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Abstract: The last two decades have seen a number of changes in the magnitude of flood events. 

In general, the causes of these changes have been attributed to either climate change or natural 

climate variability. The aim of this paper is to identify changes in the magnitude of flood events 

recorded in recent decades on the Trotuș River and to attempt to determine the underlying 

causes. The identification of changes in flood magnitude was based either on the analysis of 

annual and monthly peak flows or on the analysis of flows above a certain threshold. Based on 

these data sets, two important parameters characterizing the magnitude of a flood event were 

quantified: the flood magnitude ratio and the mean annual flood. The analysis of the values of the 

two parameters revealed that there has been a clear increase in flood magnitude since 2004. At all 

stations analysed, there were at least 5 flood events with a magnitude at least twice the maximum 

magnitude of the pre-2004 period between 2004 and 2020. As the changes in magnitude occurred 

quite rapidly, we believe that they are largely due to natural climatic variability and that the period 

after 2004 can be considered a flood-rich period. 

1. Introduction 

The characteristics of flood events (magnitude, frequency, intensity, duration, etc.) 

have undergone a number of important changes in recent decades (Pinskwar et al., 

2012; Kundzewicz et al., 2013; Hall et al., 2014; Mangini et al., 2018; Blöschl et al., 

2020). Variations in flood magnitude can be caused by three main groups of potential 

factors, located at catchments, river channels and within the atmosphere. These factors 

include: land use change (urbanization, deforestation, wildfires, agricultural 

management practices, drainage of wetlands and agricultural areas, construction of flood 

retention basins); river channel engineering and hydraulic structures (river training, 

reduction in river length, construction of dikes, groynes and weirs, operation of 

hydropower plants and reservoirs) and climatic change (natural climate variability at 

different time scales, anthropogenic climate change) (Merz et al., 2012; Kundzewicz, 

2015; Blöschl, 2022). The effects of the three categories of factors on the flood regime 

have different degrees of understanding. While at the scale of a watershed the effect of 

hydropower structures seems to be fairly well understood, with regard to the effect of 

land use/management and climate variability on the flood regime things are a bit more 

complicated (Hall et al., 2014; Rogger et al., 2017; Xu et al., 2019). 

As global warming intensifies, more extreme precipitation is expected for much of 

the globe. This would be due to the Clausius-Clapeyron thermodynamic relationship, 

whereby the concentration of water vapour in the atmosphere, which provides water for 

precipitation, will increase by about 6-7% for every one degree increase in temperature. 

As a result, global average precipitation is expected to increase by 1-3% per degree of 

https://orcid.org/0000-0001-8902-5455


PESD 2023, 17, 2 6 

warming, and extreme precipitation is expected to increase at a much faster rate of about 

5-10% per degree, with much larger increases in some regions (Swain et al., 2020). 

Climate change is therefore expected to alter hydrological regimes around the world, with 

major implications for extreme hydrological events (floods and droughts) (Blöschl et al., 

2019; Eccles et al., 2021). These changes are not spatially uniform but vary from region 

to region (Hirabayashi et al., 2013; Cao et al., 2021), as water availability plays an 

important role in the moisture-temperature relationship. Amplification of extreme 

precipitation can lead to changes in flood characteristics, primarily magnitude (Thober et 

al., 2018; Tabari, 2020). Despite this evidence, there is still much uncertainty about the 

correlation between intensification of extreme precipitation and increased flood 

magnitude (Knox, 2000; Rojas et al., 2012; Wasko and Sharma, 2017; Sharma et al., 

2018; Wasko et al., 2020; Blenkinsop et al., 2021). Changes in flood magnitude, 

intensity and frequency depend not only on extreme precipitation but also on antecedent 

soil moisture conditions. However, as a result of rising temperatures, intense evaporation 

of soil water also occurs, which will lead to a decrease in soil moisture (Ficklin et al., 

2019; Brêda et al., 2023). 

Data on floods on the European continent over the last 50 years highlight that for 

some regions there has been an increase in their frequency and magnitude (Kundzewicz, 

2015; Pińskwar et al., 2019). The causes of these changes are not fully understood and 

it is not clear whether they are due to climate change or to natural climate variability at 

different timescales, which would favour a flood-rich period. The difficulty in establishing 

the causes of the increase in the frequency and magnitude of floods in recent decades is 

closely linked to the irregular nature of such events. A large flood event does not 

necessarily indicate an increasing flood trend (Hall et al., 2014). Many papers suggest 

that analysis of flood frequency and magnitude trends is not always conclusive, as floods 

are complex phenomena influenced by a multitude of local, regional or hemispheric 

controlling factors (Kundzewicz et al., 2005). 

