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Abstract: The objective of the present work was to perform a 30-year analysis of some significant
meteorological and hydrological processes along the Lower Danube. This was motivated by the
fact that, due to the effects of climate change, the global configuration of the environmental matrix
has suffered visible transformations in many places. Another important factor considered is related
to the constant development noticed in the last few decades of European inland navigation, in
general, and in the Lower Danube sector, in particular. From this perspective, the processes analysed
were the wind speed at a 10 m height, the air temperature at a 2 m height, precipitation, and river
discharge. The 30-year period of 1991-2020 was considered for analysis. The ERA5 reanalysis data
were processed and analysed in the case of the first three processes, while for the river discharge, the
data provided by the European Flood Awareness System were used. The emphasis was placed on the
evolution of the extreme values and on the identification of the geographical locations with a higher
probability of occurrence. The average values and the seasonal variations of the four processes were
also considered. The results indicated that the maximum wind speed and air temperature values
along the Lower Danube did not suffer significant changes in the last few decades. However, the
values of the minimum air temperatures increased with an average value of about 0.8 °C per decade,
and the same tendency was noticed also for the average temperatures. Regarding the precipitation,
the trend indicated a tendency to decrease by about 0.5 mm per decade, while for the river discharge,
a clear increase of more than 1200 m?/s corresponded to each ten-year period. Finally, it can be
concluded that the present analysis provided a global and more comprehensive perspective of the
recent environmental dynamics along the Lower Danube, delivering useful information for inland
navigation, as well as for other human activities.

Keywords: inland navigation; meteorological and hydrological processes; Lower Danube; extreme
values; recent dynamics; climate change

1. Introduction

The Danube River originates from the Black Forest Mountains in Germany and flows
in the southeastern direction for more than 2800 km, passing through, or bordering, ten
European countries (Germany, Austria, Slovakia, Hungary, Croatia, Serbia, Romania, Bul-
garia, Moldavia, and Ukraine) [1]. Regarding its length, the Danube is the second-longest
European river after the Volga, in Russia. The Danube’s basin can be sectioned into three
main parts, separated by “gates”, where the river is forced to pass the mountains [2]. These
are: the Upper Danube, extending from the spring to the Devin Gate (at the border between
Austria and Slovakia), the Middle Danube (also known as the Pannonia or Carpathian
Basin), extending between the Devin Gate and the Iron Gates (at the border between Serbia
and Romania), and the Lower Danube, extending from the Iron Gates to the river mouths
at the Black Sea. The Danube represents the most-significant water resource of the Black
Sea [3], and at its mouths, strong interactions between waves and the currents generated
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by the river outflow occur, together with some other significant coastal processes [4]. The
Danube Delta is the largest and best-preserved delta of the European continent [5]. In the
deltaic zone, the river outflow is through three principal branches, the Chilia, Sulina, and
Saint George [6], and it is often subjected to floods and/or other hazards [7].

The Danube’s bottom gradients vary from 0.0012% (12 ppm) in the Upper Danube
from the spring until the German city of Passau, and the gradient decreases to about
0.0006% (6 ppm) for the rest of the sector. Along the Middle Danube, the river becomes
wider and the gradient becomes only 0.00006% (0.6 ppm), while in the Lower Danube, the
mean value of the gradient is the lowest, being around 0.00003% (0.3 ppm) [8].

Many tributaries of the Danube River (more than 60) can be counted from the source
to the river outflow in the Black Sea [9], among which, 32 are more significant and the Tisza
River the longest. Many of them are also important navigable rivers [10]. The Maritime
Danube extends from the Sulina at the Black Sea (RKM 0) and up to the port of Braila
(RKM 170), and the river is navigable also by ocean ships, while river ships can navigate
upstream to Ulm, in Germany [11]. Since 1992, when the Rhine-Main-Danube canal
was inaugurated, the Danube River became part of the most-important inland navigation
system in Europe. This is the seventh Pan-European transport corridor linking the Black
and North Seas via a 3500 km-long waterway. This allows the navigation of large-scale
river vessels, but larger ships can also navigate many parts of this system.

Besides navigation, the Danube represents also a viable source of renewable energy.
With a total of 59 dams built along the first 1000 kilometres of the Danube down from its
spring, the Upper Danube is considered very appropriate for hydropower plants, especially
due to the natural gradient of the river in this region [12,13]. On the other hand, the Iron
Gates Dams I and II in the Lower Danube sector represent the largest hydropower system
along the river. This is composed of two dams, operated in common by Romania and Serbia
and providing about 27% of the total energy used in Romania and 37% of the total energy
demand of Serbia [14]. Moreover, taking into account the visible effects of climate change
and the measures considered in the direction of decarbonisation [15], there is a significant
and increasing interest in developing hydropower plants [16]. However, such constructions
can cause various river and habitat interruptions and can also generate relevant changes in
the natural structure of the river [17], producing pollution [18,19] and increasing the level of
heavy metals in the water [20], and may also have a negative impact on fish diversity [21].

