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Abstract. Climatic factors are the most important of all the factors that influence the hydrograph shape of a river;
this is because they are dynamic in space and time. The presence of hydrographs with a similar shape in long-term
observation series of water runoff indicates that from time to time in the catchment of a river the same conditions of
water runoff formation repeat. This is due to the cyclicity of climatic and — as a consequence — hydrological processes.
The classification of hydrographs based on the similarity of their shapes on the Desna River (observation period 1885-
2010) was carried out using the geometrical similarity criterion (p) and the average Euclidean distance between values
of hydrograph pairs (7). 41 classes of hydrographs, which included from 1 to 6 hydrographs, were obtained. Among
them were determined 12 classes with low probability, 9 classes with medium probability and 20 classes with high
probability. An analysis of the conditions of hydrograph formation for each of the identified classes was performed for
the following factors: the sums of daily air temperatures and precipitation during the period of positive air temperature
(from July) and the period of negative air temperatures, and also during the period of temperature transition through
0°C up to the peak discharges, index of depth of soil freezing, index of snow water equivalent, index of soil moisture
content, and index of snowmelt. In general, hydrographs which are included in one class have similar climatic con-

ditions to those of water runoff formation. However, in some cases, a combination of different values and dynamic
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factors can lead to the formation of similar hydrograph shapes.

Keywords: hydrograph shape, classification, spring flood, climatic factors

Submitted 11 May 2016, revised 22 August 2016, accepted 19 December 2016

1. Introduction

A spring flood is a typical feature of the hydrologi-
cal regime of the Desna River. In this period the largest
water discharges occur, and this can lead to catastrophic
consequences. For this reason, the study of the conditions
of spring flood formation and their influence on the hydro-
graph shape was important. The shape of the spring flood
hydrograph is determined by many factors. Scientific pub-
lications (de Laat, Savenije 1992; Ramirez 2000; Vladimi-
rov 2009; Wirosoedarmo et al. 2010) mainly emphasise
the rainfall characteristics and catchment properties. The
paper by Wirosoedarmo et al. (2010) says that hydrograph
shape is strongly influenced by the nature of the rainfall,
the length of the main stream slope, and the direction and
shape of the watershed. Ramirez (2000) distinguishes two
groups of main factors affecting hydrograph shape: rain-
fall characteristics and drainage characteristics. The time
distribution of runoff (the shape of the hydrograph) is in-
fluenced by climatic, topographic and geological factors
(de Laat, Savenije 1992). Vladimirov (2009) divided all
the factors into four groups: climatic, geomorphological,
floral and anthropogenic. Each group includes a number

of factors that influence flood formation. Moreover, each
factor consists of several components. Note that within
the same river basin, geomorphological factors are time-
constant. Floral and anthropogenic factors can be regarded
as time-constant, under the condition of the immutability
of economic activities in a river basin. Therefore, it is cli-
matic factors, which are characterised by significant vari-
ability, that determine the shape and volume of the river’s
spring flood hydrograph every year. Precipitation, tem-
perature and evaporation are the most significant climatic
factors.

