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Abstract Droughts and heatwaves are natural phenomena that can cause severe damage to 
the economy, infrastructure, human health, and agriculture, among others. However, in recent 
years, it has been noted that their combined effect, known as compound drought and heatwave 
events (CDHE), often results in even greater harm. The main aim of this study was to identify 
CDHEs in this region during summers from 1950 to 2022 and assess the frequency and intensity of 
these events. To this end, the periods of droughts and heatwaves that occurred between 1950 
and 2022 were determined, and the recurrence, extent, and intensity of these phenomena 
were evaluated. In this study, 1-month Standard Precipitation Index (SPI) values calculated for 
each summer day were used to identify droughts, while heatwaves were defined as a period of 
five or more consecutive days when the daily maximum air temperature (Tmax ) was higher than 
the 90th percentile of Tmax . Precipitation and Tmax data (with a spatial resolution 0.25 ° x 0.25 °) 
were obtained from the European Centre of Medium-Range Weather Forecast ERA-5 reanalysis 
dataset. The study showed that in most of the eastern part of the Baltic Sea region, the number 
of drought days had decreased from 1950 to 2022, while the number of heatwave days had 
increased significantly. In total, ten CDHEs were identified during the summers of 1950—2022. 
Eight of these events were recorded in 1994 or later. However, a statistically significant increase 
of CDHEs was found only in a small part of the study area. 
© 2023 Institute of Oceanology of the Polish Academy of Sciences. Production and 
hosting by Elsevier B.V. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 
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. Introduction 

arious extreme weather phenomena have become more 
requent over the last decades due to climate change. They 
ause damage to different areas, including residents and 
heir living environment, infrastructure, wildlife, the econ- 
my, etc. Therefore, acquiring a better understanding of 
he genesis of such phenomena and their possible impacts is 
articularly important, as it can help not only reduce eco- 
omic losses but also save lives ( Rutgersson et al., 2022 ; 
scheischler et al., 2020a ). Until the middle of the last 
ecade, most research focused only on the impacts of in- 
ividual elements of the climate system and their potential 
lterations in a changing climate. However, in recent years, 
he most significant threats and damage have occurred 
hen several physical processes interacted simultaneously, 
esulting in a compound climate event (CCE) ( Leonard 
t al., 2014 ; Ridder et al., 2020 ; Seneviratne et al., 
012 ; Zscheischler et al., 2020a ). According to Zscheischler 
t al. (2018) , CCEs are defined as a combination of sev- 
ral processes or hazards that pose social or environmen- 
al risks. Currently, CCEs are classified into four different 
roups: 1) preconditioned; 2) multivariate; 3) spatially com- 
ounding events; and 4) temporally compounding events 
 Zscheischler et al., 2020b ). Recently, a lot of attention has 
een paid to the events that belong to the second group, 
amely multivariate events. These are CCEs where several 
ifferent recurring processes or phenomena, acting in the 
ame geographical location, cause an impact ( Messori et al., 
021 ; Zscheischler et al., 2020b ). Droughts and heatwaves, 
hich are the focus of this study, are examples of such mul- 
ivariate CCEs as well. 
Although droughts and heatwaves cause significant dam- 

ge when acting individually, during the first decades of this 
entury, it was noted that their combined effect, defined 
s a compound drought and heatwave event (CDHE), often 
esulted in even greater harm. Furthermore, these com- 
ound events can have a negative impact even when the 
ndividual components, droughts and heatwaves, are not ex- 
reme and do not pose a significant threat ( Mazdiyasni and 
ghaKouchak, 2015 ). Indeed, CDHEs cause harm to various 
atural systems, water resources, and the economy, and 
an cause natural disasters, have a negative socio-economic 
mpact, and pose a threat to human lives ( Bezak and 
ikoš, 2020 ; Feng et al., 2020 ; Mukherjee and Mishra, 2020 ; 
hi et al., 2021 ; Wang et al., 2022 ; Wu et al., 2019 ; Zhang
t al., 2022 ). One of the main consequences of CDHEs is an 
ncreased risk of forest fires and tree mortality ( Gazol and 
amarero, 2022 ; Markonis et al., 2021 ; Rutgersson et al., 
022 ; Zscheischler et al., 2020a ). According to a study by 
azol and Camarero in 2022, 63% of tree mortality events in 
urope between 1901 and 2018 were associated with these 
ompound events. Another area affected by CDHEs is crop 
roduction and their yield ( He et al., 2022 ; Ribeiro et al., 
020 ). It has been found that globally, during the period 
rom 1981 to 2020, more than 92% of the areas where crops 
ere grown were affected by at least one CDHE through the 
egetation season. During this period, the areas affected by 
xtreme CDHEs increased (from 62% to 75%) along with the 
ikelihood of recurrence of such events (from 20% to 33%) 
 He et al., 2022 ). Compound droughts and heatwaves also 
ave a negative impact on the carbon cycle. During the 2003 
27 
rought and heatwave in Europe, gross primary productiv- 
ty in Europe decreased by 30%, leading to an anomalously 
trong flux of carbon dioxide into the atmosphere ( Ciais 
t al., 2005 ). 
The damage and negative impact caused by CDHEs have 

