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Abstract 

Floods associated with extreme precipitation are one of the most serious natural hazards, which 

produce substantial human and socio-economic losses in central Europe. One way to reduce the 

impact of flooding is by increasing preparedness with better flood forecasts and warnings, which is 

not possible without a proper understanding of physical processes leading to a flood hazard. 

However, frequent research on floods in relation to causal precipitation and synoptic conditions is 

usually carried out regionally, although some events often affect areas of a size of entire countries 

or even larger. 

The thesis was focused exactly on these large-scale precipitation and flood events that occurred 

in the second half of the 20th century and then until 2013, for which the size of the affected area is 

as crucial in the extremity assessment as the magnitude of flood discharges or precipitation totals. 

The extremity indices used for the assessment of extreme precipitation and flood events connected 

both aspects. The larger area of interest defined within central Europe allowed examining the spatial 

structure of events, the differences between them, and their relation to conditions in the atmosphere. 

To connect the extremes of precipitation with extremes in atmospheric conditions, the causal 

circulation was evaluated quantitatively, based on the characteristics of the moisture flux at 850 hPa 

isobaric level in the area of extra high upward vertical velocity, which are both important ingredients 

for the occurrence of extreme precipitation in central Europe. 

As a result, the different types of moisture flux conditions corresponded perfectly with specific 

seasonal and spatial patterns of extreme precipitation. There were only two main types of extreme 

precipitation events in central Europe, the difference between them can be explained by the seasonal 

distribution of anomalies of moisture flux from the respective sectors: (i) warm half-year events with 

prevailing northern moisture flux and affecting mainly eastern central Europe, and (ii) events with 

prevailing western moisture flux occurring in the west and exclusively from September to March. 

Only in case of events with northern moisture flux, a close connection existed between moisture 

flux anomalies and precipitation extremeness. This fact allowed to consider the application of 

moisture flux anomalies from the northern sector in forecasting and extreme weather warnings. 

However, the question remained whether the predictability of moisture flux anomalies is good 

enough to support the correct prediction of extreme precipitation events. The results showed that the 

general use is probably not possible due to worse vertical velocity forecast; the approach based on 

moisture flux anomalies could be applied only to the largest summer precipitation events, for which 

the forecast was good and stable. Therefore, predicting moisture flux anomalies potentially could 

help to increase preparedness for the same type of precipitation events that produced the most 

damaging central European summer floods, such as in July 1981 and 1997, August 2002 or June 

2013. 

Keywords: floods, extreme precipitation, extremity index, moisture flux, predictability, central 

Europe 



 

 

Abstrakt 

Povodně spojené s extrémními srážkami jsou jedněmi z nejzávažnějších přírodních ohrožení ve 

střední Evropě, které mají značné ekonomické dopady na společnost. Jedním ze způsobů, jak dopady 

zmírnit, je zvyšovat připravenost pomocí lepších předpovědí a včasných varování před povodněmi, 

což ale není možné bez dokonalého pochopení fyzikálních procesů, které k povodňovému ohrožení 

vedou. Mnoho studií se věnuje výzkumu povodňových událostí ve vztahu k příčinným srážkám 

a synoptickým podmínkám, často je ale tento výzkum zaměřen jen regionálně, ačkoli některé 

události postihují oblasti srovnatelné s rozlohou samostatných států nebo dokonce i větší. 

Tato práce byla zaměřena právě na tyto rozsáhlé srážkové a povodňové události druhé poloviny 

20. století a dále až do roku 2013, u nichž je pro hodnocení extremity stejně důležitá plocha zasažené 

oblasti jako velikost povodňových průtoků nebo úhrny srážek. Indexy extremity použité pro 

hodnocení extrémních srážkových a povodňových událostí kombinovaly oba aspekty. Větší zájmové 

území v rámci střední Evropy umožnilo zkoumat prostorovou strukturu událostí, rozdíly mezi 

různými typy událostí a jejich vztah k podmínkám v atmosféře. Aby bylo možné určit souvislost 

mezi srážkovými extrémy a anomálními cirkulačními podmínkami v atmosféře, byla cirkulace 

hodnocena kvantitativně na základě charakteristik toku vlhkosti v izobarické hladině 850 hPa 

v místech s mimořádnou rychlostí vzestupných pohybů vzduchu, což jsou důležité složky pro vznik 

extrémních srážkových událostí ve střední Evropě. 

Různé podmínky toku vlhkosti ve výsledku dokonale odpovídaly konkrétním sezónním 

a prostorovým charakteristikám extrémních srážek. V zásadě se ve střední Evropě vyskytují dva 

hlavní typy extrémních srážkových událostí, které lze definovat na základě sezónního rozložení 

anomálií toku vlhkosti z příslušných sektorů: (i) události teplého půlroku s převládajícím severním 

tokem vlhkosti, které postihují hlavně východ střední Evropy, a (ii) události s převládajícím 

západním tokem vlhkosti, které se vyskytují spíše na západě a výlučně v období od září do března. 

Pouze v případě událostí se severním tokem vlhkosti existovala úzká souvislost mezi anomáliemi 

toku vlhkosti a extrémy srážek, což by mohlo mít potenciální využití v předpovědích a ve vydávání 

výstražných informací před extrémními srážkovými a povodňovými událostmi. Otázkou ale 

zůstává, jestli předpověď anomálií toku vlhkosti je dostatečně kvalitní, abychom jí mohli podpořit 

předpověď extrémních srážkových událostí. Z výsledků vyplývá, že obecné využití zřejmě není 

možné vzhledem k horší prediktabilitě vertikálních rychlostí; přístup založený na anomáliích toku 

vlhkosti lze aplikovat jen v případě největších letních srážkových událostí, kdy je předpověď 

anomálií toku vlhkosti stabilní. Potenciálně to může znamenat zlepšení připravenosti na tento typ 

srážkových událostí, které vždy vyústily ve velké středoevropské povodně, jakými byly události 

v červenci 1981 a 1997, srpnu 2002 nebo červnu 2013.  

Klíčová slova: povodně, extrémní srážky, index extremity, tok vlhkosti, prediktabilita, střední 

Evropa 
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1 Introduction 

1.1 Motivation and literature review 

In the last 40-year period, weather- and climate-related extremes generated the majority of total 

losses caused by natural hazards in European countries. While heatwaves were responsible for most 

fatalities, windstorms along with floods caused by extreme precipitation resulted in higher economic 

damage (EEA, 2019). The frequency and intensity of extreme precipitation events have likely 

increased in Europe in last decades (IPCC, 2014; van den Besselaar et al., 2013), although the signal 

varies by seasons (Łupikasza, 2017), and scientists expect the rising trend to continue in the future 

(IPCC, 2014). It may imply a greater risk of flooding in some river basins, although there is less 

confidence about it because flooding also depends on factors other than precipitation. Nevertheless, 

the flood-related costs constantly increase but this may be the effect of increasing exposure of people 

and assets (IPCC, 2014). Better preparedness could reduce the impact on humans either by 

implementing flood protection measures that modify the event itself or by changing human behaviour 

and reducing vulnerability (Smith, 2004). The latter option is significantly less expensive than the 

construction of large dams. Besides raising hazard awareness, good flood forecasts and warnings are 

important, which is not possible without a sufficient skill of the quantitative precipitation forecast. 

However, the forecast often fails in case of extreme precipitation events due to high spatial and 

temporal variability of precipitation (Sukovich et al., 2014). 

In central Europe, both river and flash floods are responsible for many casualties and serious 

economic losses. The differences between the two types of floods are in the size of the affected area 

and the main triggers: flash floods are locally restricted and relate to convective systems of sub-

synoptic scale, while river floods are the result of rather large-scale precipitation or its combination 

with melting snow in winter or spring. This work primarily focused on large-scale events that often 

hit different basins or even countries at the same time, and therefore usually cause much more 

damage than flash floods (Barredo, 2007). Within river floods, those caused by extreme large-scale 

rainfall were of major concern, so they could be directly connected to causal synoptic-scale 

circulation. 
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Extreme precipitation and floods are rare events, which go far into the tail of the probability 

distribution of daily data (Zhang et al., 2011). The extremity of both the precipitation and floods can 

be evaluated based on point measurements, either by monitoring the exceedance of certain fixed 

threshold for daily precipitation totals and maximum discharges at individual gauges (Ustrnul et al., 

2014) or using percentile-based threshold or return periods (Keef et al., 2009; Łupikasza, 2017), i.e. 

applying the concept of rarity. Both approaches appear in the literature but generally greater 

suitability for the spatial comparison of extremes is the advantage of using percentiles and return 

periods (Zhang et al., 2011). However, apart from event magnitude, there are other aspects of the 

extremity: duration and particularly the spatial extent of the event (Müller and Kašpar, 2014; Ren et 

al., 2012), which is essential for the evaluation of large-scale events, which are of special interest 

here. The involvement of the affected area in the evaluation of the event extremity is common even 

in case of other meteorological phenomena, for example, heatwaves (Lhotka and Kyselý, 2014; 

Valeriánová et al., 2017) or windstorms (Roberts et al., 2014; Kašpar et al., 2017). Only the 

sensitivity to the choice of the study area and its extent may be a disadvantage of regional evaluation 

techniques (Konrad, 2001). That is why Müller and Kašpar (2014) presented an event-adjusted 

method of evaluation of precipitation extremes, which does not depend on a certain area extent, but 

it optimizes the considered area, as well as the event duration. 

In the case of extreme floods, one of the older methods that took into account the aspect of the 

affected area was presented by Francou and Rodier (1967). Among others, the method was used to 

evaluate the largest floods in the World Catalogue of Maximum Observed Floods compiled by 

Herschy (2003). However, the obtained flood extremity value related to the most affected catchment 

and did not consider the affected area cumulatively. In contrast, the flood extremity index recently 

presented by Uhlemann et al. (2010) and then by Schröter et al. (2015) considers the heterogeneous 

spatial extent, as it always looks at the length of the affected rivers. The list of major floods in 

Germany made by Uhlemann et al. (2010) included mainly floods of the cold half-year and only a 

few summer events, although these were sometimes the most catastrophic floods of recent decades, 

as was the flood in August 2002 (Ulbrich et al., 2003a) or June 2013, which was evaluated later by 

Schröter et al. (2015). However, the information about the extremity of these floods may be 

incomplete, because both affected also the Czech Republic or Austria (Blöschl et al., 2013; Ulbrich 

et al., 2003b; Valeriánová et al., 2013), which was not taken into account. Another, well-known 

summer flood from July 1997 no longer appeared in the list of Uhlemann et al. (2010), as the flood 

affected the area further east, especially the Oder and Vistula river basins (Kundzewicz et al., 1999). 