Globally, a considerable number of scientific publica-
tions are devoted to the study of the influence of climatic
factors on the hydrological regime of rivers. An example
is Szalinska et al. (2014), who investigated the statistical
properties of precipitation extremes during the flood event
in 2010 in the Odra River Basin. They noted that a good
understanding of the statistical properties of precipitation
patterns and their hydrological consequences is essential
for flood prediction and control, as well as for water man-
agement. Identification of extreme precipitation events is
an important element in the assessment of hydrological
hazards and their potential effects. However, research of
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the impact of climatic factors on the shape of hydrographs
is not given proper attention, although, in some studies
some interesting approaches can be found. Tennant (2011)
analysed the influence of the precipitation phase on the
hydrograph shape of mountainous watersheds. The objec-
tive method of diurnal hydrograph classification as an aid
to exploring changes in the hydrological functioning of
glaciered catchments over the ablation season was shown
Hannah et al. (1999). Perkins and Jones (2008) studied
the influence of climatic factors on the formation of storm
hydrographs in small forested basins. It should be noted
that nowadays the issue of the influence of climatic factors
on the spring flood hydrograph shape of lowland rivers is
hardly studied. Usually, for hydrological calculations and
forecasting the unit hydrograph method and water bal-
ance method are used (WMO 2009). The unit hydrograph
method gives good results in the study of storm hydro-
graphs, but, at the same time, has a schematic representa-
tion hydrograph. More complex hydrological models (e.g.,
a “rainfall-runoff” model) use the method of water bal-
ance, which takes into account climatic factors and allows
forecasting of not only the value of the maximum water
discharge, but also the hydrograph shape. However, this
approach requires detailed input data, which is not always
available for a river catchment. In addition, the model of
“rainfall-runoff” with lumped parameters operates well
when there is on a river catchment a direct correlation be-
tween water runoff and precipitation at a weak dependence
of evaporation against precipitation. However, Ukraine’s
territory is located in different geographical zones that are
characterised by a variety of correlations between the ele-
ments of water balance (Gorbachova 2014b). Khrystyuk
(2013) hypothesised that, on the assumption of similar
shapes of hydrographs, the same conditions of formation
of water runoff can occur due to the cyclicity of climatic
and hydrological processes. However, Khrystyuk (2013)
did not perform an analysis of climatic factors for each
class of hydrograph, which were obtained for the Danube
River. It was decided that this hypothesis should be ap-
plied on another river basin (the Desna) in order to confirm
the impact of climatic factors on the hydrograph shape.
Therefore, the objective of this paper is to analyse the
spring flood hydrograph shapes of the Desna River for the
126-year period of observation based on the method of
classifying hydrographs by the similarity of their shapes,
and to study the climatic factors that influence them.

2. The study area

The Desna River flows through the territory of Ukraine
and Russia (Fig. 1). It is the longest and second largest basin
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Fig. 1. Location of the Desna River basin

(after the Prypiat River) of the left tributary of the Dnipro
River. The Desna River originates from the swamps that
are located 9 km from the city of Yelnya (in the Smolensk
region of Russia) at an altitude of 238 m above sea level. It
flows mainly from the north-east to the south-west, to the
Dnipro River, 10 miles north of the city of Kiev, at an alti-
tude of 92 m above sea level. The total length of the river
is 1126 km and the basin area is 88824 km? (Koshkina,
Hlotka 2013). The average water surface slope is 0.13%o.
The length of the river on the territory of the Ukraine is
591 km. The basin area on the territory of Ukraine is about
41330 km’ (nearly 46% of the total basin area).

The largest tributaries are the Snov, Seim and Oster.
The coefficient of the river network density is equal to
0.21. The density of the network of gullies and ravines
ranges from 0.25 to 0.75 km per 1 km’. Absolute eleva-
tions of the surface basin are in the range of from 220 m
to 100 m, with the dominant figure being 125 m above sea
level.

The Desna River has quite a wide floodplain, which
floods almost every year, so the determining of the condi-
tions of spring flood formation has a scientific and practi-
cal value. Bryansk and Chernihiv are major cities located
on the Desna River. Water from the Desna River is the
main source of water supply for the city of Kiev (Vish-
nevskiy 2000).

The climate is temperate continental in the Desna River
basin. The coldest month is January, with mean monthly
multi-annual air temperature of —7.8°C. The warmest
month for the long-term observation period is July, with
mean monthly multi-annual air temperature of 18.5°C.
The Desna River Basin is located in a zone of sufficient
humidity. The multi-annual mean amount of precipitation
per year within the basin is 570-620 mm.


http://geology.isu.edu/thesis/Tennant_Christopher_2011.pdf
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3. Methodology and data

To operate with the observational data one must adhere
to the conditions of homogeneity and stationarity of the
members of a statistical series (WMO 2009). Therefore,
in our studies (Gorbachova, Kolianchuk 2012; Koshkina,
Gorbachova 2013) a complex analysis of long-term dy-
namics of hydrometeorological characteristics of the
spring flood formation in the Desna River basin was car-
ried out based on hydro-genetic methods and a statistical
method. Methodological approaches to the assessment of
the homogeneity and stationarity of hydrological observa-
tion series based on hydro-genetic methods was developed
by Gorbachova (2014a), Gorbachova and Bauzha (2013).

