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Abstract. The dynamics of the hydraulic parameters of the Volga River downstream of the Uglich HPS are
considered. The observed relationship between the water level in the downstream and the discharge of water
through the dam is atypical compared to other sections of both the Volga River and other river systems.
This difference is due to the strongest influence of water dynamics in the Rybinsk Reservoir under conditions of
a small difference in water levels in the reservoir compared to the downstream of the Uglich hydroelectric power
station. Our analysis allowed us to reconstruct the natural relationship between the level and discharge of water
through the dam, which demonstrates a weak hysteresis dependence, which is typical for other similar water
bodies.
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О СВЯЗИ МЕЖДУ УРОВНЕМ И РАСХОДОМ ВОДЫ
НА ПРИМЕРЕ ДАННЫХ ГИДРОПОСТА НИЖНЕГО БЬЕФА УГЛИЧСКОЙ ГЭС 1
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Аннотация. Рассмотрены особенности динамики гидравлических параметров реки Волга ниже Углич-
ской ГЭС. Зависимость между уровнем воды в нижнем бьефе и расходом воды через дамбу является атипич-
ной по сравнению с другими участками как реки Волга, так и иными речными системами. Такое отличие
обусловлено сильнейшим влиянием динамики воды в Рыбинском водохранилище из-за маленького перепа-
да уровней воды в водохранилище по сравнению с нижним бьефом Угличской ГЭС. Проведенный анализ
позволил реконструировать связь между уровнем воды и расходом через плотину, которая демонстрирует
слабую гистерезисную зависимость, что типично и для других похожих водных объектов.
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Introduction

An interesting phenomenon of river dynamics
is the hysteresis loop between the dependence of
the water level η on the water discharge Q in the
cross-section of the channel [12]. An increase in
the value of Q during seasonal floods is
accompanied by a regular increase in the depth H
at a fixed point or water surface level η [3; 21].
The end of the flood leads to a decrease in η.
However, the dependences η(Q) at the stages of
flood rise and fall do not coincide with each other
due to the heterogeneity of the flow under the
conditions of non-stationary behavior of the
hydrograph Q(t) which is manifested in the
formation of a hysteresis loop. Thus, a wide variety
of rivers are characterized by special hysteresis in
the stage-discharge relation [4; 5].

The discussed hydrological hysteresis is
associated with the presence of memory in the
system, when the current state is determined both
by the characteristics at a given time and by the
values of the system parameters in the previous
time interval (hys). The duration (hys) is the length
of the memory, which affects the hysteresis width
[10; 14].

Examples of such hysteretic behavior of
unsteady flow are described in the literature [6].
Hysteretic loops of the dependence η(Q) can be
associated with nomograms of dynamic water
volumes [1]. Quite powerful hysteretic loops were
obtained from measurements on the Chattahoochee
River (USA) [18], Tisza River, Yeongsan River
in Korea, Illinois River [12], Snake River below
the CJ Strike Dam in Idaho (USA) [16]. The Ohio
River at Wheeling and the Tennessee River at
Scottsboro show a weaker difference on the rising
and falling branches of η(Q) [18]. The hydrological
regime of the downstream of the Tsimlyansk
hydroelectric power station on the Don River also
gives a loop dependence for η(Q) [2].

Interest in the study of hysteresis loops in
the dependence η(Q) is associated with the
possibility of revealing hidden patterns in the
hydrodynamic system of the river. Apparently, the
properties of the hysteresis curve depend on the
morphology of the bottom, the turbulent state of
the flow, the presence of water sources and drains
in the channel, the structure of the river valley,
the sediment transport, the presence of islands
and other characteristics [14; 19].

This work is aimed at studying some features
of the hydrological regime of the Volga River near
the downstream of the Uglich hydroelectric power
station. Our goal is to reconstruct hysteresis loops
of the water level dependence on the hydrograph
in this area.

Measurement data from the gauging
station of the Uglich HPS

The hydrological regime of the Volga River
has changed significantly due to the system of
hydroelectric power stations along the entire
watercourse. The natural water flow is disrupted
by a large number of large reservoirs. The water
flow through the dams is characterized by
hydrographs Q(t), which are established by
government agencies. These hydrographs poorly
reproduce natural processes, since they are
determined by the opposing interests of various
institutions and economic entities. The pressure
of economic activity, increased urbanization of
floodplains and adjacent territories require a more
uniform hydrograph. Therefore, the volume of flood
waters is redistributed throughout the year, reducing
the peak values of the hydrograph [7].

