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Abstract: Compound extreme weather events can cause large economic damage and endanger 

human lives. Therefore, identification of changes in such compound event frequency and 

magnitude is important information that could be useful for decision makers and practitioners in 

water management and agriculture sector. This is especially the case for dry hazards that can be 

significantly influenced by the increasing air temperature and can have significant impact on water 

availability and consumption as well as on agricultural production. This study investigated changes 

in the compound occurrence of drought and extreme heat at the European scale using Uncertainties 

in Ensembles of Regional Reanalyses (UERRA) regional reanalysis data for the 1961–2018 period. 

The effective drought index (EDI) and the air temperature percentile threshold were used for the 

identification of the compound events at the catchment scale where entire Europe was divided into 

more than 4000 catchments. The results revealed multiple hotspots of compound drought and 

extreme heat events such as parts of Western Europe, Italy, Balkan Peninsula and Northern and 

Eastern Europe. At the continental scale, no uniform trend pattern could be detected. However, 

multiple areas with either positive or negative changes were identified. A positive change was 

characteristic for parts of Western Europe, Italy, Balkan Peninsula, etc. In these cases, the trend was 

mostly driven by the decreasing total precipitation trend and was not directly affected by the 

increasing air temperature trend. Areas with negative changes include parts of Northern and 

Eastern Europe and British Isles. In these cases, the detected trend was mostly driven by an 

increasing total precipitation trend. However, local drivers could be different. 
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1. Introduction 

Investigations of compound events have gained significant attention of the research community 

in recent years [1–6]. Compound events are caused by the simultaneous occurrence of multiple 

climate hazards or drivers and lead to environmental and societal risk [6]. According to the recent 

typology definition of compound events [6], multiple cases can be defined as compound events, e.g., 

preconditioned events such as rain-on-snow floods [7,8] or multivariate events such as compound 

drought, heatwave and fire occurrence [5]. Moreover, events can also be described as being 

temporally compound such as a sequence of events [5,9] and spatially compound such as a 

simultaneous occurrence of floods at large scales [10]. 

Since most studies have focused on a single hazard rather than on multiple hazards, especially 

at regional or continental scales, more focus should be placed on to the investigation of the 

simultaneous occurrence of different hazards at larger scales [5,11,12]. Especially because dry 
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hazards, such compound drought and extreme heat occurrence, can have a significant effect on 

agricultural production or forest fires. Indeed, some recent studies have investigated compound 

events at the continental scale [3,5,13–15]. For example, Sutanto et al. [5] recently investigated the 

characteristics of the compound and cascade occurrence of droughts, heatwaves and fires in Europe. 

They investigated the characteristics of the compound events in the last 30 years, but they have not 

addressed the temporal changes in the characteristics of these events and have focused only on the 

summer season. Moreover, Hao et al. [15] investigated changes in the severity of the compound hot 

extremes and droughts at global scale. However, the spatial data resolution used was 0.5° and they 

used monthly data. Additionally, they focused on the warm season where this was defined based on 

the hottest three-month period. Due to climate change (and increasing air temperature and change in 

precipitation patterns) the probability of dry hazards is expected to increase [16–19], which could 

have an effect on the critical infrastructure and agriculture [18]. Therefore, detection of changes is of 

general interest for decision makers and the general public. Especially because such compound 

events can cause large economic damage and even endanger thousands of lives [20,21], while millions 

of people worldwide are exposed to two or more hazards [5]. Therefore, the main aim of this study 

was to investigate changes in the simultaneous occurrence of droughts and extreme heat in the 1961–

2018 period at the pan-European scale using high spatial resolution data at a daily time scale. Thus, 

compared to previously published studies [5,15], this study uses longer time period and different 

type of input data [5] and uses higher spatial resolution data at daily time scale [15]. Moreover, 

previous studies only focused on summer or warm-period [5,15]. However, it is important to 

investigate drought and heat conditions that can also occur in autumn and spring in parts of Europe 

since some plants such as trees can respond to drought conditions at longer time scales (e.g., more 

than 5 months) [22]. In this study, a compound event (i.e., day) was defined as a simultaneous 

occurrence of two events on the same day and in the same region [5,23]. Additionally, sensitivity 

analysis regarding the selection of the thresholds used for the drought and extreme heat was carried 

out. As input daily air temperature and precipitation data derived from the Uncertainties in 

