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ABSTRACT. This paper reports the use of the commensurability method for long-term forecasting of the highest summer floods on the Danube River at Bratislava.
Bratislava is the capital of the Slovak Republic, as well as its major administrative and industrial centre. In the past, Bratislava has suffered from dangerous floods.
The highest floods have occurred most frequently in the summer. Consequently, long-term forecasting of summer floods on the Danube River at Bratislava
has important scientific and practical significance. We used the dates of the highest summer floods for the period 1876-2018, as well as historical information
about the highest summer floods that occurred before the beginning of regular hydrometric observations. The commensurability method supports prediction
of various natural phenomena, including floods and other dangerous events. It is characterized by the simplicity of the calculations and minimum needs for
input information. Four methods of forecasting were used: (1) the calculated value of commensurability; (2) the two-dimensional and three-dimensional graphs
of commensurability; (3) the time intervals between floods that have occurred in the past; and (4) the number of commensurability equations with three

components. The results indicate that the highest summer floods are likely to occur on the Danube at Bratislava in 2020, 2025, and 2030.
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1. INTRODUCTION
The Danube River is closely linked to the eco-
nomic, social, political, and spiritual spheres
of public life in 19 European countries,
which are wholly or partly located in its basin.
It is the water transport artery connecting Cen-
tral Europe with the Balkans, the Black Sea,
and the Middle East (Pekdrovd et al. 2014).
The mechanical energy of the streamflow is con-
verted into electrical energy at 18 hydroelectric
stations on the Danube River. The river is also
a source of potable and non-potable water
for the population, industry, and agriculture
of all the Danube countries (Khrystyuk 2013).
Despite the many benefits of the river, after
heavy rainfall or intensive snowmelt in the ba-
sin, catastrophic floods occur periodically, with
flooding of densely populated flood plains, lead-
ing to property damage and sometimes losses
of human lives (Bshm, Wetzel 2006; Romanes-
cu, Stoleriu 2010; Pekdrovd et al. 2013; Rohr
2013; Sonnlechner et al. 2013; Pekirova et al.
2014; Tenk, David 2015; Bloschl et al. 2016).
Therefore, research, modeling, and forecasting
of the Danube runoff have scientific and prac-
tical importance.

The main or traditional methods of hy-
drological forecasting are statistical methods,

such as correlation and regression analysis,
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Fig. 1. The Danube River Basin
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etc., also known as simplified methods. Mod-
ern hydrological forecasting often uses a va-
riety of mathematical models (WMO 2009).
All these approaches are quantitative methods
of forecasting. In general, for the Danube River
basin, simplified methods and a stochastic ap-
proach have been used for long-term forecasting
(for periods exceeding 10 days) (Pekdrovd et al.
2007; Khrystyuk 2014; Komma et al. 2017;
Meissner et al. 2017). However, quantitative
hydrological forecasts are not as reliable as they
need to be. The development of prognostic
systems that would allow accurate and reliable
determination of flood hazards is an impor-
tant, yet difficult task for hydrologic practice
(Pekdrovd et al. 2013; Bloschl et al. 2016).
Along with quantitative forecasting methods,
qualitative approaches have been developing
(Hongyan et al. 2011; Su, Hu 2015; Peng et al.
2017). One of these approaches is the commen-
surability method, which the Chinese geophysi-
cist Weng Wen-Bo proposed for long-term fore-
casting of various natural phenomena (Weng
1984). This method uses the dates on which ex-
treme natural phenomena (earthquakes, floods,
droughts, etc.) were observed. For this reason,
it has been called the information method.
Weng Wen-Bo’s method is characterized by sim-

plicity of calculation, graphical visualization,
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and the use of researcher intuition. The Weng
Wen-Bo method was successfully used for fore-
casting the dates of several large earthquakes
in China, Japan, and the USA; wet and dry
years in the Songhua River Basin; and the floods
in northeast China (Hongyan et al. 2011; Su,
Hu 2015; Peng et al. 2017).