Still, the above-mentioned summer floods arose from quite similar atmospheric conditions, when 

a cyclone followed the Vb track (van Bebber, 1891) or similar. During the Vb events, cyclones move 

from the region of Genoa to the northeast and bring Mediterranean air into central Europe. The warm 

and moist air turns around the centre of the cyclone, so we actually experience moisture flux from 

the north or the northeast (Müller and Kašpar, 2010). Simultaneously, the Alps and other west-east 

oriented mountains in central Europe act as an orographic barrier, which additionally forces 

condensation of the water vapour and enhances precipitation (Wypych et al., 2018). These conditions 
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are the most relevant for large-scale summer extreme precipitation and floods over large parts of 

central Europe (Messmer et al., 2015; Hofstätter et al., 2017) and especially significant parts of the 

Elbe, Oder and Danube basins (Kyselý, 2009; Nissen et al., 2014). However, the event of 2013 did 

not have the classic Vb character as in 2002 and 1997, multiple cyclones tracked rather westward 

into central Europe, affecting mainly the Elbe and Danube basins (Grams et al., 2014). Nevertheless, 

a persistent northern moisture flux was a common feature for the development of heavy precipitation 

even in 2013. A similar situation occurred during the historical floods in September 1890 or July 

1903 (Brázdil et al., 2005; Elleder, 2007; Mudelsee et al., 2004) and in July 1954 (Blöschl et al., 

2013). All of these historical and recent extreme events occurred in the summer half of the year and 

affected mainly Danube, Elbe, and/or Oder basins. Although the soil saturation also played a role in 

the magnitude of the flood response (Blöschl et al., 2013), exceptional precipitation in a given river 

basin always gave the main impulse for the catastrophic large-scale summer floods in central Europe. 

Towards the west, the frequency of events due to Vb cyclones decreases, although similar but 

strongly deviated tracks were reported with extreme precipitation arising, for example, in the Vosges 

Mountains (Minářová et al., 2018). But in general, the causes of extreme precipitation and floods, as 

well as their seasonal distribution, change as we approach the Atlantic Ocean. Western Europe 

experiences extreme precipitation and flooding primarily during the cold half of the year due to zonal 

westerly circulation patterns associated with Atlantic frontal systems (Beurton and Thieken, 2009; 

Caspary, 1995; Jacobeit et al., 2003). Known cases of extreme precipitation that have resulted in a 

strong hydrological response include the events of December 1993, January 1995 (Kundzewicz et 

al., 2013; Ulbrich and Fink, 1995) or October/November 1998, which development was similar to 

the winter floods in the area (Müller et al., 2009a).  

Central Europe thus forms a kind of transitional zone between the more frequent winter 

hydrometeorological extremes in the west and summer extremes in the east. These are probably the 

two main groups of large-scale precipitation and flood extremes in central Europe, which completely 

differ in their causes when the events are associated with moisture supply either from the Atlantic or 

Mediterranean (Sodemann and Zubler, 2010; Hofstätter et al., 2017). However, when going into 

details, some studies suggest larger variability of synoptic-scale patterns that induce extreme 

precipitation and floods in the area (Jacobeit et al., 2006; Kašpar and Müller, 2010; Wypych et al., 

2018). 

The connection between hydrometeorological extremes in central Europe and synoptic types is 

relatively well discussed in the literature (e.g. Jacobeit et al., 2006; Ustrnul and Czekierda, 2001). 

There are many synoptic type classifications of subjective, mixed or objective character (Huth et al., 

2008). In connection with extreme precipitation and floods, the classifications are often qualitative, 

i.e. the circulation patterns are classified by similar fields of sea level pressure or geopotential height 

(Jacobeit et al., 2003; Ustrnul and Czekierda, 2001), backward air trajectories (Seibert et al., 2007), 

cyclone tracks (Hofstätter et al., 2017), etc. However, when associated with extreme events, Müller 

and Kašpar (2010) emphasized the need to add a quantitative aspect to the classification process, 
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which allows expressing the extremity of circulation conditions at different places. There are two 

reasons why they found quantitative classification more appropriate: first, a certain synoptic type 

(e.g. of Hess and Brezowsky, 1952) often occurs also on other days than those with precipitation 

extremes, and second, the identified circulation pattern may produce quite different weather over 

individual parts of the study area.  

Such a quantitative evaluation of the synoptic–dynamical conditions can be based on anomalies 

of some meteorological variables, including potential vorticity, vertical velocity, or moisture flux, 

which appear in the literature in connection with the occurrence of hydrometeorological extremes 

(Froidevaux and Martius, 2016; Martius et al., 2006). Sometimes a combination of several anomalous 

variables was considered (Kašpar and Müller, 2014; Müller et al., 2009b). Most notably the transport 

of moisture seems to be essential for the emergence of precipitation and flood extremes in central 

Europe. A close relationship between extreme floods and intense moisture transport has been 

demonstrated in the Alps by Froidevaux and Martius (2016), who examined the vertically integrated 

variable, and by Müller and Kašpar (2011), who focused on the moisture flux at single isobaric levels. 

However, the moisture supply is probably not sufficient because only sustained ascent of moist air 

provides suitable conditions for extreme precipitation (Doswell et al., 1998; Giannakaki and Martius, 

2015).  

In any case, if some circulation anomalies are connected to extreme precipitation and floods, they 

can be used also for forecasting those events. Given that some circulation anomalies, e.g. moisture 

flux, are related to a larger-scale circulation, we can assume that their predictability will be better 

than in the case of precipitation, which is driven by more complex small-scale atmospheric processes 

(Lavers et al., 2016). There has been already evidence from previous studies that integrated vapour 

transport is more predictable than precipitation (Lavers et al., 2014), so it could support extreme 

precipitation forecasts even at longer lead times and improve preparedness for precipitation and flood 

extremes.  

1.2 Aims of the study 

The general aim of this work was to study hydrometeorological extremes in complex from the 

consequences, i.e. floods, to meteorological causes including heavy precipitation and anomalies of 

meteorological variables related to them. The thesis thus mentally followed the work of J. Hladný, 

who emphasized the need to investigate the causal synoptic conditions in the atmosphere, the induced 

precipitation field and the runoff response together in the so-called hydro-synoptic continuum 

(Hladný, 2007). Traditionally, the works on this topic concerned a certain river basin in the Czech 

Republic (e.g. Čekal, 2005; Šmídová, 2009), although a flood event usually affected a larger area. In 

contrast, the presented work examined a study area of five main river basins in central Europe so that 

the entire event or its substantial part could be captured. The focus was on the large-scale flood and 

precipitation extremes that occurred in the second half of the 20th century and at the beginning of the 

21st century and that affected an area often crossing national borders in central Europe. The causal 



10 

 

synoptic conditions were studied in relation to extreme precipitation, which means that the synoptic 

causes were considered only for floods, where large-scale extreme precipitation was the main trigger. 

The other part of the work was more practically focused on the predictability of precipitation and 

flood extremes. It is necessary to realize that precipitation forecast is the main source of uncertainty 

in extreme precipitation and flood warnings. Therefore, the aim was also to use the acquired 

knowledge about circulation causes in forecasting extreme precipitation and floods and possibly 

improve preparedness for these events. 

Altogether, the thesis had several partial objectives: 

(i) Compilation of the list of extreme flood events in central Europe, objectively evaluated by 

an extremity index combining the discharge magnitudes with lengths of the affected rivers. 

Assessment of the effect of the index settings on the results. Determination of the spatial and 

temporal distribution of extreme flood events. 

(ii) Compilation of the list of extreme precipitation events in central Europe, objectively 

evaluated by an extremity index with respect to the areal precipitation extremity. Comparison 

of the lists of extreme floods and precipitation events. Evaluation of the precipitation events 

hierarchically, on different spatial levels, in order to cluster the events according to spatial 

patterns of precipitation. Assessment of whether the detected clusters differ significantly 

from each other also in terms of the seasonal occurrence of precipitation events. 

(iii) Explanation of the circulation causes of extreme precipitation events in central Europe by the 

combined evaluation of anomalies of the atmospheric moisture flux and the upward vertical 

velocity, which are both important ingredients required for the extreme precipitation 

occurrence. Comparison of the types of events obtained with regard to similar circulation 

anomalies with the event clusters generated according to spatial patterns of precipitation. 

(iv) Verification of the ability to use moisture flux anomalies as an additional forecasting tool, 

which could potentially help to predict the occurrence of extreme precipitation events in 

central Europe. 

1.2 Structure of the thesis 

The thesis is structured in the same way as the research went from consequences, i.e. floods, to the 

causes. It is presented as a collection of five research articles, one of which is part of the methodology 

section and the others form individual chapters according to the stated goals.  

The following Chapter 2 defines the study area of central Europe, describes the data used during 

the whole study and introduces the methodology for evaluating extreme floods, precipitation, 

circulation causes and assessing their predictability. Within Section 2.3.2, Paper I describes the 

evaluation method of the extremity of precipitation, based on event-adjusted weather extremity 
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index, which combines the information about the rarity of precipitation totals, the area affected by 

precipitation and the duration of the event. The paper also compares different methods for assessing 

the extremity of precipitation and floods: 

Paper I: Müller, M., Kašpar, M., Valeriánová, A., Crhová, L., Holtanová, E., Gvoždíková, B., 

2015. Novel indices for the comparison of precipitation extremes and floods: an example from 

the Czech territory. Hydrology and Earth System Sciences, 19, 4641–4652. 

https://doi.org/10.5194/hess-19-4641-2015. 

The following are three chapters, each addressing consecutively one of the objectives (i) to (iii) and 

therefore presenting a different phenomenon: floods, precipitation, and moisture fluxes. The chapters 

refer to individual Papers II to IV: 

Paper II: Gvoždíková, B., Müller, M., 2017. Evaluation of extensive floods in western/central 

Europe. Hydrology and Earth System Sciences, 21, 3715–3725. https://doi.org/10.5194/hess-

21-3715-2017. 

Paper III: Gvoždíková, B., Müller, M., Kašpar, M., 2019. Spatial patterns and time 

distribution of central European extreme precipitation events between 1961 and 2013. 

International Journal of Climatology, 39, 3282−3297. https://doi.org/10.1002/joc.6019. 

Paper IV: Gvoždíková, B., Müller, M., 2021. Moisture fluxes conducive to central European 

extreme precipitation events. Atmospheric Research, 248. 

https://doi.org/10.1016/j.atmosres.2020.105182. 

Chapter 6 then informs about the potential application of moisture flux anomalies in forecasting 

extreme precipitation and floods. It refers to Paper V and addresses objective (iv): 

Paper V: Gvoždíková, B., Müller, M. Predictability of moisture flux anomalies indicating 

central European extreme precipitation events. Submitted to Quarterly Journal of the Royal 

Meteorological Society.
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2 Study area, data and methods 

2.1 Study area 

Central Europe is quite a heterogeneous region in terms of extreme precipitation and floods. As 

mentioned above, this area is characterized by a noticeable shift in the seasonal distribution of flood 

and precipitation extremes in a west-to-east direction. It has natural boundaries: the Alps to the south, 

the Carpathian Mountains and Lesser Poland Upland to the east and the coasts of the North and Baltic 

seas to the northwest and the north, respectively. However, the area had to be adapted to certain 

hydrometric profiles to be able to assess the areal extremity of floods. Therefore, the study area of 

central Europe was rather defined by six main river basins: Rhine, Ems, Weser, Elbe, Oder, and 

Danube up to Bratislava. Hydrometric profiles enclosing our area of interest were selected as close 

as possible to the mouth of the rivers. The area then remained identically defined for the evaluation 

of extreme precipitation and circulation conditions. 