Ensembles of Regional Reanalyses (UERRA), regional reanalysis was used [24–26]. All the 

calculations were done at the catchment scale (i.e., 7th Pfafstetter level) using the HydroSHEDS 

database [27,28]. 

2. Data and Methods 

To investigate the changes in the compound drought and extreme heat occurrence, the UERRA 

regional reanalysis dataset was used together with the HydroSHEDS (a suite of geo-referenced 

datasets in raster and vector format available at https://hydrosheds.org/) catchment areas. The 

investigation of changes was made at the catchment scale where Europe was divided into more than 

4000 catchments. Effective drought index (EDI) and percentile method were used for identifying 

droughts and extreme heat occurrence, respectively [5,29].  

2.1. UERRA and HydroSHEDS Datasets 

The Uncertainties in Ensembles of Regional Reanalyses (UERRA) regional reanalysis dataset 

was used in this study [24–26]. More specifically, the daily total precipitation and 2-m temperature 

were used. The total precipitation represents all types of precipitation accumulated over 24 h at a grid 

cell. 2-m temperature is grid-cell air temperature at 2 m above ground. The UERRA (i.e., MESCAN-

SURFEX) calculation domain covers an area between northern Africa and the northern tip of 

Scandinavia and between Ural and goes far into the Atlantic Ocean 

(https://cds.climate.copernicus.eu/) (Figure 1). Horizontal resolution is 5.5 by 5.5 km. The UERRA 

regional reanalysis dataset includes its own uncertainties (e.g., measuring network changes across 

time and space) but it was shown that it has an adequate probabilistic capability and can capture 

small scale features [24,30]. Therefore, the selected dataset can be regarded as one of the best available 

high spatial and temporal resolution datasets covering the pan-European scale. The focus of this 

study was the 1961–2018 period.  
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Investigation of changes in the compound drought and extreme heat occurrence was performed 

at the catchment scale. For this purpose, the HydroSHEDS dataset was used [27,28]. In order to reduce 

the computational requirements, the calculations were performed using catchment boundaries 

derived at the 7th Pfafstetter level [27,28]. For the investigated area, this yields more than 4000 

catchment areas with a mean catchment area of around 2400 km2 (Figure 1). Using the 8th Pfafstetter 

level would yield a much larger number of catchment areas (i.e., around 14,000 with mean catchment 

area of around 150 km2) and using the 6th Pfafstetter level would yield a smaller number of catchment 

areas (i.e., around 1250 with a mean catchment area of around 8500 km2). Thus, it was decided that 

the 7th Pfafstetter level is the optimal selection with the aim to capture also the meso-scale patterns 

in the compound drought and extreme heat occurrence at the pan-European scale. Mean conditions 

over the catchment boundary for specific days were considered, using catchment-average values for 

temperatures and rainfall totals. 

 

Figure 1. Example of the UERRA regional reanalysis total precipitation data for 1 January 2001 and 

HydroSHEDS catchment polygons at the 7th Pfafstetter level. 

2.2. Drought Definition 

There are multiple indices available for the investigation of drought characteristics [31–34]. 