In this context, the objective of the present work was to perform an analysis related
to the recent dynamics of the environmental matrix along the Lower Danube. Such an
analysis allowed a better perspective concerning the evolution in the last 30 years of
some significant meteorological or hydrological processes such as the variations of the
wind speed, air temperature, precipitation, or river discharge. The emphasis was placed
on the occurrence of the extreme values that have been noticed in the Lower Danube
sector according to the data analysed, as well as on the identification of the geographical
locations where such events are more probable. Several previous studies, for example [22],
indicated that, due to climate changes, an enhancement of the frequency and especially
of the intensity and duration of extreme events can be noticed along the Danube River.
Furthermore, the present study aimed to identify also the last years” dynamics of the
extreme events and eventually to notice the possible future trends. Together with the
analysis of the maximum values, the average values of the environmental processes, as
well as their seasonal variations were also analysed and discussed.

Since the main target of the present work was to support inland navigation and
harbour operations, it has to be highlighted that the processes analysed (wind speed,
air temperature, precipitation, and river discharge) are extremely significant from this
perspective. At the same time, it can be underlined at this point that the main novelty and
added value of the present work are that 30 years of environmental data were processed
and analysed along the entire Lower Danube, identifying also the sectors where there is
a higher probability of extreme values in the environmental matrix, which can produce
significant difficulties for inland navigation.
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Finally, the gaps in some recent studies also have to be highlighted, for example [23,24],
which the present work intended to fill through the results presented. This is to provide a
global and more comprehensive perspective of the Lower Danube concerning the evolution
over the last three decades of some meteorological and hydrological processes, especially
focused on the extreme values of the relevant processes analysed, data that are significant
not only for inland navigation, but also for many other human activities taking place along
the river.

2. Materials and Methods
2.1. Target Area

The target area of the present study was the Lower Danube, more precisely the river
sector located between Iron Gate II (RKM 863) and the city of Tulcea (RKM67) (Figure 1).
Since the Danube Delta is a very special and complex area, the above-mentioned sector
represents in fact the entire Lower Danube. This sector has a very dynamic riverbed
with large flow rates (between <1600 m>/s and >15,000 m®/s). Its geography is very
diverse. It includes mountains, large plains, sand dunes, and forested or marshy wetlands.
Similarly, the climate and precipitation vary significantly; they continuously form the
basin’s landscapes. The morphological processes in the Lower Danube are also quite
dynamic. In the upper part of the section (km 863—km 730), the intensity of erosion and
accumulation is less than in the middle (km 730—km 500) or in the lower part of the section
(km 500-km 67). Consequently, hundreds of kilometres at both the left and right sides of
the Danube River are strongly eroded.
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Figure 1. Map of the Lower Danube sector and locations of the main river and adjacent maritime
ports. Figure processed by the authors using information from [25].

In the last few decades, almost 75% of the floodplains of the Lower Danube were cut
off from the main river by dikes and were transformed into agricultural areas, inducing
impacts also on the flooding regimes. Furthermore, as highlighted before, riverbed erosion
became a common phenomenon for large parts of this sector of the Danube. The conversion
of plain forest to agriculture represents another important factor in enhancing extreme
flood events. Such recent flood events in the Lower Danube River were noted especially in
the years 2002, 2005, 2006, 2009, 2010, 2013, and 2014. On the other hand, the very low water
levels reached in the Lower Danube sector in the last few years are damaging both the
environment and the economy. Such a significant lowering of the water level also induces
complex changes of the neighbouring river territories. Navigation represents another
important issue in the Lower Danube sector, and as can be noticed in Figure 1, many ports
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are located along this Danube sector or in its vicinity. Four relevant factors are driving the
dynamics of the Lower Danube sector. These are: agriculture, flood protection, transport,
and climate change. Climate change is expected to further increase the flood risk along
the entire Lower Danube sector, in terms of the intensity, duration, and frequency of the
events. There is also a higher possibility of flash flood events during dry periods. However,
there is also considerable uncertainty in the quantification of the future flood events due
to the many shortcomings that may occur in the estimation of the future precipitation.
Climate change is increasingly causing stressors, either hydrological, chemical, and/or
thermal. As a consequence, the Lower Danube River sector can suffer from low water levels,
especially at the end of the summer and at the beginning of the autumn seasons, with
significant impacts both on the ecosystem and human activities. According to some recent
studies [26], the air temperature is expected to increase with a gradient from northwest
to southeast. Thus, from 2021 to 2050, an annual increase of 4 °C in the basin of the
Lower Danube is expected, while between 2071 and 2100, an increase of about 5 °C is
expected. As a consequence, at the end of the 21st Century, the air temperature increase
is expected to be particularly great during summer, especially in the southeastern region
of the Lower Danube.