The objective of this paper is to use the Weng
Wen-Bo information method for long-term
of floods

of the most likely years in which these floods

forecastin; and determination
g

will occur on the Danube River at Bratislava.

2. STUDY AREA AND DATA

The Danube is the largest river in Western
and Central Europe. The catchment area is
817,000 km?, and the river’s length is 2,857 km.
The Danube basin is naturally divided into
three parts by mountain ranges: Upper, Mid-
dle, and Lower Danube (Fig. 1). The Upper
and Middle Danube are separated by the Alps
and the Carpathians; the Middle and Lower
Danubeare separated by the Balkansand the Car-
pathians. Each major region of the Danube ba-
sin is under the influence of specific air mass-
es. The Upper Danube is mainly influenced
by the Adlantic and the Mediterranean air mass-
es, the Middle Danube is under the influence

of the Atlantic, continental, and Mediterranean
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Fig. 2. lllustration of the Titius-Bode Law
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air masses, and the Lower Danube is mostly
under the influence of continental air masses.
The Danube River has a complex hydrological
regime because of the varied atmospheric cir-
culation and topographical relief in its basin.
The Danube’s runoff is formed mainly in its
Upper part. In its Middle part additional runoff
is contributed by melting snow in the Carpathi-
ans and the Balkans, and by rainfall. The Low-
er Danube is mainly an area of transient flow
(Pekdrovd et al. 2008; Khrystyuk 2013; Pekdrovd
etal. 2014).

Floods are not synchronous between individ-
ual parts of the Danube River Basin. Floods oc-
cur most frequently in June-August in the Upper
Danube River Basin, in April in the Middle part,
and April-May in the Lower part. So, depending
on timing, the floods can be all water (in sum-
mer) or water and ice. In accordance with both
archival data and data for the instrumental obser-
vation period, the highest floods occurred most
frequently in the summer (Pekdrovd et al. 2014).
Therefore, for our investigation, we used observa-
tion data from the gauging station at Bratislava,
which represents the flood regime of the Upper
Danube. This station has a long period of obser-
vation, beginning in 1876. For this investigation
we used observed data for summer floods from
1876 to0 2018.

3. METHODOLOGY
The Danube River runoff has cyclical fluc-
tuations. In our research we have shown
that the river and its tributaries are character-
ized by consistent iteration of the wet and dry
phases of cyclical fluctuations (Pekdrové et al.
2006; Gorbachova, Khrystyuk 2014; Pekdrovd
et al. 2014; Gorbachova 2015; Zabolotnia
et al. 2019). Such fluctuations have different
durations. The longer cycles of fluctuations
sometimes include less prolonged alternations
of wet and dry years. The presence of various
cyclic fluctuations is conditioned by the influ-
ence of various factors, mechanisms, and prin-
ciples that can be described by the combined
effects of periodic and random factors, as well
as by the characteristics of the river basin.

In 1766 the German physicist and mathema-
tician I.D. Titius discovered that the distances
of the solar system planets from the Sun (R)

(Fig. 2) obey a simple empirical rule:

Ry=4+3-2" )

where 7 = —0 for the planet Mercury and 7 = 0,

1, 2... for the next planets.

By studying this astronomical rule, which
is also called the Titius-Bode Law, Weng Wen-
Bo (1984) suggested that similar order is uni-
versal. Thus, various natural phenomena are
subject to laws like the Titius-Bode Law. Equa-

tion (1) can be written as:

_ Rny1—Rn _ 3.2n+1_3.2n

ﬂ — ARn+1 — —
ARy Rn—Rn_1 3.2n-3.2n-1

=2 ()

where n = -0, 0, 1, 2...; B is the value of com-
mensurability for the solar system planets.