However, most of the indices do not use daily data but rather focus on the monthly or even annual 

data, which is a positive characteristic in data sparse areas [31,34]. Since daily data were available 

and used in the presented study it was decided to select an index that determines drought events 

based at the daily time step. Therefore, the effective drought index (EDI), which was proposed by 

Byun and Wilhite [29], was used in this study [35]:  

��� = ∑ [(∑ ��
�
��� )/�]�

���   (1) 

���� = ��� − ������  (2) 

��� = ����/��(���)  (3) 

where Pi is precipitation m − 1 days before the current day, ������ is the mean of all effective precipitation 

(EP) values, DEP are deviations from the mean of effective precipitation EP, and SD(DEP) is the 

standard deviation of DEP [29,32,35]. N is the duration of the antecedent precipitation considered in 

the calculation. Previous studies have most frequently used 365 days, which means that for the 

calculation of daily EDI precipitation data from the previous 365 days are needed [31,35]. In our case, 

this means that the entire year of 1961 is considered as the antecedent precipitation input for the EDI 

for 1 January 1962. It was argued that 365 days is the most commonly used precipitation cycle 

worldwide [29,35], although it is obvious that EDI results depend on this selection (i.e., N value). 

Therefore, in this study 15 days, 180 days and 365 days were used as N in order to test the sensitivity 
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of the results. Fifteen days was also used by Byun and Wilhite [29] and 180 days was used as a value 

between 15 and 365 days. Another step that was made is the definition of the drought severity. The 

following definition was proposed by Byun and Wilhite [29]: extreme drought if ��� ≤ −2, severe 

drought if −1.5 ≥ ��� > −2 , moderate drought if −1 ≥ ��� > −1.5 . Moreover, near normal 

conditions are observed when EDI is between 1 and −1 [29,35]. 

2.3. Extreme Heat Definition 

Similarly as in the case of droughts, there are multiple methods available for the definition of 

the heatwave; nevertheless, none of the methods can be regarded as general at the continental or 

global scales [5,36–38]. Therefore, in this study, the 90th percentile value concept was applied in order 

to define the extreme heat day [5,38]. However, since only mean air temperature data are available 

in the UERRA regional reanalysis, the extreme heat day was defined as the day where the air 

temperature exceeds the 90th percentile value. Additionally, the sensitivity of this selection was 

investigated and the 95th and 80th percentile values were also tested. When an extreme heat day is 

identified for several (i.e., n) continuous days, this can be regarded as an n-day heatwave. 

2.4. Investigation of Changes 

In this study, the compound event (i.e., day) was defined as the simultaneous drought and 

extreme heat occurrence at the same day at a specific catchment. By such a definition of a compound 

event, also 1-day compound events were taken into consideration that were not necessarily detected 

during n-day heat waves. Multiple combinations of EDI and air temperature percentile values were 

tested: 

- A compound day was defined as the case when EDI was smaller than −1.5 (i.e., severe drought) 

and the air temperature was higher than the 90th percentile (basic case); 

- A compound day was defined as the case when EDI was smaller than −2 (i.e., extreme drought) 

and the air temperature was higher than the 95th percentile (extreme case); 

- A compound day was defined as the case when EDI was smaller than −1 (i.e., moderate drought) 

and the air temperature was higher than the 80th percentile (mild case). 

All the calculations were repeated using 15, 180, and 365 days antecedent precipitation values 

(N) that were used for the EDI calculation. This kind of investigation, as a result, yielded the number 

of days per year that are identified as a compound drought and extreme heat occurrence at the 

catchment scale. Such compound events may well appear not only during heat waves. For further 

analysis, the mean and maximum annual numbers of compound days were used. The Mann–Kendall 

test was applied in order to test if there are significant changes in the compound occurrence of 

drought and extreme heat in Europe [39,40]. The Mann–Kendall test is one of most frequently applied 

methods for detecting changes in the environmental data series [38,41,42]. A significance level of 0.05 

was used to identify statistically significant trends. Additionally, the slope of the fitted linear 

regression model was used to identify the rate of change per decade. It should be noted that there are 

also other trend tests available such as Sen’s slope estimator [43,44]. 