2.2. Datasets Considered

The reanalysis data were provided by the ERA5 project, and they are made available
to the public domain via the Copernicus Climate Change Service [27]. These data are based
on the previous ERA-Interim and ERA-40 datasets and combine numerical simulations
with various in situ observations. The accuracy of this dataset has been analysed in various
riverine and coastal areas, and it has been found to be quite reliable [28]. A 30-year time
interval (from January 1991 to December 2020) was considered for the evaluation. The
dataset includes hourly values (24 per day) for each type of parameter. As mentioned in
the ERA5 documentation [27], the environmental processes provided are averaged over a
rectangular grid, and for this reason, some differences may be noticed if comparing to the
direct measurements coming from a particular in situ station. The ERA5 reanalysis data
processed and analysed in the present work are the wind speed at a 10 m height (Uyp), the
air temperature at a 2 m height (T), and precipitation. The third meteorological process
(precipitation) represents the accumulated precipitation that falls to the Earth’s surface,
which is generated by the convection scheme in the ECMWF Integrated Forecasting System
(IFS), and it includes both rain and snow. This is accumulated over a particular time period,
which depends on the data extracted. For the reanalysis, the accumulation period is over
1 h, ending at the validity date and time. The units corresponding to this process are depth
in meters of water equivalent. This represents the depth the water would have if it were
spread evenly over the grid box. At this point, it has to be highlighted that, for all three
processes with the data coming from ERAS, the time step considered for the data was 3 h.

The last process analysed is the river discharge, as provided by the historical data
from the European Flood Awareness System [29]. The river discharge (RD) in the last
24 h was considered for analysis in this work. This represents the volume rate of water
flow (in m3/s), including sediments, chemical, and biological material, in the river channel
averaged over a time step through a cross-section. The value is an average over each 24 h
time step.

The data corresponding to all processes analysed were interpolated from the grid
to the main navigation course of the Lower Danube without taking into account various
secondary branches that occur along this sector of the Danube.

Some additional explanations concerning the statistical parameters evaluated and
analysed will be provided at this point. Thus, for the 30-year time interval considered
(1991-2020), the time series corresponding to data associated with the three meteorological
processes (wind speed, temperature, and precipitation) with a 3 h time step and with a 24 h
time step for the river discharge were analysed.
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The first step is represented by the extreme value analysis, when the maximum values
were evaluated together with the 99th and 95th percentiles. As is well known, the maximum
is the highest value of a time series. On the other hand, the percentiles allow for the analysis
of the data in terms of percentages and provide an image of the extreme values encountered
in the areas studied. As an example, the 95th percentile indicates the value below which
95% of the data are found and above which only 5%. The 50th percentile represents the
median of the distribution (or second quartile (Q2)), while the 75th percentile is the third
quartile (Q3). In the cases of the temperature and river discharge, where the minimum
values are also relevant, together with the maximum values, the 99th and 95th percentiles,
also the minimum values, the 1st and 5th percentiles were also evaluated.

Another statistical analysis is related to the evaluation of the linear trend of the
maximum and minimum annual series. A trend line, which is also called the line of best fit,
is described by a linear relation as follows:

Yy =sx+m, @)

where x is the independent variable, y is the dependent variable, s is the slope of the
line, and m is the y intercept. The regression parameters (s and ) were estimated by
using the ordinary least-squares (OLS) method. The OLS estimators are obtained with the
following relations:

_ L (i = %)y =)
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where 1 is the number of years for which the maximum (or minimum) annual values were
calculated (in this case, 30 years), x is the independent variable represented by each year,
and y is the dependent variable represented by the maximum value corresponding to each
year. A five-year running average (or moving average) was also applied to the annual
maximum and minimum series to filter the data variability, using the Matlab function
dedicated to calculating the simple moving average of a vector. This is a technique to obtain
an overall idea of the trends in a dataset, and it is an average of any subset of numbers, in
this case being five values. Five indicates the number of previous data points used with the
current data point when calculating the moving average.

As a second step, the mean values were also evaluated and analysed. These were
computed using the standard definition of the mean:

N
X _ Zizl Xi

=p="=5 @

where X; represents the value of i from the time series and N is the number of data in
the series.

