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The Danube River mouth is a main source for fresh water used
for water supply and irrigation purposes in the arid southern
part of Ukraine. In addition, the water of the mouth is used
for filling the Danube Lakes. Climate change and numerous
social and economic factors reduce the area and the water
level of the Danube Lakes and increase their salinity. Under
these circumstances the water exchange between the Danube
River and the lakes is a very important process which allows
maintenance of the water-salt balance of the latter. Such wa-
ter exchange massively depends on the Danube River regime.

The paper presents research of temporal variation of typ-
ical water discharges in the lower course of the Danube River
associated with assessment of natural and anthropogenic fac-
tors affecting river runoft fluctuations. Time series of annual
average water discharge at the water gauging stations of such
cities as Reni and Izmail were considered uniform for the se-
lected periods. They cover the period of conventionally na-
tural river runoff regime (1840-1920), the period of the least
altered river runoff regime (1921-1960) and the most altered
river runoff regime under a heavy anthropogenic influence
(1961-1989). The analysis of the impact of climate changes
on the river runoff allowed introduction of a new, modern pe-
riod of the Danube River hydrological regime (1990-2015). It
is established that the series of maximum and minimum wa-
ter discharges are characterized by the lack of their uniform-
ity from the beginning of the period of initial influence of
hydraulic engineering structures on the hydrological regime
(since 1961). The analysis of the aggregate multi-year series
(1840-2015) of average annual, maximum and minimum wa-
ter discharges of the Danube River across its length from Reni
to Izmail showed the presence of positive trends. At the same
time the period of climatic changes (after 1989) is character-
ized by a less intensive growth of maximum water discharges.
The research resulted in establishing the periodicity and syn-
chronism of water discharge fluctuations in the lower course
of the Danube River from Reni to Izmail within the territory
of Ukraine. In particular, the study showed for the first time
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that from the 2000s onwards the redistribution of river runoft
between the Danube River branches led to unsynchroniza-
tion of minimum river runoff in different parts of the Dan-
ube Delta. The research shows that comprehensive analysis of
the Danube River hydrological regime under modern clima-
tic conditions is required to ensure efficient engineering re-
gulation of the Danube Lakes filling pattern. Such regulation,
in its turn, will ensure that the water supply and irrigation
purposes are achieved.

Keywords: Danube River, hydrological regime of river run-
off, trend analysis, anthropogenic factors, climate change

INTRODUCTION

The hydrological regime of the Danube River
and other world’s largest rivers is influenced by
both natural and anthropogenic factors, such as
water resources use (water supply, land reclama-
tion and fishing industry) and runoff regulation
by hydraulic engineering structures [1-3].

Over the last two decades new hydropower
plants have been designed and mega dams (more
than 15 m high) have been built on the world’s
biggest rivers which allowed increase of hydro-
power capacity by 55% from 2000 to 2015 [4].
In addition, large dams can be used for multiple
purposes, such as irrigation, flood control and
drinking water supply [4, 5]. However, mega
dams construction poses significant risks relat-
ed to changes in the volume and timing of river
runoft, downstream sediment, and also breach
of hydro-ecological conditions of reservoirs [2].

Thus, the influence of economic activity on
the basin of the Danube River and its tributaries
began to be observed in 1921 [6], and the influ-
ence of hydraulic engineering structures began
to be observed in 1961 [1]. The most significant
anthropogenic influence on the runoft of Low-
er Danube was caused by the following hydro-
power plants: Djerdap I (Iron Gate-I) in 1972

and Djerdap II (Iron Gate-II) in 1984. The latter
was mainly aimed at compensating/balancing
the water level in the lower basin of the first
dam [1].

The authors [1] note that the construction
of these water reservoirs did not significantly
affect the runoff regime in the lower course of
the Danube River because the main volume of
water reserves forms in its upper and middle
reaches. A detailed analysis of the influence of
artificial dams of Iron Gate I and Iron Gate II is
included in the authors’ research [3].

The Danube River is one of the most efficient
and environmentally friendly transport corri-
dors which connects Western and Eastern Eu-
rope. According to the estimation [7], in terms of
the European policy, only 10% of the waterway’s
transport capacity is being used. In particular,
the restriction of shipping traffic is caused by
fluctuations of the river’s level, i.e. the presence
of low levels during winter and summer periods
causing an unsteady fairway [8]. It should be
noted that the hydraulic engineering regulation
of water level to ensure navigation depth across
the lower Danube is performed only by means of
dredging works (for example, in Bulgarian and
Romanian port zones). However, such works are
not always efficient [9].
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The influence of hydraulic engineering struc-
tures also manifested itself in the multi-year re-
distribution of the Danube River runoff along
the main branches of its delta (Kiliya and Tulcea)
[1, 10, 11]. According to the Danube Commis-
sion, the water content of Kiliya mouth had been
62% of total water content of the Danube River
and the water content of Tulcea mouth constitut-
ed 38% before the hydraulic engineering works
were performed. The Tulcea mouth consists of
Sulina mouth (8% of total water content) and
St. George mouth (30% of total water content).
To ensure the passage of sea vessels from the sea
to the Danube through the branches of the delta,
in 1968-1982 respective hydraulic engineering
works were carried out across the Sulina branch,
and in 1981-1992 across St. George branch
(within the Romanian territory). Such hydraulic
engineering works resulted in runoft redistribu-
tion between the delta’s branches with increase
of water content across the Romanian part - in
the Tulcea branch (the Sulina branch to a great-
er extent) (up to 40.8-47.8%), and its decrease
across the Ukrainian part - in the Kiliya branch
(up to 52.0-55.1%). Currently, the Danube Ri-
ver runoff is more or less equally distributed be-
tween the Tulcea and Kiliya branches [10, 11].