3. Results and Discussion 

3.1. Characteristics of the Compound Drought and Extreme Heat 

Firstly, the investigation of the basic case using the 365-day precipitation interval (N) was carried 

out. Figure 2 shows the mean annual number of days with a compound occurrence of drought and 

extreme heat according to the selected definition. The map shown in Figure 2 was visually 

(qualitatively) compared with the hotspot map of compound drought and heatwave occurrence that 

was produced by Sutanto et al. [5]. The previously mentioned study that focused only on summer 

1990–2018 also identified most of Italy (e.g., Sardinia), Balkan Peninsula (e.g., Dalmatian coast), parts 

of Western Europe (e.g., France, Benelux countries), parts of Northern Europe, etc. as hotspots of 

compound dry hazards. Moreover, map shown in Figure 2 can be regarded as a hotspot map since 
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the average number of compound days depends on the selected thresholds (i.e., EDI, percentile 

threshold and antecedent precipitation). Therefore, a relatively good visual agreement can be 

detected in the previously mentioned areas. However, there are regions, such as parts of Eastern 

Europe (i.e., Hungary, parts of Ukraine), where discrepancies between the two approaches were 

larger. The main reason was because Sutanto et al. [5] applied a different methodology and did not 

use the same input data and focused only on part of the year (i.e., 1990–2018). For example, soil 

moisture data were used in order to identify drought conditions [5]. Additionally, the maps that show 

the maximum number of compound days (Figure S1) and the number of years with at least one 

compound day (Figure S2) for the basic case and N = 365 days (Section 2) were also derived. The 

maximum number of compound days in a specific year can be identified in parts of Eastern Europe, 

Italy, Western Europe and Northern Europe. In these cases, the maximum number of compound days 

can exceed 2 months, which means that heatwaves can also be identified and compound dry hazards 

can also occur in other parts of the year and not just in summer (Figure S1). Additionally, one can 

also notice that at least one compound day per year most frequently occurred in Northern Europe 

whereas in Eastern Europe the number of years was generally below five (Figure S2). This means that 

there were five years in which at least one compound day was identified in the investigation period 

(i.e., 1961–2018). A direct comparison of the map shown in Figure 2 with the results of an analysis of 

top ten European heatwaves since 1950 [45] shows only a general agreement with the areas that were 

hit in the period 1950–2014 by a heatwave (using a novel HWMI—heat wave magnitude index: Russia 

2010, France 2003, Finland 1972, British Isles 1976, Norway 1969, Southern Europe 2007, etc.). A better 

agreement is achieved looking at the average number of extreme compound days, presented in 

Figure S7. Thus, this map identifies the area of the 2003 heatwave that was the most devastating in 

France as well as several other events such as July 1972 heat in Helsinki or July 2010 heat wave that 

occurred in Russia [45]. Thus, relatively good qualitatively agreement between both studies can be 

identified.  

 

Figure 2. Mean annual number of days with a compound occurrence of drought and extreme heat 

according to the basic case and 365 days used as the antecedent precipitation (N). 

3.2. Changes in the Compound Drought and Extreme heat Occurrence 

Based on the annual number of days with a compound occurrence of drought and extreme heat, 

changes in the annual series for all investigated catchments were also identified (1961–2018). Using 

the Pettitt test [46], the breakpoints in time series for analyzed catchments are spread all over the time 

period of 1961–2018 (Min. = 1 year, Max. = 56 years, 1st Quartile = 20 years and 3rd Quartile = 38 

years), with the mean and median value of ~30 years, i.e., the mean turning point is around 1991–

1992. The breakpoint is statistically significant for only 1–2% of the catchments (i.e., significance level 
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of 0.05). Thus, this indicates that in only small number of cases the detected turning point is 

statistically significant. Therefore, no single significant turning point (calendar year) could be 

detected in the analyzed data at the pan-European level.  