ecome an increasingly relevant topic in recent years, as it 
as been observed that such events are becoming more fre- 
uent in various regions of the world. From 2000 to 2016, 
he number of CDHEs in various parts of the planet had in- 
reased by 1—5 events per year ( Mukherjee et al., 2022 ). 
nother study found that from 1983 to 2016, the frequency 
by 1—3 events per year), duration (by 2—10 days per year), 
nd intensity of these compound events had increased in 
ifferent areas of the planet. The most significant changes 
ere recorded in the United States, the Amazon basin, 
entral and Northern Europe, Eastern and Central Asia, 
nd Australia ( Mukherjee and Mishra, 2020 ; Ridder et al., 
020 ). In various regions of Europe, the frequency and in- 
ensity of CDHEs have also increased since the mid-20th 

entury ( Ionita and Nagavciuc, 2021b ). Such changes have 
een observed in Eastern Europe as well ( Vyshkvarkova and 
ukhonos, 2022 ), with the greatest increases occurring in 
entral Europe and the Mediterranean region, where one- 
hird of the most intense CDHEs were recorded between 
000 and 2015 ( Ionita and Nagavciuc, 2021b ; Markonis et al., 
021 ). In another study, the main hotspots of CDHEs on the 
ontinent were found to be in Northern and Eastern Europe, 
estern European regions, Italy, and the Balkan Peninsula 

 Bezak and Mikoš, 2020 ). The main causes of these changes, 
ccording to the latest IPCC report, are human influence 
nd anthropogenic climate change ( Seneviratne et al., 
021 ). 
However, despite the changing climate and an increasing 

nterest in compound climate events at the global and Eu- 
opean level, droughts and heatwaves in the eastern part 
f the Baltic Sea region have only been studied separately. 
he formation and recurrence of CDHEs in this area have 
ot been analysed, making this study the first of its kind in 
he region. Therefore, the main goal of this study was to 
dentify CDHEs in the eastern part of the Baltic Sea region 
uring summers from 1950 to 2022 and assess the frequency 
nd intensity of these events. To achieve this objective, the 
eriods of droughts and heatwaves between 1950 and 2022 
ere also determined, and the recurrence, extent, and in- 
ensity of these phenomena in the eastern part of the Baltic 
ea region were evaluated. 

. Data and methods 

.1. Study area and data 

he eastern part of the Baltic Sea region was investigated in 
his study, encompassing the region from 53.5 ° to 60 ° N and 
rom 20 ° to 28.5 ° E. This area covers the entire territory of 
ithuania, Latvia, Estonia, the Kaliningrad region of Russia, 
he northern-eastern part of Poland, the western part of 
ussia, and the north-western part of Belarus ( Figure 1 ). 
According to the W. Köppen climate classification, whole 

tudy area belongs to the warm-summer humid continental 
limate ( Dfb ) type as the average air temperature during 
he coldest months of the year (December—February) falls 
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Figure 1 Map of the study area. Grey grid cells mark the ter- 
ritory analysed in this study. 
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elow 0 °C ( Peel et al., 2007 ). The highest average monthly 
emperature in the region is recorded in July and reaches 
7—18 °C. The annual precipitation in the eastern part of the 
altic Sea region is 550—900 mm, with the highest amount 
ecorded in the western part of Lithuania. The most rainfall 
n the study area occurs in July and August, with an average 
f 70—90 mm per month. 
Daily data of maximum daily air temperature (Tmax ) and 

recipitation from 1950 to 2022 were used to identify and 
valuate droughts, heatwaves, and CDHEs in the summer 
onths in the eastern part of the Baltic Sea region. The 
ata was obtained from the European Centre of Medium- 
ange Weather Forecast ERA-5 reanalysis database. The grid 
ize of the data was 0.25 × 0.25 °. In total, 668 land grid 
ells covered the study area. 