According to the hypothesis of Weng Wen-
Bo, the dates of various natural disasters have
a periodicity, which is created by the cosmic
influences. Weng Wen-Bo used the term com-
mensurability, which was earlier proposed
by Titius. Equation (2) brings to light the law
of distribution of matter in a region of space.
For the time domain, the commensurability
(AX) can be expressed as (Su et al. 2016):

AX = Xi+AiI:Xi—1 3)

where K is an integer (1, 2, ...); X, is an element
of the data set. If K is equal to 1, then AX
is the period of the data set.

For long-term forecasting of extreme nat-
ural events the method of Weng Wen-Bo can
be used in several ways. We used four methods
of forecasting:

1. by the calculated value of commensurability;

2. by the two-dimensional and three-dimen-
sional graph of commensurability;

3. by the time intervals between floods that have
occurred in the past;

4. by the number of commensurability equa-
tions with three components.

The first

the commensurability value from the array of dates

method  requires  calculating
on which the extreme events occurred, using equa-
tion (3). Forecasts are given in the form of points
on the time axis, showing when the next event
may occur, taking into account the forecast error.

The second method requires detecting
the commensurability values in the array
of dates for extreme events and the creation
of two- and three-dimensional commensurabil-
ity graphs.

These graphs are created by considering
all possible combinations of values of commen-
surability.

Final graphics should have the following
properties:

e account for the maximum possible observa-

tion period;

* include as many dates of extreme events
as possible;

* contain periodicity and symmetry vertically
and horizontally on two-dimensional graphs
and on three sides of three-dimensional
graphs;

* have an aesthetic appearance.

Forecasts employ the values of commen-
surability on the horizontal and vertical axes
of the two-dimensional graph and three sides
of three-dimensional commensurability graphs.

The third method is to determine the time
intervals between the floods that have occurred
in the past and the extrapolation of these time
intervals for the future. This forecast can be vis-
ualized by creating a graph.

For the fourth method we need to draw up
the commensurability equations with three
components that will indicate the date

of the upcoming extreme event:

Xi+ X — X =X (4)

where X, X/, X,, X, — the date array of the ex-
treme events; 7, /, & /=1, 2, ..., n— the integers;
7 — the number of dates in the extreme events
array.

Dates that have the largest number of such

equations are the dates of a possible extreme event.

4. RESULTS AND DISCUSSION

At Bratislava, regular monitoring of the Danube
River runoff began in 1876. During the period
1876-2018, fourteen of the highest summer floods
were recorded. The maximum discharges of such
floods were more than 8,050 m’?' (Table 1).
This value corresponds approximately to a discharge
of 10% probability (Q,,, = 8,140 m’s™).

Forecasting results by the calculated
value of commensurability
Applying equation (3), we calculated the com-
mensurability values of the highest summer
floods that were observed on the Danube Riv-
er at Bratislava in the period from 1876 to 2018
(Table 2). The value of commensurability (AX)
is 2.60 years, the value of K varies in the range
0-13, and the forecast error is £1 year. The value
AX was determined by successive approxima-
tion, which minimized the error. We have applied
the criteria X|Error| and X(Error).

The results of these calculations determine
the dates of the possible subsequent highest
summer floods on the Danube River at Brati-

slava (Table 3).
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Table 1. The highest summer floods on the Danube River at Bratislava
for the period 1876-2018

No. Year Discharge [m?*s] No. Year Discharge [m®s]

1 1883 9,062 8 1965 9,224
2 1890 8,548 9 1975 8,715

3 1892 8,380 10 1991 9,430
4 1897 10,140 n 2002 10,370
5 1899 10,870 12 2009 8,242
6 1920 8,616 13 2010 8,071

7 1954 10,400 14 2013 10,640

Table 2. Commensurability of the highest summer floods on the Danube
River at Bratislava in the period from 1876 to 2018

