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Abstract

Flooding is a recurrent natural hazard in Romania, causing significant socio-economic
impacts. Historical data highlights the severity of floods, particularly the unprecedented
flood of 1926. Between 1960 and 2010, Romania experienced over 400 major floods, which
significantly impacted its infrastructure and population. Particularly, the floods in 2005 and
2006 affected over 1.5 million people, resulting in 93 deaths and causing damages exceeding
EUR 2 billion. In compliance with the Floods Directive, EU member states must assess and
map flood hazards and risks. This study aims to develop a frequency analysis to determine
discharges as a predictive indicator for different hazard levels: frequent events (10-year
return period), medium probability events (100-year return period), and extreme events.
The Casimcea catchment in central Dobrogea, drained by the Casimcea River into Lake
Tasaul, serves as the study area. The annual maximum discharge data analysis, conducted
through frequency analysis and the ELECTRE method, indicates that EV3-Min-Weibull,
L-moments, and GEV-Min (L-moments) are the most effective probability density functions
(PDFs). To conclude, although a single PDF model cannot be determined for the Casimcea
River and its tributaries, it contributes to predictive modeling efforts.

Keywords: frequency model; flood; Casimcea River; predictive modeling

1. Introduction

The climate in Europe is changing: the report from the European Environment
Agency [1] indicates that climate change is leading to alterations in the hydrological
cycle [2]. According to [3], a flood is “the temporary covering by water of land not normally
covered by water. This shall include floods from rivers, mountain torrents, Mediterranean ephemeral
water courses, and coastal sea floods, and may exclude floods from sewerage systems.” Based on a
database developed by Hall et al. [4], covering the period 1960-2010 and available on the
European Environment Agency website [5], an analysis of regional trends in annual river
floods and the projected modification of the river floods across Europe has been published.
This analysis indicates that river floods in southern Europe decrease by 1% to 3% per
decade due to declining precipitation. However, these databases have not been updated
since 2010. A new analysis was performed by Kundzewicz et al. [6] based on information
provided by the “DFO Flood Observatory” covering the 1985-2016 period, which shows
that the number of river floods is increasing. A recent report by the European Environment
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Agency indicates that flooding is becoming more common in Central and Eastern Europe,
particularly during the winter and spring seasons [5].

Many studies and analyses concerning flood hazard projection exist in different Eu-
ropean regions. Kundzewicz et al. [6] carried out an analysis in 2016, showing that many
hydrological and climate models are used to reduce flood risk, and that it is unrealistic
to presume that accurate quantitative estimates of future flood hazards will be available.
However, according to Alfieri [7], based on seven high-end climate scenarios, most parts of
the world experienced a statistically significant increase in the risk of flooding.

These floods cause substantial damage and disruption in the impacted communities.
With nearly 2000 fatalities, the storm surge in the Netherlands and Belgium in 1953 repre-
sents the deadliest European flood during the period 1900-2021. The flood that occurred
in Romania on the Danube River in 1926, which resulted in the death of around 1000 peo-
ple, is ranked second [8]. According to Kundzewicz [9], Europe recorded 304 significant
flood events between 1985 and 2016 with a magnitude M > 4.5 and 74 events with M > 6
(calculated as LOG[Duration x Severity x Affected Area]), highlighting that Romania
reported numerous severe flood events. According to the HANZE database [10], between
1970 and 2016, Romania reported 47 flood events, of which nine occurred in the Dobrogea
region. Approximately 78% of all flood events are fluvial floods, while the remaining 22%
are flash floods. As a result of these events, at least 769,000 people were affected, of whom
695 people lost their lives, and losses of over EUR 4782 million were recorded.

In this context, the European Union published Directive 2007/60/EC, which intends
to develop a framework for measuring and managing flood risk to lessen the detrimental
effects on human health, the environment, cultural heritage, and economic activity. The
production of flood risk maps is a requirement of the Floods Directive 2007/60/EC [3].
Four important elements are considered when generating these flood maps: (i) determining
the level of hazard /risk, (ii) scale, (iii) methods for evaluating the discharges corresponding
to the chosen hazard levels, and (iv) flood modeling. According to the Floods Directive
(2007/60/EC) [3], Romania applies three hazard calculation levels: frequent events (10-year
return period), events of medium probability (100-year return period), and extreme events
(1000-year return period). These return periods represent different levels of flood risk and
help assess and manage the potential impacts of floods in various scenarios.

According to [11,12], the following techniques are used to determine the discharges
that correspond to the hazard levels: (i) frequency analysis, (ii) regional analysis, and (iii) hy-
drological modeling. Frequency analysis is used when there are records of discharges on
the investigated rivers. Since hydrological forecasting for extreme discharges generally re-
quires extrapolation beyond the available observations, and the length of available records
is often insufficient, the main problem is accurately estimating the probability distribution
function (PDF). The probability distribution functions commonly used to forecast extreme
hydrological events belong to the Generalized Extreme Value (GEV) family, which encom-
passes the Gumbel (EV-I) [13,14], Fréchet (EV-II) [15,16], and Weibull (EV-III) [17], based on
the Extreme Value Theorem for independent and identically distributed random variables.
In addition, other families account for the lack of independence between the variables
whose extreme values are under consideration, such as Pearson-III (or rescaled Gamma),
Log-Pearson-1II [18-20], and log-normal distribution [18]. Several authors, such as Kout-
soyiannis [20], posit that the EV-II distribution, which considers fat-tailed distributions
of the underlying variables, is a more suitable choice in hydrology than, for instance, the
Gumbel distribution. While the probability distributions mentioned above were derived for
the maxima of the variables in question over a given (large) number of realizations, there
is another set of distributions whose relevance relies essentially on engineering design: it
concerns the peaks-over-threshold (POT) events, for which Belkma and Haans [21] and
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Pickands [22] introduced the Generalized Pareto distribution, which is a limit distribution
adapted to exceedance probabilities.