3. Results
3.1. Wind Speed Analysis

The first analysis carried out was related to the wind speed at a 10 m height (Uj0).
Figure 2 illustrates the distribution of the maximum wind speed values (U1g,y) along
the Lower Danube for the 30-year time interval of 1991-2020. As can be noticed from this
figure, the maximum value (around 14 m/s) occurred in the superior part of the sector,
close to the Bulgarian city of Kosloduy (a place where a nuclear power plant is operational).
Further on, Figure 3 presents the Uy annual maximum series (bars) corresponding to
the 30-year time interval considered. In this figure, the linear regression (indicating the
trend) and the moving averages are also illustrated. The slope of the linear regression
indicates the tendency of a very small increase for the maximum wind speed, with about
0.04 m/s in 10 years. If we compare the results with the neighbouring coastal environment
at the Black Sea [28], it can be noticed that the maximum wind speeds are considerably
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higher (with about 10 m/s) in the nearshore of the Black Sea than along the Lower Danube.
Furthermore, in the marine area, the trend indicates a more accentuated tendency of wind
speed enhancement. The 99th and 95th percentiles of the wind speed along the Lower
Danube for the same 30-year time interval analysed are presented in Figure 4. The results
indicate that less than 1% of the wind speeds are higher than 8.5 m/s, while more than 95%
of the wind speeds are lower than 6.5 m/s. In both cases, the geographical position of the
maximum remains in the same location as that illustrated in Figure 2. Figure 5 presents
the average wind speed values along the Lower Danube for the 30-year time interval of
1991-2020, where it can be noticed that these average values are between 2.5 and 3.3 m/s.
Finally, the seasonal distributions of the average wind speeds along the Lower Danube for
the time interval considered are illustrated in Figure 6. As expected, the higher wind speeds
are in winter (with average values between 2.6 and 3.5 m/s) and the lower in summer
(with average values between 2.4 and 2.9 m/s). Spring and autumn seasons present very
similar characteristics, spring having slightly higher wind speed values (with averages
between 2.7 and 3.4 m/s) than autumn (with averages between 2.4 and 3.2 m/s). Except
for the summer, when the geographical location of the maximum is at the limit of the sector
considered (close to the Romanian city of Tulcea), in all other seasons, the location of the
maximum average wind speed value is close to the Romanian city of Cernavoda (where a
nuclear power plant is operational).

Wind speed (U) - maximum values (m/s), u .= 14.02 m/s
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Figure 2. Maximum wind speed along the Lower Danube for the 30-year time interval of 1991-2020.
The symbol * indicates the location of the maximum.
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Figure 3. Uy annual maxim series for the Lower Danube corresponding to the 30-year time interval
of 1991-2020. The blue dotted line in the figure illustrates the linear trend, while the black solid line
the moving average.
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Figure 4. The 99th (a) and 95th (b) percentiles of the wind speed along the Lower Danube for the
30-year time interval of 1991-2020. The symbol * indicates the location of the maximum.

3.2. Air Temperature

The next analysis performed related the air temperature at a 2 m height (T,). Figure 7a
presents the distribution of the maximum air temperature, while Figure 7b the mini-
mum values corresponding to the same process for the 30-year time interval considered
(1991-2020). The results showed that the maximum air temperature values are between
38 and 45 °C, while the minimums between —19 and —27 °C. As a paradox, the locations
of the minimums and that of the maximums are geographically very close, in the vicinity
of the Romanian city of Turnu Magurele. Figure 8 illustrates the T, annual maximum
and minimum series together with the corresponding linear regressions and the moving
averages. For the maximum temperatures, the trend indicated for a 10-year period is a
decrease of about 0.4 °C, while for the minimum, an average enhancement of 0.8 °C was
observed for 10 years.
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1991-2020 Wind speed (U) - mean values (m/s), U = 3.27 m/s
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Figure 5. Average wind speed along the Lower Danube for the 30-year time interval of 1991-2020.
The symbol * indicates the location of the maximum.
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Figure 6. Seasonal distributions of the average wind speed along the Lower Danube for the 30-year
time interval of 1991-2020. (a) Spring (MAM), (b) summer (JJA), (c) autumn (SON), and (d) winter
(DJF). The symbol * indicates the location of the maximum.
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Figure 7. Maximum (a) and minimum (b) values of the air temperatures along the Lower Danube for
the 30-year time interval of 1991-2020. The symbol * indicates the location of the maximum.
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Figure 8. T, annual maxim and minimum series for the Lower Danube corresponding to the 30-year
time interval of 1991-2020. The blue dotted line in the figure illustrates the linear trend, while the
black solid line the moving average.

The 99th and 95th percentiles of the air temperature, on the one hand, and the 1st
and 5th percentiles, on the other hand, are illustrated in Figure 9. The results indicate that
less than 1% of the air temperatures are higher than 35 °C, while more than 95% of the air
temperatures have values lower than 30.5 °C. The geographical location of the maximum
is in both cases close to the Bulgarian city of Lom. At the same time, less than 1% of the
air temperatures are lower than —9.75 °C, while more than 95% of the air temperatures
are higher than —4 °C. For the case of the 1st percentile, the geographical location of the
minimum is close to the Romanian city of Corabia, while for the 5th percentile, the location
of the minimum is in the vicinity of the Ukrainian city of Reni.