Some of the authors [2, 3] note that high-
speed and large-scale anthropogenic transfor-
mations (big multi-purpose dams, construction
of hydropower plants, physical and chemical
pollution, appearance of non-typical biotic spe-
cies, sedimentation) over a few years or even
decades may potentially lead to irrecoverable
transformations, and on some large rivers - to
possible collapse of their ecosystems.

Over the last decades, the problem of river
runoft assessment under the conditions of wa-
ter management changes was supplemented by
the problem of estimating the impact of global
and regional climate changes on the rivers’ wa-
ter resources [2, 12-14], including the ones in
Ukraine [14-16].

Over the last thirty years of the retrospective
period we could observe gradual increase in ave-
rage annual air temperature which usually leads
to spatial and temporal changes of precipita-
tion and evapotranspiration regimes [2, 14, 16].
Climate change is a dominant factor affecting
changes of water resources in the Danube River

Basin [17]. It leads to the changes in the volumes
of runoft and sediments, changes of thermal and
ice regimes, redistribution of water resources,
etc. [2, 14]. Climate change affects European ri-
vers by changing the timing of floods. Changes
in floods timing are associated with such factors
as difference over time of the snow melting pro-
cess, alteration of maximum soil moisture and
changes of large atmospheric processes [2, 18].

The results of climate change modelling show
that [12, 19] further increase in air temperature
will increase the probability of extreme pre-
cipitation in most of the world. The growth in
evaporation rate may increase the frequency of
extreme floods and decrease the water resources
of large territories [2, 14].

Over the last years there were some scientific
works which analysed changes of hydrological
regimes of river runoft associated with air tem-
perature change, spatial and temporal changes
of precipitation and evapotranspiration regimes
in the Danube River countries, such as Germany
[20], Switzerland [21], Austria [22], Slovenia [23],
Croatia [17], Romania [3], and Ukraine [24].

In general, there are some common long-
time trends in climate change for the countries
of the Danube River Basin. These changes in-
clude increase in the average annual air temper-
ature causing the decrease of snow percentage
in the total annual amount of precipitation. This
directly affects the river runoft by decreasing its
rate in the spring season (shortage of snow and
its more intensive melting) and increasing such
rate in the autumn-winter period (rain-driven
increase). In addition, there is a shift of peak val-
ues of snowmelt and rainwater runoff towards
the beginning of the calendar year with the in-
creased amplitude between the largest and low-
est water discharges.

The analysis of the time series of observations
over the runoft across the Danube Basin in Swit-
zerland [21] based on application of statistical
methods and Mann-Kendall nonparametric test
showed statistically significant positive trends
over the periods of 1931-2000, 1961-2000 and
1971-2000 (in the edition of the authors [21]).
The increase of total annual runoft because of its
growth over winter, spring and summer months
was also observed. Gradual increase of air tem-
perature leads to the decrease of the snowfall
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index and increase of runoff in winter season.
At the same time, there is a shift of runoff peak
values towards the beginning of a calendar year.

Starting from the second half of the 20th cen-
tury, the average values of the Danube runoft at
most water gauging stations in Germany show
a positive trend. The maximum values of snow-
melt and rainwater regime are characterized by
a one-month shift, and the amplitude between
the highest and lowest values of water runoff still
continues its increase [20].

When analysing the influence of climate
change on water resources in Austria over the pe-
riod of 1951-2000 (data from 641 rainfall sta-
tions and 132 hydrological stations) the authors
[22] completed a season Mann-Kendall test es-
tablishing statistical significance of such chang-
es. The use of the Kendall-Theil test showed
insignificant trends of annual precipitation and
river runoff. However, some spatial and tempo-
ral differences could be observed after analysing
the results over half-year and season periods.
The trends in the change of precipitation regimes
led to a more well-defined trend of river runoff
increase over a cold period of the year (the north
of the Alps) and a trend towards its decline over
a warm period of the year (the south of the Alps,
Carinthia and partly Styria).