This paper aims to present a frequency analysis for the discharge of the Casimcea
River situated in the Dobrogea region (a semiarid area), Romania, to determine the best
probability distribution functions (PDFs). The biggest challenge of this study is finding an
appropriate frequency model for a river whose maximum discharges exceed 5 to 20 times
the average discharge of a river. Using “classical” frequency models such as Pearson-III
or rescaled Gamma, Log-Pearson-III (which are recommended in the literature for use in
frequency modeling for maximum discharges) did not provide satisfactory results [23].
The introduction of the multi-criteria decision analysis method ELECTRE (ELimination
and Choice Expressing REality) to select the best performing PDFs represents a novel
contribution of this paper.

This paper is divided into the following sections: the Materials and Methods section,
which presents the datasets, methodology, and methods selected to reach the objective;
(ii) Results and Discussion; and (iii) Conclusion.

2. Area Under Study and Data Collection Methodology
2.1. Study Area

Our study area comprises the Casimcea catchment situated on the Back Sea littoral
(Figure 1). From a geological point of view, the Casimcea basin is located in the Casimcea
Plateau, the oldest geological unit in the Black Sea basin [23], situated between Peceneaga—
Camena (FPC) and Capidava-Ovidiu (FCO) faults (Figure 2). The Casimcea Valley is cut
into formations of green schists that emerge at the surface in several areas. Along the valley,
there are sections of basins and gorges (particularly in the middle sector). In contrast, the
valley has a canyon-like appearance in the lower sector, deeply cut into limestone.
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Figure 1. The Casimcea catchment location and the DEM [18].
The relief of the Casimcea basin decreases from an altitude of 300-350 m to a few

meters, descending in steps toward Lake Tasaul (Figure 1). The mean elevation of the basin
is 309 m, with an average slope of 4%. From a climatic point of view, the area falls under
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a temperate continental climate. The average temperature is around 11.2 °C [19], and the
mean precipitation is 400 mm/yr [24].

The Casimcea catchment (surface = 740 km?, length = 69 km) is drained by the river
with the same name. The Casimcea River originates in the Casimcea Plateau and flows
into Lake Tasaul. The Casimcea River has multiple tributaries, mostly on its right bank,
including Cartal or Dereaua Mare, Pantelimon, Valea Seaca, and Gura Dobrogei. Ramnic,
Gradina, and Mucova are the tributaries on the left side (Figure 3). The multiannual
mean discharge is 0.630 m?/s. Dobrogea’s hydrology is distinguished by its low surface
runoff and torrential hydrological regime, which comes from the unequal distribution of
precipitation [25].
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Figure 2. Simplified geological map of Dobrogea [26].

The Casimcea River crosses a limestone hilly area [27]. Between Cheia village and
Lake Tasaul (Figure 3), an area of Oxfordian-Kimmeridgian carbonate deposits is well-
known as Jurassic limestone, where water circulates only through voids and fissures [26].
From these limestone formations, a strong spring originates near Piatra village, known
as “Izvorul Turcului” (Turks Spring) [25], which could not influence the discharge of the
Casimcea River because it is close to Lake Tasaul (see Figure 3). To conclude, precipitation
and limestone formation particularly influence the flow regime of the Casimcea River and
its tributaries.
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Figure 3. Hydrological network of Casimcea catchment (1-Casimcea, 2-Ramnic, 3-Cartal, 4-Cheia,

5-Casian).

2.2. Materials and Methods

The methodology proposed in this paper is presented in Figure 4. The data were
obtained from the National Agency for Water of Romania (NAWR). Detailed information
about datasets is available in Section 2. After establishing the time series of maximum
discharges, a series of methods were applied, consisting of Exploratory Data Analysis
(EDA) and the identification of the empirical distribution function (EDF) and the theo-
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retical probability distribution functions (PDFs). The EDA method consists of trend and
break analyses.

Maximum annual

EDF
EDA Verify

adequacy

data series —

Trend Break

Figure 4. Proposed methodology (legend: EDA, Exploratory Data Analysis; EDF, empirical distribu-
tion function; PDE, probability distribution function).

The maximum discharge values estimated through PDF are compared with those
observed and described through EDF using a series of error coefficients. Section 2.3
provides a detailed description of the methods used.

2.3. Data Collection

We used the datasets from the NAWR. In the Casimcea hydrographic area, there are
four hydrometric stations, two on the main course (Casimcea-1 and Cheia-4 stations; see
Figure 3), and two placed on the most important tributaries of the Casimcea River, located
on the watercourses of Cartal (2) and Ramnic (3) (Figure 3). The Cheia hydrometric station
(4) was installed in 1988 on the lower course of the Casimcea River, approximately 100 m up-
stream of the locality Cheia, in Constanta County. Before this date, the hydrometric station
operated near the locality of Casian, approximately 5 km downstream from Cheia station.

The data were obtained from the National Agency for Water of Romania (NAWR);
therefore, it is expected that they should be accurate and free from errors. Two sets of
data series were collected: (i) annual maximum discharge (1965-1991) and (ii) maximum
monthly discharge rate (the period 1992-2021). Based on monthly maximum time series
data over the 1992-2021 period, we extracted the annual maximum discharge and created
an annual maxima dataset for each hydrometric station.

3. Analytical Methods

Frequency analysis is a statistical method of prediction used to interpret past events
and characteristics of a given process (hydrological or of a different nature) and to define
the probabilities of occurrence for certain given values in the future. Prediction involves
defining and introducing a frequency model, which is a mathematical equation that de-
scribes the statistical behavior of a random variable through its probability distribution
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function [27]. Such a method involves going through several stages, among which we
mention (i) choosing the data series (according to the defined purpose), (ii) control of the
data series, (iii) choosing the frequency model, (iv) calibrating the frequency model, and
(v) validating the frequency model.

In line with the methodology proposed (Figure 4), EDA (Exploratory Data Analysis)
was used. Special attention should be given to the distributional changes in time in the
time series. Kundzewicz and Robsson [28] consider that a “modification” in the time series
can be “monotonic,” represented by either a trend (increasing or decreasing) or an abrupt
change, i.e., a breakpoint.