2.2 Data 

The data used in the thesis were of four types: hydrological and precipitation station data used for 

assessing the extremity of events, reanalysis and prognostic fields describing circulation conditions. 

Within this section, the data are described only briefly, for a more detailed description, see the data 

and methodology section of individual Chapters 3 to 6. 

For the evaluation of extensive floods, the time series of mean daily discharge values was used 

for selected stations between 1951 and 2013, when most measurements were available. The data 

were from seven countries: the Czech Republic, Slovakia, Poland, Austria, Switzerland, Germany 

and the Netherlands, but they were mostly obtained from the database of the Global Runoff Data 

Centre (GRDC, 2020), an international archive of monthly and daily discharges. The time series was 

incomplete in some cases, so additional data were collected from national hydrological yearbooks, 

the Czech Hydrometeorological Institute (CHMI), the Austrian server eHYD (2021) and the Polish 

Institute of Meteorology and Water Management – National Research Institute (IMGW-PIB, 2021). 
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Similarly, the daily precipitation totals at selected rain gauges were collected from national 

hydrometeorological institutes in the Czech Republic (CHMI), Poland (IMGV), Germany (DWD – 

Deutscher Wetterdienst), Austria (ZAMG – Zentralanstalt für Meteorologie und Geodynamik), 

France (Météo-France) and Switzerland (MeteoSwiss). A large part of the data was also obtained 

from the European Climate Assessment & Dataset project (ECA&D; Klein Tank et al., 2002). 

However, due to less data coverage in the period up to the end of 1960, the evaluation of large-scale 

extreme precipitation was carried out only from 1961. 

The period considered was further shortened during the evaluation of moisture flux anomalies, as 

the reanalysis data were available only from 1979. Reanalyses are gridded meteorological datasets, 

which provide a quite complete picture of the state of the atmosphere in the past. We can use it 

instead of observations, where the direct measurements are not possible. However, reanalyses are 

produced by a combination of observations with forecasting models (Parker, 2016). Our study 

employed new ERA5 reanalysis data (Copernicus Climate Change Service, 2017) from the European 

Centre for Medium-Range Weather Forecasts (ECMWF), which should be extended back to 1950 in 

the future. For the purposes of this work, reanalysis of the vertical velocity at the isobaric level of 

700 hPa and air temperature, specific humidity, the zonal and meridional components of wind at the 

850 hPa level were retrieved. The data from 850 hPa level were required for the calculation of the 

zonal and meridional moisture fluxes. The original 6-h-resolution data with a horizontal grid spacing 

of 0.25° was replaced by daily means from 06, 12, 18 UTC and 00 UTC of the following day to make 

it comparable with daily precipitation totals (from 06 to 06 UTC) used during the evaluation of 

extreme precipitation events. 

For assessing the predictability of moisture flux, the prognostic data were not available for ERA5, 

but the earlier ERA-Interim model (Dee et al., 2011) had to be used instead. The same variables as 

for ERA5, only with lower spatial and temporal resolution, were also retrieved for reanalysis and 

forecast of ERA-Interim. So that it was easier to compare the "observations" and forecasts of 

moisture flux anomalies, but also the results for two different reanalyses. Although the reanalysis 

and forecast data were obtained for the period 1979 to 2018, we again focused mainly on events up 

to 2013, as was previously limited by the selection of flood and precipitation extremes. 

2.3 Methods 

2.3.1 Evaluation of extensive floods 

The methodology for the identification of extreme large-scale floods was primarily based upon the 

approach of Uhlemann et al. (2010), when both the spatial extent of floods and the aspect of the 

discharge magnitudes were incorporated into an extremity index, which evaluated flood events. 

The whole process consisted of several steps, which are described in more detail within 

methodology section of Chapter 3. Here the steps are presented in a simplified way. (i) At first, flood 
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peak discharges exceeding some threshold had to be identified at individual stations. A two-year 

return period was determined as the basic threshold. (ii) As a flood event was defined as a group of 

time-related flood peaks, we needed to search for simultaneously occurring significant discharge 

peaks at individual gauge stations in time span of several days according to the overall extent of the 

study area. The duration of the event was defined by the temporal distance between the individual 

flood peaks. (iii) The normalized peak discharges of a single event were weighted by the length of 

the affected river segments upstream from the respective stations and the overall extremity index was 

derived from the cumulative weighted discharges.  

2.3.2 Evaluation of precipitation extremes 

Paper I: Müller, M., Kašpar, M., Valeriánová, A., Crhová, L., Holtanová, E., Gvoždíková, B., 

2015. Novel indices for the comparison of precipitation extremes and floods: an example from the 

Czech territory. Hydrology and Earth System Sciences, 19, 4641–4652. 

https://doi.org/10.5194/hess-19-4641-2015.
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2.3.3 Evaluation of moisture flux anomalies 

As heavy precipitation is mainly a result of ascending low-level moist air (Doswell et al., 1998), 

information about vertical velocity and zonal and meridional moisture fluxes was used together for 

the evaluation of circulation conditions during large-scale precipitation events. To each of the 

reference events, a variant of moisture flux conditions was assigned with regard to four directional 

sectors of moisture flux: west, east, south and north.  

The evaluation of moisture flux anomalies is described in detail in the data and methods section 

in Chapter 5. To summarize briefly, the process can be divided into several steps: (i) Transformation 

of the daily absolute values of zonal and meridional moisture fluxes into relative values with respect 

to their climatology; (ii) Finding grid points with extra high upward vertical velocity on each day of 

reference events; (iii) Calculation of a geometric mean of relative values of zonal and meridional 

moisture fluxes over all such grid points for each event; (iv) Assignment of the most significant 

anomaly of the moisture flux from a given direction to each event.  

2.3.4 Predictability assessment 

Although the geometric means calculated for the evaluation of moisture flux anomalies represented 

the rarity of moisture flux values, they did not reflect the real total amount of transported water 

vapour during the event over a certain area. Such a parameter was needed to compare precipitation 

and moisture flux extremes and in case of the reasonable connection between them, it was possible 

to use the parameter as support for predicting precipitation extremes. 

The accumulated ascending moisture flux, as referred in Chapter 6, reflected moisture flux 

accumulations over areas of extra high upward vertical velocity and was calculated by the vector 

sum of the accumulated zonal flux (the larger of the western and eastern fluxes) and the meridional 

flux (the larger of the southern and northern fluxes). It was calculated for both reanalysis and forecast 

when the results were compared day by day based on exceeding a certain threshold. The four possible 

combinations of forecasts (yes/no) and reanalysis (yes/no) then specified the elements of a 2×2 

contingency table (hits, false alarms, misses and correct negatives), which can be used to calculate a 

large variety of categorical statistics (Wilks, 2011). 

For the assessment of the predictability of vertical velocity and moisture fluxes separately, the 

Pearson correlation coefficient between the grid points of a single pair of reanalysis/forecast fields 

was computed. However, the method operates rather on anomalies of values, after which it is called 

anomaly correlation. Since it allows the predictability of different variables to be compared, the 

results for vertical velocity and moisture fluxes could also be compared with the predictability of 

precipitation. 
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3 Extensive floods 

Paper II: Gvoždíková, B., Müller, M., 2017. Evaluation of extensive floods in western/central 

Europe. Hydrology and Earth System Sciences, 21, 3715–3725. https://doi.org/10.5194/hess-21-

3715-2017. 
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4 Extreme precipitation events 

Paper III: Gvoždíková, B., Müller, M., Kašpar, M., 2019. Spatial patterns and time distribution of 

central European extreme precipitation events between 1961 and 2013. International Journal of 

Climatology, 39, 3282−3297. https://doi.org/10.1002/joc.6019. 
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5 Moisture flux anomalies  

Paper IV: Gvoždíková, B., Müller, M., 2021. Moisture fluxes conducive to central European 

extreme precipitation events. Atmospheric Research, 248. 

https://doi.org/10.1016/j.atmosres.2020.105182. 
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6 Application in forecasting 
Paper V: Gvoždíková, B., Müller, M. Predictability of moisture flux anomalies indicating central 
European extreme precipitation events. Submitted to Quarterly Journal of the Royal Meteorological 
Society. 
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Abstract 

Forecasting heavy precipitation has an important role in mitigating floods and associated hazards, 
but it remains one of the main challenges in operational meteorology. Our previous study confirmed 
the close connection between large-scale extreme precipitation events and anomalous moisture 
fluxes in central Europe. Therefore, we propose a variable that is referred to as accumulated 
ascending moisture flux, which could potentially support extreme precipitation event forecasts. The 
variable reflects the total amount of transported water vapour in combination with extra high upward 
vertical velocity, which are important factors required for extreme precipitation occurrence. The aim 
of this study was to determine the predictability of the variable and what affects its quality. While 
the predictability of moisture flux is satisfactory, generally less accurate forecasts of the vertical 
velocity negatively affect the predictability of accumulated ascending moisture flux, especially in 
the case of summer precipitation events with prevailing northern moisture flux. Nevertheless, the 
forecast of the variable was adequate and stable up to 6 days in advance in all cases of maximum 
events that produced major central European summer floods. There was no such continuity in high 
accumulated ascending moisture flux forecasts for less extreme or false-alarm precipitation events. 
Thus, we assume that the calculation of the accumulated ascending moisture flux from numerical 
weather prediction could be useful as a supporting tool in extreme precipitation warnings in central 
Europe. 

Keywords: moisture flux, extreme precipitation, predictability, central Europe, ERA-Interim 
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1 Introduction 

Numerical weather prediction (NWP) models exhibit insufficient forecast skill for extreme 
precipitation events (EPEs), particularly due to the high spatial and temporal variability of 
precipitation (Sukovich et al., 2014). However, accurate forecasts of precipitation, particularly 
extreme events, are essential for mitigating the impact of possible precipitation extremes as well as 
subsequent floods, which can cause serious damage to society and ecosystems. 

Our focus is large-scale extreme precipitation in central Europe, where events can be connected to 
synoptic-scale processes of moisture transport mainly from the Atlantic and the Mediterranean. The 
transport of moisture is often considered essential for the emergence of hydrometeorological 
extremes in this area. A close relationship between extreme floods and intense moisture transport has 
been demonstrated in the Alps by Froidevaux and Martius (2016), who examined the vertically 
integrated variable, and by Müller and Kašpar (2011), who focused on the moisture flux at single 
pressure levels. However, extreme precipitation requires moisture supply supported by a sustained 
lifting of air, which has been considered in our previous study (Gvoždíková, Müller, 2021), where 
we examined the moisture flux conditions in the area of extra high upward vertical velocity. Results 
showed that extreme moisture flux might be a suitable indicator of EPEs, especially events with 
dominating northern moisture flux (Nf). The EPEs that belong to the Nf type represented a large 
group of EPEs that affect the eastern parts of central Europe in the warm half-year and that cause 
severe floods in the Oder, Elbe and Danube basins (Gvoždíková, Müller, 2017). On the other hand, 
there were several EPEs with dominating western moisture flux (Wf), which occurred only from 
September to March (Gvoždíková, Müller, 2021) and mostly affected the western half of central 
Europe. However, the correspondence between extreme western moisture flux and Wf EPEs was not 
as strong due to cases when high values of moisture flux from the west occurred due to extra high 
wind velocities despite rather small amounts of air moisture. 