To analyse the hydrograph forms of the Desna River,
the method of classifying hydrographs by the similarity of
their shapes (Khrystyuk 2013) was used. This method uses
two independent criteria of similarity: the geometric simi-
larity criterion (p) and the criterion of the average Euclid-
ean distance between the values of the two hydrographs
(7). Criteria p and 5 are used in meteorological research
to classify synoptic processes (Bagrov 1969; Martazinova
2005). The validity of the use of the criteria p and # for
hydrograph classification cannot be doubted because the
difference between the observations of the atmosphere in
a given time period in a respective territory, and water run-
off observations of the river at a gauging station, is just
that in the first case we are dealing with multidimensional
fields, and the second case with the a one-dimensional
field. Thus, the adaptation of p and # criteria for their use
for the purpose of hydrograph classification does not re-
quire much effort. The selection of any river hydrograph
for the entire observation period can be represented as
a matrix Q with elements O, which correspond to the val-
ue of water discharge in the i date of the j year:
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wherei=1, 2, ..., K—dates;j=1, 2, ..., N— years.
Criterion p allows for the estimating of the geometric
similarity of the two hydrographs by values of deviations
compared to the averaged hydrograph for the long-term
period:
n.—n

p= 2

n.tn_

where n, — number of dates in which the deviation marks
coincide; n. — number of dates in which the deviation
marks are opposite. The value of the criterion is within
—1 < p < 1. Criterion 7 is the average Euclidean distance
between the values of two hydrographs:
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where Q; and O, — the value of water discharge in the
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i date of the hydrographs j and / years.

The value of n criterion is above or equal to 0.

Criteria p and 7 for each pair of hydrographs are cal-
culated as a square matrix of size NxN. The elements of
the main matrix diagonal of the criterion p equal 1, and
criteria 7 — 0.

When adding hydrographs of j and / years to one class,
we have the following three situations:

* The value of p and 7 criteria is simultaneously optimal
for the hydrograph of j year against the hydrograph of
[ year, and vice versa. In this situation hydrographs
have a good similarity;

e The value of p and 7 criteria is simultaneously optimal
for the hydrograph of j year against the hydrograph of
[ year, and, vice versa — it is not. In most such situations
hydrographs have a good or satisfactory similarity. It is
necessary to perform searches for years for which the
p and # criteria are both closest to their optimal values
in the case of unsatisfactory similarity;

e The value of p criteria for hydrograph of j year is
optimal against one year, and the value of # criteria
is against another. In this case it is also necessary to
search for years for which the criteria p and # are si-
multaneously closest to their optimal values.
Calculations of matrices of p and # criteria, as well as

the determination of years with maximum and minimum

values of p and 7 criteria, are carried out using the “Analog”

software that was developed by Khrystyuk (2013).

This method allows for the detecting of hydrograph
classes that have a similar shape in a long-term observa-
tion series of water runoff. This indicates that from time
to time in the catchment of the river similar conditions of
water runoff formation repeated due to the cyclicity of cli-
matic and — as a consequence — hydrological processes.

The shape of a spring flood hydrograph is determined
by the variations of the following characteristics: air tem-
perature, precipitation, depth of soil freezing, soil moisture
content and snow water equivalent. However, among all
these data the long-term observation series in the Desna
River basin contain only air temperature and precipitation.
Observations of the depth of soil freezing and snow water
equivalent have gaps, and begin in the 1950-60s. How-
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ever, a water runoff observation on the Desna River, at
Chernihiv City water gauging station, was begun in 1885.
Moreover, the highest floods are observed in the first half
of the twentieth century. Soil moisture content is meas-
ured in some years in the autumn, and in the others in the
spring. Based on the above, for the analysis of the spring
flood hydrograph formation conditions of the Desna River,
sums of daily air temperatures and precipitation during the
positive period (from July) and negative temperatures were
used; also, during the period of the temperature transition
through 0°C before the spring flood peak, the following
were used: the index of depth of soil freezing, index of
snow water equivalent, index of soil moisture content, and
index of snowmelt, which are calculated by the following
formulas:

The index of depth of soil freezing (FDSI) is defined

by the formula:
2T
FDSI= S —

Sp

where Y7 and Y P are, respectively, the sums of daily air

“

temperatures and precipitation during the period of nega-
tive temperature.