A number of studies have identified clustering or flood-rich/flood-poor periods in 

historical streamflow data (Jacobeit et al., 2003; Glaser et al., 2010; Kundzewicz, 2015; 

Markonis et al., 2018; Lun et al, 2020; Brönnimann et al., 2022). In the context of natural 

climate variability, the existence of flood-rich periods alternating with flood-poor periods 

is attributed to the Hurst effect (Blöschl and Montanari, 2010). It is assumed that this 

clustering pattern of flood events is related to climate-ocean oscillations or persistent 

long-term memory of hydrological processes (Hall et al., 2014; Tarasova et al., 2023). 

For several European river basins, it has been demonstrated (based on historical records, 

lake sediments, etc.) that there have been flood-rich periods over the last 1000 years. In 

relation to this, most authors, point out that the frequency and magnitude of flooding 

during the Little Ice Age (1300-1870) and in particular the Late Maunder Solar Minimum 

(1675-1725) have been correlated with lower temperatures (Hall et al., 2014), whereas 

nowadays these changes occur against a background of higher temperatures. However, 

to date, no clear relationship between air temperature and periods of high precipitation 

has been identified. Blöschl et al. (2020) identified nine flood-rich periods on the 

European continent over the last 500 years. The last period, 1990-2016, probably 

continues today. 

Studies on floods in recent decades for rivers in Eastern and Central Europe (which 

have a connectivity with the Romanian territory) show either a decrease in their 

magnitude, attributed to decreasing snow cover and snowmelt, resulting from warmer 

temperatures (Blöschl et al., 2019; Gudmundsson et al., 2019) or a certain increase 

(Markonis et al., 2018; Kemter et al., 2020). As regards projections for the next 100 

years, a generally decreasing trend in flood magnitude is expected (Bertola et al., 2020; 

Kundzewicz and Pińskwar, 2022). However, all these general trends are highly sensitive 

depending on the size of the basins, local conditions, methodologies and statistical 

approaches used, type of databases (Lun et al., 2021; Brêda et al., 2023).   

It has been found that the vast majority of studies have used annual or seasonal 

mean flows in relation to climate change, and less so maximum flows (Arheimer and 
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Lindström, 2015). For this reason, the present study attempted an analysis of changes in 

streamflow of the Trotuș River over the last half century using maximum monthly and 

annual discharge. 

The aim of the study is to identify, using different methodologies, changes in the 

magnitude of flood events over the last 50 years. The objectives were: (i) to quantify the 

flood magnitude ratio and the mean annual flood; (ii) to analyse the correlations between 

peak flows and other hydrological parameters; (iii) to establish the trend in flood 

magnitude over the last 20 years and the conditions that contributed to its change. 

2. Materials and Methods  

2.1. Study area  

The analysis of the variation in the magnitude of flood events was based on data from 

four gauging stations along the Trotuș River. The Trotuș river basin, with an area of about 

4500 km2, is located in the central-eastern part of the Eastern Carpathians and 

Subcarpathians of Moldova (Figure 1). 

 

Figure 1. Location of the study area in Romania and location of gauging stations. 

The climate is typical of Carpathian mountainous areas with mean annual 

precipitation of 720 mm, ranging from 580 in the lowlands to 1150 mm at high altitudes. 

The share of the precipitation related to the total sum of maximum amounts recorded in 

24 hours above 100 l/m2 has been rising continually: 8.3% between 1941 and 1960; 

30.8% between 1961 and 1980; 47.5% between 1980 and 2000; and 67.7% after 2000 

(Dumitriu, 2014, 2018). As regards the land cover/land use, forests, pasturelands and 

meadows are prevalent in the higher regions of the upper and mid courses, whereas in 

the lowlands corresponding to the lower course agricultural lands and pastures are 

dominant (Dumitriu, 2016, 2018). The multi-year average flow (reported to 2020) was 

0.88 m3/s at the Lunca de Sus station (in the upper course); 17 m3 /s at the Târgu Ocna 

station (in the middle course, at the contact between the Carpathian and subcarpathian 

areas) and 35 m3/s at the Vrânceni station (in the lower course, located at the contact 

between the subcarpathian and plateau areas). The maximum flow (2845 m3/s) was 

recorded at the Vrânceni station in July 2005 (Dumitriu, 2020a).    