The Hurst coefficient and spectrum analysis
techniques enabled the authors of the research
[23] to establish the statistical uniformity of
multi-year daily, monthly and yearly river run-
off regimes of the Danube River in Bratislava
over the periods of 1876-1940 and 1941-2005.
The research also confirmed the occurrence of
multi-year cycles over the dry and wet periods.
On the other hand, due to the increased air tem-
perature for the last 65 years and an early snow
melting process across the Danube River Basin
an increase in the average multi-year daily wa-
ter discharges in March and April is observed.
At the same time a decrease of daily water dis-
charge is observed in September. The long-term
trend of a monthly water discharge over the ob-
servation period appeared to be close to zero,
i.e. the influence of air temperature on the total
annual runoft of the Danube River in Bratislava
was indicated as insignificant.

The article [17] analysed the change of riv-
er runoff regimes across the Croatian part of

the Danube River Basin for climate normals of
a thirty-year period (1961-1990) and the next
period of 1980-2009. A comparison of modu-
lar coeflicients Parde 3 (the difference between
the largest and the smallest Parde coefficient)
made it possible to identify the changes between
two time periods. The use of Kendall-Theil’s
nonparametric analysis for annual and seasonal
river runoff time series indicated runoff decrease
at almost all observation stations in the period
of 1980-2009.

Application of a hydro-genetic method
across the Ukrainian part of the Danube River
Basin [24] made it possible to establish the fact
that time series of spring floods from the begin-
ning of observations to 2015 are homogeneous
in their nature. As for their synchronous na-
ture, it is characterized by four types of cyclic
fluctuations which are different in duration and
direction, and the mentioned fluctuations are
caused by climatic and orographic peculiarities
of the river basins under study.

The paper [25] presents a study of fluctua-
tions and trends of time series of water levels and
intra-annual distribution of river runoft at water
gauging stations across the entire watercourse of
the Danube River over the period of 1921-2010.
The authors established that the trends of wa-
ter level variation have a divergent nature along
the entire length of the river. Thus, the time
variation of maximum water levels has an un-
expressed or a positive tendency. As for the aver-
age and minimum annual water levels, they are
mainly associated with a negative trend.

However, downstream from the water gaug-
ing station (WGS) of Briila (downstream from
the Iron Gate-I hydropower plant) there are
well-defined time trends of water levels increase
over a multi-year period (1921-2010) [25]. On
the other hand, the authors of the research [3]
point out that the WGS located 220 km upstream
from the Djerdap/Iron Gates dams show a short-
age and decrease in the amplitude of multi-
year and annual cycles of the Danube River wa-
ter content.

The study of water resources change in dif-
ferent parts of the Danube River Basin resulting
from the effects of future climate change was
carried out by the authors of the article [14].
The Climate-Runoft water and heat balance
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model designed by Loboda [14] and the data of
the REMO climatic model, A1B scenario [12,
19] made it possible to conclude that water re-
sources changed in the south-eastern direction
of the Danube River. In general, by 2030 the de-
crease of water resources in the Danube River
will be minor constituting only 6.1%.

The water resources of the Danube River
mouth (in the territory of Ukraine) serve as a wa-
ter supply source of human settlements. They
play a major role in the development of irrigated
agriculture and fishing industry across the arid
southern part of Ukraine. With this objective in
view there is an entire system of freshwater bod-
ies such as lakes of Kagul, Kartal, Yalpug, Ku-
gurlui, Safyan, Katlabukh and Kitay. The overall
area of the lakes” water surface constitutes about
50 thousand hectares [1]. The lakes are connect-
ed with the Danube River through the channels
equipped by special regulating facilities. During
the periods of high water, the channels supply
lakes with the water from the Danube River.
During the periods of low water, the water is
released back from the lakes in order to ensure
the balanced mineralization of lakes.

The previous research [1] indicated the de-
crease of the current river runoff that supplies
the lakes with water. The natural water exchange
process is being disrupted. At the same time,
the rate of water evaporation from the surface of
the lakes keeps increasing. This reduces the wa-
ter level and increases water salinity which de-
termines the deterioration of water quality of
the lakes. The water of low quality may not be
used for the supply of drinking water and irriga-
tion. Thus the Danube River runoff is the main
component in the water-salt balance of lakes.
Consequently, the study of trends of the river’s
hydrological regime across the Ukrainian part
(downstream from the city of Reni) in a multi-
year context has a great scientific and practical
importance. The presented paper investigat-
ed the changes of the hydrological regime in
the Danube River across the examined area, tak-
ing into account the anthropogenic impact and
climate changes for the first time.

The aim of this article is to study the multi-
year and current trends in changes of the hy-
drological regime of the Lower Danube across
the Ukrainian territory from Reni to Izmail.

The analysis of hydrological regime covers
the estimation of uniformity (homogeneity)
and cyclic recurrence of water discharges (an-
nual, maximum and minimum); trends testing
of the time series taking into account anthro-
pogenic factors and climate change; and calcu-
lation of the standard statistical parameters and
their representation in the form of curves.