To verify the presence of a trend in the time series data, the Mann—-Kendall test [29]
was used. The null hypothesis, Hy, states that there is no trend (i.e., no change in the mean),
while the alternative hypothesis, Hj, states that the mean of the series is either increasing or
decreasing. The slope estimation was achieved using the non-parametric method called
Sen’s method, implemented via MAKESENS (v 1.0) software. A break is often characterized
as a sudden shift in the probability law of the time series at a specific period, which is
normally unknown. The presence of breakpoints in the time series data was verified using
Khronostat software (v 1.0). Several statistical tests to detect breaks are available within
this software, such as Pettitt [30], Buishand [31], Lee & Heghinian [32], and Hubert [33].
According to these tests, the null hypothesis is tested, i.e., “no break in the series”.

According to the methodology proposed (Figure 4), the empirical distribution function
(EDF) was used, along with Hydrognomon [34] software (v 4), to identify the theoretical
probability distribution function (PDFs) model. Hydrognomon is an open-source software
tool created to analyze hydrological data. According to [34], Hydrognomon software can
offer advanced statistical analysis of hydrological datasets, including sample statistics,
parameter distributions of several PDF models, such as the EV, log-normal distribution,
and Gamma families, statistical prediction, and more. Once the theoretical model is chosen,
it must be subjected to a series of tests to verify its adequacy for the sample used. Hydrog-
nomon has only two tests to confirm the adequacy of PDFs: the Kolmogorov-Smirnov
(KS) test and the Chi-Square test. The Kolmogorov-Smirnov (K-S) test is implemented
in Hydrognomon software as a goodness-of-fit statistical test that verifies whether a sam-
ple belongs to a particular population distribution. According to the user manual [35],
the K-S test assesses the most significant deviation between the theoretical and empirical
distribution functions using the following equation:

Di =|Fy(xi) — F(xi)|, 1)

where Fy is the empirical, and F is the theoretical distribution function. The D, parameter
is set as the maximum D;, which is compared with the critical value D, based on the
specified significance level .

If Dyyax > Der then the null hypothesis is rejected. Computationally, this approach is
reversed: given D,y of the sample and the fitted theoretical distribution function, the K-S
significance level ap is calculated. If the computed ap is smaller than the chosen significance
level &, the null hypothesis Hy: “The theoretical distribution function that hypothetically coincides
with the real distribution function for every point j of the sample x;” [35] is rejected. The
significance level, ap, is calculated using the following equation:

ap =1—L(z), (2)
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./ @k=1)r
L(z) = Y27y® e~ %, if03<z<85
L(z) =0,if z < 03, : (3)
L(z)=1,ifz>85
z=D \/ﬁmux/ (4)
n is the sample size, and c is a correction coefficient introduced if n < 50,
0, n>50
€= 9 50-n , (5)
so0 » 1< 50

In hydrology, the EDF is usually used to compute the flow duration curve, which
represents the empirical cumulative discharge frequency as a function of the exceedance
probability. The best-known equations for exceedance probability are presented in the table
below (Table 1).

0 < a <0.5 where i

Table 1. Equations for exceedance probability (general formula Fy = ﬁ,

represents the rank, and n represents the total number of events).

o Defining Equation Name (Proponent)

0 F, = n#ﬂ Weibull (probability unbiased)
0.3 F. = é’%’i Cegodaev (empirical)

0.4 Fy = é’%é Cunnane (empirical)

0.5 F, = ij?'5 Hazen (empirical)

A probability plot is used to assess how well the data series follows a given probability
distribution [36]. Finally, the maximum discharge values estimated through the PDF are
compared with those observed and described through the empirical distribution functions.
Pearson correlation coefficient (), RMSE (Root Mean Squared Error), NSE (the Nash-
Sutcliffe efficiency coefficient), and R? (R-squared) are used to measure the performance of
PDF models. It should be mentioned that the correlation coefficient (r) measures the degree
of linear relation between the observed and predicted values. The range of variation of
this coefficient is [—1; +1]. The degree to which the two time series are linearly correlated
increases as the value of the coefficient reaches 1. The range of variation of R? is between 0
and 1; the optimal value is 1. The Nash-Sutcliffe coefficient covers a scale from negative
infinity to 1.0. A score below 0.0 denotes that the observed average makes better predictions
than the model does, while a value of 1.0 denotes a perfect fit between the model and the
observed data. The RMSE represents the standard error and varies within the range (0, +c0);
the optimal value is zero (0). A reduced RMSE suggests improved performance. The RMSE
is susceptible to outliers and can be influenced by extreme values [37]. According to [38]
“RMSE values less than half the standard deviation of the observation can be considered low”. For
this reason, the ratio of the RMSE to the standard deviation of the measured data was
calculated, following the recommendation of Singh [38].

Since we expect to obtain multiple PDF models for each river at specific hydrometric
stations, and we will use five error indices as criteria for determining the model’s perfor-
mance against measured data, we will use a multi-criteria decision analysis method. The
ELECTRE (ELimination and Choice Expressing REality) method was chosen. An overview
related to the ELECTRE method is presented in [39-42]. We just want to outline the main
steps of the solution method: (i) developing the decision matrix, (ii) normalizing the deci-
sion matrix, (iii) computing the weighted normalized decision matrix, (iv) preparing the
concordance and discordance sets, (v) calculating the concordance and discordance matrix,
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(vi) calculating the concordance/dominance and discordance index matrix, (vii) calculating
the aggregate dominance matrix, and (viii) selecting the optimal variant.

Supporting decision-making is a key purpose of the models used. Confidence and
prediction intervals for 95% are provided. By accurately measuring the uncertainty around
these predictions, they provide valuable insights that enhance decision-making and bolster
confidence in statistical analyses [43]. The confidence interval of the PDF selected is
calculated through the Monte Carlo simulation process.

4. Results and Discussion
4.1. Floods Inventory

Table 2 presents geographical and hydrological information. Figure 5 shows the
variation in annual maximum discharges for all hydrometric stations.