Figures 3 and 4 show Mann–Kendall trend results and trend per decade for the 1961–2018 

period. A positive trend was detected for Southern Europe, most of Western and Central Europe and 

parts of Eastern Europe (Figures 3 and 4). Negative change was detected for most of Northern 

Europe, British Isles and parts of Eastern Europe (Figures 3 and 4). More specifically, there were 

around 5% and 7% of catchments with positive and negative statistically significant trends, 

respectively (Figure 3). Furthermore, there were around 50% and 38% of positive and negative non-

significant trends, respectively (Figure 3). Thus, a slightly larger percent of catchments was 

characterized by a positive change. Although it should be noted that the percentage of statistically 

significant trends was relatively low. In terms of the area, around 4% of the total area was 

characterized by a positive statistically significant trend and around 12% by a negative statistically 

significant trend. Moreover, around 48% and 52% of the area was characterized by positive and 

negative trends, respectively. Furthermore, some areas with a high average number of compound 

days (e.g., Western Europe, Italy, Balkan Peninsula) were characterized by a positive change (Figures 

2 and 3). On the other hand, Northern Europe was mostly characterized by a negative change (Figures 

2 and 3). If the results shown in Figures 3 and 4 are visually compared to the maps presented by Hao 

et al. [15], one can notice a relatively good visual agreement for the areas with a positive change in 

the compound occurrence of drought and heat conditions. Disagreement with the results presented 

by Hao et al. [15] can be seen for Great Britain and parts of Northern Europe. Compared to Hao et al. 

[15] the results of this study are based on the daily data and provide details for specific catchments, 

which could be useful for practitioners such as water resources managers and did not focus only on 

the warm-period. Moreover, in areas with non-significant seasonal air temperature pattern, 

compound extremes can also occur in other months and not just in the warmest three-month period. 

A positive trend in the compound drought and extreme heat extreme occurrence was also observed 

in some other areas around the world such as parts of Africa, Asia, North and South America 

[13,15,47,48]. 

 

Figure 3. Mann–Kendall trend test results using the mean annual number of days with a compound 

occurrence of drought and extreme heat in the 1961–2018 period. Results for the basic case and N = 

365 days are presented. 
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Figure 4. Changes in the mean annual number of days with a compound occurrence of drought and 

extreme heat in the 1961–2018 period. Results for the basic case and N = 365 days are presented.  

3.3. Impact of Precipitation and Air Temperature on Detected Changes 

Since changes in the compound occurrence of drought and extreme heat are driven by the 

changes in precipitation and air temperature, trends in these two variables were also investigated 

(Figures S3 and S4). It is clear that the air temperature increased in the investigated period where the 

mean increase per decade was around 0.6 K (Figure S4). A more complex pattern can be observed for 

the precipitation trend. Precipitation increased for most of Northern Europe, British Isles and parts 

of Eastern Europe while it decreased for most of Western Europe and parts of Southern and Eastern 

Europe (Figure S3). Moreover, the mean change at the pan-European level was around zero. Thus, it 

should be noted that these were changes in the mean annual precipitation and the mean annual air 

temperature, while different regions can exhibit changes in seasonal patterns. These detected trends 

were in a relatively good visual agreement with the results published in previous studies [15,49,50]. 

Additionally, the mean Pearson correlation coefficient between the annual precipitation and the 

annual number of compound days for all catchments was around −0.4, which means that the number 

of compound days increased with decreasing precipitation. On the other hand, the mean Pearson 

correlation coefficient between the air temperature and the annual number of compound days for all 

catchments was around 0.1. Thus, it seems that a decrease in the compound occurrence of drought 

and extreme heat in, e.g., Northern Europe and British Isles was a consequence of increasing total 

precipitation. Thus, a precipitation increase was a dominant factor. Similarly, the positive changes 

detected in parts of Central, Western and Eastern Europe were mainly driven by the decreasing 

precipitation trend and perhaps (i.e., according to the mean correlations) to a much lesser extent by 

a positive trend in the air temperature (Figures S3 and S4). Furthermore, it should be noted that local 

drivers could be different and that in some areas changes in temperature could be more dominant.  

3.4. Sensitivity of the Results 

Additionally, investigation of the sensitivity of the results with respect to the parameters 

mentioned in Section 2.4 was also carried out (Table 1). Therefore, the calculations were repeated for 

the extreme and mild cases for three different values of N (i.e., 15, 180 and 365 days). Other 

researchers have used 90 days, but the data in Table 1 suggest that the relationship between N and 

the number of compound days can be quite well described using a linear function. Thus, estimation 

of the mean values for the 90 days interval could be done based on the results presented in Table 1. 