Figure 10 presents the average air temperature values along the Lower Danube for the
30-year time interval of 19912020, where it can be noticed that these average values are
between 11.8 and 13.5 °C and the geographical location of the maximum average value
is again close to the Bulgarian city of Lom. The seasonal distributions of the average air
temperatures along the Lower Danube for the time interval considered are presented in
Figure 11. As expected, the higher mean air temperature values occur in summertime
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(with average values between 22.8 and 25 °C) and the lower in winter (with average
values between 0.5 and 1.5 °C). In spring, the mean air temperature values are in the
interval (1.5-13.7) °C, while in autumn, in the interval (12.3-13.5+ °C. For all seasons, the
geographical location of the maximum average value is close to the Bulgarian city of Lom.

1991-2020 Temperature (T) - 9g'h percentile (°C), T =353°C

max 1991-2020 Temperature (T) - g5™ percentile (°C), Tmu =30.57 °C
305
48 o 3 -
345 30
47
34 295
= >
© 46 335 %
° 29
2 f'jl/w E
T_-; 33 E
45 285
325
28
44 32
315 275
43 !
20 22 24 26 28 30 20 22 24 26 28 30
Longitude (°) Longitude (%)
(a) (b)

1991-2020 Temperature (T) - 1% percentile (°C), Tmin= — 9.75 °C 1991-2020 Temperature (T) - st percentile (°C), T,.= - 4.08 °C

4-34

Latitude ()
Latitude (°)

- 3.6

20 22 24 26 28 30 20 22 24 26 28 30
Longitude (°) Longitude (°)

() (d)

Figure 9. The 99th (a), 95th (b), 1st (c), and (d) 5th percentiles of the air temperature along the Lower
Danube. The symbol * indicates the location of the maximum.

3.3. Precipitation Analysis

The next analysis carried out was related to the precipitation process (P). This repre-
sents the precipitation accumulated that falls on the surface and includes both rain and
snow. This process is accumulated over a particular time period, which depends on the
data extracted. For the reanalysis data, the accumulation period is over the 1 h ending at
the validity date and time. The units corresponding to the parameter associated with this
process are depth in metres of water equivalent, and it represents the depth if the water
would be spread uniformly over the entire grid considered. Figure 12 illustrates the distri-
bution of the maximum precipitation values along the Lower Danube sector considered for
the 30-year time interval of 1991-2020. As can be noticed from this figure, the maximum
value (almost 17 mm) occurred in the inferior part of the sector, close to the extremity of
the sector (the Romanian city of Tulcea). Figure 13 presents the annual maximum series
(bars) for this parameter corresponding to the same 30-year time interval considered. In
this figure, the linear regression (indicating the trend) and the moving averages are also
provided. The slope of the linear regression indicates a clear tendency of a decrease with a
value of about 0.5 mm for a decade.
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Figure 11. Seasonal distribution of the average air temperature values (T) along the Lower Danube
for the 30-year time interval of 1991-2020. (a) Spring (MAM), (b) summer (JJA), (c) autumn (SON),
and (d) winter (DJF). The symbol * indicates the location of the maximum.
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Figure 12. Maximum precipitation (Pyqx) values along the Lower Danube for the 30-year time interval
of 1991-2020. The symbol * indicates the location of the maximum.
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Figure 13. Precipitation annual maximum series for the Lower Danube corresponding to the 30-year
time interval of 1991-2020. The blue dotted line in the figure illustrates the linear trend, while the
black solid line the moving average.

The 99th and 95th percentiles of precipitation along the Lower Danube for the 30-year
time interval analysed are presented in Figure 14. The results indicated that less than 1%
of the precipitation values are higher than 1.5 mm, while more than 95% are lower than
0.45 mm. Figure 15 presents the average precipitation, where it can be noticed that these are
between 0.06 and 0.08 mm. Finally, the seasonal distributions of the average precipitation
values along the Lower Danube for the time interval considered are illustrated in Figure 16,
where it can be noticed that there are not very high interseasonal variations for this process.
For each case presented in Figures 15 and 16, the geographical position of the maximum is
represented by a red point.
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Figure 14. The 99th (a) and 95th (b) percentiles of the precipitation values along the Lower Danube
for the 30-year time interval of 1991-2020. The symbol * indicates the location of the maximum.
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Figure 15. Average precipitation along the Lower Danube for the 30-year time interval of 1991-2020.
The symbol * indicates the location of the maximum.