The Uglich hydroelectric complex zone
belongs to the Upper Volga with an average water
discharge of about 500 m3/sec (fig. 1). The Uglich
reservoir is located above this dam and is of the
passable type with a small water reserve. The
narrow channel of the Volga extends below the
dam for about 80 km, smoothly turning into the wide
Rybinsk reservoir. The volume of water in the
Rybinsk reservoir exceeds the water reserve in the
Volga channel from the Uglich dam to this reservoir
by about 500 times. Therefore, an increase in water
in the Rybinsk reservoir can significantly affect the
hydrological regime of the entire Volga River to
the Uglich hydroelectric power station.

Building a relationship between the water
level η (or depth H) and water discharge Q in the
form of functions Q = Q(η) (or Q = Q(H)) is a
standard problem in hydrology [8; 17], since it
allows one to estimate the difficult-to-measure
quantity Q using a reliably determined water level
or depth [15]. A more subtle analysis indicates an
ambiguous dependence η = η (Q) at the stages of
growth and decrease of Q(t) and η (t):

η (t1 < t < t2)  < η (t3 < t < t4), (1)
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if the following conditions are met

0
dt
dQ

 при t1 < t < t2 , 0
dt
dQ

 при t3 < t < t4. (2)

The hydrological regime of the Uglich
hydroelectric complex is considered in more detail
below. Figure 2 shows the annual variation of the
hydrograph and water levels below the dam of
the Uglich HPS. The hysteresis curve in Figure 2c
differs significantly from the typical dependence
in Figure 3. The hydrograph of the Saratov HPS
shows an increase in Q(t), by about five times in

spring compared to low-water values (fig. 3a).
We also see an increase in the water level in the
downstream by about 4 meters during this period
(fig. 3b). This behavior yields a typical loop-
shaped dependence on the parameter plane (Q, η)
(fig. 3c). Different colors highlight regions of the
dependence η (Q) in accordance with the colors
in the inset in panel b, where time intervals with
different types of η (t) change are highlighted.
The growth stage of η (t) (red line) corresponds
to the ascending branch of η (t) (fig. 3c). The next
short interval (blue line) is responsible for the short

 

Fig. 1. The map of the region under study includes the Volga River below the Uglich Dam
and the Rybinsk Reservoir. The insert contains section of the Volga River on an enlarged scale

 
Fig. 2. Dependencies Q(t), η (t) and η (Q) for the downstream of the Uglich dam in 2022 and 2023
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loop in the region of the Q maximum. The green
line shows the descending branch of the main
hysteresis loop. The purple line at Q 18000 m3/sec
also yields an internal loop for η (Q). The subsequent
decline in water discharge completes the main
loop (light blue line).

Analysis of hysteresis curves

It is convenient to characterize the hysteresis
loop by the maximum difference between water
levels on the rise and fall branches of η (Q), which
is designated as η(hys). The width of the hysteresis
η(hys) for the Saratov hydroelectric power station
is 0.6-1.0 m, which is quite typical for the Volga
River in the middle and lower reaches. The value
of η(hys) in the upper reaches generally decreases
with a decrease in low-water and maximum water
flow rates. Small rivers, compared to the Lower
Volga, are characterized by lower values of η(hys),
as in the case of the Don River with η(hys) = 15 cm
in the downstream zone of the Tsimlyansk
hydroelectric power station [2]. The average

discharge at this dam is 655 m3/sec, which is
comparable to the Volga regime near Uglich.

The hystereses for the Uglich HPS in the
figures 2 have a form that is very different from
the dependence in figure 3 for the Saratov HPS.
There is an extremely powerful hysteresis with
η(hys) ~ 2 m, and the maximum width η(hys) is
achieved at small (low-water) values of Q(D). Such
unusual behavior requires special analysis.

Comparison of the time series Q(D)(t) and η
(t) yields a striking contradiction if we compare
panels a and b in figure 2. The duration of the
spring flood for the Uglich HPS with increased
water discharge lasts approximately 40 days.
The time interval with an increased water level
reaches 150 days. Obviously, the behavior of η
(t) is associated not so much with an increase in
Q, but rather reflects other physical factors.