488

200
100
0 ]
1960 1970 1980 1990 2000 2010 2020 2030
—8—Casimcea —@—Cheia —@—Cartal —@—Ramnic
Figure 5. Variation in maximum discharges for all hydrometric stations.
Table 2. Descriptive statistics.
Hydrometric Length of Q Mean Q Q min Standard Drainage Avera.ge
. Record 3 max/Data 3 .. Skewness Area Elevation
Station (m°/s) 3 (m°/s) Deviation 2
Years (m>/s) (km?) (m)
Casimcea 57 3243 398/2002 0.048 64.54 4.27 78 263
Cheia 34 65.9 384/2005 0.5 99.70 2.18 500 158
Cartal 56 49.9 488/1985 0.1 92.86 3.06 128 150
Ramnic 56 23.5 131/1988 0.076 29.61 1.98 89 166

The discharge data have been measured since 1965 (57 years) for the Casimcea, Cartal,
and Ramnic hydrometric stations and since 1988 (34 years), respectively, for the Cheia
hydrometric station. We observed peak discharge values of 488 m3/s at the Cartal hydro-
metric station in 1985 (Table 2). At all the hydrometric stations under investigation, it has
been noted that the maximum average discharge value exceeded the threshold between
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1994 and 2007. It is noteworthy that at the Cartal station, in 1968 and 1985, discharges were
recorded that exceeded the average value by 6-fold and 9-fold, respectively. The evolution
of the time series data shows a similar pattern, with some exceptions: in 1968 and 1985, the
Cartal hydrometric stations recorded two peak discharge values (316 m®/s and 488 m?/s,
respectively), while all other rivers recorded values below 100 m®/s. Unfortunately, in the
period 1965-1991, the Cheia hydrometric station was not yet installed, so we could not
compare the values. The second anomaly occurred in 2002 at the Cheia hydrometric station,
which recorded a discharge value of 333 m®/s, while the values registered at all other hy-
drometric stations ranged between 29 and 52 m3/s. In 2005 and 2007, the discharge values
registered at the Cartal and Casimcea hydrometric stations, respectively, were 310 m?/s
and 262 m3/s, respectively, while at the Cheia station, the discharge values were 24 m>/s
and 48.1 m®/s. A flood inventory summary is provided in Table 3.

Table 3. Floods inventory.

The Precipitation Causing the Qmax
Hydrometric Station/Discharge Maximum Precipitation
No River Equivalent to the Alert Thresholds Date Discharge On the Day of During the 10
* in (m3/s) Qmax the Flood (mm)  Previous Days
(m3/s) (mm) *
Casimcea
Qa Qi Qp
1 Casimcea 23.10.1964 104 - -
13.06.1988 99.3 74 -
1.0 5.00 28.0 03.06.1972 89.3 - -
30.05.2002 398 94
03-04.07 2005 58.6 91 (73in 3 h)
Cheia
Qa Qi Qp
2 Casimcea 03.07.2005 384 44 27
31.05.2002 333 10 27
50 720 28.08.2004 287 77 25
17.06.2007 262
Cartal
a i
3 Cartal Q Q Qp
11.06.1985 488 - -
6.9 16.4 80.0 24.09.1968 316 - -
03.07.2005 310 59 (24 in 30 min) -
Ramnic
4 Ramnic Qa Qi Qp
22.05.1988 131 25 -
6.7 60.9 - 04.06.1972 114 - -
11.06.1994 110 12 33

* Qa = warning/attention discharge; Qi = flooding discharge; Qp = danger discharge.

Based on the analysis of the recorded floods presented in the previous paragraphs, we
could consider those values to be outliers, or the geology of the study area and precipitation
could influence the discharge values. NAWR considers all those values as estimated
historical events; large flood peaks are rarely directly observed. As can be observed,
the annual floods, characterized by the highest yearly maximum discharge, occur most
frequently in June and July [41]. In contrast, floods are the least frequent between October
and April. The leading cause of these floods is the large amount of precipitation that falls
in less than 24 h (in 2005, 73 mm and 24 mm of precipitation were recorded in less than
3 h and 30 min, respectively, at the Casimcea and Cartal stations). Unfortunately, we do
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not have enough data about the damage caused. However, in 2002, the estimated damage
was RON 1268 million. The following paragraphs present an inventory of historical floods
recorded in the Casimcea River basin [18,42-44].

4.2. Frequency Analysis Results

Figures 6-9 present the histograms for each hydrometric station. All histograms are
skewed to the right, with most of the events occurring in the range of 0-20 m3/s (be-
tween 41%—Cheia station and 61%—Ramnic station). Hydrological events with very high
discharges, exceeding 100 m3/s, vary from station to station: at Casimcea and Ramnic
hydrometric stations, there was only one such event and three events, respectively, repre-
senting less than 5% of the total. However, at the other two stations (Cheia and Cartal),
these events account for just over 12% of the total. Based on the descriptions provided in
the paragraphs above, the most suitable theoretical distribution functions for these events
could be from the Weibull and log-normal families.

40

frequency

[0.0,20.0] (20.0,40.0) (40.0, 60.0) (60.0, 80.0] (0.0, 100.0) > 100.0
classess

Figure 6. Histogram for the Casimcea station.

frequency

[0.5,20.5) (20.5,40.5) (40.5,60.5) (60.5,50.5]  (80.5, 100.0) >100.0

classess

Figure 7. Histogram for the Cheia station.
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Figure 8. Histogram for the Cartal station.
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Figure 9. Histogram for the Ramnic station.

As we mentioned in the methods and methodology section, we investigated trends
and breakpoints in time series data. Let us also remember that MAKESENS software is
used to detect trends, and Khronostat software detects a breakpoint. Four significance
levels (a) are tested by MAKESENS software: 0.001, 0.01, 0.05, and 0.1. In Table 4, the
results obtained from the Mann-Kendall test are presented. We can see that the Z statistics
are negative, and the slopes estimated are negative and vary between —0.194 and —0.908
(Table 4). These results indicate that the annual maximum discharge decreases for all
stations investigated, at a 0.05 significance level. Sen’s slope provides a negative slope,
which is also demonstrated by the non-random residuals (Figure 10).

Table 4. Mann—Kendall and Sen’s slope methods.

Time Series First Year Last Year n Test Z Signific. Sen’s Slope Estimate
Q Casimcea 1965 2021 57 —2.13 0.05 —0.194

Q Cheia 1988 2021 34 —2.31 0.05 —0.908

Q Cartal 1965 2021 57 —2.24 0.05 —0.247

Q Ramnic 1965 2021 57 —2.11 0.05 —0.232
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Figure 10. Results of the Mann—Kendall test for the Casimcea hydrometric station.