.2. Evaluation of droughts 

he SPI (Standardized Precipitation Index) was used to iden- 
ify droughts during the study period ( McKee et al., 1993 ). 
aily precipitation data were used to calculate this index. 
he main advantage of the SPI is that it is universal and can 
e successfully applied to any location in the world, due to 
he normalisation of the precipitation data sequence dur- 
ng its calculation ( Tsakiris and Vangelis, 2004 ; WMO, 2012) . 
inally, because of its simple calculation mechanism and ap- 
licability to various locations, the World Meteorological Or- 
anisation (WMO) recommends using this index for drought 
dentification and evaluation ( WMO, 2012 ). Another distinc- 
ive feature of the SPI is that it can be calculated at differ- 
nt time scales, from one to 48 months ( WMO, 2012 ). How- 
ver, in order to evaluate short-term changes, a 1-month 
ime scale is typically used, as in other studies of droughts 
nd CDHEs ( He et al., 2022 ; Kong et al., 2020 ; Sharma and
28 
ujumdar, 2017 ; Shi et al., 2021 ). SPI values range from + 3
o —3. If SPI > + 1, conditions are wet; when + 1 > SPI >
1, average moisture conditions are identified; SPI < —1 
epresents dry conditions; and if SPI < —2, conditions are 
xtremely dry ( McKee et al., 1993 ). 
In this study, 1-month SPI values were calculated for each 

ay of the study period. Because 30 days of precipitation 
ata are required to calculate the SPI values for June days, 
alues of this meteorological variable for the months of May 
ere also used. Droughts were distinguished if the SPI val- 
es were lower than —1 for at least five or more consecutive 
ays and this condition was met in at least one third of the
tudy area during the maximum extent of the drought. The 
eginning of a drought was considered when SPI values were 
ower than —1 in more than 10% of the points of the study
rea, and the end of a drought was determined when this 
riterion was no longer met. Drought recurrence and du- 
ation changes during the summer months were evaluated 
rom 1950 to 2022. The statistical significance of changes 
as evaluated by performing a Mann-Kendall test. These 
hanges were considered statistically significant if p < 0.05. 
he intensity of each drought was determined by calculat- 
ng the median of the SPI values in the area affected by a
rought. Then, during the maximum spread of each drought, 
he 5-day average of SPI medians was calculated and the 
in-Max normalisation method was applied. 

.3. Evaluation of heatwaves 

ummer daily maximum temperature data (Tmax ) were used 
o identify heatwaves For each summer day and each grid 
ell of interest, the 90th percentile of the daily maximum 

ir temperature (T90 ) was calculated on a 5-day moving win- 
ow. A heatwave was identified if it was found that Tmax 

 T90 for at least five consecutive days and this condition 
as met for at least one-third of the study area. This crite-
ion has been used in other studies ( Mazdiyasni and AghaK- 
uchak, 2015 ; Sharma and Mujumdar, 2017 ) and the method 
f using the 90th percentile of daily maximum temperature 
s widely applied in identifying heatwaves in Europe ( García- 
eón et al., 2021 ; Kim et al., 2018 ; Prodhomme et al., 2022 ;
ousi et al., 2022 ) and globally ( Mukherjee et al., 2020 ;
erkins-Kirkpatrick and Gibson, 2017 ; Ridder et al., 2020 ). 
ts main advantage is that the method is relative rather than 
bsolute, so it can be successfully applied to any location at 
ny time of the year ( Basarin et al., 2020 ; Ridder et al.,
020 ). Calculations are usually performed using various 
oving averages (ranging from 3 to 31 days), but the most 
ommonly used criterion is 15 days ( Geirinhas et al., 2021 ; 
erkins-Kirkpatrick and Gibson, 2017 ; Sharma and Mujum- 
ar, 2017 ; Wang et al., 2022 ). However, there is no con-
ensus on the number of days to be considered, which also 
epends on the duration of the period under investigation. 
ince only summer months (92 days) were analysed in this 
tudy, a 5-day moving average period, which has been used 
n other studies ( He et al., 2022 ), was chosen. 
In this study, the start date of a heatwave was defined 