Given that the moisture flux is related to a larger-scale circulation, we can assume that its 
predictability will be better than in the case of precipitation, which is driven by more complex small-
scale atmospheric processes (Lavers et al., 2016). There is already evidence from previous studies 
that integrated vapour transport (IVT) is more predictable than precipitation (Lavers et al., 2014). 
The finding was based on the comparison of the degree of linear association between forecasted 
fields and observed fields measured by the Pearson correlation coefficient. Since the correlation 
coefficient is a dimensionless value, it may be useful for comparing the quality of forecasts for 
different atmospheric variables. 

There are a large number of verification methods that have been employed for precipitation or 
moisture fluxes (Wilks, 2011; Rossa et al., 2008). However, many of them do not allow a comparison 
of precipitation and moisture flux predictability. For the verification of spatial fields, which are 
typically produced by numerical NWP models, anomaly correlation is one of the most common 
traditional measures of forecast accuracy (Wilks, 2011). Anomaly correlation is utilized as one of 



75 
 

the main verification measures at European Centre for Medium-Range Weather Forecasts (ECMWF; 
Owens, Hewson, 2018), although it is not directly employed for precipitation. There may be a 
problem with forecasts that indicate smaller-scale precipitation patterns that are somewhat misplaced 
and are penalized twice for showing precipitation at the wrong location and not showing precipitation 
at the correct location (Ebert, 2008). Therefore, new verification methods that account for spatial 
translation and suppress the double penalty issue were developed (Gilleland et al., 2009). However, 
this issue is more problematic for high-resolution forecasts. 

For the purposes of this study, we decided to use the anomaly correlation coefficient to compare the 
predictability of precipitation, moisture flux and vertical velocity in central Europe. We focus on the 
predictability of selected EPEs and compare it with nonextreme precipitation days since 1979. 
Because some EPEs were directly linked to extremes in moisture flux accompanied by a high upward 
vertical velocity (Gvoždíková, Müller, 2021), we aim to assess the use of the combination of vertical 
velocity and moisture flux to predict extreme precipitation. We assume that the combined variable 
could support extreme precipitation warnings even at longer lead times and improve preparedness 
for these extremes. 

 

2 Data and methods 

2.1 Study area and reference precipitation events 

In central Europe, a moisture supply from both the Atlantic and the Mediterranean relates to the 
emergence of precipitation extremes (Sodemann and Zubler, 2010; Hofstätter et al., 2017). Based on 
our previous study (Gvoždíková, Müller, 2021), there were three essential types of events of different 
origins that affect the area of five main river basins (Rhine, Weser/Ems, Elbe, Danube, and Oder), 
which define our area of interest (Figure 1). 

The examined extreme precipitation events (Table 1) were always large-scale extremes that were 
selected by the value of the weather extremity index (WEI; Müller et al., 2015) combining the 
information about precipitation intensity, the area affected by precipitation and the duration of the 
event. The WEI is equal to the maximum value of the variable Eta (Müller and Kašpar, 2014), which 
is calculated for the day-by-day expanding time window (from 1 day to 10 days) as the product of 
the radius of a circle (equivalent to the enlarging area) and the mean common logarithm of the return 
periods of precipitation totals within the considered area. Although the identified EPEs had a variable 
length, mostly up to five days, the course of multiday events can always be analysed by the one-day 
Eta. 

The final list of central European EPEs published by Gvoždíková et al. (2019) consisted of three 
types of events of different moisture flux conditions that prevail during their lifetimes. A geometric 
mean of relative moisture flux values (separately from each of the four cardinal directions) specified 
the following division: (i) events with dominating moisture flux from the northern sector (Nf), 
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(ii) events with dominating moisture flux from the western sector (Wf), and (iii) low flux events (Ot) 
(Gvoždíková, Müller, 2021). Considering that the geometric mean was taken only over grid points 
of extra high upward vertical velocity, no Sf events or Ef events were detected (i.e., events with 
dominating southern moisture fluxes or eastern moisture fluxes, respectively). As a result, we 
identified 22 Nf events, 10 Wf events, and 11 Ot events between 1979 and 2013. In this study, we 
focused on two of these three type: EPEs of Nf and Wf moisture flux variants, which completely 
differ in their origin. 

2.2 ERA-Interim reanalysis and forecasts 

Data from the ERA-Interim reanalysis based on the ECMWF Integrated Forecast System (IFS) were 
retrieved from January 1979 to December 2018 over the area 0°−24°E, 42°−57°N with a horizontal 
grid spacing of 0.75° on a regular latitude/longitude grid (Figure 1). Reanalysis of the vertical 
velocity w (Pa s-1) at a pressure level of 700 hPa (with negative values indicating ascending motion) 
and air temperature T (K), specific humidity q (kg kg-1), zonal component of wind u (m s-1), and 
meridional component of wind v (m s-1) at the 850 hPa level were retrieved at 0000 and 1200 UTC. 
The same variables were retrieved from ERA-Interim forecasts for a maximum period of 10 days, 

Figure 1: Elevation and ERA-Interim grid points in the study area 
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when the forecasts were initiated at 0000 UTC and thus the forecast lead times ranged from 24 to 
240 hours. Zonal and meridional moisture fluxes (kg m-2 s-1) were obtained from the retrieved data 
as Fqu = ρqu and Fqv = ρqv, respectively. Fluxes from the west and south are positive, while the 
negative values refer to eastern and northern fluxes. Daily means of the reanalysis and forecasts of 
the vertical velocity and the components of moisture fluxes were calculated using 0000, 1200 UTC 
and 0000 UTC of the following day. In addition to these fields on pressure levels, total surface 
precipitation forecasts were obtained in 24-hour steps, with daily values accumulated to 0000 UTC. 
In this case, the 24-hour forecast represented the observation. 

The advantage of comparing ERA-Interim forecasts with its reanalysis is that the same physics can 
be employed for both, which is guaranteed by a fixed IFS cycle (Cy31r2), on which the ERA-Interim 
is based (Dee et al., 2011). The approach allows us to determine the capability of the model for 
prediction, and thus, presents the upper limit of the predictive skill—rather idealized predictability—
which could be achieved if the model had the same physics as the real world (Luo and Wood, 2006). 
However, real physical processes are much more complex, which implies that the actual predictive 
skill will be less than the idealized predictability. 

2.3 Idealized predictability calculation 

For the set of EPEs as well as the whole study period, we aimed to compare the predictability of the 
daily values of the vertical velocity at the 700 hPa pressure level, the zonal and meridional moisture 
flux at the 850 hPa level, and the total surface precipitation. Computing the Pearson correlation 
coefficient between the grid points of a single pair of reanalysis/forecast fields allows such a 
comparison. However, the commonly employed measure operates more often on anomalies of 
values, when the climatological mean value ci of each of I grid points is subtracted from both 
reanalysis ri and forecasts fi of different lead times: rʹi = ri – ci, and f ʹi = fi – ci, respectively. The 
centred anomaly correlation AC is then calculated according to Wilks (2011) as the usual Pearson 
correlation: 

1 17 Jul 1981 4 Nf 13 6 Aug 2002 2 Nf 10 20 Oct 1986 3 Wf
2 4 Jul 1997 5 Nf 14 16 Jul 2002 2 Nf 16 19 Dec 1993 2 Wf
3 30 May 2013 4 Nf 15 8 Jul 1996 1 Nf 17 19 Mar 2002 4 Wf
4 11 Aug 2002 2 Nf 18 31 Jul 1991 3 Nf 21 27 Oct 1998 2 Wf
5 6 Aug 1985 4 Nf 20 17 Jun 1979 1 Nf 29 13 Feb 1990 3 Wf
6 1 Aug 1983 5 Nf 23 22 Jul 2010 3 Nf 30 6 Oct 1982 2 Wf
7 3 Aug 2006 6 Nf 28 24 Jun 2013 2 Nf 32 21 Dec 1991 2 Wf
8 5 Sep 2007 2 Nf 31 12 Apr 1994 2 Nf 35 12 Sep 1998 4 Wf
9 25 Sep 2010 3 Nf 34 27 May 2007 3 Nf 38 28 Dec 1986 3 Wf
11 20 Jul 2011 3 Nf 41 16 May 2010 3 Nf 43 25 Feb 1997 1 Wf
12 15 Jul 1997 7 Nf 42 8 Jun 1990 3 Nf

Moisture 
f lux variant

EPEs 
Ranking

Precipitation 
event

Duration 
(days)

Moisture 
f lux variant

EPEs 
Ranking

Precipitation 
event

Duration 
(days)

Moisture 
f lux variant

EPEs 
Ranking

Precipitation 
event

Duration 
(days)

Table 1: Extreme precipitation events of Nf (left and central panel) and Wf (right panel) moisture flux variants 
in central Europe from 1979 to 2013 ranked by precipitation extremeness (WEI). 
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       (1). 

As a result, AC measures the similarities in anomaly patterns, but it is not sensitive to absolute or 
conditional biases, and thus, reflects potential predictive skill. 

2.4 Accumulated ascending moisture flux 

As shown in our previous study (Gvoždíková, Müller, 2021), the combination of the vertical velocity 
and moisture flux worked better than the moisture flux as a potential predictor of extreme 
precipitation in central Europe. We introduced a variable, which is here referred to as the 
accumulated ascending moisture flux T*

d (kg s-1) and reflects the total amount of transported water 
vapour during day d over grid points with extra high upward vertical velocity. The size of T*

d is 
calculated by the vector sum of the accumulated zonal flux (the larger of the western and eastern 
fluxes, FW/E) and the meridional flux (the larger of the southern and northern fluxes, FS/N): 

𝑇𝑇∗𝑑𝑑 = ��𝑎𝑎 ∑ �𝐹𝐹𝑊𝑊/𝐸𝐸�𝑛𝑛
1 �2 + �𝑎𝑎 ∑ �𝐹𝐹𝑆𝑆/𝑁𝑁�𝑛𝑛

1 �2     (2). 

In Equation 2, a refers to the average pixel size within the study area (a ≈ 4.5×109 m2), and n is the 
variable number of grid points with extra high upward vertical velocity, which represents the vertical 
velocity within 0.5% of the lowest reanalysis values for a particular grid point from 1979 to 2018. 

