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Table 4

Calculation of parameters
under the criterion of
series for determining the
trends to the formation

of a series of higher

and lower runoff values
for major rivers of the
Ukrainian Carpathians

at significance level of
2a=5%

River - hydrological station

1

River Tisza - village Vylok
River Prut — city of Chernivtsy

River Dniester — village Zalischyky

Chernivtsy, we obtained that [t,,| = t(x/2) at the signif-
icance level of x= 5%, i.e., with a 5% risk, one can argue
that the number of the series was great, i.e., there is a
statistically significant tendency of frequent changes in
higher and lower values. However, the defined statistics
for the River Prut — city of Chernivtsy is statistically re-
liable Itu| at a significance level of x= 1%, when it does
not exceed t(«/2) = 2,58.

The statistics of the longest length of series Kis used as
test statistics of the duration of higher or lower groups
of year (Khristophorov, 1994). It is theoretically proved
that for random independent sets the analytical value
of the statistical duration of higher or lower groups of
years K, is expressed by the formula:

n
In(1—-a)

Ko = [lg(~ )/192] —1;

where

a — probability (in fractions of 1), along with which in
sampling by volume in n members one can meet a se-
ries of elements of the higher or lower groupings with
a length K or more.

When testing the hypothesis, the empirical value of sta-
tistics K is compared with the analytical K, at a certain
significance level a. According to the data on the average
annual runoff and formation of the series with elements
of higher or lower groups for the major rivers of the
Ukrainian Carpathians, the hypothesis that the probabi-
lity structure of the hydrological series meets the model
of a random value by the criterion of the longest series
K at significance level of 2a = 5% was tested. Analysis
of the sequence of the groups demonstrated that the
longest length of all the studied basins was related to
the series consisting of elements of lower groups, and
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Values of the parameters

n n, n, u, u, u m, | VD, t,
2 3 4 5 6 7 8 9 10
132 | 61 71 28 28 56 | 666 | 5.7 | -1.79
120 | 51 69 24 24 48 | 597 1 53 | -2.10
133 | 57 76 27 28 55 | 66.1 | 5.6 | -1.89

for the River Tisza - village Vylol and the River Dnies-
ter — village Zalischyky their length was 9 years (from
1983 to 1992 and from 1956 to 1964, respectively), i.e.,
the empirical values of statistics are K = 9 for the River
Prut and for city of Chernivtsy, K =8 (from 1956 to 1963).
According to formula (3), the analytical values K, are
calculated: for the River Tisza - village Vylok K,= 10.5;
for the River Prut — city of Chernivtsy K,= 10.2; and for
the River Dniester — village Zalischyky K, = 10.4. Since
for all basins K < K, it means that there are tendencies
for groups in water runoff sequences and these trends
are statistically significant. It is theoretically proved that
the grouping of low-water years for the studied rivers of
Ukrainian Carpathians can be 10 + 2 years.

Structure of the cyclical fluctuations

In order to formalise the long-term fluctuations of an-
nual water runoff of Ukrainian Carpathians rivers as cy-
clical fluctuations with groups of years of high and low
values (high-water and low-water phases) and evalu-
ate their quantitative parameters (duration, intensity),
the autocorrelation analysis of time series of average
annual water consumption for the River Tisza - village
Vylok, the River Dniester — village Zalischyky, and the
River Prut — city of Chernivtsy was appropriate and
made. Application of this method is based on the ac-
ceptance of the hypothesis of stationary processes that
cause fluctuations in the studied values.