s a day when a heatwave was recorded in at least 10% of
he grid cells based on the 90th percentile criterion. The 
nd date of a heatwave was defined as the last day when 
max still satisfied this criterion. Changes in the frequency 
nd duration of heatwaves during the study period were 
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Figure 2 a) Droughts and their duration in the eastern part of the Baltic Sea region from 1950 to 2022. Squares indicate the days 
when each drought affected the largest part of the study area. Black squares indicate droughts whose intensity, according to the 
normalised 5-day SPI median average values, was greater than 0.5, while green squares indicate droughts whose intensity was less 
than 0.5. The black triangle indicates the date when the most intense drought reached its maximum extent. b) The duration of 
droughts (in days) from 1950 to 2022. The orange colour indicates the first drought in the corresponding year, red indicates the 
second, and dark red indicates the third. 
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ssessed by evaluating the statistical significance of the 
bserved changes. Heatwaves were also examined sepa- 
ately and assessed in each grid cell by evaluating the fre- 
uency of heatwave days and changes in the recurrence of 
his phenomenon over the period from 1950 to 2022. The 
ntensity of the heatwaves was assessed by calculating the 
-day median average during the maximum spread of each 
eatwave and normalising the obtained values using the 
in-Max method — the same principle was used in drought 
nalysis. 

.4. Definition of CDHE 

n this study, CDHEs were identified when both droughts and 
eatwaves reached their maximum extent in at least one- 
hird of the studied area at the same time. The beginning of 
uch events was considered as the day when the coincidence 
f these phenomena was detected in at least one-tenth of 
he study area points. Each CDHE lasted until the number of 
uch grid cells no longer exceeded one-tenth of all points. 
he duration of each identified CDHE, the date of its maxi- 
um extent, and the percentage of the study area affected 
uring that time were evaluated. The recurrence and dura- 
ion of such events in the study area were also determined. 
he intensity of a CDHE was determined using the Min-Max 
ormalization method, and the statistical significance of the 
hanges in CDHE cases at each study grid cell was assessed 
y performing the Mann-Kendall test (p < 0.05). 

. Results 

.1. Droughts 

ifty-five droughts were identified in the eastern part of the 
altic Sea region during the period of 1950—2022 accord- 
ng to selected criteria ( Figure 2 a). The highest number of 
roughts (10) was identified during the period of 1970—1979 
hile three separate drought events were detected in the 
29 
ummer of 1975 ( Figure 2 b). Later on, there was a decrease
n the number of droughts in the region — only five of them 

ere recorded in the 1990s, and no droughts were identi- 
ed in the study area between 1987 and 1991. Another pe- 
iod of increased drought reoccurrence was observed from 

992 to 1999, during which eight droughts were identified. 
n particular, in 1992, the longest drought lasting through- 
ut the entire summer (92 days) was recorded according to 
elected criteria ( Figure 2 a). Despite this, it was noted that
he number and duration of droughts decreased over the en- 
ire study period of 1950—2022 ( Figure 2 b). However, these 
hanges were not statistically significant (when p < 0.05). 
Two droughts that affected the majority of the study area 

ere distinguished in 1955 (lasting from July 10th to August 
1st ) and 1994 (lasting from July 3rd to August 18th ). Both 
f these droughts covered the entire study area at their 
aximum spatial extent. According to the normalised val- 
es of the 5-day median average, the most severe (intense) 
rought was the one that occurred at the end of the summer 
f 2015 ( Figure 2 a). 
The largest number of drought days ( > 140 per decade) 

as identified in the eastern part of the study region, while 
he lowest number of such days (around 100) was found in 
he southwestern part of the study area ( Figure 3 a). It was
alculated that the number of drought days from 1950 to 
022 had decreased in 89% of the study area’s grid cells. 
owever, statistically significant changes (when p < 0.05) 
ere only found at three points in Estonia. In the majority 
f the study area, although the changes were negative, they 
ere close to zero. The number of days with droughts had 
lightly increased only in the central part of Latvia and the 
outheastern edge of the study area over the 73-year period 
 Figure 3 b). 

.2. Heatwaves 

hirty-seven heatwave events were identified in the east- 
rn part of the Baltic Sea region from 1950 to 2022. Re- 
arkably, heatwaves have become increasingly frequent in 
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Figure 3 The number of drought days per decade in the study area (a) and the change in the number of drought days from 1950 
to 2022 in each grid cell (b). Black dots indicate grid cells where the changes were statistically significant ( p < 0.05). 