Using more extreme EDI and air temperature percentile thresholds yielded a smaller number of 

identified compound days (Table 1). On the other hand, using milder conditions for the identification 
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of events yielded a larger number of compound days that can also occur in different seasons (Table 

1). This applied for all three N values that were tested. The N value also had an important effect on 

the basic characteristics of the detected compound days (Table 1). For smaller N values, the average 

and maximum numbers of events decreased. The same can be said for the mean number of years for 

basic and extreme cases (Table 1). Thus, it is clear that the consideration of a shorter antecedent 

precipitation in the EDI calculation identified fewer events that can be regarded as potentially 

compound. Moreover, the parameters used for the compound day definition also had an impact on 

the detected changes in the compound occurrence of drought and extreme heat. For example, using 

the mild case (N = 365) yielded 62% and 38% of positive and negative trends, respectively (Figure S5). 

Additionally, the positive trend covered a slightly larger percent of the total area (i.e., 57% of the area 

where the statistically significant trend covers around 12% of the total area). Moreover, slightly 

smaller percentage of positive trends is characteristic of extreme case for N = 365 days (i.e., 33%) 

(Figure S6). However, it should be noted that in the extreme case there were around 1500 catchments 

where no compound event (i.e., day) could be identified in the selected period. It seems that a large 

portion of the catchments identified in the mild case as those with a positive change did not have any 

event detected in the extreme. A large number of catchments without any compound events was also 

identified for shorter time periods N. For example, for the basic case and N = 180 there were around 

500 catchments without any identified events. Furthermore, in this case around 58% of trends were 

positive and 5% positive and statistically significant. Thus, in these cases the identification of trends 

should not be conducted. However, this information could be used for identifying areas where 

compound events were more severe (Figure S7), particularly parts of Western Europe, Italy, Balkan 

Peninsula, Northern Europe and some areas in Eastern Europe. Some of these areas were in the past 

hit by the extreme heat waves [45]. 

Table 1. Impact of the input parameters used for the definition of compound events related to the 

basic characteristics of the identified events. 

Case 
Mean Number of 

Compound Days 

Mean Maximum Number 

of Compound Days 

Mean Number of Years 

with at Least One Event 

Basic (N = 365) 1.7 31.5 8.9 

Basic (N = 180) 1 18.6 6.6 

Basic (N = 15) 0.1 0.2 0.3 

Extreme (N = 365) 0.2 6.6 1.2 

Extreme (N = 180) 0.1 2.4 0.5 

Extreme (N = 15) / / / 

Mild (N = 365) 10.9 78.8 29.3 

Mild (N = 180) 8.9 60.9 30.0 

Mild (N = 15) 7.9 31.5 43.5 

3.5. Study Limitations 

Several limitations can be identified in relation to this study. As discussed, the regional UERRA 

reanalysis dataset contains its own uncertainties that also have an impact on the results in this study. 

As presented in the previous sub-section, the trend results are sensitive to the selected drought and 

extreme heat indices and their parameters. The sensitivity of the input parameters was addressed; 

nevertheless, the use of a different index for the drought or extreme heat definition would yield 

different results. Notably, there are not many drought indices developed that use daily data as an 

input. Additionally, application of soil-water characteristic data would also lead to different results. 

Furthermore, the detected trends depend on the number and size of the catchment areas. The impact 

of a different catchment delineation was outside of the scope of the study and needs to be investigated 

as a part of a new sensitivity study. Furthermore, an analysis of compound event hotspots at the 

European level would be interesting to perform if raster data would have been used as was done in 

the studies performed by [5,15]. Furthermore, use of a different dataset such as E-OBS gridded dataset 
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(https://www.ecad.eu/download/ensembles/download.php) would probably yield different results. 