No. Years (X) X,-X,) K K*AX Error:(X, - X, ) - K*AX
1 1883
2 1890 7 3 8 -1(-0.8)
3 1892 2 1 3 -1(-0.6)
4 1897 5 2 5 0(-0.2)
5 1899 2 1 3 -1(-0.6)
6 1920 21 8 21 0(0.2)
7 1954 34 13 34 0(0.2)
8 1965 n 4 10 1(0.6)
9 1975 10 4 10 0(-04)
10 1991 16 6 6 0(0.4)
n 2002 n 4 10 1(0.6)
12 2009 7 3 8 -1(-0.8)
13 2010 1 0 0 10.0)
14 2013 3 1 3 0(0.4)
>|Error| = 6.8

X(Error) =0.0

Table 3. Possible dates of the highest summer floods on the Danube River

at Bratislava

No. K K*AX Date of the possible highest flood: 2013 + K*AX
1 3 8 2021
2 4 10 2023
3 5 13 2026
4 6 15 2029
5 7 18 2031

Table 4. Dates of the highest summer floods that occurred in the past

on the Danube at Bratislava
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Table 5. The total number of time intervals of different duration indicat-
ing the date of the possible future highest summer flood on the Danube

at Bratislava

No. Year Number of time intervals | No. Year Number of time intervals
1 2019 8 8 2026 4
2 2020 18 9 2027 4
3 2021 8 10 2028 7
4 2022 5 n 2029 7
5 2023 7 12 2030 9
6 2024 6 13 2031 5
7 2025 9

1899 55 1954 55 2009
21 21 21
1920 335 1975 335 2030

34 34
1954 55 2009

Fig. 3. The two-dimensional graph of commensurability of the highest

summer floods on the Danube at Bratislava
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Fig. 4. The three-dimensional graph of commensurability of the highest

summer floods on the Danube at Bratislava

7 7 7
NS
1883 1890 1892 1897 1899 1920 1954 1965 1975 1991 2002 2009 2010 2013 2020

I i 7S calculatedlby Date from historical archives
No. K K*AX | value of commen-surability: (Pekarova et al. 2014) Error
1883 + K*AX
1 -259 -673 1210 1210 0
2 -207 -538 1345 1344 -1
3 -185 -481 1402 1402 0
4 -160 -416 1467 1466 -1
5 -151 -393 1490 1490 0
6 -148 -385 1498 1499 1
7 -147 -382 1501 1501 0
8 -137 -356 1527 1526 -1
9 -m -289 1594 1594 0
10 -82 =213 1670 1670 0
n =77 -200 1683 1682 -1
12 -37 -96 1787 1787 0

Fig. 5. Butterfly structure diagram of the highest summer floods
on the Danube River at Bratislava (2020 is a forecast)

73



74

h Meteorology Hydrology and Water Management
S22 Volume 8| Issuel

Table 6. Time intervals that are indicating a possible high summer flood
on the Danube at Bratislava in 2020

Table 8. Time intervals that indicate a possible high summer flood
on the Danube at Bratislava in 2030

2013-2002=1
2020-2009=T1

No. Time interval, years Number of repetitions No. Time interval, years Number of repetitions