Figure 4 a) Heatwaves and their duration in the eastern part of the Baltic Sea region from 1950 to 2022. Squares indicate the 
days when each heatwave affected the largest part of the study area. Black squares indicate heatwaves whose intensity, according 
to the normalised 5-day SPI median average values, was greater than 0.5, while green squares indicate heatwaves whose intensity 
was less than 0.5. The black triangle indicates the date when the most intense heatwave reached its maximum extent. b) The 
duration of heatwaves (in days) from 1950 to 2022. The orange colour indicates the first heatwave in the corresponding year, red 
indicates the second, and dark red indicates the third. 
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ecent decades. These phenomena were not identified be- 
ween 1978 and 1993, whereas in the past 13 years (from 

010 to 2022), as many as 16 heatwaves have been distin- 
uished ( Figure 4 a). The longest heatwave was identified in 
he summer of 2014. It lasted for 17 days (from July 23rd 

o August 8th ). More heatwaves were observed in the sec- 
nd half of the summer ( Figure 4 a). It was also found that
uring the summers of 2010, 2019, and 2022, three heat- 
aves were recorded in the eastern part of the Baltic Sea 
egion, whereas no such cases were identified prior to 2010. 
hen assessing the changes in the frequency and duration 
f heatwaves from 1950 to 2022, our analyses showed that 
he number of days when a heatwave was identified in the 
ntire study area during the summer season exhibited sta- 
istically significant increase ( Figure 4 b). 
The heatwave which covered the highest number of grid 

ells during its maximum extent date occurred in 2021. On 
30 
ts peak day, June 19th , it covered the entire study area. The 
014 and 2006 heatwaves also covered almost the entire 
tudy area at their peak, with the 2014 heatwave reaching 
9.85% of the study area on July 29th and the 2006 heatwave 
eaching 99.55% of the area on July 7th . The most severe 
eatwave was also identified in the 21st century, in 2010 
 Figure 4 a). Finally, it should be noted that of the ten most
ntense heatwaves, nine were recorded during the period 
rom 2002 to 2022 ( Figure 4 a). 
The highest number of heatwave days, when consider- 

ng their occurrence in separate grid cells in the study area, 
as found in the northern part of the study area in Estonia. 
ere, the number of such cases in some places exceeded 
0 per decade. The lowest number of heatwave days oc- 
urred in the southern and southwestern parts of the anal- 
sed area, where the number of such days per decade was 
ust over 20 ( Figure 5 a). It was also found that the number
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Figure 5 Heatwave days per decade in different points of the eastern part of the Baltic Sea region (a) and the change in the 
number of heatwave days from 1950 to 2022 in each point of the study area (b). Blue dots indicate those points where the changes 
were statistically insignificant (when p > 0.05). 

Figure 6 a) Compound drought and heatwave events (CDHE) over 1950—2022 and their duration in the eastern part of the Baltic 
Sea region. Black dots mark the days when the corresponding CDHE covered the largest part of the studied area. b) The intensity 
of each CDHE obtained by calculating the normalised SPI and Tmax — T90 values. 1994-1 indicates the first CDHE of that year, and 
1994-2 indicates the second one. 
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f heatwave days from 1950 to 2022 increased throughout 
he whole eastern part of the Baltic Sea region, and this 
hange was not statistically significant (when p < 0.05) in 
nly two grid cells located in western Latvia. The greatest 
ncrease in the number of heatwave days over 73 years was 
ound in coastal regions ( Figure 5 b). 

.3. Compound drought and heatwave events 

 total of ten CDHEs (periods when a compound event was 
ecorded in more than a third of the study area during its 
argest extent) were identified in the eastern part of the 
altic Sea region during the summer months of 1950—2022 
 Figure 6 a). The majority of these were recorded in the sec- 
nd half of summer, with only one CDHE identified in June 
in 1999, from June 11th to 20th ). Most of CDHEs (half of all 
ases) were recorded in the 1990s, specifically from 1994 
o 1999. The year 1994 was the only year when two CD- 
31 
Es were identified during the summer. The second com- 
lex event in that year was the longest of all CDHEs iden- 
ified in this study, lasting for 15 days (from July 24th to 
ugust 7th ) ( Figure 6 a). This event also covered the largest 
art of the study area (94.2%) and was the most intense 
 Figure 6 b). When considering the intensity of the CDHEs, 
he one recorded in 2002 also stood out among all com- 
ound events. In fact, it was accompanied by the most in- 
ense drought (among those that coincided with heatwaves 
n at least a third of the study area points). However, the 
eatwave was weak, which resulted in a lower intensity of 
his CDHE compared to the second CDHE in 1994 ( Figure 6 b).
During the analysis of individual grid cells within the 

tudy area, the largest number of CDHEs (when droughts and 
eatwaves coincided only in individual points) during the 
ummer months of 1950—2022 was identified in the eastern 
nd southeastern parts of the study area, which were char- 
cterised by a high number of droughts. In these areas, the 