3.4. River Discharge

The last analysis performed relates to the river discharge. The dataset considered
for analysis [29] delivers gridded modelled sub-daily and daily hydrological time series
forced with meteorological observations. These data are consistent representations of
the most-important hydrological variables across the European Flood Awareness System
(EFAS). Figure 17 presents the distribution of the maximum river discharge for the 30-year
time interval considered (1991-2020). The results show that the maximum river discharge
has a wide range of variation along the Lower Danube, with values between 1000 and
20,000 m3/s. Figure 18 illustrates the RD annual maximum and minimum series together
with the linear regressions and moving averages. As this figure shows, for the maximum
river discharge, the trend indicates a clear enhancement. Thus, for a 10-year period, an
average increase greater than 1200 m> /s resulted for this process.



Sustainability 2023, 15, 6087 14 of 24

1991-2020 Precipitation (P) - MAM mean values (mm), ’.... =0.09 mm 1991.2020 Precipitation (P) - JJA mean values (mm), PM =0.09 mm
485
0.085 48 om
415
0.08 47 0.085
465
€ 0.08
0.075 $ L
-]
3 485 0.075
45
0.07
445 0.07
" J
0.065 s h 0065
a3
30 20 2 22 23 24 25 26 27 28 29 30
Longitude (°) Longitude (°)
(@) (b)
1991-2020 Precipitation (P) - SON mean values (mm), P = 0.08 mm 1991-2020 Precipitation (P) - DJF mean values (mm), P__ = 0.07 mm
0.078
0.076 0.07
0.074
0.072
465 0.065
[ 0.07
g 46
2 0.068
§ 455 0.06
45 0.066
445 0.064
0.055
“ 0.062
435
0.06
43 0.05
20 30
Longitude (°)
(9 (d)

Figure 16. Seasonal distribution of the average precipitation along the Lower Danube for the 30-year
time interval of 1991-2020. (a) Spring (MAM), (b) summer (JJA), (c) autumn (SON), and (d) winter
(DJF). The symbol * indicates the location of the maximum.
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Figure 17. Maximum river discharge (RDj.x) values along the Lower Danube for the 30-year time
interval of 1991-2020. The symbol * indicates the location of the maximum.
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Figure 18. River discharge annual maxim series for the Lower Danube corresponding to the 30-year
time interval of 1991-2020. The blue dotted line in the figure illustrates the linear trend, while the
black solid line the moving average.

The 99th and 95th percentiles of the river discharge, on the one hand, and the 1st and
5th percentiles, on the other hand, are illustrated in Figure 19. The results indicated that less
than 1% of the values related to this process are higher than 13,500 m®/s, while more than
95% of the values are lower than 10,500 m3/s. The geographical location of the maximum
is in both cases close to the Ukrainian city of Reni. At the same time, less than 1% of the
river discharge values are lower than 2400 m? /s, while more than 95% of the discharges
are higher than 3300 m3/s. For the case of the 1st percentile, the geographical location of
the maximum is also close to the Ukrainian city of Reni, while for the 5th percentile, the
location of the maximum is about 50 km upstream (close to the Romanian city of Braila).

Further on, Figure 20 presents the average values of the river discharge along the
Lower Danube for the 30-year time interval of 1991-2020, where it can be noticed that
these average values are between 400 and 6400 m> /s, and the geographical location of the
maximum average value is again close to the Romanian city of Braila. Finally, the seasonal
distributions of the average river discharges along the Lower Danube for the time interval
considered are presented in Figure 21. From this figure, it can be noticed that there are not
very high interseasonal variations also in the case of this process, the highest average value
(about 7600 m3/s) resulting in spring close to the Romanian city of Braila.

Regarding the high spatial variations in terms of the river discharge, it has to be also
highlighted that the hydraulic constructions that have been built throughout the years
along the river could have a major impact on the trends. Of course, such existing hydraulic
constructions are accounted for by the EFAS system, but the on-going projects might affect
the future trends.
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Figure 19. The 99th (a), 95th (b), 1st (c), and (d) 5th percentiles of the river discharge along the Lower
Danube. The symbol * indicates the location of the maximum.
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Figure 20. Average river discharge values along the Lower Danube for the 30-year time interval of
1991-2020. The symbol * indicates the location of the maximum.
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Figure 21. Seasonal distribution of the average river discharge along the Lower Danube for the
30-year time interval of 1991-2020. (a) Spring (MAM), (b) summer (JJA), (c) autumn (SON), and
(d) winter (DJF). The symbol * indicates the location of the maximum.