1890 - 1883 =7 1920 - 1899 = 21
1897 -1890 =7 1 21 1975 -1954 = 21 2

1 7 1899 -1892=7 4 2030 -2009 =21
22%02%_-222(1)5 - 77 2 28 1920 - 1892 = 28 1

2030 -2002=28

2 10 oo 10 1 1954 - 1899 = 55
3 55 1975 - 1920 = 55 3

1965-1954 =1 2009 - 1954 = 55

3 1 2002-1991=11 3 2030-1975=55

2009 -1991=18

1975 -1899 = 76
2030-1954=76

4 18 _ 1 2002 - 1892 = 110
2020 - 2002 =18 5 10 2009 - 1899 = 110 2
1965 - 1920 = 45 2030 - 1920 = 110
5 45 2010 - 1965 = 45 2
2020 - 1975 = 45
1954 - 1899 = 55
1975 - 1920 = 55 . ) ’
6 55 2000 - 1954 = 55 3 Table 9. Number of commensurability equations with three components for
2020 - 1965 =55 the dates of possible high summer floods on the Danube at Bratislava for
; 66 1965 - 1899 = 66 1 .
2020 - 1954 = 66 the period 2019-2031
s 121 2013 -1892 =121 7 Year Number of equations
2020 - 1899 =121 2019 4
2013 - 1890 =123
° 123 2020 - 1897 =123 1 2020 9
o 150 2013 - 1883 = 130 . 2021 4
2020 - 1890 =130 2022 3
2023 4
2024 4
Table 7. Time intervals that indicate a possible high summer flood 2025 5
) ) 2026 2
on the Danube at Bratislava in 2025
2027 3
No. Time interval, years Number of repetitions
2028 4
1899 - 1883 = 16
1 16 1991-1975 =16 2 2029 5
2025 - 2009 =16 2030 5
1920 - 1897 = 23 2031 4
2 s 2025 - 2002 = 23 !

1954 -1920 = 34

3 34 2009 -1975 = 34 2
2025-1991=34
1954 -1883 =71

4 7 1991-1920=71 2
2025-1954=71

5 105 2002 - 1897 = 105 1

2025 -1920 =105

2009 - 1883 =126
2025-1899 =126

34 34 34

1883 1890 1892 1897 1899 1920 1954 1965 1975 1991 2002 2009 2010 2013 2025

126 126

Fig. 6. Butterfly structure diagram of the highest summer floods
on the Danube River at Bratislava (2025 is a forecast)
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Fig. 7. Butterfly structure diagram of the highest summer floods
on the Danube River at Bratislava (2030 is a forecast)



Table 10. The commensurability equations with
the three components for the dates of possible
high summer floods on the Danube at Bratislava:
2020, 2025, 2029, and 2030

Year Equations

1890 + 2013 - 1883 = 2020
1887 + 2013 - 1890 = 2020
1899 + 2013 - 1892 = 2020
1954 +1965 - 1899 = 2020
2020 1965 + 1975 - 1920 = 2020
1965 + 2009 - 1954 = 2020
1975 + 2010 - 1965 = 2020
2002 + 2009 - 1991 = 2020
2009 + 2013 - 2002 = 2020

1954 +1954 - 1883 = 2025
1899 + 2009 - 1883 = 2025
2025 1920 + 2002 - 1897 = 2025
1954 +1991 - 1920 = 2025
1991+ 2009 - 1975 = 2025

1899 + 2013 - 1883 = 2029
1954 +1965 - 1890 = 2029
2029 2002 +2002 - 1975 = 2029
1991 + 2013 - 1975 = 2029

2010 + 2010 - 1991 = 2029

1920 + 2002 - 1892 = 2030
1954 +1975 - 1899 = 2030
2030 1920 + 2009 - 1899 = 2030
1975 +1975 - 1920 = 2030
1975 + 2009 - 1954 = 2030

The value of commensurability (4X = 2.60
years) can be used not only to predict the dates
of the future highest summer floods, but also
to determine the dates on which such floods oc-
curred in the past on the Danube at Bratislava.
The analysis shows that the dates of the highest
summer floods from historical archives (Pekdrova
et al. 2014), which occurred before regular hy-
drometric observations, are closely consistent
with the dates calculated using the value of com-

mensurability (Table 4).

Forecasting results by the two-dimensional
and three-dimensional graph

of commensurability

Analyzing the date array of the highest sum-
mer floods, we found that the time intervals
between individual floods were the same val-
ues: 1954 — 1899 = 55; 1975 — 1920 = 55;
2009 — 1954 = 55 and 1920 — 1899 = 21;
1975 — 1954 = 21; and 1954 — 1920 = 34;
2009 — 1975 = 34. This information supplies

the two-dimensional graph of commensurabili-

ty of the highest summer floods on the Danube
at Bratislava (Fig. 3).

