnitude calculated as follow:

Md(Td) =


Td−T30y 25p

T30y 75p−T30y 25p
, if Td > T30y25p

0, if Td < T30y25p

where Td—the maximum daily temperature on day d of the heatwave exceeding the temperature
threshold of that day calculated as the 90th percentile of the maximum daily temperature based on a
30-day sliding window for the 1981–2010 reference period; T30y25p and T30y75p are the values for the
25th and 75th percentiles of time series of the maximum daily temperature for the 1981–2010 reference
period. Quartiles are a useful dispersion measurement tool because they are much less dependent on
extreme values or asymmetry of the data set than the mean or standard deviation. Therefore, quartile
data are usually provided when working with data arrays containing significant extremes. Quartiles
are often represented by the annual interquartile range (IQR). IQR is defined as the difference between
the third (Q3) and the first (Q1) quartiles of the data set. The measurement of the heat/cold wave is
based on 30-year reference periods, while it should be noted that the point estimation (for example,
multi-year average, maximum, etc.) for such samples are quite rough. As already noted, IQR is
more qualitative for statistics of small samples. Therefore, Russo et al. [31] proposed an algorithm
for determining the daily heatwave magnitude as the ratio of two statistical intervals that can be
deemed feasible.

3. Results

3.1. Spatial Variability of the Heatwave Aspects for 2010 Heatwave and 1981–2010 Reference Period

3.1.1. HWN

HWN is a heatwave aspect that reflects the yearly number of heatwaves scaled over a selected
reference period (in our study, 30-year period: 1981–2010) and is measured in yr−1. For 2010,
the anomaly of the HWN index was measured against the reference period, i.e., the number of
heatwaves in summer 2010 compared with 1981–2010.

Figure 2a shows the number of heatwaves identified according to the maxima air temperature
threshold, which was determined as the 90th percentile of daily highs based on a 31-day moving
window in the reference period 1981–2010. For the whole territory of Ukraine, the average number of
events is less than 1 per year, with a range of 0.2–0.8. An average HWN value for all studied areas of
Ukraine is about 0.5. The lowest HWN values were found in the northwest of the territory of Ukraine
(which could be explained by the transfer of cool north-western air in the summertime). Also, a few
zones with higher HWN values were found in different parts of the territory (on the southwest, on the
east, as well as on the territory between Kropyvnytskyi, Mykolaiv, and Odesa). As expected, the HWN
anomaly in 2010 is apparent for almost the entire territory of Ukraine. The average anomaly was about
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2.0; that is 2–3 heatwaves were observed in summer 2010 on the whole studied territory. It should be
noted that only one meteorological station in the Transcarpathia region (city of Uzhgorod) did not
register any heatwaves in 2010 according to this methodology.
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Figure 2. Spatial distribution of (a) the climatology of HWN (frequency of heatwave events during
summertime) averaged over 1981–2010 and (b) the anomalies of HWN for 2010 over different
geographical regions of Ukraine.

The anomaly of HWN in the reference period (Figure 2b) under review also has a pronounced
zonal bipolarity. However, centers of temperature anomalies have somewhat shifted and are now
located at about 500 km distance from each other at a latitude of 50 ◦N. A few factors could be
the reason for such spatial distribution of HWN values. First of all, potential interactions between
urban heat island (UHI) and heatwaves could influence on HWs characteristics [39–41]. The intensity,
duration, and number of heatwaves can increase due to UHIs. Kyiv and Kharkiv are the biggest cities
in Ukraine; therefore, the high anomalies of the HWN found around these cities could be due to UHIs
existence. Excessive humidity over the territory of the Dnipro Lowlands due to cascade of water
reservoirs and numerous tributaries of the Dnipro River could also influence on the HW characteristics
in summer 2010.

The HWN anomaly (Figure 2b) considered for summer 2010 has a pronounced zonal bipolarity.
The centers of temperature anomalies are approximately 500 km distance from each other at a latitude of



Water 2020, 12, 962 7 of 18

50 ◦N. The pooling of anomalous zones most likely prevented high humidity over the Dnieper lowland
through a cascade of reservoirs and numerous tributaries of the Dnieper River, which contributed to
the maintenance of a long-lasting heatwave (July–August).

3.1.2. HWD

HWD is a heatwave aspect that reflects the length of the longest summertime event. Similar to
the previous index, it is scaled over the same 30-year reference period and measured in days per year.
Regarding the summer of 2010, it was defined as an anomaly against the reference period.