The autocorrelation function R(t 1)= corr{Q(t), Q(t +1)}
characterizes the closeness of the relationship between
the members of the temporal sequence of water con-
sumption Q(t). The function R(t, 1) is a sequence of lin-
ear correlation coefficients calculated with different dis-
tances between sections (or shift values) of the average
annual water discharges on the time axis data (Rozh-
destvenskij et al., 1974, Sosedko, 1974, Khristophorov,
1994, Sikan, 2007, Lukianets et al., 2008).
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For better spatial comparison of the results, the ordi-
nates of the autocorrelation functions are calculated as
normalised values (Sosedko, 1974, Sikan, 2007). As a
normalising factor, in this case, we took a variance D,
of sequence Q(t). Then, the correlation k,(t) and the au-
tocorrelation function R4(1) of a stationary random pro-
cess were estimated by the formulas:

1

ko(t) = ——317(Q = Q) Qi — Q).
Ro(r) =27
where

n - length of implementation (number of series mem-
bers); 1 - distance between the sections; Q — arithmetic
mean (assessment of mathematical expectation).

It should be noted that in case of an increase in T, the
common period in which the pair correlation coefficient
is estimated decreases. Therefore, sampling ordinate
errors of the autocorrelation function (Sikan, 2007) in-
evitably increase. In practice of the hydrological calcula-
tions, the following restrictions are assigned for shift t:

1
T~——'Nn.
3+

Therefore, the scope of shift values is taken from 1= 2 to
1= 30, given the length of implementation n for studied se-
quences of average annual water discharges (the number
of series members is 130 years for the River Tisza - village
Vylok, 118 years for the River Prut - city of Chernivtsy, and
131 years for the River Dniester - village Zalischyky ).

To assess the statistical significance of the defined ordi-
nates of the autocorrelation function, the confidence limi-
ts CLgy 95% of exceedance probability were defined (Ta-
ble 5) as follows (Sosedko, 1974, Lukyanets et al., 2015):

_ —_+_910,5
95% CLpr) = 1+1,64(n-1-2)"%

n—-t-1
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Table 5

Confidence limits (CLp,) 95% of probability of exceedance of the au-
tocorrelation functions of average annual water runoff for the major
rivers of the Ukrainian Carpathians

. . . CLR(r)
River - hydrological station
Lower limit | Upper limit
1 2 8
River Tisza - village Vylok 0.14 0.16
River Prut — city of Chernivtsy 0.14 0.16
River Dniester - village Zalischyky 0.14 0.15

When analysing the correlograms Ry(7) for the River
Tisza - village Vylok, the River Dniester - village Zalis-
chyky, and the River Prut — city of Chernivtsy (Figure 6),
one can mark features in their structure. The consistent
course of functions Ry(7) is traced, which, depending on
the shift value, takes positive or negative values. As part
of the accepted implementation area (fromt1=2to1=30
years), the functions reach maximums at certain points
and between them it is reduced to negative values.

Fig. 6

Correlogram of time sequences of average annual water consump-
tion for the River Tisza - village Vylok, the River Dniester - village
Zalischyky, the River Prut - city of Chernivtsy

Correlograms Rq(t)
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Tisza -Vylok, 1883-2012 years === Prut - Chernivtsy, 1895-2012 years

------ Dniester - Zalischyky, 1882-2012 years

Table 6 shows the evaluation of cyclicity in the form of
cycle duration — number of years - that exceed confi-
dence limits of 95% probability of exceedance or close
to them. It is believed that these estimates represent
through frequency of average annual water discharges
the natural fluctuations in water content of studied river
basins. The presence of distinct cyclicity of the autocor-
relation functions indicates that the structure of time
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Table 6

Duration of the average annual water runoff cycles for major rivers
of the Ukrainian Carpathians by autocorrelation analysis at 5%
significance level

Cycle duration

River - hydrological station (number of years)

1 2
River Tisza - village Vylok 3,29
River Prut — city of Chernivtsy 3,7,11,29
River Dniester - village Zalischyky 7,29

series has stochastic dependency between their ele-
ments and real continuous cyclical fluctuations, which
are not accidental in terms of their origin.

When reviewing the estimates of cycles, it is revealed
that some river basins are grouped by repeatability of
water content levels. Thus, in the basins of Tisza, Prut
and Dniester, the cycles with a duration of 3, 7 and 29
years dominate. The first of them relates to the rain
floods in the Carpathian Mountains, which form the in-
ternal peaks in the basic cycle (or phases of water con-

Table 7
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tent). Basic cyclicity of 29 years is a repeatability in this
cycle of years groups with high and low water content
(high-water and low-water phases).