The results of this research may be used by
hydrology engineers for the substantiation of
the efficiency of regulation of the Danube Lakes
filling pattern. On the other hand, the use of
the mentioned lakes and the Danube River for
water supply and irrigation purposes contrib-
utes to a successful social and economic de-
velopment of the entire region.

STUDY AREA

The length of the Danube River is 2783 km.
The total area of its basin is 817 thous. km?
The Ukrainian part of the Danube River Delta
is 170 km long (from the Prut River mouth to
the Black Sea) and 54 km of it belongs to the riv-
er’s main channel [25] (Fig. 1).

The Danube Delta is a low-land territory
which is entirely located within the Lower Dan-
ube Plain and surrounded by Budzhak Plato from
the north and by Dobrudzha Plato from the south
[25]. The northern boundary of the delta stretch-
es along the southern banks of Kugurlui, Katla-
bukh, Kytai and Sasyk lakes and reaches the sea
coast. The state boundary between Ukraine
and Romania stretches along the fairway across
the near-delta zone of the Danube River and then
along Kiliya branch and its mouths.

At the Izmailskyi Chatal Cape (80 km from
the mouth) the head of the delta is a place where
the Danube’s main channel is for the first time
divided into two branches - Kiliya (Ukrainian)
and Tulcea (Romanian). 17 km downstream
the latter is divided into St. George and Sulina
branches. The Sulina branch is a main interna-
tional navigable waterway from the Danube to
the Black Sea. The Kiliya branch (downstream
from the city of Izmail), in its turn, is continual-
ly divided into numerous waterways or merges
into a single waterway again. The Danube River
flows into the Black Sea through its three main
branches: Kiliya, St. George and Sulina.
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Fig. 1. Scheme of the Danube River Delta [https://en.wikipedia.org/wiki/Danube#/media/File:Danube_basin.png]

The section of the Danube River from Reni
to Izmail originates downstream of the Prut Riv-
er mouth (city of Reni) and ends at the point
which is slightly downstream from the place
where the Danube is divided into Kiliya and Tul-
cea branches (city of Izmail) and has the overall
length of 33.5 km (distance from town of Sulina
(from the mouth) [25].

The runoff regime across the Lower Danube
and at the Danube River Delta is characterized
by the presence of well-defined long-lasting high
floods which are formed by rainfalls or snowmelt
and low river runoff during the summer-autumn
period. The spring—summer high water consists of
several waves of the flood which form at the Lower
and Middle Danube and they are usually observed
from March to July. This is the period of the an-
nual maximum river runoff. The lowest water flow
is observed during the summer-autumn period,
i.e. from August to October. The level regime of
the Danube River Delta is significantly affected
by intra-annual water discharge variation, surges
from near-mouth coastal waters, formation of ice
events and construction of hydraulic engineering
structures (diversion dikes, dams, etc.).

DATA AND METHODOLOGY

In order to identify changes of the characteristics
of the Danube River runoff, the hydrological data

(average annual, maximum and minimum wa-
ter discharges) from the water gauging stations
(WGS) of Reni (“54th Mile”) and Izmail (“115th
Kilometer”) were chosen. Two periods of obser-
vations (1840-2015 for the analysis of the average
annual river runoft and 1921-2015 for the analy-
sis of maximum and minimum river runoff) were
used, taking into account the reconstructed run-
off (developed by the authors of [1]).

For the investigation of the anthropogenic
influence on the river runoff in the study area,
the authors of [1] divided the time series of av-
erage annual water discharges into the following
three periods: the conventionally natural river
runoft regime (1840-1920), the least altered river
runoft regime (1921-1960) and the most altered
river runoft regime (1961-2002).

The analysis of the future trends of river run-
off formation is associated with the influence of
global and regional climate changes on the Dan-
ube River basin [1, 13]. The paper [16] consid-
ers 1989 to be a turning point in terms of the air
temperature change in Ukraine and, accordingly,
the rivers’ hydrological regime change.

Therefore, the authors of the research selected
the period of the most altered river runoff regime
under the anthropogenic influence (1961-1989)
and the period of modern water content which
was observed during significant climatic changes
(1990-2015).
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The statistical and mathematical methods
were used to assess the characteristics of the long-
term hydrological regime of the Lower Danube.
The F-test (Fisher criterion) was used to assess
the statistical homogeneity of the initial informa-
tion [26]:
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where 0 ? and Oy2 are dispersion of the studied
data series.

A numerator should have a higher value of
dispersion of two studied series. Fisher func-
tion depends on a number of degrees of freedom
k =n -landk,=n -1, where n_and n? stand
for the duration of the studied series. The series
may be considered homogeneous only if Fisher
criterion is less than its critical value at the level
of significance of 1%, 5%, etc.