4. Discussion and Some Statistical Analyses

In the previous section, a quantitative analysis was made concerning the dynamics
of four relevant processes along the Lower Danube in the last 30 years. One of the major
impacts on inland navigation is the temporal and spatial variability of the hydro meteo-
rological processes mostly related to the water cycle (such as wind speed, temperature,
humidity, precipitation, stream flow, etc.). This variability can be quantified through the
extreme tails of the environmental data associated with these processes, as presented and
discussed in the previous section, but also through the correlation functions (which express
how strongly each value depends on the previous values in time of the process and on
neighbouring locations). For the extreme tail behaviour, one should focus on the tail of
the marginal probability function, as was done in the previous section. However, besides
the focus on the occurrence of some high values, an important step for future work is to
identify what kind of probability distribution best fits the tail. This can be performed by
considering, for example, the results of the recent and extensive work on the extremes of
the hydrological cycle of Koutsoyiannis, 2022 [30], where, for the scales and resolutions
selected, the so-called Pareto—Burr—Feller distribution seems to well capture most signifi-
cant water cycle processes. For the correlation function, the most-important behaviours
are the so-called fractal (related to small scales) and long-range dependences (related to
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the large scales), where it has been shown (Dimitriadis et al., 2021) [31] that both of them
appear in all the key hydrological cycle processes such as the ones analysed in the present
study in both time and space. Since a detailed analysis of the stochastic characteristics
will be performed in future work, at this point, some statistical parameters were evaluated
concerning the spatial coefficient of variation and the cross-correlation between each pair
of analysed processes (wind, temperature, precipitation, and river discharge). The spatial
coefficient of variation (SCVyoyj) in a region of interest (ROI) is calculated as the ratio of the
standard deviation ogp; to the mean value pro; [32]:

SCVror = ZROL 100 )
HROI

where the mean is computed with the relation given in Equation (4), while the standard
deviation is

(6)

This gives information on the average variability of a dataset. It indicates how far each
value lies from the mean. A high standard deviation means that the values are generally
far from the mean, while a low standard deviation that the values are clustered close to
the mean. A higher SCV value indicates a greater dispersion. The coefficient of variation
is useful as it is dimensionless (i.e., independent of the unit in which the measurement
was taken) and, thus, comparable between datasets with different units or widely different
means. In this case, the ROI was along the Lower Danube River. For the four processes
analysed (wind, temperature, precipitation, and river discharge), Table 1 presents the values
of the spatial coefficients of variation corresponding to the 30-year time interval (1991-2020)
in the Lower Danube. As expected, the highest variations correspond to the river discharge
(57.43%), while the lowest to the air temperature (2.76%). Regarding the wind speed and
precipitation, the values of this indicator are quite similar (7.88% and 8.44%, respectively).

Table 1. Spatial coefficients of variation corresponding to the 30-year time interval (1991-2020) in the
Lower Danube for the processes analysed.

Process Wind Speed (U) Temperature (T)  River Discharge (RD)  Precipitation (P)
SCVgor (%) 7.88 2.76 57.43 8.44

Another indicator evaluated was the cross-correlation between two processes. This is
computed considering Equation (7), which gives the cross-correlation between two generic
signals denoted by x(k) and y(k) [32]:

LN [e(k) — ol [y (k + T) — uo]
=y k 0, @)
where py and py are the mean values of x and y, respectively, while o and oy are the
corresponding standard deviations; T represents the time lag between the signals (in this
work, T =0), and c(7) gives their correspondence. The values of ¢(7) are between —1 and 1,
the unit value indicating a perfect correspondence.

The cross-correlation coefficients between each pair of two meteorological processes
along the Lower Danube are presented in Figure 22. In order to design these variation dia-
grams, in each geographical point along the Lower Danube, the cross-correlation between
the temporal series was computed for each pair of data corresponding to two processes (P
and T; U and T; U and P). According to [32], the degree of correlation is extremely strong if
the coefficient is in the range (0.8-1), strong for (0.6-0.8), medium for values in the range
(0.4-0.6), weak for (0.2-0.4)], and very weak for values in the range (0-0.2). From this
perspective, the results presented in Figure 22 indicate a very weak correlation between the
three meteorological processes analysed, the highest correlation values (between 0.1 and
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0.15) resulting for wind speed and precipitation, while the lowest (with values between
—0.12 and 0.02) resulting for wind speed and temperature. Regarding the cross-correlation
results, a recent analysis (with very similar results, but on a global scale) performed by
Koskinas [33] should be mentioned at this point, where a weak cross-correlation (below 0.2)
was traced between precipitation and wind and precipitation and temperature, whereas
larger values (but with also higher variations) were traced between temperature and wind.

cross-correlation between precipitation and temperature %1073
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3
3
-
=
m
|
5

20 21 22 23 24 25 26 27 28 29 30
Longitude (°)

(@)

Figure 22. Cont.