L. Klimavičius and E. Rimkus 

Figure 7 Number of compound drought and heatwave events (CDHE) per decade in different points of the eastern part of the 
Baltic Sea region (a) and changes in the number of CDHE cases from 1950 to 2022 in each point of the study area (b). Black dots 
indicate those grid points where the changes were statistically significant (when p < 0.05). 
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umber of CDHE days in individual grid cells over the en- 
ire study period exceeded 240 (more than 33 per decade). 
owever, the largest number of CDHEs was recorded on 
uhu Island, which belongs to Estonia, where 261 CDHE days 
ere identified from 1950 to 2022 ( Figure 7 a). 
An analysis of the variability of CDHEs in individual points 

ver the entire study period showed that such events were 
ccurring more frequently in a large part of the study area. 
owever, this change was statistically significant (p < 0.05) 
n only 1.6% of the entire study area (11 grid cells), and most 
f the points showing such changes are located along the 
oast of the Gulf of Riga ( Figure 7 b). Meanwhile, decreasing 
endencies in the occurrence of CDHEs were observed in the 
ortheast-eastern and southwestern parts of the study area. 
his was primarily due to less frequent droughts occurring 
n these regions ( Figure 4 b). However, the changes in this 
ase were small and statistically insignificant. 

. Discussion 

he main factor determining the decrease in the number of 
roughts since the mid-20th century in this and other studies 
 Jaagus and Aasa, 2018 ; Jaagus et al., 2022 ; Rimkus et al.,
013 ; Valiukas, 2015 ) was an increased amount of rainfall. 
owever, in most cases, the changes are small and statisti- 
ally insignificant. The greatest (and statistically significant) 
ecrease in the number of drought days was observed in the 
orthern part of the study area (Estonia), where a statisti- 
ally significant increase in rainfall has been recorded since 
he mid-20th century ( Jaagus and Aasa, 2018 ). Although the 
umber of droughts has not changed significantly in various 
arts of the Baltic Sea region over the past few decades, 
heir intensity has been increasing, and they have been be- 
oming more extreme ( Somorowska, 2016 ; Valiukas, 2015 ). 
his study confirmed these trends, with eight out of the 
en of the most intense droughts identified in 1994 or later, 
nd the most intense drought occurring in August 2015. It 
s predicted that in the future, due to a rapidly changing 
32 
limate, the unevenness of rainfall distribution will further 
ncrease and temperatures will rise, leading to more intense 
roughts in the eastern Baltic Sea region as well as various 
egions of the world ( Keršytė et al., 2015 ; Rimkus et al.,
020 ; Seneviratne et al., 2021 ). 
In contrast to droughts, the number and duration of heat- 

aves increased in the eastern Baltic Sea region during the 
eriod from 1950 to 2022. Changes were statistically sig- 
ificant in almost the entire study area. Such trends have 
een observed in various parts of the world, including the 
astern part of the Baltic Sea region ( Awasthi et al., 2022 ;
ACC II, 2015 ; Basarin et al., 2020 ; Seneviratne et al., 2021 ;
uursaar, 2022 ; Yoon et al., 2020 ). The main explanation for 
his is an increasing maximum daily temperature caused by 
limate change. 
The highest number of heatwave days was identified in 

he northern part of the study area, which may be related to 
he 90th percentile method used to determine them. In the 
orthern part of the study area (Estonia), the T90 values on 
 corresponding summer day during the study period were 
enerally lower than in the areas further south. Therefore, 
hen a heatwave formed and the temperature was simi- 
ar throughout the study area, the T90 was often exceeded 
n more days at higher latitudes than in the southern part 
f the study area. The largest increase in the number of 
eatwave days since the mid-20th century was observed in 
oastal territories and the Muhu and Sarema islands. 
It has been noted that the number and extremeness (the 
aximum area covered and intensity) of heatwave days had 
oth increased during the study period. This was also a con- 
equence of a warming climate. Similar trends have been 
bserved in Poland when studying heatwaves — 11 heat- 
aves have been recorded since 1980, covering more than 
 quarter of the country’s territory and lasting for at least 
 week. However, only one such event had been recorded 
rior to 1990, and more than half have occurred in the 
ast decade ( Wibig, 2021 ). The longest heatwaves in Poland 
ere recorded in 1994 and 2015 ( Tomczyk et al., 2020 ; 
ibig, 2017 ). 
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All the characteristics defining the aforementioned heat- 
aves (number of heatwave days, intensity, covered area) 
re expected to increase in the future ( Basarin et al., 2020 ; 
utgersson et al., 2022 ; Seneviratne et al., 2021 ). It has 
een determined that the number of heatwave days will in- 
rease by 4—34 days per season for each degree Celsius of 
lobal warming, depending on the region. The duration of 
eatwaves is expected to increase by 2—10 days/ °C, with 
he greatest changes predicted to occur at lower latitudes 
 Perkins-Kirkpatrick and Gibson, 2017 ). These changes will 
lso increase the damage caused by heatwaves. If adapta- 
ion and mitigation measures are not taken, it is likely that 
heir impact in Europe could increase by a factor of five 
y 2060, compared to the historical period of 1981—2010 
 García-León et al., 2021 ); in some areas of the Baltic Sea 
egion, the risk of heatwaves may double by the end of this 
entury ( Rutgersson et al., 2022 ). 
When evaluating the recurrence of CDHEs in the east- 