2.2. Data sources 

In this study, data on monthly and annual maximum peak discharges have been 

used, from the establishment of the four gauging stations (Lunca de Sus - 1976; Goioasa 

- 1952; Târgu Ocna - 1955; Vrânceni - 1963) until 2020. For some comparisons, average 

daily discharges from 1994-2020 have also been used. The data are provided by the 
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"Romanian Waters" National Administration - Siret Water Branch, which manages the 

gauging stations included in this study. 

2.3. Methods 

In a first step, for the long-term analysis of the variability of the magnitude of flood 

events, the flood magnitude ratio (FMR) was calculated using the following formula 

(Bhattacharya et al., 2019): 

FMR = 
𝑄𝑝

𝑄𝑎
 (1) 

where Qp represents the annual maximum peak discharges and Qa represents the 

average discharge for the period under review. 

Conceptually, FMR defines the severity of a flood event by considering only the peak 

flood discharge. The higher the magnitude of the flood event, the higher the FMR. 

Unfortunately, FMR does not take into account the dynamic aspects of flood propagation 

(Bhattacharya et al., 2019).  

  The mean annual flood (MAF) was defined as either the arithmetic average of all 

annual floods for the recorded gage period (or other specified time interval) (Dumitriu, 

2016). This parameter was calculated for two specific periods: 1994-2004 and 

2005-2020. 

Flood-rich and flood-poor periods can be analysed either on the basis of annual 

maximum peak discharges (AMP) or peak over threshold series (POT) (Karim et al., 

2017; Mangini et al., 2018; Fischer et al., 2023). The AMP series include peak flows for 

each year. The advantage of using AMP series is that flood events can be considered 

independent. The main disadvantage of the AMP method would be that it neglects flood 

events that had peak flows lower than the annual peak (Mangini et al., 2018). The POT 

series comprises the peak flows of flood events that exceed a predefined threshold. The 

analysis of the two distinct data sets to define flood-rich and flood-poor periods on a 

per-basin basis is performed using complex statistical methods. In this study a simple 

analysis of the AMP data series was used. From the AMP series, flood events with a 

recurrence interval of 10, 50, and 100 years, respectively, were used for comparison. The 

characteristic flows for the three recurrence periods were determined by the Gumbel 

method using the (free trial) HYFRAN 1.2 software (HYdrological FRequency ANalysis). 

3. Results and discussion 

3.1. Flood magnitude ratio  

In the upper reaches (Lunca de Sus), the FMR shows values close to those of the 

annual peak flows, with the largest differences (positive for FMR) observed in years with 

significant flood events (1984, 2005, 2014, 2016 and 2018) (Figure 2). The differences 

between the two parameters increase downstream (FMR values are lower), indicating 

that peak flows are much higher than the multi-year averages. Related to this, the 

literature appreciates that the range of FMR values is primarily influenced by the 

geomorphological characteristics of the catchment (Bhattacharya et al., 2019). 

At all four stations there is a noticeable change after 2004 in the magnitude of flood 

events. At the Lunca de Sus station, in the period 1976-2004, the recurrence interval or 

return period flood of 10 years (10-year flood) occurred only once, namely in 1984. After 

2004, the 10-year flood was reported in 2005, 2010, 2014, 2016 and 2018. Also at Lunca 

de Sus, the 50-year flood was recorded only in 2016. At the next station, Goioasa, the 

10-year flood had 5 occurrences between 1952-2004 (1971, 1975, 1978, 1984 and 

2002) and 5 between 2004-2020 (2004, 2005, 2010, 2016, 2018) (Figure 2). 

The difference is that the first interval spans 52 years and the second only 17 years. 

The situation is totally different in the case of the 100-year flood which was reported only 

in the interval 2004-2020 (2004, 2005, 2010 and 2016). At Târgu Ocna, the station 
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located at the contact of the mountainous and subcarpathian area, the 10-year flood 

occurred 5 times in the period 1955-2004 (1969, 1971, 1975, 1984 and 1991), as well as 

in the interval 2004-2020 (2004, 2005, 2010, 2016 and 2018). In contrast, the 100-year 

flood was reported only twice, in the second interval analysed (2005, 2018). At Vrânceni, 

in the lower course, the number of 10-year floods is clearly in favour of the first interval 

(1963-2004), with 7 occurrences (1969, 1971, 1975, 1979, 1984, 1988, 1991). Also at 

this station, 100-year floods were recorded only after 2004 (2005, 2016, 2018). 