Figure 3 shows the spatial distribution of HWD (day y−1).
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Figure 3. Spatial distribution of (a) the climatology of HWD (length of the longest summertime event)
averaged over 1981–2010 and (b) the anomalies of HWD for 2010 over different geographical regions
of Ukraine.

Interestingly enough that while common zones for HWD and HWN are similar, they are not
always overlapping. The unipolar HWD anomaly, that also have inherent zones, is consistent with the
HWN anomaly; namely, it’s pole HWDmax = 20 days yr−1 is located exactly in the vicinity of the local
HWN minimum (across its poles). In the western part of Ukrainian territory (<25◦ E), the heatwave of
the end of July–August 2010 was practically not visible (HWN <1). Anomalous temperature conditions
in summer 2010 on this territory has been mentioned in previous studies. For example, Shevchenko et
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al. [42] pointed out that the heatwave of the end of July–August 2010 was characterized by considerable
duration and magnitude. Moreover, it led to the significant exceedance of the average temperature
in August over the 1961–1990 values at the major part of the territory of Ukraine. The formation of
a powerful heatwave was caused by the influence of blocking anticyclone in the European part of
Russia. If the heatwaves shorter than five days are neglected, then the condition HWD < 5 is met over
a slightly larger area (<28◦ E).

3.1.3. HWF

HWF is the heatwave aspect, which is determined by the annual sum of contributing heatwave
days during the summer season scaled over the same 30-year reference period and is also measured in
days per year. HWF for 2010 is defined as an anomaly in the reference period.

Figure 4a shows the spatial distribution of this index. There are some climatological patterns
between the HWF, HWN, and HWD aspects. Indeed, for the entire study area, the crucial similarity exists
between the sum of contributing heatwave days with the duration of the longest wave. Furthermore,
the change in the total number of hot days determines the total number of heatwaves.
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The spatial distribution of the HWF values in 2010 indicates that the strong positive anomaly of
HWF was observed in a large area, especially in the northwest of Ukraine, where the heatwave lasted
for more than a month. There are clearly visible trends of a significant reduction of the anomaly in the
west of the country, which correlate with the aforementioned anomalies. The specific difference of this
anomaly is an absence of local extreme.

3.1.4. HWA

HWA is a heatwave aspect that reflects the temperature of the hottest day of the hottest yearly
event, scaled over the same 30-year reference period, and is measured in ◦C. The hottest heatwave
determined according to the average heatwave air temperature.
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Figure 5. Spatial distribution of (a) the climatology of HWA (hottest day of hottest summertime event)
averaged over 1981-2010 and (b) the anomalies of HWA for 2010 over different geographical regions
of Ukraine.

Over the larger part of Ukraine (Figure 5a), the hottest events for the reference period were the
heatwaves with a maximum daily temperature of about +40 ◦C, except for the north-western areas
where the maximum temperature was 5 ◦C lower on average. The absolute maximum of +42 ◦C (city
of Lugansk) was registered on August 12, 2010. It should be noted that the spatial distribution of the
HWA differs significantly from the previous indices pattern; it has a weak downward trend in the
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western direction (0.25 ◦C/1◦ latitude). Accordingly, HWA for 2010 is presented as an anomaly in
the reference period (Figure 5b). The anomaly is not observed over a considerable area. This means
that during the studied period, the most intense heatwave with the maximum air temperature was
identified in summer 2010.

For the western and south-western regions, a negative anomaly is observed; that is, the most
intense heatwave in these regions was not observed in 2010, with the highest temperature of these
heatwaves being higher than in 2010. A positive anomaly represents a single point HWA (city of
Odesa) = 2.0. This is because the hottest event of the reference period in Odesa observed in 1998
and the highest air temperature of this HW reached 37 ◦C, while the maximum temperature of the
hottest day of 2010 heatwave was a bit higher and reached 39 ◦C, but this HW was not the hottest
event for the reference period. A positive anomaly most likely is caused by the specific aspects of the
coastal climatology in this region. If we describe a whole picture, then the HWA anomaly represents a
pseudovector aimed northeast towards its growth, and its module estimated for the whole territory of
Ukraine does not exceed 2 ◦C.