Thus, a comparison of multiple datasets would be useful in future.  

3.6. Possible Applications 

Information on compound extreme events at the European scale can be applied manifold, among 

others for a possible long-term forest management in areas hit hard by droughts according to selected 

climate scenarios or estimation of forest fire hazard in selected areas. This information can be used 

for planning of adequate surface water sources for firefighting in cases or real forest fires. The former 

case of application should consider that there are several (numerous) climate change scenarios that 

yield a large uncertainty (scatter) in extrapolating current climate conditions in an area under 

investigation to future conditions relevant for, e.g., forest management. The latter case of application 

is of more immediate use, especially since occurrence of large forest fires in the last decade threatens 

different parts of the world [51,52].  

In Europe, the European Forest Fire Information System is available for early warnings on fires 

[53] that gives insight into the current fire hazard situation for the whole Europe [54] or looking into 

the archives of past situations. Long-term forecast is of interest for the spatial planning, and at 

European level, fire hazard should be incorporated into physical planning in regions under high 

forest fire risk. Moreira et al. [55] analyzed fire hazard conditions in the South Europe and its 

implications for landscape management. Syphard et al. [56] analyzed climate change and 

urbanization growth and concluded that land use planning should consider forest fires in order to 

decrease housing losses in fires. Moreno et al. [57] analyzed fire regime in Spain for the period 1968–

2010 and concluded that for fire safety landscape architecture and forest management are critical 

factors. Keeley and Syphard [58] analyzed the impacts of rising temperatures and changing 

precipitation on ecosystems. Especially vulnerable are mountain forest ecosystems in spring and 

autumn, for lowland ecosystems more than climate change the urbanization is a responsible factor 

for future fires. Such conclusions found a way to adapt to increasing threats of forest fires. Galiana-

Martin [59] analyzed urban areas in the European part of the Mediterranean and found out increasing 

vulnerability of this area to natural forest fires. In order to decrease fire hazards of built environment, 

land-use planning and spatial, i.e., urban planning is of special importance. One may conclude that 

the presented maps of compound heat and drought events at the European scale will find different 

applications in water management, forest management and spatial and urban planning procedures 

at national and regional (local) level. 

4. Conclusions 

In the presented study, investigation of change in the compound occurrence of drought and heat 

conditions was carried out at the pan-European scale. The UERRA regional reanalysis dataset was 

used and the calculations were performed at the daily time scale where Europe was divided into 

more than 4000 catchments. Based on the presented results the following conclusions can be drawn: 

-Multiple hotspots of compound drought and extreme heat conditions were identified in 

Europe. These include, among others, France, Benelux countries, Italy, Balkan Peninsula, parts of 

British Isles and Eastern Europe and some areas in Northern Europe.  

-Trend detection revealed that some of these areas, such as parts of Western Europe, Italy, Balkan 

Peninsula, were characterized by an increasing trend in the compound occurrence of drought and 

heat extremes. On the other hand, a negative change was detected for most of Northern Europe and 

British Isles.  

- It can be argued that the negative trend was mostly driven by the increasing total precipitation 

trend and vice versa, while the positive trends detected in the compound drought and extreme 

heat occurrence could not be directly related to the increasing air temperature according to the 

mean conditions. However, local drivers could be different.  
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- If the detected trends were averaged over the entire continent it can be argued that likely no 

uniform significant positive or negative changes would be identified. However, there were 

multiple areas where changes are statistically significant.  

- The identified changes were to some extent sensitive to the selection of the parameters used for 

the identification of compound days. However, the main spatial patterns of the detected trends 

were not significantly influenced by these parameters.  

The analysis of compound events has gained a significant focus of the community in recent 

years, but there are still many open topics that could be investigated. For example, further 

investigations could focus on the consideration of additional variables such as soil moisture for 

identifying droughts or water shortage conditions and the concurrent compound events. 
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Mean annual number of days with compound occurrence of drought and extreme heat according to the extreme 

case and 365 days used as the antecedent precipitation.  
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