 
Figure 2. Flood magnitude ratio: (a) Lunca de Sus; (b) Goioasa; (c) Târgu Ocna; (d) 

Vrânceni. The flood-rich period after 2004 is shown in red. 

These data seem to confirm those presented by Blöschl et al. (2020), i.e. that central 

Europe (the Trotuș river basin being located, according to these authors, at the interface 

of the central and eastern European zones) is currently experiencing a period of high 

flooding. The authors point out that this situation seems to be caused by a persistent 

anomalous circulation regime of frequent low-pressure systems over the east Atlantic 

and western Europe. Although the temperature is slightly higher, the current conditions 

in this part of Europe seem to be similar to those of the period of high flooding between 

1760 and 1800. According to these data, natural climate variability appears to be behind 

the increase in the magnitude of flood events over the last 20 years. It appears that at the 

eastern edge of central Europe the onset of this flood-rich period had a time lag of more 

than 10 years. Previous studies of the study area (Rădoane et al., 2013; Dumitriu, 

2020b) have highlighted a trend of decreasing multiannual mean liquid flows, amidst 

stagnating or decreasing precipitation amounts, concomitant with increasing 

evapotranspiration (Prăvălie et al., 2019). However, an increase in the magnitude and 

frequency of extreme precipitation (Croitoru et al., 2016) and peak discharge has been 

observed (Dumitriu, 2020b). In this context, in the study area, the link between climate 

change - temperature increase - precipitation and discharge increase is poorly supported 

by hard data. Thus, the increase in the magnitude of flood events in the last 20 years 

seems to be a consequence of natural climate variability rather than a direct consequence 

of anthropogenic climate change.  

3.2. Mean annual flood  

The mean annual flood has values much closer to the mean daily flows than the 

instantaneous peak flows. For this reason, a graphical representation of the mean annual 
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flood values in two time periods (1994-2004 and 2005-2020) in terms of mean daily 

flows was chosen (Figure 3). As in the case of FMR and MAF, it highlights the increase in 

the magnitude of flood events after 2004. The MAF values corresponding to the second 

interval are visibly higher compared to those of the first interval: 1.3 times at Lunca de 

Sus; 1.8 times at Goioasa; and about 1.4 times at Târgu Ocna and Vrânceni. It can be 

observed here too that in the upper reaches the changes are smaller than in the middle 

reaches. This situation can be explained by the fact that in this sector, the Trotuș receives 

most of the tributaries. Each of these basins is characterized by different 

hydro-geomorphological conditions. As a consequence, the range of variation of 

influences on the main river is much more complex.  

 
Figure 3. Time series of the mean daily discharge data (1994-2020) and the 

instantaneous peak discharge: (a) Lunca de Sus; (b) Goioasa; (c) Târgu Ocna; (d) 

Vrânceni. 

This dependence of MAF values on the physical-geographical conditions of a river 

basin is recognized in the literature (Mimikou and Gordios, 1989). In the second range 

analysed, a much greater degree of dispersion of maximum flow values is observed, 

which can be attributed to the increased role of extreme rainfall in the formation of flood 

events. If in the first interval the maximum discharge values are positioned close to the 

MAF line, in the second interval the differences are quite significant. For example, at the 

Vrânceni station, in the period 1994-2004, the maximum flow was 1.75 times higher than 

the MAF, while in the interval 2005-2020 it was 3.2 times higher. 

In general, MAF is regarded as a potential index of the magnitude of a flood event. 

This parameter facilitates the standardization of flood event data from different river 

basins (Mimikou and Gordios, 1989). At the four stations along the Trotuș River, an 

increase in the magnitude of flood events after 2004 is observed based on the MAF 

analysis.    

3.3. Annual peak discharge vs. mean annual discharge 

The correlation between mean and maximum annual flows was used to highlight the 

role of changing control factors on streamflow characteristics. The time period analysed 

(1994-2020) was divided into two intervals: 1994-2004 and 2005-2020. While for the 

first interval a certain homogeneity of the correlation between these parameters can be 
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observed, in the second interval the degree of spreading is accentuated downstream 

(Figure 4). 

 

Figure 4. Annual peak discharge vs. mean annual discharge: (a) Lunca de Sus; (b) 

Goioasa; (c) Târgu Ocna; (d) Vrânceni. 