3.1.5. HWM

The HWM climatology over the reference period indicates a weak territorial fluctuation of this
index (Figure 6a), both in zonal and meridional terms. The spatial distribution of this index in 2010 is
presented in Figure 6b. The results of the comparison of the spatial distribution of different indices
across the territory of Ukraine (Figures 2–5) demonstrate a certain similarity between HWM and HWA.
In addition, HWM showed anomalies of both signs. For a considerable part of the country, the 2010
anomaly was positive-average intensity of the heatwave was on average 1 ◦C higher than in the
reference period, with the maximum exceedance of 3.3 ◦C (city of Semenivka). On a fairly large area
from the northwest to the southeast, no anomalies were observed—the corresponding intensities of the
heatwaves are in a full agreement. Finally, in western and south-western regions, a small negative
anomaly (HWM < 0) about one degree was observed. Summarizing, we can state that the HWM values
increase from west and southwest to the northeast of the territory of Ukraine.
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regions of Ukraine.

3.2. Climate Indices for 2010 Heatwave and 1981–2010 Reference Period

3.2.1. HWMI

HWMI was measured as a sum of scaled magnitudes of all sub-heatwaves (HWMI) [30]. Since the
heatwave is always a multiple of a whole number of sub-heatwaves, according to the methodology
presented herein, if an event was not a multiple of sub-heatwave, then the sub-heatwave which is
usually a three-day event has been extended by another one or two days, for which the maximum
temperature did not exceed the predefined temperature threshold. It should be noted that the above
procedure did not produce any significant distortion of the results since the magnitude of such
sub-heatwaves was insignificant—at the level of inaccuracy and round-offs. As shown by the results of
the calculation for the entire territory of Ukraine, the HWMI index was quite sensitive. HWMI index
ranges till 0 to 11 for the territory of Ukraine (RHWMI = 11) (Figure 7). When comparing the field of
threshold temperatures (Figure 8), defined for July, with the HWMI index (Figure 7), a certain spatial
discrepancy was found. The highest temperature thresholds are typical for the southeast of Ukraine,
with the epicenter of the mega-heatwave 2010 located in the northeast of the country. The blocking
anticyclone over the European part of Russia was the reason for this mega-heatwave over the central
and eastern part of Ukraine and western Russia [10,43,44]; therefore the highest air temperatures
observed on the northeast of Ukraine close to the epicenter this HW over the European part of Russia.
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3.2.2. HWMId

As already noted above, Russo et al. [31] proposed an alternative index HWMId, which is free from
saturation in the high-temperature area. Its obvious advantage is that it is calculated for a specific day
of the heat event. This is especially important in cases where the heatwave is a long event containing
one- or two-day temperature discontinuities. HWMI smoothes such discontinuities in sub-heatwaves,
while HWMId allows to simply ignore them when the value is < 1, that is, when the maximum daily
temperature Td < T30y75p. Therefore, the informative value of the HWMId index is higher because it
more accurately reflects the heat event by dealing only with the participating days, as opposed to the
HWMI index.

Calculation of the aforementioned index for a certain heat event allows a better understanding
of their differences and advantages. An anomalous event that took place in summer 2010 in Eurasia
was also measured for Ukraine with the aid of the HWMId index (Figure 9). The overall picture
for both indices was similar—epicenters of the event, high and low-value areas have shown a
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complete overlapping. However, the variability of this index is found in a much wider range of
values. The HWMId index ranges till 0 to 111 for the territory of Ukraine during the 2010 heatwave
(RHWMId = 111).Water 2020, 12, 962 13 of 18 
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3.3. The Statistical Estimation of Heatwave Aspects

The correlation analysis was carried out to establish the collinearity degree between the proposed
heatwave aspects, or to estimate how strong/weak are statistical relationships. Correlation coefficients
(significant at p < 0.05) shown in Tables 1 and 2 were calculated using the program “Statistica”. Table 1
presents the square symmetric correlation matrix, constructed for the whole domain. The variables
are the mean values of the heatwave aspects determined for the 1981–2010 observation period for all
weather stations. Thus, the list consists of 49 values for every aspect. As seen in Table 1, all heatwave
aspects which are scaled to the reference period, are in a positive, moderate, and strong statistical
relationship with each other. The behavior of HWN and HWD with regard to other factors demonstrate
certain analogy. HWA and HWM behave in a similar way. Despite the fact that HWF represents
an exception, to some extent, its statistical relationships with the HWN and HWD are in the strong
correlation, and with the HWA and HWM – in the moderate correlation.