rn part of the Baltic Sea region, it was observed that the 
ast majority of these (8 out of 10 events) were recorded 
rom 1994 onwards. When assessing changes of CDHEs in 
ndividual grid cells, it was also found that the CDHE fre- 
uency increased in 73% of these cells during the 1950—2022 
eriod. Similar results, indicating an increasingly frequent 
ecurrence of CDHEs, have been obtained through studies 
f such events in various regions of the world and Europe 
 Bezak and Mikoš, 2020 ; Geirinhas et al., 2021 ; Kong et al.,
020 ; Mazdiyasni and AghaKouchak, 2015 ; Sedlmeier et al., 
018 ; Shi et al., 2021 ). However, during this study, a statis- 
ically significant increase in the occurrence of CDHEs was 
ound in a very small area due to the decreasing frequency 
f droughts. 
The majority of CDHEs occurred during the second half 

f the summers, which was closely related to the occur- 
ences of heatwaves during the summers. The distribution 
f CDHEs in different points of the studied territory largely 
oincided with the distribution of dry days — in both cases, 
he most frequent occurrences of droughts and CDHEs were 
dentified in the eastern and southeastern parts of the study 
rea, as well as in the northwestern part of Latvia and on 
he islands of Muhu and Saaremaa. The most exceptional 
DHE occurred between July 24 and August 7, 1994. This 
as the longest-lasting and the most intense event, cov- 
ring the largest part of the studied territory at its max- 
mum extent. This was also the only case when a CDHE 
as identified twice during the same summer (1994), which 
ould have contributed to the extremeness of this complex 
vent. 
It is predicted that in the future, with ongoing climate 

hange and increasing global mean temperatures, CDHEs 
ill occur more frequently and an increase in intensity 
nd duration will also be expected ( Seneviratne et al., 
021 ). It has been calculated that with every degree Celsius 
f global warming, the duration of these complex events 
ill increase by an average of ten days ( Zhang et al., 
022 ). The frequency and occurrence of CDHEs in Europe 
ill also increase in the future ( Mukherjee et al., 2022 ; 
edlmeier et al., 2018 ), leading to a growing probability of 
egative impacts and damages. The forestry sector will be 
ost affected, with an increased risk of forest fires and tree 
ortality ( Feng et al., 2020 ; Gazol and Camarero, 2022 ; 
eneviratne et al., 2021 ). 
33 
Atmospheric processes and their dynamics play a signifi- 
ant role in the formation of both droughts, heatwaves, and 
DHE. One notable process is the prevalence of anticyclonic 
irculation and atmospheric blocking ( Ionita et al., 2021a ; 
iu et al., 2020 ; Sousa et al., 2018 ; Spensberger et al.,
020 ). It has been observed that drought formation in the 
altic countries is almost always influenced by strong an- 
icyclonic circulation ( Rimkus et al., 2014 ). Similar ten- 
encies were identified when studying the drought that 
ffected Poland during the summer of 2019 ( Ziernicka- 
ojtaszek, 2021 ). Furthermore, it was determined that 
0% of heatwaves in Central Europe during the period of 
001—2011 coincided with the formation of blocking sys- 
ems ( Porebska and Zdunek, 2013 ). However, statistically 
ignificant changes in the recurrence of such systems in the 
orthern Hemisphere from 1901 to 2010 have not been de- 
ected. Nevertheless, it has been observed that the dura- 
ion of blocking systems is becoming longer ( Wazneh et al., 
021 ). 
The formation of droughts and/or heatwaves is also in- 

uenced by large-scale atmospheric circulation, not just lo- 
al atmospheric processes. When studying the recurrence of 
eatwaves in Poland, it has been observed that several syn- 
ptic features play a role in their formation. These include 
 strong Azores high-pressure system, higher-than-usual at- 
ospheric pressure over Central Europe, resulting in calm 