Prediction estimates of the Ukrainian
Carpathians river runoff fluctuations

For the prediction estimates of water runoff fluctuations,
the water content phases were allocated in the runoff se-
ries of the River Tisza - village Vylok, the River Dniester —
village Zalischyky, and the River Prut - city of Chernivtsy,
given the basic cycle frequency (29 + 2 years), the defined
duration of low-water phases (10 + 2 years) and that there
is a spatial synchronicity of water runoff in the stated ba-
sins. For reliable assessment of runoff fluctuations, the
periods of phases were taken similar for all basins by
terms of time limits and chronology. Table 7 presents the
periods of high-water and low-water phases, average wa-
ter discharges for periods of the water content phases and
prediction estimates for the major rivers of the Ukrainian
Carpathians for the period until 2050 with indication of the

Average water consumption for period of water content phases and prediction estimates of the runoff of major rivers of the Ukrainian

Carpathians for the period until 2050

Period average water content discharges, m®- s™

Phase water content Number
Period (years) _Of years River Tisza - village River Prut — city of River Dniester - village
7 - high-water, { - low-water | nNPhase | vy 1o, F_9140km? | Chernivtsy, F= 6890 km? | Zalischyky, F= 24600 k2
1 2 3 4 5 6
1883-1898 T 15 214 248
1899-1911 { 13 197 212
1912-1927 T 16 230 93 283
1928-1939 { 12 182 56 206
1940-1955 T 16 225 73 233
19561964 { 9 190 54 169
1965-1981 T 17 219 83 262
1982-1992 { 11 180 62 195
1993-2009 T 16 215 69 250
The predicted values with standard deviations in phase water content (m®- s™') (in water discharges in phases)
2010-2020-21 { 11+12 187+7 (+42) 57+4 (£23) 195+16 (+43)
2021-2037-+38 T 16+17 22046 (£51) 80+9 (£33) 256£17 (£77)
2038-2048+49 { 11+12 187+7 (+42) 57+4 (£23) 195+16 (+43)
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standard deviations in the water content phase and vari-
ation in water consumption inside the phases. Figure 7
presents a graphical representation of the obtained results.

Fig.7

Fluctuations in water content and their prediction estimates for
major basins of the Ukrainian Carpathians

River Tisza - village Vylok

Average annual discharges water,
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River Prut - city of Chernivtsy

180

Average annual discharges water,

Average annual discharges water,

In order to understand the variability of river runoff
within the major basins of the River Tisza - village
Vylok, the River Dniester — village Zalischyky, and the
River Prut — city of Chernivtsy, the combined difference
integral curves of average annual water discharges of
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major rivers of Ukrainian Carpathians and rivers in their
basins (Figure 8) were built.

Analysis of Figure 8 demonstrated that internal cyclical
fluctuations of river water content in the basins of major
river systems had an identical structure. Using the lim-
its for high-water and low-water phases of major riv-
ers (River Tisza - village Vylok, River Dniester — village
Zalischyky, River Prut — city of Chernivtsy), the average
water discharges in the water content phase were de-
fined for rivers of each large basin wherein the water
runoff was observed. As the calculations demonstrated
there was a clear cyclical variability for all the rivers,
which was similar to major river systems and is well

Fig. 8

Combined difference integral curves of average annual water discharges
of major rivers of the Ukrainian Carpathians and rivers in their basins

River Tisza - village Vylok
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evident in Figure 9, which demonstrates the ratio of av-
erage long-term water discharges of rivers separately
for Tisza, Prut and Siret, Dniester and their values in the
periods of high-water and low-water phases.

Fig. 9

Ratio of average water discharges of the rivers in basins of Tisza (a),
Prut and Siret (b), right bank of Dniester (c) during the period of high-
water and low-water phases and their average long-term values
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As follows from Figure 9, for the rivers of basin Tisza,
the estimate of the average runoff in high-water Qn-w
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and low-water Qi—w phases at average long-term wa-
ter discharges @ can be made by regression equation:

Qp_yy = 1.0814 -0 +0.0311.