When the accumulated ascending moisture flux derived from the reanalysis has previously confirmed 
a correspondence to extreme precipitation (especially Nf events), we want to determine whether the 
calculation of T*

d is reliable even in the case of forecasts with different lead times. Knowing the 
smallest maximum T*

d for the set of EPEs, we can consider that the daily forecast is dichotomous 
(yes/no forecast)—indicates if an event will or will not happen according to exceedance of the T*

d 
threshold. The four possible combinations of forecasts (yes/no) and reanalysis (yes/no) are specified 
in elements of a 2×2 contingency table: hits, false alarms, misses and correct negatives (Wilks, 2011), 
which can be used to calculate a large variety of categorical statistics. As an example, we present the 
hit rate and false-alarm ratio, which we apply later in this study. The hit rate is a rather positively 
oriented score that indicates the proportion of yes events that was actually forecasted: ℎ𝑖𝑖𝑖𝑖 𝑟𝑟𝑎𝑎𝑖𝑖𝑟𝑟 =

 ℎ𝑖𝑖𝑖𝑖𝑖𝑖
ℎ𝑖𝑖𝑖𝑖𝑖𝑖+𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑚𝑚𝑖𝑖

. As it disregards false alarms, it is often combined with the false-alarm ratio, which 

measures the proportion of yes forecasts that did not occur: 𝑓𝑓𝑎𝑎𝑓𝑓𝑓𝑓𝑟𝑟 𝑎𝑎𝑓𝑓𝑎𝑎𝑟𝑟𝑎𝑎 𝑟𝑟𝑎𝑎𝑖𝑖𝑖𝑖𝑟𝑟 =  𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟𝑚𝑚𝑖𝑖
ℎ𝑖𝑖𝑖𝑖𝑖𝑖+𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟𝑚𝑚𝑖𝑖

 

(Rossa et al., 2008). 

To analyse the advantages and limitations of T*
d forecasts, we also introduce the accumulated 

moisture flux, which is referred to as Td and is accumulated over all grid points in the study area, and 
therefore, is not conditioned by the extra high value of the upward vertical velocity. 
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3 Relation of accumulated ascending moisture flux to precipitation 

3.1 Relation to extreme precipitation events 

Due to the position in mid-latitudes, western directions of moisture flux prevail in the study area, 
which also applies to the highest values of T*

d in general and to maximum T*
d values during Wf EPEs 

(upper left diagram in Figure 2). To evaluate the representation of EPEs among high T*
d values, we 

separately defined sectors within the diagram for Nf and Wf events so that N1 and W1 sectors 
comprise maximum T*

d values during all EPEs of the respective type. The more limited sectors N2 
and W2 comprise only a part of them (for more details, refer to Table 2). The agreement between 
high T*

d values and EPEs of the given type was tested for the reanalysis and forecasts within the 
sectors in two ways: (i) percentage of the T*

d values due to the EPEs in the total number of T*
d values; 

(ii) percentage of the EPEs with T*
d values within the sector in the total number of EPEs of the 

respective type. 

The results for the reanalysis are depicted by the signs on the far left in Figure 3a. Almost half of the 
T*

d values in sector N1 and all of the T*
d values in N2 are due to Nf EPEs. Although only 40% of Nf 

EPEs reached the more limited sector, they included the 5 largest precipitation events (Table 1), 
which led to significant floods in central Europe during warmer half-years (Gvoždíková, Müller, 
2017). Regarding the Wf precipitation events, only a minority (15%) of the values in the larger W1 

Figure 2: Reanalysis and forecasts of accumulated ascending moisture flux (T*
d) during EPEs in comparison 

with the frequency of T*
d values on all days between 1979 and 2018, when the criterion of extra high upward 

vertical velocity was fulfilled at least in one grid point. Values reached during EPEs are marked with symbols 
different for the variants Nf and Wf; magnitude and mean direction of the moisture flux are expressed by the 
distance and position to the centre of the diagram. Shading depicts the frequency of T*

d values on all days 
within the given intervals and directional sectors. 
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sector were due to EPEs. If we consider the more limited sector W2 with only 40% of the Wf EPEs, 
their percentage in the total number of such high T*

d values increases to 50%. Note that these events 
were the largest Wf precipitation events since 1979. A substantial portion of T*

d values in sectors W1 
and W2, which were not accompanied by EPEs, was recorded on days when strong moisture fluxes 
were generated by extra high wind velocity combined with rather low values of air humidity. 

In general, high T*
d values became more frequent when computed from the forecast outputs (Figure 

2). As a result, the proportion of EPEs in high T*
d forecasts decreased already for 1-day and 2-day 

forecasts (Figure 3a) compared to the reanalysis. The decrease was more pronounced for the northern 
moisture fluxes, in which the proportion of values related to Nf EPEs decreased to 26% and 69% in 
the N1 sector and N2 sector, respectively. Nevertheless, the forecasts of T*

d associated with Nf events 
remained quite satisfactory for 1- to 3-day forecasts and even longer in the case of the 5 largest 
events, although their T*

d values slightly decreased (Figure 2). 

The situation was rather different for the forecasts of moisture fluxes from the western direction. The 
proportion of T*

d values associated with Wf EPEs to the total number of measurements even increased 
slightly within the first two days of the forecast and approached the values in the northern sectors 
(Figure 3a). However, the number of included events in the defined sectors generally decreased faster 
with longer forecast lead times. 

An interesting comparison is offered by Figure 3b, which displays the moisture flux (Td) accumulated 
over all grid points and not only over points with extra high upward vertical velocity. There was no 
significant decline with longer forecast lead times, which could indicate the problem that forecasted 
vertical velocity values affect the size of accumulated ascending moisture flux (T*

d) shown in Figure 
3a. However, despite the better correspondence of reanalysis and forecasts in Figure 3b, extra high 
accumulated moisture flux (Td) is less related to the EPEs than T*

d, as the percentage of the Td values 
due to EPEs was very low in all sectors. 

3.2 Relation to one-day precipitation extremity 

The analysis of T*
d values in Figure 2 shows that all significant precipitation events had an extra high 

value of accumulated ascending moisture flux at least on one day. However, the direct connection 
between the T*

d variable and the daily precipitation extremity (given by real one-day Eta; Gvoždíková 
et al. 2019) is less significant. Even during the selected precipitation events, the peak of the daily Eta 
values often did not coincide in time with the peak of T*

d but was shifted mostly one day forward or 

Table 2: Directional sectors considered for the reanalysis and forecasts of accumulated ascending moisture 
flux (T*

d) and accumulated moisture flux (Td). 

Sectors N1 N2 W1 W2
Range of angles 300° - 70° 325° - 20° 235° - 295° 250° - 280°
Threshold of T* d (kg s-1) 2∙109 9∙109 7∙109 2∙1010

Threshold of T d (kg s-1) 2∙1010 3∙1010 4∙1010 7∙1010
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one day backward. Therefore, we also analyse the relation between T*
d values and Eta values on 

individual days. 

The number of cases when extra high accumulated ascending moisture fluxes were related to extreme 
precipitation at the daily resolution from 1979 to 2013 is indicated in Figure 4. In its left upper part 
(Figure 4a), we considered only days with reanalysed T*

d values of the northern moisture flux (range 
of angles is the same for sector N1). The total number of these days was divided into 5% intervals 
with respect to T*

d and Eta distributions. Figure 4b represents the same result but for the western 
moisture flux directions (W1). We focused on days when T*

d and Eta values exceeded their medians 
(Figure 4a, and similarly, 4b). The relation between high T*

d values and high Eta values is obvious. 
In the case of northern moisture fluxes (Figure 4a), as many as 60% of days with T*

d above the 80th 
percentile were accompanied by Eta values above the 80th percentile, and vice versa. The 
corresponding percentage was lower for western moisture fluxes (43%, Figure 4b). A similar 
agreement exists on the opposite side of both tables between small T*

d and Eta; for values below the 
65th percentile, 80% of the days matched in Figure 4a and 74% of the days matched in Figure 4b. 

Figure 3: (a) Reanalysis and forecasts of the proportion of Nf and Wf event points to the total number of 
accumulated ascending moisture flux values (T*

d) in sectors N1, N2, W1, and W2 (refer to Table 2). The 
percentage of events in the sector is depicted by the dashed line. (b) The same as (a) but for accumulated 
moisture flux (Td) without the condition of extra high vertical velocity. 
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(a) (b)

95 90 85 80 75 70 65 60 55 50 <50% Sum 95 90 85 80 75 70 65 60 55 50 <50% Sum
95 7 4 3 2 2 1 1 2 1 23 95 10 5 3 4 2 2 1 3 6 36
90 2 4 2 4 3 2 1 1 1 3 23 90 4 5 2 2 3 1 1 3 16 37
85 5 5 3 3 1 2 2 3 24 85 4 4 5 3 1 2 1 3 14 37
80 3 2 5 2 1 2 2 6 23 80 3 3 2 4 3 1 4 2 3 1 11 37
75 2 1 2 2 1 3 2 4 2 4 23 75 3 3 3 2 3 4 1 18 37
70 1 2 1 1 1 3 3 1 11 24 70 4 2 4 2 2 3 1 18 36
65 1 3 1 3 1 2 1 1 10 23 65 1 4 2 2 5 2 1 3 1 2 14 37
60 4 1 1 2 1 2 1 11 23 <65% 7 11 16 18 23 27 21 29 29 27 270 478
55 1 2 1 1 2 3 1 1 2 10 24 Sum 36 37 37 37 37 36 37 37 37 37 367 735
50 1 1 4 4 1 1 11 23

<50% 1 1 4 4 5 8 10 10 12 15 163 233
Sum 23 23 24 23 23 24 23 23 24 23 233 466

(c) (d)

9 2 5 2 1 2 1 2 24 10 4 6 1 1 4 1 1 4 2 34
6 2 4 3 1 1 1 1 5 24 5 2 2 1 3 1 2 1 7 17 41
9 4 1 1 1 1 3 5 25 2 4 1 1 1 3 2 1 2 24 41
4 2 5 1 1 2 1 2 5 23 2 3 4 2 4 5 2 1 17 40
3 5 6 2 3 1 2 2 11 35 4 2 1 2 5 2 2 3 24 45
3 2 2 2 1 2 1 2 4 2 11 32 3 5 2 4 1 2 3 24 44
1 4 4 4 2 2 1 5 1 4 28 2 4 2 1 5 1 1 2 4 4 15 41
2 5 2 5 1 3 3 1 16 38 4 11 12 17 18 27 28 28 21 31 297 494
1 2 2 5 2 2 1 6 2 7 30 28 37 29 26 36 41 38 39 35 51 420 780
2 1 4 4 1 3 1 2 2 3 8 31
1 9 18 25 25 13 24 23 31 31 207 407

41 31 47 59 38 29 37 34 54 46 281 697

5 5 2 2 1 2 1 4 22 8 3 2 4 2 2 4 1 2 11 39
2 4 3 2 3 2 2 18 3 2 4 2 1 4 2 1 16 35
6 5 5 1 2 2 1 2 5 29 2 1 1 2 3 3 2 3 15 32
5 1 4 5 1 1 1 7 25 4 3 2 2 2 3 2 1 9 28
4 2 4 2 1 3 2 3 1 16 38 6 2 3 3 1 5 1 2 2 22 47
1 1 3 6 4 1 3 9 28 3 2 2 1 5 2 1 1 2 25 44
2 2 2 4 3 1 3 2 3 14 36 3 3 1 1 2 1 2 2 2 15 32
2 1 3 5 6 1 2 3 3 2 18 46 10 12 15 15 25 25 25 20 19 37 291 494
1 1 2 2 1 2 1 3 3 1 9 26 29 33 26 32 37 39 43 29 29 50 404 751
2 2 2 1 2 2 3 2 9 25
6 16 28 31 21 16 23 27 26 29 200 423