The assessment of cyclical fluctuations of ri-
ver runoff was performed using the residual mass
curves [26-29]. The current ordinates of residual
mass curves from the time when a curve was plot-
ted and by the end of " year may be found using
the following equation:
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where k, = Q/Q_ are modular coefficients of #"
year; Q and Q_are the discharge of " year and
the average discharge for the time period n.

Practical application of these methods may be
seen in [30, 31, 32].

Statistic parameters are calculated via the me-
thod of moments and the method of maximum
likelihood [26]. According to the method of mo-
ments:
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where Q_ is an arithmetic mean value of dispen-
sation feature Q, C is the variation coefficient of

dispensation feature Q, C_ is the asymmetry co-
efficient of dispensation feature Q, and # is the
duration of observations (years).

When applying the method of maximum like-
lihood the auxiliary statistics A, and A, should be
calculated first, with

1 n
x22_21gk,, (7)
n
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1 n
A, :;Zk[ Igk,. (8)
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Statistic parameters C and relations C/C, are
to be established using special nomograms speci-
fied in annexes of SNiP (Construction Norms and
Regulations) 2.01.14-83 [26]. Their input values
are presented by statistics A, and .

RESULTS AND DISCUSSION

Evaluation of the time series homogeneity of
the Lower Danube runoff at different phases of
water content

The verification of homogeneity of time series of
average annual water discharges was performed
for the selected periods of water content of the
Lower Danube. According to F-test (at the level of
significance of 5% probability), the time series of
observations at Reni and Izmail WGS should be
considered uniform, i.e. the influence of anthro-
pogenic factors (construction of the water reser-
voirs Iron Gate-I (1970) and Iron Gate-II (1984),
damming etc.) and climatic changes did not have
a major impact on the annual runoff in the Dan-
ube River Delta.

This conclusion is also confirmed by the re-
search [33]. It is based on the analysis of the ac-
cumulation curve of the average annual water
discharge of the Lower Danube (for the period
of 1921-2010). The fact that observational data
series may be considered having a homogeneous
nature was established in the mentioned research.
The plotted residual mass curves of the average
annual runoff of some of the Danube’s rivers are
characterized by the presence of cycles of differ-
ent duration. The analysis of the combined graphs
indicated the synchronism of annual water dis-
charge fluctuations at different WGSs across the
studied region [30, 33].
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The lack of uniformity of time series of maxi-
mum and minimum water discharges may be ob-
served over the period when hydraulic engineering
structures started to affect the river’s hydrological
regime (in 1961 [1]) and, later, when hydropower
plants of Iron Gate-1(1970) and Iron Gate-1I (1984)
were constructed across the Lower Danube as well
as the hydraulic engineering works took place
across the branches of the Danube Delta (Sulina in
1968-1982 and St. George in 1981-1992). At the
same time, the influence of climatic changes on
the river runoff in the early 1990s was less signifi-
cant during formation of maximum and minimum
discharges of both WGSs. The time series of river
runoff over the period of 1990-2015, as compared
with the preceding period of 1961-1989, remained
homogeneous.

Research of the time regime of the Lower
Danube River runoff at the Reni-Izmail area
Average annual water discharges. An analysis of
the reconstructed multi-year series (1840-2015, i.e.
over the period of 176 years) of average annual wa-
ter discharges of the Danube River across its length
from Reni to Izmail (in the form of modular coef-
ficients k, of £ year) is presented in this research.

The analysis indicated the presence of a weakly ex-
pressed, almost two centuries long trend towards
its increase (Fig. 2) and its cyclic recurrence in the
course of time over different periods of water con-
tent in the Lower Danube (Fig. 3).

The study of residual mass curves of the aggre-
gate multi-year series (1840-2015) of average an-
nual water discharges of the Danube River across
its length from Reni to Izmail (Fig. 3) characterizes
the period of the conventionally natural regime of
river runoff and the low-water one in 1840-1910.
The period of the least altered regime of river run-
off (up to 1960) was characterized by a neutral
trend with annual water discharge fluctuations of
short duration. Over the period of the most altered
runoff regime from the 60s to 80s of the last centu-
ry a positive trend was established. The extension
of time series of average annual water discharges
up to 2015 showed, alternatively to the authors’
conclusion [1], that over the period after 1989 (the
period of significant climatic changes) there was
a trend towards a certain decrease of the men-
tioned annual water discharges across the lower
course of the Danube River. The decrease was then
followed by a slow increase. Such findings were
also confirmed by the research [33]. According to
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Fig. 2. Time series of the modular coefficient of average annual water discharges (three-year moving averages) and their trends in the

Danube River across its length from Reni to [zmail
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Fig. 3. Residual mass curves of the modular coefficient of average annual discharges of the Danube River across its length

from Reni to Izmail

its authors, the commencement of a high-water
stage of water content across the lower course of
the Danube River started in 1995.