Qp_, = 0.8981-Q -0.0795.

For the Rivers Prut and Siret similarly:

Qn_y =1.0849-Q +0.1735.

Q1 =0.8562 - 0 — 0.2689.

And the right bank of the River Dniester:

Qp_y =1.1111-Q —0.0459.

Q,_, =0.7898 - Q +0.2144 .

Probable errors in determining the average water con-
sumption in high-water and low-water periods are gen-
eralised in Table 8. They are presented as a percentage
and determined by the ratio of values of average water
discharges in corresponding water-content phase.

The proposed regression equations (8)-(13) were tested
according to the data of previous years at hydrological sta-
tions for the rivers of basins of Tisza, Siret and Prut, and

Table 8

Probable deviation of calculated values of average water runoff in
high-water and low-water phases

Probable deviation of calculated values of
average water runoff, %

River basins
high-water phase low-water phase
1 2 3
River Tisza +3 +4
River Prut 11 +7
River Dniester +7 +8
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Dniester with the definition of the probability of non-ex-
ceedance of the permissible deviation p in high-water and
low-water phases, which is defined by the formula:

p=n/N-100"
where

n — number of prediction estimates within the limits of
probable deviations; N — total number of made estimates.

for rivers of basin

@ -

i,, m“f’ of Tisza Prut and Siret
g E water content difference water content
A T in the o e
£ % o % - phases % o % o
53 i E s f ofwater | = f 2 E

1 2 8 4 5 6

0.5 0.57 0.37 0.20 0.72 0.16
1.0 1.11 0.82 0.29 1.26 0.59
2.0 219 1.72 0.48 2.34 1.44
3.0 3.28 2.61 0.66 3.43 2.30
4.0 4.36 3.51 0.84 451 3.16
5.0 5.44 4.41 1.03 5.60 4.01
6.0 6.52 5.31 1.21 6.68 4.87
7.0 7.60 6.21 1.39 7.77 5.72
8.0 8.68 7.11 1.58 8.85 6.58
9.0 9.76 8.00 1.76 9.94 7.44
10.0 10.85 8.90 1.94 11.02 8.29
12.0 13.01 10.70 2.31 13.19 10.01
14.0 15.17 12.49 2.68 15.36 11.72
16.0 17.33 14.29 3.04 17.53 13.43
18.0 19.50 16.09 3.41 19.70 15.14
20.0 21.66 17.88 3.78 21.87 16.86
22.0 23.82 19.68 4.14 24.04 18.57
24.0 25.98 21.47 4.51 26.21 20.28
26.0 28.15 23.27 4.88 28.38 21.99
28.0 30.31 25.07 5.24 30,55 23.70
30.0 32.47 26.86 5.61 32.72 25.42
32.0 34.64 28.66 598 34.89 27.13
34.0 36.80 30.46 6.34 37.06 28.84
36.0 38.96 32.25 6.71 39.23 30.55
38.0 41.12 34.05 7.08 41.40 32.27
40.0 43.29 35.84 7.44 43.57 33.98
42.0 45.45 37.64 7.81 45.74 35.69
44.0 47.61 39.44 8.18 47.91 37.40
46.0 49.78 41.23 8.54 50.08 39.12
48.0 51.94 43.03 891 52.25 40.83
50.0 54.10 44.83 9.28 54.42 4254

for rivers of basins
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Availability of predictive estimates under their verifica-
tion by the actual average data for rivers of Ukrainian
Carpathians was 94% for high-water periods and 75%
for low-water periods.

High availability of the proposed equations and sig-
nificance of built relationships (approximation of all
reaches R? = 0.99) enabled us to generalise probable
average water discharges, which can be expected in the
high-water and low-water phases of the cycle, depend-
ing of their average long-term values (Table 9).