Table 1. Correlation of heatwave aspects for 1981—2010 reference period.

Aspects Means Std.Dev HWN HWD HWA HWF HWN

HWN 0.457 0.147 1.000 0.793 0.836 0.558 0.359
HWD 2.565 0.952 1.000 0.859 0.514 0.331
HWF 3.038 0.892 1.000 0.654 0.515
HWA 37.867 2.679 1.000 0.832
HWM 32.816 2.166 1.000
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Table 2. Correlation of anomalies of the heatwave aspects for 2010.

∆Aspects Means Std.Dev. ∆HWN ∆HWD ∆HWA ∆HWF ∆HWM

∆HWN 1.89 0.89 1.000 0.102 −0.403 0.658 −0.408
∆HWD 11.25 6.51 1.000 −0.278 0.765 −0.286
∆HWA 1.71 14.51 1.000 −0.307 0.997
∆HWF 19.51 9.78 1.000 −0.312
∆HWM 2.78 14.49 1.000

Anomalies of the heatwave aspects in 2010 are of particular interest. The correlation matrix
presented in Table 2 prepared on the same principle as Table 1. The difference is that the variables are
presented by the anomalies of some aspects, namely the difference between the aspect value for 2010
and the value for the reference period 1981–2010. The lists for each aspect have a regular spatial row.
Thus, the obtained correlation values are consistent for the entire domain. As can be seen from Table 2
below, HWM and HWF correlate with all the aforementioned aspects, while HWM with respect to
HWN, HWD, and HWF is in a moderate negative statistical relationship. The exception is HWA, with
which HWM is nearly in a positive functional relationship (paired correlation coefficient is 0.997), i.e.,
the spatial distribution of these indices for 2010 are almost the same (in terms of extreme temperatures
of the hottest heatwaves and average temperatures of heatwaves). The statistical relationship between
these indices and others also demonstrates very close agreement (see Table 1). The correlation of HWF
with other aspects is fundamentally different: correlation with both HWA and HWM is moderate
negative, and with HWN and HWD—positive and visibly strong. HWD demonstrated a statistically
significant relationship only with HWF—the correlation is strongly positive, and with HWM—the
correlation is moderately negative. A strong statistical relationship was not found between HWN
and any of the aspects, thus showing its independence. As for HWN, it has an absolutely similar
relationship (moderate negative correlation) with HWA and HWM.

4. Discussion

4.1. Comparison of Heatwave Aspects

The results of this study do not necessarily apply to other global regions. Therefore, it is important
to consider several aspects of the heatwave to understand the full spectrum of heatwave characteristics
for each region of interest. For every aspect, the variability of its values is quite similar in both sign and
spatial extent (in particular, for HWN, HWD, and HWF), especially in the reference period 1981–2010.
Regions, where variability of all aspects are poorly pronounced, are among the definitions.

The spatial variability of HWF (Figure 4a) was quite noticeable compared to HWN, HWD
(Figures 2a and 3a). Since there is a tendency to increase the number of waves and days involved
in this event, the likelihood of an increase in the duration of the heatwave increases. It is difficult
to predict HWN variability (Figure 2b) if based only on HWF data (Figure 4b) for a particular year.
However, for the reference period, this statistical relationship is obvious (Figures 2a and 4a). There
are some spatial similarities between HWA (Figure 5a) and HWM (Figure 6a); however, the change
in average temperature experienced during the 2010 heatwave (HWM) is greater than the change
on the hottest day of the hottest annual event (HWA). This may be explained by the prolongation of
heatwaves, the increase in days that consistently exceed the threshold. HWA is based on a single day;
therefore, it is not affected by the increase in event duration. However, this is an important result, since
it indicates that over the Ukraine the rise of the heatwave is most likely due to the prolongation of this
event. The spatial variability of HWA and HWM (Figure 5a or Figure 6a) is quite similar, especially for
the 1981–2010 reference period.