The overall increase of the Danube River run-
off resulting, in addition to climatic factors, from
anthropogenic factors, such as river channel reg-

ulation across the near-delta area, was established
(1987-1991) [1, 10].

Maximum water discharges. Multi-year variati-
on of maximum water discharges over the period
of 1921-2015 (Fig. 4) showed a slight increase of
maximum annual water discharges over the last
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years. Such increase, in its turn, led to the water
content increase in the Danube River (Fig. 2).

The analysis of residual mass curves of max-
imum water discharges over the period of 1921-
2015 (Fig. 5) showed that the multi-year period
of maximum discharges consisted of two peri-
ods. The first one is actually characterized by the
presence of a negative trend (1921-1960) and the
second one by a positive trend (1961-2015). It is
worth noting that over the period from 1989, a less

intensive growth of maximum water discharges
was estimated due to climatic changes and changes
of the rivers’ water regime during this period, es-
pecially because of rainfalls or snowmelt occurring
within the basin.

Minimum water discharges. The study of time
series of minimum water discharges progress
(three-year moving averages) of the Danube Riv-
er across its length from Reni to Izmail showed
minor positive trends (Fig. 6). The authors of [1]
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Fig. 5. Residual mass curves of the modular coefficient of the maximum water discharges of the Danube River across its length from

Reni to [zmail
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explain such increase of minimum water dischar-
ges as a result of possible water discharge to the
tailrace of installations of Iron Gate-I and Iron
Gate-II water reservoirs during summer—-autumn
low-water period. At the same time the authors
[1] believe that the average value of minimum
water discharges remained almost the same.

The analysis of residual mass curves of min-
imum water discharges of the Danube River
across its length from Reni to Izmail (1921-2015)
showed their synchronism during low-water pe-
riod for both of the WGS (Fig. 7). However, over
the period since the 2000s a mismatch of trends
of low-water discharge across the Danube Del-
ta at WGS Reni (“54th Mile”) and WGS Izmail
(“115th Kilometer”) could be observed. This
might be caused by the redistribution of river
runoff between the branches of the delta - a de-
crease in the runoff volume of Kiliya branch and
an increase of the same Tulcea branch - mainly
due to water content increase of Sulina branch.
In addition, the construction of the hydrotech-
nical structures aimed at artificial shortening of
St. George branch (1981-1992) led to the redis-
tribution of water content in the Danube Delta.
Accordingly, the construction of the “35th Mile”

channel in 1983 draws away a significant volume
of Tulcea branch runoff. These engineering ac-
tivities caused the increase of the average annual
river runoft in St. George branch [1].

Statistical characteristics of the studied time
series

The statistical processing of the aggregate mul-
ti-year series of water discharges using the me-
thods of moments and the maximum likelihood
method made it possible to obtain the standard
distribution parameters such as average values
(Q,,, m’/s), variation coefficients (C ) and asym-
metry coefficients (C) or their ratio (C /C). The
statistical parameters of time series of average,
maximum and minimum annual water discharg-
es in WGS Reni (“54th Mile”) and in WGS Izmail
(“115th Kilometer”) are presented in Table 1.

For the period of the series of average annual
water discharges (1840-2015) the variation coef-
ficients for both WGS are equal to 0.19 each and
the ratio C /C_equal to 2.1-2.4. For the maximum
water discharges of hydraulic sections in Reni
and Izmail (for the period of 1921-2015) the ob-
tained variation coefficients are equal to 0.18 and
0.17, respectively. The C, of the minimum water
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Fig. 7. Residual mass curves of the modular coefficient of the minimum water discharges of the Danube River across its length from

Reni to Izmail (1921-2015)
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Table 1. Statistical characteristics of time series of the Danube River runoff at Reni and Izmail

Method of moments Maximum likelihood method
Statistical value | @, m¥/s (1)

C C /9 C C ¢/

Danube River — Reni
Average 6355 0.25 0.19 0.44 240 0.19 0.45 240
Maximum 11266 0.18 0.18 0.03 0.20 0.18 0.08 0.40
Minimum 2926 0.11 0.29 1.05 3.60 0.29 1.09 3.70

Danube River — Izmail

Average 3695 0.27 0.19 0.40 2.10 0.19 0.42 2.20
Maximum 6242 0.16 0.17 -0.03 -0.20 0.17 0.02 0.10
Minimum 1810 0.09 0.25 1.03 4.20 0.24 1.09 4.50

discharges is slightly higher at the section in Reni
and constitutes 0.29. The ratio C/C, of maxi-
mum water discharges during the spring-sum-
mer high water periods constituted 0.20-0.40 in
Reni, whereas a slight reduction by -0.2 and 0.1
was obtained in Izmail. The C/C of minimum
water discharges is significantly higher, initially
constituting 3.60-3.70 at the section of Reni and
increasing to 4.20-4.50 at Izmail.