All of the time series investigated exhibit similar behavior (Table 4). Nevertheless, the
statistical approaches might be applied independently to the decreasing and increasing
subseries. In Table 5, we present the results of the statistical tests available within Khrono-
stat software. Khronostat software offers a feature for testing the independence of the
time series investigated. The independence test is used to assess the possibility that no
relationship exists among the variables within a population, based on a sample [45]. The
software uses the rank correlation test. The null hypothesis tested was Hy: “the series contain
realization of independent random variables”. It must be mentioned that the Buishand [31]
and the Lee & Heghinian [32] tests are procedures that are applied if the studied series is
normally distributed. If the series is not normal, then different transformations are applied
(such as a logarithm or a Box-Cox transformation) to normalize it. It should be noted that
the Pettitt, Lee & Heghinian, and Hubert tests also provide the year in which the break in
the time series data occurred.

Table 5. Khronostat software results.

Hydrometric

Period

Khronostat Results for Independence
Mean

N 3 Rank A Pettitt Lee & Heghinian
Station (Years) (m*/s) Correlation Buishard Results Year Results Year Hubert
. rejected at rejected at rejected at .
Casimcea 57 26.03 95% confid. 90% confid.  95% confid. 1989 rejected Ho 1989  accepted
. rejected at rejected at rejected at .
Cheia 34 55.0 95% confid. 95% confid.  95% confid. 2007  rejected Ho 2007  accepted
rejected at rejected at rejected at .
Cartal 57 50.8 95% confid. 95% confid.  95% confid. 2006 rejected Ho 2006  accepted
Ramnic 57 23.9 rejectedat - rejectedat - rejectedat 550 Goed Ho 2006 accepted

90% confid. 95% confid.  90% confid.

The results show (Table 5) that the investigated time series are not random at the 95%
confidence (significance levels of 0.1 and 0.05) and could suggest a trend or periodicity.
An analysis of Table 5 shows that the Buishard, Pettitt, and Lee & Heghinian tests reject
the null hypothesis at the significance level of 0.05 for the Casimcea, Cheia, and Cartal
stations and at the significance level of 0.1 for the Rdmnic hydrometric station. Hubert’s
tests failed to reject the null hypothesis. Two of the three tests that could identify the
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year of a break indicate a change in 2006 for the Cartal and Ramnic stations, 2007 for the
Cheia station, and 1989 for the Casimcea hydrometric station. The investigated discharge
data series is obviously not homogenous. According to the Lee & Heghinian test, the
break is more severe at the Cheia station (0.4131 break point probability) compared to
the Casimcea (0.0738 break point probability), Cartal (0.1616 break point probability), and
Ramnic (0.1175 break point probability) stations.

The flow duration curve (FDC) was determined using two empirical cumulative
frequency functions: Hazen and Weibull. The flow duration curves for all hydrometric
stations were plotted using Excel. Figure 11 presents an example of an FDC estimated
through the Hazen equation for the Casimcea River at the Casimcea hydrometric station.
The maximum discharge corresponding to different exceedance probabilities was extracted.

Generally, there are significant regional variations in the FDC shapes. According
to a study by Ma [46], FDCs display an “L-shape” in the Americas and an “S-shape” in
North China and differ from basin to basin. For the Casimcea basin, the FDC shape has
an “S-shape”, but the last part of the S-shape, between 90 and 100 exceedance probability,
is not well defined. In addition, in the final third of the curve, we observed (Figure 11) a
steep slope which corresponds to a highly variable stream that receives most of its flow
from direct runoff.
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Figure 11. FDC for the Casimcea hydrometric station.

The values obtained from the PDFs were compared with those extracted for 100, 50, 20,
10, 5, and 2 return periods, as calculated using the Hazen and Weibull equation (Table 6).
The Weibull equation could not calculate the discharge value for a 100-year return period
(1% probability of exceedance) for the Cheia hydrometric station because the time series
data have only 34 values.

Using Hydrognomon [34] software, we investigated the best theoretical probability
distribution functions (PDFs) that could be applied to the time series data. The results
for the Casimcea hydrometric station are presented in the table below (Table 7) (only the
accepted PDFs for all levels of significance).
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Table 6. The maximum discharge values extracted from FDC for different exceedance probabilities.

Maximum Discharge (m3/s)

EDF Hazen
Return period (year)
Hydronfetric stgtion 100 >0 20 10 > 2
Casimcea 262 157.87 89.3 65.4 50.3 10.7
Cheia no 377.92 310 128 56.2 12.9
Cartal 333 324.72 287 246 83.1 243
Ramnic 131 119.85 110 57.2 39.8 12.6
EDF Weibull
Casimcea 262 224.35 99.3 73.3 50.3 10.7
Cheia no 333 297.87 246 83.1 243
Cartal 488 460.48 316 224 56.2 12.9
Ramnic 131 128.12 114.00 68.8 39.8 12.6
In Table 7, “a” represents the level of significance, and D,y represents the maximum
of the difference between the theoretical and the empirical distribution functions [35]. The
goodness-of-fit test used was the Kolmogorov—-Smirnov test. Furthermore, Hydrognomon
includes only two tests to verify the adequacy of PDFs: the Kolmogorov—-Smirnov (KS) test
and the Chi-Square test. According to the KS test, the D,;;y was sequenced in ascending
order, from 1 to 7. Accordingly, the accepted distribution functions for all hydrometric
stations are presented in Table 8. As can be observed in Table 8, not all individual accepted
probability distribution functions are valid for all stations. For example, the Pearson-III
distribution function is valid only for the Casimcea hydrometric stations (Table 8). GEV-Min
yields good results only for the Casimcea hydrometric station (rank 3). The Pareto PDFs
produced the same results as GEV-Min.
Table 7. Results from Hydrognomon for the Casimcea hydrometric station.
Kolmogorov—-Smirnov Test a=1% Rank Dmax
Gamma ACCEPT 1 0.0796
Pearson-III ACCEPT 2 0.0831
GEV-Min ACCEPT 3 0.0847
EV3-Min (Weibull, L-moments) ACCEPT 4 0.098
EV3-Min (Weibull) ACCEPT 5 0.1052
Pareto (L-moments) ACCEPT 6 0.1200
GEV-Min (L-moments) ACCEPT 7 0.1215
Table 8. Accepted distribution functions based on rank.
PDF EV3-Min GEV-Min _ GEV-Max