Sustainability 2023, 15, 6087 20 of 24

Latitude (°)

Latitude (°}

cross-correlation between wind speed and temperature

~0.04

042
20 21 22 23 24 25 26 27 28 29
Longitude (°)

(b)
cross-correlation between wind speed and precipitation 0.145
0.14
0.135
0.13
0.125

0.12

0.115

011

20 21 22 23 24 25 26 27 28 29 30
Longitude (°)

(c)

Figure 22. Cross-corelation coefficients between pairs of two meteorological processes along the
Lower Danube for the 30-year time interval of 1991-2020. (a) Precipitation—temperature, (b) wind
speed—temperature, and (c) wind speed—precipitation.
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5. Conclusions

The objective of the present work was to analyse the last 30 years of dynamics
(1991-2020) of four relevant environmental processes (three meteorological and one hydro-
logical) along the Lower Danube. From this perspective, the processes analysed were: the
wind speed at a 10 m height, the air temperature at a 2 m height, precipitation, and river
discharge. Since the target of the work was to support inland navigation, the emphasis was
placed on the extreme events indicating the maximum values of the processes analysed
and the geographical locations where such extreme occurrences are more probable.

From this perspective, the main findings resulting from the 30-year analysis carried
out in the present work can be outlined as follows:

The maximum wind speed values (not higher than 14 m/s) appeared to be consider-
ably lower than in the neighbouring marine coastal areas [34], and the analysis performed
indicated no significant changes in the last three decades along the Lower Danube in
relation to this process, unlike in the marine environment or other areas.

e  The air temperature values along the Lower Danube for the 30-year time period
considered were in the interval [-27, 45] °C. In this case, a small tendency of the
decreasing of the maximum values was noticed together with a clearer tendency of an
increase for the minimum temperatures, with an average value of 0.8 °C per decade, a
trend that looks similar also for the average air temperatures. This trend was in line
with some other results presented in the literature, as for example those from [35],
according to which the minimum temperature seemed to globally increase more than
the maximum one. At this point, it should also be highlighted that the datasets
analysed did not provide the water temperature, which represents another important
process, although its significance for inland navigation is not very high. Methods to
estimate the air-water temperature dependency in the Lower Danube were designed,
fit with a logistic function with a good approximation. Such correlations may help in
predicting water temperature as a function of satellite-measured air temperature [36].

e  The precipitation analysis along the Lower Danube indicated a very clear decreasing
trend of about 0.5 mm per decade, while the maximum value of the parameter asso-
ciated with this process for the 30-year period analysed was about 17 mm, and the
corresponding location was close to the lower limit of the Danube sector considered
(the Romanian city of Tulcea). At this point, it has to be highlighted also that, in the
case of precipitation, the river is fed also by the inflow from the catchment and not
only by precipitation that has fallen on the river surface. On the other hand, the values
of this process, together with the wind speed and air temperature, might be relevant
to the navigation conditions and other human activities taking place along this sector
of the Danube.

e  Theriver discharge has a very high geographical variability along the Lower Danube
sector, with maximum values between 1000 and 20,000 m3/s. The results of the
analysis indicated also a constant tendency of enhancement for the values of the
maximum river discharge with an average increase per decade higher than 1200m?>/s.

e  The statistical analysis performed indicated that the higher spatial variability corre-
sponded to the river discharge (57.4%), while the lowest to the air temperature (2.8).
For the wind speed and precipitation, the spatial variability had very similar values
(7.9% and 8.4%, respectively).

e  The results indicated an extremely low correlation between the three meteorologi-
cal processes analysed (wind speed, air temperature, and precipitation), the highest
correlation values (between 0.1 and 0.15) resulting for wind speed and precipita-
tion, while the lowest (with values between 0.12 and 0.02) resulting for wind speed
and temperature.

It has to be also highlighted at this point that, concerning the estimated trends, there is
a large literature that shows that, in order to properly estimate the trend, a robust stochastic
test must be considered. An enhanced discussion in this direction is provided by Iliopoulou
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and Koutsoyiannis [37] in relation to the estimation of the trends, as well as the results for
the extreme precipitation.

Finally, it can be concluded that the processes analysed are also significantly influenced
by factors outside the geographical boundary of the Danube. For example, the temperature
and wind along the Danube are driven mainly by large-scale climatic processes. At the
same time, there might also be some concerns about using the reanalysis data (ERA5) as
the major source of information. From this perspective, for a more reliable evaluation,
local in situ measurements will also be considered in future work in certain locations.
On the other hand, it can be also underlined that the meteorological processes analysed
are spatial in nature, and their variability along the Lower Danube sector represents a
significant issue, especially if we refer to inland navigation, harbour operations, or hydro
technical works along the river. Hence, the present work provided a general and more
comprehensive perspective of the recent dynamics of the environmental matrix along the
Lower Danube sector.

The work is still ongoing, and together with more detailed statistical analyses, an
important next step is to consider also the analysis of some observed information inside
the study area, especially in those locations identified in the present work as having a
higher incidence of the extreme values. Further on, another important direction to be
explored is related to the assessment of the expected dynamics of the main environmental
processes resulting from the climatic projections developed under various Representative
Concentration Pathway (RCP) and Shared Socioeconomic Pathway (SSP) scenarios in order
to identify the possible and most-probable future climatic trends along the Lower Danube.
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