The analysis of the statistical characteristics
of the whole hydrological year may be comple-
mented by the study of the intra-annual distribu-

tion of such characteristics over different phas-
es of water content. The intra-annual change of
average monthly water discharge variation coef-
ficients for the Danube River in Reni and Izmail
(1960-2015) is shown in Fig. 8.

It is seen that the coefficients of monthly wa-
ter discharge variation obtained using the me-
thod of moments and the maximum likelihood
method are almost the same. They change from
their smallest values of 0.24-0.28 (in February-
May) to the largest ones of 0.34-0.37 (in July-
August and in November) (Fig. 8). The average
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Fig. 8. Intra-annual change of variation coefficients of the average monthly water discharge in the Danube River at Reni

and Izmail (1960-2015)
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monthly ratios C/C constitute 1.85 for Reni and
1.53 for Izmail.

As for average monthly water discharges of
the Danube River at Reni and Izmail the same
type of intra-annual distribution runoft depend-
ing on the water content of a certain season may
be observed (Fig. 9). The runoft regime of the
Lower Danube is characterized by a rather high
and long spring-summer overflow period due to
rainfall or snowmelt and by a summer-autumn
low water period. The most high-water months

include April, May and June, the most low-water
ones are September, October and November.

CONCLUSIONS

The research of the Danube River hydrological re-
gime (in the territory of Ukraine) showed its great
practical importance in the light of large demand
for water and social and economic development
of the entire region. The Danube River runoff is
vital for water supply and irrigation and ensures
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Fig. 9. Intra-annual distribution of water discharge in the Danube River at Reni (a) and Izmail (b) (1960—2015)
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a more efficient management of the filling of Dan-
ube Lakes with fresh water and maintenance of
their water—salt balance.

The analysis of the current state of the hydro-
logical regime in the Lower Danube shows that
natural and anthropogenic changes which affect
the water discharge should be considered sepa-
rately.

Anthropogenic factors are mainly related to
hydraulic engineering structures which have
been actively implemented since the 1960s and
led to the regulation of the Danube River runoff.
Such structures caused a redistribution of the
long-term runoft of the Danube River across its
delta (Kiliya and Tulcea branches) with the in-
crease of water content in the Romanian part of
the delta (Tulcea branch) and its decrease in the
Ukrainian part (Kiliya branch).

The impact of climate change on the water
regime of the rivers of the Danube Countries
(especially in the territory of Ukraine) has been
manifesting itself over the last thirty years of the
retrospective period.

Thus, verification of the homogeneity of time
series of average annual, maximum and mini-
mum water discharges was performed for differ-
ent periods of water content of the Lower Dan-
ube. Such periods include the natural regime of
river runoff (1840-1920), the least altered river
runoff regime (1921-1960) and the most altered
river runoff regime under the anthropogenic in-
fluence (1961-1989). The determination of cli-
mate change impact on the Lower Danube River
allowed introduction of a new, present period of
its hydrological regime (1990-2015).

According to F-test (at the significance le-
vel of 5%) time series of average annual water
discharges at Reni and Izmail WGSs should be
considered uniform, i.e. the influence of anthro-
pogenic factors and climatic change did not have
a major impact on the annual river runoff of the
Danube Delta as a whole. However, if we con-
sider the different phases of water content sepa-
rately, there are still some changes. For instance,
the lack of uniformity of the time series of the
maximum and minimum discharges may be ob-
served over the period when hydraulic engineer-
ing structures started to affect the river’s hydro-
logical regime (in 1961). At the same time, the
influence of climatic changes on the river runoff

in the late 1980s did not have any influence on
the time series of such water discharges.

Although the annual runoff series proved to
be homogeneous in time, the analysis of the ag-
gregate multi-year series (1840-2015, i.e. over
the period of 176 years) of the Danube River av-
erage annual water discharges across its length
from Reni to Izmail indicated the presence of
a weakly expressed, almost two centuries long
trend towards their increase.

The authors also performed the analysis of the
cyclicity and uniformity of the annual water dis-
charges in the course of time over different peri-
ods of the Lower Danube water content. The pe-
riod of conventionally natural river runoff regime
(1840-1910) may be considered having a negative
trend, whereas the period of the least altered runoff
regime (up to the 1960s) has a neutral trend. Over
the period from the 60s to 80s of the last century
(i.e. over the period of the most altered runoft re-
gime and before the significant impact of climatic
changes) a positive trend was observed. The pe-
riod after 1989 (the period of significant climatic
changes) had a trend towards a certain decrease
of the annual river runoff up to 1994 and a slow
increase (starting from 1995) of the annual river
runoff across the lower course of the Danube River.

The study of long-term variations of maxi-
mum water discharges over the period of 1921-
2015 showed that the maximum water discharg-
es featured a slight increase. It should be also
noted that the time series of observations are
characterized by the period with a negative trend
(1921-1960) and the period with a positive trend
(1961-2015) of the maximum water discharge.
In addition, the period of climatic changes (af-
ter 1989) is also characterized by a less intensive
growth of maximum water discharges.