Let us consider in more detail a short time
interval from March 20 to April 29, 2024, lasting
40 days (fig. 4). The discharge of water increases
approximately 3 times over 15 days and then there
is another surge for 5–6 days with a smaller

 
Fig. 3. Example of classical hysteresis for the downstream of the Saratov hydroelectric power station in 2021

 
Fig. 4. Dependencies Q(t) (a), η (t) (b) and η (Q) (c) below the Uglich dam in the period from March 20

to April 29, 2024
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amplitude. The corresponding dynamics of the
water level η(Ugl) (t) is shown by curve 1 (solid
line) in figure 4b. The dotted line shows the
change in the water level in the upstream of the
Rybinsk HPS η(Ryb) (t). The distance between
these points a long the watercourse is
approximately 107 km, which consists of 80 km
along the riverbed itself and 27 km along the
Rybinsk Reservoir. The water levels in the
Rybinsk Reservoir and in the downstream of the
Uglich hydroelectric power station are very
close, forming a kind of single reservoir in terms
of the water surface. The hypsometric profile
across the Volga River valley confirms this. The
discharge due to the difference in levels is often
very small, since the volume of water in the
reservoir is hundreds of times greater than the
water reserves in the river bed in this section.
Therefore, the hydrological regime in the Volga
section from the Uglich Dam to the beginning of
the Rybinsk Reservoir can be determined to a
greater extent by the operating mode of the
Rybinsk HPS.

Figure 4b allows us to clearly distinguish four
states of the downstream of the Uglich HPS in
the spring of 2024.

1) The interval t1  t   t2 is characterized
by the growth of η(Ugl) (t) with almost unchanged
η(Ryb) (t). The increase in the water level in the
downstream is mainly due to the increase in the
discharge of water Q(D). This interval is short
(4 days), when we have a fairly standard section
of the initial hysteresis phase (thick red line in
panel c).

2) The second stage begins with the growth
of η(Ryb) (t) and continues until η(Ryb)  η(Ugl) is

reached at time t3. The corresponding interval
t = (t2, t3) on the plane (Q(D), η) is highlighted by the
thick blue line. This section of the function η (Q(D))
is strongly influenced by the rising water level in
the Rybinsk Reservoir.

3) The interval t3  t  t4 is characterized
by the approximate equality η(Ugl)  η(Ryb) against
the background of a general increase in the
water level. This means that this effect is
entirely due to the filling of the Rybinsk
Reservoir, since the hydrograph of the Uglich
dam downstream fluctuates near the low-water
values. Therefore, the dependence η (Q(D))
does not reveal a clear hysteresis loop (the black
dotted line in figure 4c).

4) The fourth interval t4  t  t5 is interesting
due to a short-term increase in the hydrograph to
2200 m3/sec. As a result, there is a slight excess
of η(Ugl) over η(Ryb) by about 0.4 m over an interval
of several days. This is manifested by another
hysteresis loop, shown by a black thick line in
panel b (fig. 5).

The thick red line in figure 5c can be
extended by a hypothetical falling branch (dashed
red line), which would manifest itself in the
absence of the influence of the Rybinsk Reservoir.
We try to reconstruct the dependence η (Q) by
subtracting the non-stationary effect of the
Rybinsk Reservoir from η(Ugl) (t). The low-water
level before t1 is taken as the zero point for the
curve δη(t). This determines the difference
δη(t) = η(Ugl) – η(Ryb) provided that η(Ugl)(t1) =
η(Ryb)(t1). Figure 5 shows the result of such a
restoration of the dependence η (Q) if we remove
the influence of water level variability in the
Rybinsk Reservoir.

 

Fig. 5. The result of the reconstruction of the hysteresis loop in 2024
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Conclusion and discussion

We have analyzed the hydrological regime
in the downstream area of the Uglich Dam on
the Volga River. The determining effect of the
non-stationary water level in the Rybinsk
Reservoir 80 km downstream on the water
dynamics in the Uglich area is shown. In fact, the
rise in water near the Uglich HPS is controlled
by the hydrological state of the reservoir due to
the topography of the Volga section between the
cities of Uglich and Rybinsk. Reconstruction of
natural hysteresis loops for the dependence of
water level on water discharge is performed by
removing the influence of water level changes in
the Rybinsk Reservoir. The actual width of these
loops is 10–20 cm, which is apparently typical for
rivers with an average discharge of about 300 –
500 m3/sec.

Note that we use the upstream data of the
Rybinsk hydroelectric complex, although a more
accurate result requires water level measurements
in the area where the Volga River flows into the
reservoir, for example, near the village of Glebovo
or even the city of Myshkin (Yaroslavl Region).
Water levels in the reservoir at different points
differ due to the fairly large area of the reservoir
and two dams of the Rybinsk hydroelectric
complex, which somehow affects our estimates.
However, there are no measured hydrological data
at these points due to the lack of additional gauging
stations. Another possibility is to build a numerical
hydrodynamic flow model for this entire territory,
which is a pressing issue.

The shapes of hysteresis loops are quite
sensitive to the accuracy of constructing time
series Q(t) and η(t), so such features can be a
good way to verify hydrodynamic models of river
systems [9; 10; 13]. The relevance of such testing
is associated with the widespread use of
hydrodynamic models to solve a variety of
environmental and economic problems [11; 20].
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