nd sunny weather, and a strong blocking system over the 
orth Atlantic ( Wibig, 2017 ). 
Finally, several aspects must be considered in further re- 

earch. First, an important aspect that can influence the 
ccuracy and reliability of obtained results and trends is 
he uncertainties and biases of the data obtained from the 
RA5 database. ERA5 uses a 10-member ensemble that pro- 
ides uncertainty information. However, in this case, one of 
he problems encountered is the lack of small-scale vari- 
bility in ensemble members, and the model itself tends 
o have overconfidence in the uncertainty characterization 
 Bandhauer et al., 2022 ). This is because the perturba- 
ions are oriented towards large-scale dynamic variables 
 Hersbach et al., 2020 ). 
However, the inaccuracies of ERA5 reanalysis data are 
ostly encountered in mountainous regions (e.g., in the 
lps) or continents other than Europe ( Bell et al., 2021 ; 
ersbach et al., 2020 ; Lavers et al., 2022 ; Velikou et al.,
022 ). Only a few issues were found while analysing the per-
ormance of ERA5 in mid-latitudes. During the evaluation 
f extremely high temperature (above 95th percentile), it 
as observed that ERA5 tends to overestimate values of this 
ariable, but the differences compared to observations are 
ot statistically significant ( Velikou et al., 2022 ). It was also 
ound that random errors of precipitation data increase dur- 
ng the summer in mid-latitudes ( Lavers et al., 2022 ). How- 
ver, in more than 90% of cases, the variability of monthly 
recipitation values in Europe coincides with observations 
 Bell et al., 2021 ). Therefore, despite the shortcomings, 
RA5 precipitation and temperature data are sufficiently ac- 
urate to use in mid-latitudes in Europe ( Bandhauer et al., 
022; Lavers et al., 2022 ; Nogueira, 2020 ; Velikou et al., 
022 ). 
Also, when evaluating long-term trends, it is important 

o emphasize that the accuracy of ERA5, like any other re- 
nalysis data, decreases and errors increase going further 
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ack in time. The reason for this is simple — a significantly 
maller number of observations were available at the be- 
inning of the period (1950’s) compared to the past decades 
 Bell et al., 2021 ). Additionally, the number of satellite ob- 
ervations and their quality increased rapidly, which also 
lays a significant role in the accuracy of the obtained data 
 ECMWF, 2023 ). 
The choice of the index used to identify droughts is also 

rucial. Although the SPI which was used in this study was 
uitable for assessing droughts in the study region, it has 
everal limitations. The main one is that it only consid- 
rs precipitation and does not take into account the ef- 
ect of temperature on drought formation. As the climate 
hanges and mean temperature rapidly increase, the latter 
actor will become crucial in accurately identifying droughts 
 Vicente-Serrano et al., 2010 ; WMO, 2012) . It is also impor- 
ant to investigate the processes that lead to the formation 
f CDHEs in the eastern part of the Baltic Sea region and to 
valuate the possible changes in CDHE characteristics in the 
uture. This would help develop more effective adaptation 
nd mitigation strategies and thus minimise the risks posed 
y CDHEs ( Bezak and Mikoš, 2020 ; Mazdiyasni and AghaK- 
uchak, 2015 ; Sedlmeier et al., 2018 ). 

. Conclusions 

 decrease in the number of drought days was observed 
rom 1950 to 2022 in most of the eastern part of the Baltic 
ea region (89%). However, almost all these changes were 
tatistically insignificant. Only a slight increase in the num- 
er of drought days was identified in the central part of 
atvia and the southeastern outskirts of the study area. 
n contrast to droughts, the number and duration of heat- 
aves, have increased in the entire research area. The ob- 
ained changes were statistically significant in 99.7% of the 
tudy area. The extremeness of heatwaves (intensity and 
he area covered during their maximum extent) has also in- 
reased in the region due to rising temperatures caused by 
hanging climate. The largest number of heatwave days was 
dentified in the northern part of the study region and on 
he coast of the Baltic Sea. Ten CDHEs were identified in 
he eastern part of the Baltic Sea region, with eight of them 

ecorded in 1994 or later. Moreover, an increase in the num- 
er of CDHEs was observed in 73% of the study area, but sta- 
istically significant changes were only found in 1.9% of the 
egion. The largest positive changes were found in coastal 
egions, as well as in the northeastern part of Lithuania. 
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menova, I., Stonevičius, E., Štepánek, P., Trnka, M., Vicente- 
Serrano, S.M., Wibig, J., Zahradníček, P., 2022. Long-term 
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