The index of snow water equivalent (SWEI) is defined
as follows:

SWEI=)T - Y P 6)

The index of soil moisture content (SMCI) is defined
by the formula:
2P
2T

where 7" and Y P are, respectively, the sums of daily air
temperatures and precipitation during the period of posi-
tive temperatures (from July).

The index of snowmelt (SMI) is defined by the for-

mula:
SMI=3 P/ - YT

where Y7, and Y P; are the sums of daily air temperatures

SMCI = (6)

(6))

and precipitation during the period of the temperature tran-
sition through 0°C before the spring flood peak.

The observed data from the Desna River — Chernihiv
City water gauging station for the period 1885-2010 were
used for research. The Desna River — Chernihiv City water
gauging station city is the outfall station of the Desna
River Basin. Moreover, the observed data at Bryansk
and Kursk meteorological stations were also used — they
have the longest observation series of air temperature and
precipitation (respectively 1936-2010 and 1896-2010).
Unfortunately, these observed data have gaps due to mili-
tary action. Also, these meteorological stations are located

in the upper part of the Desna and Seim rivers (Fig. 1),
which are the main areas of the water runoff formation of
the Desna River. The observed data from Bryansk mete-
orological station were used to confirm tendencies in the
dynamics of the factors that form the hydrographs.

4. Results

Analysis of the daily maximum, average and mini-
mum water discharges of the Desna River showed that
the hydrographs have a quite simple shape, with a clearly
distinct spring flood (Fig. 2). The greatest water content
was observed from early September to mid-June, which
corresponds to the spring-summer flood period. The flood
peak is observed in the middle and end of April, except for
the highest floods. For these, in some years a flood peak
can be observed in early May. Summer-autumn low flow
is characterised by a lack of rain floods.
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Fig. 2. Daily discharges on the Desna River — Chernihiv City
water gauging station for the period 1885-2010

Despite the simple shapes of the Desna River hydro-
graphs, it was found that the deviations of some hydro-
graphs from the average hydrograph (for the period 1885-
2010) vary quite widely. This is explained by the quite
different climatic conditions of spring flood formation in
each year. Thus, according to the method of classification
of hydrographs with a similar shape, among 126 hydro-
graphs (Desna River — Chernihiv city) 41 class were found;
these included from 1 to 6 hydrographs. Among them 12
classes with low probability, 9 classes with medium proba-
bility and 20 classes with high probability were identified.
Classes of hydrographs are related to each other by the
similar characteristics of the main phases of water regime:
stability and the height of summer-autumn and winter low
flow, the start and end dates, duration, height, and the in-
tensity of the increase and decrease of the spring-summer
flood. It should be noted that different classes of hydro-
graphs have different degrees of similarity depending on
the ratio of criteria p and 5. For example, hydrographs with
a high probability in Figure 3 have a satisfactory similarity
(left) and a good similarity (right).
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Fig. 3. Hydrograph classes with a similar shape

So, we can assume that hydrographs that are included
in the same class have similar climatic conditions of wa-
ter runoff formation. The analysis of the graphs that char-
acterise the conditions for the formation of hydrographs
with low probability and relate to the same class showed
that they have common features (Fig. 4). The analysis
was carried out only for floods in 1908 and 1931, because
observed data for 1942 are absent due to military action.
Storage curves of air temperature, precipitation and snow
water equivalent have a good similarity of dynamics and
values.

Dates of the start of the flood, as well as the depth of
soil freezing at the beginning of the flood coincide. How-
ever, significant precipitation in summer and autumn and,
consequently, greater soil moisture and also higher air
temperature and precipitation in the period of the begin-
ning of floods formed higher flood peak discharge in 1931
(7940 m’s™) compared with flood peak discharge in 1908
(6860 m’s™).