Thus, in all five aspects of heatwaves and in both time periods, there is an area with the highest
upward trends, the northeast of the country. However, caution is advised when interpreting trends in
the regions, as a result is significantly affected by the spatial distribution of the observation stations.
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4.2. Comparison of Heatwave Climate Indices

There are many metrics (or index) that seek to provide quantitative information about the periods
of extreme temperatures or excessive. The Heatwave Magnitude Index (HWMI) [30], which takes
into account not only the duration of the heatwave but also the intensity estimated by weighing the
temperature values of the heatwave with respect to the probability distribution of the annual maximum
of the reference period, allows determining the magnitude of the heatwave in different time periods
and in different regions. The HWMI is defined as the maximum magnitude of the heatwaves in a
year, where heatwave is the period ≥ 5 consecutive days with maximum temperature above the daily
threshold for the reference period 1981—2010. The minimum number of consecutive hot days required
to be considered as heatwave may vary across regions: for example, Perkins and Alexander [34],
focusing on Australia, have defined a heatwave as an event of at least three consecutive days above the
threshold. Who used a particular temperature threshold CTX90pct —the threshold is the calendar
day 90th percentile of Tmax, based on a 15-day window, whereas Fischer and Schär [2] defined a
European heatwave as an event of at least six days duration. The threshold is defined as the 90th
percentile of daily maxima, centered on a 31-day window. As shown in the previous studies [45],
smaller windows do not filter noise and synoptic-scale fluctuations. Using HWMI, we have shown that
an extraordinary heatwave in 2010 is still considered a rare event for Ukraine. In terms of the heatwave
categories proposed by Russo et al. [30], it turns out that about 10% of the territory was affected by
«Very Extreme» and more than 40%— by «Extreme» heatwaves. The new HWMId index [31], which
also takes into account the severity of extreme temperatures and the duration of the heatwave, differs
from the previous HWMI version [31] for two main improvements:

• the division in sub-heatwaves is not necessary;
• the daily magnitude is assigned by the function with values in (0, +∞) and not in a bounded

interval (0, 1) as for the empirical cumulative distribution function used in the HWMI.

The statistical dependence between the two heatwave indices of 2010 in the territory of Ukraine
turned out to be quite high (0.99), practically functional. Thus, methodologically different indices
formally carry the same information on climate threats. When calculating the HWMI for Ukraine, we had
no problems with the probability of saturation of the sub-heatwave magnitude, but we completely
agree with the authors [31] on the feasibility of using only the HWMId index in future studies.

5. Conclusions

Heatwaves that arose during the period 1981–2010 was investigated using a multidimensional
framework, proposed by Perkins and Alexander [34]. Each heatwave analyzed with respect to
five aspects—they early number heatwaves (HWN), length of the longest yearly event (HWD), the
yearly sum of participating heatwave days (HWF), the hottest day of the hottest yearly event (HWA),
and the average magnitude of all yearly heatwaves (HWM), all calculated yearly. It was found
that for most regions of Ukraine, anomalies of all aspects of the 2010 heatwave were clearly visible,
although sometimes poorly differentiated. The statistical comparison showed that there is certain
multicollinearity between aspects of the heatwave. The use of all five aspects in heatwave research
may be inappropriate. In our opinion, only HWN, HWF, and HWM are sufficient for the research of
heatwaves on the territory of Ukraine.

The heatwave climate indices [30,31] have proved to be sufficiently sensitive because they respond
to minor changes in the daily maximum air temperature. If within one heatwave, the total temperature
changes by 3–4 ◦C, in other words, if the maximum daily air temperature changes on average by 1 ◦C,
then the HWMI value will change by 0.1. The accuracy of the calculation of this indicator should be
limited to one-tenth. Since the HWMId index is determined by the sum of the daily magnitudes, so its
sensitivity depends on the sensitivity of the daily magnitude, which in turn depends on the variability
of quartile measurement (IQR). According to the specific estimates on this point, the change in the
maximum daily air temperature by 10 ◦C results in a change of daily magnitude by 0.3. Therefore,
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the calculation of HWMId should also be made accurate to a tenth. Since the range of the indices value is
quite different (RHWMI = 11; RHWMId = 111), this yields the proposition that the HWMId is substantially
more sensitive. In addition, it is worth mentioning that the HWMId magnitude should be continuously
calculated over the month, season, and year, and then used for the index calculation in cases when
its value >1. At the same time, the HWMId can be a source of characteristic information in terms of
excess heat on a monthly, seasonally, and yearly basis. Future studies will focus on the integration of
2D spatial data on indices into GIS environment and overlaying with layers of administrative regions
of Ukraine, population density, and agricultural lands for evaluation of potential impact and risks of
heatwaves on environment, population, and economy.
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