Pearson- GEV- EV3-Min Pareto (L- Log

Gamma X Weibull, L- i L- L-
ydrometric Station III Min (Moments) (Weibull) Moments) Mox(nents) Mor(nents) Pearson-III
Casimcea 1 2 3 4 5 6 7 X X
Cheia 7 X X 6 3 1 4 2 5
Cartal 7 X 6 2 1 5 5 4 3
Ramnic 2 X X 5 6 3 4 1 X

Koutsoyiannis noted in [20] that Jenkinson (1955) considers the EV3 distribution as
“the most frequently found in nature since it is reasonable to expect the maximum values to have an
upper bound”. Jenkinson mentioned that EV type 3 is limited in the direction of the extreme
values [47]. The method of moments is frequently used to calculate the parameters of
probability distribution functions. However, this method could have some disadvantages:
(i) difficulty in assessing the shape of a distribution, (ii) the moment values can differ
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significantly from those of the probability distribution if the sample is small, and (iii) the
calculated parameters are frequently less accurate. Applying an alternative approach, called
L-moments (LMOs), could solve the previously mentioned limitations [48]. In this context,
we decided to use only the PDFs valid for all hydrometric stations: Gamma, EV3-Min
(Weibull), Pareto, and GEV-Min. The results provided by PDFs indicate the following:
(i) the maximum discharge value for 100-year return periods (Table 9) is underestimated;
(ii) the values predicted for 10, 5, and 2-year return periods have a good estimation using
all five PDFs used. Similarly, maximum discharge values for each hydrometric station were
calculated. The same behavior was observed. However, the most important conclusion is
that the models cannot be chosen based solely on the value obtained for the rank value. This
is why we used a series of coefficients that determine the error between the modeled and
observed values. The maximum discharge values for the following return periods (1000,
100, 50, 20, 10, 5, and 2 years) were initially determined before computing the error indices.
The values of maximum discharge for the Casimcea hydrometric station, estimated using
the chosen PDFs and the EDF values corresponding to the return period are presented in
Table 9. Similarly, values were established for all hydrometric stations along the river and
its tributaries.

Table 9. Maximum discharge values are predicted using the five chosen PDFs for different return
periods. Example for the Casimcea station.

Return Period (T)

1000 100 50 20 10 5 2

Hydrometric Station and PDF’s

Gamma

Casimcea—Qmax (m3/s)
323.522 193.42 155.808 107.943 73.8253  42.6248 9.93832

EV3-Min (Weibull, L-Moments) 376.839 201.90 157.07 104.162 69.4718 40.0324 10.9478

EV3-Min (Weibull)
Pareto (L-Moments)

361.019 196.20 153.516 102.766 69.1782 40.3687 11.3719
469.357 200.59 149.699 96.6856 65.1675 39.5258 12.8146

GEV-Min (L-Moments) 331.602 187.72 149.211 102.364 70.4469 42.146 11.9543

EDF

262 157.8 89.3 65.4 50.3 10.7

Note: GEV—Generalized Extreme Value; EV3—extreme value type 3.

The results of the probability plots for all stations were created and presented in the
following figures.

Only the first five selected PDFs (according to Table 10) were plotted. As can be seen
from Figure 12, the Gamma and EV3-Min (L-moments) functions manage to simulate the
data quite well. Figure 12 shows that the distribution of EV3-Min (L-moments) aligns
closely with the data, especially with the right tail; the left tail is overestimated. Pareto
(L-moments) and GEV-Min (L-moments) functions offer a good simulation only for the data
situated between 30% and 99%; for the rest (especially in the right tail), the two functions
overestimate the data. Exceptions were found only for the flow registered at the Cartal and
Cheia stations, where the two distribution functions also offer good results for the 20-30% range.

4.3. Results of Adequacy Tests

The maximum discharge values estimated through PDF are compared with the value
observed through the empirical distribution functions using several indices mentioned in
the methodology section. The results are provided in Table 10.
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Table 10. Results of the calibration: the observed exceedance probability values were extracted using
the Hazen and Weibull equations, respectively.

Hazen Weibull
Rank r RMSE NSE R? r RMSE NSE R?
Casimcea
Gamma 1 0.96 29.40 0.87 0.92 0.98 39.87 0.81 0.92
By e (Weibull 2 097 2568 090 095 098 3715 08 095
EV3-Min (Weibull) 3 0.97 27.82 0.89 0.94 0.98 39.74 0.81 0.94
Pareto (L-Moments) 4 0.98 25.86 0.90 0.97 0.99 39.87 0.81 0.97
GEV-Min (L-Moments) 5 0.97 31.24 0.86 0.94 0.98 43.30 0.78 0.94
Cheia
Pareto (L-Moments) 1 0.87 73.34 0.62 0.76 0.93 56.67 0.74 0.87
EV3-Min (Weibull) 2 0.90 80.06 0.55 0.80 0.94 56.91 0.74 0.88
GEV-Min (L-Moments) 3 0.92 52.44 0.81 0.85 0.93 53.70 0.77 0.86
Evi'_l\l\/f[i:n(l‘e/ﬁg“u' 4 090 6002 075 0.81 082 17203 —140 067
Gamma 5 0.90 60.02 0.75 0.81 0.94 53.91 0.76 0.88
Cartal
EV3-Min (Weibull) 1 0.98 49.00 0.92 0.80 0.97 79.97 0.81 0.93
Evi'_l\l\’f[i:n(l‘::tg“u' 2 098 3852 075 081 098 6781 08 092
Pareto (L-Moments) 3 0.96 58.72 0.62 0.76 0.96 92.35 0.74 0.86
GEV-Min (L-Moments) 4 0.97 45.35 0.81 0.85 0.97 72.52 0.84 091
Gamma 5 0.99 40.54 0.75 0.81 0.99 68.58 0.86 0.96
Ramnic
Gamma 1 0.86 37.36 0.29 0.74 0.83 38.43 0.28 0.70
Pareto (L-Moments) 2 0.79 68.69 —1.41 0.62 0.75 69.22 —-1.33 0.57
GEV-Min (L-Moments) 3 0.87 34.92 0.38 0.76 0.82 46.06 —0.03 0.67
EVi-l\l\/}[i;ln(l‘;VnetiS];llll, 4 0.82 61.21 —-0.91 0.68 0.79 44.37 —0.84 0.63
EV3-Min (Weibull) 5 0.84 43.35 0.04 0.71 0.81 61.55 0.04 0.66