The analysis of all classes of hydrographs has revealed
common features of conditions of their formation, de-
pending on the probability of exceedance (Table 1). The
formation of catastrophic and outstanding spring floods in
the Desna River Basin occurs in the conditions of a cold
autumn-winter period, with a significant accumulation of
snow water equivalent in the river catchment and a large
depth of soil freezing.

In the spring the dates of air temperature transition
through 0°C occur in the first half of April. At the same
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Fig. 4. Dynamics of the main factors of the spring flood forma-
tion of the Desna River with low probability, according to the
data from the Kursk meteorological station

time, there is a rapid air temperature increase that causes
intense snowmelt, which may be increased by precipita-
tion. Typically, the air temperature, precipitation and soil
moistening in the summer-autumn period do not signifi-
cantly influence the spring flood formation of the Desna
River. However, these characteristics have significant
influence on the formation of catastrophic floods. It was
found that for the analysis of the conditions of spring flood
formation, it is not enough to have information only on
the values of factors. It is equally important to consider
the dynamics of factors, especially in the period before the
spring flood.

The analysis of factors that form the hydrographs with
medium probability showed that in some years, their val-
ues coincide with the values of the factors that shape the
hydrographs with low probability. However, an outstand-
ing flood was not formed. Analysis of the dynamics of
factors revealed features of the formation of hydrographs
with medium probability. Usually these hydrographs are
formed at lower values of the sums of daily air tempera-
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Table 1. The value of the factors of spring flood formation on the Desna River with the various probability hydrograph shapes (ac-

cording to the Kursk meteorological station); note: in the denominator are the values observed in certain years

The hydrograph shape with probability
Factors
low medium high
ST, °C 1500-1950 1500-1700 1500-1700/2200
YP', mm 150-400 150-330 150-270/375
SMCI 1.10-0.24 0.10-0.20 0.10-0.16
ST, °C ~(700-1350) -(400-700)/-1350 -(300-700)/-1100
YP , mm 180-300 130-200/350 85-170/200-220
FDSI -(10-15)/-6 -(4-6) -(3-6)/-10
SWEI (100-300)- 107 (70-120)-10°/240-10° (50-100)-10°/(160-190) - 10”
temperature
transition through first half of April second half of March end of February, March
0°C
ST/, °C 140-225 170-300/400 200-370
P/, mm 30-75/90 25-60/90 20-60/120
SMI (120-170)- 10> (30-100)- 107/(220-300) - 10™ (20-220)-10°/600- 10

tures, precipitation during periods of negative tempera-
tures, and also snow water equivalent compared to the
conditions of the formation of hydrographs with low prob-
ability. At high values of the sums of daily air temperatures
during the period of negative temperatures smaller values
of snow water equivalent are observed; this does not lead
to the formation of hydrographs with low probability. At
high values of the sums of daily air temperatures during
the period of negative temperatures and snow water equiv-
alent in the period before the beginning of the spring flood,
higher values of air temperature are observed and the date
of the temperature transition through 0°C is in the second
half of March. This causes a gradual melting of snow and
the snowmelt period is increased, thereby reducing values
of peak discharge. The low level of soil moisture in the
catchment also contributes to this. Such conditions were
observed in the flood of 1968, which had all the makings
of becoming an outstanding flood, but in fact did not do
so (Fig. 5).

The conditions of hydrograph formation with high
probability are varied, but generally they are formed at low
values of snow water equivalent. At the same time, high
values of the sums of daily air temperatures during periods
of negative temperatures and depth of soil freezing can be
observed. The date of the temperature transition through
0°C is in March. Such conditions are typical of the flood
in 1902. Thaws can be observed in the case of significant
snow water equivalent; these were formed during the au-
tumn-winter period. This leads to the formation of winter
floods (January-February) and, consequently, decreases
values of flood peak discharge (Fig. 3). Sometimes a flood
can begin at the end of January, in the conditions of low
values of snow water equivalent, and early air temperature
transition through 0°C (Fig. 3, 6).