Table 9

Generalised ratio
of average water

for rivers of the basin of the right
bank of Dniester

difference water content difference
in the - - in the discharges of the
phases % o B m‘f’ phases riyers of basins
of water z E 2 E | ofwater Tisza, Siret and
content, S § % ﬁ content, Prutand th.e right.
mi-s’ <5 -5 md-s’! bank of Dniester in
eriods of
7 8 ? 10 Eigh—water and
0.56 0.51 0.49 0.02 low-water phases
0.67 1.07 1.00 0.06 and their average
0.90 2.18 1.79 0.38 long-term values
1.13 3.29 2.58 0.70
1.36 4.40 3.37 1.02
1.59 5.51 4.16 1.35
1.81 6.62 4.95 1.67
2.04 7.73 5.74 1.99
2.27 8.84 6.53 2.31
2.50 9.95 7.32 2.63
2.73 11.07 8.11 2.95
3.19 13.29 9.69 3.60
3.64 15.51 11.27 4.24
4.10 17.73 12.85 4.88
4.56 19.95 14.43 552
5.02 22.18 16.01 6.17
5.47 24.40 17.59 6.81
5.93 26.62 19.17 7.45
6.39 28.84 20.75 8.09
6.85 31.06 22.33 8.74
7.30 33.29 23.91 9.38
7.76 35.51 25.49 10.02
822 37.73 27.07 10.66
8.68 39.95 28.65 11.31
9.13 42.18 30.23 11.95
9.59 44.40 31.81 12.59
10.05 46.62 33.39 13.23
10.51 48.84 34.97 13.88
10.96 51.06 36.55 14.52
11.42 53.29 38.12 15.16
11.88 55.51 39.70 15.80
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The obtained results (see Table 9) can be used for pre-
dictive estimates of the possible values of average run-
off in high-water and low-water phases of the water
content of any river of the Ukrainian Carpathians. For
example, the river in Tisza basin has average long-term
water discharges of 11.0 m*-s”. Then, the average wa-
ter discharges in the high-water phase (e.g., 2021-2037
+ 38 years) is expected to be 11.93 m3-s' (interpolation
between the values of 10.85 and 13.01 m?3-s' (accord-
ing to Table 9), corresponding to the values of average
long-term water discharges of 10.0 and 12.0 m?-s™).
Taking into account the probable error, which is 3% for
the high-water phase from the expected value (Table 8),
the prediction estimation is 11.93 + 0.36 m*®-s7, i.e., in
the range of 11.6t0 12.3 m?-s".

Similarly, in the studied river with average long-term
water discharges of 11.0 m?-s'in the low-water phase
(2038-2048+49years), itisexpectedtobe 9.8+0.39m3-s,
i.e., in the range of 9.4 to 10.2 m3-s.
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Zinios apie ciklikumo savybes upiy nuotékio svyravimuose, Zemo vandens lygio ir auk3to vandens lygio
keitimosi pobadis ir trukme, ypac jy prognozavimas suteikia nejkainojama pagalba planuojant ir tinka-
mai valdant vandens isteklius, didinant hidroenergijos, melioracijos ir kity vandens jrenginiy eksploatacinj
efektyvuma. Siuo metu doméjimasis ilgalaikiy cikliniy upiy nuotékio svyravimais, o taip pat pagrindinio
svyravimo faktoriaus modeliavimu labai padidéjo dél duomeny naudojimo ilgalaikése prognozése. Metin-
iai vandens nuotékiai buvo apskaiciuoti Tisos, Dniestro ir Pruto upiy baseinams. Skaiciavimams naudo-
jamos matematinés priemones, pagristos statistiniais metodais, statistiniais vidurkiais, jvesties duomeny
sisteminimo priemonémis, laiko atsitiktiniy rinkiniy vertinimo metodais nuotékio savybéms tirti, laiko ei-

luciy kintamumo analizés metodai.

Raktiniai ZodZiai: upé, vandens nuotékis, atsitiktiné funkcija, cikliSkumas, erdviné sinchronija, vandens
telkinio faze, korelograma, vandens ciklas, prognozinis jvertinimas.