36 38 58 62 42 29 35 41 41 41 293 716

5 3 2 2 1 1 1 1 16 6 3 1 3 3 4 1 3 4 4 32
1 2 2 2 1 2 2 12 3 1 3 1 1 2 2 2 1 19 35
6 5 3 1 1 2 2 6 26 2 1 1 1 4 2 1 1 2 17 32
3 2 3 2 2 2 2 16 2 4 2 2 1 4 2 6 15 38

6 2 3 3 2 1 4 8 29 2 1 2 2 3 2 2 2 3 17 36
2 3 1 1 4 2 2 4 1 10 30 5 1 2 4 5 1 4 1 2 22 47
1 4 1 3 2 1 3 2 4 2 10 33 2 5 2 3 3 3 2 1 4 2 14 41
1 4 4 2 2 1 3 16 33 7 17 18 17 12 22 39 28 16 31 303 510
1 3 1 1 4 3 2 2 6 23 29 29 30 29 26 43 51 41 31 51 411 771

1 1 5 1 1 1 1 1 1 8 21
11 16 10 29 18 24 18 26 33 32 261 478
31 43 31 53 30 34 33 36 55 41 330 717

7 1 1 1 1 1 4 16 1 1 1 7 3 5 1 1 3 2 8 33
1 1 2 3 2 1 1 1 12 3 1 2 3 1 4 1 4 12 31
5 2 1 2 1 2 1 2 3 19 1 1 1 4 4 1 1 2 17 32
4 2 1 1 1 3 1 4 17 2 2 2 3 1 2 2 1 2 15 32
5 3 1 1 1 1 1 2 12 27 2 2 2 1 2 2 1 3 1 1 7 24

1 1 3 2 2 2 1 2 9 23 4 3 1 3 3 4 1 2 3 6 17 47
1 7 4 1 2 1 2 1 3 9 31 3 1 2 3 2 5 1 2 14 33
2 1 3 5 5 2 1 7 2 1 11 40 11 13 22 22 21 18 34 31 30 41 314 557
1 1 4 3 3 1 2 1 8 24 27 23 33 36 34 39 49 43 41 60 404 789
1 1 2 3 1 2 1 2 2 13 28

11 17 30 36 26 24 27 22 24 38 210 465
38 35 44 58 44 41 37 36 36 49 284 702

3 2 4 1 2 1 4 17 1 1 3 1 3 1 2 1 11 24
1 2 1 1 3 1 2 4 15 2 2 1 2 1 3 3 3 11 28
3 3 3 1 1 3 14 1 2 2 5 3 2 2 1 9 27
1 2 1 2 1 1 1 1 5 15 1 6 2 1 2 2 15 29
1 4 4 1 1 1 1 5 2 6 26 1 2 3 2 2 4 3 1 9 27

1 3 2 3 1 1 1 16 28 3 2 1 3 1 3 2 5 1 2 21 44
3 5 1 3 1 2 2 4 2 10 33 2 2 4 2 1 3 11 25
2 4 1 3 1 1 1 4 2 17 36 11 16 22 28 25 29 39 37 35 44 344 630
1 3 1 2 1 3 1 6 18 21 29 30 41 33 44 50 54 45 56 431 834
1 2 4 2 2 1 1 11 24

15 19 18 35 16 20 21 31 35 35 223 468
31 42 28 57 29 33 30 40 52 47 305 694
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Figure 4: Relationship between one-day precipitation extremity, which is expressed by Eta, and accumulated 
ascending moisture flux (T*

d) of a given range of angles as for sectors (a), (c) N1 and (b), (d) W1 (refer to 
Table 2). T*

d values are derived either from (a), (b) reanalysis or (c), (d) forecasts. The sorted data are divided 
into equal parts, which represent 5% of the total number of values. 
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The results for the forecasting data are shown in Figure 4c and 4d, where the values of both variables 
used for division into intervals remained the same as shown in Figures 4a and 4b, respectively. Thus, 
the measured precipitation expressed by one-day Eta and the forecasted values of T*

d are compared. 
However, the number of days considered in Figure 4c (N1 angles) was much greater than that in the 
case of reanalysis, which was due to a larger number of days with forecasted extra high upward 
vertical velocity. Even on the first forecast day, the number of days in individual intervals of T*

d 
sometimes doubled, but most of the false-alarm T*

d values were below the 50th percentile of Eta. Due 
to this increase in the number of days considered in Figure 4c, only 33% of days on the first forecast 
day had T*

d and Eta values above the 80th percentile simultaneously. Compared to the reanalysis, a 
decrease of nearly half was obtained. In the case of western moisture fluxes (Figure 4d), the 
corresponding percentage remained approximately the same size on the first forecast day as that in 
the reanalysis. 

Although the maxima of T*
d did not correspond exactly to the precipitation maxima, the agreement 

between high T*
d and Eta in a daily step was satisfactory in the reanalysis and mainly for northern 

moisture fluxes. Based on the forecasts, the close connection quickly disappeared. This finding was 
related to a large increase in the number of days with forecasted extra high upward vertical velocity, 
which was typical only for the northern moisture flux directions. This result indicates that forecasts 
may overestimate vertical velocity values mostly on days with a predominant northern moisture flux. 

 

4 Predictability of considered variables 

4.1 Influence of vertical velocity on accumulated ascending moisture flux predictability 

The previous section indicated that the vertical velocity may reduce the quality of the accumulated 
ascending moisture flux forecast. To confirm the presumption, we decided to compare the accuracy 
of the T*

d and Td forecasts (Figure 5) using two selected scores: hit rate and false-alarm ratio (refer 
to Section 2.4). The thresholds for the YES events correspond to T*

d and Td values that reached the 
N1/W1 sector thresholds in Table 2. 

The poor forecast of T*
d in sector N1 was caused by a large number of false alarms, which is 

demonstrated by a high false-alarm ratio (Figure 5b). Even on the first forecast day, false alarms 
almost doubled the number of hits (Table 3). This finding corresponds to the increase in the number 
of days considered in Figure 4c. For sector W1, the forecast was better according to a lower false-
alarm ratio, but a slightly higher number of missed events (and lower hit rate) had the opposite effect 
and worsened T*

d forecasts. 

In contrast, the daily forecast of Td seems to be quite accurate. Both the hit rate and the false-alarm 
ratio showed much better results than when we considered the condition of extra high upward vertical 
velocity (Figure 5). However, as Figure 3b shows, only a small part of the high Td values in the 
defined sectors were associated with EPEs. Therefore, it is not possible to use it as a supporting 
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forecasting tool for extreme precipitation warnings. Simultaneously, working with T*
d is also 

problematic due to the lower forecast accuracy. 

Nevertheless, the forecasts of T*
d during the 5 largest EPEs seem quite stable even if vertical velocity 

is included (Figure 2). There was consistency in forecasting high values of T*
d, especially in the case 

of Nf extreme precipitation events. For the 5 largest EPEs, the model began to forecast high T*
d 6 

days in advance (we take into account the forecast for the same day with a possible one-day shift; 
Figure 6). Except for EPEs, there were only few cases when forecasts continuously indicated high 
T*

d for at least 6 consecutive days. Apart from the largest Nf events, these cases included the 4th 
largest Wf event (Table 1), several less extreme spring events and two February precipitation events 
(some of them outside the largest EPEs in Table 1). Only one case in April remained without a 
precipitation response. 

 

(a) N1 (b) N1 (c) W1 (d) W1

yes no yes no yes no yes no
yes 74 121 yes 1077 219 yes 36 24 yes 1445 235
no 27 14379 no 147 13156 no 36 14505 no 155 12764

Reanalysis Reanalysis Reanalysis Reanalysis

1-day 
forecast

1-day 
forecast

1-day 
forecast

1-day 
forecast

Table 3: Contingency tables for verification of 1-day forecasts of (a), (c) accumulated ascending moisture 
flux (T*

d) and (b), (d) accumulated moisture flux (Td) from 1979 to 2018. Tables are divided according to the 
sector in which we evaluate the occurrence of daily events: (a), (b) N1 sector and (c), (d) W1 sector. For sector 
thresholds, refer to Table 2. 

Figure 5: (a) Hit rate and (b) False-alarm ratio calculated for pairs of reanalysis/forecast of accumulated 
ascending moisture flux (T*

d). YES events are set to the occurrence in sectors N1 and W1 (refer to Table 2). 
Dashed lines depict the same measures for the accumulated moisture flux (Td) without the condition of extra 
high vertical velocity. 
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4.2 Comparison of predictability of precipitation, vertical velocity and moisture fluxes 

Considering the previous findings of this study, it can be assumed that the vertical velocities 
significantly affect the quality of the T*

d forecast. Therefore, we examined individual variables and 
assessed their predictability by calculating anomaly correlations (refer to Section 2.3) between the 
grid points of the daily pairs of reanalysis/forecast fields. On average, the vertical velocity field 
predictability appears to be similar to that of precipitation, but both are much worse than the 
predictability of moisture flux (Figure 7a). Both zonal moisture flux and meridional moisture flux 
showed very similar results with anomaly correlations that were much higher than those for 
precipitation or vertical velocity. Even in the 5-day forecast, the AC values were approximately 0.6 
compared to 0.4 for precipitation and vertical velocity. 

In the case of the selected Nf and Wf events, the predictability of vertical velocity was only slightly 
better than that of precipitation (except for the 1-day forecast, compare Figure 7b and 7c). However, 
a significant difference occurred between the anomaly correlations for the Nf events and those for 
the Wf events, with much better results for the western moisture flux situations. The differences 
between the Nf events and Wf events were not apparent only in the case of the anomaly correlations 
for zonal moisture fluxes and meridional moisture fluxes, fqu (Figure 7d) and fqv (Figure 7e), 
respectively. 

Excellent predictability of moisture fluxes and less accurate results for the vertical velocity suggest 
an explanation for a much worse agreement between EPEs and forecasted T*

d than in the reanalysis 
(Figure 3a). Simultaneously, this finding agrees with the greater accuracy of the forecasts of Td (Table 
3, Figure 5), which are independent of the condition of extra high upward vertical velocity. 

Figure 6: Quality of accumulated ascending moisture flux (T*
d) forecasts for days when values reached sectors 

N1/W1 (refer to Table 2) on at least the first forecast day. The distance to the centre of the diagram expresses 
the number of days of consecutive forecasts of T*

d within sectors. The directional angle represents the seasonal 
distribution of events. EPEs are highlighted in colour compared to cases that did not belong to EPEs. Selected 
EPEs are marked with a number that corresponds to the ranking in Table 1. 
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5 Discussion 

Moisture flux forecasting can support the prediction of precipitation extremes, but first, it needs to 
be reasonably connected to these extremes, and second, the quality of its predictability must be 
sufficient (Froidevaux and Martius, 2016). 