According to this graph, we can predict
the following highest summer flood: vertical-
ly 2009 + 21 = 2030 and horizontally 1975 +
55 = 2030. We also created the three-dimen-
sional graph, which also shows that the high-
est summer flood can occur in 2030 (Fig. 4).

Forecasting results by the time intervals be-
tween floods that have occurred in the past

The time intervals between the individual
highest summer floods that occurred in the past
(1876-2013) were determined. We extrapolated

Application of the commensurability method for long-term forecasting of the highest summer floods on the Danube River at Bratislava

these time intervals for the future to determine
the dates of the highest summer floods that may
occur in the coming years (2019-2036) (Table 5).
We did not use dates of flood events before
the regular monitoring because we are not sure
that all the dates of high summer floods for
the period 1210-1883 were identified in the his-
torical archives.

The largest time span, namely 18 years, in-
dicates that a high summer flood may occur
in 2020 (Table 5, Fig. 5). In the past the time
interval of 7 years has been repeated four times,
time intervals of 11 and 55 years, three times,
and time interval wof 45 years, twice (Table 6).

Nine intervals indicate a possible high sum-
mer flood in 2025 (Table 5, Fig. 6). Time inter-
vals of 16, 34 and 71 years have been repeated
twice in the past (Table 7).

A high summer flood may also occur in 2030
(and nine intervals also indicate this) (Table 5, Fig.
7). In the past the time interval of 55 years has
been repeated three times, and the time intervals

of 21 and 110 years were repeated twice (Table 8).

Forecasting results by the number

of commensurability equations with

the three components

For the period 2019-2031, we have creat-
ed all possible commensurability equations
with three components, using the dates
of the highest summer floods that have oc-
curred in the past (1876-2018) on the Danube
at Bratislava.

The largest number of equations (9) with
three components was compiled for 2020 (Ta-
ble 9). Consequently, the next high summer
flood on the Danube at Bratislava may occur
in 2020. Also, high summer floods are possi-
ble in 2025, 2029 and 2030. For these dates,
5 equations were compiled (Table 9).

The application of the commensurability
method supported forecasts of the possible
dates of high summer floods on the Dan-
ube at Bratislava. Although our results are
tentative, it can be argued that they can
be reliable. This confidence is reinforced
by the application of the four commen-
surability forecasting methods, as well
as by the retrospective analysis based on his-
torical data. Strong consistency can be seen
between historical flood dates that occurred
before the beginning of regular hydrometric
observations, and dates that were calculated
by the values of commensurability. Thus,
commensurability reflects the laws deter-
mining the occurrence of high floods as well

as other natural disasters. The methodologi-
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cal approach of Weng Wen-Bo may be appli-
cable to forecasting other dangerous natural
phenomena, thus meriting further in-depth
research.

Long-term forecasting of possible dangerous
spring floods can be used to prevent and min-
imize the negative effects for the population

and economy.

5. CONCLUSION
Weng Wen-Bo’s

the only one that supports long-term forecast-

methodology is perhaps
ing of various natural disasters, including floods,
with the minimum array of input information.
After calculating the commensurability value for
the highest summer historical floods, we forecast
possible high summer floods on the Danube
at Bratislava in the coming years: 2021, 2023,
2026, 2029 and 2031. Retrospective analysis
of the calculated commensurability value con-
firmed the dates of the highest summer floods
that occurred in the past.

The two- and three-dimensional graphs
of the commensurability clearly indicate
that a high summer flood may occur in 2030
on the Danube at Bratislava. The method
of forecasting by the time intervals between
the highest summer historical floods shows
that high summer floods may possibly occur
in 2020, 2025 and 2030. The forecasting
method using the number of commensurabil-
ity equations with three components shows
the dates of possible high floods in 2020,
2025, 2029, and 2030.

So, the majority of commensurability meth-
ods indicate to us that the next series of high
summer floods on the Danube at Bratislava may
occur in 2020, 2025, and 2030.
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