The results presented in Table 10 show the following: (i) The r coefficients yield good
values, close to 1, which means an excellent correlation between observed and modeled
values; however, there are several exceptions: at the Ramnic station, the r values range
between 0.79 and 0.87, so we can conclude that a strong positive linear relationship exists
between observed and modeled maximum discharges values. (ii) R? also yields good
results for the Casimcea station but for the other stations, the R? values are over 0.85; an
R? > 0.5 is usually considered as satisfactory. (iii) The NSE produces values close to zero or
negative; an NSE value close to zero indicates that the model estimates are as accurate as
using the mean of the observed data, while a negative NSE value indicates that the models
used fail to reproduce the mean, which indicates unacceptable performance. (iv) The RMSE
values must be interpreted carefully. The RMSE falls within the interval of 25.68 m3/s to
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172.03 m3/s. The PDF models with the lowest RMSE values achieved the best results. The
RMSE uses the same units as the dependent variable (m?/s), and it is sensitive to outliers.
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Figure 12. Probability plots for all stations.

The results obtained by applying the error functions, presented in Table 10, are similar
to those obtained by probability plots. A limitation of the results derived from the method-
ology is the reliance on the KS test, which has a well-documented tendency to exhibit lower
power in assessing goodness-of-fit [39]. However, the application of the Anderson-Darling
test did not show a significant difference in goodness-of-fit evaluation. To ensure continuity
in this study, we made a deliberate decision to consistently utilize the results of the KS test.

4.4. Results of the ELECTRE Method

In line with the results presented in Table 10, it is difficult to choose the best-performing
PDFs. For this reason, the best PDF model was selected using the ELECTRE method.
According to this method, the criteria selected are rank, r coefficient, RSR (RMSE/STDEV),
NSE, and R?. Based on a review published in 2007, Moriasi [49] established performance
ratings for the NSE and RSR index. The criteria and values for each of them are presented
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in Table 11. The cells marked in green in Table 10 represent the best results according to
Table 11.

Table 11. Criteria and values for performance parameters.

Performance r RMSE/STDEV NSE R?
very good 0.80-1 0.0-0.5 0.80-1 0.80-1
good 0.6-0.8 0.5-0.6 0.70-0.80 0.6-0.8
satisfactory 0.4-0.6 0.6-0.7 0.5-0.70 0.4-0.6
unsatisfactory <04 >0.7 <0.5 <0.4

Please note that for the r coefficient, NSE, and R? error indices, the closer the obtained
values are to 1, the better the model performance, whereas for RSR, lower values, tending
toward zero, indicate better model performance. Accordingly, the r coefficient, NSE, and
R? criteria were maximized, indicating that a criterion’s priority increases with its score,
whereas RSR was minimized. This implies that the lower the criterion score, the more
desirable it is. In the process of assigning weights, values are allocated to the chosen criteria
to indicate their relative significance. The criteria and weight are presented in Table 12.
We consider assigning greater weight to the results obtained through the goodness of fit
PDF (results obtained using Hydrognomon software). In this manner, all error indices were
assigned equal weights, and the rank criterion was assigned a weight of 50%.

Table 12. The criteria and weight.

Criteria Achieved a r RRS NSE R?
weight 0.50 0.12 0.13 0.13 0.12

The models investigated are those presented in Table 10. These are denoted by M from
1 to 5 in the order given in Table 10 for each station. Selecting the optimal variant is based
on the net superior and inferior values for each station. The results obtained are presented
in Table 13. The computation of net superior/inferior results shows that M2 (EV3-Min-
Weibull, L-moments) achieved the maximum value and M5 (GEV-Min-L-moments) the
minimum value, and they have been assigned ranks 1 (the best scheme) and 5 (the poorest
scheme), respectively. The computation of the net superior values shows that M1, M3, and
M4 were assigned the ranks 3, 4, and 2. On the other hand, the M1, M3, and M4 models
ranked third, fourth, and second, respectively, when the reliability design approach was
ranked based on net inferior values. According to the ELECTRE method, M1, M3, and M4
are excluded (denoted by E in Table 13). There were some problems at the Ramnic station.
The results obtained for the net superior and inferior values show that only the M5 model
could be retained. In this case, EV3-Min-Weibull (L-moments) is the best PDF model for
the Casimcea River at the Casimcea station and for the Cartal River at the Cartal station.
GEV-Min-L-moments is the choice for the Casimcea River at the Cheia hydrometric station.
For the Ramnic River at the Ramnic station, the favorable model is EV3-Min-Weibull. For
this river, the model was assigned to the fifth rank. In this context, the aggregate dominance
matrix was investigated. This matrix is presented in Table 14. According to [42], if at least
one element “1” is present in a column, that column must be eliminated, which signifies
that the related row(s) “are ‘'ELECTRE-cally’ dominant over the column” [42]. That means
that columns 1,2, 4, and 5 must be eliminated, and the model M3 is the favorable alternative
(see also Table 13: the net superior value at the Rdmnic station for M3 is assigned rank 1).
To better illustrate the relationships in this phase, a graphical representation of the overall
classification can be useful.
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Table 13. Results of the ELECTRE method.
Model (M) Net Superior Value  Rank  Net Superior Value  Rank  Observation
Casimcea
M1 (Gamma) 0.390 3 —2.862 2 E
M2 (EV3-Min-Weibull, L-Moments) 2.650 1 —3.057 1
M3 (EV3-Min Weibull) 0.000 4 0.036 3 E
M4 (Pareto-L-Moments) 0.480 2 1.883 4 E
M5 (GEV-Min-L-Moments) —3.520 5 4.000 5
Cheia
M1 (Pareto-L-Moments) 0.130 2 —0.729 2
M2 (EV3-Min-Weibull) —0.130 3 0.050 3
M3 (GEV-Min-L-Moments) 2.000 1 —1.296 1
M4 (EV3-Min Weibull, L-Moments) —0.500 4 1.000 5 E
M5 (Gamma) —1.500 5 0.975 4 E
Cartal
M1 (EV3-Min-Weibull) 1.510 2 —2.956 2
M2 (EV3-Min-Weibull, L-Moments) 2.260 1 —2.976 1
M3 (Pareto-L-Moments) —2.000 5 0.731 3 E
M4 (GEV-Min-L-Moments) —0.500 3 1.614 4 E
M5 (Gamma) —1.270 4 3.588 5 E
Ramnic
M1 (Gamma) 1.130 2 —2.320 1
M2 (Pareto-L-Moments) 0.130 3 1.966 4
M3 (GEV-Min-L-Moments) 2.000 1 —2.267 2
M4 (EV3-Min-Weibull, L-Moments) —1.260 4 0.282 3
M5 (EV3-Min-Weibull) —2.000 5 2.339 5
Table 14. Aggregate dominance matrix.
Cartal M1 M2 M3 M4 M5
M1 0 1 0 1 1
M2 1 0 0 0 0
M3 0 0 0 1 1
M4 0 0 0 0 0
M5 0 0 0 0 0