The close relationship between accumulated ascending moisture flux T*
d and especially large EPEs 

of the northern moisture flux variant (Nf) was confirmed in this study. This result agrees with 
previous findings by Gvoždíková and Müller (2021), which were based on data from the recent 
ERA5 reanalysis. The agreement was even better using ERA5 data when expressed as the percentage 
of Nf event points to the total number of T*

d values, which accounted for 68% in the sector that 
corresponds to N1 (Table 2) compared to 47% using ERA-Interim. Moreover, it seems that the 
relationship between T*

d and the one-day Eta was also stronger for the ERA5 reanalysis (not shown). 
Higher data resolution (0.25° spatial grid) may explain this stronger relationship, as it captures local 
extremes of accumulated ascending moisture flux, or the stronger relationship may be related to the 
selected vertical velocity threshold. In our previous study (Gvoždíková, Müller, 2021), extra high 
upward vertical velocity corresponded to only 0.1% of the lowest reanalysis values, which was not 
possible in the case of ERA-Interim data, where some EPEs would not be recorded. 

Figure 7: (a) Median values and (b), (c), (d), and (e) boxplots of anomaly correlations for (b) precipitation 
forecast, (c) vertical velocity (w) forecast at the 700 hPa level, (d) zonal (fqu) and (e) meridional moisture flux 
(fqv) forecast at the 850 hPa level. The whiskers go from each quartile to the 1st and 99th percentile values. 
The symbols represent the mean anomaly correlations for days during Nf or Wf events. 
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In addition to the existing relation between extreme precipitation and T*
d at lower tropospheric 

isobaric levels, research by other authors often links extreme precipitation and floods to intense IVT, 
which usually occurs in atmospheric river regions. Thus, IVT had a significant effect on extreme 
events in the western United States (Konrad, Dettinger, 2017) or western Europe (Lavers, Villarini, 
2013). According to Froidevaux and Martius (2016), IVT perpendicular to orography also caused 
major floods in the Swiss Alps, although it was not always associated with atmospheric rivers. 
Simultaneously, the authors were aware of the strong vertical wind shear situations, which can affect 
the IVT direction and reduce its magnitude. A significant change in the wind direction with altitude 
is often related to EPEs in the eastern part of central Europe (Bližňák et al., 2019), where precipitation 
extremes are triggered by Vb cyclones that originate in the Mediterranean region (Messmer et al., 
2015). 

Despite the obvious connection between extreme moisture flux and precipitation, few studies have 
compared their predictability. Lavers et al. (2014, 2016) focused on IVT and confirmed the higher 
predictability of moisture flux compared to precipitation. They explained this finding by a connection 
of moisture flux to synoptic-scale circulation, which is more predictable than microphysical 
phenomena, such as precipitation. Our study demonstrates excellent predictability for zonal and 
meridional moisture fluxes at the 850 hPa level. However, combined with vertical velocity, the 
accumulated ascending moisture flux is not an appropriate forecasting tool due to the worse 
predictability of vertical velocity (Figure 7). 

 

6 Concluding remarks 

- The connection between extra high accumulated ascending moisture flux and EPEs exists mainly 
in the case of precipitation extremes with predominant northern moisture flux (Nf events), when a 
closer relationship occurred during larger precipitation extremes. In the case of high T*

d in the 
western moisture flux directions, the correspondence to Wf EPEs was less significant due to the larger 
proportion of nonprecipitation events among these values caused by the high wind velocities with 
rather small air moisture. 

- Due to the higher spatial resolution, ERA5 outperforms the ERA-Interim reanalysis and exhibits a 
closer connection between precipitation extremes and extra high T*

d values. 

- Forecasts of moisture fluxes are more reliable than those of precipitation, but this reliability does 
not apply to accumulated ascending moisture flux calculated in the area of extra high upward vertical 
velocity, which produces a large number of false-alarm situations with northern moisture flux. This 
finding was connected to a poorer vertical velocity forecast during these situations. Despite the worse 
predictability of T*

d, there was continuity in forecasting extra high T*
d values in the case of large Nf 

EPEs. For the 5 largest Nf events, high T*
d values were forecasted at least 6 days in advance, when 

there was no such continuity for smaller or false-alarm events. 
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- We could use the continuity of high T*
d forecasts as support for predicting large EPEs of the Nf 

type, such as in July 1981 and 1997, August 2002 or May/June 2013, which led to disastrous floods 
in central Europe. For less-extreme events, forecasts of accumulated ascending moisture flux are not 
reliable enough, and a forecasting tool that is based only on the moisture fluxes would be better. 
However, it seems that T*

d accumulated in the area of extra high upward vertical velocity shows a 
better direct relationship to precipitation extremes than Td independent of this condition.  

Acknowledgements 

We would like to thank Stephan Pfahl for his helpful insights and discussions on the topic. The ERA-
Interim reanalysis and forecast data were retrieved from the ECMWF data server. This work was 
supported by The Ministry of Education, Youth and Sports grant LTC19043.  

 

 

References 
Bližňák, V., Kašpar, M., Müller, M., Zacharov, P. (2019) Sub-daily temporal reconstruction of extreme 

precipitation events using NWP model simulations. Atmospheric Research, 224, 65-80. 
https://doi.org/10.1016/j.atmosres.2020.105309. 

Dee, D.P., Uppala, S.M., Simmons, A.J., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Balmaseda, 
M.A., Balsamo, G., Bauer, P., Bechtold, P., Beljaars, A.C.M., van de Berg, L., Bidlot, J., Bormann, N., 
Delsol, C., Dragani, R., Fuentes, M., Geer, A.J., Haimberger, L., Healy, S.B., Hersbach, H., Hólm, E.V., 
Isaksen, L., Kållberg, P., Köhler, M., Matricardi, M., McNally, A.P., Monge-Sanz, B.M., Morcrette, J.-J., 
Park, B.-K., Peubey, C., de Rosnay, P., Tavolato, C., Thépaut, J.-N. and Vitart, F. (2011) The ERA-
Interim reanalysis: configuration and performance of the data assimilation system. Quarterly Journal of 
the Royal Meteorological Society, 13, 553–597. https://doi.org/10.1002/qj.828. 

Gilleland, E., Ahijevych, D., Brown, B.G., Casati, B., Ebert, E.E. (2009) Intercomparison of spatial forecast 
verification methods. Weather and Forecasting, 24, 1416–1430. 
https://doi.org/10.1175/2009WAF2222269.1. 

Gvoždíková, B., Müller, M. (2017) Evaluation of extensive floods in western/central Europe. Hydrology and 
Earth System Sciences, 21, 3715–3725. https://doi.org/10.5194/hess-21-3715-2017. 

Gvoždíková, B., Müller, M., Kašpar, M. (2019) Spatial patterns and time distribution of central European 
extreme precipitation events between 1961 and 2013. International Journal of Climatology, 39, 
3282−3297. https://doi.org/10.1002/joc.6019. 

Gvoždíková, B., Müller, M. (2021) Moisture fluxes conducive to central European extreme precipitation 
events. Atmospheric Research, 248. https://doi.org/10.1016/j.atmosres.2020.105182. 

Ebert, E.E. (2008) Fuzzy verification of high resolution gridded forecasts: a review and proposed 
framework. Meteorological Applications. 15, 51–64. https://doi.org/10.1002/met.25. 

Froidevaux, P., Martius, O. (2016) Exceptional integrated vapour transport toward orography: an important 
precursor to severe floods in Switzerland. Quarterly Journal of the Royal Meteorological Society, 142, 
1997–2012. https://doi.org/10.1002/qj.2793. 

Hofstätter, M., Lexer, A., Homann, M., Blöschl, G. (2017) Large-scale heavy precipitation over central 
Europe and the role of atmospheric cyclone track types. International Journal of Climatology, 38(Suppl. 
1), e497–e517. https://doi.org/10.1002/joc.5386. 



89 
 

Konrad, C.P., Dettinger, M.D. (2017) Flood runoff in relation to water vapor transport by atmospheric rivers 
over the western United States, 1949–2015. Geophysical Research Letters, 44, 11456–11462. 
https://doi.org/10.1002/2017GL075399. 

Lavers, D.A., Pappenberger, F., Zsoter, E. (2014) Extending medium-range predictability of extreme 
hydrological events in Europe. Nature Communications, 5, 5382, https://doi.org/10.1038/ncomms6382. 

Lavers, D.A., Pappenberger, F., Richardson, D.S., Zsoter, E. (2016) ECMWF extreme forecast index for 
water vapor transport: a forecast tool for atmospheric rivers and extreme precipitation. Geophysical 
Research Letters, 43(22), 11852– 11858. https://doi.org/10.1002/2016gl071320. 

Lavers, D.A., Villarini, G. (2013) The nexus between atmospheric rivers and extreme precipitation across 
Europe. Geophysical Research Letters, 40, 3259–3264. https://doi.org/10.1002/grl.50636. 

Luo, L., Wood, E.F. (2006) Assessing the idealized predictability of precipitation and temperature in the 
NCEP Climate Forecast System. Geophysical Research Letters, 33, L04708. 
https://doi.org/10.1029/2005GL025292. 

Messmer, M., Gómez-Navarro, J.J., Raible, C.C. (2015) Climatology of Vb cyclones, physical mechanisms 
and their impact on extreme precipitation over central Europe. Earth System Dynamics, 6, 541–553. 
https://doi.org/10.5194/esd-6-541-2015. 

Müller, M., Kašpar, M. (2011) Association between anomalies of moisture flux and extreme runoff events in 
the south-eastern Alps. Natural Hazards and Earth System Sciences, 11, 915–920. 
https://doi.org/10.5194/nhess-11-915-2011. 

Müller, M., Kašpar, M. (2014) Event-adjusted evaluation of weather and climate extremes. Natural Hazards 
and Earth System Sciences, 14, 473–483. https://doi.org/10.5194/nhess-14-473-2014. 

Müller, M., Kašpar, M., Valeriánová, A., Crhová, L., Holtanová, E., Gvoždíková, B. (2015) Novel indices 
for the comparison of precipitation extremes and floods: an example from the Czech territory. Hydrology 
and Earth System Sciences, 19, 4641–4652. https://doi.org/10.5194/hess-19-4641-2015. 

Owens, R.G., Hewson, T. (2018) ECMWF forecast user guide. Available at: 
https://www.ecmwf.int/node/16559. ECMWF [Accessed 28 April 2020]. 
https://doi.org/10.21957/m1cs7h 

Rossa, A., Nurmi, P., Ebert, E. (2008) Overview of methods for the verification of quantitative precipitation 
forecasts. In: Michaelides S. (eds) Precipitation: Advances in Measurement, Estimation and Prediction. 
Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3-540-77655-0_16. 

Sodemann, H., Zubler, E. (2010) Seasonal and inter-annual variability of the moisture sources for Alpine 
precipitation during 1995–2002. International Journal of Climatology, 30, 947–961. 
https://doi.org/10.1002/joc.1932. 

Sukovich, E.M., Ralph, F.M., Barthold, F.E., Reynolds, D.W., Novak, D.R. (2014) Extreme quantitative 
precipitation forecast performance at the Weather Prediction Center from 2001 to 2011. Weather and 
Forecasting, 29, 894–911. https://doi.org/10.1175/WAF-D-13-00061.1. 