 Flood events in 2005, 2010, 2012, 2014, 2016, 2018, especially in the lower 

reaches, exceeded 40-50 times the mean annual flows. In the first interval, peak flows 

were on average 10-14 times higher than the annual average, and in the second interval 

20-25 times higher. It can be seen that after 2004, the magnitude of flood events almost 

doubled compared to the previous interval. Hall et al. (2014) concluded that a high 

magnitude flood event does not necessarily indicate a trend of increasing flood event 

(magnitude). However, in the situation of the Trotuș river basin these events were not 

isolated. From 2004 to 2020 there have been at least 5 flood events with a magnitude at 

least 2 times the maximum magnitude of the previous period. 

3.4. Modification of maximum monthly discharge   

The maximum flows in May, June and July recorded since the establishment of the 

hydrometric stations and up to 2020 were selected for comparison. These months were 

chosen because more than 90% of the annual maximum flows were recorded in the 

May-July period (Figure 5). At all stations it can be seen that until the 1990s most of the 

highest flows were recorded in May. For the stations with longer observation periods 

(Goioasa, Târgu Ocna) a period rich in floods is observed from the end of the 1960s to the 

beginning of the 1980s (but with lower magnitudes than the current one), during which 

the maximum flows of May had the main share. Gradually, these are replaced by the July 

and June flows. July peak flows are predominant in the period 2000-2010, while June 

peak flows are particularly important after 2010. The mechanisms of flood generation in 

a given catchment can change over time under the influence of climate variability or 

climate change (Jiang et al., 2022). 

The observed changes in the Trotuș River are consistent with those stated by Blöschl 

et al. (2020) that major flood events in this part of Europe tend to be concentrated in the 

summer season. Kemter et al. (2020) observed that after 1960 the role of snowmelt in 

flood events in Eastern Europe has continuously decreased. Increasingly reduced snow 

cover will contribute to the decreasing role of this type of precipitation in flood formation. 
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As a result, spring flood events will be increasingly attenuated compared to summer flood 

events. 

 

Figure 5. Maximum monthly discharge for May, June and July: (a) Lunca de Sus; (b) 

Goioasa; (c) Târgu Ocna; (d) Vrânceni. 

4. Conclusions 

Changes in the characteristics of flood events (including their magnitude) in recent 

decades and their future trends are topics of real scientific and practical interest. In the 

case of the Trotuș River, based on the analysis of two hydro-geomorphological 

parameters (flood magnitude ratio and mean annual flood), a clear trend of increasing 

magnitude of flood events has been observed after 2004. These changes are well 

exemplified by floods with certain recurrence intervals (10-year flood and 100-year 

flood). In the data series on maximum annual flows from all gauging stations, floods with 

a recurrence interval of 100 years were not recorded until after 2004. This indicates a 

significant increase in the magnitude of flood events. This increase is also highlighted by 

the second parameter analysed, namely the average annual flood. At all the stations 

analysed, the MAF specific to the 2004-2020 period was 1.3-1.8 times higher than that 

characteristic of the periods prior to 2004. The same conclusion, of an increase in the 

magnitude of flood events, is reached by the comparative analysis of the maximum flows 

in relation to the daily or annual average flows. At all four stations analysed it was 

observed that from 2004 to 2020 there were at least 5 flood events with a magnitude at 

least 2 times higher than the pre-2004 maximum magnitude. The analysis of the monthly 

peak flows showed a decrease in the May-specific peak flows and a considerable increase 

in the June and especially July peak flows. This argues for an increased role of extreme 

precipitation in the formation of flood events. 

The cause of these types of changes is quite difficult to determine precisely. As 

Kundzewicz (2015) also pointed out, recording the climate signal for these categories of 

changes is quite difficult and complex and requires long and good quality recordings. In 

this context, Fischer et al. (2023) stated that explaining flood-rich periods is a challenge 

and has been called one of the Unsolved Problems in Hydrology. Although our analysis is 

more empirical, considering that these changes were quite rapid in the case of the Trotuș 

(2004-2005), we conclude that the main role is played by natural climatic variability. In 

this sense, after 2004 we entered a flood-rich period, as evidenced by rapid changes in 

the magnitude of flood events. This period would correspond to period IX described by 
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Blöschl et al. (2020). It is our opinion that anthropogenically influenced climate change 

alone cannot produce such dramatic changes in the magnitude of flood events as in the 

present case.   
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