In the example for the Ramnic station (Figure 13), M2, M4, and M5 are dominated by
M1 and M3, respectively. However, M1 is dominated by M2. The preference relationship
between M1 and M3 could not be determined. This result could be obtained from the
column of the aggregate dominance matrix (Table 14). M3 does not contain any element
with a value of 1. According to the results presented in Figure 12, M3 (GEV-Min-L-moments)
is the preferred choice, followed by M1 (Gamma).

Both risk analysis and the design process depend on the prediction interval and
confidence interval, which play a crucial role in assessing the reliability of model predictors.

After applying the ELECTRE method, two cases were identified in the analysis of the
ClI results at 95% for the accepted function (Figure 14). The first one, related to the Casimcea
station, shows that EV3-Min-Weibull (L-moments) function provides results within the CI
limits. However, as expected, the left tail of the PDF falls outside of the PI interval, but it is
within the Cl intervals. The second case is related to the Cheia Station. At 95%, we identified
an anomaly regarding the CI: the lower limit of CI (CI-LL) intersects the upper limit (CI-UL).
We could consider the possibility that this anomaly may result from a size limitation or
inaccuracy in determining the maximum values, which could affect the reliability of the
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confidence interval (CI). It is known that L-moments are particularly recommended when
the tail of the distribution is quite dense and the sample size is small. In this case, the right
tail of the distribution is not dense. The results obtained using EV3 Weibull show that it
performs well (Figure 14c). We consider that it is difficult to recommend a single (optimal)
PDF for all the rivers studied. A more advanced statistical analysis is needed, involving
additional adequacy tests, such as the modified Anderson-Darling test. It is also important
to explore other PDFs that are specially adapted for studying flow in arid regions.

Figure 13. Over-ranking relationship for the RAmnic River at the Rdmnic station.

1000.00

100.00
10.00
Q
g
<'1.00
0.10
0.01
0% 10% 20% 30% 40% S50% 60% 70% 80% 90% 100%
probability (%)
® Data EV3-Lmoment = < =PI upper limit
= <« =PI lowerlimit ==x»==-CI upper limit = « =CI lower limit

(a) The Casimcea station—95% performance.

Figure 14. Cont.
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Figure 14. Confidence interval performance analysis.

5. Conclusions

This paper describes a study carried out to estimate maximum discharge values for
the main river and its tributaries crossing the Casimcea catchment, using different PDF
models. Empirical models cannot provide values for exceedance probabilities of 0.1%,
0.01%, or sometimes even 1%. Citing Kuczera, the authors of Bulletin 17C [50] argue that
extensions of the exceedance curve can considerably affect the quantile estimates derived
from such extrapolations. In this context, this study presented a suitable distribution
using the goodness-of-fit measures provided by Hydrognom software and calculated by
the Kolmogorov-Smirnov test. The suitable PDFs were classified according to their Dmax
ranks. The observed and modeled values were compared using different error indices.
As discussed in the previous paragraphs, it is difficult to interpret the results and choose
the most favorable model. To improve the results, the ELECTRE method was chosen.
The results of the ELECTRE analysis helped identify the best PDF model based on the
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criteria selected (error indices and corresponding ranks). In general, the model with the
best rank score obtained using Hydrognomon software was not the one determined by
the ELECTRE method. For example, at the Casimcea station, the best model obtained
using Hydrognomon was Gamma. The ELECTRE method designated model EV3-Min
(Weibull, L-moments) as the best one. This model showed better RSR, NSE, and R? values
than the Gamma model. The r coefficient yielded very similar results. The Gamma model
was the third choice according to the ELECTRE results. To conclude, for the Casimcea
River and its tributaries, a single PDF model cannot serve as a determinant, and hence
a series of indicators, presented here, is necessary for predictive modeling. A limitation
of this study is the extreme values recorded. It remains uncertain whether these are true
values or just outliers caused by measurement methods (especially in the years before
2011, when automatic stations were introduced). A careful field analysis showed that the
connecting roads crossing the Casimcea River (linking the left and right banks) are equipped
with culverts that create obstacles because they have limited transport capacity. Water
accumulates upstream of these culverts/bridges, the levels rise, and flood the adjacent
territory. Due to the uncertainties in the data and the varying results, an event-by-event
analysis using a numerical model should be employed to verify whether the gauge stations
are providing accurate measurements and data.

Under climate change conditions, those designing flood-related infrastructure must
pay attention to the factors that influence flow, such as geology and land use. The results of
this study provide a foundation for creating detailed flood hazard and risk maps, which
are essential for mitigating the impact of floods in Romania.
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