The construction of chronological charts of
the minimum water discharges across the Dan-
ube River from Reni to Izmail allowed the iden-
tification of insignificant positive trends and
synchronicity of their course over the interim
period for both of the WGSs. However, since
the 2000s such synchronous trend was disrupted
due to the redistribution of water discharge be-
tween the Danube Delta branches.

It was also established that the intra-annual
course of average monthly water discharges of the
Danube River at Reni and Izmail river sections
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during the high-water, middle-water and low-wa-
ter years (for the combined series of data from
1960 to 2015) was characterized by the homoge-
neity of river runoff depending on the water con-
tent of a certain season.

Thus, the positive trends and water-rich cy-
cles characteristic of the Ukrainian part of the
Danube River in multi-year series of average,
maximum and even minimum water discharges
(at Reni) will contribute to the efficient regula-
tion of the Danube Lakes filling process. Minor
changes of water resources of the Danube River
caused by climate change effects will also create
the favourable conditions allowing water supply
and irrigation in the region.
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DAUGIAMETE VANDENS DEBITU KAITA
DUNOJAUS UPES ZEMUPYJE TARP RENIO IR
IZMAJILO ATSIZVELGIANT ] GAMTINIU IR
ANTROPOGENINIU VEIKSNIU JTAKA

Santrauka

Dunojaus upés Zziotys yra pagrindinis gélo vandens
$altinis sausringoje pietinéje Ukrainos dalyje. Vanduo
naudojamas drékinimui, juo papildomi Dunojaus
deltos ezerai. Klimato poky¢iai ir daugybé socialiniy
bei ekonominiy veiksniy mazina Dunojaus eZery plo-
ta ir vandens lygj, didina jy druskingumg. Tokiomis
aplinkybémis vandens mainai tarp Dunojaus upés ir
jos ezery yra labai svarbus procesas, leidziantis islai-
kyti pastaryjy vandens ir druskos pusiausvyra. Tokie
vandens mainai labai priklauso nuo Dunojaus upés
nuotékio rezimo.

Straipsnyje pateikiami Dunojaus upés zemupyje
budingy vandens debity poky¢iai, susije su natara-
liy ir antropogeniniy veiksniy, turinéiy jtakos upiy
nuotékio svyravimams, jvertinimu. Tyrimui nau-
doty Renio ir Izmajilo vandens matavimo stociy
vidutinio metinio vandens debito duomeny eilutés
buvo laikomos vienodomis pasirinktais laikotarpiais.
Laikotarpiai buvo suskirstyti { nataralaus upés nuoté-
kio (1840-1920), maziausiai pakitusio upés nuotékio

(1921-1960) ir labiausiai pakitusio upés nuotékio,

esant stipriam antropogeniniam poveikiui (1961-
1989). Klimato poky¢iy jtakos upiy nuotékiui analizé
leido jvesti nauja Dunojaus upés hidrologinio rezimo
perioda (1990-2015). Nustatyta, kad maksimaliy ir
minimaliy vandens dabity duomeny eilutéms badin-
gas jy nevienodumas esant hidrotechniniy statiniy
jtakai (nuo 1961 m.) lyginant su nataralaus hidro-
loginio rezimo laikotarpiu. I$analizavus daugiamete
Dunojaus upés metiniy, maksimaliy ir minimaliy de-
bity kaitg 1840-2015 m. ties Reniu ir Izmajilu buvo
nustatytos teigiamos $iy rodikliu kaitos tendencijos.
Tuo pat metu, didziausiy klimato poky¢iy laikotarpiu
(po 1989 m.), budingas ne toks intensyvus maksima-
laus debito kilimas. Tyrimais buvo nustatytas van-
dens debity svyravimy cikliskumas ir sinchronisku-
mas Dunojaus upés zemupyje ties Renio ir Izmajilo
vandens matavimo stotimis Ukrainos teritorijoje.
Tyrimas pirmg kartg parodé, kad nuo 2000 m. upiy
nuotékio persiskirstymas tarp Dunojaus upés atSaky
lémé minimalaus upiy nuotékio nesinchroni$kumag
skirtingose Dunojaus deltos dalyse. Sio tyrimo re-
zultatai atskleidé, kad norint veiksmingai reguliuoti
Dunojaus ezery papildyma inzinerinémis priemoné-
mis, batina i$sami Dunojaus upés hidrologinio rezi-
mo poky¢iy analizé besikei¢iancio klimato salygomis.
Toks reguliavimas uztikrinty vandens tiekima ir dré-
kinimg analizuotame regione.

Raktazodziai: Dunojaus upé, upiy nuotékio hidro-
loginis rezimas, trendy analizé, antropogeniniai veiks-

niai, klimato kaita