Wilks, D.S. (2011) Statistical Methods in the Atmospheric Sciences. 3rd Edition. Elsevier, 676 pp. 
 



90 
 

 

 

7 Main results and discussion 

7.1 Extreme large-scale hydrometeorological events 

Although assessed in a similar way combining event magnitude and spatial extent, the lists of large-
scale precipitation and flood extremes overlapped only to a limited extent. In case of extreme flood 
events, those of the cold half-year predominated with peaks in January and March. The secondary 
frequency maximum occurred in July, but in general, summer events accounted for only one-third of 
the major floods. Only when the threshold for the flood peak discharges was raised from two- to ten-
year return period, warm half-year events accounted for almost half of the cases. In contrast, extreme 
precipitation events were distributed over the whole year but with higher concentration and extremity 
in its warmer half. The discrepancy between the lists of extreme precipitation and floods can be 
justified by a large number of winter floods that partially originated from snowmelt and did not 
depend only on extreme precipitation (Uhlemann et al., 2010). Although these floods generally reach 
lower return periods of discharge values, they may be very extensive (Brázdil et al., 2005), causing 
their frequent representation among the major flood events. The flood of March 1988 can be an 
example that ranked second in the list of the major floods and was even first by Uhlemann et al. 
(2010). However, the event did not occur among the extreme precipitation events. In fact, only a few 
cold half-year events appeared in both lists, e.g. the event at the end of 1993 or in October/November 
1998, which affected only the western part of central Europe. On the other hand, the list of extreme 
floods included the summer precipitation extremes from July 1981 and 1997, June 2013 and August 
2002, which (in this order) represented the maximum recorded precipitation events. In the list of 
extreme floods, these events belonged to the top twenty, the floods in 2013 and 2002 were even the 
first and the third largest, respectively. Such a high ranking may be related to the wet conditions 
before flooding events (Grams et al., 2014; James et al., 2004) and also to the unusually large affected 
area in 2013.  

The size of the affected area largely controls the value of the flood extremity index of Uhlemann 
et al. (2010) and the Weather extremity index for the evaluation of precipitation extremes of Müller 
and Kašpar (2014), too. Therefore, some events that occurred on the edge of the study area could be 
underestimated. The flood of July 1997 is an example of the underestimation, as in addition to the 
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Oder River basin, the flood also affected the Vistula basin to the east of the study area (Kundzewicz 
et al., 1999). In the list of extreme floods, the 1997 event was at the 18th position and its rating would 
likely be higher if we consider the Vistula basin. This may also apply to the May 2010 flood, which 
was well described by Bissolli et al. (2011) as an event of a large extent and high intensity, but it did 
not appear in the list of extreme floods and was ranked only as of the 50th extreme precipitation event. 
At the same time, it is possible that some cold half-year events on the western edge of the study area 
was underestimated as well, and if a larger area is considered, their ranking would probably be a little 
different. 

Regarding the seasonal distribution of extreme flood and precipitation events, there was a clear 
difference between the western and the eastern parts of the study area: the number of cold half-year 
events decreased towards the east, whereas the number of warm half-year events increased in the 
same direction. Many events resembled each other in where heavy precipitation occurred. Therefore, 
it was possible to divide the extreme precipitation events according to the similarity in the spatial 
patterns into two main types of events that basically occurred either in the west or in the east. The 
finer clustering then divided the events into five groups. Only two of them, namely ED (Elbe-
Danube) and O (Oder), were represented among the top ten central European extreme precipitation 
events. These events were exceptional in their seasonality too, because they occurred exclusively 
from the end of May to the beginning of September. Three other groups consisted of generally lower 
extreme events rather equally distributed throughout the year, so their seasonal pattern was not so 
obvious. Within the eastern-type events, the only winter cases appeared in the RD (Rhine-Danube) 
group, when mainly the Upper Rhine and the Danube without the Morava basin were affected. 
Despite the expectations, the western-type precipitation events were not predominantly of a winter 
character as were the flood extremes (Beurton and Thieken, 2009), but in fact, a lot of these events 
occurred during the spring and autumn within the Rhine basin (R group) or even in summer months 
in case of the northwestern part of central Europe (NW group). 

7.2 Circulation causes 

Some studies previously indicated a connection between moisture transport and extreme 
precipitation (Lavers, Villarini, 2013; Müller and Kašpar, 2011). However, the supply of moisture 
itself needs to be supported by the upward motion of air (Giannakaki and Martius, 2015; Doswell et 
al., 1998). Therefore, in the presented thesis, the circulation conditions were analysed quantitatively 
by examining moisture flux magnitudes and direction in the area of extra high upward vertical 
velocity. Three types of events were recognized: (i) events with dominating moisture flux from the 
northern sector (Nf), (ii) events with dominating moisture flux from the western sector (Wf), and 
(iii) weak flux events (Ot). The two significant directions of moisture flux – western and northern – 
reflect the main synoptic patterns bringing moisture to central Europe from the Atlantic and 
Mediterranean, respectively (Hofstätter et al., 2017). Additional analysis showed that these types of 
moisture flux conditions corresponded perfectly with the seasonal and spatial patterns of extreme 
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precipitation events: events with prevailing northern moisture flux were concentrated only in the 
warm half-year and affected mainly eastern central Europe, while events with prevailing western 
moisture flux occurred in the west and exclusively from September to March. In summary, the 
difference between the two main groups of extreme precipitation events in central Europe can be 
explained by the seasonal distribution of extra high values of moisture flux from the respective 
sectors. The last group of weak flux events did not represent the largest precipitation extremes; the 
group consisted of events of various synoptic causes or even convective events that occurred usually 
during warm half-year in the western part of central Europe.  

Mainly in case of Nf events, the extremity of circulation, i.e. anomalies of moisture flux, explained 
well the occurrence of relevant precipitation extremes. However, the degree of agreement between 
extreme circulation conditions and extreme precipitation depended on the threshold of the vertical 
velocity that determined the extra high values of that variable. Generally, a stricter threshold and 
higher data resolution of ERA5 reanalysis in comparison with ERA-Interim resulted in a closer 
relationship between circulation and precipitation extremes. In contrast, the relationship between 
anomalies of western moisture flux and the respective precipitation events was less clear. Western 
fluxes were often too large even on days without significant precipitation extremes. The reason could 
be that the moisture flux is directly proportional to wind velocity, which is usually stronger in the 
case of western fluxes; this fact allows windstorms to reach high moisture flux values, too. Although 
wind and precipitation extremes occur relatively often simultaneously during the winter months 
(Martius et al., 2016), some strong western moisture flux events did not correspond with precipitation 
extremes. 

7.3 Predictability of events 

Microphysical phenomena, such as precipitation, suffer from a lack of forecast skill in numerical 
weather prediction, especially in case of extreme precipitation (Herman and Schumacher, 2016). Due 
to a close connection between anomalies of northern moisture flux and extreme precipitation of the 
respective type, we could ask a question whether the predictability of moisture flux anomalies is 
good enough to support the correct prediction of extreme precipitation events. 

In fact, only a few studies have compared the predictability of precipitation and moisture 
transport; e.g. Lavers et al. (2014, 2016) confirmed the higher predictability of integrated vapour 
transport compared to precipitation. Similarly, this thesis demonstrated excellent predictability for 
zonal and meridional moisture fluxes at the 850 hPa level. However, while the predictability of 
moisture flux itself proved to be very good and more reliable than of precipitation, generally less 
accurate forecasts of the vertical velocity negatively affected the predictability of moisture flux 
accumulated in the area of extra high upward vertical velocity. It produced a large number of false 
alarms, especially in case of summer precipitation events with prevailing northern moisture flux. 
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Despite the general inaccuracy, the forecast of moisture flux anomalies in the area of extra high 
upward vertical velocity was good and stable up to six days in advance in all cases of extreme events 
that produced major central European summer floods, such as in July 1981 and 1997, August 2002 
and June 2013. There was no such continuity for less extreme or false alarm events, thanks to which 
we can conclude that the calculation of moisture flux anomalies from numerical weather prediction 
could be useful as a supporting tool at least for predicting large extreme precipitation events of Nf 
type. For less extreme events, forecasts were not reliable enough, and a worse vertical velocity 
forecast thus made a more general use impossible. 
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8 Conclusions 
According to various studies, the number of extreme precipitation events is increasing and probably 
will increase in the future, but this is not so certain in the case of extreme floods. This thesis cannot 
approve or reject the statement, as the study period was quite short for analysing trends of very rare 
events. Generally, the extreme events rather accumulated in certain periods when also some shifts in 
the seasonal distribution were evident. However, the vulnerability of humans to extreme 
hydrometeorological events is increasing regardless of the trends, and therefore we should study 
these extremes, not only their consequences but also their causes. 

Through the thesis, all of the parts of the "hydro-synoptic continuum" was considered. Thanks to 
the larger area of interest, it was possible to examine the spatial structure of events, possible 
differences between them, and their relation to conditions in the atmosphere. The application of the 
acquired knowledge in the forecasting of extreme precipitation events was the added value. The 
thesis emphasized the practical use of moisture flux forecast as a supporting tool for extreme 
precipitation warnings, which could improve preparedness for extreme precipitation and flood 
events. 

Predominantly, the study focused on large-scale extreme precipitation and floods, for which the 
size of the affected area is as crucial in the extremity assessment as the magnitude of precipitation 
totals or flood discharges. The advantage of the extremity indices used is that they connect both 
aspects. However, even the same concept produced two different lists of extreme events. The lists 
matched perfectly only in case of major summer events that affected mainly Elbe, Danube and/or 
Oder basins and resulted in the largest and most damaging summer floods in central Europe. All of 
those summer extremes were associated with anomalous northern moisture fluxes in the lower 
troposphere, which were well predicted already six days in advance. In the future, the forecasts of 
moisture flux anomalies could complement the quantitative precipitation forecast for the prediction 
of high-impact summer events.  

Although the contribution for summer extreme events is clear, the issue of cold half-year events 
with a prevailing western moisture flux remains unresolved. The problem is that the correspondence 
between extreme western moisture flux and the precipitation events of that type was not so strong 
because of the cases when high values of moisture flux from the west occurred due to extra high 
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wind velocities despite rather small air moisture. It is, therefore, necessary to look for other 
circulation anomalies or their combinations that would better suit the occurrence of these extremes. 

The problematic forecast of vertical velocities is the second issue that should be addressed in 
further research. Worse vertical velocity forecast negatively affected the predictability of moisture 
flux anomalies especially in case of less extreme events. Alternatively and independently of the 
vertical velocity, it would be possible to employ integrated vapour transport, as the variable is often 
associated with flood and precipitation extremes in other studies. However, its use can be problematic 
due to the large wind shear that occurs during summer events with the flux of moisture from the 
northern sector. This statement would need to be confirmed, as well as the results obtained from 
ERA-Interim forecasts, which should be verified in the future using other numerical weather 
prediction models with finer horizontal resolution. 
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