It was found that the formation conditions may vary
for some classes with similar forms of hydrograph. The
formation of similar shapes of hydrograph is a result of
a combination of factors. For example, the flood in 1910
was formed with low values of the sums of daily air
temperatures during the period of negative temperatures
—611°C) and snow water equivalent (84x107). For the
flood in 1996 the sums of daily air temperatures during the
period of negative temperatures and snow water equiva-
lent were —1 122°C and 227x10" respectively. However,
for the flood in 1910 the air temperature transition through
0°C occurred on 14 March and for the flood 1996 this was
on 31 March.

At the same time, in 1910 the snowmelt period had
quite a significant amount of precipitation (3P, = 93 mm)
and in 1996 this value was only 27 mm. Due to such con-
ditions, in 1910 intensive snowmelt (SMI = 257x107) was
observed, while in 1996 this was slow (SMI = 53x107).
So, in some cases a combination of different values and
dynamic factors can lead to the formation of similar shapes
of hydrographs. Thus, the exact conditions before a flood
are essential.

The proposed approach of the classification of hydro-
graphs by the similarity of their shapes with subsequent
analysis of the climatic factors in each class of hydrograph
can significantly expand knowledge about the conditions
of hydrograph formation with different probabilities of
exceedance. This approach allows for features of water
runoff formation of the river within groups with various
hydraulicity to be taken into account, as opposed to the
traditional statistical method. In a statistical method, for
the purpose of division into groups of hydraulicity (high
water, medium and low water) the shape of hydrograph is
not considered. At the same time, there are various forms
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Fig. 5. Dynamics of the main factors of the spring flood forma-
tion of the Desna River with medium probability, according to

data from the Kursk meteorological station

of hydrographs in each group of hydraulicity (Fig. 3). The
consideration of hydrograph shapes has important practi-
cal value — for example, for the operation of reservoirs,
industrial and municipal water management, the smooth
functioning of water transport, flood proofing, hydrologi-
cal forecasting. Analysis of climatic factors in hydrograph
classes confirms the hypothesis that similar shapes of hy-
drographs are formed in similar climatic conditions. This
is due to the cyclicity of climatic and hydrological pro-
cesses. However, there are exceptions when the combina-
tion of various factors form similar hydrograph shapes. In
addition to quantitative indicators of climatic factors, it is
equally important to consider their dynamics, especially in
the period before the spring flood. These obtained results
demonstrate the relevance of the deterministic approach
to the study of water runoff of rivers. Analysis of climatic
factors on limited data, namely on the basis of indices re-
flecting the moisture conditions, evaporation, snowmelt,
and other factors, allows for the study of the watersheds of
rivers that do not have a developed observation network.
In contemporary long-term hydrological forecasting,
the hydrograph shape is predicted in a simplified schemat-
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Fig. 6. Dynamics of the main factors of spring flood formation of
the Desna River with high probability, according to data from the

Kursk meteorological station

ic form on the basis of hydrological information (maxi-
mum discharges, depth of runoff, the duration of a flood
rising, time of concentration), that is, without taking into
account climatic factors. Thus, the proposed methodical
approach to the classification of hydrographs and analy-
sis of climatic factors will allow for the improvement of
results of long-term forecasting. Based on the analysis of
the climatic conditions, for example, in the autumn-winter
period, it will be possible to predict the shape of the hydro-
graph using an analogue, which is selected according to
a particular hydrograph class. The implementation of this
hypothesis could be the next step of the study.

5. Conclusion

126 hydrographs of the Desna River in the city of
Chernihiv were classified into 41 classes, which include
from 1 to 6 hydrographs according to the similarity of their
shapes on the basis of two criteria of similarity. The cli-
matic conditions of the formation of Desna River hydro-
graphs are very diverse every year, hence the considerable
number of classes.
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Generally, hydrographs that are included in the same
class have similar climatic conditions of water runoff for-
mation. This demonstrates the repeatability of conditions
of water runoff formation due to cyclical processes. At the
same time, in some cases a combination of different values
and dynamic factors can lead to the formation of similar
forms of hydrographs. The most important factors that
influence the form of hydrographs are temperature, snow
water equivalent and snowmelt conditions.

The results enable the extension of knowledge about
the conditions of the water runoff formation of the river
and may be important for hydrological calculations and
long-term forecasting.
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